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Outline

> Chapter 1 presents an introduction of the thesis and is divided in three sections. The
first section discusses general aspects regarding the development of the human society in all
sectors with the start of the industrial revolution, the continuous increase in the demand for
energy, materials and various commodities, pollution of the environment, greenhouse gases,
extraction of natural resources and the climate change consequences from the greenhouse
gas CO; that is emitted during fossil fuels combustion for production of energy. The second
section is dedicated to the CO: capture and conversion concepts, briefly discussing the
approaches for these purposes. The third section is dedicated to the electrochemical approach
for CO2 conversion, discussing the relevant subjects in this field of research related to the
advantages of this approach, catalyst materials, conditions and parameters that affect the
conversion selectivity from which various challenges arise and still hinder the industrial
application of this concept targeting production of hydrocarbons, alcohols and other products,

valuable as fuels and chemical feedstocks.

»  Chapter 2 represents the methods section of this thesis. The first part of this chapter
discusses the synthesis methods for preparation of Cu-Sn and Cu-S electrocatalyst materials,
that are investigated in the scope of this thesis, via two-step electrochemical/chemical
approach for the CO selective Cu rich (Sn poor) Cu-Sn nanowires and HCOO™ selective Sn-
rich (high) Cu-Sn nanowires and CuxS foam, or only single electrochemical step for the CO
selective Cu rich Cu-Sn foam, derived from waste bronze. The second part of this chapter

discusses the characterization methods used in this work together with their basic principles.

»  Chapter 3 presents discussion and summary of the most important findings regarding
the Cu-Sn and Cu-S based electrocatalyst materials for CO, conversion. The full studies are

presented as publications and manuscript, embedded in the thesis as Chapters 4-6.

»  Chapter 4 represents a publication dedicated to study of the composition-structure
relations with the CO: reduction activity for CO and HCOO™ production on Cu-Sn nanowires
with low and high Sn content, from which the optimal composition and surface speciation of
Cu and Sn were revealed using x-ray spectroscopy supported by microscopy and electron
diffraction. Moreover, computational method was used for modeling the key intermediate
binding modes to correlate the experimentally observed behavior for favoring the HCOO™ over
CO selectivity with an increase of the Sn content and its metallic fraction under more negative

potentials.



> Chapter 5 is a publication that describes repurposing/recycling waste bronze alloy to
derive CO. conversion Cu rich Cu-Sn foam electrocatalysts with high selectivity for CO via
facile one-step electrochemical method. Cu and Sn are endangered elements with future risk
of supply, hence application of recycling concept for preparation of catalyst materials,
ultimately without utilization of natural raw materials and for solving environmentally important
issues such as mitigation of the CO-, concentration in the atmosphere via its conversion into

valuable products, is essential precondition for building sustainable society.

»  Chapter 6 describes a study of composition-structure relations with the activity for CO,
conversion into HCOO™ on Cu-S foam electrocatalysts. The electrocatalyst surface speciation
was examined using quasi in-situ XPS and is found that Cu is present in oxidation state +1,
stabilized by residual sulfur species under all examined potentials. Cu® favorably binds the
*OCHO* intermediate which undergoes further conversion into HCOO™. Besides this, it is found
that the HCOO™ selectivity is dependent on other factors such as electrochemical activation of
the electrocatalyst that is related to the Cu:S composition and electrode-electrolyte interface
effects (local pH changes). The latter effects are not fully understood which is motivating for
further studies. Finally, for the purpose of this study, simple, cheap and fast room temperature

method was developed for sulfidation of Cu foam with elemental sulfur dissolved in toluene.

»  Chapter 7 is the last chapter of this thesis, summarizing the advantages, challenges and
view of future perspectives of the electrochemical conversion of CO, and the Cu-Sn and Cu-S
based electrocatalysts intended for this purpose. Finally, a brief discussion is given to
emphasize the importance of other electrochemical conversion concepts such as the research
in the field of ammonia and urea electrosynthesis, as crucial chemicals for supporting the food

production on our planet.



Summary

The development of our society relying on utilization of raw materials from Earth has left
unprecedented marks on our planet’'s environment. A key issue is the climate change phenomenon
caused by the continuous increase in the atmospheric concentration of the greenhouse gas COz due to
combustion of fossil fuels as main energy source. The mitigation of the CO2 emissions via its capture
and conversion, increase in the utilization of renewable energy and recycling technologies, and
eliminating the dependence from fossil fuels is a strategy for building sustainable society. A promising
concept for tackling the CO2 emission via its conversion into valuable products (hydrocarbons and
alcohols etc.) is the electrochemical reduction of CO2 (CO2ER), that has many advantages over the
other conversion concepts. Cu is unique in terms of material that can intrinsically catalyze CO- reduction
into hydrocarbons and alcohols. However, there are many Cu catalyst/experimental
conditions/engineering - related challenges and other issues of various nature that affect the product
selectivity and therefore still hinder the large-scale application of the CO2ER. Regarding the catalyst and
experimental conditions challenges, possible alternative for overcoming the selectivity issues is step-
wise CO2ER i.e., two-electron electrochemical reduction of CO:z into CO and subsequent conversion of
CO into hydrocarbons, alcohols and other valuable products. Furthermore, another two-electron
product, that is formic acid (HCOOH) or formate (HCOQO") that find various industrial applications and
are also promising alternative as fuel in fuel cells, together with CO can be produced with high selectivity
on various cheap and abundant electrocatalysts. Namely, the Cu rich Cu-Sn materials appear to be
promising catalysts for CO2ER into CO, while Sn rich Cu-Sn and Cu-S for production of HCOO-, and
therefore they are worth and inspiring to be more thoroughly studied in terms of their composition-
structure relations with the catalytic activity for electrochemical conversion of COs..

Hence, the first main goal of this thesis is dedicated to study of the composition-structure-CO2ER
activity relations in the Cu-Sn and Cu-S based electrocatalyst materials. On the other hand, the second
main goal encompasses providing simple, cheap and fast synthesis methods for both Cu-Sn and Cu-S
based materials, and moreover, including a successful proof-of-concept for recycling/repurposing waste
for deriving CO selective Cu-Sn electrocatalyst, which are prerequisites toward possible application of
these materials for large-scale conversion of CO2 and building a sustainable society based on recycling
in order to mitigate and finally cease the extraction of natural resources.

The thesis is divided into three studies, from which the first study represents determination of the
composition and speciation of Cu and Sn in Cu-Sn electrocatalysts under CO: electrolysis in order to
reveal the relationship between these parameters and the CO2ER selectivity alteration between CO and
HCOO™ at various applied potentials. For the purpose of this study, SnOz functionalized CuO nanowires
with varying thickness of surface SnO: layers (low and high Sn), were synthesized. The CO2ER product
quantification was performed using chromatography, while the material characterization methods
comprised of mainly spectroscopy-based techniques including ex-situ soft x-ray XAS, in-situ hard x-ray
XAS and quasi in-situ XPS, supported by microscopy/electron diffraction (EF-TEM, HR-TEM and SAED)
and computational modeling (DFT). The results show that thin layer of SnO: (low Sn) functionalized CuO

nanowires electrocatalysts that are selective for CO2ER into CO, reaching maximal FE of ~80% at



-0.7 V, undergo surface transformation generating Cu® and SnOx (Sn®*) species under all examined
potentials. The presence of Sn® is supporting the Sn to Cu charge redistribution mechanism and
therefore promoting desorption of the Cu bound *CO intermediate, leading to significantly higher CO
evolution, compared to the activity of pristine Cu. On the other hand, the results show that the increase
in the surface Sn content is beneficial for CO2ER into HCOO™, achieving the highest FE (80%) at —0.9
V for the catalyst with highest Sn content. Altering the potential toward more negative values is leading
to increase in the surface fraction of metallic Sn specie that readily bind the *OCHO* intermediate
following the HCOO™ pathway, accompanied with significant suppression of the competitive hydrogen
evolution reaction (HER) due to weak binding of the *H intermediate. Even though these Cu-Sn materials
can reach very high selectivity for both CO and HCOO~ in dependence of the surface Sn content,
sophisticated, expensive and time-consuming approach, that includes atomic layer deposition (ALD) of
SnOz2, was used for their synthesis.

An important requirement for future practical application of the CO2ER catalysts is definitely
simple, cheap and fast synthesis. Therefore, in the scope of the second study, facile one-step
electrochemical method was developed for deriving Cu-Sn foam with low Sn content from waste bronze.
The bronze derived Cu-Sn foam reached 80% FE for CO at —0.8 V, competing with the best catalysts
for this purpose, which makes it promising for future large-scale application. This study is showing that
recycling/repurposing waste material for CO2ER catalyst synthesis is achievable, which is an important
step towards sustainable supply of materials for this purpose.

The third study is based on investigation of the composition-structure relations in Cu-S catalysts
selective for CO2ER into HCOO~, and moreover presenting a facile method for synthesis of these
materials based on direct reaction between elemental Cu and S dissolved in toluene, hence avoiding
usage of expensive and extremely toxic precursors. The most important finding in this study, based on
examination of the Cu-S catalysts with quasi in-situ XPS, reveals that under CO: electrolysis the
materials do not undergo complete reduction and Cu* surface species persist at all examined potentials
(-0.5 to —0.9 V), compared to pristine Cu which is completely reduced to metallic under identical
conditions. The presence of residual surface sulfur species is most probably stabilizing the Cu* with
oxophilic nature on which the *OCHO* intermediate favorably binds and further converts into HCOO™.
However, the HCOO~ selectivity that can reach up to 70-75% is dependent on activation of the
electrocatalyst that is related to the Cu:S surface composition and various electrode-electrolyte interface
effects. Namely, besides the S?-, presence of unexpected SO4?~ specie is found on the surface of the
electrocatalysts that are subjected to applied potential of —0.9 V, most probably due to local pH increase
effects. These local effects are not fully understood from this study which is inspiring for further research
that involve probing the electrode-electrolyte interface with other surface sensitive methods under in-
situ conditions such as Raman and infrared spectroscopy.

Finally, the future challenges include an adaptation of the facile synthesis methods developed in
this work to prepare gas-diffusion electrodes loaded with Cu-Sn and Cu-S catalysts. Examining their
CO2ER activity in gas-diffusion electrolyzers is important to achieve high current densities and, hence,

industrial relevant conversion rates that are required for future large-scale applications.



Zusammenfassung

Die stetige Weiterentwicklung unserer Gesellschaft auf Grundlage der Nutzung natirlicher
Ressourcen hat beispiellose Spuren in der Umwelt unseres Planeten hinterlassen. Ein zentrales
Problem ist dabei der globale Klimawandel, der durch den kontinuierlichen Anstieg der CO:
Konzentrationen in der Erdatmosphédre infolge der Verbrennung fossiler Brennstoffe als
Hauptenergiequelle verursacht wird. Insbesondere das Erreichen einer Unabhangigkeit von fossilen
Brennstoffen durch die verstarkte Nutzung erneuerbarer Energien, die Einddammung der CO:2
Emissionen durch Abscheidung und Umwandlung, sowie das Verwenden von Recyclingtechnologien
bilden zentrale Strategien fir den Aufbau einer nachhaltig lebenden Gesellschaft. Die elektrochemische
Umwandlung von CO2 (CO2ER) in verwertbare Produkte wie Kohlenwasserstoffe, Alkohole etc. stellt
einen vielversprechenden Ansatz zur Bekdmpfung der globalen CO2 Emissionen dar und bietet viele
Vorteile gegeniiber anderen CO: Umwandlungskonzepten. Insbesondere Cu erweist sich als
geeignetes Katalysatormaterial fir die CO2ER, da es intrinsisch CO2 zu Kohlenwasserstoffen und
Alkoholen umwandeln kann. Die mangelnde Produktselektivitadt dieses Katalysators, sowie weitere
Versuchs- und Ingenieurtechnische Probleme, machen eine groRtechnische Anwendung zum jetzigen
Zeitpunkt jedoch noch nicht mdglich. Die schrittweise durchgefihrte CO2ER, in der zunachst eine zwei
Elektronen elektrochemische Reduktion von CO2 zu CO und anschlief3end die Umwandlung von CO in
Kohlenwasserstoffe, Alkohole und andere Produkte stattfindet, bildet eine mdgliche Lésung zur
Uberwindung des Selektivitatsproblems. Dariiber hinaus kénnen bei diesem Prozess neben CO weitere
zwei-Elektronen-Umwandlungsprodukte wie Ameisensaure (HCOOH) und Formiate (HCOQO") unter der
Verwendung billiger und im Uberfluss vorhandener Elektrokatalysatormaterialien mit hoher Selektivitat
gewonnen werden. Ameisensaure und Formiate finden verschiedenste industrielle Anwendungen und
bilden des weiteren eine vielversprechende Alternative zu herkdommlichen verwendeten Brennstoffen in
Brennstoffzelleninsbesondere Cu-reiche Cu-Sn-materialen scheinen sich als vielversprechende
Katalysatoren fiir die Umwandlung von CO2 in CO zu erweisen, wahrend Sn-reiche Cu-Sn und Cu-S
Katalysatoren eher fir die Herstellung von HCOO™ geeignet sind.

Diese Beobachtungen bilden die Grundlage dieser Arbeit zur Untersuchung der katalytischen
Aktivitat von Cu-Sn und Cu-S Verbindungen gegeniiber bestimmten CO2 Umwandlungsprodukten. Das
Hauptziel der Arbeit besteht dabei insbesondere darin, Verstandnis Uber das Zusammenspiel und den
Einfluss von Zusammensetzung und Struktur auf die CO2ER Aktivitdt und Selektivitat dieser
Elektrokatalysatormaterialien zu gewinnen. Des weiteren ist das Ziel der Arbeit, einfache, billige und
schnelle Synthesemethoden zur Herstellung von Cu-Sn und Cu-S basierten Materialien vorzustellen,
wobei dabei ein erfolgreiches Proof-of-Concept fir das Recycling und die Wiederverwendung von
Abfallmaterialien zur Gewinnung eines CO-selektiven Cu-Sn Elektrokatalysators impliziert wird.
Einfache Synthesemethoden und das Wiederverwenden von Materialien bilden die Grundlage fir eine
mogliche grofitechnische Umwandlung von CO: und den Aufbau einer nachhaltigen Gesellschaft.
Letztere setzt dabei insbesondere auf das Recycling von Materialien, was zu einer Verringerung des
mineralischen Rohstoffabbaus und zu einem umweltschonenderen Umgang mit natirlichen Ressourcen
fuhrt.
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Die Arbeit ist insgesamt in drei Studien unterteilt. Die erste Studie befasst sich dabei mit der
Bestimmung der Zusammensetzung und Speziation von Cu und Sn in Cu-Sn Elektrokatalysatoren
wahrend der CO: Elektrolyse, um die Beziehung zwischen diesen Parametern und der CO2ER
Selektivitatsdnderung zwischen CO und HCOO- bei verschiedenen angelegten Potentialen
aufzuzeigen. Daflir wurden mit SnOz funktionalisierte CuO-Nanodrahte mit unterschiedlich dicken SnO.-
Oberflachenschichten (mit niedrigem und hohem Sn-Gehalt) synthetisiert. Die CO2ER-
Produktquantifizierung wurde mittels Chromatographie durchgefiihrt. Die Materialcharakterisierung
erfolgte hauptsachlich mit Hilfe von spektroskopischen Methoden wie ex-situ weiche Réntgen-XAS, in-
situ harte Rontgen-XAS und quasi in-situ XPS. welche zudem durch Mikroskopie/Elektronenbeugung
(EF-TEM, HR-TEM und SAED) und rechnergestiitzten Modellierungen (DFT) unterstitzt wurde. Die
Ergebnisse zeigen, dass die mit diinnen SnO2 Schichten (low Sn/geringer Sn-Gehalt) funktionalisierten
CuO-Nanodrahte CO-selektive CO2ER Elektrokatalysatoren sind, die eine maximale FE ~80% bei —0.7
V erreichen und aufgrund ihrer Oberflachenumwandlung unter allen untersuchten Potentialen Cu® and
SnOx (Sn®*) Spezies erzeugen. Das Vorhandensein von Sn® unterstiitzt die Ladungsumverteilung von
Sn zu Cu und foérdert somit die Desorption des an Cu gebundenen *CO-Zwischenprodukts, was im
Vergleich zur Aktivitdt von unbehandelten Cu, zu eine signifikant hoher Bildung von CO fiihrt. Im
Gegensatz dazu zeigen die Ergebnisse, dass die Erh6hung des Sn-Gehalts an der Oberflache fir die
Umwandlung von CO2z in HCOO™ vorteilhaft ist, wobei die héchste FE (80%) bei —0.9 V fir den
Katalysator mit dem hochsten Sn-Gehalt erreicht wird. Die Anderung des Potenzials in Richtung
negativerer Werte fiihrt zu einer Erhdhung des Oberflaichenanteils metallischer Sn-Spezies, die die
*OCHO*-Zwischenprodukte auf dem HCOO~-Umwandlungspfad leicht binden und wird aufgrund der
schwachen Bindung des *H- Zwischenprodukts von einer erheblichen Unterdriickung der kompetitiven
Wasserstoffentwicklungsreaktion (HER) begleitet. Obwohl die Cu-Sn-Materialien in Abhangigkeit vom
Sn-Gehalt an der Oberflache eine sehr hohe Selektivitat sowohl fir CO als auch fiir HCOO™ zeigen,
basierte die Synthese dieser CO:ER Katalysatoren auf einem zeitaufwendigen, teuren und
komplizierten Herstellungsverfahren. Insbesondere die Abscheidung der SnO2 Schichten mit dem
Atomlagenabscheidung (ALD) Verfahren machen eine spatere industrielle Anwendung dieser
Synthesemethode eher unwahrscheinlich.

Eine wichtige Voraussetzung fir die kiinftige praktische Anwendung von CO2ER-Katalysatoren
besteht zweifelsohne in einer einfachen, billigen und schnellen Materialsynthese. Daher wurde im
Rahmen der zweiten Studie der Arbeit eine einfache elektrochemische Ein-Schritt-Methode zur
Gewinnung von Cu-Sn-Schaumen mit niedrigem Sn-Gehalt aus Altbronze entwickelt. Der aus Bronze
gewonnene Cu-Sn-Schaum erreichte 80% FE fir CO bei —-0.8 V und kann damit mit den besten CO2ER
erprobten Katalysatoren konkurrieren. Die Ergebnisse bilden eine vielsprechende Basis fiir eine kiinftige
grotechnische Anwendung und zeigen, dass die Wiederverwendung von Abfallmaterialen fir die
Synthese von CO2ER-Katalysatoren mdglich ist.

Die dritte Studie der Arbeit basiert auf der Untersuchung der Zusammensetzungs-Struktur-
Beziehungen in Cu-S-Katalysatoren, die eine Selektivitat fur CO2ER zu HCOO™ aufweisen. Darliber
hinaus wird eine einfache Katalysatorsynthesemethode vorgestellt, die auf einer direkten Reaktion

zwischen elementarem Cu und in Toluen geldstem S basiert, wodurch die Verwendung von teuren und
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toxischen chemischen Ausgangsstoffen vermieden werden kann. Dabei zeigen die Ergebnisse der
quasi in-situ XPS Untersuchungen, dass die Cu-S Materialien bei der CO2-Elektolyse keine vollstandige
Reduktion durchlaufen und Cu*-Oberflachenspezies bei allen angelegten Potentialen (-0.5 bis —0.9 V)
erhalten bleiben. Im Vergleich dazu, werden reine Cu-Katalysatoren unter identischen Bedingungen
vollstédndig zu metallischem Cu reduziert. Das Vorhandensein von Schwefelresten an der Oberflache
stabilisiert dabei wahrscheinlich das Cu* dass aufgrund seiner oxophilen Natur die Bindung dess
*OCHO*- Zwischenprodukts begiinstig und weiter in HCOO~ umwandelt. Die Selektivitdt von HCOO-,
die bis zu 70-75% erreichen kann, hangt jedoch von der Aktivierung des Elektrokatalysators ab, welche
mit der  Cu:S-Oberflachenzusammensetzung und  verschiedenen  Elektroden-Elektrolyt-
Grenzflacheneffekten zusammenhangt. Auf der Oberflache der Elektrokatalysatoren, an die ein
Potenzial von —0.9 V angelegt wird, findet sich neben S2- auch eine unerwartete SO~ -Spezies, dessen
Auftreten wahrscheinlich auf lokale pH-Erhdhungseffekte zurlickzufiihren ist. Diese lokalen Effekte
werden in dieser Studie nicht vollstandig verstanden und regen an, die Elektroden-Elektrolyt-
Grenzflache mit anderen oberflachensensitiven Methoden wie Raman- und Infrarotspektroskopie unter
In-situ-Bedingungen naher zu untersuchen.

Zu den kiinftigen Herausforderungen gehoéren schliellich die Anpassung der in dieser Arbeit
entwickelten Synthesemethoden, um eine Herstellung von, mit Cu-Sn und Cu-S-Elektrokatalysatoren
beladenen Gasdiffusionselektroden, zu ermdglichen. Die Untersuchung ihrer CO2ER Aktivitat in
Gasdiffusionselektrolyseuren ist wichtig, um hohe Stromdichten damit, industriell relevante

Umwandlungsraten zu erzielen, die firr eine grof3technische Anwendung erforderlich sind.
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CHAPTER 1. Introduction

1.1 Global society, environmental issues, greenhouse gases, CO2 emission

The rapid and comprehensive scientific, technological, educational, economic, social,
cultural and political development of the global society since the start of the Industrial
revolution, have caused various benefits for the human population thus leading to economic
progress and substantial improvement of average quality and quantity of life. For example, the
human population and average lifetime have increased, the standard and comfort of life have
dramatically improved, many diseases have been eradicated or controlled, literacy have
increased, geographical distances became relative with the new means of transport, society
became globalized, interconnected etc. All of this is based on, and therefore can be described
with, one simple chemical equation representing the process of combustion of organic material
(Equation 1.1), for producing most of the energy demanded for the aforementioned
achievements and benefits. The human society did know how to burn wood for ~1 million
years, maybe even more, but it was from the invention of the steam machine that we learned
how to utilize the energy more efficiently and thus besides using it only for heating, we learned
how to convert the thermal energy to mechanical, then electrical... and that is how our modern

society started.

Equation 1.1: CxHyOz + (x + Y/4 - 2/2)O2 — xCOz2 + ¥/2H20 + energy (heat)

Various technological, economic, social and many others information and statistics
regarding the direct or indirect effects of the continuous development in different aspects of
the human society can be found elsewhere."'> We ourselves are witnessing the rapid
technological development especially in the last 20-30 years with the massive expansion of
the electronic devices and the internet for example, or even in a more short-term period of ~2
years since the start of the Covid 19 pandemic when we have swiftly learned and managed to
transform many of our daily activities on-line.”™ '* All of this would have not happened without
the start of the Industrial revolution that paved the way towards the development from which
large part of the human population is able to benefit nowadays. However, these anthropogenic
activities associated with the massive development of the human society in the last ~250 years
have generated tremendous changes that affect every pore of the environment of our planet.

Namely, the global industrialization has caused continuous increase in the energy demand,”

15-18 12, 19-24

enormous extraction of minerals and fossil fuels (coal, oil, gas etc.)'® 2*2?¢ from

Earth’s crust utilized for of various industrial, energy, transport, livestock and other purposes,

20



consequently leading to emissions of various waste substances in the environment.'? 27 2
Moreover, the construction of homes and various large infrastructures and facilities and the
extraction and processing of materials needed to do so, according to the human civilisation
requirements, besides waste emission, have affected the landscape, biodiversity etc.,*>? thus
irrevocably impacting various ecosystems. Furthermore, the environmental impact caused by

the global conflicts,*

closely connected to the technological development should not be
neglected. With other words, we evolved as humans in both positive and negative direction.
We did, and still attempting to improve our life, but “we paid’, “still paying™ and in future “will
have to pay the price’ of the massive damage caused to the environment i.e., ecosystem in
which we live, since the natural recovery is a long-term process. The global waste emissions
in our environment per year are calculated in hundreds of millions up to a billion tons,?” from
which around 3-60% of solid waste for various countries is recycled.®* 3° A rising issue of
concern are the chemical elements with risk of supply in the future due to their either low
abundance and/or enormous extraction for various purposes.’®2® An example is the sudden
increase of lithium extraction used for production of batteries due to the higher demand and
policies for transition towards electric vehicles.*® *” Large and rather very significant fraction of
the waste emissions are the pollutants emitted in the atmosphere. Among them, the major
concern are the hazardous substances with acute, relatively short or mid-term health effects
like various aromatic, heterocyclic, polycyclic, and halogenated hydrocarbons, HCHO, SO,
SOs, lower-atmosphere O3, NOx, CO, heavy metals (Pb, Ni, Mn, Cd, Hg, Cr) and their
compounds, microparticulate matter (PM1o and PMas), nanoparticles, asbestos, various forms
of dust, radioactive isotopes, etc.®**' Some of these pollutants (halogenated hydrocarbons,
N2O, Os;) together with CO,, CH4, water vapor, well-known as greenhouse gases,?® 40 42 43
have serious and already threatening effects on our environment. These gases are responsible
for the “greenhouse phenomenon’,** #+4° that causes increase of the average temperature on
our planet (global warming or climate change****4"), thus leading to heating of oceans, melting
of snow, ice, glaciers and permafrost in the polar and subpolar regions and ultimately rise of
the sea level. Some statistics show that the average temperature increased >1 °C since the
pre-industrial era,®® and that ~2 billion tons of ice are melted per day contributing to the rise of
sea level to almost 27 cm net value since 1900."> Among the greenhouse gases, CO; is the
targeted one since it represents the highest fraction (~65%) of the total greenhouse gas

emissions in the atmosphere?: %'

and moreover due to its thermal radiation absorption nature.
Namely, it should be noted that water vapor is the most potent greenhouse substance because
its infrared light absorption bands cover very broad range of the thermal radiation spectra, with
two major transparency windows, one between ~3 and ~5 the other between ~7 and ~20 pym.%2
Unfortunately, the CO- infrared light absorption bands, one centered at ~4.5 and the broadest

one at ~15 ym are matching certain parts of these water vapor transparency windows.*? Hence,
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the synergy between the highest abundance of CO; in the emitted greenhouse gases and its
infrared light absorption nature is effectively preventing the transmission of Earth’s thermal
radiation into space. On the other hand, the molecules of the major atmosphere components,
N2 and O, do not have dipole moments thus being transparent for infrared light.>> The CO;
emissions are continuously increasing,*® since the start of the industrial revolution, thus the
concentration of this gas in the atmosphere has reached ~420 ppm in 2022.%° Figure 1.1
shows the increase in the atmospheric concentration of CO.in the time period between 1959

and 2021. According to some statistics, more than 100 million tons of anthropogenic CO- are

2

emitted on a daily basis,' mainly originating from fossil fuels combustion and industrial

processes. Regarding the industrial processes, besides the energy production required for the

industry itself, CO- is also emitted as a by-product from process chemical reactions during the

production of steel, aluminium, cement, ammonia, polymers etc.>* %
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Figure 1.1. Mean concentration of COz2 in the time period between 1959 and 2021. The data used in
the graph is credited to: Dr. Pieter Tans, NOAA/GML (https://gml.noaa.gov/ccgg/trends/) and Dr. Ralph
Keeling, Scripps Institution of Oceanography (https://scrippsco2.ucsd.edu).

