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Catalysis Sciences & Engineering, Invited lecture CE-011

Selectivity and stability of zeolite catalysts in methanol-to-hydrocarbons reaction

N. Kosinov1

1TU Eindhoven, Inorganic Materials & Catalysis, Het Kranenveld 14, Helix, 5612 AZ Eindhoven,
Netherlands

class="06MainText">Zeolites (microporous crystalline aluminosilicates) represent one of the most
prominent types of heterogeneous catalysts. Zeolites are characterized by regular pores,
channels, and cages of molecular dimensions (0.3 – 1 nm). The microporous structure of zeolites
allows for the stabilization of various active sites, intermediates, and products that would
otherwise be unstable. A unique feature of zeolites is fascinating hydrocarbon pool chemistry, in
which confined co-catalytic intermediates actively participate in the catalytic cycle. Methanol-to-
hydrocarbons (MTH) is the prime example of a reaction following the hydrocarbon pool
mechanism.[1] In addition to being a chemically intriguing reaction, MTH is an industrially relevant
method to produce valuable light olefin and aromatic building blocks from virtually any carbon
source (gas, coal, CO2, biomass) via the methanol intermediate. 

With all these opportunities also come challenges, because the chemistry in confinement differs
from the conventional chemistry. The processes, taking place inside the zeolite pores during
conversion of a relatively simple methanol molecule to olefins and aromatics, are extremely
complex. Entangled dynamic effects of co-catalytic intermediates, active sites, spectating and
deactivating species, and diffusion limitations, define the MTH reactivity. Our understanding of
these processes is deficient and the control that we can exert over them to tune the selectivity
and stability of MTH catalysts is limited. 

In this lecture, selected aspects of the reactivity of zeolite catalysts in the MTH reaction will be
discussed. More specifically, I will focus on two strategies to control the reaction selectivity and
catalyst stability: co-feeding of furanics to produce more aromatics [2] and modification of zeolites
with alkaline earth cations to produce more propylene and decrease the deactivation rate [3].
These cases will also illustrate an effective toolbox of characterization techniques (operando FTIR,
operando XRD, operando TG-MS, 13C/1H NMR, pulse reaction technique, and isotopic labelling) for
investigating the chemistry of MTH catalysts.

[1] U. Olsbye, S. Svelle, M. Bjrgen, P. Beato, T. V. W. Janssens, F. Joensen, S. Bordiga, K. P. Lillerud,
Angew. Chemie Int. Ed.2012, 51, 5810.
[2] E. A. Uslamin, N. Kosinov, G. A. Filonenko, B. Mezari, E. Pidko, E. J. M. Hensen,ACS Catal.
2019, 9, 8547.
[3] A. Liutkova, H. Zhang, J. F. M. Simons, B. Mezari, M. Mirolo, G. A. Garcia, E. J. M. Hensen, N.
Kosinov, ACS Catal.2023, 3471.
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Catalysis Sciences & Engineering, Short talk CE-013

Consequence of Alloying and metal-oxide interface in bimetallic PtGa Propane
Dehydrogenation catalysts prepared via Surface Organometallic Chemistry on Carbon

E. Brack1, M. Plodinec1,2, C. Copéret1*, M. G. Willinger3*

1Department of Chemistry and Applied Biosciences, ETH Zurich, 2Scientific Center for Optical and
Electron Microscopy (ScopeM), ETH Zurich, 3Department of Chemistry, Technical University of

Munich

The non-oxidative propane dehydrogenation (PDH) reaction has become an intense field of
research in both academia and industry, due to the increase in demand of propylene combined
with the emergence of shale gas as a major chemical feedstock.1 Due to its industrial relevance,
numerous supported Pt-based bi- and multi-metallic model systems have been investigated with
the goal to understand the effect of promoters.2 In recent years, surface organometallic chemistry
(SOMC) combined with thermolytic molecular precursor (TMP) approach has proved to be a
powerful tool to prepare tailored, highly active and well-defined silica-supported bimetallic PDH
catalysts based on PtGa3, PtZn4, as well as PtMn5 nanoparticles. In these Pt-based systems, the
major role of the promoters was attributed to the formation of alloyed nanoparticles, resulting in Pt-
site isolation, improved propene selectivity and increased stability against coking. However, the
effect of the oxide support, is typically disregarded, since it is considered to be inert to the
reaction conditions.

In this work, we make use of the SOMC/TMP approach to investigate PtGa-based PDH catalysts on
carbons with the goal to better understand the effect of Ga as a dopant and the role of the
nanoparticle-oxide interface on the catalytic performance. The decomposition of the ligand sphere
of the grafted precursors, allows for the tailored introduction of an oxide interface, which enables
to study interfacial effects of oxide interfaces on the catalytic performance in the PDH reaction.

We show, that alloyed, bimetallic PtGa nanoparticles supported on carbon can be generated via
this methodology with almost identical spectroscopical features and catalytic properties as
observed for SiO2 supported analogues.3 We were able to show that thus prepared carbon-
supported, monometallic platinum nanoparticles are highly crystalline. In contrast, bimetallic PtGa
particles were found to be less crystalline or even amorphous. These results further consolidate
the role of Ga in Pt site-isolation and in enhancing of the surface atom mobility. Additionally, while
not necessary for the stabilization of the nanoparticles against sintering, the presence of an oxide
interface was found to promote the rate of reaction.

Overall, the strategy for the preparation of tailored bimetallic materials on carbon offers a platform
for the preparation and study of interface and dopant effects in thermal catalysis, and can be
readily extended to electrochemical applications.

[1] D. Malakoff, Science, 2014, 344, 1464–1467.
[2] J. J. H. B. Sattler et al., Chem. Rev. 2014, 114, 20, 10613–10653.
[3] K. Searles et al., J. Am. Chem. Soc., 2018, 140, 37, 11674–11679.
[4] L. Rochlitz et al., Chemical science, 2020, 11, 6, 1549-1555.
[5] L. Rochlitz et al., J. Am. Chem. Soc., 2022, 144, 29, 13384-13393.
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Catalysis Sciences & Engineering, Short talk CE-014

Advancing Strategies for Methane Partial Oxidation to a Methyl Ester with
Heterogeneous Catalysts

A. N. Blankenship1, Y. Ji1, M. Ravi1, M. A. Newton1, J. A. van Bokhoven 1,2*

1Institute for Chemical and Bioengineering, ETH Zurich, 8093 Zurich, Switzerland, 2Laboratory for
Catalysis and Sustainable Chemistry, Paul Scherrer Institute, 5232 Villigen, Switzerland

Direct methane partial oxidation to liquid oxygenates (e.g. methanol) is a highly desired
valorization pathway with limited actionable progress due to numerous challenges and despite
decades of research [1-3]. For thermocatalytic systems, a steep selectivity-conversion trade-off
remains independent of the catalyst that severely limits product yields. The first part of this
contribution critically examines the current strategies to break through these limits and achieve
high product yields, comprising work in catalyst design, additional co-reactants/protecting agents,
and cycling schemes. From this, we highlight the most successful strategies and identify crucial
gaps in bridging the vast scientific knowledge in methane activation and the technological
necessities of viable methane valorization.

In the second part of the contribution, we describe recent advances from the group in the
conversion of methane to an oxidation-resistant methyl ester, one of the most effective routes for
high-yield methane conversion [2, 4]. We first introduce an improved system that targets key
shortcomings in the conventional chemistry, namely the reliance on extremely aggressive acid
solvents, economically impractical oxidants, and homogeneous catalysts [6]. Notably, we
synthesize the first solid catalysts that can perform this chemistry using air as the oxidant. Under
our improved reaction conditions, facilely synthesized Co/SiO2 and Mn/TiO2 display competitive
performance on the basis ester production rates (~250 and ~610 µmol gcat

-1 h-1, respectively) with
negligible metal leaching in comparison to previously reported homogeneously catalyzed systems
that employ stronger oxidants and higher methane partial pressures [5, 6]. Furthermore, we find
that high metal dispersion is associated with high activity in this system, and the most efficient
utilization of cobalt or manganese is realized at the lowest metal loadings. The conclusion of the
contribution underscores impactful directions for further developing this high-yield strategy
beyond conventional approaches.

 

 

[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. Nørskov, 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] A. Blankenship, M. Ravi, M. A. Newton, J. A. van Bokhoven, Angew Chem Int Edit, 2021, 60,
18138-18143.
[6]    Y. Ji, A. Blankenship, J. A. van Bokhoven, ACS Catal., 2023, 13, 3896-3901.
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Catalysis Sciences & Engineering, Short talk CE-015

Sustainable Bio-Based Solvents with Acetal Functionalized Carbohydrate Core Produced
from Renewable Biomass

A. Komarova1, J. Luterbacher1*

1Laboratory of Sustainable and Catalytic Processing, Institute of Chemical Sciences and
Engineering, École Polytechnique Fédérale de Lausanne (EPFL), Station 6, 1015 Lausanne,

Switzerland.

The manufacturing and disposal of chemicals are among the primary contributors to carbon
emissions and environmental pollution. Over 99 % of the most common chemicals are still not
produced sustainably. Addressing this challenge requires a collective effort to develop and adopt
environmentally friendly and safe chemical processes and products. Biomass plays an important
role in this transition since it is the largest source of renewable carbon on Earth. Key to further
progress in the industrial implementation of biomass conversion practices is the large-scale
production of platform chemicals. We recently discovered Diformylxylose (DFX), a xylose-based
platform chemical that can be isolated from lignocellulosic biomass in high yield by a relatively
simple process [1]. DFX demonstrated potential as a polar aprotic solvent in model reactions with
comparable performance to toxic and environmentally harmful solvents such as NMP, DMAc, and
DMF, whose use in industry is currently restricted [2]. In this work, we further expanded DFX
application as a solvent for biomass pretreatment, exfoliation of nanoparticles, and as a
component of deep eutectic solvents. We also showed the potential of other acetal-functionalized
xylose molecules as solvents, namely Dipropylxylose (DPX), Dibutylxylose (DBX), and
Diisobutylxylsoe (DIBX) that we isolated from biomass. We demonstrated the application of these
solvents in alkylation reactions and in enzymatic polycondensation to produce sustainable
polyesters. Notably, we proved that these new ether solvents are not flammable and non-peroxide
forming, which are the main concerns over ether solvents in industry.

We performed the pilot-scale production of DFX from pure xylose and from agricultural waste,
specifically corn cobs. We also provided insights into the techno-economic viability of DFX
production at different scales and scenarios. We conducted a preliminary life-cycle assessment
and revealed that production of the acetal-functionalized solvent offers a very low global warming
potential as well as minimal environmental impact. Finally, we showed that DFX is inherently
biodegradable under aqueous aerobic conditions which facilitates its disposal. Overall, this study
provides a practical example of how waste biomass can be sustainably transformed with low cost
and high efficacy into valuable platform chemicals that can be applied as solvents.

[1] Talebi A.M., Dick G.R., Questell-Santiago Y.M., Luterbacher J.S., Nature protocols, 2019, 14(3),
921-954.
[2] Komarova A.O., Dick G.R., Luterbacher J.S., Green Chemistry, 2021, 23(13), 4790-4799.
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Catalysis Sciences & Engineering, Short talk CE-016

Digitally-guided synthesis of single-atom heterogeneous catalysts by leveraging
language models and protocol standardization

M. Suvarna1, A. Vaucher2, S. Mitchell1, T. Laino2*, J. Pérez-Ramírez1*

1ETH Zurich, 2IBM Research Europe

The synthesis of single-atom catalysts (SACs) is rapidly evolving, offering precise nanoscale control
over structures optimized for diverse applications1. However, keeping up with new developments
is challenging due to the vast number of publications and lack of data standards. We develop a
transformer-based language model that extracts synthesis protocols of SACs from texts and
converts them into action sequences along with their associated parameters, reflecting all
procedures necessary to replicate the corresponding synthesis2 (Fig. 1a). We use the output of
the model to perform statistical analysis of the trends in SAC synthesis conditions for the widely
investigated oxygen reduction and carbon dioxide reduction reactions (Fig. 1b‑d) and
demonstrate the model’s generalizability to other families of heterogeneous catalysts. Our analysis
highlights a lack of standardization in reporting synthesis procedures, which limits machine-
reading capabilities. We take vital steps toward implementing data-driven synthesis in
heterogeneous catalysis by providing guidelines on machine-readable formats and open‑source
our technology as a web app for greater access by the research community.

[1] Sharon Mitchell, Javier Pérez-Ramírez, Nat. Rev. Mater. 2021, 6, 969.
[2] Alain Claude Vaucher, Federico Zipoli, Joppe Geluykens, Vishnu H Nair, Philippe Schwaller,
Teodoro Laino, Nat. Commun. 2020,11,3601.
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Catalysis Sciences & Engineering, Short talk CE-017

Green Chemicals: The Ultimate Win-Win Solution Amidst Europe's Energy Crisis

A. Nabera1, I. R. Istrate1, A. J. Martín1, J. Pérez-Ramírez1*, G. Guillén-Gosálbez1*

1ETH Zürich, Institute for Chemical and Bioengineering, Vladimir-Prélog-Weg 1-5/10, 8093 Zürich,
Switzerland

The chemical industry strongly depends on fossil fuels, responsible for approximately 10% of
global greenhouse gas emissions.[1] Ammonia and methanol are essential platform chemicals that
serve as primary building blocks for producing a myriad of products with diverse applications in
various industrial sectors. Currently, 60–70% of global ammonia and methanol are produced from
syngas, primarily obtained through steam reforming of natural gas, contributing to GHG emissions
of 0.8 Gt CO2‑eq yr–1.[1] Previous studies have demonstrated the technical feasibility and potential
climate benefits of using green hydrogen in ammonia and methanol production.[2] However, the
fundamental barrier towards implementation has always been the higher production costs than
their fossil-based counterparts. The current geopolitical scenario has dramatically altered this
situation, leading to a surge in natural gas and electricity prices, resulting in higher production
costs for fossil-based ammonia and methanol in Europe. Consequently, under this scenario, low-
carbon ammonia and methanol production could potentially become economically (in addition to
environmentally) appealing. In this study, we employ process simulation and techno-economic
assessment tools to examine the extent to which the ongoing energy crisis in Europe has affected
the economic competitiveness of green ammonia and methanol. According to our study, fossil
ammonia and methanol reached production costs of 2.4 and 2.2 USD kg–1, respectively, during the
peak of natural gas spot prices in August 2022 (Fig. 1). These high prices, i.e., 3–4 times higher
than in the same period in 2021, made green ammonia and methanol from on‑shore wind
electricity economically competitive during the same period (Fig. 1). Wind‑based ammonia, in
particular, exhibited a significant advantage, with costs ranging from 1.3 to 1.6 USD kg–1, clearly
outperforming its fossil counterpart (blue shaded area in Fig. 1a). Our study highlights the
tremendous potential for Europe to lead the grand transition towards a sustainable chemical
industry, given the evident uncertainty in natural gas supply and the price fluctuations.

Fig. 1 Temporal evolution of estimated production cost for wind‑based (a) ammonia and (b)
methanol in Europe compared with their fossil counterpart in USD kg–1. The blue shaded area in
(a) demonstrates the economic viability of wind-based ammonia.