Water, oxygen, carbon, nitrogen cycles encompass main cyclic processes in nature
(Figure 1.2) via various chemical reactions, transport and distribution between the gaseous,
liquid and solid part of our planet i.e., the atmosphere, oceans/seas/rivers/ice on the south and
north pole and soil/inner crust of the Earth. These cyclic processes are known as
biogeochemical cycles.®® *" These cyclic processes are relatively slow and were relatively
under equilibrium i.e., steady-state condition in the pre-industrial era. The natural balance of

the carbon cycle has been seriously distorted via the anthropogenic activities such as the
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aforementioned extraction of fossil fuels from Earth’s crust, their combustion and emissions of
CO: in the atmosphere,®® on a far faster timescale than the accumulation of the fossil carbon
over millions of years. These anthropogenic distortions have led to the aforementioned
increase of the CO, concentration in the atmosphere (Figure 1.1), even though the process of
photosynthesis (discussed in the next section - 1.2.) together with many other processes, as

part of this cycle have the capacity to achieve fixation of significantly higher amount of CO;

compared to the anthropogenic emissions.>* *°
Atmosphere
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Figure 1.2. Schematic representation of water, oxygen, carbon and nitrogen cycles in nature. These
cyclic processes do not occur in one direction or subsequently, but rather in both directions with

interconnected mediums where water, oxygen, carbon and nitrogen are distributed.

However, the CO; emission/fixation processes as part of the carbon cycle are not that
simple.®® € 6! Namely, the photosynthesis processes do not occur throughout 24 hours since
they need sunlight, also not during all seasons of the year, for example during the cold months
of the year some threes do not have leaves, the photosynthesis capable organisms
(phototrophs) are not equally distributed on the Earth’s surface and these organisms also emit
CO.during in the process of cellular respiration.®®®' Furthermore, the continuous deforestation
for providing land fields for agricultural and other purposes already destroyed large part of the
rain forests,®? thus under the current circumstances it is predicted that they will disappear in
approximately 80 years,'? therefore affecting Earth’s photosynthesis capacity.

Since the anthropogenic CO, emissions and their environmental impact on our planet
have been caused by the anthropogenic activities, it is a ‘right approach™ that they should be
solved by the humans. The results from the vast scientific research efforts over several

decades regarding the significance and negative effects of the greenhouse gas emissions
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causing global warming and the massive exploitation of the natural resources have provided
various potential solutions for tackling these issues.*>° %4 %6366 |n 3 simple manner the ideal

concept for solving these problems is achieving nett zero anthropogenic CO, emissions,® 5

64. 67 and ideally bringing down the concentration of this gas in the atmosphere to the
preindustrial levels. In order to accomplish these goals, besides mitigation of the emissions via
transition from fossil fuels to renewable energy production, the utilization of renewable energy
driven technologies based on CO: capture and conversion into valuable products are highly
demandable. The simple reasons for this are that, besides as fuels, the fossil oil and natural
gas are also used as feedstocks in the petrochemical, chemical, pharmaceutical industry etc.
and additionally, as previously mentioned, there are other important industrial processes where
CO; is a byproduct,® * and for which it is very challenging to find alternatives in the near
future. Therefore, capturing CO. from point sources (cement, ammonia, fertilizers or
metallurgical industry...) and atmosphere and then subsequently converting it, in the best case
on-site, into chemicals that can be used as feedstocks and fuels is of great importance. The
approaches and processes regarding CO capture and conversion will be more thoroughly
discussed in the next section of this chapter (1.2.). However, this concept will not be completely
achieved without recycling the waste materials to minimize and ultimately terminate the
extraction of natural resources thus achieving sustainable energy and resources circulation.®®
0 The efforts for mitigation of greenhouse gas emissions and complete transition of the human
society towards full utilization of renewable energies and recycling of waste materials would

most probably symbolize the 21"

century. This is a global necessity that affects everyone on
the planet Earth, thus the involvement of various sectors of the society is of high significance.
We are witnessing promising examples of the already implemented measures via adopting
national and international policies, regulations and agreements.*> 4> 5% 7" These examples
include limitations of the CO, emissions from industry and transport,’? increase in the utilization
of solar, wind, hydropower and other renewable energy sources,” ™ transitioning towards use
of electric vehicles,*” implementation of CO; taxes,’® increased recycling of waste materials,>
% providing more funding for research and development of alternative carbon neutral
technologies etc. Furthermore, the most important policies are achieving net zero CO;

OC,43' 55, 63, 64, 67

emissions to keep the average temperature increase below 1.5-2 and targeting

>50% average waste reutilization by 2050.%° Unfortunately, it is still uncertain and debatable

64,67

whether the 2050 goals are achievable in reality, yet the human society has consciousness

and is aware that there is no alternative planet.
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1.2. Capture and conversion of CO>

In order to tackle the global warming and climate change issues caused by the
continuous increase of the average CO, concentration in the atmosphere, besides policy-
based limitation of the emissions, efficient CO, capture, storage and conversion technologies,”
are required.®® ¢ 757° Ag priefly mentioned in the previous section of this chapter (1.1.), these
technologies include capture of CO,% 5761 from the atmosphere and from industrial process
that produce this gas as a byproduct,® > 7® and for which there are not so many promising
alternatives to be implemented in the near future. The captured CO- could be either stored or
directly converted into existing industry/transport required valuable products such as chemical
63, 65,

feedstocks and fuels,*® ® via integrated capture-conversion-utilization-storage systems.

7% Thus, these products could be immediately utilized on-site or be stored until their usage in

the industry is required. A simple illustration of the CO, capture, storage, conversion and

utilization technology concept is depicted in Figure 1.3.

CO, from Renewable
tmosphere shordy
g sources
CO, from Co, Conversion of captured
industry :> capture ‘ CO, to fuels/feedstocks :>

Figure 1.3. Schematic representation of the CO2 capture, conversion, storage and utilization technology

concept.

" Regarding these concepts, it is useful to note that in the literature the terms capture, and/or storage
are sometimes referred to sequestration, and some of the capture processes involve chemical reactions,
thus CO2 undergoes chemical conversion. The purpose of such conversion is for capturing and
subsequent storage purposes and not a conversion to final CO2 derived products to be further utilized
as fuels or feedstock chemicals. Moreover, sometimes in the literature all three terms capture, storage
and conversion can be referred to sequestration and so on... None of this is wrong and there are precise
definitions as to which concepts involve which approaches e.g., in terms of long or short term efficiency
etc., but in order to avoid confusion, in this thesis the process of capture refers to “taking’ the CO2 from
the atmosphere or from point sources, storage refers to storing the physically or chemically captured
CO2 and conversion refers to the chemical processes where COz is transformed into products that can

be either stored or further utilized as fuels or feedstock chemicals.



Capture of CO;

Regarding the CO; capture possibilities and approaches, various literature sources use
similar or different ways for their classification,’® 7% however they can simply be classified
into three groups as physical, physico-chemical and chemical (or inorganic reactions based)
methods (Figure 1.4). The simplest physical methods involve CO: capture from the
atmosphere and from CO- rich flue gases from industrial point sources via its absorption or
dissolving into various organic solvents such as alcohols, ethers, etc.®® %> 7 Among the
physico-chemical methods literature sources report processes based on CO, adsorption or
chemisorption. CO, adsorption approaches involve using porous materials with high active
surface area such as molecular sieves, activated carbon, carbon nanomaterials, metal organic
frameworks (MOF) and various polymers whereas chemisorption approaches use amines,
ammonia, amino acid salts, ionic liquids, aminosilanes, lactams etc.5® 7678 8.8 The group of
chemical capture methods encompasses inorganic carbonation reactions between CO-, and
alkaline or alkaline earth metal oxides, hydroxides and salts to form metal carbonates, and
even possibilities for mineralization of compressed or supercritical CO- transported at the

bottom of oceans. 5 77 78. 81

Physical methods:

+ CO, compression

» Dissolving in organic
solvents...

co,

capture
Chemical methods Physico-chemical
(inorganic reactions): methods
» Carbonation... + Adsorption
* Chemisorption...

Figure 1.4. Schematic representation of the CO2 capture possibilities divided in three groups.
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However, besides CO; the flue gases contain many other components such as dust particles,
CO, water vapor, NOy, SO, etc.®* 8 Therefore, CO, purification or separation from the other
components is necessary. The purification or separation processes are an integrated part in
all capture approaches when flue gases are used as source of CO,. These methods are based
on purification of the flue gases before or after the process of combustion or pre-processing
the fuel/oxidant mixture thus CO. with decent purity will be emitted.®> 7" ”® Moreover, there are
research efforts in developing technologies based on fuel combustion using solid oxidizers
instead of air (chemical loop combustion).%® 7 ® The pre-combustion fuel reprocessing
involves partial oxidation of carbon (gasification) or hydrocarbons generating syngas (mixture

of H2 and CO), based on approaches for industrial production of H,%%-%8

presented with
Equations 1.25 and 1.26, and discussed later in the CO> conversion subsection. Complete
combustion of syngas produces CO, and water vapor which can be relatively easily separated.
Another pre-combustion method involves enriching the fuel/oxidant mixture with pure 0.5 77
for the same purpose of complete fuel combustion. The post combustion purification methods
are based on physical filtration or electrostatic charge assisted removal of the physical
impurities such as dust particles,®® and subsequent CO. separation via selective gas
permeable membranes, cryogenic distillation etc.5® 7”78 Direct capture of CO, from air requires
processing of huge amounts of ambient air in order to achieve considerable efficiency for CO»
removal, having in mind that the average atmospheric concentration of this gas is around 420
ppm.>® These processes involve the already discussed absorption, chemisorption or
carbonation approaches.®® 778 8 Various information can be found in the literature regarding
progress, perspectives, commercialization and technology readiness levels of different CO;

capture systems,?® 6% 768189

yet many more efforts are required for their massive industrial
scale application. The CO. purification/separation, capture methods and processes of CO;
recovery prior to conversion are energy demanding, and according to the sustainable energy

73,7479 as illustrated

requirements®7° this energy should be provided from renewable sources
in Figure 1.3. The methods for CO- capture, and later in this section CO2 conversion mimic
the natural carbon cycle on our planet (Figure 1.2) i.e., redistributing the carbon from the
atmosphere or waste gas emissions via its capture and subsequent storage to be further

converted into valuable products.

Conversion of CO;

As stated in the previous subsection the concepts of CO. capture and conversion mimic

the natural carbon cycle. The processes of CO, conversion represent chemical reactions which

fundamentally can be described as reversing the organic material combustion reaction
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presented with Equation 1.1. Carbon in the CO, molecule is in its highest oxidation state and

bound to the electronegative O atom thus, this compound is thermodynamically (AfG"= -394.4

kJ-mol™" at 25 °C) and kinetically stable,® 8¢ - 9 Therefore, subjecting this molecule in
chemical reactions is energy demanding, particularly for formation of the reactive *CO-
intermediates (CO,* -, *COOH and *OCHO - that are discussed later) and this energy should
be provided from renewable sources for achieving an energy sustainable society.%®7% 7

The CO- conversion approaches, or concepts can be simply divided in several groups
based on chemical conversion (carbonation), photocatalysis, photoelectrocatalysis
(photoelectrochemical reduction), electrocatalysis (electrochemical reduction),
thermochemical catalysis, homogeneous catalysis and biochemical (non-photosynthesis)

conversion, as depicted in Figure 1.5.

Photocatalytic
methods
Chemical
method_s Thermochemical
(carbonation) methods

co,

. Methods based on
conversion

homogeneous

=
X:> catalysis

Methods based on
electrocatalysis
(electrochemical
reduction of CO,)

Figure 1.5. Schematic representation of the CO2 conversion approaches.

8
K ey

Chemical methods for CO, conversion

The chemical methods based on inorganic carbonation reactions between CO. and
alkaline (K and Na) or alkaline earth (Ca and Mg) metal hydroxides to form metal
(hydrogen)carbonates, as presented with Equations 1.2-1.9 are the simplest and most basic

ones for CO; conversion. These reactions are a part of the natural CO, mineralization process
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65, 77,78, 81

in the carbon cycle, and as mentioned before, they find application in direct capture

of CO;, from air in integrated CO, capture-conversion-storage methodologies.® 767881

Equation 1.2: KOH + CO2 2 KHCOs
Equation 1.3: 2KOH + CO2 2 K2CO3 + H20

Equation 1.4: NaOH + CO2 2 NaHCO3
Equation 1.5: 2NaOH + CO2 2 Na2COs + H20

Equation 1.6: Ca(OH)2 + 2CO2 2 Ca(HCOs)2
Equation 1.7: Ca(OH)2 + CO2 2 CaCOs + H20

Equation 1.8: Mg(OH)2 + 2CO2 2 Mg(HCO:3)2
Equation 1.9: Mg(OH)2 + CO2 2 MgCOs + H20

Photocatalytic CO. conversion

The next group of CO. conversion methods to be discussed are the ones based on
photocatalytical processes. It can be expected that this discussion will start with one of the
most important parts of the natural carbon cycle i.e., the process of photosynthesis.** %% 929
Photosynthesis can be defined as the process that is responsible for converting solar into
chemical energy stored in various organic compounds such as basic carbohydrates - (CH20),,
for example glucose (CsH120s). Some of these basic carbohydrates undergo further conversion
into polysaccharides, proteins, lipids and other chemical energy carriers via various
biochemical processes. The carbohydrates and the other substances produced from them are
the basic source of nutrition in the ecosystem’s food chain i.e., their biochemical conversion
leads to energy production that is essential for all vital functions in the living organisms from
the simplest to the most complex ones. The photosynthesis process that can be generally
described with Equation 1.10, occurs in the cells of the phototropic organisms (plants, threes,
algae, cyanobacteria etc.) via two coupled processes. In the first process, photon is adsorbed
by the chlorophyl or other chromophores that are part of the photosystems in these organisms
hence, reduction of the NADP*" and ADP* occurs accompanied by a water splitting reaction
leading to production of the energy carriers NADPH® and ATP” and additionally evolution of

44,59, 96

Oz as a by-product.** % The seconds step, known as the Calvin cycle, occurs in absence

T NADP*: nicotinamide adenine dinucleotide phosphate in oxidized form.
* ADP: adenosine diphosphate.
§ NADPH: nicotinamide adenine dinucleotide phosphate in reduced form.
™ ATP: adenosine triphosphate.
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of light i.e., dark mode. These processes involve CO. reduction by the NADPH and ATP,
synthesized in the first photocatalytic step, producing carbohydrates, ADP and NADP®. The
ADP and NADP" are then reutilized in the first step.

Equation 1.10: nCO2 + nH20 + h - v — (CH20)n + nO2 Photosynthesis — general equation

Nevertheless, as already mentioned, the photosynthesis process produces O; that through the

cellular respiration processes,®’ %

is stipulating the life conditions for many living organisms
including the human beings. Cellular respiration is a reverse process of the photosynthesis
where the energy carriers undergo oxidation accompanied with release of the stored energy
and CO- production. In the case of phototropic organisms this happens in the absence of
sunlighti.e., during the night. The photosynthesis and cellular respiration, coupled with various
other biochemical processes responsible for all vital functions in the living organisms, are more
complex and possibly not fully understood by the scientific communities, than how they are
explained in this paragraph. Hence, for simplicity purposes, these processes are presented as
general as possible. More information regarding the photosynthesis, cellular respiration and
other conjugated biochemical processes can be found elsewhere.”® %29 |t is useful to be
mentioned again that the natural photosynthesis has the capacity for converting higher amount

of CO; than the anthropogenic emissions,®*

yet the CO, concentrations in the atmosphere
are continuously rising® due to several factors:** %' day/night, year seasons and geographical
location availability of sunlight, non-equal distribution of the phototrophs, continuous
deforestation, agricultural activities etc. Therefore, a possible solution is indeed utilization of
bigger land area for growing plants that can capture and convert CO- into biomass and its
subsequent conversion via fermentation into CHa, alcohols etc.®* 8 77: 78 that are valuable as
biofuels and feedstock chemicals for industrial and transport purposes. However, with the

t% 10 it seems more reasonable to utilize vast land areas for

rising population on our plane
production of food, than for fuels and industrial feedstocks.> Therefore, the research and
development focus is rather placed on developing different concepts for CO» conversion in
which there is no requirement for occupying large areas of land tentative to the food production
requirements.

Regarding synthetic photocatalytic processes for CO, conversion, there is certain
research progress thus various photocatalysts are proposed for CO, conversion into CO,
syngas, CHi, CH3OH, HCHO, organic acids such as HCOOH and CH3COOH etc. under
ultraviolet or visible light irradiation.** % % The photocatalyst materials used for this purpose
are based on semiconductors such as metallic oxides, sulfides, complex compounds etc.** %
9" When a photocatalyst is irradiated with light, an internal photoelectric effect occurs i.e., an

electron is being excited from the valence (VB) into the conduction band (CB).** % 910" The
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energy of the photon must be at least equal to, or higher than, the energy of the bandgap (the

energy difference between the CB and VB).%* "% 91 This process results in a formation of

44, 90, 99-101

electron(e™)-hole(h*) pair, as described with Equation 1.11. Therefore, the

photogenerated electrons can reduce the CO, molecule into CO, for example® 1% (

Equation
1.12) and additionally reduce H* into Hz as a competitive hydrogen evolution reaction (HER)
in aqueous system (Equation 1.13),% while the photogenerated holes can cause oxidation of

99, 100 (

e.g., water, as a counter reaction Equation 1.14). The overall reaction resembles CO>

conversion combined with water splitting which can be defined as artificial photosynthesis.”

Equation 1.11: Photocatalyst + h-v — e  + h*

Equation 1.12: CO2 + 2H" + 2e-— CO + 2H20 E,s rup =—0.10 V®
Equation 1.13: 2H" + 2e-— H2
Equation 1.14: 2H20 — 4H*+ Oz + 4e” E s syp =+1.23 V%

Photoelectrocatalytic (photoelectrochemical) CO. conversion

If system consisting of a semiconductor working electrode and a metallic counter
electrode is immersed in an electrolyte and the semiconductor is irradiated with light, the
photogenerated electrons (holes) migrate in opposite directions thus drive the reduction
(oxidation) reaction on the working electrode while the counter reaction will occur on the

44,100 and in the case

counter electrode.' %' This concept is referred to photoelectrocatalysis,
when the intention is to convert CO- into product it is referred to photoelectrocatalytic or
photoelectrochemical conversion of CO,. Depending on the nature of the semiconductor it can
act as a photocathode thus the CO; reduction process will occur on this electrode while the
oxidation process on the counter electrode or vice versa in the case when the semiconductor
has a role of photoanode. Another possibility is to construct a system where two
photoelectrodes are immersed in electrolyte from which simultaneously on the first one, the
photogenerated electrons will drive the reduction, while on the second one the holes will drive
the oxidation reaction. In this case a bridging or mediator redox couple is required to consume
the holes from the photocathode and the electrons from the photoanode.** °' Both
photocatalytic and photoelectrocatalytic CO, conversion approaches share the same concept
as the natural photosynthesis, but since this process is conducted synthetically it can be
referred to artificial photosynthesis. When instead of irradiation with light, the energy for driving
the CO2 conversion is provided by electricity, the concept refers to electrochemical conversion
of CO2 which is in the scope of this thesis and will be discussed thoroughly in the next section

of this chapter (1.3.). Basic thermodynamical and kinetical requirements for driving the
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photocatalytic or photoelectrocatalytic reactions is the bandgap energy of the semiconductor.**
9. 100. 101 Namely, the bandgap must be sufficiently large so that the standard equilibrium
potentials for both CO. reduction (Equation 1.12) and water oxidation (Equation 1.14), or any
other oxidation counter reaction process, fall in this range. Or with another explanation, the CB
should be above the standard equilibrium potential for the formation of CO;* ~ radical anion
(Equation 1.15) as the first reduction single-electron step and the VB to be below the standard
equilibrium potential for the oxidation reaction.** % 19 107 This can be solved using the
aforementioned two photoelectrodes approach when one is typically involved in CO; reduction
and the other one in oxidation process.** The formation and further transformation of the
CO>* ~ radical anion and other intermediate species (*COOH and *OCHO*) into products is
further discussed in the paragraph for thermocatalytic CO. conversion in this section and

additionally in section 1.3 of this chapter, dedicated to the electrochemical conversion of CO..

Equation 1.15: CO2 + e~ 2 CO>* - radical anion E,s syp =—-1.9V*

There are many other parameters affecting the semiconductor properties and
consequently, the kinetics and thermodynamics of the reactions driven by light. Hence, more
information regarding the photocatalytical and photoelectrocatalytical CO, conversion methods

and research efforts in these fields can be found in the literature.** 68 79 90.99-104

Biochemical methods for CO, conversion

In this paragraph the non-photosynthetic biochemical CO, conversion methods are
briefly discussed. These methods are based on complex enzymatic processes that involve
CO; conversion in heterotrophic aerobic or anaerobic microorganisms.' % Some of these
microorganisms are able to convert CO; into CH4 and such non-photosynthetic processes are
part of the natural carbon cycle under dark conditions i.e., soil or deep in the oceans where the
sunlight is not able to penetrate.’® The research efforts in the field of biotechnology strive
towards improving the efficiency of such microbial conversion of CO. via metabolic and genetic
engineering approaches.'® % An example for such microorganisms are the chemolithotrophs
that are fed by inorganic materials and therefore provide energy for synthesis of ATP and

NADPH, "% that can subsequently reduce CO- via the Calvin cycle** %% % (

the second step of
the overall photosynthesis process that occurs under dark mode). Additional subsequent
complex biochemical processes can lead to final production of CH;COOH, C,HsOH and other
alcohols.'® Another example involves study of genetically engineered Escherichia coli bacteria

for the purpose of converging CO; into carbohydrates.'”” Furthermore, a very interesting study
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is based combined solar electricity driven electrochemical/biochemical two-step CO:
conversion approach.’® In a first step, CO, and H.O are electrochemically converted into
syngas which undergoes reaction with unreacted CO: from the electrolysis process in a
bioreactor containing anaerobic bacteria. In dependance of the type of bacteria used, either
CH3COOH, C2;HsOH or butanol and hexanol can be produced. This research is part of the
Rheticus project under which a test pilot-plant for CO, conversion was constructed in Marl,
Germany.'® This is a good example for combining two groups of methods, i.e. electrochemical
and biochemical for a step-wise synthesis of long carbon chain compounds which is rather
challenging to be achieved only by single conversion step e.g., only electrochemical

conversion of CO- (as discussed in section 1.3 of this chapter).

Thermochemical methods for CO, conversion

Another methodology for CO; conversion is based on heterogeneous catalytic processes
that in most cases require relatively high temperatures. Therefore, these methods are referred
to thermochemical or thermocatalytic CO, conversion reactions. Namely, CO, can be
converted into CO, CH4 or solid C via the reactions, described with Equations 1.16-1.19.
These reactions occur in the presence of Ni, Ru, Al, Fe, Co, Cu, Zn, Pt, Pd etc. based catalysts

under elevated temperatures and pressures.>* & 110-112

Equation 1.16: CO2 + H2 — CO + H20 Reverse water — gas shift reaction® . 111
Equation 1.17: CO2 + 4H2 — CHa4 + 2H20 Sabatier reaction!!- 112
Equation 1.18: CO2 + 2H2 — C + 2H20 Bosch reaction'?
Equation 1.19: CO2+ CHs — 2CO + 2H> CH4/CO2 reforming®®

The reaction mechanism of these processes involves adsorption and bending of the linear CO,
molecule on the surface of the catalysts thus thermal and rather energy demanding driven
formation of the *CO* ~ radical anion occurs via electron transfer from the surface of the
catalyst into the electrophilic carbon atom in the adsorbed CO, molecule.*® The reaction for the
*CO.* ~ radical anion formation is presented in the previous subsection with Equation 1.15. In
the next step, the radical anion can dissociate into *CO and *O¢, thus in the case of weak
binding between the *CO intermediate and the surface of the catalyst it can desorb as CO.*"
This mechanism is typical for the reverse water — gas shift reaction (Equation 1.16). On the
other side, if the *CO intermediate is bound stronger it can be subjected to further dissociation

91, 112

to *C and *O intermediates where *C is subsequently hydrogenated to CH4 — Sabatier

reaction (Equation 1.17). In other mechanisms the *CO_* ~ radical anion follows the formate
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and carboxylate pathways leading to production of CH;OH. °' These pathways involve steps
than can also lead to production of CH, as final product.®’ On the other side, the CO produced
from the reverse water — gas shift and/or the CH4/CO. reforming reactions (Equations 1.16
and 1.19) can additionally react with Hz and thus be further converted into hydrocarbons or
CH3sOH according to the hydrogenation reactions, described with Equations 1.20 and 1.21,
respectively. In the case when C,. hydrocarbons are produced via the Fischer — Tropsch

synthesis method, the reaction mechanisms involve C-C coupling step(s).""*

Equation 1.20: nCO + (2n+1)Hz2 — CnHzn+2 + nH20 Fischer — Tropsch synthesis® 110. 112
Equation 1.21: CO + 2H, — CH3OH Reverse water — gas shift/CHsOH synthesis®* 2

Similarly, as in the case of the thermal CO2 to CO/CH4/C conversion, the Fischer — Tropsch
and Reverse — water gas shift/CH3OH synthesis processes are energy demanding and
therefore, operating at relatively high temperatures and pressures in the presence of various
catalyst materials (listed above in this text). Moreover, the Hz required as a reactant is still
majorly produced via the reactions described with Equations 1.22-1.26. These reactions

require hydrocarbons and natural gas of fossil origin thus CO; is generated as a by-product.'"®

Therefore, increase and domination of the “green’ H. production approaches,'®

utilizing
renewable energy sources is an important part of the overall energy and resources

sustainability concept.

Equation 1.22: CO + H20 — CO2+ H2 Water — gas shift reaction8-
Equation 1.23: CHs + H20 — CO2 + 3H2 Steam reforming of CH4%"- 88
Equation 1.24: CHs — C+ 2H2 Pyrolysis of CH48
Equation 1.25: CyHm + /202 — nCO + M/2H; Partial oxidation of hydrocarbons®”: &
Equation 1.26: 3C + H20 + O2 — 3CO + 3H2 Coal partial oxidation/gasification8 8"

Besides converting CO- into CO, hydrocarbons and CHsOH via the aforementioned
approaches, there are many (thermo)catalytic hydrogenation and other processes that can
utilize CO> as reactant for synthesis of various organic compounds.*®: 8 112 116. 117 However,
not so many of them are widely industrialized. Typical examples are the synthesis of salicylic
acid (Kolbe-Schmitt reaction), urea (Bosch-Meiser process) and synthesis of some

heterocyclic and polymer compounds.*8 & 112.116. 117
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CO, conversion methods based on homogeneous catalysis

The group of CO; conversion methods where the catalyst is in the same phase as the
reactants and reaction medium can be classified as homogeneous catalysts. This paragraph
refers to catalysts which operate under elevated temperatures etc. and where the catalytic
conversion of COz is not driven by electrical energy, light irradiation etc. Some literature
sources report studies of various catalysts based on d or p — block element complexes with
organic ligands intended for CO, conversion into HCOOH/HCOO™,""? CO, and CH3;OH reaction

116, 118

to produce dimethyl/other dialkyl carbonates and other compounds. Besides the already

cited publications, more information regarding CO:, conversion based on homogenous

catalysis can be found elsewhere.'® 120

1.3. Electrochemical conversion of CO

Introduction to electrochemical reduction of CO;

The conversion of CO; via electrocatalytic or electrochemical reduction (CO2ER) which
can be generally described with Equation 1.27, is a promising heterogeneous catalysis
strategy for transformation of this greenhouse gas into existing industry and transport desired

chemicals and fuels*® 82

via utilization of electricity provided by an external source in
comparison with the photoelectrochemical concept discussed in the previous section (1.2.),

when the electrons are photogenerated.

Equation 1.27: xCO2 + yH* + ye- — C,H,(O)-product + zH20

As mentioned before in the previous sections of this chapter (1.1. and 1.2.), for achieving
sustainable energy concept,®® " the electrical energy for driving the CO,ER should be provided
from renewable sources.” 7 In terms of practical application the electrochemical concept has
advantage over the photoelectrochemical which is constrained to, and limited by amount of
available sunlight during different year seasons or parts of the day. On the other hand, the
electrochemical concept does not depend on the type of renewable electricity source.
Additionally, the electrochemical concept can be superior to the thermochemical one since the
electrical energy is directly utilized to drive the CO, conversion readily under ambient
conditions, without the prerequisite to be transformed in thermal and there is no requirement
for gaseous H> which, as mentioned above, its production is presently dependent on fossil oil

and natural gas. The strategy for closing the carbon cycle and achieving sustainable energy
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concept via CO; capture and utilization of renewable energy driven CO2ER to fuels and
chemical feedstocks, their storage or immediate usage is illustrated in Figure 1.6 - adopted

from Garg et al."’
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Figure 1.6. Schematic representation of a strategy for closing the carbon cycle and achieving
sustainable energy concept via CO2 capture, its renewable energy driven electrochemical conversion to
fuels and chemical feedstocks that can be either stored or subjected to immediate usage. Reproduced

from Garg et al.'?" with permission from the Royal Society of Chemistry.

The most common and simplest CO2ER electrochemical setup (Figure 1.7) is utilizing
aqueous electrolytes thus the hydrogen i.e., H" ions required in the CO.ER reaction (Equation
1.27) are provided from water.®® 22 This setup is identical as in the case of the previously
discussed photoelectrochemical i.e., consists of cathode and anode immersed in electrolyte in

d,%® 22 except there are no requirements for semiconductor-based

which CO. is purge
electrodes and light source for the aforementioned reason that the CO- reduction is driven by

an external source of electricity.
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Figure 1.7. Schematic representation of typical setup (electrochemical cell) for electrochemical
reduction of CO2. The cathodic process is depicting the general CO2ER process presented with
Equation 1.27. More information regarding the actual electrochemical setups used in this work can be

found in Chapter 2.

Various possible products can be obtained from the CO2ER involving two- or multiple
electron/H" processes, thus the reactions for the most important ones are presented with
Equations 1.28-1.44 (arranged in ascending order in terms of the required electron/H*). The
standard equilibrium potential values for each of these reactions in aqueous electrolyte at pH
= 7 are adopted from the literature as calculated from thermodynamical data.** '?* The cathodic
and anodic compartment in the electrochemical cell (Figure 1.7) in the most common
experimental setups are separated with cation exchange membrane that allows transfer of H*
from the anodic to the cathodic,'? but prevents transfer of the dissolved CO2ER products from
the cathodic to the anodic compartment that can lead to their reoxidation on the anode.'? 1%
More information regarding various membranes and electrochemical cell designs can be found

in the literature.'??

Equation 1.28: CO2 + 2H* + 2e- 2 HCOOH formic acid/formate E,; zyp =-0.12 V>
Equation 1.29: CO2 + 2H* + 2e- 2 CO + H20 carbon monoxide E, zyz =—0.10 V>
Equation 1.30: CO2 + 6H" + 6e~ 2 CH30H + H20 methanol E,, pyz = +0.03 V>
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Equation 1.31:
Equation 1.32:
Equation 1.33:
Equation 1.34:
Equation 1.35:
Equation 1.36:
Equation 1.37:
Equation 1.38:
Equation 1.39:
Equation 1.40:
Equation 1.41:
Equation 1.42:
Equation 1.43:
Equation 1.44:

glyoxal E,q pyr = —0.16 V'&

methane E,g gy =-0.17 V%

2CO2 + 6H" + 6e~ 2 (CHO)2 + 2H20

CO2 + 8H" + 8e™ 2 CH4 + 2H20

2CO2 + 8H" + 8e~ 2 CH3COOH + 2H20
2C0O2 + 8H" + 8~ 2 CH20HCHO + 2H20
2CO;z + 10H* + 10e™ 2 (CH2)2(OH)2 + 2H,0
2CO02 + 10H* + 10e” 2 CH3CHO + 3H:20
2C0O2 + 12H" + 12e 2 C2H4 + 4H20

2C0O2 + 12H* + 12e” 2 C2Hs0H + 3H20 ethanol E,; pyz = +0.09 V>
2C0O2 + 14H* + 14e~ 2 CoHs + 4H20 ethane E,; pyr = +0.14 V>
3CO2 + 14H* + 14e~ 2 CH3COCH20H + 4H20  hydroxy acetone E, gyy = +0.46 V'?
3CO2 + 16H* + 16e™ 2 C2HsCHO + 5H.0
3CO2 + 16H* + 16e~ 2 (CH3)2CO + 5H20
3CO2 + 16H* + 16e~ 2 CH2CHCH20H + 5H20
3CO2 + 18H* + 18e~ 2 C3H7OH + 5H-20

acetic acid/acetate E,g pyz = +0.11 V5
glycol aldehyde E,; gyy =-0.03 V1%
ethylene glycol E,q zyp = +0.2 V1%
acetaldehyde E,; pyz = +0.06 V**
ethylene E,g pyr = +0.08 Vv

propionaldehyde E,; pyz = +0.09 V**
acetone E, pyp =-0.14 V%
allyl alcohol E,g gy =+0.11V'%3

n-propanol E,g pyr =+0.10 V

However, as already mentioned above when discussing the photo(electro)catalytic concepts,
in aqueous electrolytes, the hydrogen evolution reaction (HER) described with Equation
1.45' is a competitive process.?* 68 %0: 125129 Thg yaglues of the standard equilibrium potentials
for the CO2ER reactions described with Equations 1.28-1.44 are not significantly more positive
or negative than 0 V vs. RHE for HER. Yet, the standard equilibrium potential for the energy
demanding formation® of the CO,* - radical anion in a single electron step without a catalyst'?*
is —1.49 V vs. RHE (Equation 1.46*), which is much more negative than in the case of HER.
However, it is important to note that the presence of proper electrocatalyst reduces the
energetical barrier for formation of the CO.*~ radical anion thus in this case less negative
potential is required.”® Namely, it can be simply stated that, if this is not the case, no CO:ER
products should be theoretically observed at potentials that are less negative than —1.49 V vs.
RHE. Yet, the competition between CO2ER and HER remains one of the key challenges in this

research field."?’

Equation 1.45: 2H" + 2e~ — Hz (cathode)
Equation 1.46: CO2+e 2 CO2*~

HER Eyg gup =0 V*
Eps sup = —1.9VatpH =74 "2 or B  ppp =-1.49 VS8

T Equation 1.45 is identical to Equation 1.13 (HER).
# Equation 1.46 is identical to Equation 1.15 (formation of the CO2* - radical anion).
$8 Converted from E, gyi t0 E,¢ gy Using the equation E,; zyr = E,s syr + 0.059 - pH
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Regarding the anodic, i.e., oxidation counter reaction, the most utilized one in laboratory scale
research is the water oxidation i.e., oxygen evolution reaction (OER) presented with Equation
1.47"", using anode made of Pt, or other electrocatalysts active for OER. The role of the
oxidation reaction is providing electrons and H* and, as mentioned above, the H" can
simultaneously cross the cation exchange membrane and supply the cathodic CO. conversion

processes.

Equation 1.47: 2H20 — 4H* + Oz + 4e~ (anode) E,s guyp = +1.23 V%

Having an overall reaction where CO. and H*(H.O) are converted into C,H,(O)-products (CO,
hydrocarbons, alcohols, carboxylic acids etc.) is basically reversing the general combustion
reaction presented with Equation 1.1. Moreover, driving coupled CO2ER and OER via solar

energy generated electricity'"

is indeed mimicking nature and, as mentioned in the previous
text, can be referred to artificial photosynthesis."*? However, it is well known from the literature
that the OER has a sluggish kinetics originating from its mechanism thus high overpotential is
required."® Therefore, for achieving energy efficient artificial photosynthesis coupling CO:ER
with OER, the research efforts and advancements in the OER field are of great importance.'*
Furthermore, alternative oxidation reactions can be coupled with CO2ER for the purpose of
electrosynthesis of various valuable compounds.'%'37

From a historical point of view, the first known report regarding electrochemical reduction
of CO2in aqueous electrolytes goes back to the 19" century. Namely, there are publications in
the literature** that cite a 1870 report, from a French chemist named M. E. Royer, in which
CO,ER to HCOOH or HCOO™ on Zn cathode is described.® In the 1950s another publication
appeared reporting CO2ER to HCOOH or HCOO- using Hg as cathode.'® Additionally, that
publication cites several other papers from which one from 1930, that is easily accessible,
reports that HCOOH/HCOO™ was obtained on various amalgams-based cathodes.™ There
are some other publications from the 1970s claiming similar results in terms of
HCOOH/HCOO™ production on cathodes made of Au, Pb, Zn, Cd, Sn, and In"" and an
additional one reporting production of CO, CH4 and CH3OH on Ru cathodes.™" 2 In 1985 Hori

et al.™’

re-examined the CO2ER performance on cathodes made of most of the elements
reported in the previous publications and some additional ones (Cu, Ag, Ni and Fe) in aqueous
KHCOs as a supporting electrolyte and successfully achieved quantification of the electrolysis
products for which the faradaic efficiencies (FE, Equation 1.48) were practically adding up to
100%. It was found that Cd, Sn, Pb and In, predominantly produce HCOOH/HCOO™, Ag, Au

and Zn produce CO as a main product, Ni and Fe favour the HER, while Cu is the only one

“"Equation 1.47 is identical to Equation 1.14 (water oxidation)
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that besides all previous CO2ER products and H, from the HER is able to achieve CO;
reduction to CH4 with significant faradaic efficiency.'’

q;"100%

Equation 1.48: FE, . trorysis product—i (%0) = where q; and q.,.o are partial, for electrolysis

dtotal

product - i and total passed charge, respectively. Namely, the FE can be defined as fraction of electrical

charge contributing to the generation rate of a given product.

In two other publications Hori and his co-workers'® '** reported that besides CHs4, other
hydrocarbons (C2;H4) and additionally alcohols (C2HsOH and n-CsH;OH) can be produced
during CO2ER using polycrystalline Cu as cathode. The performance of the examined
elements for electrochemical reduction of CO, (or HER) on cathodes made of the above listed
elements and some additional ones examined under the same conditions, presented in Hori'*®
and Nitopi et. al.>* (Ti, Pt, Pd, Ga and TI), is illustrated in Figure 1.8 as a modified periodic
table showing the major CO2ER products and H> from HER for electrodes made of several d

and p block elements - reproduced from the Bagger et al.'*

Ti Fe |Co [Ni |Cu |Zn |Ga |Ge

Titanium Iron Cobalt Nickel Copper Zinc Gallium Germanium
99.7 % 94.8 % 889 % 67.5 % 794 % 79.0 %
Ru |[Rh |Pd |Ag |Cd [In |Sn
Ruthenium | Rhodium | Palladium Silver Cadmium |} Indium Tin

262 % 815 % 784 % 949 % 884 %

Os |Ir |Pt |Au |Hg |TI |Pb

Osmium Iridium Platinum Mercury | Thallium
95.7 % 871 % 99.5 % 951 % 974 %

Symb0| H2 CO HCOOH Beyond

Name co*
Faradaic efficiency

Figure 1.8. Modified periodic table of d and p block elements classified by their electrocatalytic
selectivity towards Hz from the HER and towards CO, HCOOH and products obtained via CO2ER
beyond CO. Reproduced with permission from Bagger et al.'*® — Copyright 2017 John Wiley and Sons
Inc. (license number 5313691341868-o0ld, 5390340393537-new).

Intermediates and pathways in electrochemical reduction of CO;
Further studies showed that on Cu electrocatalyst, CO, can be reduced to additional

compounds different than the ones mentioned in the previous subsection, thus leading to 17
different CO2ER products in which CO, carboxyl acids, hydrocarbons, aldehydes, ketones etc.
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are included.** '?® The reactions for CO-ER into these products are already presented above
with Equations 1.28-1.44. Therefore, it can be assumed that the capability of the Cu
electrocatalyst to reduce CO, beyond CO in multi electron/H* steps can be defined as its
intrinsic property.>* On the other hand, the electrocatalysts made of the elements highlighted
in violet and yellow in Figure 1.8 intrinsically reduce CO, to CO and HCOOH/HCOO-,
respectively. These intrinsic properties originate from the binding energies of the key
intermediates involved in the reaction pathways for both COER and HER. The basic
intermediates for CO2ER to HCOOH/HCOO™are C bound *COOH (sometimes bidentate C and
O bound - *CO*OH'®) and O bound *OCHO*, while only the C bound *COOH is involved in
the CO pathway.'® " In the case of the HER, the key intermediate is the adsorbed hydrogen
atom (*H)."3% 146147 |t can be stated that the *COOH represents a “protonated form™ of the
CO>*~ radical anion assuming that the first electron step also involves protonation thus the as
formed intermediate is bound on the surface of the of the catalyst through the carbon atom.
Moreover, Birdja et al.”*® suggested that the *OCHO* intermediate can be formed via
nucleophilic attack on the C atom in the CO, molecule from adsorbed hydride anion
intermediate (*H~). On the other side, it can be presumed that the formation of the O bound
*OCHO* intermediate does not occur via radical formation mechanism. In the publication from
Bagger et al.™, the binding energies of the three intermediates are plotted one versus another
for all elements that are highlighted in the modified periodic table in Figure 1.8. These plots
are presented in Figure 1.9 and the simplest trend for observation and discussion is showed
in Figure 1.9c. The elements forming a cluster in the bottom-left part of the graph in Figure
1.9¢, that are supporting the HER (as presented in Figure 1.8), bind the *COOH intermediate
much stronger compared to the other ones in the same graph, thus inhibiting the CO2ER. In
contrast, the elements in the upper-right corner of Figure 1.9¢c, highlighted in purple and
yellow, bind the *COOH much weaker compared to the other ones, allowing transformation of
this intermediate in second electron/H* step into CO and HCOOH/HCOO™ as products which
desorb from the surface. Moreover, the CO producing elements bind the *COOH intermediate
stronger than *H, while the HCOOH/HCOO™ producing elements bind the *H intermediate
slightly weaker than the CO producing ones. Figure 1.9d shows that the HCOOH/HCOO~-
producing elements through the *OCHO* display much stronger binding of this intermediate
compared to *H, except for Hg where the *OCHO* binding energy is slightly stronger than the

|54

case of *H. The experimental results presented in Hori'*® and Nitopi et. al.>* are in agreement

with the findings by Bagger et al."®

i.e., the elements Ag, Au and Zn resemble CO as a main
CO2ER product while the elements Hg, Cd, Sn, Pb and In, intrinsically reduce CO: to
HCOOH/HCOO™ with very high FE, while the FE for the HER are typically low. Cu is the only

one that shows neither to strong nor to weak binding energy for the *COOH intermediate
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compared with the elements that are clustering in the bottom-left and top-right corners in the
graph in Figure 1.9c. Yet, this discussion is simplified with the graph plotting the binding
energies of *CO vs. *H intermediate, presented in Figure 1.10 - adopted from Bagger et al."*®

The *CO is formed in second electron/H" step via conversion of the *COOH intermediate.

(bhs  (dhs
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Figure 1.9. Binding energies of *H, *COOH and *OCHO intermediates on the elements that are
highlighted in Figure 1.8: 3-D plot of *OCHO* vs. *COOH vs. *H (a); *OCHO* vs. *COOH (b); *COOH
vs. *H (c¢) and *OCHO* vs. H* (d). Reproduced with permission from Bagger et al.'*® — Copyright 2017
John Wiley and Sons Inc. (license number 5314711215146-old, 5391820629839-new).

From Figure 1.10 it is obvious that the binding energy of the *CO intermediate on Cu is
somewhat optimal i.e., neither to high, nor to low, from which can be assumed that *CO will
not desorb completely from the surface as CO product but on the other side will also not be
completely inhibited towards further reduction, as mentioned before discussing the *COOH
intermediate. Additionally, the binding energy for *H has a value that is slightly higher than
zero,> ¢ which makes the HER theoretically not favourable, yet still possible to occur. On the
other hand, the *CO binding energies for Ni, Fe, Ti, Pt, Pd and Ga concentrate on the left-
bottom corner of the graph in Figure 1.10 suggesting stronger binding and inhibition of this
intermediate in comparison with *H and therefore favouring the HER over CO2ER as their

intrinsic property. Similarly as in the case of the graph in Figure 1.9¢, the top-right corner on
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the graph in Figure 1.10 shows two clusters of elements for which the *CO intermediate
binding energies do not significantly differ and both clusters of elements have weaker binding
energy for the *CO intermediate than Cu which makes *CO more prone to desorb from the

surface as CO product.

0.5

ﬁu gy
:Beyond CO

t
BRI - S
=205 0.0 0.5 1.0

AE+ [eV]
Figure 1.10. Binding energies of *H, *COOH and *OCHO intermediates on the surface of the elements
that are highlighted in Figure 1.8: *CO vs. *H binding energy plot. Reproduced with permission from
Bagger et al.'® — Copyright 2017 John Wiley and Sons Inc. (license number 5313691341868-old,
5390340393537-new).

In the case of Cu, the *CO intermediate can undergo, as mentioned above, further
multielectron/H* reduction. The reduction of *CO is following complex mechanistic pathways
that involve *CO hydrogenation to produce CH4 and CH3OH, C-C dimerization or coupling and
other transformations towards C. hydrocarbons, C:HsOH, CHsCOOH/CH3;COO™ and other C;
products, trimerization towards production of Cs compounds etc.'?® 130148150 The C-C coupling
appears to be an important step towards CO.ER to Co. products.’ % 5" Some of these
mechanistic pathways are presented in Figure 1.11, adopted from Birdja et al."™** More
comprehensive schematic regarding the reaction mechanism pathways involving two and multi
multielectron/H* steps and the rate determining steps (RDS) can be found in the

1.4 An actual experimental evidence that

comprehensive review publication from Nitopi et. a
*CO is essential intermediate for further reduction towards multi-electron/H* products are the
experiments involving electrochemical reduction of CO (COER) as a starting point instead of
C0,.%*1%2.153 The reactions for COER to CHa, C2H4, Co2HsOH and CH3COO™ are presented with

Equations 1.49-1.53 The reactions described with Equations 1.52 and 1.53 are conducted in
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strongly alkaline electrolyte'>

and in such case the source of hydrogen is water. However,
there are claims that the C-C coupling is not the RDS on Cu electrocatalysts but rather the
water hydrogenation of CO due to mass-transport limitations and lack of correlation between

the partial pressure and CO coverage.'*

Equation 1.49: CO + 6H" + 6e” 2 CH4 + H20 methane E,g pyr = +0.26 V>

Equation 1.50: 2CO + 8H* + 8¢~ 2 C2H4 + 2H20 ethylene E,q pyp = +0.17 V%

Equation 1.51: 2CO + 8H* + 8e~ 2 C2HsOH + H20 ethanol E,g pyr = +0.19 V*

Equation 1.52: 2CO + 7H20 + 8¢~ 2 C2HsOH + 80H- ethanol E,g gy = +0.18 V'3

Equation 1.53: 2CO + 3H20 + 4e- 2 CH3COO™ + 30H" acetate E,g pyp = +0.50 V'3
Methanol (y=3) and formaldehyde y=1) Glyoxal i

. . H +€) (
Formic acid (x=1)
or formate (x=0) —_—>

\ ()
5 H* +¢e)
melhane H* + e /

Y+ e

YL @
%Tﬂe C%Q o %H&—) ‘D 0 ] co,
|

% Li i ], procucs
L AN % %&) He ;& 5 :: products

/3H +e)

Ethanol (z=3) and

acetaldehyde (z=1)

_ oo =
H + e lH‘ +e L Ethylene
I \%%,

1-propanol and
propionaldehyde

Figure 1.11. Mechanistic CO2ER and HER reaction pathways involving two and multi electron/H* steps.
Black-carbon, red-oxygen and white-hydrogen spheres stand for atoms of the various reactants,
intermediates and products in the CO2ER/HER pathways, while the light blue spheres stand for the
atoms from the surface of the electrocatalyst. Reprinted by permission from Springer Nature: Nature
Energy, Birdja et al.’*® Copyright 2019.
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Challenges originating from the parameters and experimental conditions that affect the

CO:ER selectivity on Cu catalysts

Even though the electrochemical reduction represents a promising strategy for the CO,
emissions mitigation via conversion of this greenhouse gas with direct utilization of electricity
that can be supplied from renewable energy sources, the application of this concept in
industrial scale facilities is hampered by many challenges of various nature that are mainly
affected by the parameters and experimental conditions during the process of electrolysis. As
already stated before, Cu is unique electrocatalyst capable of intrinsically converting CO: into
multi electron/H* products such as hydrocarbons, alcohols etc. that are valuable both as fuels
and chemical feedstocks*® 8 The fuels and chemical feedstocks are conventionally obtained
from fossil crude oil, coal and natural gas derivates in the petrochemical industry hence, the
outcome of the general efficiency and cost effectiveness of the CO2ER approach must be
competitive with the conventional technologies in order to mitigate the utilization of these fossil
raw materials. Therefore, it is anticipated that the research efforts have been indeed
concentrated on Cu and Cu based catalyst materials. However, before moving towards a more
thorough discussion of the parameters and experimental conditions related to various
challenges in the CO2ER approach, a somewhat detailed discussion of the electrocatalytic
performance and product distribution on planar Cu electrode is necessary.