[1] F. Bauer, J. P. Tilsted, S. Pfister, C. Oberschelp, V. Kulionis, Curr. Opin. Chem. Eng. 2023, 39,
100881.
[2] Á. Galán-Martín, V. Tulus, I. Díaz, C. Pozo, J. Pérez-Ramírez, G. Guillén-Gosálbez,One Earth
2021, 4, 565.
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Catalysis Sciences & Engineering, Invited lecture CE-021

How to overcome challenges in Green Ammonia through a multisciplinary research in
catalysis

P. Biasi*1,2, C. Pizzolitto1, R. Ostuni1

1Casale SA Via Giulio Pocobelli 6, 6900 Lugano, Switzerland, 2P.biasi@casale.ch

Nowadays, most of the ammonia produced worldwide derives from fossil-based hydrogen. As a
result, the Haber-Bosch process represents the biggest emitter of carbon dioxide among all
industrial chemical syntheses [1]. In light of The Paris Agreement, emission regulations will
become progressively stricter over the following decades, thus making necessary the device of
sustainable manufacturing pathways to meet the decarbonization targets. As a result, chemical
companies are already developing greener processes to comply with the new policies and
decarbonize their activities. For this reason, the research of sustainable production of ammonia,
replacing fossil fuels with green or zero-carbon, is fundamental for academia, industries and
governments. Green ammonia (gNH3) production involves the use of green hydrogen in the Haber-
Bosh process using renewable electricity [2]. Therefore, due to the nature of the renewable energy
sources, it is crucial to precise characterize the converter functioning when undergoes fluctuations
under operating conditions [3]. Moreover, also the behavior of ammonia synthesis catalyst must
be verified, since its behavior at non-stationary conditions, is a missing information and no
experimental evidences are currently available in the scientific literature. 

The goal of the work is to present the challenges of the process and how to overcome these
challenges through different strategies that involve catalyst studies, modelling of the process and
utilization of optimizers to calculate the levelized cost of ammonia (LCOgNH3) taking into account
the available renewable energy during the year.

[1] The Royal Society. Ammonia: Zero-Carbon Fertiliser, Fuel and Energy Store. Policy Briefing, The
Royal Society, London. 2020.
[2] Sust. Energy Fuels, 5, 2814, 2021.
[3] M. Ravi, and J.M. Makepeace, Chem. Sci., 890, 13, 2022.
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Catalysis Sciences & Engineering, Short talk CE-023

Understanding enzyme-nanoparticle interactions during bioelectrocatalytic hydrogen
formation

S. Webb1

1Université de Genève

The demand for renewable fuels such as H2 continues to rise during the climate crisis.
Metalloenzymes such as [FeFe]-hydrogenase offer an attractive option for electrocatalytic H2
evolution as they operate under mild conditions. To produce hydrogen electro-enzymatically, the
biocatalyst can be immobilized on (and electronically wired to) an electrode surface, where a
potential is applied to drive H+ reduction. However, these bioelectrocatalytic systems often suffer
from reduced stability.

We recently reported a technique for the facile functionalization of carbon electrodes with an In:Sn
oxide (ITO) nanostructured architecture, onto which [FeFe]-hydrogenase was directly immobilized.1
H2 production by the bioelectrode was recorded by cyclic voltammetry to high current densities of
> 8 mA cm−2 at −0.8 V vs. SHE (pH 7), and maintained ~92 % of the original current density after
5 days of continuous potentiostatic operation. Interestingly, the current density for H2 production
on ITO was > 38x higher than when [FeFe]-hydrogenase was immobilized on planar glassy carbon
(GC). We hypothesize there may be stabilizing interactions between the enzyme and ITO surface
which can account for this enhanced performance.

 

In this work, we further investigate properties of the ITO architecture which may contribute to the
high performance of this bioelectrode. The electrocatalytic activity of the enzyme during
H2 production is compared between nanostructured and planar ITO to understand if the
nanostructured surface stabilizes the hydrogenase. The thickness of the ITO surface is varied in
order to understand the impact on enzyme loading and performance. This is realized using a
quartz crystal microbalance (QCM), coupled with electrochemistry, to following the adsorption
process of the enzyme and to calculate its loading. We anticipate that these results can be utilized
in combination with rotating ring disk electrochemistry to aid a deeper kinetic investigation of the
bioelectrochemical system.

We anticipate that further investigation of the ITO architecture can aid in the application of this
‘nanoITO’ electrode in a combination with other (metallo)enzymes of interest to electroenzymatic
biotechnologies which are harder to study electrochemically.

 [1] Y. Liu, S. Webb et al., JACS Au, 2023, 3(1): 124-130
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Catalysis Sciences & Engineering, Short talk CE-024

Biocatalytic reduction of six-membered ring heterocyclic imines in continuous flow

A. I. Benítez-Mateos1, D. Roura Padrosa2, D. Lim1, V. Marchini2, H. Wu3, F. Buono3, F. Paradisi1

1University of Bern. Department of Chemistry, Biochemistry and Pharmaceutical Sciences., 2InSEIT
AG, 3Boehringer Ingelheim Pharmaceuticals

Heterocyclic amines are a key structural motif in the backbone of medicinal natural products (i.e.
antibiotics) as well as pesticides and flavors. For this reason, and the lack of general synthetic
routes, many efforts are still ongoing towards using more efficient alternatives [1]. In this regard,
imine reductases (IREDs) have recently emerged as highly selective and sustainable biocatalysts
for asymmetric reductive aminations [2]. Herein, we have tested 4 known IREDs and 2 newly
characterized IREDs for the reduction of heterocyclic imines containing S, O, or N. Most of the
IREDs showed the highest catalytic activity towards the newly reported sulfur-containing
heterocyclic amine. Since IREDs are NADPH-dependent enzymes, a cofactor-regenerating enzyme
was added to the catalytic system with the glucose dehydrogenase from Bacillus
megaterium (BmGDH). The bi-enzymatic system achieved full conversion at a 10 mM scale of the
S-containing heterocyclic imine in less than 2 h and using only 2% w/v of biocatalyst. To further
improve the efficiency and sustainability of the system, we have carried out enzyme
immobilization on porous microparticles (inSEIT technology). In fact, immobilization of IREDs is
very challenging due to the decrease of enzyme activity upon immobilization, thus it has barely
been explored until now [3]. By using CapiPy bioinformatic tools,[4] we quickly developed an
immobilized biocatalyst that retains up to 90% of its initial activity. This enables the integration of
the biocatalytic system into a continuous-flow reactor for process intensification. In this project,
the multidisciplinary synergy between academia and industry allowed the development of a
synthetic technology platform that gives access to new molecules in a green and efficient manner
(Figure 1).

Figure 1. Enzymatic catalysis by IRED towards the synthesis of six-membered ring heterocyclic
imines. On the top, the key enabling technologies for this project are highlighted. On the bottom,
the reaction scheme including the cofactor recycling system is depicted. 

1. Jonathan Barrios-Rivera et al. Organic Chemistry Frontiers, 2020, 7, 3312-3342.
2. Amelia K. Gilio et al. Chemical Science, 2022, 13, 4697-4713.
3. David Roura Padrosa et al. Green Chemistry, 2020, 22, 5310- 5316.
4. David Roura Padrosa et al. Bioinformatics, 2021, 37, 2761-2762.

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


Catalysis Sciences & Engineering, Short talk CE-025

CO2 Hydrogenation to Methyl Formate using CO2 as the Sole Carbon Source

R. C. Turnell-Ritson1, P. J. Dyson1*

1École Polytechnique Fédérale de Lausanne, 1015 Lausanne, Switzerland

The atmospheric concentration of CO2 is still increasing, despite international efforts to curb
emissions. The removal of CO2 from the atmosphere is a high-cost endeavour, necessitating
economic incentives for carbon capture. More importantly, the use of the near-unlimited C1
resource of atmospheric CO2 as a building block for process chemicals is essential to a sustainable
future.1 We have developed efficient catalysts for the hydrogenation of CO2 to formic acid (FA) and
methanol. Additionally, we have combined these C1 building blocks into methyl formate (MF) in
one system. Our catalysts are based on the encapsulation of noble metal complexes and sub-
nanoparticles in the pores of zeolites, leveraging the acidity of the support and the principle of
nanoconfinement to accelerate these multi-step reactions.

A Ru-based catalyst was developed for the hydrogenation of CO2 to FA, and simultaneously
facilitates fast esterification to MF (TOF > 100 h-1), comparable to similar catalysts which operate
at higher temperatures and pressures.2,3 A second series of catalysts, both from the literature and
developed in our lab, are capable of CO2 and FA hydrogenation to MeOH under the applied
conditions. Combining two appropriate catalysts, MF in which both C atoms derive from CO2 is
formed. In the presence of a methoxide additive, the MF can be decarbonylated to give high CO
concentrations (>20%) at a much lower temperature than traditional reverse water gas shift
reactions.4 The structures of these catalysts will be discussed, and the reaction mechanisms will
be explored to understand the key catalyst features which enable their reactivity. The present
work allows the formation of three major C1 synthons widely used in industry using CO2 under
relatively mild conditions. An outlook on coupling CO2 hydrogenation with C-C bond-forming
reactions will be described, as we progress towards the sustainable and selective synthesis of C2+
products from atmospheric carbon.

[1] Modak, A.; Bhanja, P.; Dutta, S.; Chowdhury, B.; Bhaumik, A. Green Chem. 2020, 22 (13),
4002–4033.
[2] Yu, K. M. K.; Yeung, C. M. Y.; Tsang, S. C.  J. Am. Chem. Soc. 2007, 129 (20), 6360–6361.
[3] Corral-Pérez, J. J.; Copéret, C.; Urakawa, A. J. Catal. 2019, 380, 153–160.
[4] González-Castaño, M.; Dorneanu, B.; Arellano-García, H. React. Chem. Eng. 2021, 6 (6),
954–976.
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Catalysis Sciences & Engineering, Short talk CE-026

Selective olefin transfer hydrogenation of unsaturated carbonyls with ethanol using a
PYA ruthenium(II) complex

A. Beaufils1, M. Albrecht1*

1Departement für Chemie, Biochemie und Pharmazie, Universität Bern, Freiestrasse 3, 3012 Bern,
Switzerland

Hydrogen production is one of the most polluting processes in chemistry generating about 900
million tons of CO2 each year, or more than 2% of world CO2 emissions.[1] Alcohols, applied in
transfer hydrogenation reactions, are known alternatives to H2 that can be sourced from
renewable feedstock. Historically, isopropanol has been widely investigated but is limited in terms
of utilization, safety, and production. In this context, ethanol has found an increasing interest in
the past few years, but its use is still limited by its ability to form stable carbonyl compounds[2] and
side reactions such as α-alkylation under basic conditions.[3]

Here, we propose the use of pyridylidene-amide (PYA) complexes as efficient catalysts to propel
ethanol-based transfer hydrogenation. PYAs are unique ligands featuring electronically flexible
properties that can stabilize the metal center during a catalytic cycle and thus increase its activity
and robustness in a variety of reactions, e.g. olefin and water oxidation (Fig. 1a).[4] Here, we will
present a novel N,N-bidentate ruthenium(II) complex that is readily accessible with high stability
towards air and moisture. Excellent activity and selectivity in the reduction of α,β-unsaturated
compounds were obtained in mild conditions for a wide range of substrates (Fig. 1b). The use of
ethanol as hydrogen source at room temperature combined with catalytic use of common
laboratory base makes the system cost-effective and attractive for industrial and pharmaceutical
applications. 

Figure 1.

[1] Davide Castelvecchi, Nature, 2022, 611, 440-443.  

[2] Bruno N. Chaudret, David J. Cole-Hamilton, Ronald S. Nohr, Geoffrey Wilkinson, Journal of the
Chemical Society, Dalton Transactions, 1977, 16, 1546-1557.

[3] Takashi Kuwahara, Takahide Fukuyama, Ilhyong Ryu, Organic Letters, 2012, 14, 4703-4705.

[4] Miquel Navarro, Mo Li, Stephan Bernhard, Martin Albrecht, Dalton Transactions, 2018, 47,
659-662; Kevin Salzmann, Segarra, C.; Albrecht, M. Angewandte Chemie International
Edition, 2020, 59, 8932-8936.
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Catalysis Sciences & Engineering, Short talk CE-027

Mixed-metal Ionothermal Synthesis of Metallophthalocyanine Covalent Organic
Frameworks for CO2 Capture and Conversion

K. Song1, P. W. Fritz1, D. F. Abbott2, L. N. Poon2, C. M. Caridade1, V. Mougel2*, A. Coskun1*

1Department of Chemistry, University of Fribourg, Fribourg 1700, Switzerland, 2Department of
Chemistry and Applied Biosciences ETH Zürich Vladimir-Prelog-Weg 1–5, Zürich 8093, Switzerland

Phthalocyanines (PCs) are macrocyclic compounds containing nitrogen-bridge, and their chemical
property and stability are tuned by the coordinated metal ions. The metallophthalocyanines (M-
PCs) have been investigated in various chemical reactions including electrical-photochemical
CO2 reduction since the coordinated metal atom acts as a catalytic active site in the reaction.
Therefore, their polymeric counterparts featuring extended conjugated backbones have gained
significant interest as heterogeneous catalysts and PC-containing frameworks such as covalent
organic frameworks (COFs) have been widely investigated for CO2 capture and conversion [1].

General solvothermal reaction methods for PC-based frameworks cause low-crystallinity of
frameworks due to the high stability of the linkers, and require an expensive catalyst, organic
solvent, and additional work-up steps to purify it. Therefore, a novel and environmentally friendly
synthetic approach for high crystallinity of PC-based frameworks is required.

Herein, we show the innovative synthesis strategy using the mixed metal salt (MCl2/ZnCl2, M =
Cu2+, Ni2+, Co2+, and Fe2+) in the ionothermal synthesis of Phthalocyanine based Covalent Organic
Frameworks (COFs) which called PPC (Porous polyphthalocyanines). We hypothesized that mixed
metal salt mixtures (MCl2/ZnCl2) would result in PPC including desired metal ions, which has a
higher complex stability than that of the Zn-phthalocyanine according to the Irving-Williams series,
which predicts the relative stability of complexes formed by transition metals that increases when
moving in the periodic table from Fe2+ to Cu2+. In the end, we found a clear correlation between
the Irving-Williams series and the metal content, surface area, and CO2 adsorption capabilities of
PPCs. This result provides a tunable approach to designing these polymer properties. Noticeably,
with surface areas as high as 2043 m2g-1 and CO2 uptake capacities up to 7.6 mmol g-1, these
polymers exhibit significant potential for CO2 application. In addition, We also investigated the
growth of the Co-pPPC and Co-anPPC on highly conductive carbon nanofibers and demonstrated
their high catalytic activity in the electrochemical CO2 reduction, which show Faradaic efficiencies
towards CO of up to 74% at -0.64 V vs. RHE.

[1] Kyung Seob Song, Patrick W. Fritz, Ali Coskun, Chem. Soc. Rev., 2022, 51, 9831-9852
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Catalytic polysaccharide hydrolysis using separable Brønsted acidic imidazolium salts
and ionic polymers in water

K. A. Abhyankar1, R. J. Somerville1, Z. Fei1, P. J. Dyson1*

1LCOM, EPFL Lausanne

Catalytic polysaccharide hydrolysis is a key step in the valorisation of cellulosic and starchy
biomass, as glucose is a key intermediate in potential biorefineries1 for the production of fuels and
platform chemicals (e.g. dimethylfuran, levulinic acid, γ-valerolactone)2. Carrying out this
hydrolysis with heterogeneous catalysts in water is desirable as it improves catalyst separation
and avoids organic solvents. We report the systematic design of imidazolium salts containing
pendant carboxylic acid groups and their use in cellulose and starch depolymerisation in water as
well as the design and preparation of a cross-linked weakly acidic polymer network that
heterogeneously catalyses starch depolymerisation to glucose in water.