Namely, the CO2ER on Cu can lead to production of 15 products involving more than
two-electron/H" steps, presented with Equations 1.30-1.44. The FE for most of these products
when polycrystalline planar Cu electrode is examined in the range of potentials between —0.6
and —-1.2 V vs. RHE using aqueous KHCO3 as electrolyte, are presented in Figure 1.12 -
reproduced from Kuhl et al.' The electrochemical cell used in this experiment, consists of
two-compartments that are separated with a membrane and where CO; is purged into the
cathodic compartment.'* Namely, this is the most common laboratory scale electrochemical
setup that is conceptually identical to the one presented in Figure 1.7. The CO2ER products
and H. from the HER are classified in three groups in Figure 1.12, based on the maximal FE
values that can be reached in the aforementioned range of potentials. Namely, the group of 5
products in the top graph in Figure 1.12 are listed as major products'? that can reach maximal
FE values between 20 and 80%. At less negative potentials (-0.7 and —-0.8 V vs. RHE), Ho,
CO and HCOOH/HCOO can be observed and this is expected since only 2 electrons and 2H*
are required for their production. At around -0.8 V vs. RHE, very small FE values for CH; and
C2H4 can be observed requiring 8 and 14 electrons/H”, respectively. The FE for these products
increases with a decrease in the H, and CO production involving CO

protonation/hydrogenation and C-C coupling pathways for CHs and C2Hs4, respectively (Figure
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1.11). On the other hand, the FE for HCOOH/HCOO™ production following the *COOH or
*OCHO* intermediate formate pathways is peaking at around -0.85 V vs. RHE, then
decreasing at more negative potentials. The FE for CO and HCOOH/HCOO™ significantly
decrease and reach steady-state more negative than -1 V vs. RHE and around the same
potential the FE for the HER reaches its minimal, while CzH4, its maximal value. The FE for H;
increases again more negative than —1.1 V vs. RHE and this effect comes from CO, mass
transport limitations that will be discussed later in the text. More negative than -0.85 V vs.
RHE, when the FE for C,H, starts to increase, the production of 3 intermediate'® and 8
minor'?® products with FE efficiency values up to 10 and 1%, respectively, start to emerge. The
intermediate products (middle graph in Figure 1.12) resemble C,HsOH and Cs products such
as n-propanol and allyl alcohol generated from *CO following the C-C coupling and
hydrogenation/protonation for C;HsOH and *CO trimerization and hydrogenation/protonation
pathways for the Cs products (Figure 1.11). The FE for CoHsOH is peaking at around —1.05 V
vs. RHE and for the C3 products at around —1 V vs. RHE. The minor products (bottom graph
in Figure 1.12) resemble a mixture of C4-C3z compounds and all of them appear in the same
range of potentials as in the case of the intermediate products, that is between —0.9 and -1.15
V vs. RHE. From this group of products, the highest FE (0.5-0.6%) are reached for the
glycolaldehyde and propionaldehyde, lower (0.3-0.4%) for CH3;COOH/CH;COO~ and
acetaldehyde and the lowest (<0.2%) for all other quantified products. It is useful to note that
under local pH increase in the electrode-electrolyte interface (double layer) under high
overpotentials (which will be discussed later), alkaline catalyzed transformation of some

54, 130

aldehydes into carboxylic acids and alcohols could occur, suggesting that maybe not all

observed products are generated from the CO2ER.
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Figure 1.12. Faradaic efficiency (current efficiency in the original publication) distribution of 15 CO2ER
products and H: in the range of applied potentials between —0.6 and —1.2 V vs. RHE on polycrystalline

Cu catalyst. Reproduced from Kuhl et al.'? with permission from the Royal Society of Chemistry.

From the discussion of the CO.ER product distribution on planar polycrystalline Cu
electrocatalys, it is obvious that even though industrially valuable products can be produced,
besides competition with HER, there is a competition between various CO2ER reaction
pathways."*® Moreover, as observed from Figure 1.12, the potentials under which significant
FE for the CO2ER products are achieved, are significantly higher than the thermodynamic
equilibrium potentials for all reactions presented with Equations 1.28-1.44, referring to large
required overpotentials. The large overpotentials are most probably associated with sluggish
reaction kinetics hence, triggering various reaction pathways. However, it appears that the
planar Cu electrocatalyst is far from selective towards single CO2ER product. One possibility
is to include a product separation step, yet this requires higher energy consumption and will
add up to the overall cost for practical application.’® Therefore, controlling the selectivity
towards obtaining a single product from CO, and hindering the competitive HER are among
the many challenges that still need to be tackled for large-scale application of the CO2ER
approach. The most important parameters and experimental conditions that are affecting these

challenges include various effects of the electrolyte, effects of local (double layer) pH and other

47



changes, cation and anion effects, effects of electrocatalyst’s facets, defects, grain boundaries,
morphology, particle sizes, distances, effects of other elements, effects of impurities, stability
of the electrocatalyst, electrochemical setup, configuration and designs, temperature, pressure
etc. Most of these effects are discussed in the following subsections, and additionally some of
them are illustrated in Figure 1.13. More detailed information can be found in several review

pUincationS 54,121, 130, 132, 151, 156, 157
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Figure 1.13. Schematic representation of the parameters and conditions affecting the CO2ER selectivity.

Reprinted by permission from Springer Nature: Nature Energy, Birdja et al.'3® Copyright 2019.

Electrolyte, pH effects and electrochemical setup confiqurations

As presented in Figure 1.13 the electrolyte effects including changes in the local CO,
concentration and pH, driven by the processes in the electrode-electrolyte interface (double
layer), can directly affect the CO2ER product selectivity. The typical research approaches when
screening materials or studying various properties of known CO-.ER catalysts involve
electrolysis using the previously described common electrochemical setup i.e., using aqueous
electrolytes that are saturated with CO; in a two-compartment cell (Figure 1.7). Namely, in
aqueous electrolyte the CO- dissolves (Equation 1.54) and when the solubility is defined by

Henry’s law (Equation 1.55) at ambient conditions, it can achieve around 30 mmol-dm=3.

Equation 1.54: CO2(g) 2 CO2(aq)
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Equation 1.55: c.o, = Hco, " Pco, Where cc, is the concentration of dissolved COz, H¢, is Henry’s

constant for CO2 which is 30 mmol-bar-dm-3,>* and Pco, is the partial pressure of CO2 above the solution.

Yet, CO- not only dissolves but also reacts with the water forming the very weak carbonic acid
(Equation 1.56). This acid dissociates in two steps according to the reactions described with

Equations 1.57-1.59. The equilibrium constants for these reactions are adopted from Nitopi

etal.>

Equation 1.56: CO>(g) + H20(l) 2 H2COzs(aq) Koq~107
Equation 1.57: H.COz3(aq) 2 H*(aq) + HCOs(aq) K, ~10"*
Equation 1.58: CO>(g) + H20(l) 2 H*(aq) + HCOs™(aq) K,~107
Equation 1.59: HCO3(aq) 2 H*(aq) + CO3?(aq) K,,~10""

Thus, as discussed in the previous text and observed in Figure 1.12, higher overpotentials,
compared to the equilibrium ones, are required for production of hydrocarbons, alcohols etc.
with meaningful FE, on planar polycrystalline Cu. Therefore, if the applied potential is
significantly increased (more negative) than the thermodynamical equilibrium potential, the
current density will also increase according to the Butler-Volmer equation for cathodic process
(Equation 1.60). Namely, this equation shows that the current density is a natural exponential
function of the overpotential and moreover proportional to the CO, concentration on the surface
or near the electrode. Higher current densities will increase the reaction rate according to
Equation 1.61 and lead to depletion of CO- in the electrolyte-electrode interface (double layer)
that cannot be sufficiently compensated with mass transport from the bulk electrolyte into the
double layer. More information regarding the equations and their derivations can be found in

the electrochemical literature.'®®

. . . c ) ZF-
Equatlon 1.60: Jcathodic process = —Jo° COE(O 2. EXP [_ a;_T 77]
€O,

Jeathodic process

Equation 1.61: 9 4/n0aic process — k- CZ‘OZ = 2 F

Where jcatnoaic process 1S the current density, j, is the exchange current density, cco,, ) IS @ time
dependent concentration of CO2 at a distance zero from the electrode’s surface, c¢o, is the CO2
equilibrium concentration, a is charge transfer coefficient (symmetry factor), z is number of electrons, F
is Faraday constant (96485.3 C-mol),  is overpotential, R is the universal or ideal gas constant (8.314

Pa-m®mol"-K"), T is temperature, 9.qnoaic process i reaction rate and k is the rate constant.

Therefore, when CO. is depleted in the double layer under high overpotentials the FE for HER

increases, while the FE for all CO2ER products except CH4 are decreasing, as observed in
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Figure 1.12. The consumption of H* is leading to increase in the local pH value i.e., increase
of the concentration of OH™ ions. The OH" ions react with both dissolved CO, and HCO3~
leading to formation of HCOs~ and COs% according to Equations 1.62 and 1.63, respectively.
Thus, the H* and CO; consumption distorts the equilibrium reactions involving the
CO,/HCO;3;/COs* species (Equations 1.56-1.59) leading to increase in the equilibrium
concentrations of the HCO3;/COs% species. These species are not considered to be species
involved in the first electron/H" step of the CO-ER, but rather the dissolved CO; is considered
as the real active specie.”®® However, there are still controversies and ongoing debates
regarding which specie(s) from the CO2/HCO57/CO3*" equilibrium is/are directly involved in the

reduction reactions.

Equation 1.62: COz(g) + OH (aq) & HCOs (aq)
Equation 1.63: HCOs (aq) + OH (aq) 2 COs?(aq) + H20(l)

Additionally, the HCO3™ ions are more prone proton donors than water® ', which can also
contribute towards favoring of the HER. Moreover, in alkaline conditions the water reduction
dominates over the H* reduction® i.e., over the HER. Regarding the observed increase of FE
for CH4 at the most negative potentials in Figure 1.12, it can be attributed to increased surface
coverage of the *H and decreased for *CO, leading to hydrogenation of the *CO intermediates,
thus hindering the C-C coupling towards production of Co. CO2ER products.** On the other
hand, there are claims that the CO-ER selectivity towards production of C, hydrocarbons can
be increased in electrolytes with lower buffer capacity or with increase of the CO, pressure.'®
In the review publication by Nitopi et al,® it is stated that the rate determining step (RDS) in
the C.+ products pathway when performing COR on Cu is independent of pH on the SHE scale,
but not in the case of CHs where the RDS involves H* transfer, thus being pH dependent.
However, the effect of pH on the CO2ER selectivity especially for production of products that
are reduced beyond CO is rather complex and more research is required to be fully
understood. Additional discussion regarding the effect of buffering and non-buffering anions
on the CO2ER towards Csand C.: products and HER selectivity is provided in the following
subsection, thus more comprehensive information can be found in literature.54 121 130. 151

One of the solutions for overcoming the mass transport limitations and CO- depletion in
the double layer encompasses utilization of a gas-diffusion electrochemical configuration. This
cell design is different than the typical concept schematically presented in Figure 1.7 and
which is more suitable for laboratory scale electrocatalytic activity screening of materials'*
The CO2ER in the gas-diffusion cells or setups occurs in the interface between the gas-liquid-

solid phase (triple phase interface).'® '° The gas-diffusion cell consists of porous gas-
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diffusion electrode (GDE), that is loaded with electrocatalyst as presented in Figure 1.14 -
adopted from Luo et al.”® The GDE and the anolyte are separated with ion exchange
membrane, yet if the design consists of thin electrolyte layer flowing between the GDE and the
membrane, it is known as catholyte configuration or liquid fed electrolyzer, while if the
membrane is placed directly on the GDE it resembles zero-gap configuration cell which can
achieve higher energy efficiency due to the lowered ohmic resistance' in the absence of
catholyte. The zero-gap configuration electrolyzers are fed with humidified COz, thus the water
vapor acts as source of hydrogen required in the CO;ER reactions. Besides these
configurations, many other electrolyzer designs are described in the literature.'?! 124.157.1° The
GDE based electrolyzers can achieve >10 times higher current densities i.e., industrial relevant
current densities® 2" 124 151 thys attaining industrially meaningful rate of CO, conversion,
compared to the typical lab-scale cells, due to overcoming of the CO, mass transport limitation
discussed before, which makes them applicable for large-scale CO2ER. The local pH effect on
the GDE suppresses the HER hence, CO2ER to C.,: products with high FE can be achieved
because the Cy+ pathway RDS, as discussed before, is not depended of pH, while the
production of CHs is not favorable in highly alkaline conditions since the RDS involves
hydrogenation.>* '*° With other words, preventing the local CO, depletion on GDE most
probably increases the *CO coverage that facilitates the C-C coupling over the *CO
hydrogenation pathway under increased local pH conditions, favoring the Cz+ over CHs
production. However, there are various other challenges that can affect the selectivity and
therefore significant part of the CO-ER scientific and industrial communities are dedicated on
resolving many issues associated with the GDE based electrolyzers in order to improve their
efficiency. More information regarding CO2ER in GDE based electrolyzers performances,

progress and challenges can be found in recent literature sources.'®": 159160

Formate, ethanol, acetate, and n-propanol

\’> Electrolyte/membrane

1» Catalyst layer

% - Microporous layer

Gas-diffusion layer

CO, CO, methane, and ethylene
Figure 1.14. Schematic representation of gas-diffusion electrode. The figure is reproduced from Luo et
al.’™ This work is licensed under a Creative Commons Attribution 4.0 International license (CC-BY 4.0,

credit to the authors). Link to license: https://creativecommons.org/licenses/by/4.0/
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Besides performing CO2ER in aqueous electrolytes, there are research efforts for
conducting electrolysis in non-aqueous electrolytes based on organic solvents such as
CH3sOH, acetonitrile, dimethylformamide, dimethyl sulfoxide, propylene carbonate and others,
where CO is significantly more soluble compared to water.'?' The higher CO, solubility can
prevent its local depletion and moreover, the absence of water i.e., H" prevents the HER.
Therefore, higher current densities and better product selectivity can be achieved even in
typical two-compartment electrolyzers.'?' Additionally, there are reports about performing CO>
electrolysis in miscible water/organic solvent electrolytes which provides a possibility for
altering the H* concentration hence, the product selectivity.'?' Nevertheless, many organic
solvents could be expensive and/or toxic, yet there are possibilities to be recycled and reused
for the same purpose.'?' Moreover, utilization of ionic liquids (ILs) as electrolytes or electrolyte
additives are reported to stabilize the CO,* ~ radical anion intermediate via formation of adduct
compounds, that can lead to lower overpotential requirements, improved product selectivity
and higher current densities.’?" '®' Finally, the organic solvents and ILs need to be stable in
the corresponding electrochemical window for both cathodic and anodic processes etc.
Therefore, more research and comprehensive assessments of the utilization of organic, mixed
aqueous/organic and ILs based electrolytes regarding their advantages and disadvantages

including the possibilities for large-scale CO-ER application are required.

Cation and anion effects

Even though the typical electrolytes utilized in the CO2ER research are based on CO-
saturated aqueous KHCOj; (bicarbonate buffer) in order to maintain near neutral pH value,*
the alkaline metal cation size has effect on the selectivity, as presented in Figure 1.13 and
deliberated in various literature sources.5* 12! 130151 The cation and anion effects are extension
of the previous discussion regarding the electrolyte effects. Namely, cations with larger radius
drive the CO2ER selectivity towards production of Cy: products and can contribute towards
suppression of the HER.** One possible effect on the selectivity is that the larger cations are
prone to hydrolysis in the double layer leading to buffering of the local pH increase and
preventing the local CO; depletion.>* '*° Additionally, the larger cations have lower hydration
capacity than the smaller ones hence being more prone to adsorb on the surface of the
electrode and repel the H*, and therefore suppress the HER and CH, production.’®' Another
possible effect could be stabilization of the intermediates involved in the CO2ER pathways

towards Ca. products®* 121: 130. 151

etc. On the other hand, regarding the effect of anions, it was
already discussed above that the HCO3™ ions can be transformed into CO3s* under highly

alkaline local pH (Equation 1.63) and moreover can serve as H* donors thus favoring the HER
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on planar Cu electrodes. Other buffering anions such as H.PO4*/HPOs* have similar effect
as the HCO;™ in terms of promoting the HER and CH, production over Cs. products.®* %!
Electrolytes based on non-buffering anions in the electrolyte, such as SOs*> and ClO4
suppress the production of products where the RDS in the reaction pathways are pH
dependent such as the HER and COER into CHa, favoring the CO,ER into C,. compounds®*
21 The presence of halide anions in the electrolyte can lead to their adsorption on the surface
of Cu, affecting the Cu’s electronic structure thus altering and favoring the CO2ER selectivity

over HER 54,121,130

Effects of electrocatalyst’s morphology and patrticle sizes/interparticle distances

Another important factor, presented in Figure 1.13, that can affect the CO2ER product
selectivity is the surface morphology or surface roughness. Morphologically rougher
electrocatalyst materials composed of various micro- and nanostructures generally resemble
higher electrochemically active surface area compared to the planar ones, and therefore higher
number of electrochemically active sites. The current density increases with an increase of the
electrochemically active surface area'® thus, higher conversion rates can be expected on
morphologically rougher electrocatalysts. Namely, Dutta et al.'®? reported higher selectivity and
higher partial current densities for C> hydrocarbons accompanied with suppression of the HER
on dynamic H bubble template (DHBT) electrodeposited Cu foams composed of dendrite-like
microstructures compared to planar Cu wafer. Moreover, tuning the Cu foam’s pore sizes can

163168 materials

alter the C, hydrocarbons selectivity. According to various literature sources,
composed of pores with interconnected channels can hamper the CO; mass transport
limitations and suppress the local CO. depletion. Regarding the particle size effects (Figure
1.13), it is claimed that decrease of Cu nanoparticle sizes increase the current densities® and
enhances the selectivity for CO and Hz, while suppresses the production of hydrocarbons
compared to planar polycrystalline Cu electrode.”® This effect is attributed to lowering the

54,130 which creates

coordination of the surface atoms with decrease of the particle sizes,
difficulties for the *CO intermediate to be further reduced. On the other side, the decrease
of the interparticle distances can enhance further reduction of the *CO intermediate due to its
re-adsorption.>* ¥° However, these effects are rather complex and more research is required
to be fully understood.

In order to deconvolute the morphology from the other CO2ER selectivity effects, mainly
originating from differences in the surface composition, the increase in the electrochemically
active surface area should be estimated. The parameter associated with the surface-active

sites is the electrochemically active surface area (EASA). However, the accurate experimental
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determination of the EASA is challenging since it is not always exactly known which surface
species from that surface area and how many of them are involved in the CO2ER pathways.
Therefore, in many cases the relative surface roughness factor (RSRF), assuming being
proportional to the EASA, is experimentally estimated instead of the actual EASA from the

electrode’s double layer capacitance (Cpy,), as discussed in Chapter 2 (section 2.3).

Effects of electrocatalyst’s facets and defects

Besides the particle sizes and distances, their shapes also have an important effect on
the CO:ER selectivity. Namely, particle shapes resembling Cu (111) crystal facets are
selective towards CO2ER to CH4, while Cu(100) prefer C-C coupling pathways leading to C»
products (Figure 1.13).%* '*° However, maintaining the shapes of particles with specific facets
during extended electrolysis can be an issue.** Creating grain boundaries and other defects in
the Cu’s structure via electrochemical reduction of copper oxides (oxide-derived or OD-Cu)
can increase the surface roughness leading to improved production of CO and
HCOOH/HCOO™ compared to planar polycrystalline Cu electrode, while other studies reported
CO:ER to hydrocarbons and alcohols.** However, it seems like the selectivity for CO.ER
towards certain products is dependent on the conditions under which the Cu oxides were
formed such as thermal oxidation, anodization, oxygen plasma treatment etc.>* '*° Yet, the real
nature of the OD-Cu active sites due to possible presence of surface or subsurface oxygen
species and their role on the CO:ER selectivity is still under debate in the scientific

communities.>* 130

Effect of second element on the CO.ER selectivity of Cu

Altering the CO2ER selectivity on Cu electrocatalysts via their modification with second
element is an important effect studied in the scope of this thesis. As already discussed in the
previous text, the CO.ER/HER selectivity on some of the d and p block elements can be divided
into four groups i.e., elements on which CO; is intrinsically reduced to CO, HCOOH/HCOO~-
and beyond CO, and elements on which the HER is dominating over the CO2ER (Figure 1.8).
The intrinsic properties are based on the key intermediates binding energies, as presented in
Figures 1.9 and 1.10. Combining Cu with another element can change the CO2ER intrinsic
properties of only Cu, or both Cu and the second element due to various effects originating
from changes in the electronic structure hence, affecting the key CO-.ER/HER intermediates

binding modes. This phenomenon can be defined as synergistic effect and in general it is
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dependent on the Cu:M ratio, where M stands for the second element. Namely, when elements
on which the HER is typically dominating over CO2ER are combined with Cu, such materials
generally show CO2ER catalytic activity similar to the elements that are used to modify the Cu
i.e., favouring the HER over CO,ER®* On the other hand, Pd intrinsically favours both CO.ER
to CO and HER in FE-wise almost equal manner, however when electrode made of this
element is subjected to hydrogen adsorption on its surface the selectivity is altered towards
HCOOH/HCOO production.®* When Cu is modified with Pd and subsequently hydrogen is
adsorbed on the surface of the Pd, such electrocatalysts favours production of CHs and
HCOOH/HCOO™.>* The presence of Pd ions in the electrolyte when performing CO.ER on OD-
Cu can shift the selectivity from CzHa, typically produced on Cu, into C;Hs via Pd assisted
hydrogenation of the C,H4.%* '® Cu-Pd electrocatalyst materials where Cu and Pd are phase
separated or poorly mixed on atomic level (disordered particles) favour production of CoH4 and
C2HsOH in descending order with an increase of the Pd content.>* '7? In this case CO is most
likely produced on the Pd sites, thus undergoes C-C coupling on the Cu sites.'”® On the other
side, when both elements are well mixed on atomic level, i.e. the Pd is incorporated into the
structure of Cu, CO2ER to CO is a favourable process.>* 70

Modification of Cu with Zn, that intrinsically reduces CO- to CO, can lead to production
of CO, i.e. cause the selectivity of the bimetallic Cu-Zn system to display Zn-like behaviour, in
the case of phase-separated and core-shell structure electrocatalysts.”" Another study where
Zn is electrodeposited on the surface of planar Cu electrode shows enhanced CO2ER to
CH,."" Furthermore, Cu-Zn bimetallic materials are reported as catalysts for significant CO.ER
into CoHsOH' and n-C3H,OH."* In the latter case,' it is suggested that under more negative
potentials leading to high local pH the formation of CH4 is suppressed, while *CH3-*CO
coupling is enhanced, since is does not require proton transfer. The reaction mechanism most
probably encompasses formation of *CO intermediates on the Zn sites which couples with the
*CHj; formed on the Cu sites under high overpotentials.’”