 

Acidic imidazolium compounds were screened in the hydrolysis of the model compounds cellobiose
and maltose (as homogeneous models of cellulose and starch, respectively). A vinylimidazolium
salt containing a pendant carboxylic acid group was found to be effective in the depolymerisation
of cellulose and starch. This monomer was then polymerised to create a cross-linked insoluble
acidic polymer network for the heterogeneous cleavage of saccharides. The heterogeneity of the
polymer catalyst and the hydrothermal stability of the polymer was investigated and humins
deposition onto the polymer surface is proposed as a possible catalyst poisoning pathway.

With the most active vinylimidazolium monomer, good yields of glucose were obtained from model
saccharides, cellulose, and potato starch. Subsequent polymerisation yielded a heterogeneous
ionic polymer catalyst which was active for the conversion of model saccharides and potato starch
to glucose in water. Gratifyingly, the yields obtained with the polymer catalyst are similar to those
obtained with the monomer catalyst and are obtained in water at relatively mild temperatures
(120 –140 °C). Catalysis with the polymer network was tested for its heterogeneity and the
catalyst remains active even at low (1:10 catalyst:potato starch, by mass) loadings.

1] Cherubini F., Energy Convers. Manag., 2010, 51, 1412–1421.
[2] Melero J. A.; Iglesias J.; A. Garcia A. Energy Environ. Sci., 2012, 5, 7393–7420.
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Controlled Modification of Cobalt Phosphide by Sulfur for Tuned Catalytic Properties in
Hydrogenation

N. A. Arnosti1, V. Wyss1, M. F. Delley1*

1University of Basel, St. Johanns-Ring 19, 4056 Basel

Transition metal phosphides have shown promise as alternatives to the typical noble-metal based
catalysts of water splitting and hydrotreating applications.1-2 A small amount of sulfur incorporated
into the transition metal phosphide has been shown to significantly improve their catalytic
performance.3-5 This sulfur effect is not well understood. This is in part because conventional
synthesis methods of sulfur-doped phosphides typically result in a wide distribution of chemical
environments for sulfur both inside and on the surface of the phosphide, which is challenging to
analyze.4-5

Here, we present a novel approach to modify transition metal phosphides with sulfur. We used
phosphine sulfides (SPR3) as molecular reagents to transfer sulfur to cobalt phosphide (CoP). This
enabled the addition of controlled amounts of sulfur to the surface of CoP. Furthermore, variation
of the P=S bond strength of the SPR3 reagents revealed that there is a distribution of different
S‑sites on the surface of CoP with a range of surface binding strengths between 69 and 84
kcal/mol. We probed the effect of different amounts and types of sulfur on CoP on its catalytic
performance in the hydrogenation of α,β-unsaturated aldehydes. Our results suggest that an
intermediate amount of sulfur on CoP leads to the best catalytic performance. The fundamental
information about the surface chemistry of CoP and its relationship with catalytic properties found
herein shows important new routes for catalyst design.

1. Oyama S. Ted, Gott Travis, Zhao Haiyan, Lee Yong-Kul, Catal. Today 2009, 143, 94-107.
2. Shi Yanmei, Zhang Bin, Chem. Soc. Rev. 2016, 45, 1529-1541.
3. Bando Kyoko K., Wada Takahiro, Miyamoto Takeshi, Miyazaki Kotaro, Takakusagi Satoru,

Koike Yuichiro, Inada Yasuhiro, Nomura Masaharu, Yamaguchi Aritomo, Gott Travis, Oyama
S. Ted, Asakura, Kiyotaka, Catal. 2012, 286, 165-171.

4. Cabán-Acevedo Miguel, Stone Michael L., Schmidt J. R., Thomas Joseph G., Ding Qi, Chang
Hung‑Chih, Tsai Meng-Lin, He Jr-Hau, Jin Song, Nat. Mater. 2015, 14, 1245-1251.

5. Kibsgaard Jakob, Jaramillo, Thomas F., Angew. Chem. Int. Ed. 2014, 53, 14433-14437.
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Co/Co oxide Foam Catalysts for Sustainable Nitrate to Ammonia Electroreduction

N. Ashtaman Pillai Syamaladevi1,3, A. Dutta1,3, J. Drnec2, P. Broekmann1,3*

1Department of Chemistry, Biochemistry and Pharmaceutical Science, University of Bern, 2
European Synchrotron Radiation Facility (ESRF), Grenoble, France, 3National Centre of Competence

in Research (NCCR) Catalysis, University of Bern

Electrochemical nitrate reduction (NO3RR) is an energy-efficient method to remove harmful nitrate
from wastewater while producing valuable ammonia. Catalyst selection is crucial for accelerating
NO3RR and directing the process towards the target product. This process addresses
environmental concerns by reducing nitrate through electrochemical reactions, generating
ammonia with high added value.1 By utilizing electrochemical nitrate reduction and suitable
catalysts, simultaneous nitrate removal and ammonia synthesis can be achieved, promoting
sustainable wastewater treatment and resource utilization. Ongoing research aims to optimize
this promising approach for efficient and environmentally friendly nitrate valorization.

In this study, we synthesize novel Co foam catalysts using additive-assisted electrodeposition in
combination with the dynamic hydrogen bubble template method and followed by thermal
annealing at 300 °C for 6 h. The resulting three-dimensional foam morphology significantly
influences the catalyst's overall process performance. The foam structure provides a high active
surface area, an improved mass transport, and enhanced utilization of active sites, leading to
enhanced catalytic activity.

Oxidized Co foams exhibit a remarkable selectivity in the electroreduction of nitrate. Within the
specific low potential range of -0.1 to -0.3 V vs. RHE, the Faradaic efficiency (FENH3) for ammonia
production exceeds 95%. Notably, this efficient conversion process from nitrate to ammonia
occurs with hydrogen as a minor by-product, and no other nitrogen-containing products (e.g., NO,
N2O, or N2) are formed during electrolysis. These findings underscore the exceptional selectivity
and efficiency of Co based foam catalysts in driving the conversion of nitrate to the targeted
ammonia.

To elucidate the active chemical states/species contributing to the superior efficiency of ammonia
production, we employed operando Raman spectroscopy and synchrotron-based operando X-ray
diffraction (XRD) techniques. These analytical approaches enabled us to investigate the potential-
dependent alterations in the chemical states of Co species prior to and during the nitrate reduction
reaction (NO3RR). Intriguingly, our findings reveal that the active phase responsible for the
reduction of NO3

− to NH3 is not metallic Co or Co3O4. Instead, it comprises a composite of
Co(OH)2 and Co3O4, which forms only during the nitrate to ammonia conversion. These results
underline the importance of oxidized Co2+ and Co3+ ions as active catalyst species for the efficient
transformation of nitrate into ammonia.

[1] Duca, M.; Koper, M. T. M. Powering denitrification: the perspectives of electrocatalytic nitrate
reduction. Energy Environ. Sci. 2012, 5, 9726– 9742
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Local structure of PdO/Al2O3 catalysts during aqueous phase reduction

D. Bonavia1, A. Ricchebuono2, E. Vottero2, R. Pellegrini3, A. Piovano4, E. Groppo2, S. Checchia1*, D.
Ferri5*

1ID15A, European Synchrotron Radiation Facility, Grenoble, France, 2Department of Chemistry, NIS
Centre and INSTM, University of Torino, Torino, Italy, 3Chimet SpA -Catalyst Division, via di

Pescaiola 74, I-52041 Viciomaggio Arezzo, Italy, 4Institut Laue-Langevin, Grenoble, France, 5Paul
Scherrer Institute, Villigen, Switzerland

Pd catalysts are widely used in catalysed hydrogenation reactions for the synthesis of fine and
bulk chemicals, which are often conducted in liquid phase. Since the Pd active phase is commonly
deposited in its oxidised form on the support, previous works sought to study how the catalyst
activation procedure affects the reducibility of the PdO phase, as well as the properties of the
supported Pd nanoparticles (dispersion, particle size, morphology, interaction with the support,
structural order, and surface properties), and how these factors correlate with the catalyst
behaviour during hydrogenation [1].

In this work, we investigated the isothermal reduction of PdO (5 wt%) supported on
different polymorphs of Al2O3 and their combinations using aqueous solutions of common
reducing agents (NaBH4, HCOONa), thus mimicking the procedure adopted by the catalyst
manufacturer. For comparison, water saturated by H2 was also used. In order to follow reduction at
65°C and ambient pressure, we used high-energy X-ray diffraction (HE-XRD) and pair distribution
function (PDF) analysis at beamline ID15A of the ESRF to identify and quantify Pd components in
both average and local structure, and thus separate long-range from shortrange structural effects.

Analysis of HE-XRD data (Rietveld) suggested that most of the supports are made of a
lowersymmetry, inter-grown composite phase and not a mixture of the ideal structures of the
various polymorphs [2]. Both HE-XRD and PDF analysis were able to clearly follow the
isothermal consumption of the PdO phase upon reduction, the subsequent formation of metallic Pd
and the nucleation of the Pd hydride phase with a time resolution of 1-2 s. The results reveal
that the rate of the reduction process is influenced by the nature of the Al2O3 polymorph at
constant PdO particle size. For example, γ-Al2O3 delayed significantly the formation of Pd hydrides
under these experimental conditions. Reduction by H2 was also slow probably as a result of the low
solubility of H2 in water. Chemically different reducing agents proved to require
different concentrations in order to provide comparable extents of hydride formation, suggesting a
different extent of reducing ability.

[1] E. Groppo, G. Agostini, A. Piovano, N. Muddada, G. Leofanti, R. Pellegrini, G. Portale, A. Longo,
C. Lamberti, J. Catal., 287 (2012) 44
[2] L. Kovarik, M. Bowden, D. Shi, J. Szanyi, C. Peden, J. Phys. Chem. C, 123 (2019) 9454
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Inverted RDE for True OER Catalyst Degradation Assessment

A. Bornet1, P. Moreno-García1, M. d. Gálvez-Vázquez1, M. Arenz1, P. Broekmann1

1Department of Chemistry, Biochemistry and Pharmaceutical Sciences

Currently, significant efforts are taken to find the most active and stable electrochemical oxygen
evolution reaction (OER) catalyst diverting from critical raw materials. However, to be able to
characterize the performance of these new catalysts, it is also needed to consider using the
adequate screening methods. It has been recently demonstrated that the conventional rotating
disk electrode (RDE)-based studies are not suitable for gas evolving processes due to bubbles
uncontrollably blocking catalytic active sites. [1] To overcome this issue, an upward facing
configuration of the instrument allows the formed gaseous product to escape the catalyst surface
as demonstrated among others for metal deposition and CO2 reduction reaction. [2,3] Therefore,
the true catalyst performance can be screened and assessed. In the current work, we used this so-
called inverted RDE (iRDE) for the OER with Ir nanoparticles supported on commercially available
Sb-doped SnO2 (Ir/ATO). The test consisted in cycling the potential between 1.2 and 1.7 V vs RHE
at rate of 10 mV s-1. The evolution of the current densities at 1.5 V vs RHE over the number of
cycles obtained with the iRDE is compared to the one obtained with the conventional RDE setup
(Fig. 1a). Rapid decline of the catalyst activity was observed in the RDE setup, while the catalyst
activity demonstrates a rather stable behavior in the iRDE setup. The fast activity drop observed in
the RDE setup is to some extent due to accumulation of O2 bubbles on active sites. However, the
main reason for catalyst deactivation is the gradual passivation of the catalyst back contact. [4]
This latter issue can be overcome by employing a non-porous catalyst that prevents contact
between back contact material and electrolyte. Moreover, the oscillations observed in the iRDE are
accounted for short live bubble retention and detachment as depicted in Fig. 1b-c.

Figure 1. (a) Evolution of the relative current densities at 1.5 V vs RHE over the number of cycles
employing the iRDE (red) and the RDE (black) setup. (b-c) Photographs of O2 bubble detachment
from Ir/ATO at cycle 18 (blue arrow). 

[1] H. A. El-Sayed et al., J. Electrochem. S., 2019, 166 (8), F458-F464.
[2] P. Moreno-García et al., Anal. Chem., 2020, 92, 4301-4308.
[3] P. Moreno-García et al., J. Electrochem. S., 2020, 167, 042503.
[4] S. Geiger et al., ChemSusChem, 2017, 10, 4140-4143.
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Combinatorial neutron imaging for in-situ alkane adsorption analysis over C1-C4
coupling catalysts

A. Cesarini1,3, M. Nikolic1,4, P. Trtik2, J. A. van Bokhoven2,3*, A. Borgschulte1,4*

1Empa, 2PSI, 3ETH Zurich, 4UZH

Hydrocarbons are essential commodity chemicals used in various applications and crucial for our
society. However, their dependence on fossil sources puts pressure on the environment. Hence,
the production of these molecules from renewable sources is crucial for the advancement of a
sustainable society. Currently, the most promising routes rely on the activation and subsequent
oligomerization of small molecules (C1-C4) into longer chain hydrocarbons over heterogeneous
catalysts. Nevertheless, these systems suffer from poor selectivity towards a single target
product,[1] as well as rapid deactivation.[2] These transformations are largely governed by the
ability of the reagents and products to diffuse though the catalyst pore network. Therefore, a
complete understanding of the sorption kinetics is beneficial for the establishment of descriptors
that aid the design of catalytic materials with optimized properties. Such investigations are
traditionally performed by infrared radiation (IR) in combination with Raman spectroscopy or by
simple gravimetric methods.[3] While these methods provide valuable information on the
properties of a system, the in-situ optical visualization of the material changes during the
adsorption/desorption process remains challenging due to interferences with the source light. In
addition, the design of suitable cells is required for the application of these techniques under
realistic temperatures and pressures. Herein, the uptake and desorption kinetics of n-hexane as
probe molecule over commercial zeolite catalysts under catalytically relevant conditions is studied
using the combinatorial neutron imaging method.[4] The large interaction between neutrons and
hydrogen leads to significant changes in contrast when H-containing molecules are adsorbed on
the materials. This property enables the in-situ adsorption/desorption visualization, and the
quantification of the hydrocarbon species adsorbed. In addition, the custom designed experimental
setup used in this study allowed the simultaneous investigation of up to 69 samples.[4] For
temperatures below 473 K, the observed radial diffusion profiles in most porous materials indicate
that the diffusion of long chain products plays a critical role in the catalyst deactivation under
typical reaction temperatures (423‑523 K). Overall, the findings provide new insights on the
adsorption kinetics of hydrocarbons over systems with varying porosity and pore connectivity,
facilitating the design of optimized catalysts for oligomerization reactions.

 

 

[1] R. Handler, D. Shonnard, Biofuels for Aviation, 2016, Chapter 6.
[2] J. Ihli, R. R. Jacob, M. Holler, M. Guizar-Sicairos, A. Diaz, J. C. da Silva, D. Ferreira Sanchez, F.
Krumeich, D. Grolimund, M. Taddei, W. -C. Cheng, Y. Shu, A. Menzel, J. A. van Bokhoven, Nature
Communications, 2017, 8, 809.
[3] A.V Ivanov, G.W Graham, M Shelef, Applied Catalysis B: Environmental, 1999, 21, 243-258.
[4] M. Nikolic, F. Longo, E. Billeter, A. Cesarini, P. Trtik, A. Borgschulte, Physical Chemistry
Chemical Physics, 2022, 24, 27394-27405.
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Low-Cost CuX Catalyst from Blast Furnace Slag Waste for Low-Temperature NH3-SCR
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1Chongqing University, 2Paul Scherrer Institut

The presence of nitrogen oxides (NOx) in industrial flue gas is a major concern due to their
negative impact on the environment and human health [1]. Selective catalytic reduction with NH3
(NH3-SCR) is the primary technology for reducing and controlling NOx emissions [2]. As one of the
primary solid wastes generated from blast furnace iron production, blast furnace slag (BFS)
contains an adequate quantity of Al2O3 and SiO2 that could serve as raw material for zeolite
synthesis. Zeolite X with low Si/Al ratio was successfully prepared by the seed-hydrothermal
method [3].

In this study, we investigated the low-temperature NH3-SCR activity and surface acidity of a series
of Cu-exchanged zeolite X (derived from blast furnace slag) catalysts with various Cu/Al ratios
(mole ratio of Cu/Al=0.13, 0.28, 0.4, 0.45, 0.46, 0.47). Based on the NH3-SCR performance of these
CuX catalysts, the CuX-0.28 catalyst exhibited the highest NH3-SCR activity across the entire
temperature range, exhibiting NO conversion above 93% from 150 oC to 400 oC and N2 selectivity
higher than 91%. The catalytic tests towards the oxidation of NH3 revealed that NH3 was oxidized
to NO or N2O above 300 oC. NH3-TPD measurements showed that the CuX-0.28 catalyst had the
highest surface acidity in the series and most of surface acidity was attributed to Lewis acid sites.
During in situ DRIFTS of the NH3-SCR reaction, both Lewis and Brønsted acid sites were identified
on the CuX-0.28 catalyst, with Lewis acid sites playing the primary role in the NH3-SCR reaction.

[1] S. C. Anenberg, et al. Nature, 2017, 545, 467-471.
[2] Y. Park, et al. Chemical Engineering Journal, 2023, 461, 141958.
[3] L. Chen, et al. ACS Sustainable Chemistry & Engineering, 2022, 10, 7739-7751.
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A Surface Organometallic Chemistry Platform for Efficient Deoxygenation of Small
Molecule Oxygenates
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Current chemicals and fuels are mostly derived from fossil fuels and are thus not sustainable due
to the limited resources and the emissions of CO2 associated with their production and use. Moving
to biomass-derived feedstocks would offer several advantages: they are renewable, (more) carbon
neutral, already available as a waste byproduct of various industries.1 However, biomass
intrinsically contains a large variety and number of oxygen-containing functional groups, that need
to be converted to bridge the gap with most value-added chemical products, hence the need for
synthetic methodologies for selective and efficient deoxygenation while leaving the carbon
skeleton intact.2 Ideally, this transformation can be achieved using only (green) dihydrogen as a
reactant, rendering it both atom economical and forming only water as benign byproduct. In this
context, bimetallic catalysts are privileged materials by displaying bifunctional properties, enabling
dihydrogen activation and acid-catalyzed reactions from the co-existence of metallic nanoparticles
and metal oxide — e.g., the combination of group XI–X metals and a group VI–VII metal oxide such
as MoO3.3,4 However, the mechanism and exact role and synergies between the two metals and
the support is poorly understood. In order to be able to study these materials and establish
meaningful structure activity correlations, well-defined model catalysts are required. We have thus
developed a platform of organometallic precursors based on diisopropylamidinate ligands for the
metals Rh, Ir, Ni, Pd, and Pt, that can be employed to generate size-homogeneous supported
nanoparticles on oxide-based supports, via surface organometallic chemistry.5,6 We have
examined bimetallic materials synthesized from a Mo-doped SiO2 support to evaluate their activity
in deoxygenation. During this study, we have identified catalyst materials active in the
deoxygenation of primary, secondary, and tertiary alcohols, various ketones, and a-ketoesters.
Almost quantitative yields can be achieved for some substrates, and functional group tolerance
towards both electrophilic and nucleophilic functional groups was observed, allowing for a
synthetic handle for further diverse functionalization of the products.

 

[1] S. Sethupathy, G. M. Morales, L. Gao, H. Wang, B. Yang, J. Jiang, J. Sun, D. Zhu, Bioresour.
Technol. 2022, 347, 126696.
[2] H. Wang, Y. Pu, A. Ragauskas, B. Yang, Bioresour. Technol. 2019, 271, 449–461.
[3] X. Wang, M. Arai, Q. Wu, C. Zhang, F. Zhao, Green Chem. 2020, 22, 8140–8168.
[4] S. Liu, W. Zheng, J. Fu, K. Alexopoulos, B. Saha, D. G. Vlachos, ACS Catal. 2019, 9, 7679–7689.
[5] C. Ehinger, X. Zhou, M. Candrian, S. R. Docherty, S. Pollitt, C. Copéret, ChemRxiv 2023, doi:
10.26434/chemrxiv-2023-8jwmj.
[6] W. Zhou, S. R. Docherty, C. Ehinger, X. Zhou, C. Copéret, Chem. Sci. 2023, 14, 5379–5385.
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Operando transient EPR spectroscopy of N2O activation and reaction on Fe-zeolites
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Control of N2O emissions from stationary anthropogenic sources and novel fuel technologies is
mandatory due to its large global warming potential. Catalysts based on Fe exchanged in silico-
aluminates (zeolites) represent a major class of technologies currently used to remove N2O from
exhaust gases. While Fe-zeolite catalysts are active for this reaction, the nature of the active site
remains debated because of the difficulty to obtain homogeneously dispersed Fe sites.
Spectroscopy as a tool of characterizing the active sites during reaction suffers from the need to
disentangle complex signals of species probably not involved in the reaction. In this contribution
we show that electron paramagnetic resonance (EPR) spectroscopy coupled to transient
experiments is able to provide information on the structure of the active sites of N2O activation
and reaction going beyond what was obtained so far.

We have analyzed a commercial Fe-zeolite catalyst comprising a number of Fe species of different
degrees of agglomeration (monomers in different environments and clusters) by exposing it to
pulses of N2O in Ar, NO/Ar and NO+NH3+O2/Ar at 400°C while measuring products evolution with a
mass spectrometer.

The EPR spectra of the catalyst exposed to N2O at 400°C clearly showed that N2O oxidizes all Fe
species to Fe3+. However, it is by repeatedly adding/cutting-off N2O that only specific Fe3+ sites
can reversibly activate N2O and break the N2-O bond. These species coincide with Fe coordinated
in beta-exchange positions of the zeolite structure. Other species such as Fe coordinated to
gamma-positions of the framework and also clusters can perform reversible Fe2+/Fe3+ red-ox only
when a reducing agent is added to the reaction, as in the case of the N2O+NO and
N2O+NO+NH3+O2 environments. The work helps rationalizing the contribution of different Fe
species in the mechanism of the simultaneous removal of N2O and NO from exhaust gases that we
have studied using X-ray absorption spectroscopy, EPR and infrared spectroscopy under identical
experimental conditions to those shown here.

These results show that the transient nature of the experiments allows extraction of key
mechanistic details that would remain otherwise hidden. This is even more important for a
technique highly sensitive to the local environment of different Fe species such as EPR
spectroscopy.
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Cation effect on electrocatalytic nitrate reduction to ammonia
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The electrochemical reduction of nitrate to ammonia (NO3-RR) is a sustainable approach to
mitigate nitrate pollution. Previous studies have shown that alkali metal cations play a significant
role in electrochemical reduction processes. The influence of alkali metal cations on the activity,
selectivity, and mass transport during NO3-RR was investigated in this work.

In previous research [1][2], it was observed that the electric field induced by solvated cations can
modulate the activity and selectivity in the electrochemical reduction of CO2 by affecting the
electrochemical double layer, particularly the outer Helmholtz plane. As the cation size increases,
the hydration sphere radius decreases, resulting in a decrease in hydration energy and an increase
in mobility (Li+ < Na+ < K+ < Cs+) [3]. This trend allows for tuning of activity, selectivity, and mass
transport by selecting the appropriate supporting cation.

In this study, a porous Cu-foam catalyst deposited onto a copper mesh support using the dynamic
hydrogen bubble template method was employed to examine the influence of alkali metal cations
(Li+ < Na+ < K+ < Cs+) on NO3-RR. By adjusting the composition and concentration of the
supporting electrolyte, the effects of different alkali cations were investigated.

The results revealed that the partial current density, and consequently the nitrate removal rate,
increased following the order Li+ < Na+ < K+ < Cs+. These consistent trends in NO3-RR emphasize
the pivotal role played by the electrostatic effect, which stabilizes negatively charged species at
the electrode interface. The experimental surface coverages of alkali metal cations align with their
free energies of hydration, following the order Li+ > Na+ > K+ > Cs+. The conversion rate of nitrate
to ammonia increases according to the coverage of specifically absorbed alkali metal cations that
exhibit lower degrees of hydration. These findings suggest that the extent of dehydration of alkali
metal cations at the electrode-electrolyte interface significantly influences their ability to facilitate
nitrate reduction.

[1] Resasco, J., Chen, L. D., Clark, E., Tsai, C., Hahn, C., Jaramillo, T. F., Chan, K., & Bell, A. T.
Journal of the American Chemical Society, 2017, 139(32), 11277–11287.
[2] Chen, L. D., Urushihara, M., Chan, K., & Nørskov, J. K. ACS Catalysis, 2016, 6(10), 7133–7139.
https://doi.org/10.1021/acscatal.6b02299
[3] Hayamizu, K., Chiba, Y., & Haishi, T. RSC Advances, 2021, 11(33), 20252–20257.
[4] Bender, J. T., Petersen, A. S., Østergaard, F. C., Wood, M. A., Heffernan, S. M. J., Milliron, D. J.,
Rossmeisl, J., & Resasco, J. ACS Energy Letters, 2023, 8(1), 657–665.
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The hydrogen evolution reaction (HER) is often considered parasitic to numerous cathodic electro-
transformations of high technological interest, including but not limited to metal plating (e.g., for
semiconductor processing), the CO2 reduction reaction (CO2RR), the dinitrogen→ammonia
conversion (N2RR), and the nitrate reduction reaction (NO3

-RR).

Herein, we introduce a porous Cu foam material electrodeposited onto a mesh support through the
dynamic hydrogen bubble template method as an efficient catalyst for electrochemical
nitrate→ammonia conversion. To take advantage of the intrinsically high surface area of this
spongy foam material, effective mass transport of the nitrate reactants from the bulk electrolyte
solution into its three-dimensional porous structure is critical. At high reaction rates
NO3

-RR becomes, however, readily mass transport limited because of the slow nitrate diffusion into
the three-dimensional porous catalyst. Herein, we demonstrate that the gas evolving HER can
mitigate the depletion of reactants inside the 3D foam catalyst through opening an additional
convective nitrate mass transport pathway provided the NO3

-RR becomes already mass transport
limited prior to the HER onset. This pathway is achieved through the formation and release of
hydrogen bubbles facilitating electrolyte replenishment inside the foam during water/nitrate co-
electrolysis. This HER mediated transport effect “boost” the effective limiting current of nitrate
reduction, as evidenced by potentiostatic electrolyses combined with an operando video
inspection of the Cu-foam@mesh catalysts under operating NO3

-RR conditions. Depending on the
solution pH and the nitrate concentration, NO3

-RR partial current densities beyond 1 A cm-2 were
achieved.

[1]  Dong Xu, Y. L.; Yin, L.; Ji, Y.; Niu, J.; Yu, Y. Front. Environ. Sci. Eng. 2018, 12, 9
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Design of organometallic complexes as precursors for catalysts with tuneable
properties

L. Frederiksen1, P. J. Dyson1*

1École Polytechnique Fédérale de Lausanne, Lausanne, Switzerland

Coreshell nanoparticles (CSNPs) show excellent stability and selectivity for catalysis due to the
presence of a protective shell encapsulating the active nanoparticle surface.1 The increased
stability and selectivity have proven beneficial for biomass conversion to value-added chemicals2 –
an important topic for a more sustainable future. However, there are major challenges with
reproducibility and control over nanoparticle properties, particularly in the field of heterogeneous
catalysis.3 Herein we propose a strategy for the reproducible synthesis of nanoparticles with
adjustable properties to help bridge the gap between catalyst preparation and catalyst properties.
By correlating the nature of the organometallic precursors and CSNP preparation method
parameters with the structure of the resulting CSNPs, we are developing a methodology for
preparing CSNPs with tuneable physical properties. Studying the relationship between CSNP
physical and chemical properties allows us to identify key features that indicate greater stability
and higher activity in C-O bond hydrogenolysis.

A variety of ruthenium and nickel complexes featuring N-heterocyclic carbene (NHC) ligands (Ru-
NHC and Ni-NHC) were prepared and used to generate NPs. NHC ligands featuring alkyl side chains
(Fig. 1) were chosen to emulate the carbon chains of many surfactants previously used to
generate stabilized NPs.4 The length of the carbon chain was varied to study the effect on shell
thickness and porosity, and, as a result, the activity, selectivity, and stability of the NPs. After a
sequential chemical reduction and pyrolysis of the organometallic precursors, the physical
properties, such as shell thickness, can be related to the precursor nature and variables in the NP
synthesis method. After application to the C-O bond hydrogenolysis of lignin model compounds
(diphenyl ether, benzylphenyl ether, and phenethyl phenyl ether) under mild conditions (140 ℃
and 15 bar H2), structure-activity relationships identify the most important physical properties for
predicting catalytic activity, stability, and selectivity.

[1] Chaudhuri, R.; Paria, S. Chem. Rev., 2012, 112 (4), 2373–2433.
[2] Cui, X.; van Muyden, A. P.; Dyson, P. J. Chem.– Eur. J., 2021, 27 (1), 12–19.
[3] Axet, M. R.; Philippot, K. Chem. Rev., 2020, 120 (2), 1085–1145.
[4] Julis, J.; Hölscher, M.; Leitner, W. Green Chem., 2010, 12 (9), 1634–1639.
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Aging of DeNOx and DeN2O catalysts for Nitric Acid plant

A. Garbujo1, F. Oldani1, R. Lanza2, A. Lahougue3, E. Rohart3, P. Biasi1

1Casale SA, Lugano, Switzerland, 2Verdant, Stockholm, Sweden, 3Alsys, Ploemeur, France

Nitrous oxide (N2O) is one of the most impacting greenhouse gasses that significantly contributes
to climate change. In 2017, Europe alone emitted around 18 million tonnes of N2O, mainly from
agricultural activities and the production of nitric acid. [1] Scientist are constantly searching for
effective new deN2O catalysts that can be used in real-world applications. One crucial aspect of
this research is the industrial aging of catalysts. This process simulates the conditions under which
catalysts will be exposed to in industrial environments, including high temperatures and exposure
to pollutants. By conducting representative industrial aging tests, researchers can gain a better
understanding of how catalysts will perform over time in real-world settings and make necessary
adjustments to improve performance and lifetime. Additionally, this process allows researchers to
identify potential degradation mechanisms and optimize catalyst design, thus reducing N2O
emissions in the final stages of catalyst use. Industrial Fe-FER and Fe-ZSM5 catalysts were
prepared by the French company ALSYS on an industrial scale. [2] The catalysts were exposed to a
simulated accelerated aging procedure, which was created to model a specific catalytic aging
process. This was done to study the deNOx/deN2O catalytic behavior at the end of the catalyst's
life. The deNOx/deN2O catalytic performance was tested under relevant industrial conditions... A
very high space velocity was used to stress the differences in catalytic activity between the
catalysts that were tested. The aging treatments were conducted for 150 hours at two
temperatures, 600 and 700°C. This study compares the catalytic activity of Fe-FER and Fe-ZSM5
catalysts for NOx and N2O abatement in a simulated nitric acid process. The study examines the
structural, through XRD, and catalytic evolution of the catalysts upon aging under representative
industrial conditions. The results show that Fe-FER has higher catalytic activity and structure
stability than Fe-ZSM5, particularly after the aging procedure. Fe-ZSM-5 experiences loss in deN2O
activity, while Fe-FER retains its catalytic activity under these conditions. The stability of the Fe-
FER catalyst is believed to be responsible for its higher catalytic activity and better preservation of
deN2O activity. The study highlights the importance of using representative industrial aging
treatments and real industrial test conditions when studying new catalysts, as these conditions
can greatly affect the catalytic activity and structure of the materials.