The Au and Ag modified Cu materials in many cases show similar intrinsic activity as the
pristine Au and Ag i.e., facilitating CO2ER into CO, however analogously as in the case of Cu-
Zn, the Cu-Au and Cu-Ag electrocatalysts are also able to reduce CO. beyond CO towards
production of C,. products due to synergistic effects or tandem catalyst mechanisms.>* Again
in analogy to the Cu-Zn system, Au and Ag sites can provide CO2ER into CO increasing the
surface coverage of the *CO intermediate, which is further converted into Cy. via the C-C
coupling step on the Cu sites.>

The discussion moves towards combination between Cu and elements that in pristine
form catalyse CO2ER into HCOOH/HCOO-, such as Sn and In (Figure 1.8). Namely, modifying

Cu with Sn or In can drive the CO.ER selectivity towards either CO or HCOOH/HCOO-
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production in dependence on the Cu vs. Sn or In composition. Thus, Cu rich bimetallic Cu-
Sn(In) electrocatalysts are favouring CO2ER into CO over the HCOOH/HCOO™, while Sn(In)
intermediate and rich ones follow the opposite behaviour.'' 1758 Namely, the Cu rich Cu-Sn
bimetallic materials have been very extensively studied catalysts for CO2ER into CO, having
in mind the number of reports in the literature.'" 164 165 175178, 181187 £\ thermore, the
modification of Cu with Sn(In) can significantly suppress the competitive HER in comparison
with pristine Cu.'76-180. 184.188.189 The origin of the enhanced CO and HCOOH/HCOO™ selectivity
on these materials compared to pristine Cu, is most probably attributed to the difference in the
reaction pathways, schematically illustrated in Figure 1.15. Namely, in the case of the Cu-Sn
materials, electronic effects take place involving charge redistribution from Sn into Cu, leading
to formation of partial positive (3+) and negative (6—) charges on the Sn and Cu sites,
respectively.”® The Cu® sites are carbophilic thus supporting binding of the *COOH
intermediate, while the Sn®* sites that show oxophilic nature favourably bind the *OCHO*,""
that transforms into CO (Figure 1.15b) and HCOOH/HCOO™ (Figure 1.15¢), respectively in a
second electron/H* step. Furthermore, density functional theory modelling (DFT), showed that
the binding of the *OCHO* becomes stronger with an increase of the Sn content while the
binding of the *COOH intermediate is weakening,'” which is consistent with the observations
that the Sn-rich or intermediate Cu-Sn electrocatalysts favour CO-ER into HCOOH/HCOO-
over CO."% 7. 187 Ag jt was already mentioned, the In modified Cu electrocatalysts show
similar behaviour in terms of altering the selectivity between CO vs. HCOOH/HCOO" in

dependence of the Cu-In compostion,’”® '8

which most probably originates from identical
electronic effects i.e., charge redistribution leading to competition between the *COOH and
*OCHO* intermediates in favour of stronger binding of the *OCHO* vs. *COOH intermediate
with an increase of the In content (Figure 1.15b, c). Besides altering the CO2ER selectivity
towards either CO or HCOOH/HCOO, as already mentioned above in this subsection, the Cu-
Sn(In) electrocatalysts are suppressing the HER, due to weak binding of the *H
intermediate.'® 188 18 Another study suggests that the presence of Sn atoms on the surface
of Cu nanoparticles are occupying the low-coordinated Cu sites that are active for the HER,
hence suppressing this process.'®

When Cu is modified with S, the multiproduct CO2ER selectivity, typical for pristine Cu,
is altered towards HCOOH/HCOO production.'''®® This is interesting having in mind that the
elemental sulfur is non-metal, does not conduct electricity and does not reduce CO; by itself.
However, the presence of sulfur promotes the binding of the *OCHO* on the surface of Cu
following the HCOOH/HCOO™ pathway,'®*'%® while hindering the binding of the *COOH
intermediate that leads to *CO formation'®® The presence of sulfur most probably promotes

formation of oxophilic Cu®* sites on which the *OCHO* intermediate binds through its O atoms
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and undergoes transformation into HCOO™ in a second electron step, as schematically
illustrated in Figure 1.15c. Yet, it is not experimentally clear whether Cu®* sites really exist
during CO- electrolysis, since to the best of knowledge, there are no literature sources
reporting studies of Cu-S electrocatalysts surfaces under in-situ or near in-situ conditions. On
the other hand, based on DFT simulations, Wang et al.’®’
that both *COOH and *OCHO* intermediates participate in the HCOOH/HCOO™ pathway.

Additionally, the presence of sulfur in the structure of Cu is suppressing the competitive HER,

suggested that there is a possibility

either because the binding of the *H is weakened or, as claimed by Dou et al.,'®? facilitated
compared to its binding energy on pristine Cu which most probably inactivates this

intermediate.
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Figure 1.15. Schematic representation of CO2ER product distribution and reaction pathways on the
surface of pure Cu and Cu-M electrocatalysts: pure Cu, CO2ER into various products (a); Cu-rich Cu-
Sn(In), CO2ER into CO (b); Sn(In) rich/intermediate Cu-Sn(In) (c) and Cu-S (d) favoring COzER into
HCOO . Reproduced from Stojkovikj et al.'”® and edited via adding one more layer illustrating the Cu-S
surface CO2 to HCOO~ conversion. This work is licensed under a Creative Commons Attribution 4.0
International license (CC-BY 4.0, credit to the authors). Link to license:

https://creativecommons.org/licenses/by/4.0/
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Besides the above stated, modification of Cu with other HCOOH/HCOO™ producing

elements, 46 199

such as Pb, Cd and Bi can maintain the intrinsic selectivity of the secondary
element, i.e., Cu-Pb,?® Cu-Cd®*' and Cu-Bi**? combinations are reported as catalysts for
CO2ER into HCOOH/HCOO . Apart from HCOOH/HCOO™ production, Cu-Bi materials are also
reported as very selective catalyst for CO2ER into CH4.2%® Based on DFT simulations, it is
claimed that modifying Cu with Bi as second element is significantly decreasing the formation

energy of the *COH intermediate as RDS in the CH, pathway.?*®

Electrochemical rection of CO; into CO and HCOOH/HCOQO, are these products valuable

and which catalyst materials are optimal for this purpose?

The struggling of the research communities with the challenges affected by the already
discussed parameters and experimental conditions, electrolyzer designs etc. to achieve large
scale application of CO2ER targeting hydrocarbons and alcohols on Cu based materials, that
can directly be utilized in the existing industry, can raise a question that maybe it is better if
alternative ways are more seriously considered. Hence, it appears that single-product selective
electrochemical reduction of CO; with decent to very high FE appears to be experimentally
achievable and reproducible for CO, reduction via two electron/H* steps into CO and
HCOOH/HCOO . In that context, there are already several projects for CO2ER pilot plants
targeting production of CO (or syngas) and HCOOH/HCOO-, from what is available in the
lieterature.’®' One of these projects — the Rheticus project,'® that was already briefly discussed
in section 1.2 of this chapter, involves electrochemical CO, and H>O conversion into syngas
on Ag based GDE reaching current densities up to 300 mA-cm2. The syngas together with
additional CO is further converted into C4 and Cs alcohols in a biochemical step.'®® Other
examples of such projects intended to operate under current densities of 100-200 mA-cm~can
be found in Garg et al."?' Some possibilities include CO2ER to CO or combined CO.ER/HER
into syngas and further conversion into hydrocarbons and alcohols using the Fischer-Tropsch
or reverse water gas-shift/CHs;OH synthesis processes.** 82 1'% 112 On the other hand, HCOOH
and its salts (HCOO") are important industrial chemicals finding applications in the textile,
leather, rubber, pharmaceutical, agricultural, food and other industries.?** Moreover, HCOO-
emerged as a fuel alternative for H. in the direct formate fuel cells (DFFC).2°% 2% Coupling the
COER with DFFC to achieve double effect of CO, conversion and electricity production®’
could be promising and sustainable concept. Furthermore, based on some techno-economic
analyses,® 2% the CO,ER into CO and HCOOH/HCOO- are feasible processes when certain
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conditions are fulfilled, thus the answer of the first question in the subsection title is that both
CO and HCOOH/HCOO™ appear to be indeed valuable CO2ER products.

But which catalyst materials are optimal for CO. conversion into CO and/or
HCOOH/HCOO? Regarding CO-ER into CO, besides the best performing Ag/Au-based** 2%°

electrocatalyst, the ones based on Zn/Zn0,?'% 2" Cu rich Cu-Sn'3" 164.165.175-178, 181187 5nq Cu-

rich Cu-In18 212

materials are also very selective towards CO2ER to CO. However, when both
Ag and Au are excluded as expensive and moreover considering that Ag, In and Zn are listed
as endangered elements with serious risk for future supply,?>%? the very extensively studied
Cu rich Cu-Sn materials appear to be very equitable option for CO-ER into CO. On the other
hand, the CO2 conversion into HCOOH/HCOO- can be selectively achieved on Sn/SnOy, 8" 1%
213 Sn rich and intermediate Cu-Sn,"® '®-'83 |n rich Cu-In,"®® Pb-based (Pb with various
morphologies, Pb-Sn, Cu-Pb),?® Cu-Cd,?*' Cu-Bi***/other Bi based materials,'®® Cu-S'%-1%
etc. However, Pb, Cd and other elements that can also catalyse CO2ER into HCOOH/HCOO-,
such as Hg and Tl are toxic, and probabily this is a limiting factor for their possible application
in practice. Yet, the other catalysts for CO2ER into HCOOH/HCOO™ such as Sn/SnOy, Sn rich
Cu-Sn(In), Cu-Bi and other Bi based, and Cu-S materials compete between each other in terms
of cost, abundance, future risk of supply etc. Namely, Cu, Sn and Bi are also listed as
endangered element for future supply, though not with serious risk like Zn, In and Ag,?*?? and
the future supply of S is currently not under concern.?>?? However, Bi is significantly less
abundant it Earth’s crust compared to Cu, Sn and S.?'* Furthermore, Cu, and especially S, are

215217 and more abundant

considerably cheaper, based on the current market prices,
compared to Sn.?™ Therefore, the Cu-S based electrocatalysts appear to be cost- and

abundance-wise optimal option for CO2ER to HCOOH/HCOO-.

Composition-structure-activity relations in CO and HCOO~ selective Cu-Sn and HCOO~

selective Cu-S electrocatalyst materials as topic of this thesis

Since it appears that Cu-Sn and Cu-S electrocatalyst materials are promising from
various aspects to be possibly utilized in large scale CO; conversion into CO and HCOO, they
are certainly motivating and worth to be more thoroughly investigated. Namely, the CO.ER
products distribution on the Cu-Sn and Cu-S materials and the competition with the HER are
not only dependent on the Cu vs. Sn or S composition, but also strongly dependent on and/or
related with the applied potential for activation of the electrocatalysts, surface morphology
(active surface area), Cu, Sn and S surface speciation (oxidation states) and chemical nature,

electrolyte species etc. Therefore, understanding and being able to control these composition-
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structure-activity relations and experimental conditions that affect the CO2ER selectivity is of
key importance for facing and resolving the challenges in this field toward achieving future
large-scale application. Such application of these materials cannot be feasible without
employing simple, fast and cheap synthesis routes, and additionally relying on recycling
technologies for building a sustainable material circulation process with goal of mitigation the
extraction of the natural resources. Therefore, together with investigation of the composition-
structure-activity relations in the Cu-Sn and Cu-S electrocatalysts during CO2ER, a successful
approach for recycling/repurposing of waste bronze alloy for deriving Cu-Sn foam-based CO
selective electrocatalyst, and simple, fast and cheap synthesis method for preparation of
HCOO selective Cu-S electrocatalysts were developed as one of the main goals of this thesis.

The investigation of the composition-structure-activity relations, experimental conditions
and optimization of the synthesis methods is hardly imaginable without utilization of in-situ
methods coupled with the CO; electrolysis experiment. Besides in-situ quantification and
tracking of the electrolysis products over time, utilization of methods that are able to probe the
electrocatalyst under operating conditions, thus screen its morphological, chemical, structural,
electronic and phase changes and the products of these changes, then monitor the electrode-
electrolyte interface, including the pH changes, reaction intermediates, mobility of various
species etc. are of great importance. Most of these methods involve various spectroscopy,
microscopy and diffraction characterization techniques such as Raman, FTIR, XPS, XAS, MS,
DEMS, ICP-OES/MS, SEM, TEM, XRD etc.?'®?** Therefore, many of the above stated
characterization methods including in-situ and quasi in-situ approaches coupled with CO;
electrolysis are utilized in the scope of this thesis for investigating the Cu-Sn and Cu-S based
electrocatalysts, their electrochemically driven composition-structure changes and the relation
of these changes with the CO.ER activity. The characterization methods that are used in the
scope of for this thesis and their principles, together with the synthesis approaches are
discussed in Chapter 2, the results from the studies are discussed and summarized in Chapter
3 and comprehensively presented and discussed in Chapters 4-6 (publications and
manuscripts included in the thesis). Finally, the importance, advantages, challenges and future
perspectives of the electrochemical conversion of CO,, the Cu-Sn and Cu-S electrocatalyst
materials and additionally possibilities and importance of other electrochemical conversion

concepts such as ammonia and urea electrosynthesis, are summarized in Chapter 7.
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CHAPTER 2. Methods section

2.1. Methods for synthesis of the CO2ER catalysts

General description of the synthesis approaches

The methods utilized for synthesis of Cu rich Cu-Sn as CO-, and Sn rich Cu-Sn and Cu-
S materials, as HCOO™ selective CO- conversion electrocatalysts in this work are either single
or two-step procedures from which the first one is electrochemical and the second one a
chemical process. The electrochemical step involves several methods which are based on:
anodization of Cu layers sputtered on glass substrates (Chapter 4), electrodeposition of
bimetallic Cu-Sn on planar bronze alloy substrates (Chapter 5) and electrodeposition of pure
Cu material on Cu mesh substrates (Chapter 6). In the first study (Chapter 4), electrochemical
anodization of Cu layers was utilized for preparation of Cu(OH), with nanowires morphology,
while in the second (Chapter 5) and third study (Chapter 6), dynamic hydrogen bubble
template (DHBT) electrodeposition technique was applied to prepare Cu-Sn and pure Cu,
respectively, with porous (foam-like) morphology. The second chemical step involved
functionalization of the nanowires with atomic layer deposition (ALD) of SnO; thin layers
(Chapter 4) or sulfidation of the Cu foam with elemental sulfur dissolved in organic solvent
(Chapter 6). In the case when the DHBT method was applied for electrodeposition of bimetallic
Cn-Sn foam, no second step was involved, thus the as-prepared materials were directly used
to study their CO2ER catalytic activity (Chapter 5). A brief discussion of the synthesis methods
is presented in the following text and detailed description is given in Chapters 4-6 and

corresponding publications.'”” 178

Preparation and subsequent anodization of Cu layers for synthesis of Cu(OH):

nanowires

Cu layers were prepared on glass substrates via sputtering deposition. The synthesis of
the nanowires was conducted via anodization of the sputtered Cu layers. The anodization
procedure resembles electrochemical oxidation of Cu from metallic into Cu®* in alkaline
environment thus the presence of OH™ ions is driving growth of Cu(OH), nanowires. The
anodization of the Cu layers was conducted galvanostatically until reaching certain charge
density threshold. Besides electrochemical anodization, similar nanowires growth effect can

be achieved when Cu is oxidized via treatment with strong oxidant (e.g., S:0s?") under alkaline
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conditions. However, the morphological outcome in such cases, besides nanowires, can lead
to formation of other morphological structures such as nanosheets, nanotubes etc., as reported

in the literature, 78 225 226

and accordingly presented in section S3 of the supporting information
in Chapter 5. Proposed mechanisms regarding the process and conditions for formation of
nanowires and other nanostructures can be found in the literature.?® 22"- 22 Figure 2.1
illustrates the Cu(OH)2 nanowires synthesis procedure via electrochemical anodization and the
detailed description of the experimental conditions utilized in this research can be found in
section S1 of the supporting information in Chapter 4, i.e. in the corresponding literature

report,’”” and additionally in other literature sources from where it was adopted.'"

Cu(OH),
nanowires
Sputtering of Cu | ———————— Anodization
—— —
Glass substrate Glass substrate Glass substrate

Figure 2.1. Schematic presentation of the Cu(OH)2 nanowires synthesis procedure via electrochemical
anodization of Cu layers in alkaline environment (Chapter 4).

Functionalization of the CuOx nanowires with deposition of SnO:

The Cu(OH)2 nanowires were thermally dehydrated under vacuum conditions into CuO
prior to functionalization with SnO.. The functionalization of the CuO nanowires was conducted
using atomic layer deposition (ALD) of thin layers of SnO- by altering the amount of deposition
cycles (from 1 to 182) to achieve surface that is either poor or rich with Sn, hence synthesizing
CO or HCOO" selective, CO2ER catalyst, respectively (as discussed in Chapter 4 — publication

reference'’’)

. The dehydration/ALD functionalization process is depicted in Figure 2.2. ALD is
a vapor-based deposition technique that when certain temperature/pressure conditions are
achieved, reactions between the precursors (in this case metal-organic Sn-complex and water)
and the surface of the substrate are triggered, thus the nanowires undergo process of uniform
coating with thin layers of SnO2. The layer thickness can be controlled via the precursor(s)
concentration, temperature, pressure, number and duration of the deposition cycles etc. More
information regarding this technique can be found elsewhere.?® The processes of thermal
dehydration of the Cu(OH). nanowires and SnO- functionalization with ALD do not affect the

morphology, thus the nanowire structures are preserved.
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Figure 2.2. Schematic representation of the dehydration of Cu(OH)2 to CuO and subsequent

functionalization with thin layers of SnO2 (Chapter 4).

Dynamic H: bubble template electrodeposition for synthesis of Cu and Cu-Sn foams

The dynamic Hz bubble template (DHBT) is relatively simple and fast method that is
already reported in the literature for preparation of CO,ER catalysts.'®” As already mentioned,
this method is utilized for electrodeposition of Cu and Cu-Sn foams in the scope of this work.
The method is based on formation of H. bubbles via electrochemical reduction of H* in strongly
acidic electrolyte. These bubbles serve as templates around which mutual reduction of Cu®*
and Sn?*/Sn*" cations lead to formation of bimetallic Cu-Sn foam (Chapter 5), while reduction
of only Cu?* is deriving pure Cu foam (Chapter 6). The as-synthesized pure Cu and bimetallic
Cu-Sn foams resemble porous morphology, as illustrated in Figure 2.3, which are composed
of dendrite-like microstructures (see SEM images in Chapters 3, 5 and 6). The Cu-Sn foam
was DHBT electrodeposited potentiostatically in a three-electrode setup using waste Cu-Sn
bronze alloy anode as a source of Cu and Sn (Chapter 5), while DHBT electrodeposition in a
galvanostatic mode and in a two-electrode setup was used for preparation of pure Cu foam
from deposition solution containing Cu?* (Chapter 6). In both cases the electrodeposition was
conducted until certain time threshold was reached. The synthesis optimization was conducted
via varying the applied potential, current density and time of electrodeposition. The conditions
for formation of metallic porous foams, their pore sizes and thicknesses are dependent on the
metals deposition exchange current densities that are associated with their electrocatalytic
activities for HER, and furthermore the applied potential or current, time, electrolyte convection,
presence of complexing, buffering, surfactant agents etc., during the DHBT electrodeposition
process. More information regarding these effects can be found in the literature.'®”23° Several
publications claim that interconnected channel-porous materials, and moreover when
composed of dendrite-like microstructures can avoid CO- local depletion near the surface of

163-168

the electrode thus enhancing its mass transport during the electrolysis, as already

discussed in Chapter 1 (section 1.3).
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Figure 2.3. Schematic representation of the DHBT electrodeposition of bimetallic Cu-Sn or pure Cu
foams. M** represent Cu?* or Sn?*/Sn** cations. In the case of bimetallic Cu-Sn foam electrodeposition
via transfer of these elements from waste bronze alloy, another identical bronze alloy electrode was
used as an anode (Chapter 5), while in the case of pure Cu foam, high purity Cu foil anode was used
instead (Chapter 6).

Facile method for sulfidation of DHBT electrodeposited Cu foam

The sulfidation method for preparation of HCOO™ selective CO2ER catalysts was
conducted via simple immersion of the DHBT electrodeposited Cu foam in solution composed
of sulfur dissolved in toluene for several seconds under constant stirring. The sulfidation
process does not affect the overall morphology, thus the pore sizes and thickness of the foam
are preserved, yet slightly affects the foam constituents, i.e., the dendrite microstructures
undergo blunting of their edges (SEM images in Chapters 3, 5 and 6). Two possible
hypotheses regarding the sulfidation mechanism are discussed in Chapter 6, thus one
hypothesis is based on a literature report, ' and the other one inspired by an older publication
claiming that the commercial sulfur could contain sulfur species that are more reactive
compared to the thermodynamically stable octa-sulfur (Ss).?*? Figure 2.4 depicts a schematic
presentation of the Cu foam sulfidation method. Additionally, sulfidation of Cu foam was also
successfully conducted using solution composed of sulfur dissolved in CS,, which was

abandoned to the toxicity of this solvent.
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Figure 2.4. Schematic representation of the facile and fast method for sulfidation of the DHBT

electrodeposited Cu foam via its immersion in sulfur/toluene solution (Chapter 6).

2.2. Characterization methods

The chemical composition, crystal structure, morphology, pore size, thickness, oxidation
state speciation, thermal properties of the materials used as electrocatalysts were determined
using various methods intended for specific purpose, as presented in the following text. All
characterization methods were utilized for study of the as-synthesized materials, while large
part of them were used to characterize the materials and electrolytes post-electrolysis. Besides
ex-situ pre- and post-electrolysis characterization, several methods were applied under in-situ
conditions including gas chromatography (GC), thermogravimetric analysis (TGA), electrolysis
coupled with mass spectrometry (EC-MS) and x-ray absorption spectroscopy (XAS), and
under quasi in-situ conditions, such as x-ray photoelectron spectroscopy (XPS). The methods
that are coupled with electrolysis without bulk/surface characterization of the electrocatalyst
itself, such as chromatography and mass spectrometry, are discussed in the next section (2.3)
of this chapter. The important principles, on which each technique is based, are depicted in
the corresponding subsection where the specific technique is discussed. Furthermore, the
experimental results from the characterization studies such as the chemical composition,
phase and crystal structure, and surface speciation can be used as parameters in
computational modeling methods for various CO.ER/HER mechanistic predictions. A very
common computational method is the density functional theory (DFT) that is used to calculate
the binding energies of various intermediate species involved in the catalytic pathways thus to

predict possible reaction mechanisms. Namely, the DFT modeling was used for calculating the
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binding energies of the *COOH/*CO and *OCHO* intermediates on Cu-Sn surfaces that follow
the pathways towards CO-ER into CO and HCOOQO™, respectively, and moreover for calculating
the binding energies of the *H intermediate that is responsible for the competitive HER. Thus,
the DFT results contributed towards understanding the influence of the chemical composition
and surface speciation on the electrocatalytic selectivity towards CO, HCOO™ and H,. More
information regarding the DFT modeling details, specifically for studying the Cu-Sn system,
can be found in Chapter 4, or the corresponding publication.'”’

The following text of this section is dedicated to the experimental characterization

methods.

X-ray diffraction analysis (XRD)

X-ray diffraction (XRD), a non-destructive analysis technique, is used to study and reveal
the chemical, morphological, phase composition and crystal structure of the solid
electrocatalyst materials used in this research. The technique was applied for studying the as-
prepared and post-electrolysis electrocatalyst materials. XRD is based on the diffraction
phenomenon which can be simply defined as interference caused by crystal lattice motifs
subjected to x-ray radiation with dimensions comparable to the wavelength of the x-rays.
During the diffraction the x-rays are scattered elastically when interacting with the electrons of
the atoms, thus no photon energy is being lost. The interference can be of constructive or
destructive nature depending on whether the scattered x-ray waves oscillate in- or out of
phase, respectively. For constructive interference to occur, the phase difference of the waves
must be an integer multiple of the wavelength in order to satisfy the Bragg’s law (Equation
21).

Equation2.1:n-A=2-d-sinf

where n is an integer number (1, 2, 3...), 1 is the x-rays wavelength, d is the spacing between
the lattice planes and 6 is the angle between the incident or the scattered x-ray and the lattice
plane (diffraction angle), as depicted in Figure 2.5. The scattered waves are spherical and
most of them are oscillating out of phase, thus being canceled out and only few of them
undergo constructive interference i.e., the Bragg’s law is satisfied. Yet, it is not always the case
that the waves that oscillate out of phase have to fully cancel out, that is only the resultant
amplitude will be decreased. A full cancelation occurs when a superposition of two waves with

the same frequency (coherent waves) have a phase difference which is odd number
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multiplying 7. A fully amorphous materials due to lack of long-range order arrangement in their
structure do not fulfill the Braggs’s law hence, no diffraction signals can be observed. In reality,
there are no perfect crystals (in theory highest order arrangement is achieved at 0 K i.e., zero
entropy as basis for formulation of the Third’s law of thermodynamic) thus, one of the reasons
for broadening of the diffraction patterns in a diffractogram is presence of fraction(s) of poorly
ordered arrangement of the constituents i.e., amorphous phase(s) in the sample of interest.
Besides presence of amorphous phase(s), the defects in the structure of various nature are
decreasing the ordered arrangement and can also contribute to the aforementioned
broadening.