References
[1] European Environment Agency. (2018).
[2] Hamon C. et al EP1918016B1 2006
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Evolution of active species in ethylene epoxidation over silver foil revealed by ambient
pressure X-ray photoelectron spectroscopy

M. guo1,2, J. A. Bokhoven1,2*, L. Artiglia1*

1Paul Scherrer Institute, CH-5232 Villigen, Switzerland , 2Institute for Chemical and Bioengineering,
ETH Zurich, CH-8093 Zurich, Switzerland

The 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 nature of
oxygen species and their roles in EPO are still unclear. In the current work, silver foil was
characterized systematically as the starting step of a project aiming at chemical looping process of
EPO. 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 structures of AgOx were unveiled on Ag foil.
All of them proved to be highly sensitive to temperature and ratio of reagent, and participate in
the reaction with ethylene. The key role of subsurface oxygen species was revealed over silver foil
during the EPO process. Dichloroethane was cofed at a ppm level in the end to investigate the
significant effect of chlorine on the selectivity of ethylene oxide

[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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Titanium Surface Sites in Ziegler-Natta Pre-Catalysts from 47/49Ti solid-state NMR
Signatures

C. J. Kaul1, A. Yakimov1, Y. Kakiuchi1, S. Sabisch1, F. M. Bolner2, J. Raynaud2, V. Monteil2, P.
Berruyer3, C. Copéret1*

1Department of Chemistry and Applied Biosciences, Laboratory of Inorganic Chemistry,
Eidgenössische Technische Hochschule Zürich, Vladimir-Prelog-Weg 2, CH-8093 Zurich,

Switzerland, 2Université de Lyon, CNRS, Université Lyon 1, CPE Lyon, UMR 5128 - CP2M (Catalysis,
Polymerization, Processes & Materials), PolyCatMat team, 69616 Villeurbanne, France, 3Institut des

Sciences et Ingenierie Chimiques, École Polytechnique Fédérale de Lausanne (EPFL), CH-1015,
Lausanne, Switzerland

The initial development of the heterogenous Ziegler-Natta (ZN) polymerization catalyst dates back
to the mid-1950s1. Despite the industrial importance of the ZN catalysts towards the world
production of polyethylene (HDPE & LLDPE) and polypropylene (iso-PP)2,3, the structure-activity
relation until now remains elusive. As a result, decades of development targeted towards
performance gains of the highly complex heterogenous catalytic system were primally empirical.
In the 1970s, the usage of magnesium chloride (MgCl2) as support of the active site was found to
significantly enhance the activity of Ti-based ZN catalysts2. However, in order to promote a more
rational catalyst design, a detailed molecular-level understanding of Ti surface sites of the ZN pre-
catalyst, TiCl4/MgCl2, which is known to form active sites under polymerisation conditions, is
required.

For the evaluation of the Ti surface sites, we turned to 47/49Ti NMR, which is highly sensitive
towards the ligand environment of Ti, altering the local charge distribution and electronic
structure. The applications of 47/49Ti NMR are nonetheless often limited, due to (i) low Ti content in
the catalyst (ca. 2 wt%), (ii) the low natural abundance of the NMR nuclei (< 10 %), (iii) the
presence of two NMR active isotopes with small resonant frequency difference (Δδ47/49Ti = 267
ppm) and (iv) the quadrupolar nature of both isotopes. In this work, we addressed these
challenges by (i) combining high magnetic field (900 MHz), fast magic angle spinning (MAS) and
low temperature (100 K) 47/49Ti NMR measurements, in order to decrease the linewidth and
increase sensitivity, (ii) performing state-of-the-art density-functional theory (DFT) computations,
and (iii) using BCl3-treated ZN pre-catalyst3, which was expected to contain fully chlorinated Ti
species, hence a more symmetric electric charge distribution around Ti, associated with more
favourable NMR properties, and shown to increase the amount of the active sites.4 The obtained
NMR spectroscopic signatures of Ti surface sites of the ZN catalyst and the application of DFT
modelling allowed us to resolve the structure of TiCl4 on MgCl2, a representative industrial pre-
catalyst. Analysis of chemical shift and quadrupolar coupling constant helped to highlight the
influence of the local environment and MgCl2 morphology on the electronic structure of the Ti
sites.

[1] K. Ziegler, E. Holzkamp, H. Breil, H. Martin, Angewandte Chemie 1955, 67, 541−547.
[2] N. Kashiwa, Journal of Polymer Science Part A: Polymer Chemistry 2004, 42 (1), 1-8.
[3] A. Ashuiev, M. Humbert, S. Norsic, J. Blahut, D. Gajan, K. Searles, D. Klose, A. Lesage, G.
Pintacuda, J. Raynaud, V. Monteil, C. Copéret, and G. Jeschke, Journal of the American Chemical
Society 2021, 143 (26), 9791-9797.
[4] M. Humbert, S. Norsic, J. Raynaud, V. Monteil, Chinese Journal of Polymer Science 2019, 37
(10), 1031-1038.
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Decoding Solid-State NMR Descriptors of Group(VI)-Metal and Ligand Nuclei using
Machine Learning
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1ETH Zurich, D-CHAB, Vladimir–Prelog-Weg 1–5, 8093 Zurich

Understanding the structure-reactivity relationship in catalytic species requires spectroscopic
techniques capable of accessing and rationalizing this connection. In solid-state NMR
spectroscopy, chemical shift tensors (CSTs) provide valuable information about local chemical
environments and their connection to frontier molecular orbitals.[1] However, current methods
relying on orbital analysis to connect experimentally accessible NMR descriptors of ligands[2] and
metal nuclei[3] to reactivity face limitations due to computational expense and time-consuming
solid-state NMR measurements. To overcome these challenges, we employ data-driven methods to
uncover trends between NMR descriptors (CST and electric field gradient tensor for quadrupolar
nuclei) and electronic structure in a broader chemical space. Our goal is to develop a machine
learning model that maps global and local descriptors of ligands and metal complexes[4] to the
chemical shieldings of d0 group(VI) Mo and W complexes, an important class of precatalysts for
olefin conversion processes such as metathesis and oligomerization.

We generated a dataset of 29'000 penta- and hexacoordinated complexes combinatorically with a
d0 metal (Mo or W) and various ligands, with each molecule bearing a dianionic ligand (oxo, imido,
sulfido, selenido), four monoanionic ligands (e.g. halogenides, alkoxides, alkyls) and up to
one neutral ligand (e.g. THF). Using semiempirical geometry optimization and high-level DFT
calculations, we obtained the CST values for the dataset. Featurization of the dataset involved 125
local and global descriptors, including steric and electronic parameters. Through hierarchical
clustering, we reduced the feature space to 15-30 uncorrelated features suitable for regression
algorithms. By training a Random Forest Regressor on a subset of the data, we achieved accurate
predictions (R2 of 0.7-0.9) for the metal and dianionic ligand isotropic chemical shieldings, with
mean absolute errors of 200-400 ppm for the metal (95Mo, 183W) and 20-40 ppm for the ligand
(15N, 17O).

Analysis of the dataset revealed trends consistent with previous case studies, such as the linear
correlation of 95Mo and 183W chemical shifts for metals in the same coordination environment and
the influence of ligand electronegativity on metal nuclei chemical shifts. Additionally, we
uncovered unexplored trends related to the influence of metal σ- and π-bonding with the dianionic
ligand and the impact of ligand steric bulk on NMR parameters. This approach demonstrates the
potential of machine learning in providing novel insights into NMR-based descriptors and
advancing our understanding of the relationship between NMR spectroscopy and electronic
structure across a broad composition space.

[1] Christopher P. Gordon, Lukas Lätsch, Christophe Copéret, J. Phys. Chem. Lett. 2021, 12, 8,
2072–2085
[2] Christopher P. Gordon, Christophe Raynaud, Richard A. Andersen, Christophe Copéret, Odile
Eisenstein, Acc. Chem. Res. 2019, 52, 8, 2278–2289
[3] Zachariah J. Berkson, Lukas Lätsch, Julius Hillenbrand, Alois Fürstner, Christophe Copéret, J.
Am. Chem. Soc. 2022, 144, 33, 15020–15025
[4] Aditya Nandy, Chenru Duan, Michael G. Taylor, Fang Liu, Adam H. Steeves, Heather J. Kulik,
Chem. Rev. 2021, 121, 16, 9927–10000
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Metal-Like Molecule for Stable Oxygen-Evolution: Natural Mimic by Integrating Co4O4
Cubane into Polypyrrole

S. Li1, Z. Zhang1, G. R. Patzke1*

1University of Zurich

Exploration of efficient and stable water oxidation catalysts based on polynuclear metal-oxo
clusters remains the primary challenge in conversion of renewable energy sources into fuels. The
cubic {Co4O4} complexes, inspired by the natural inorganic core of photosystem II (PSII), have
continuously attracted interest as molecular water oxidation catalysts combining features of both
heterogeneous and homogeneous catalysis. However, further application remains impeded by the
instability during oxygen evolution reaction (OER) and missing knowledge of the design concept in
molecular level. Photosystem II (PSII), as a protein complex, shows asymmetric structure and
ligand-protein environment for stabilizing the catalytic cubic core. Here, we present a molecular
synthetic strategy for stabilization of the Co4O4 cubane oxo by both the asymmetric design and the
integration with conjugated polypyrrole, thus avoiding the intermolecular aggregation during the
OER process. The asymmetric design not only prevents the catalyst decomposition, but also
increases the catalytic efficiency by providing the directed cofacial dihydroxide motif. In addition
to the protection, polypyrrole is a p-type conducting polymer that promotes the holes transfer
during the OER process, resulting in a high turnover frequency (TOF) to the {Co4O4} molecular
catalyst. By a combination of experimental and theoretical results, different oxygen evolution
pathways, affected by intramolecular hydrogen bond (IHB), are proposed. This study follows the
natural feature and provides an elegant design concept for stabilizing the polynuclear oxo and
improving the efficiency of {Co4O4} cubane for long-term OER.
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Novel Iridium-Based Electrocatalyst on Titanium Substrates for the Oxygen Evolution
Reaction

J. Lorenzetti1, P. Moreno-García1, A. Bornet1, P. Broekmann1*, M. Arenz1*

1Department of Chemistry, Biochemistry and Pharmaceutical Sciences

The oxygen evolution reaction (OER) is the critical half-cell reaction in proton exchange membrane
water electrolysis (PEMWE) that still needs improvement for the practical development of
sustainable hydrogen production1-2. The most developed OER electrocatalyst materials used for
acidic water electrolysis are based on Iridium or Iridium oxides1-2. Due to the scarcity and high
material cost of Ir1, there is a demand for catalyst materials with both a high electrochemical
active area and an exceptionally high robustness towards mechanical and chemical degradation.

(a), (b) Top-down SEM images of as deposited Ir on Ti foil. (c) Cyclic voltammograms acquired prior
to (CV 1-2) and after (CV 3-4) electrochemical stressing through stepped galvanostatic OER (d).

In this project, a novel and facile synthesis concept for Ir-based catalysts deposited on Ti
substrates is developed. Different experimental parameters of electrodeposition are screened and
correlated to the morphologies of the resulting catalyst layers through scanning electron
microscopy (SEM). The catalysts are characterized electrochemically to determine their activity in
the OER as well as their stability under the applied harsh anodic and acidic reaction conditions.
The deposition parameters are optimized to obtain a minimal Ir loading on Ti supports without
losses in activity or stability of the catalyst.

[1] Paige Shirvanian, Frans van Berkel, Ele. Comm., 2020, 114, 106704.
[2] Katherine Ayers, Nemanja Danilovic, Ryan Ouimet, Marcelo Carmo, Bryan Pivovar, Marius
Bornstein, Annu. Rev. Chem. Biomol. Eng., 2019, 10 (1), 219-239
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IrPYE+ / IrPYEH complex as self-regenerated NADH cofactor

L. Monte1, N. Lentz1, F. Paradisi1*, M. Albrecht1*

1Department of Chemistry, Biochemistry and Pharmaceutical Sciences, University of Bern,
Freiestrasse 3, CH-3012 Bern (Switzerland)

NADH is an important cofactor that plays a critical role in most oxidoreduction enzymatic
processes relying on reversible storage of the hydride on the nicotinamide moiety (Fig. 1a).
However, NADH is limited by its high cost, low stability, and stoichiometric utilization. [1] In the past
years, several groups investigated different cofactor regeneration systems as well as the use of
synthetic cofactors aiming to reduce the cost associated with NADH-dependent reactions. [2], [3]

Our group recently developed an iridium complex bearing a pyridylidene-amines (PYEs) ligand that
was successfully applied in the dehydrogenation of formic acid.[4] Interestingly, ligand optimization
showed a unique functional ligand-type reactivity where the hydride is stored on the heterocycle
ring, mimicking an NADH-type reactivity (Fig. 1c).[5] Herein, we are investigating the possible
application of the iridium complex into chemoenzymatic processes in a multidisciplinary way,
combining a computational, biocatalytic and organometallic approach (Fig. 1b and 1d).

[1] Lara Sellés Vidal, Ciarán L. Kelly, Pawel M. Mordaka, John T. Heap, Biochim Biophys Acta
Proteins Proteom, 2018, 1866, 327–347.
[2] Hong Wu, Chunyong Tian, Xiaokai Song, Chuang Liu, Dong Yang, Zhongyi Jiang, Green
Chemistry, 2013, 15, 1773–1789.
[3] Caroline E. Paul, Frank Hollmann, Appl Microbiol Biotechnol. 2016, 100, 4773-4778
[4] Nicolas Lentz, Martin Albrecht, ACS Catal. 2021, 12, 12627–12631.
[5] Nicolas Lentz, Sabela Reuge, Martin Albrecht, submitted.
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Metal-ligand Cooperative Rhodium Complexes as Highly Active N2O Hydrogenation
Catalysts

S. Nappen1, M. Trincado1, A. Thomas2*, H. Grützmacher1*

1ETH Zürich, Department of Chemistry and Applied Biosciences, Vladimir-Prelog-Weg 1-5/10, 8093,
Zürich, Switzerland, 2TU Berlin, Institute of Chemistry, Hardenbergstr. 40, 10623 Berlin, Germany

Nitrous oxide (N2O), more commonly known as laughing gas, is no laughing matter in view of its
significance as an atmospheric pollutant. In recent times, N2O has been identified as the most
ozone depleting agent of the 21st century (comparable to that of CFC’s) and a potent greenhouse
gas.[1] The ‘simple on-paper’ reaction: N2O + H2 -> N2 + H2O can be a promising mitigation
strategy, but in reality this reaction is difficult to perform. Activation of N2O is challenging, in
addition, the catalyst must remain robust and selective towards the oxidizing (N2O) and reducing
(H2) conditions. N2O have been, and generally still is, broadly overlooked compared to its
isoelectronic and isostructural more well known molecule, CO2. In the past decades we have seen
strong research forces yielding several CO2 hydrogenation catalysts with turnover numbers
(TON’s) up to millions.[2] Meanwhile the homogeneous N2O hydrogenation catalysts in the scientific
literature today are very few in numbers and only reaches TON’s of hundreds.[3] 

We can now report that we have found a catalyst that shows unprecedented activity (~ 200’000
TON’s) in the hydrogenation of N2O at mild conditions (2-5 bars, 65 °C). Rhodium as the metal and
NHC’s as ancillary ligands combined with a tridentate bis-olefine amine ligand[4] was found to be
the best among the tested candidates. The credit cannot be given to the catalyst design alone as
evidence suggests a more holistic process. Our combined experimental and theoretical study of
the reaction mechanism concludes that the process is autocatalytic. In a bottom-up approach the
catalyst could be heterogenized, and the activity and stability of the well-defined single-site
heterogeneous catalyst was evaluated and compared with the molecular version.

[1] Akkihebbal Ramaiah Ravishankara, Daniel John, Robert Portmann, Science, 2009, 326,
123-125.
[2] Duo Wei, Matthias Beller, et. al., Nature Energy, 2022, 7, 438–447.; and literature cited therein.
[3] Isabel Ortega-Lepe, Andrés Suárez, et. al., Inorg. Chem., 2022, 61, 18590–18600.; and
literature cited therein.
[4] Thomas L. Gianetti, Hansjörg Grützmacher, et. al., Angewandte Chemie, 2016, 55, 1854-1858.
; and literature cited therein.
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Understanding the catalytic pyrolysis mechanism of lignin constituents: the importance
of functional groups

Z. Pan1,2, X. Wu1, A. Bodi1, S. Bjelic1, J. A. van Bokhoven1,2*, P. Hemberger1*

1Paul Scherrer Institute, 2ETH Zurich

Lignin, rich in aromatic compounds, is renewable and cheap, which makes it an ideal raw material
for producing fuels and chemicals.1 It is a complex and amorphous polymer, and its complex
catalytic pyrolysis mechanism results in challenging product-selectivity control. Understanding the
reaction mechanism in lignin catalytic pyrolysis is, thus, key to improving product selectivity.2

Lignin can be described as a condensate of smaller aromatic units (p-hydroxyphenyl and guaiacyl,
etc.) with linkages, such as the β-O-4 bond, between them.3,4 Therefore, lignin model compounds,
such as guaiacol, vanillin, eugenol, and linkage-bound dimers offer a tractable avenue to
investigating the reaction mechanism. We have applied advanced Photoelectron Photoion
Coincidence spectroscopy (PEPICO) to investigate a broad variety of lignin model compounds and
derived comprehensive reaction pathways based on detecting reactive intermediates isomer-
selectively.5

In this contribution, we discuss and summarize the influence of the hydroxyl, methoxy, aldehyde,
and allyl functional groups on the reaction temperature and the pyrolysis mechanism based on
experiments of mono- to tri-substituted aromatics. The goal is to construct a coherent picture
based on these model compounds and to reveal universal rules driving lignin catalytic pyrolysis.
This will open up new ways to optimizing lignin valorization.

[1] Wouter Schutyser, Tom Renders, Sander Van Den Bosch, Steven-Friso Koelewijn, Gregg T.
Beckham, & Bert F. Sels, Chemical Society Reviews, 2018, 47, 852-908.
[2] Patrick Hemberger, Victoria B. F. Custodis, Andras Bodi, Thomas Gerber, & Jeroen A. van
Bokhoven, Nature Communications, 2017, 8: 15946.
[3] Joseph Zakzeski, Pieter C. A. Bruijnincx, Anna L. Jongerius, & Bert M. Weckhuysen, Chemical
Review, 2010, 110, 3552–3599.
[4] John Ralph, Catherine Lapierre, & Wout Boerjan, Current Opinion in Biotechnology, 2019, 56,
240–249.
[5] Patrick Hemberger, Andras Bodi, Thomas Bierkandt, Markus Köhler, Dennis Kaczmarek, & Tina
Kasper Energy & Fuels, 2021, 35, 16265–16302.
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Tandem Carbon Capture and Catalysis over Amine-Functionalized Metal-Organic
Frameworks for CO2 Hydrogenation to Methanol
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5232 Villigen PSI, Switzerland, 2Department of Chemistry and Applied Biosciences, ETH Zürich,

Vladimir-Prelog-Weg 1-5/10, 8093 Zurich, Switzerland, 3Energy System Integration, Paul Scherrer
Institut, Forschungsstrasse 111, 5232 Villigen PSI, Switzerland

Methanol is one of the most critical chemicals, with a broad range of industrial applications. When
produced form CO2, methanol promises to be a key molecule to reaching carbon neutrality.
Current catalysis for CO2 hydrogenation to methanol is carried out at high temperatures and
pressures over heterogeneous catalysts. The demand for a high-purity CO2 feed at high pressures
implicates high energy and, therefore, environmental costs. Current scrubbing technologies for
CO2 capture often require high temperatures for sorbent regeneration, further adding energy
penalties to the cycle. Carbon capture processes using solid sorbents, in general, hold many
promising advantages compared to conventional aqueous amine scrubbers.

In this work, we report bi-functional systems that combine CO2 adsorption at low partial pressures
with its conversion to methanol by hydrogenation with H2. The materials are made from amine-
functionalized metal-organic frameworks (MOFs) that can adsorb and activate CO2 in form of
carbamates. The captured CO2 is subsequently converted to methanol by means of PNP- or PNN-
pincer transition metal complexes. Preliminary tests at low CO2 partial pressures have shown that
amine-functionalized MOFs produce methanol with H2 at low temperature and mild pressures in
the presence of the PNP-pincer ruthenium complex RuH(BH4)(CO)(Ph2PCH2CH2NHCH2CH2PPh2) (Ru-
MACHO-BH).
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Exploration of Novel Optically Active Resorcin[4]arene Capsule Derivatives for
Enantioselective THT Cyclizations
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Mimicking the capabilities of terpene cyclases in the tail-to-head terpene cyclizations (THT)
represents a great challenge in asymmetric catalysis. Molecular containers, by entrapping guests
in a closed cavity, are able to mimic to some extend the enzymatic pockets of natural enzymes.
The hydrogen-bond-based resorcin[4]arene capsule, first reported by Atwood in 1997,[1] is able to
catalyze the THT cyclization of terpens by stabilizing the cationic intermediates formed during the
reaction cascade.[2] In this context, our group recently reported the first examples of optically
active mono-alkylated resorcin[4]arene capsules and their application as supramolecular catalysts
in the asymmetric THT cyclization of nerol.[3] Therefore, demonstrating that the chirality transfer
from a rather large molecular container (approximately 1400 Å) onto the encapsulated substrate is
possible. In this work we enlarged the scope of this supramolecular catalyst reporting 14 novel
optically active resorcin[4]arene capsule derivatives, exploring the tolerance of the self-
assembling of such systems towards structural modifications. Furthermore, the effects that these
modifications have on the enantioselectivity of the THT cyclization studied are presented.

[1] J. L. Atwood, L. R. MacGillivray, Nature, 1997, 389, 469-472.
[2] Q. Zhang, K. Tiefenbacher, J. Am. Chem. Soc . 2013, 135, 16213-16219.
[3] D. Sokolova, G. Piccini, K.Tiefenbacher, Angew. Chem. Int. Ed. 2022, 61,  e20220338

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


Catalysis Sciences & Engineering, Poster CE-124

Novel triple mutant of an extremophilic glycosyl hydrolase enables the rapid synthesis
of thioglycosides

L. Pillet1, D. Lim1, N. Almulhim2, A. Benítez-Mateos1, F. Paradisi1,2*

1Department for Chemistry, Biochemistry and Pharmacy, University of Bern, Freiestrasse 3,
CH-3012 Bern, Switzerland, 2School of Chemistry, University of Nottingham, University Park, NG7

2RD, Nottingham, UK

Due to their their low susceptibility to hydrolysis, thioglycosides are highly interesting
molecules that have been used as enzyme inhibitors and in carbohydrate-based therapeutics. A
plethora of chemical synthesis to access thioglycosides have been reported, however, these
procedure are complex, offer limited stereochemical control and often require non-sustainable
reagents.[1] Selective and sustainable biosynthetic methods relying on mutant forms of
glycosidases which have had their catalytic residues replaced by neutral ones have been reported.
While thiooligosaccharides have been synthetized via these strategies,[2] enzymatic syntheses of
thioglycoconjuguates are scarce. Moreover, attempts to translate these elegant proof-of-concepts
to industrial processes are often plagued by the poor resistance of enzymes to the organic
solvents that are often required to dissolve thiols. In order to expand the range of reaction
conditions suitable for biocatalytic preparation of thioglycosides, we selected a β-glycosyl
hydrolase (GH1; EC 3.2.1.21) from Halothermothrix orenii (HorGH1), an extremophilic enzyme with
a high tolerance to extreme temperatures, pHs and organic solvents. We previously engineered
this enzyme towards thioglycosidase activity and highlighted the key role of an arginine residue
(M299R mutation) in the recognition of thioglycosides.[3]

Herein, we present the first example of an extremophilic glycosyl hydrolase engineered towards
thioglycosynthase activity with a novel combination of mutations.[4] Among the 8 HorGH1 variants
resulting from a combination of the E166A (acid/base residue), the E354G (nucleophilic residue)
and the M299R mutation, the triple mutant HorGH1 M299R/E166A/E354G gave access to a range
of high-value thioglycosides with exquisite stereoselectivity and good to excellent conversions
(61-93%). Aside from being easy to handle and cofactor independent, this robust catalyst
remained active for 48 hours despite the presence of 30 % DMSO. Overall, this works expands the
repertoire of mutant glycosidases available for thioglycoside synthesis and provides an innovative,
safe, green and profitable synthetic route for the construction of S-glycosidic linkages

[1] K. Pachamuthu, R. R. Schmidt. Chem Rev, 2006, 106, 160–187.
[2] M. Jahn, H. Chen, J. Müllegger, J. Marles, R. A. J. Warren, S. G. Withers. Chem. Commun., 2004,
4, 274–275.
[3] N. Almulhim, N. R. Moody, F. Paradisi. Appl. Microbio.l Biotechnol., 2020, 104, 4407–4415.
[4] L. Pillet, D. Lim, N. Almulhim, A. I. Benítez-Mateos, F. Paradisi. Chem. Commun., 2022, 58,
12118-12121.
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Validation of the Iron Catalyst for green ammonia application

C. Pizzolitto1, A. Biasin1, M. Guiotto1, P. Biasi1*

1Casale SA, Lugano, Switzerland

Ammonia is a fundamental feedstock for both agriculture and energy sectors [1]. For this reason,
the research of sustainable production of ammonia, replacing fossil fuels with green or zero-
carbon, is fundamental for academia, industries and governments. Green ammonia (gNH3)
production involves the use of green hydrogen in the Haber-Bosh process using renewable
electricity [2]. Therefore, due to the nature of the renewable energy sources, it is crucial to precise
characterize the converter functioning when undergoes fluctuations under operating conditions
[3]. Moreover, also the behavior of ammonia synthesis catalyst must be verified, since its behavior
at non-stationary conditions, is a missing information and no experimental evidences are currently
available in the scientific literature. The goal of the present work is the assessment of the catalyst
activity under accelerated green NH3 conditions, characterized by frequent oscillations of the main
operating variables including catalyst bed temperature, pressure, space velocity, as well as
changes in the inlet gas feed composition. This allows to achieve a deep understanding on how to
use the current ammonia synthesis catalyst in green NH3 process. It is also very important to
understand how to prevent abnormal catalyst behavior in these unexplored operating conditions.
Indeed, robustness of catalyst over long-lasting applications during operations is not known yet
and these information will have an impact on the understanding of operative costs.

Experiments were performed by varying the selected parameters as temperature, pressure and
GHSV in cyclic alterations. Preliminary results of fast cycles of temperature in clean conditions
reveals that the catalyst is stable. Moreover, the effect of oxygenated compound at the same
conditions, was studied. After a first partial deactivation due to the poisoning effect of oxygenates,
the ammonia productivity stabilizes, without any further decline in %vol. NH3. The loss in catalyst
activity in presence of oxygenating compounds is proportional to the O content in the feed; higher
the amount, higher the effect on iron catalyst. However, once the catalyst is submitted to clean
syngas treatments at 450°C after poisoning, its catalytic activity results always restored. In
addition, it was found that the recovery time is dependent on the O ppm content maintained
during the “deactivation stage”. Therefore, it can be concluded that cyclic alterations of the
temperature combined with different atomic oxygen content in the syngas mixture do not cause a
permanent and irreversible deactivation of the catalyst.

[1] L. Huazhang, Chem. Industry Press, 2013.
[2] Sust. Energy Fuels, 5, 2814, 2021.
[3] M. Ravi, and J.M. Makepeace, Chem. Sci., 890, 13, 2022.
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Pd single-atom heterogeneous catalyst for sustainable Sonogashira cross-coupling on
scale

D. Poier1,2, D. Akl1, E. G. Lucas1, S. Mitchell1, G. Guillén-Gosálbez1, J. Pérez-Ramírez1*, R. Marti2*

1ETHZ, 2HEIA-FR

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.[1] 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.[2] 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 the SAC stands out with its
stable performance. A more holistic and process-centered assessment of the investigated catalysts
is obtained through life cycle analysis (LCA), unveiling the sustainability of heterogeneously
catalyzed Sonogashira coupling (Fig. 1b).

Fig. 1 a) Photography of the Pd1/NC and schematic representation of its structure at particle and
nanometer scale. Color code: blue, nitrogen; black, carbon; gray, palladium. b) Donut chart
expressing the component classes’ shares of the Sonogashira reaction´s total GWP. Pd1/NC is
assumed to be used for 10 consecutive batch reactions. Energy: Electricity and heat; Cat. System:
Pd1/NC, CuI and PPh3; Reagents: Aniline 11 and Ethin 12; Environment: MeCN and NEt3; Waste:
Incineration of generated waste.

[1] R. Chinchilla, C. Nájera, Chem. Rev. 2007, 107, 874–922.
[2] Z. Chen, E. Vorobyeva, S. Mitchell, E. Fako, M. A. Ortuño, N. López, S. M. Collins, P. A. Midgley,
S. Richard, G. Vilé, J. Pérez-Ramírez, Nat. Nanotechnol. 2018, 13, 702–707.
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Liquid product quantification via NMR in CO2 electrocatalytic reduction over phosphate-
derived nickel catalysts

P. Preikschas1, A. J. Martín1, J. Pérez-Ramírez1*

1Institute of Chemical and Bioengineering, Department of Chemistry and Applied Biosciences, ETH
Zürich

The emergence of Ni-based catalysts that enable the production of diverse multicarbon products
necessitates the development of highly sensitive and flexible quantification techniques for
accurate catalyst evaluations.[1] In response to this need, we have developed robust 1H NMR
protocols that possess the desired characteristics. These protocols include optimized water
suppression using an adapted WATERGATE method[2] and a significant reduction in NMR
experiment time achieved by incorporating a relaxation agent (Fig. 1a). By combining these
protocols with an Automated Product Analysis Routine (APAR) developed in Python and accessible
to all catalysis practitioners (Fig. 1b), we have established a comprehensive approach for samples
containing up to twelve liquid products. Faradaic efficiencies can be obtained within a time frame
of 15 min, including NMR analysis and data processing. This approach exhibits low quantification
limits ranging from 0.3-3.2 μM, enabling the determination of Faradaic efficiencies as low as 0.1%.

Employing these powerful tools on phosphate-derived Ni (PD-Ni) catalysts, we have made notable
discoveries. Specifically, we have identified four previously unreported eCO2RR products, namely
acetate, ethylene glycol, hydroxyacetone, and i-propanol. Furthermore, we have uncovered
performance trends associated with varying potential, electrolyte buffer capability, and bulk pH
(Fig. 1c). For example, long-chain products exhibit a positive response to lower overpotentials and
near-neutral pH. Additionally, we have observed that low bicarbonate concentrations promote the
concurrent formation of methane along with other carbon products while favoring oxygenates over
hydrocarbons. This work establishes a solid foundation for the advancement of this new class of
materials by providing sensitive and flexible tools for quantifying liquid products. Furthermore,
these tools can be directly applied to evaluate other catalysts that generate complex liquid
mixtures, including copper-based catalysts.