The XRD studies are typically carried out in two configurations, the Bragg-Brentano and
the grazing incidence x-ray diffraction (GI-XRD), as depicted in Figure 2.5. Powder diffraction
analysis is conventionally carried out in Bragg-Brentano configuration, while the GI-XRD is
used to probe materials such as films and coatings deposited on substrate in a manner that
avoids interference from the substrate itself. This approach uses small angles between the
incoming radiation and the surface of the sample (grazing or glancing angle - w). When this
angle is smaller than the critical angle the beam will undergo a total reflection i.e., will be
parallel to the surface thus no diffraction will be observed, while if it is higher, the x-rays will
penetrate deeper in the sample hence, possible interaction of the substrate can occur.
Therefore, intermediate angles are used to achieve probing only from the deposited material
but not from the substrate. This is achieved in a configuration where the x-ray source, i.e., the
incident angle (w) is fixed, and the detector can move in comparison with the Bragg-Brentano
configuration where both source and detector move with the same rate. Moreover, another
reason for using the GI-XRD technique is the possibility for accurate sample height correction.
If the height is not corrected properly, peak shifts and misinterpretation of the information can
occur, especially when looking for possible alloy formation in the case of the Cu-Sn bimetallic
materials studied in the scope of this work. XRD is a simple technique to record diffractograms
of solid materials with known crystal structures. However, converting the diffraction signals,
data refinement and using this information for resolving unknown crystal structures requires
complex mathematical operations (such as Fourier transformations), and experience which is
beyond the scope of this thesis. The x-rays used for the XRD analysis techniques are obtained
via bombardment of metal target with electrons. Various x-rays are emitted in this process and
most of them are of continuum nature coming from bremsstrahlung i.e., deceleration of the
electrons when interacting with the target. During this process, secondary core electrons (SE)
are removed from the target atoms thus leaving holes. These holes are fulfilled by outer shell
electrons accompanied with emitting characteristic x-rays with much higher intensity than the
continuum rays. Thus, these characteristic x-rays are used for the XRD analysis, most

commonly the Ka spectral lines that are obtained via electron bombardment of Cu target (Cu
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Ka). The generation of characteristic x-rays via SE emission/electron hole fulfilling and the SE
emission itself are typical for the x-ray spectroscopy-based methods (EDX, XRF, XPS, XAS
etc.) hence, more discussion is provided in the following text.

The diffractometer instrumental setup, parameters, and the results and discussions from
the XRD analysis are presented and discussed in (Chapters 3-6) and the corresponding
publications.””” '"® More information regarding the XRD techniques and their applications can

be found elsewhere.?33 234
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Figure 2.5. Schematic illustration of Bragg’s law and the difference between Brag-Brentano and GI-

XRD configuration.

Inductively coupled plasma-optical emission spectrometry (ICP-OES)

The quantitative analyses of the bulk composition of the materials used as synthesis
precursors, the as-synthesized electrocatalysts and the concentration of various elements in
the electrolytes post-CO- electrolysis were conducted using inductively couple plasma-optical
emission spectrometry (ICP-OES). The sample preparation prior to the analysis is specific for
each analyte i.e., the solid materials were dissolved in acids (HNOs, HCI and their mixtures
dependent on the sample/analyte nature), while the electrolytes were analyzed directly or with
particular pre-treatment. The utilization of this technique for the aforementioned purposes and
the analysis results are discussed in Chapters 3-6 (and references,"” '"® for the published

work). The ICP-OES is a multielement quantification technique that is based on atomic
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emission spectroscopy. The liquid sample (aqueous solution) is sprayed in a nebulizer and
transferred in ionized argon plasma under very high temperature (103-10* K) thus, evaporation
and creation of excited atoms and ions from the elements of quantification interest occurs. The
argon plasma is created via strong electromagnetic field induced by radio-frequent generator.
The de-excitation of the excited/ionized atoms emits radiation that is characteristic for each
element (spectral lines), typically in the UV-Vis region of the electromagnetic spectra.
However, various factors can cause broadening and shift of the characteristic spectral lines
thus leading to overlapping. The intensity of the emitted radiation is proportional to the
concentration of a certain element in the sample, following the Beer-Lambert’s law (Equation

2.2). Using this technique, quantification with relatively high sensitivity can be achieved.

Equation 2.2: A = ¢-1- ¢, where A is absorbance, ¢ is absorptivity or extinction coefficient, [ is optical

path length and c is the concentration of the element of interest.

More information regarding this technique can be found elsewhere.?** 2*® The technique setup

and principle on which it is based are schematically depicted in Figure 2.6.
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Figure 2.6. Schematic representation of the ICP-OES technique and simplified principle on which it is

based.
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In-situ thermogravimetric analysis coupled with mass spectrometry (TGA-MS) and

differential scanning calorimetry (DSC)

The thermal properties of the copper sulfide materials synthesized via immersing metallic
Cu in organic solvent in which sulfur is dissolved were analyzed using thermogravimetric
analysis that is in-situ coupled with mass spectrometry (TGA-MS) and differential scanning
calorimetry (DSC). The instrumental setups and measurement results are presented and
discussed in Chapter 6. The TGA is based on measurement of the mass loss as a function of
the temperature.?®” This technique is often coupled in-situ with the very sensitive MS in order
to analyze volatile compounds and/or gaseous decomposition products. Thus, the MS
technique is utilized as a detector and besides coupling with TGA, it can be coupled with many
other techniques such as chromatography, atomic adsorption and emission spectrometry,
electrophoresis etc., and in the case of this work, it is coupled with electrochemical techniques
for in-situ tracking of gaseous products (H>S) evolved during electrolysis (EC-MS) as
presented in the next section (2.3.) of this chapter and discussed in Chapters 3 and 6. The
mass spectrometry is based on detection of various ion species based on their mass-to-charge
(m/z) ratio. The analyte is being ionized with electron bombardment, chemical, photo, plasma,
thermal ionization etc., thus transferred in a separation chamber (mass analyzer). The ions are
separated and detected based on their behavior in magnetic and/or electric field, time of travel
(flight) etc., driven by the differences in the (m/z) ratio. More information about the mass
spectrometry techniques and their application can be found in the literature.?®® The DSC is
utilized to estimate the endo- or exo- heat effects attributed to physical, chemical or phase
transformation of certain material dependent on the temperature. It is based on controlled
applying of heat simultaneously on the sample of interest and a reference material with known
heat capacity and measuring the heat absorption or emission at a certain temperature with
respect to the reference material. A simplified schematic representation of both TGA-MS and

DSC techniques is depicted in Figure 2.7 and more information can be found elsewhere.?*
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Figure 2.7. Schematic representation of the in-situ TGA-MS and DSC techniques.

Electron microscopy (SEM and TEM), energy dispersive x-ray (EDX) spectroscopy and

electron diffraction methods

The determination of the surface morphology, thickness and pore sizes of the
electrocatalyst materials pre- and post-electrolysis was conducted using scanning electron
microscopy (SEM). The method is based on applying electron beam on the solid material in
vacuum thus information about the topography is gathered from the signals coming from the
interaction between electrons and surface species. When the electron beam (energy order of
magnitude ~keV range) interacts the examined probe, Auger and secondary electrons (SE)
are emitted from the shallow surface of the material, back-scattered electrons (BSE) are
reflected from the surface and the bulk, and additionally characteristic and continuum x-rays
(background and fluorescence) are emitted from the bulk of the material. The electrons that
have sufficient energy to pass through the material are known as transmitted electrons. The
part of the examined material that interacts with the electron beam is known as interaction
(sampling) volume that has droplet-like shape (Figure 2.8). The size of the interaction volume
depends on the energy of the applied electron beam and can reach depth in the order of
several micrometers. The SE is core electron that is removed from atom by a primary electron
(from the electron beam), thus in the most common instrumental setups, the SE are used for
providing high-resolution SEM images. On the other side the hole created when a SE is
removed from the atom is fulfilled with an upper shell electron thus characteristic x-ray photon

is emitted. The energy of the emitted x-ray photon is equal to the energy difference between
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the upper and the shell where the hole is fulfilled. These characteristic x-rays are unique for
each element thus being a basis of the energy dispersive (EDX) spectroscopy. The SE
generated deeper in the sample (several micrometers) have smaller mean-free path than the
characteristic x-rays, hence, are unlikely to be detected. The EDX technique is often combined
with the SEM, thus being utilized for bulk quantification and elemental mapping of the
electrocatalyst materials. The thickness of the electrocatalysts when deposited on a substrate
is estimated from the cross-section SEM after a vertical hole is made using focused ion beam
(FIB) ablation or milling. This technique is based on applying beam of metal ions (most
commonly Ga*) thus, area and depth-controlled removal of the sample material occurs. The
sample in then tilted under specific angle and the cross-section thickness is estimated, as
depicted in Figure 2.8.

The transmitted electrons illustrated in the interaction volume scheme (Figure 2.8) are
used in the transmission electron microscopy (TEM) technique for imaging materials yet being
limited to nanoscale thicknesses of the analyzed sample. TEM typically requires higher
acceleration voltages and therefore higher resolution is achieved than in the case of SEM and
moreover the effects of electron interactions with the sample of interest can be utilized to study
its chemical and phase composition. Commonly used techniques for this purpose are the
energy filtered and high-resolution transmission electron microscopy (EF- and HR-TEM) and
selected area electron diffraction (SAED). The EF-TEM is used for elemental mapping i.e.,
studying the chemical composition while HR-TEM and SAED provide crystallographic
information.

More information regarding the SEM, EDX, FIB and TEM instrumental setups used in
this research and more general application of these methods can be found in

240-244

Chapters 3-6'"" '"® and various literature sources, respectively.
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Figure 2.8. Schematic representation of the interaction volume/simplified summary of electron-sample
interactions as basis for the SEM/TEM and EDX techniques and example of FIB ablation of metallic

foam/cross-section SEM for thickness estimation.

X-ray fluorescence spectrometry (XRF)

When elemental mapping and composition analysis of relatively large samples are
required, such as the case of the waste bronze alloy samples depicted in Figure 2.9, (pre-cut
from casted ingots) that were used as anodes during the DHBT electrodeposition of Cu-Sn
foams (Chapter 5'®), the EDX is not practically applicable to completely cover such a big area
and the ICP-OES gives average Cu-Sn composition. Thus, x-ray fluorescence (XRF)
technique was found to be rather useful for this purpose. The XRF is based on ejection of
electron from the inner electron shells of the atom (core electron) with high energy radiation
such as the x-rays hence, leaving hole which is subsequently filled with another electron from
an outer shell accompanied with emission of characteristic x-ray photon. The energy of the
photon corresponds to the energy difference between the outer shell from which the electron
‘jumped’ and the inner one where it filled the hole. Yet, the energy of the emitted x-rays is
smaller than the energy that was used to create the hole and this is known as fluorescence
effect (Figure 2.9). Besides deexcitation with radiation emission, an electron from the outer
shell can undergo non-radiative transitions (such as vibrations in the case of covalent bond
character between the atoms). More information regarding the XRF spectrometry principles

and applications and analysis of Cu-Sn bronzes with this technique can be found elsewhere.?*>
247
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Figure 2.9. Photo of waste bronze anode used for DHBT electrodeposition of Cu-Sn foams (Chapters
3 and 5) and simple schematic representation of the fluorescence principle. The Cu and Sn bulk
elemental distribution and quantification covering the whole area of the bronze anode was conducted

via XRF spectrometry.

X-ray photoelectron spectroscopy (XPS)

As a very surface sensitive method due to relatively small electron mean-free path, the
x-ray photoelectron spectroscopy (XPS) is one of the most important techniques for studying
the electrocatalysts in terms of their surface composition and speciation (oxidation states and
chemical nature), pre- and post-electrolysis (ex-situ) and as near in-situ as possible using the
so called quasi in-situ XPS approach'® (Figure 2.10). The reason for utilization of this
approach is preservation of the surface elements oxidation states, post-electrolysis, in the case
of materials that are prone to oxidation in air. Namely, as presented in Figure 2.10, the CO,
electrolysis experiment is conducted in glovebox under inert atmosphere. After termination of
the electrolysis, the samples are transferred into vessel (transfer arm) attached to the
glovebox, which is afterwards sealed, evacuated and re-attached to the XPS analyzer. The
quasi in-situ XPS approach was applied for studying the surface speciation of the Cu-Sn and
Cu-S electrocatalysts, as presented and discussed in Chapters 3, 4 and 6 of the thesis
(corresponding references for the published work'"").
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Figure 2.10. Schematic presentation of the quasi in-situ XPS approach. The electrolysis is conducted
in a glovebox under inert conditions. After the electrolysis the electrocatalysts are transferred from the
glovebox into the XPS analyzer via the sample transfer arm (vessel) under vacuum. This approach is
beneficial for preservation of electrocatalysts’ surface element(s) oxidation states. The H-type
electrochemical cell is depicted in Figure 2.14 and more information is provided in section 2.3 of this

chapter. This setup was used for the research described in Chapters 4 and 6.

The XPS technique is based on the photoelectric effect i.e., ejection of core level
electrons with x-rays range energy photons in vacuum. The photon energy that is required for
an electron to be excited from a specific core level into the Fermi level is known as binding
energy (BE). The BE is related to the ejected electron kinetic energy (KE) in vacuum and the
work function (WF) according to Equation 2.3. The WF represents the minimal energy required
for the electron to overcome the barrier between the vacuum and the Fermi level i.e., to be
ejected into the vacuum (ionize the atom). This ejected electron is known as photoelectron.
The basic principle of XPS is schematically depicted in Figure 2.11 (left side), and information
regarding this technique can be found elsewhere.?*” The specific core level BE energy set is
unique for particular element, yet in reality certain overlapping can occur due to various

factors.?*®
Equation 2.3: h-v = BE + KE + WF, where h - v is the incident x-ray photon energy.

The XPS core levels of interest in this work are the Cu 2p, Sn 3d, O 1s and S 2p and
additionally the characteristic Cu LsM4sMa4 s Auger transition.?*® Where necessary, the spectra
were corrected with respect to the C 1s core level attributed to C-C bond at 285 eV.%° All core
level peaks were fitted using fitting software and the fitting parameters are adopted from the

literature.?% 2" The Cu 2p, Cu LsM4sMa s Auger and Sn 3d were used for quantification of the
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Cu-Sn based electrocatalysts surface composition and speciation of the constituent elements,
as discussed in Chapters 4 and 5 (and the corresponding references for the published
work'"":18) On the other hand, in the case of the Cu-S based electrocatalysts, both Cu 2p and
S 2p were used for quantification of the Cu:S surface composition, S 2p was additionally used
for speciation of the surface sulfur (as S* and SO4%), while the Cu LsM4sM4 s Auger transition
was used to distinguish and quantify different Cu oxidation states and their chemical nature®'
(such as Cu” from Cu,S vs. from Cu,0), as discussed in Chapter 6.

The Auger effect, depicted on Figure 2.11 (right side) showing KL1L> transition as a
simple example, is a net radiation-less electron emission phenomenon. In the case of the KL1L>
Auger transition, an electron is ejected from the K shell with incident photon that has sufficient
energy to do so (x-rays) hence, a hole is being created (Figure 2.11a). This hole is fulfilled
with another electron from the L4 shell thus secondary x-ray photon is emitted (Figure 2.11b).
The energy of the secondary photon is the difference between the energy of the corresponding
shells (L1— K) and this photon has sufficient energy to eject another electron from outer shell
or subshell (L2 in the case of KL4L> transition), known as Auger electron where KE is its kinetic

energy, simultaneously creating a second hole (Figure 2.11c).

Emission of photoelectron Auger effect - KL,L, transition
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Figure 2.11. Schematic representation of x-rays interaction with the sample via photoelectron (left side)
and Auger electron emission in the case of KL1L: transition as an example (right side). During this
transition an incident x-ray ejects electron from the K shell (secondary electron -SE) hence hole is being
created (a). This hole is filled with outer shell (L1) electron accompanied with secondary photon emission
(b). The secondary photon has sufficient energy to eject another electron from outer shell (L2) known as

Auger electron creating second hole (c).
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Regarding the quantification of the Cu and S surface fractions in the Cu-S based
electrocatalysts, it is important to emphasize that primarily the peak-areas of the corresponding
core levels were normalized with respect to the relative sensitivity factors (RSF) according to
Equation 2.4. The RSF values depend on the x-ray energy and the angle between the source
and the analyzer thus, different values apply for different XPS instrument setups. The RSF
factors are associated with the photoionization cross-section which is the probability of a
photon to completely remove an electron i.e., to ionize the atom at a given photon energy.?*
This probability is different for different core levels and atoms when interacting with a constant

photon energy from a specific x-ray source.

Peak—area after fitting

Equation 2.4: Peak area ., rected vs. RsF =

RSF for specific core level

The RSF correction was not necessary in the case of Cu-Sn due to the similar RSF values for

Cu 2p and Sn 3d core levels of these elements.

Ex-situ and in-situ x-ray absorption spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) was used under ex-situ (pre- and post-electrolysis)
and in-situ mode to study the electronic structure of the SnO, functionalized CuO nanowires,
as described in Chapters 3 and 4."”” The purpose of this study is correlating the Cu and Sn
oxidation states with the CO2ER catalytic activity of the SnO. functionalized CuO nanowires at
various applied potentials. Synchrotron radiation from BESSY-Il (German: Berliner
Elektronenspeicherring-Gesellschaft flir Synchrotronstrahlung, translated in English: Berlin
electron storage ring — Society for synchrotron radiation) was used as x-rays source.?*® The
synchrotron generated x-rays pass through a monochromator prior being utilized for the XAS
study of the electronic structure of the materials in the corresponding beamline/end-station.
The XAS spectroscopy is based on core electron x-ray absorption which undergoes transition
to unoccupied orbitals (conduction band), as depicted in Figure 2.12, contrary to XPS where
a core electron is being ejected beyond the conduction band i.e., into the vacuum (Figure
2.11- left side). The de-excitation process is mainly accompanied by fluorescence (scheme in
Figure 2.9) hence, in the case of the hard x-rays XAS, characteristic fluorescence photons are
being detected. These photons have higher mean-free path which makes this method rather
bulk sensitive (hundreds of nanometers). Yet, transitions accompanied with photoelectron i.e.,
SE emission cannot be fully excluded and moreover electrons can be emitted due to the Auger

effect (Figure 2.11 — right side). These electron emissions are the basis of the total electron
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yield (TEY) detectors in the case of the soft x-rays XAS which is rather surface sensitive
technique since the emitted electrons resemble significantly smaller mean-free path, compared
to the aforementioned fluorescence x-ray photons. The transitions during the x-ray absorption
follow the selection rules thus the transitions where the difference in the orbital quantum
number (1) is 1 (Al = +1) are permitted. Without entering into many details, the allowed
transitions from the ground state orbitals of the core electrons to the unoccupied orbitals are s
—p,p—d,p—s,d— p, while transitions like s - s, p — p, d — d, or s — d are forbidden.
The x-ray absorption spectrum (intensity vs. energy) can be generally divided into three
regions. The first region (pre-edge) involves electron excitation into lower energy bonding
orbitals, the second i.e., edge region involves the highest intensity transition of the electron,
and the third range that requires higher energy than the edge is known as extended x-ray
absorption fine structure (EXAFS). The appearance of pre-edge feature in the spectrum is
simply a deviation from the selection rules (Al = +1), which in reality does occur. Namely, the
x-ray absorption causes an electron to undergo Al = +2 transition e.g., s — d but however,
the intensity of the pre-edge feature is lower compared to the edge. The pre-edge and edge
regions belong to a broader region known as x-ray absorption near edge structure (XANES)
region. The XANES features in the spectrum give information regarding the oxidation state
(e.g., in this research a differentiation between Cu®, Cu* and Cu?* species thus higher energy
shift of the edge implicates higher oxidation state, Chapter 4'’7). On the other hand, the
EXAFS is in a simple way affected by electrons from adjacent atoms and gives information
about their identity, coordination number and bond distances (such as Cu-Cu or Cu-O in this
research). This information cannot be seen immediately from the EXAFS region of the
spectrum, but complex mathematical operations such as Fourier transformations in adequate

software (e.g., Athena) are required for processing of the data.
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Figure 2.12. Schematic representation of x-ray absorption and electron transitions for corresponding

edges.

The in-situ XAS measurements were conducted at the KMC-2 (energy range: 4-15
keV)®* 2% and BAM (energy range: 8-60 keV)*® 2" beamlines, for probing the Cu and Sn K
edges with hard x-rays, respectively. The electrolysis during the in-situ XAS experiments was
conducted in a three-electrode setup using a single compartment box-like electrochemical cell,
placed in an experimental hutch for protection from the high-energy x-rays. The cell was
constructed in a way that x-ray permeable window (LDPE or Kapton tape) was facing the WE
(electrocatalyst), thus a thin electrolyte layer was present between the window and the WE.
The x-rays source and fluorescence detector were placed under angle of 90°. The WE was
irradiated from the front side hence, the x-rays were first passing through the thin electrolyte
layer. A schematic representation of the experimental setup is depicted in Figure 2.13. The
utilized fluorescence detector is based on the aforementioned fluorescence effect (XRF,
schematically depicted in Figure 2.9). Additionally, x-ray transmission detector was used for
measuring the powder reference materials (small amount of Cu20, CuO, Cu(OH)2, SnO and
SnO2 mixed with cellulose, then wrapped in Kapton tape or compressed as pellets).

The ex-situ measurements of the electrocatalyst materials (pre- and post-electrolysis)
were conducted at the UE56/2_PGM-2 beamline using the LiXEdrom end-station, for probing
the Cu L and Sn M edges with soft x-rays (energy range: 60-1300 eV),%*® 2 as described in

Chapter 4."" For this purpose, the typical H-type cell was placed in a glovebox and the
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electrolysis was performed under inert conditions (as the aforementioned case of quasi in-situ
XPS, Figure 2.10), but yet the samples were briefly exposed to air during their loading in the
analysis chamber (Figure 2.13). This can be characterized as a disadvantage, even though
this technique utilizing soft x-rays and as mentioned before, detecting emitted electrons (SE,
Auger electrons etc.) with the TEY detector is very surface sensitive with probing depth of
several nanometers. The soft x-rays attenuation when passing through a liquid medium
(electrolyte layer, like in the case of the hard x-rays in-situ XAS) and the surface sensitivity
coming from the aforementioned small mean-free path of the emitted electrons are limiting
factors that prevent this method to be conducted under in-situ conditions. Besides qualitative
analysis of the oxidation states for both ex-situ soft x-rays and in-situ hard x-rays XAS,
quantification of the Cu and Sn oxidation states was performed using linear combination
analysis or fitting (LCA). The LCA was conducted assuming that the measured XAS spectra
ABC is a sum of individual spectra from A, B, and C constituents with a, b and c fractions for
each component, respectively. Mathematically, this can be expressed with Equation 2.5.
These components are actually an element e.g., Cu present in all three oxidation states (0, +1
and +2) and each oxidation state is fraction in the measured sample. Since a, b and ¢ are
fractions of a whole, their sum must be equal to 1 (Equation 2.6). Plugging both linear
equations (Equations 2.5 and 2.6) with three variables a, b and c in a mathematical software
will generate values of the variables i.e., oxidation state fractions via providing the best fitting
between the measured and mathematically synthesized XAS spectra. It is important to note
that the individual XAS spectra from the A4, B, and C constituents are collected from individual
reference materials i.e., high purity Cu and Sn compounds where each of these elements is in

the oxidation state of interest.

Equation 2.5: ABC=a-A+b-B+c-C
Equation2.6:a+b+c=1

All data was processed using the Athena software and additionally the LCA for the ex-situ Cu
L-edge soft x-rays XAS was performed using the Origin2019b software.

The discussion of the results and more information regarding the experimental conditions
and parameters can be found in Chapter 4."”” More information regarding the XAS techniques

and applications can be found elsewhere. 26262
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Figure 2.13. Schematic representation of the BESSY Il synchrotron radiation source operated by
Helmhotz-Zentrum Berlin GmbH, beamlines and end-stations for XAS measurements and experimental

setups used in this research.

2.3. Electrochemical setups, experimental conditions and methods for

qualitative and quantitative analysis of electrolysis products

The electrocatalytic activity measurements were conducted using conventional H-type
two compartment gas-flow cell custom made of glass. Both compartments (cathodic and
anodic) were separated with cation exchange Nafion membrane. The procedure for activation
of a commercial cation exchange Nafion membrane used in this research is presented in
Chapter 6 (supporting information). Both compartments were filled with 0.1 mol-dm™
KHCOzs(aq) and the electrolyte in the cathodic compartment was continuously purged with
CO.. The CO; conversion active electrocatalysts were placed in the cathodic, while Pt mesh
counter electrode was placed into the anodic compartment. The reference electrode
(3 mol-dm™ KCl(aq) filled Ag/AgClI with E;g/AgCl vs. sye = t0.210 V at 25 °C) was placed in the
cathodic compartment near the electrocatalyst. The electrochemical cell is depicted in Figure
2.14.
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Figure 2.14. Schematic representation of the electrolysis experiment depicting the H-type
electrochemical cell, WE - working electrode (electrocatalyst), RE - reference electrode, CE - counter
electrode, cation exchange nafion membrane and product quantification using gas chromatography
(GC) for the gaseous and volatile liquid products (headspace sampling) and high-performance liquid
chromatography (HPLC) for the non-volatile liquid products (HCOO"). Helium as a carrier gas and pulse
discharge and flame ionization detectors (PDD and FID) were used in the GC setup. The HPLC operates

with H2SO4(aq) as eluent and ultraviolet light detector.

The electrochemical bias required for study of the catalytic activity for CO2ER of all
materials included in this work and the bias required for the aforementioned electrochemical
synthesis step (see section 2.1 of this chapter) was provided using a potentiotat/galvanostat
operating in two- or three-electrode modes. Various electrochemical methods were utilized in
dependence of the specific requirements. The methods used for study of the electrocatalytic
activity are described in the following text, while the electrochemical synthesis methods via
anodization or DHBT electrodeposition are already described in section 2.1 of this chapter.

The electrolysis experiments in all cases when the electrocatalytic activities were
studied, were performed in a potentiostatic i.e., chronoamperometry (CA) mode and 85% of
the I - R drop was corrected by the potentiostat software. The remaining fraction of the I - R
drop is considered negligible when performing electrolysis in H-type cell since relatively low
currents were achieved at the applied potentials of interest hence, it was not additionally
corrected. In the case when the electrocatalyst was electrochemically activated (pre-reduced),
the bias was applied in galvanostatic mode i.e., using chronopotentiometry (CP) — Chapters

4 and 5, or linear sweep voltammetry (LSV) — Chapter 6. Yet, after the CP or LSV step,
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potentiostatic activation at more negative potentials was applied for the electrocatalysts
presented and discussed in Chapters 5'’® and 6. Additionally, cyclic voltammetry in a non-
faradaic range of potentials was used for estimation of the relative surface roughness factor
(RSRF), as discussed in the following text of this section and more information is provided in
Chapters 5'® and 6. All potentials referring to the electrocatalytic activity results were
converted with respect to the reversible hydrogen electrode (RHE) using Equation 2.7, if not

otherwise stated.

Equation 2.7: Evs. RHE = Evs. Ag/AgcCl + E:lg/AgCl vs. SHE + 0.059- pH

Gas chromatography for quantification of gaseous and volatile liquid products

The gaseous and volatile liquid substances obtained as products from the CO2ER (CO,
CHa, CoHa, CoHs, alcohols, aldehydes, ketones, esters etc.) and from the HER (H2) were
quantified with gas chromatography. The technique is based on separation of the components
driven by their interaction with the column stationary phase when they pass through the column
itself. If the stationary phase consists of polar substances, the non-polar components (Ha,
hydrocarbons) will not interact strongly thus their elution from the column will be faster (shorter
retention time) in comparison with the polar components (CO, alcohols etc.) that will require
longer retention time due to stronger interaction. Even though a single instrument and carrier
gas (helium) were used for analysis of both gaseous and volatile liquid products, separate
columns and operation modes are utilized for both groups of products i.e., gas and headspace
channels. Schematic illustration of the methods for product quantification is presented in
Figure 2.14. More information regarding the instrumental setup, separation columns,
detectors, liquid samples preparation, operation and parameters can be found in Chapters 4-
6 (supporting information of the published'” '"® and unpublished work). Additionally, the
electrochemical cell utilized for electrolysis, instrument, electrolyte sampling and operation of
the GC-HS channel are visualized in the Helmholtz-Zentrum Berlin Long Night of Sciences
2021 Virtual Guided Tour.?®® The gaseous products were quantified in-situ during the process
of electrolysis using the gas channel of the instrument. The quantification results together with
other experimental parameters (as described below in this text) are used to calculate the

faradaic efficiency (FE) according to Equation 2.8:

: . _ Zi'Fxi"Qm 100%
Equatlon 2.8: FEgaseous product—i (%) = "

Itotal
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Where z; is the number of electrons required for the reduction reaction for production of a
certain product - i (see Equations 1.28-1.44 for number of electrons required for CO2ER into
different products), F is the Faraday constant (96485.3 C-mol™"),%* x; is the molar fraction of a
certain electrolysis product in the bulk gaseous mixture,™" Q,, is the molar gas flow of CO;
purged into the cathodic compartment of the electrochemical cell. The multiplication product
of the parameters in the numerator represents the partial charge - g; that is passed for
production of a certain product - i for a certain amount of time - t, while the denominator is the
total exchanged current - I, passed in the electrochemical cell. The quantification results for
each gaseous product are presented in ppm, v units (volume fraction of specific gas product
multiplied by 10°) and the total gas flow is given as volumetric flow - Q,, (which is 20 cm®min™’
in all experiments). Under ideal gas conditions assumption for simplification of the calculations,
the molar fraction x; of a component - i in a gas mixture is equal to its volume fraction thus this
parameter can be directly incorporated into Equation 2.8, while the volumetric flow - Q, is
converted into molar flow - Q,,, with Equation 2.9 derived from the ideal gas law or sometimes
known as the Clapeyron equation (Equation 2.10) where R is the universal or ideal gas
constant (8.314 Pa-m3mol”"-K")?®* under temperature - T of 25 °C (298 K) and atmospheric
pressure - P of 101325 Pa, and again under ideal gas conditions approximation for

simplification of the calculations.

Equation 2.9: Q,, = 2%

R'T

Equation 2.10: PV =n-R-T

On the other hand, the volatile liquid products (alcohols, aldehydes, ketones, esters etc.) were
quantified post-electrolysis using gas chromatography coupled with sampling of the vapor
phase above the liquid, referred to headspace gas chromatography (GC-HS). The FE for the

volatile liquid products are calculated using Equation 2.11.

zi'¢i'F'Vcatholyte'100%

Equation 211: FEliquid product—i(%) =

Itotal'telectrolysis

Where, in analogy z;is the number of electrons required for the reduction reaction for
production of a certain volatile liquid product - i (the number of electrons for each of these

reactions is given in Equations 1.28-1.44), F is the Faraday constant, c;is the molar

1T Note: COz is a bulk component in the gas mixture, thus it can be approximated that n.., = n; +

Nco, = MNco,
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concentration of a certain electrolysis product and Vcaehelyte i €lectrolyte volume in the

cathodic compartment of the electrochemical cell.

Hight performance liquid chromatography (HPLC)

The non-volatile CO2ER liquid products (HCOO™ in this case) are quantified post-
electrolysis using high-performance liquid chromatography (HPLC), after sampling electrolyte
aliquot from the electrochemical cell (Figure 2.14). The separation process is based on the
same principle of interaction between the components and the column stationary phase, as
previously discussed for the gas chromatography. The instrumental setup and parameters,
eluent, separation column, detector can be found in the supporting information of Chapters 4-
6."" 17 The FE of the HCOO™ is estimated identically as in the case of the volatile liquid

products using Equation 2.11.

In-situ mass spectrometry coupled with electrolysis (EC-MS)

As already mentioned in the previous section (2.2) of this chapter where the TGA-MS
and DSC techniques and additionally the principles of MS were discussed, the in-situ mass
spectrometry coupled with electrochemistry (EC-MS) setup (Figure 2.15) was utilized for
qualitative real-time tracking of the H.S evolution during the CO- electrolysis process on CuxS
based electrocatalyst. Moreover, the onset potential of the electrochemical reduction of Cu,S
(with mixed digenite/roxbyite phase composition) was determined using this in-situ technique.
The experiments were conducted using the typical H-type electrochemical cell, as in the case
of the electrocatalytic activity measurements, depicted in Figure 2.14. The discussion of the
results and the information about the instrumental setup and conditions are presented in
Chapter 6.
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Figure 2.15. Schematic representation of the in-situ EC-MS setup used for tracking of H2S evolution as

product from electroreduction of the CuxS catalysts.

Estimation of the relative surface roughness factor (RSRF)

The CO2ER product selectivity and suppression of the HER, and their reaction kinetics
could be affected by the electrochemically active surface area (EASA) due to enhanced or
hindered CO, and H* mass transport or other effects, as discussed in section 1.3. of Chapter
1. Therefore, this parameter is important for deriving conclusions about the performance of a
certain electrocatalyst, i.e., whether the CO2ER selectivity towards certain product formation
is perhaps improved because of surface roughening or maybe change in the composition that
affects the intrinsic properties of the electrocatalyst e.g., incorporation of a second element in
the structure of Cu. However, the determination of EASA is not straightforward since it is not
always known which surface species and how many of them are actually involved in the
electrochemical processes. For example, in electrocatalysis, some active surface sites can be
blocked due to strong binding adsorbed intermediates, poisoned by certain impurities,
presence of inhomogeneities, defects etc. On the other side, the electrode double layer
capacitance (Cp) is related to the EASA by assuming that a higher electrode surface i.e.,
rougher morphology (estimated from SEM imaging) should resemble higher Cp.. The
capacitance property is associated with the electrode-electrolyte interface (double-layer) being
able to store electrical charge. The double layer consists of dipole molecules solvated ions
with opposite polarity of the electrode and free solvent dipole molecules. In electrical field the
solvent dipole molecules arrange in a layer covering the electrode surface thus creating a

border between them and the solvated ions attracted by electrode of opposite polarity, as
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depicted in Figure 2.16. The surface area of the double-layer interface can naturally increase
with increase in the area of the electrode e.g., in the case of rougher surface morphology, as
mentioned before. The ratio between the Cp;, of the electrocatalyst material with certain surface
morphology and the Cp;, of a reference material (Equation 2.12), gives the relative surface
roughness factor (RSRF). In many cases, including this work, the reference material is a planar
or near planar substrate used for deposition/derivation of CO2ER catalyst material with rougher

morphology.

Equation 2.12: RSRF = < RLroughmaterial

DL-reference material

When cyclic voltammograms (CV) are recorded at various scan rates (SR) in region of
potentials where no faradaic processes occur, the difference in the capacitive current
density Ajcapacitive at @ fixed applied potential is linearly correlated with the SR, where Cp,,

represents the slope (Equation 2.13).
Equation 2.13: Ajcapacitive = (janodic - jcathodic) = CDL "SR + intercept

Even though the RSRF provides, to some extent, satisfactory information regarding the
possible origin of the electrocatalytic performance related to the rougher morphology, it is
important to note that this factor is not the actual EASA due to the above stated reasons.
Therefore, the EASA and RSRF terms should not be interchanged. Moreover, the actual
values of the Cpy, can be subjected to many discrepancies due to various sources such as drifts
in the reference electrode (RE) potential (the non-faradaic processes region of applied
potentials is rather small thus minor drifts in the RE potential are significant), possible faradaic
processes in the particular range of potentials, comparing materials with different composition,
different electrical conductivity (conductors vs. semiconductors) etc. Therefore, comparing the
Cp, order of magnitudes could give more reasonable conclusions than the actual capacitance
values, as discussed in supporting information of Chapter 6. More information regarding the
electrode double layer interface and protocols for accurate determination of the EASA can be

found in the literature.?®%%
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Figure 2.16. Schematic representation of the electrode-electrolyte interface (double layer). The positive

charges represent solvated cations with dipole molecules from the solvent.

88



CHAPTER 3.

Discussion of publications and manuscript included in the thesis

3.1. General discussion of the electrochemical conversion of CO2, and Cu-Sn
and Cu-S electrocatalysts

The necessity for immediate actions to tackle climate change caused by increasing CO»
concentration in the atmosphere has triggered the scientific communities to focus on studying
of various approaches for CO; capture and conversion. The ultimate idea is to capture CO-
directly from air or from point sources of emissions and to convert it into compounds that can
be utilized as fuels and chemical feedstocks, which are conventionally produced from fossil
raw materials (coal, crude oil, natural gas etc.). CO; is stable molecule hence, the first step
involving the formation of reactive *CO, intermediate (*CO* -, “*COOH and/or *“OCHO*), which
is further converted into products like CO, HCOOH/HCOO-, hydrocarbons, alcohols etc., is an
energy demanding process. Most of the global energy requirements are still facilitated by
combustion of fossil fuels which are the major source of CO, emissions. Yet, to build a
sustainable society independent of fossil fuels, renewable sources of energy must be used to
power the CO: conversion processes. Among the CO; conversion methodologies, a promising
and extensively studied conversion approach is the electrochemical reduction of CO2 (CO2ER).
This has many advantages over other conversion approaches the most important being the
possibility to perform CO2ER in aqueous electrolytes, at ambient temperatures and pressures,
and to directly store/utilize electricity produced by any renewable energy source. Namely, this
makes the renewable energy powered CO;ER approach independent of the amount of
sunlight, wind etc.

Regarding the electrocatalyst materials, Cu is unique terms of its intrinsic ability to
convert CO- via multi electron/proton steps into hydrocarbons, alcohols etc. which are valuable
as fuels and industrial feedstocks. However, even after decades of studying Cu catalysts, it is
still very challenging to improve the CO.ER selectivity towards a single product whilst
simultaneously suppressing the competitive hydrogen evolution reaction (HER) in aqueous
electrolytes, hence impeding the large-scale application of the electrochemical CO;
conversion. The challenges originate from various catalysts, experimental conditions and
parameters, including electrolytic effects such as double layer changes of pH, effect of
cations/anions, effects of surface morphology, facets, defects, particle sizes, inter particle
distances, presence of second elements in the catalyst's structure etc., and various
engineering challenges in the reactor i.e., electrolyzer designs. Many of these effects are still

debated and not fully understood. Various catalyst materials are selective towards two
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electron/proton CO- reduction into CO and HCOOH/HCOO~ with significant suppression of the
HER. Converting CO2 to CO with high selectivity and its further transformation into valuable
hydrocarbons, alcohols etc. via other conversion approaches such as thermocatalytic or
biochemical processes appears to be a reasonable strategy. Besides Ag and Au, cheaper and
more abundant materials have emerged as suitable electrocatalysts for selective CO2ER to
CO. These include Cu-Sn based materials where Sn shifts the multi product CO2ER on pristine
Cu into a single product (Figures 3.1a vs. b, ¢). Modifying Cu with a small amount of Sn can
substantially increase the selectivity towards CO, while modification with intermediate and
large amounts of Sn results in CO2ER selectivity towards HCOO~. On the other hand,
modification of Cu with S can also alter Cu’s selectivity towards HCOO-. In both cases i.e.,
whether Cu is modified with Sn or S, the HER can be significantly suppressed. The changes
in Cu’s intrinsic properties by the second element (Sn or S in this work) originate from electronic
structure perturbations i.e., charge transfer from one element to the other one, on the surface
of the electrocatalysts that affect the binding modes of the *COOH, *OCHO* and *H
intermediates following the CO, HCOO~ and HER pathways, respectively. These electronic
effects can be referred to as synergistic effects between Cu and the second element and
whether one pathway or intermediate binding is preferred over the others is generally
dependent on the surface ratio between both elements. In the case of Cu-Sn electrocatalysts,
charge is transferred from Sn to Cu creating Sn®* and Cu® sites on the surface. The Cu® sites
are carbophilic thus preferably bind the *COOH following the CO pathway (Figure 3.1b), while
the oxophilic Sn®* sites bind the *OCHO* intermediate leading to production of HCOO™ as
illustrated in Figure 3.1c. Hence, the increase in the Sn surface concentration favors binding
of the *OCHO* over *COOH intermediate therefore enhancing the HCOO™ selectivity, while
increase in the surface Cu favors CO production. On the other hand, when Cu is modified with
sulfur, a charge transfer from Cu to S or actual redox process takes place creating positive Cu
and negative S sites, thus the oxophilic Cu®* (or Cu®) sites most probably prefer binding of the
*OCHO* intermediate following the HCOO™ pathway (Figure 3.1d). Yet, to the best of
knowledge there is no experimental evidence that Cu®* or Cu” sites exist on the surface of the
electrocatalyst material during CO: electrolysis, which is one of the main challenges
investigated in the scope of this thesis. However, the CO2ER selectivity towards both CO and
HCOO™ on Cu-Sn and the selectivity towards HCOO™ in the case of Cu-S catalysts is not only
dependent on the composition. It can be affected by other factors such as, applied potential,
surface morphology, electrochemical activation, local electrolyte species etc. Therefore,
studies associated with the influence of these effects on the CO2ER selectivity and moreover
revealing how the surface speciation (oxidation states) of Cu, Sn and S and their chemical

nature are related to the selectivity, were performed using various characterization techniques.
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Besides utilization of chromatography methods to quantify the CO.ER products and to estimate
their faradaic efficiencies (FE) distribution under different conditions, the other applied methods
are intended to characterize the chemical and phase composition, structure, morphology and
surface speciation of the electrocatalyst materials. The latter methods involve XRD and several
spectroscopy techniques such as ex-situ hard x-ray and in-situ soft x-ray XAS, ex-situ/quasi
in-situ XPS, in-situ EC-MS, ICP-OES, and microscopy techniques such as SEM, TEM etc.
Furthermore, studying the possibilities for recycling/repurposing Cu-Sn waste bronze to derive
CO selective Cu-Sn and development of facile and fast method for preparation of HCOO-
selective Cu-S electrocatalyst is of great importance towards the sustainable future application

of these materials in large-scale COz conversion electrolyzers.
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Figure 3.1. Schematic illustration of the reaction pathways on the surface of pure Cu on which various
CO2ER products can be obtained (a), Cu rich Cu-Sn favoring CO2ER to CO (b), Sn rich Cu-Sn (c) and
Cu-S (d), favoring CO2ER into HCOO-.
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3.2. Composition-structure-activity relations in Cu-Sn catalysts

In order to reveal the composition-structure-activity relations of the Cu-Sn
electrocatalysts during CO2ER, SnO- functionalized CuO nanowires were synthesized. This
was done in two steps combining electrochemical anodization of pre-sputtered Cu layers on
glass substrates in alkaline medium to grow the nanowire structures and subsequent thermal
dehydration/atomic layer deposition (ALD) of ultrathin SnO- layers on top of the surface of the
CuO nanowires for their functionalization (Figure 3.2a). Several different thicknesses of the
SnO; layers were obtained by varying the number of ALD cycles (between 1 and 182c,
corresponding to 0.1-20 nm). The SEM images of CuO nanowires functionalized with 15¢ of
SnO; (CuNW-Sn) are presented in Figures 3.2b, c. The average length of the nanowires is
around 10 ym. The results from the (grazing incidence) GI-XRD characterization in Figure
3.2e show that the as-prepared CuNW resemble the XRD pattern of Cu(OH).. The Cu(OH)
phase undergoes conversion into CuO during the dehydration/SnO, ALD functionalization
step, as observed from the diffractograms of both CuNW-Sn samples (15 and 182 cycles).
Metallic Cu features can also be observed in the diffractograms for all examined materials i.e.,
bare CuNW and CuNW-Sn prepared with 15 and 182 ALD cycles, coming from the sputtered
Cu layers from which the nanowires grew in the process of anodization. No SnO; features can
be observed in the CuNW-Sn diffractograms even for the samples with the highest number of
ALD cycles (SnO- thickness of 20 nm). This could be due to the orientation of the nanowires

leading to predominantly probing the bulk Cu(OH) structure.
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Figure 3.2. Schematic representation of the synthesis approach CuNW-Sn (a), SEM images of CuNW-
Sn15c (b, c), Cross-section SEM of CUNW-Sn15c (d), and GI-XRD patterns of as-prepared bare CuNW,
CuNW-Sn15¢ and CuNW-Sn182c (e).

The CuNW-Sn functionalized with various SnO, ALD cycles were examined for their
CO:ER electrocatalytic activity in KHCOz3(aq) and the results are presented in Figure 3.3. Prior
to examination of the product selectivity, the electrocatalysts were activated by applying a fixed
current density of —2 mA-cm2 until a potential threshold of -0.5 V vs. RHE V is reached. Figure
3.3a shows that the CO selectivity increasing with an increase in the amount of surface Sn
from 0 to 15 ALD cycles. For 15-25 ALD cycles, a steady state FE of 75-80% was obtained at
an applied potential of -0.7 V vs. RHE. Simultaneously, from 0 to 15 ALD cycles the H>
selectivity decreases and reaches a steady-state FE of 12-14% for 15-25 ALD cycles.
Moreover, the production of HCOO™ significantly decreases compared to bare CUNW even with
the smallest amount of SnO2 (1 ALD cycle). Namely, FE values of 6-7% are observable for all
CuNW-Sn, except when SnO, is deposited with 182 cycles. In the latter case, the FE for
HCOO™and H: increase and for CO decreases reaching values that are similar as for the bare
CuNW, except no hydrocarbons like CHs and C2H4 can be observed. From these results, at an

applied potential of —0.7 V, it can be summarized that functionalization of the CuNW with small
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amounts of SnO, (1-25 ALD cycles) typically show synergistic effects between Cu and Sn
leading to suppression of the HER and HCOO™ while substantially enhancing the selectivity
towards CO. The CuNW-Sn functionalized with 15 and 182 ALD cycles of SnO,, abbreviated
with CuNW-Snow and CuNW-SnwigH, respectively, were further studied at various applied
potentials. The results from the CO, HCOO~ and H. FE distributions at various applied
potentials for the CuNW-Sn.ow are presented in Figure 3.3c. It can be observed that the
presence of HCOO™ production is suppressed in the whole range of potentials, while the HER,
even though cannot achieve higher FE values than 30% at all applied potentials, it undergoes
the highest suppression at —0.7 V. Simultaneously a maximal CO FE of ~80% is observed. On
the other hand, the Sn rich electrocatalyst i.e., CUNW-SnwigH typically shows low FE for CO
(<15%) in the whole examined range of potentials, yet the HCOO™ production enhances with
an increase of the applied potential, while the H, production simultaneously decreases from
—0.6 to —0.9 V (Figure 3.3d). The observed enhancements in CO-, on the Cu-rich (CuNW-
SnLow), and HCOO™ on the Sn rich (CuNW-SnwigH) surface are due to effect coming from the
*COOH vs *OCHO* intermediates binding interplay, as discussed in the previous section (3.1.)
and presented in Figure 3.1. Moreover, it appears that more negative potential is required to
reach the highest FE for HCOO™ on the CuNW-SnnicH in comparison with the applied potential
required for the highest FE for CO in the case of the CuNW-Sn.ow electrocatalyst.
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Figure 3.3. CO2ER activity results: Faradaic efficiency (FE) and total current density distribution of
various products for bare and SnO2 modified CuNW with various ALD cycles (a), Partial current density
distribution of various products on bare and SnO2 modified CuNW with various ALD cycles (b), FE and
partial current density distribution of H2, CO and HCOO~ at various potentials on CuNW-SnLow (c) and
CuNW-SnricH electrocatalyst (d). The electrocatalytic activity is studied in CO- saturated 0.1 mol-dm™3

KHCOzs(aq) as electrolyte.

However, the schematic illustration in Figures 3.1b, ¢, showing the partial charges on
Cu and Sn surface atoms formed due to charge redistribution, does not explain the real
oxidation states of these elements and moreover how the selectivity is related with the surface
speciation. Therefore, several x-ray spectroscopy and other techniques were applied for
probing the electrocatalyst’'s chemical and phase composition and the Cu and Sn oxidation
states in the electrocatalyst materials.