Fig. 1a Complex liquid mixtures generated by CO2 electroreduction over phosphate-derived Ni
catalysts can be accurately quantified by 1H NMR using water suppression via WATERGATE and
relaxation agents. b Raw NMR data is automatically processed by a developed routine (APAR) to
provide c Faradaic efficiencies for a set of 12 products revealing performance trends. 15 min are
required from the start of NMR analysis until Faradaic efficiencies are available with errors below
0.1%.

[1] Y. Zhou, A. J. Martín, F. Dattila, S. Xi, N. López, J. Pérez Ramírez, B. S. Yeo, Nat.Catal. 2022, 5,
545.
[2] R. W. Adams, C.M., Holroyd, J.A. Aguilar, M. Nilsson, G.A. Morris, Chem. Commun. 2013, 49,
358.
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Investigation and optimization of iridium complexes bearing O-functionalized PYE
ligands for efficient formic acid dehydrogenation

S. Reuge1, N. Lentz1, M. Albrecht1

1Department of Chemisrty, Biochemistry and Pharmaceutical Sciences

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.[1-3] 

Our group recently propelled FA dehydrogenation using an iridium complex containing a simple
and inexpensive O-functionalized pyridylidene-amine (PYE).[4] The PYE moiety features unique
donor flexibility (Fig. 1a) known to stabilize transition metals resulting in high catalytic activity,
e.g. olefin oxidation.[5] Here I will present our efforts to understand electronic and steric influence
of the ligand on the catalyst performance. We will demonstrate that structurally similar iridium
complexes lacking donor flexibility are inactive in FA dehydrogenation. Moreover, simple ligand
modifications led to a library of complexes with varied steric and electronic properties arising from
(i) positional PYE isomers, (ii) PYE functionalization, and (iii) the phenolate functionalization (Fig.
1b). We will discuss the catalytic impact of these modifications and disclose some useful
correlations.

[1] Wang, Z.; Lu, S.-M.; Li, J.; Wang, J.; Li, C. Chem. - Eur. J. 2015, 21 (36), 12592–12595.
[2] Kar, S.; Rauch, M.; Leitus, G.; Ben-David, Y.; Milstein, D. Nat. Catal. 2021, 4 (3), 193–201.
[3] Bielinski, E. A.; Lagaditis, P. O.; Zhang, Y.; Mercado, B. Q.; Würtele, C.; Bernskoetter, W. H.;
Hazari, N.; Schneider, S. J. Am. Chem. Soc. 2014, 136 (29), 10234–10237.
[4] Lentz, N.; Albrecht, M. ACS Catal. 2022, 20, 12627–12631.
[5] Salzmann, K.; Segarra, C.; Albrecht, M. Angew. Chem. Int. Ed. 2020, 59 (23), 8932–8936.
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Highly Efficient Hydrosilylation of Ketones and Aldehydes Catalysed by an Iron-
Mesoionic Carbene Complex

N. A. Rowlinson1, W. Stroek1, M. Albrecht1*

1Department of Chemistry, Biochemistry and Pharmaceutical Sciences, University of Bern,
CH-3012 Bern, Switzerland

Reduction of unsaturated bonds is a well-established organic transformation, mostly performed by
hydrogenation utilizing high pressure of dihydrogen gas. Alternatively, hydrosilylation can offer
safer, selective, catalytic alternatives to these reduction processes by going through a silane-
based intermediate.1 Industrially, hydrosilylation is often performed with platinum complexes,
driving up the cost of this transformation as well as posing concerns due to the scarcity and
toxicity of this metal.1 Consequently, iron-based catalysts are often desirable in the place of
precious metals as iron is Earth-abundant, biocompatible, and inexpensive. 

In this contribution, we report the use of an iron complex bearing mesoionic carbene ligands to
efficiently catalyse the hydrosilylation of ketones and aldehydes to alcohols. Mesoionic carbene
ligands and their highly sigma donating nature have found versatile use in catalysis.2 Using
remarkably low catalyst loadings (0.05 mol% or less) and polymethylhydrosiloxane- a waste
product from the silicon industry- as the reducing agent, this system quantitatively converts a
variety of substrates on a gram scale - rivalling the state of the art for iron systems.3

[1] Bogdan Marciniec (ed.), Hydrosilylation A Comprehensive Review on Recent Advances,
Advances in Silicon Science, Springer Science, 2009. 
[2] a) Ángela Vivancos, Candela Segarra, Martin Albrecht, Chem. Rev. 2018, 118, 9493−9586. b)
Simone Bertini, Motiar Rahaman, Abhijit Dutta, Philippe Schollhammer, Alexander V.
Rudnev, Fredric Gloaguen, Peter Broekmann, Martin Albrecht, Green Chem. 2021, 23, 3365−3373.
c) Wowa Stroek, Martin Keilwerth, Daniel M. Pividori, Karsten Meyer, Martin Albrecht, J. Am. Chem.
Soc. 2021, 143, 20157−20165.
[3] Qiuming Liang, Nina Jiabao Liu, Datong Song, Dalton Trans. 2018, 47, 9889−9896.
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Sustainability at the center of novel technologies development

A. Sacchetti1, G. Caminada1, P. Biasi1, A. Casas2, J. Garcia Serna2

1Casale SA, Lugano, Switzerland, 2C/Plaza de Santa Cruz, 8, 47002 Valladolid, Spain

As developer of industrial technologies, Casale SA have the sustainability as a mission to reduce
the footprint of plants and optimizing the resource utilization. Indeed, in 1986, when sustainability
concepts were still very far from the scientific community, Casale SA was already strongly
committed in plants revamping [1], which can be shortly described as a way of giving a second
and more efficient life to an existing plant. The devotion towards sustainability has accompanied
the research and development of new recent technologies; green and blue ammonia [2] are just to
two examples where the development of the catalysts is followed by the optimization of the
reaction conditions. Within time, also the needed to measure and calculate the sustainability of
plants and catalysts has caught the commitment of the company, bringing the consciousness of
sustainability to higher level also inside the R&D. Through the use of a dedicated methodology, it
is possible to calculate the impact in terms of sustainability footprint of a given process plant or
section, still from its development. Sustainability Key performance indicators (SKPIs) value are the
outcome of the calculation, but their obtainment passes through different stages. First, is the
selection of the dimension that will be taken into account: environmental, economic and social are
the most common one and are typically defined as the three pillars of sustainability. Secondly, it is
necessary to select the category in which include the SKPIs: energy, catalysts, water consumption,
toxicity, wastes etc. Process values (e.g flowrate, energy utilization, chemical composition of a
stream etc.) are fundamental to calculate the value of the SKPIs, which are selected among
hundreds of possibilities. Finally, the values are added in a comparison scale and are represented
in a graphical mode, to make the sustainability level evaluation simpler and faster (Fig. 1).

This methodology allows to set the actual benchmark of an existing technology, identifying all its
strengths but most importantly its weaknesses. This calculation allows the optimization of the
process already at the stage of R&D, thanks to the continuous iteration of the calculation with the
process simulation parameters. As outcome, Casale SA is therefore capable of continuously
overcome the sustainability limits that have been evidenced and continuously improving the
existing technologies, bringing the sustainability the core of the changes.

[1] S. Travis, Catalysis Today,2022, 387, 4-8
[2] https://www.casale.ch/green-and-blue-solutions/green-and-blue-technologies
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Investigation of Alumina-based Pt-Ga Systems for Non-Oxidative Propane
Dehydrogenation Reaction

K. Sakamoto1, M. Plodinec1, A. Yakimov1, E. Lam2, P. Laveille2, O. Safonova3, C. Copéret1*

1Department of Chemistry and Applied Biosciences, ETH Zürich, 2Swiss CAT+ East Hub, ETH
Zürich, 3Paul Scherrer Institut

Large scale exploitation of shale gas stimulates the developments of on-purpose propane
dehydrogenation (PDH) technologies.1-3 Both principal processes, based on Cr2O3/Al2O3 (Lummus
Catofin process) and Pt-Sn/Al2O3 (UOP Oleflex process), are applied in industry, whereas constant
and rapid regeneration are necessary to maintain high productivity. In the case of Pt-based
industrial systems, metal promoters and/or additional dopants play important roles to enhance the
catalytic properties and stability. In order to understand actual effects of promoters/additives,
preparation of tailored systems through SOMC/TMP approach is a powerful methodology since it
enables to evaluate surface active structure by using physicochemical and spectroscopic
techniques. Silica-based PDH catalysts via SOMC/TMP approach have been reported,4-6 whereas
application of SOMC/TMP to alumina-based materials, which are more commonly used in industry,
has not been addressed. Herein, we prepared Pt-Ga systems supported on alumina and Si doped
alumina via SOMC technique, and Si doped Pt-Ga systems showed higher catalytic activity stability
to PDH reaction. Considering from STEM-EDX and XAS results, Pt-Ga systems on Si doped alumina
included well-dispersed and uniformly alloyed nanoparticles, leading enhanced catalytic
properties.

[1] Malakoff, D. Science 2014, 344, 1464–1467.
[2] Sattler, J. J. H. B.; Ruiz-Martinez, J.; Santillan-Jimenez, E.; Weckhuysen, B. M. Chem. Rev. 2014,
114, 10613–10653.
[3] Docherty, S. R.; Rochlitz, L.; Payard, P. A.; Copéret, C. Chem. Soc. Rev. 2021, 50, 5806–5822.
[4] Searles, K.; Chan, K. W.; Mendes Burak, J. A.; Zemlyanov, D.; Safonova, O.; Copéret, C. J. Am.
Chem. Soc. 2018, 140, 11674–11679.
[5] Rochlitz, L.; Searles, K.; Alfke, J.; Zemlyanov, D.; Safonova, O. V.; Copéret, C. Silica-Supported,
Chem. Sci. 2020, 11, 1549–1555.
[6] Rochlitz, L.; Pessemesse, Q.; Fischer, J. W. A.; Klose, D.; Clark, A. H.; Plodinec, M.; Jeschke, G.;
Payard, P. A.; Copéret, C. J. Am. Chem. Soc. 2022, 144, 13384–13393.
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Covalent Functionalization of Transition Metal Phosphide Catalysts with Aryl Groups

Y. Shen1, V. Wyss1, M. F. Delley1*

1Department of Chemistry, University of Basel, St. Johanns-Ring 19, 4056 Basel, Switzerland

Transition metal phosphides have gained considerable interest as catalysts due to their excellent
catalytic properties in the hydrogen evolution reaction (HER) and in the hydrotreating process.[1-3]

Covalent surface functionalization of transition metal phosphides offers a promising avenue to
modulate catalytic performance and stability by tuning their electronic and structural
properties.[4-5] However, covalent surface functionalizations of transition metal phosphides have
been barely explored and the relationship between surface ligands and catalytic activity is still not
well understood. The development of novel functionalization approaches and fundamental insight
into surface ligand effect in catalysis are hence needed to enable rational catalyst design.

Herein, we present a strategy for synthesizing covalently functionalized cobalt phosphide using
aryl organohalide and other reagents. The successful surface modification was shown by the
characterization of the prepared materials by X-ray photoelectron spectroscopy (XPS). We
investigated the catalytic properties of the modified cobalt phosphide in the hydrogenation of an
α, β-unsaturated aldehydes as a function of surface ligands with varying electronic properties. This
result provides insight into the relationship between catalytic selectivity and the surface chemistry
of cobalt phosphide. Our research expands the range of functionalization methods for transition
metal phosphide materials and shows that it can serve as a practical approach towards tuning
their catalytic properties.

[1] E. J. Popczun, C. G. Read, C. W. Roske, N. S. Lewis, R. E. Schaak, Angew. Chem. Int. Ed.
Engl. 2014, 53, 5427-5430.

[2] M. F. Delley, Z. Wu, M. E. Mundy, D. Ung, B. M. Cossairt, H. Wang, J. M. Mayer, J. Am. Chem.
Soc. 2019, 141, 15390-15402.

[3] S. T. Oyama, T. Gott, H. Zhao, Y.-K. Lee, Catal. Today 2009, 143, 94-107.

[4] Q. Meng, Y. Hou, F. Yang, C. Cao, Z. Zou, J. Luo, W. Zhou, Z. Tong, S. Chen, S. Zhou, J. Wang, S.
Deng, Appl. Catal. B 2022, 303, 120874.

[5] I. A. Murphy, P. S. Rice, M. Monahan, L. B. Zasada, E. M. Miller, S. Raugei, B. M. Cossairt, Chem.
Mater. 2021, 33, 9652-9665.
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Defined precursors for atomically dispersed catalysts
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1Institut des Sciences et Ingénierie Chimiques (ISIC), Ecole Polytechnique Fédérale de Lausanne
(EPFL), 1015 Lausanne, Switzerland

Atomically dispersed single, double, and cluster catalysts are a class of catalyst that merges the
separability of heterogeneous catalysts with the single-site nature and tunability of homogeneous
catalysts.[1],[2] However, the synthesis of atomically dispersed catalysts can be challenging,
especially when attempting to control the formation of heterobimetallic or mixed-metal sites.[3]

Here, heterogeneous catalyst design and synthesis is linked with techniques from coordination
chemistry to develop routes to install dispersed metal atom sites on support materials.

Mixed palladium-platinum complexes were synthesised and a range of techniques investigated to
disperse the PdPt sites across support materials. This resulted in mixed clusters and discrete
double atom sites. These features were investigated by high resolution STEM. The catalysts were
assessed in Csp2-O and Csp2-F hydrogenolysis, and electrochemical reactions.

[1] Selina K. Kaiser, Zupeng Chen, Dario Faust Akl, Sharon Mitchell, Javier Pérez-Ramírez, Chem.
Rev. 2020, 120, 11703-11809
[2] Xiao Liang, Ninghua Fu, Shuangchao Yao, Zhi Li, Yadong Li, J. Am. Chem. Soc., 2022 144,
18155-18174.
[3] Sharon Mitchell, Javier Pérez-Ramirez, Nat. Rev. Mater. 2021, 6, 969-985.
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Flow Synthesis of L-Pipecolic Acid using a Lysine Cyclodeaminase

K. Stalder1, A. I. Benítez-Mateos1, F. Paradisi1*

1University of Bern, Department of Chemistry, Biochemistry and Pharmaceutical Sciences,
Freiestrasse 3, Bern (Switzerland)

L-Pipecolic acid (L-PA) is a non-proteinogenic amino acid widely used as a building block for the
synthesis of various bioactive molecules such as anesthetics, immunosuppressants and antibiotics.
Typically, L-PA synthesis has been performed using chemical methods that involve harsh
conditions and hazardous reagents, mainly due to the difficulty to obtain optically pure L-PA[1].
Alternatively, biocatalytic approaches have been employed to synthesize L-PA in a more
sustainable manner. Several examples showed the selective deamination and reduction of L-lysine
to obtain L-PA by using whole cells[2,3] or by a bi-enzymatic cascade in the purified form[4]. Herein,
we present the application of a purified lysine cyclodeaminase (LCD) for the synthesis of L-PA in
only one step and with catalytic amounts of cofactor. Biotransformations in batch reached full
conversion at 50 mM L-lysine in 24 hours using 0.5% w/v LCD. To enable the biocatalyst
reusability, LCD was immobilized on microbeads with a retained activity of about 25%. To further
intensify the synthetic process, the immobilized biocatalyst was integrated into a packed-flow
reactor achieving full conversion at 10 mM scale with 90 min of residence time.

Figure 1. Synthesis of L-pipecolic acid (L-PA) from L-lysine using a Lysine Cyclodeaminase (LCD)
(A). The enzyme was immobilized on microbeads for the application in continuous flow to optimize
the reusability of the biocatalyst and the obtained yield (B).

[1] Cant, A. A., & Sutherland, A. Synthesis, 2012, 44(13), 1935–1950
[2] Ying, H., Wang, J., Shi, T., Zhao, Y., Ouyang, P., & Chen, K., Catal. Sci. Technol, 2019, 9, 398
-405
[3] Yang, Y.-H. et al. Enzyme and Microbial Technology, 2020, 140, 109643
[4] Roura Padrosa, D., Benítez-Mateos, A. I., Calvey, L., & Paradisi, F. Green Chem., 2020, 22,
5310-5316
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A Novel Electrochemical Approach to Sustainable NOx Reduction from Diluted Gas
Streams
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NOx, as key contributor to air pollution originating from fossil fuel combustion, pose severe
implications for global warming and air quality. Their conversion has been implemented in
transportation and in many industrial processes, but typically requires stoichiometric amounts of
ammonia or urea to proceed. In the current work, we propose to transform these into a useful
product, ammonia, using an innovative electrocatalytic process. This offers an environmentally-
friendly alternative to the energy-intensive and carbon dioxide-producing Haber-Bosch method for
ammonia generation, while contributing to a flue gas waste removal process. Traditional issues
with electrochemical NOx reduction, primarily the low concentration in gas streams, have been
here overcome by employing a membrane-electrode-assembly-electrolyzer, enabling us to perform
the reaction directly in a diluted NOx gas stream. The applied catalyst demonstrated a promising
yield rate of 0.45 mmol/h*cm2, successfully converting up to 83% of NOx in the gas stream to
ammonia.
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Mechanistic Investigations of “Ligand-Free” Kumada-Tamao-Corriu Cross-Coupling
Reactions
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1Universität Bern, Departement für Chemie, Biochemie und Pharmazie

The Kumada-Tamao-Corriu (KTC) cross-coupling reaction was first reported in 1972 and is a
powerful synthetic tool to form C–C bonds from Grignard reagents and C(sp2)–halides using nickel
catalysts.1 Only a few years later, in 1979, Wenkert reported the use of aryl ethers as electrophilic
coupling partners in KTC reactions.2 Since then, the reaction has been further developed and
efforts have been directed towards mechanistic understanding.3 The majority of this research
however involves the use of bespoke electron-donating ligands, such as NHCs and phosphines.

In this work, we will focus on mechanistic investigations of the KTC reaction using simple
Ni(0)-olefin or Ni(II) catalysts, without the use of auxiliary ligands. Under these “ligand-free”
conditions, the reaction instead relies on the formation of electron-rich anionic nickelates,4 several
of which have been isolated and characterised by solution and solid-state techniques.
Furthermore, evidence that points towards the importance of bimetallic cooperativity in the Ni-
catalysed cross-coupling of aryl ethers will be discussed.5

[1] a) K. Tamao, K. Sumitani, M. Kumada. J. Am. Chem. Soc., 1972, 94, 12, 4374–4376, b) J. P.
Masse, R. J. P. Corriu. J. Chem. Soc., Chem. Commun., 1972, 144a-144a
[2]      E. L. Michelotti, C. S. Swindell, E. Wenkert. J. Am. Chem. Soc., 1979, 101, 8, 2246–2247
[3]      J. B. Diccianni, T. Diao. Trends in Chem., 2019, 1, 9, 830–844
[4]      A. M. Borys, E. Hevia. Angew. Chem. Int. Ed., 2021, 60, 24659–24667
[5]      L. Vedani, A. M. Borys, E. Hevia. In preparation
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Electrocatalytic generation of metal hydrides promoted by concerted proton electron
transfer mediators for the transformation of small molecules
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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 system to industrial processes.
As such, M-H are involved in the electrochemical or thermochemical reduction of CO2 formic acid[1],
the reversible interconversion of H+/H2

[2] and in a wide number of hydrogenation reactions[3]. In
this context, the facile electrocatalytic generation of M-H species presents one of the main
limitations for the catalytic transformation of small molecules by utilizing renewable energy
sources. Particularly, in the reduction of CO2 to formic acid one of the main activation pathways
involves the insertion of CO2 into 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 a 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.

We have recently identified a novel strategy for the electrocatalytic generation of M-H species via
a proton coupled electron transfer mechanism utilizing bioinspired CPET mediators to promote the
formation of a manganese hydride species.[4] 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 CO2 reduction reaction (CO2RR) was
investigated to understand the product selectivity and a variety of spectroscopic techniques were
employed to develop a mechanistic understanding of the reaction.

 

 

 

 

[1] Robert Francke, Benjamin Schille, Michael Roemelt, Chemical Reviews, 2018, 118, 4631-4701.
[2] Morris R. Bullock, Monte L. Helm, Accounts of Chemical Research, 2015, 48, 2017-2026.
[3] Jingyun Ye, Ryan C. Cammarota, Jing Xie, Matthew V. Vollmer, Donald G. Truhlar, Christopher J.
Cramer, Connie C. Lu, Laura Gagliardi, ACS Catalysis, 2018, 8, 4955-4968.
[4] Subal Dey, Fabio Masero, Enzo Brack Marc Fontecave, Victor Mougel, Nature, 2022, 607,
499-506.
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Protection of Methanol Synthesized From Methane via The Formation of Asymmetric
Ethers
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Methane is a potent greenhouse gas with a 100 year global warming potential (GWP) 28-34 times
greater than that of carbon dioxide.[1] Due to there not being a small- to medium-scale process for
the conversion of methane to a more transportable value-added product, the extraction of oil at
remote and decentralized locations often necessitates the flaring of methane, where it emerges as
an associated gas.[2] A process which may selectively convert methane into a more easily
transportable product is based on both the necessity to address the environmental impact of
flaring, as well as the economic loss created by it.[3]

An unfavorable conversion-selectivity limit is imposed on the selective partial oxidation of
methane to methanol.[4] This is caused by the weaker C-H bond of methanol in comparison to
methane, causing it to be more readily oxidized under the conditions necessary to activate
methane.[5] This necessitates a strategy to protect methanol from subsequent oxidation.

A tandem reaction, wherein methane is initially converted into methanol, with a consecutive
conversion into a more oxidation resistant asymmetric ether would present such a pathway. Such
a process would not only be a viable protection strategy for methanol from subsequent oxidation,
but could also present a new pathway toward the synthesis of asymmetric ethers.

[1]       “The Challenge | UNECE,” can be found under https://unece.org/challenge
[2]       C. D. Elvidge, M. Zhizhin, K. Baugh, F.-C. Hsu, T. Ghosh, Energies (Basel) 2016, 9, 14.
[3] M. Ravi, V. L. Sushkevich, A. J. Knorpp, M. A. Newton, D. Palagin, A. B. Pinar, M. Ranocchiari,
J. A. Van Bokhoven, Nat Catal 2019, 2, 485–494.
[4] M. Ahlquist, R. J. Nielsen, R. A. Periana, W. A. Goddard, J Am Chem Soc 2009, 131,
17110–17115.
[5] E. E. Wolf, Methane Conversion by Oxidative Processes : Fundamental and Engineering
Aspects, Van Nostrand Reinhold, New York, 1992.
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The Surface Chemistry of Cobalt Sulfide in Thermo-Catalytic Oxygen Transfer Reactivity

V. Wyss1, M. F. Delley1*
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New advances in heterogeneous catalysis have often been achieved by applying known principles
from related fields of molecular or enzymatic catalysis.1 Here we get inspired by well-known
principles from electrocatalysis of earth-abundant materials for the discovery of new thermo-
catalytic reactions by these materials. Specifically, cobalt sulfide materials (CoSx) have shown high
activity for the electro-catalytic oxygen evolution reaction (OER)2-3, and we hypothesized that
these materials might also be active catalysts for thermal oxygen transfers.

We show that CoSx can indeed catalyze thermal epoxidations and epoxide deoxygenations and
outperform as-synthesized cobalt -oxide, -hydroxide, and -oxyhydroxide. This is curious as the
CoSx oxidize during epoxidation reactions, similarly to OER where the sulfides oxidize under the
highly oxidative conditions.2-4 Under the milder epoxide deoxygenations conditions, on the other
hand, bare CoSx remains exposed, suggesting an intrinsic oxygen transfer activity of the sulfides.
In this poster we discuss parallels between the electro- and thermo-catalytic oxygen transfers by
CoSx in terms of surface chemistry, active species, and mechanism based on preliminary
spectroscopic and mechanistic investigations. This work provides new insight into more insight
into key structure-reactivity relationships on CoSx surfaces and shows the utility of taking
inspiration from different fields to make new discoveries in catalysis.

 

1. R Morris Bullock, Jingguang G Chen, Laura Gagliardi, Paul J Chirik, Omar K Farha,
Christopher H Hendon, Christopher W Jones, John A Keith, Jerzy Klosin, Shelley D Minteer,
Robert H Morris, Alexander T Radosevich, Thomas B Rauchfuss, Neil A Strotman, Aleksandra
Vojvodic, Thomas R Ward, Jenny Y Yang, Yogesh Surendranath, Science 2020, 369, 1-10

2. Dongqi Dong, Zexing Wu, Jie Wang, Gengtao Fu Yawen Tang, Journal of Materials Chemistry
A 2019, 7, 16068-16088.

3. Huan Liu, Fei-Xiang Ma, Cheng-Yan Xu, Li Yang, Yue Du, Pan-Pan Wang, Shuang Yang, Liang
Zhen, ACS Applied Materials & Interfaces 2017, 9, 11634-11641.

4. Wei Chen, Haotian Wang, Yuzhang Li, Yayuan Liu, Jie Sun, Sanghan Lee, Jang-Soo Lee, and
Yi Cui, ACS Central Science 2015, 1, 244-251.
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Cobalt-Based CO2 Hydrogenation: Link Between Particle Size, Oxidation State and
Product Selectivity

X. Zhou1, G. Sunley2*, C. Copéret1*

1Department for Chemistry and Applied Biosciences, ETH Zurich, Zurich, Switzerland, 2Applied
Sciences, BP Innovation and Engineering, BP plc, Hull, United Kingdom

Introduction. The effect of particle size on the reactivity of cobalt nanoparticles in Fischer-
Tropsch chemistry is well established, but less is known about the impact on cobalt-based CO2
hydrogenation.[1] To study this, we used Surface Organometallic Chemistry (SOMC) to synthesize
well-defined cobalt nanoparticles (Co-NPs) on SiO2, varying particle size by adjusting treatment
temperature.[2] This contribution advances the understanding of particle size effects in cobalt-
based CO2 hydrogenation.

Experimental/methodology. An SOMC-based protocol was established to synthesize supported
Co-NPs using Co(Alkyl)2tmeda as precursor, yielding highly dispersed Co-NPs on SiO2.
Characterization of the SOMC-derived materials was carried out using microscopy and
spectroscopy to assess surface cleanliness and particle formation. The catalytic behavior of the
materials was studied in CO2 hydrogenation and found to change with particle size. This change
was investigated using in situ XAS under CO2 hydrogenation conditions.

Results and discussion. The SOMC-based protocol was established and used to synthesize
supported Co-NPs with Co(Alkyl)2tmeda as molecular precursor, yielding highly dispersed Co-NPs
on SiO2. Characterization revealed particle formation (Fig. 1a) and complete removal of organic
moieties. In CO2 hydrogenation, the catalytic behaviour was found to change with particle size
(Fig. 1c), which was further studied using in situ XAS under CO2 hydrogenation conditions (Fig. 1b).
Results link particle size, oxidation state, and reactivity in cobalt-based CO2 hydrogenation.

[1] G. L. Bezemer, J. H. Bitter, H. P. C. E. Kuipers, H. Oosterbeek, J. E. Holewijn, X. Xu, F. Kapteijn, A.
J. van Dillen, K. P. de Jong, J. Am. Chem. Soc. 2006, 128, 3956-3964.
[2] C. Copéret, Acc. Chem. Res. 2019, 52, 1697-1708.
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Design of selective, stable, and scalable ZnZrOx catalysts for sustainable methanol
synthesis from CO2

T. Zou1, T. Pinheiro Araújo1, J. Morales-Vidal2, M. Agrachev1, P. O. Willi1, R. N. Grass1, G. Jeschke1, S.
Mitchell1, N. López2, J. Pérez-Ramírez1*

1ETH Zurich, 2Institute of Chemical Research of Catalonia

Mixed zinc-zirconium oxides (ZnZrOx) are highly selective and stable catalysts for methanol
production via catalytic carbon dioxide hydrogenation, a more sustainable route to produce this
vital energy carrier and commodity. However, a lack of in-depth understanding of descriptors
governing reactivity and stability of ZnZrOx catalysts hinder the performance improvements
required for effective industrial implementation. The coprecipitation (CP) method typically
employed in preparing ZnZrOx systems is also constrained by Zn incorporation into the bulk of
ZrO2, leading to catalysts with low surface area and suboptimal CO2 adsorption capacity.[1] Here,
we conduct a systematic comparison of ZnZrOx catalysts synthesized by flame spray pyrolysis
(FSP, Fig. 1a) and wet impregnation (WI) to coprecipitated analogues, to establish detailed
synthesis-structure-performance relationships. FSP and WI systems display up-to 3-fold higher
methanol productivities than their CP counterparts (Fig. 1b) with stable performance in both pure
CO2 and hybrid CO-CO2 feeds, by maximizing surface area as well as the formation of atomically
dispersed Zn2+ sites incorporated in lattice positions within the ZrO2 surface, as revealed by
electron microscopy (Fig. 1c) and confirmed by operando X-ray absorption spectroscopy (XAS). In
situ electron paramagnetic resonance (EPR) spectroscopy demonstrates that the catalyst
architectures resulting from FSP and WI markedly foster the generation of oxygen vacancies (Vo).[2]

Kinetic and computational modelling show that these vacancies create active ensembles with
surrounding Zn and Zr-O atoms (Fig. 1c inset) that favor methanol production through the
formate pathway while suppressing CO formation.[2] This work elucidates the nature of active sites,
their correlation to experimental fingerprints and working mechanisms, and provides a scalable
synthetic pathway and design guidelines for this cost-effective and earth-abundant catalyst family
in sustainable methanol synthesis.

Fig. 1a Scheme of the FSP setup for ZnZrOx catalysts and the resultant ZrO2 polymorphs of FSP,
WI, and CP catalysts. b Methanol space-time yield (STY) during CO2 hydrogenation over ZnZrOx
catalysts prepared by different methods with varying Zn content, at 593 K, 5 MPa, H2/CO2 = 4, and
GHSV = 24,000 cm3

STP h−1 gcat
−1. c Energy dispersive X-ray (EDX) maps of the used FSP-made

ZnZrOx catalyst with 5 mol% Zn, with a representative model of the most active m-ZnZrOx
catalytic ensemble shown in the inset.

[1] Zhe Han, Chizhou Tang, Feng Sha, Shan Tang, Jijie Wang, Can Li, J. Catal. 2021, 396, 242-250.
[2] Thaylan P. Araújo, Jordi Morales-Vidal, Tangsheng Zou, Mikhail Agrachev, Simon Verstraeten, Patrik O.
Willi, Robert N. Grass, Gunnar Jeschke, Sharon Mitchell, Núria López, Javier Pérez-Ramírez, Adv. Energy
Mater. 2023, 13, 2204122.
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