The electrocatalytic processes occur on the surface of the catalyst material, therefore a
surface sensitive soft x-ray XAS technique was applied to study the Cu L and Sn M edges in
bare CuNW and CuNW-Sn electrocatalysts under various conditions. The surface sensitivity

of this method is limited by the mean-free path of the x-ray generated photoelectrons thus
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constraining the probing depth below 10 nm. Hence, the advantage for surface sensitivity
examination, together with the attenuation of the x-rays when passing through a liquid medium
(electrolyte) restricts the possibility for in-situ studies of the Cu and Sn oxidation states under
CO: electrolysis conditions. Therefore, the CO; electrolysis experiments were first conducted
under inert atmosphere (in glovebox) and the samples were subsequently transferred in the
XAS analyzer chamber under vacuum. Unfortunately, brief air exposure was unavoidable
during the sample transfer process. The results from the Cu L and Sn M edges soft x-ray XAS
study of bare CuNW, CuNW-Sn.ow and CuNW-SnwigH, as-prepared, after electrochemical
activation at a fixed applied current density of -2 mA-cm~2 until reaching potential of -0.5 V
and after CO; electrolysis for 10 min (only for CUNW-SnwicH), and 2 h, at applied potential of
—0.7 V for all samples, are presented in Figure 3.4. Namely, Figure 3.4a represents the Cu L
edge XAS spectra for the samples examined under the aforementioned conditions and
additionally XAS spectra of relevant Cu-based reference materials. The Cu L edge spectra of
bare CUNW and CuNW-Sn.ow recorded prior to the electrolysis resemble two peaks that match
the Ls and L peak positions for Cu?* species from Cu(OH). and CuO when compared with the
reference materials spectra, which is in agreement with the XRD data in terms of the observed
phases. On the other hand, the CuNW-Snniecn material does not show any Cu L edge signal
because the thickness of the SnO, functionalization layer (20 nm) is higher than the probing
depth of this technique. Identical result for the CuNW-Snnicn sample can be observed even
after the material was pre-reduced under fixed current. However, the fixed current pre-
reduction until —0.5 V of the bare CuNW transforms the Cu?* into Cu* and metallic Cu® surface
species, while incomplete transformation can be observed in the case of CuNW-Snowi.e.,
besides Cu*/Cu®, unreduced Cu?* species are still present. The Cu L edge spectra for the bare
CuNW and CuNW-Sn.ow after 2 h electrolysis at —0.7 V does not differ significantly from the
pre-reduction spectra of these materials, yet in the case of CUNW-Snwigx Cu signal did appear
resembling ill-shaped Cu L edge peaks. The appearance of the Cu L signal in the CuNW-
Snwich after 2 h electrolysis at —0.7 V suggest that the SnO- layer became as thin as the probing
depth possibility to be observed. Hence, it appears that significant amount of surface Sn was
removed during the electrolysis via possible migration into the bulk or was dissolved in the
electrolyte. Figure 3.4b shows the Sn M edge spectra where in the case of as-prepared and
pre-reduced CuNW-Sn_ow and CuNW-Snpich, features that are attributed to both Sn** and Sn?*
species can be observed when compared with the reference spectra of the SnO, and SnO.
The Sn M edge signal disappears after 10 min of electrolysis at —0.7 V for the CuNW-Sncow,
while significantly diminished features in the spectrum are observable after 2 hours electrolysis
in the case of CUNW-SnnicH. However, the weak features at ~485 and ~493 eV can possibly

be attributed to metallic Sn°. The diminishing of the peaks in the CUNW-Snuicn material i.e., Sn
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removal from the surface after 2 h electrolysis is in agreement with the appearance of the ill-
shaped Cu L features (Figure 3.4a). The electrolyte was analyzed using ICP-OES confirming
the loss of both Cu and Sn, with a more significant loss of Sn in the case of CUNW-Snuigh. The
deconvolution of the Cu*/Cu® in the Cu L edge and Sn*"/Sn?* species in the Sn M edge spectra
is rather challenging. Moreover, possible re-oxidation caused by the short air exposure during
sample transfer hampers the providing of clear evidence whether, besides metallic Cu and Sn,
Cu* and Sn?* and possibly Cu?* and Sn** species persist during the electrolysis.
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Figure 3.4. Cu L (a) and Sn M (b) edge soft x-rays XAS spectra recorded ex-situ for: bare CuNW,
CuNW-SnLow and CuNW-SnhicH under as-synthesized, pre-reduced with chronopotentiometry (CP) at
—2 mA-cm~2 and 2 h CO: electrolysis conditions at —0.7 V. Additional Cu L and Sn M XAS spectra were
recorded for Cu- (c) and Sn- (d) based reference materials, respectively.
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To gain more knowledge about the Cu and Sn electronic structures without air exposure
and possible reoxidation of the samples, the bare CuNW and CuNW-Sn materials were
investigated in-situ during the pre-reduction and during the CO- electrolysis using hard x-ray
XAS, probing the Cu and Sn K edges. Namely, the penetration depth of the hard x-rays can
reach few micrometers in the sample and additionally 1-2 mm in water (electrolyte), which
makes this method suitable for in-situ characterization of the catalyst materials under CO
electrolysis conditions in electrochemical cell with a thin electrolyte layer (~0.5 mm) located
between the electrocatalyst (cathode) and x-ray transparent window. The Cu K edge XANES
and FT-EXAFS spectra for the bare CUNW and CuNW-Sn materials recorded under various
conditions and for the reference materials are presented in Figure 3.5, According to the results,
the as-synthesized materials resemble Cu?* oxidation state attributed to Cu(OH), for the bare
CuNW, and to CuO for the CuNW-Sn_ow and CuNW-SnnigH, and this is also obvious from the
Cu-O bond features with radial distance of ~1.6 A in the FT-EXAFS (Figure 3.5d). Moreover,
all as-synthesized samples show features for metallic Cu species (pre-edge shoulder at ~8977
eV) in the XANES spectra and feature at ~2.3 A attributed to Cu-Cu bond in the FT-EXAFS.
The presence of metallic Cu can be attributed to interference from the sputtered Cu layer from
which the nanowires grew during the synthesis process. The XANES spectra recorded in
several time intervals to follow the transformation of the bare CuNW, CuNW-Sn_ow and CuNW-
Snuich materials during electrochemical pre-reduction show that the Cu?* specie gradually
transforms into fully metallic Cu (Figures 3.5a, b). After the pre-reduction, the electrolysis was
performed at applied potential —0.4 V, yet due to noise from bubble formation it was decreased
to —0.1 V. Namely, this value is lower than the typical applied potentials where the highest FE
for CO and HCOO™ are observed on the CuNW-Sniow and CuNW-Snnigh electrocatalysts,
respectively (Figures 3.3c, d), yet it was quite challenging to record EXAFS spectra under
more negative potentials. However, only metallic Cu can be observed from both XANES and
FT-EXAFS results (Figure 3.5d). These results are supporting the previously discussed soft
x-rays XAS in terms of reductive transformation of the Cu®* under electrochemical bias and
moreover revealing that metallic Cu is rather dominant over the Cu* species during the CO>
electrolysis. In the next step, the Sn speciation in the CuNW-Sn materials was investigated

with hard x-ray XAS via probing the Sn K edge.
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Figure 3.5. Cu K edge XANES spectra of bare Cu NW, CuNW-Snrow, CuNW-Snrict and reference
materials, recorded ex-situ for the as-synthesized samples and reference materials and in-situ during
the chronopotentiometry (CP) pre-reduction at fixed current density of —0.2 mA-cm (a) and during CO>
electrolysis at—0.1 V (c). The CP pre-reduction time regions (b) are color coded with the XANES spectra
presented on (a). FT-EXAFS of bare Cu NW, CuNW-SnLow, CuNW-Snnich and reference materials
generated from EXAFS spectra (d). The EXAFS spectra were recorded ex-situ for the as-prepared and
reference materials and in-situ during COz2 electrolysis at —0.1 V. The XANES and EXAFS spectra were

collected at —0.1 V after decreasing the potential from —0.4 V due to noise caused by bubbles formation.

929



The results from probing the Sn K edge with XAS under ex-situ for the as-prepared and
in-situ conditions during the CO; electrolysis are presented in Figure 3.6. From these results,
it can be observed that the Sn K edge XANES spectra resemble SnO; for both as-prepared
CuNW-Snow and CuNW-Snuigh materials (Figures 3.6a, b). The SnO; readily reduces into
SnO and metallic Sn under negative bias when examined in range of potentials between —-0.5
and -0.9 V, for the CuNW-SnnicH, and between —-0.5 and -0.7 V, for the CuNW-Snow
electrocatalysts. However, the SnO; reduction into Sn° is not complete and both SnO and SnO»
species are still observable. The linear combination (fitting) analysis (LCF or LCA) results
estimated from the CuNW-Snnicy XANES spectra (Figure 3.6¢) show that the Sn oxidation
state is dependent on the applied potential. At applied potential of —0.5 V, a mixture of SnO
and SnO; can be observed, certain SnO fraction transforms into metallic Sn starting from —0.6
V, while the SnO: fraction is not affected at both —0.6 and —-0.7 V. Yet, at —0.7 V additional SnO
fraction undergoes transformation into metallic Sn thus, the metallic fraction surpasses the
SnO. Finally, at applied potential of —0.9 V, under which the highest FE for HCOO™ is observed
for the CUNW-Snuich electrocatalyst (Figure 3.3d), the metallic Sn emerges as the dominant
fraction, SnO, as secondary and additionally a small fraction of SnO is still present. These
observations suggest that besides Sn°, Sn can indeed persist in +4 and traces of +2 oxidation
states which is challenging to resolve from the Sn M edge soft x-ray XAS spectra due to the
sample transfer air exposure, as discussed above in this section (Figure 3.4b). However, the
hard x-ray XAS is more bulk than surface sensitive, as obvious when observing metallic Cu in
the as-prepared materials (Figures 3.5a, c, d) originating from the sputtered layer from which
the wires grew during the synthesis. Furthermore, it cannot be excluded that the reduction of
the CuO/Cu20 and SnO/SnO; into metallic Cu and Sn, respectively during the electrolysis is
attributed to reduction of subsurface oxides, which presence in the case of oxide-derived Cu

catalysts is debated in the scientific communities.
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Figure 3.6. Sn K edge XANES spectra of CUNW-SnLow, CuNW-Snrich and Sn reference materials,
recorded ex-situ for the as-synthesized (AS) samples and reference materials and in-situ for the CuNW-
SnLow (a) and CuNW-Snhich (b) during CO:2 electrolysis in the range of applied potentials between —0.5
and —0.9 V. Linear combination (fitting) analysis (LCF or LCA) generated from the Sn K edge XANES

spectra (c).

Being aware of the limitations of both ex-situ soft and in-situ hard x-rays XAS, a
compromise was found in utilizing the surface sensitive technique XPS under so called quasi
in-situ conditions. In this case the CO- electrolysis was performed under inert conditions (in
glovebox) like in the case of the sample preparation for the soft x-rays XAS, but the
electrocatalyst samples were transferred from the glovebox into the XPS analyzer under
vacuum without being exposed to air. Cu 2p, Cu LMM Auger and Sn 3d XPS spectra were
recorded for the bare CuNW, CuNW-Sniow and CuNW-Snnyen materials under various

conditions. The as-prepared bare CuNW resembles Cu?®* attributed to Cu(OH)z, which agrees

101



with the previously discussed characterization results (from the XRD and XAS studies), being
completely reduced into metallic Cu after applying potential, as low negative as —0.5 V,
interpretated from the Cu 2p and Cu Auger spectra (data presented in Chapter 4). However,
the most important samples are the CuNW-Snow and CuNW-Snich materials, as selective
electrocatalysts for CO, to CO and HCOO-, respectively. Namely, the Cu and Sn surface
species quantification results for the CUNW-Sn.ow and CuNW-Snnich are presented in Figure
3.7. From these results, the as-prepared CuNW-Sniow resemble fully oxidized Cu and Sn
surface species, thus typically the CuO is dominating (Figure 3.7a) due to the low number of
ALD cycles for this sample (15c¢). On the other hand, the surface of the as-prepared CuNW-
Snhich, is completely covered with SnO, thus no Cu species can be observed (Figure 3.7b),
as expected when the nanowires are functionalized with 182 ALD cycles - corresponding to a
thickness of around 20 nm. Hence, these results agree with the ones from the XAS studies for
all probed edges. When negative bias is applied in the range between —0.5 and —0.9 V, Cu
undergoes complete reduction to metallic, yet certain fraction of SnOx remains persistent, while
traces of metallic Sn can be observed in the case of the CO selective CuNW-Sniow
electrocatalyst (Figure 3.7a). The SnOx surface species in the CUNW-SnnicH (Figure 3.7b) do
not undergo reduction at —0.5 V, yet significant fraction of metallic Sn can be observed at more
negative potentials i.e., at —0.7 and —0.9 V. In contrast, the results from the Sn K edge spectra
LCF for the CuNW-SnnicH sample (Figure 3.6¢), show that the metallic Sn fraction is rather
dominant over the SnOy, but most probably this is an effect coming from the bulk sensitivity of
the hard x-rays XAS. Regarding the Cu speciation in the CUNW-SnnicH (Figure 3.7b), traces
of metallic Cu can be observed at —0.5 V and this fraction increases significantly at —0.7 and —
0.9 V simultaneously with decrease of the Sn fraction as a consequence of the previously
discussed Sn removal from the surface of the material and/or additionally possible migration
of Sn to the bulk and Cu to the surface. Comparing the quasi in-situ XPS results with the
previously discussed ex-situ soft and in-situ hard x-rays XAS for the CuNW-Sniow
electrocatalyst, it can be summarized that metallic Cu is dominant specie, thus the presence
of Cu*/Cu?* species most probably is a consequence of air exposure during the sample transfer
in the case of ex-situ soft x-ray XAS. Moreover, this is confirmed with XPS after exposing the
sample in air, post-electrolysis. A decrease in the total Sn fraction for the above stated reasons,
is also observable in the case of the CuNW-SnLow. Regarding the Sn speciation for this
electrocatalyst, the comparison of the results and additional XPS analysis of air exposed
samples, post-electrolysis, suggest that even though the air-exposure indeed oxidizes the
metallic Sn to SnOy, these species co-persist with Sn° during the electrolysis at —0.7 V (Figure
3.7a) i.e., when the highest CO selectivity is observed (Figure 3.3c). Similar can be claimed
in the case of the CUNW-SnngH, yet both metallic and SnOy surface fractions are higher than

in the case of CUNW-SnLow sample. Moreover, the increase in the fraction of metallic Sn
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surface species at —0.7 and —0.9 V in the CuNW-SnnicH (Figure 3.7b) appear to be beneficial
for enhancing the HCOO~ selectivity (cf. CO2ER activity results in Figure 3.3d).
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Figure 3.7. Results from the quasi in-situ XPS quantification of the surface species in the as-synthesized
(AS), and post-electrolysis CUNW-SnLow (a) and CuNW-Snhicn (b) samples. The CO:2 electrolysis was
conducted in the range of potentials between —0.5 and —0.9 V. The highest FE for CO is obtained at —
0.7 V on the CuNW-SnLow corresponding to total Sn fraction of ~13 at.%, while the highest FE for
HCOO™ at —0.9 V, on the CuUNW-SnnicH electrocatalyst (total Sn fraction of ~70 at.%).

Additional post-electrolysis studies with energy filtered transmission electron microscopy
(EF-TEM) showed that nanowire’s core and SnOx shell are persistent during the
electrocatalysis processes. GI-XRD, high resolution-transmission electron microscopy (HR-
TEM) and selected area electron diffraction (SAED) indicate that in the case of the CuNW-
Snrich, CusSns phase is being formed at the boundary between the nanowire’s core and SnOy
shell at potential of —0.9 V (results presented in Chapter 4). Moreover, the SAED analysis
showed that at the same applied potential, when the selectivity for HCOO is significantly
peaking, the Cu nanowire core is fully reduced to metallic Cu, surrounded by inner shell of
CusSns, second shell of metallic Sn and outer shell composed of SnO.. In contrast, at potentials
less negative than —0.7 V, the shell around the nanowire’s core resembles SnO.. It appears
that the Cu nanowire’s core does not contribute to the electrocatalysis processes. The
enhancement in the HCOO™ selectivity (Figure 3.3d) at more negative potentials on the CuNW-
Snnich electrocatalyst comes from the increase in the metallic Sn species fraction, which is
observable from the in-situ Sn K edge XAS (Figure 3.6¢) and the quasi in-situ XPS (Figure
3.7b).

A summary of all experimental results discussed in this study in terms of the composition,
Cu and Sn fractions and their speciation in the CO and HCOO- selective CuNW-Sn_ow and

CuNW-SnhicH electrocatalysts, respectively, is presented in Figure 3.8.
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(a) CO-selective catalyst: Cu-NW-Sn g,

CuO@Sn0O, Cu°@SnO, or Sn°*
CugSns/Sn°
As synthesized @ -0.7V (80% CO)
Surface Sn 24 at.% Surface Sn ~13 at.%

(b) Formate—selective catalyst: Cu-NW-Sn;gy

CuO@snO, Cu°@SnO, Cu’@CugSns/Sn%/Sn0O,
As synthesized at -0.6V ( HER >70%) at -0.9V (Formate >80%)
Surface Sn 100 at.% Surface Sn ~98 at.% Surface Sn ~70 at.%

Figure 3.8. Schematic summary of the composition-speciation transformation results for the CO
selective CUNW-SnLow (a) and for the HCOO™ selective CuNW-SnnicH (b) electrocatalysts, at various

potentials.

Besides the above discussed experimental study of this Cu-Sn system, DFT modeling
was applied to further understand the effects of the various catalyst compositions and surface
species on the intermediate binding modes (results presented in Chapter 4). As a reminder of
the discussion in the previous section (3.1.), Cu rich Cu-Sn surfaces predominantly bind the
*COOH, while the Sn rich ones tend to bind the *OCHO* intermediate, following the CO and
HCOO™ pathways, respectively (Figure 3.1). On Cu rich Cu-Sn surfaces, the *COOH is
transformed into *CO intermediate in the second electron/proton step. Focusing on the *CO
intermediate, the DFT modeling results showed that in the case of low surface Sn content (11
at.%), Sn®" species are being formed due to charge redistribution from Sn to Cu. Their
presence destabilizes the binding of the *CO intermediate on Cu, leading to its desorption and
evolution of CO as product. On the other hand, in the case of Sn intermediate and rich surfaces
(Sn=45 at.%), the *OCHO* intermediate binds the strongest on metallic Sn and CusSns, while
the *H binding is weaker on these surfaces, leading to enhanced HCOO™ production and HER
suppression. Moreover, the Sn intermediate and rich Cu-Sn surfaces (Sn=45 at.%) show pure
Sn-like electrocatalytic activity behaviour, hence the electronic redistribution from Sn to Cu
(Figure 3.1c¢) is negligible. Finally, the binding of all intermediates on SnOy surface (as major
fraction at applied potentials less negative than —0.7 V - Figure 3.7) is weaker compared to
metallic Sn/CusSns, thus the HER is favorable compared to CO2ER in the case of the former

surface sites.
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Even though the CuNW-Sn.ow and CuNW-SnnigH catalysts show very good selectivity
for converting CO, into CO and HCOO, respectively, the synthesis procedure for these
materials is rather long and requires sophisticated equipment. This would add to the overall
cost if materials prepared with such approach are possibly utilized for future large scale CO;
electrolysis. Therefore, the next study presents a simple and fast approach for
recycling/repurposing waste bronze alloy to derive CO selective Cu-Sn foam electrocatalyst.
These electrocatalysts show performance equivalent to other catalyst materials for this
purpose that are prepared from high purity precursors and sometimes sophisticated and
expensive approaches. That study serves as a proof-of-concept that efficient electrocatalysts
can be synthesized from waste materials thus contributing towards building a future
sustainable industry in which the extraction of minerals from Earth’s crust will be majorly
replaced with utilization of secondary raw materials. Regarding the CO2ER into HCOO-, as
already showed in this study, CuNW-Snnicy materials are quite efficient electrocatalysts for
this purpose, yet even though both Cu and Sn are endangered elements with future risk for
supply, Cu is more recycled and cheaper than Sn. Therefore, reasonable catalyst materials for
CO2ER into HCOO™ should be the ones based on Cu-sulfide materials, considering that the
supply of sulfur is not endangered. Hence, the third study that is discussed in this chapter,
besides revealing the role of sulfur and its chemical nature during CO2ER, presents a very
simple synthesis approach for CuxS materials, that could be potentially adapted for future

large-scale CO- conversion into HCOO™.

3.3. Deriving CO selective Cu-Sn electrocatalyst from waste bronze alloy

As already mentioned at the end of the previous section (3.2.), the purpose of this study,
is to present a successful proof-of-concept for synthesizing CO2ER to CO selective Cu-Sn
electrocatalysts from industrial waste bronze alloy. As already mentioned, recycling or
repurposing waste material for selective electrochemical reduction of CO; is a promising
strategy to tackle environmentally relevant issues that cause the climate change and moreover
that endanger the future supply of natural resources due to their massive extraction from
Earth’s crust for various requirements of the human society.

The electrocatalyst's synthesis procedure involves a single step electrochemical
oxidation and dissolution of Cu and Sn from waste bronze with nominal Cu,Sn (x=14-16)
composition in acidic medium. The dissolved Cu and Sn undergo simultaneous
electrodeposition as Cu-Sn foam with surface composition of Cu1Sn, as schematically

presented in Figure 3.9. In order to achieve synthesis of materials with porous morphology
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and high active surface area, the dynamic hydrogen bubble template (DHBT) technique was
utilized during the electrodeposition where HER generated H» bubbles in acidic medium serve
as templates around which the Cu-Sn foam is being formed. The synthesis method and the
Cu-Sn foam were carefully optimized in order to obtain high selectivity for CO2ER into CO and
simultaneously suppress the HER. Yet, before discussing the electrocatalytic activity, the
results from characterization of the waste bronze and the bronze-derived Cu-Sn electrocatalyst

will be briefly discussed in the following paragraph.

n
CU145 H,
H+
Cu2+
[ —
- P Sn+

“Cu(s) «—> Cu?*(aq) + 2e"

Sn(s) <—» Sn**(aq) + 4e-

H,O(l) — 20,(g) + 2H*(aq) + 2e~
2H*(aq) + 2e™ — H,(q)

Figure 3.9. Schematic illustration of the electrochemical approach for deriving Cu-Sn foam catalyst from
waste bronze alloy. The anodic processes resemble Cu and Sn oxidation into Cu?* and Sn** and their
dissolving in H2SO4(aq) as medium. The dissolved Cu and Sn are simultaneously electrodeposited on
the cathode using HER generated H2 bubbles as templates around which Cu-Sn foam microstructures
are formed. Both anode and cathode (substrate) are made from the waste bronze. The surface

compositions of the waste bronze (Cu14Sn) and Cu-Sn foam (Cu10Sn) are estimated from XPS.

The waste bronze XRD characterization results presented in Figure 3.10a, show typical
broadening and shift in the diffraction patterns towards smaller 2theta angles compared to pure
polycrystalline Cu, which is attributed to an increase in the lattice parameters of bronze’s
crystal structure (alloying effect). Similar broadening and shift of XRD patterns can be
observed for the bronze-derived Cu-Sn foam when compared to the diffractogram of pure Cu
foam that is synthesized under identical conditions as the Cu-Sn foam but using Cu foil as
anode instead of the waste bronze. The SEM images in Figures 3.10b-e reveal the foam like

morphology that consists of dendrite microstructures. Even though both foams were prepared
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under identical conditions, the dendrite microstructures in Cu-Sn resemble blunted edges
(Figure 3.10c) compared to the pure Cu foam (Figure 3.10e). Moreover, the pure Cu foam

was found to be much thicker and with slightly larger pore sizes.
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Figure 3.10. GI-XRD patterns of Cu foil, Sn foil, waste bronze, Cu foam and Cu-Sn foam (a). SEM

images revealing the foam-like morphology that is composed of dendrite microstructures for Cu-Sn foam

Intensity (a.u.)

derived from bronze (b, ¢) and pure Cu foam derived from Cu foil (d, e).

The question that may rise is, what is the reason for deriving Cu-Sn foam in the first
place, instead of simply utilizing the waste bronze itself as a catalyst for CO2ER into CO, having
in mind that the estimated composition resembles Cu-rich Cu-Sn material? According to the
electrocatalytic activity results presented in Figure 3.11, bronze favors HER instead of CO.ER
into CO in the range of applied potentials between —0.5 and —0.7 V, then both processes show
similar FE at —0.8 V and eventually the CO2ER surpasses the HER at —0.9 and —-1.0 V, but
rather not selective towards a single CO2ER product (the FE for CO and HCOO™ are almost
identical). The reason for such electrocatalytic behavior can be attributed to two important
effects. The first effect is the actual surface composition of the waste bronze having a total Sn
fraction of ~6.7 at.% (or Cu1sSn ratio, estimated from XPS), while for the electrocatalyst
achieving the highest CO selectivity at —0.7 V discussed in the previous study (section 2.2.)
i.e., the CUNW-Sn_ow, the total Sn fraction is ~13 at.%. Besides the lower surface Sn content,
it cannot be omitted that the waste bronze material does not resemble roughened morphology
(planar electrode), thus double layer (local) CO2 depletion effect is very possible to occur. On
the other hand, the bronze derived Cu-Sn foam has a porous morphology and much higher
relative surface roughness that prevents the local depletion of CO2. Moreover, the surface Sn
fraction in the Cu-Sn foam is higher (~9 at.%) than the in the case of the bronze leading to an
enhancement in the CO selectivity and suppression of H, and HCOO™ production at similar

applied potentials as in the case of the CUNW-Sn.ow electrocatalyst.
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Figure 3.11. Faradaic efficiency (FE) and partial and total current density distribution for CO, H2, HCOO~
and CzH4 on waste bronze alloy (a, b) and Cu-Sn foam electrocatalyst (c, d) in the range of potentials
between —0.5 and —1.0 V. The electrocatalytic activity for both materials, is studied in CO2 saturated 0.1

mol-dm~3 KHCOzs(aq) as electrolyte.

A comparation of the CO2ER catalytic activities on the bronze and on foils made of Cu
and Sn, as constituent elements of the bronze itself, at —0.7 V, is presented in Figure 3.12a.
The Cu foil mainly favors the HER at this potential due to the previously stated reason of local
CO- depletion on planar electrodes, while the Sn foil predominantly converts CO- into HCOO-,
thus displaying the intrinsic properties of this metal, yet significant fraction of the FE belongs
to the HER, again due to local CO; depletion. As already discussed, the CO, depletion effect
is also very prominent in the case of the bronze, but the synergy between Cu and a small
amount of Sn is very obvious. This is observable as a change of the selectivity towards CO as
major CO2ER product, when compared with the previously mentioned selectivity on pristine
Cu and Sn electrocatalysts (Figure 3.12a). On the other hand, the Cu foam has higher relative
surface roughness compared to the planar Cu, yet the HER dominates the CO-ER at this
potential as is the case for the planar Cu foil, however small FE fraction of CoHs can be
observed. Finally, it can be summarized that the Cu-Sn foam shows both intrinsic synergy
between Cu and optimal amount of surface Sn which together with the porous morphonology
prevents the local CO; depletion and the competitive HER. Hence, the reaction mechanism
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follows the *COOH intermediate pathway (Figure 3.1b) towards enhanced CO production, as
in the case of CUNW-Sn_ow electrocatalyst discussed in the previous study (section 3.2).

The stability of the waste bronze derived Cu-Sn foam electrocatalysts was examined for
15 h of continuous electrolysis, and the results show that the selectivity for CO (FE of ~86%),

total current density and morphology (Figures 3.12c-g) did not undergo significant changes
over time.
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Figure 3.12. Comparison of the faradaic efficiency (FE), partial and total current density distribution for
CO, Hz, HCOO~ and C2H4 on Cu and Sn foils, waste bronze alloy, pure Cu foam and Cu-Sn foam (a, b),
FE for CO and Hz and total current density during 15 h continuous electrolysis at —0.8 V on the waste
bronze derived Cu-Sn foam electrocatalyst (c), SEM images of the Cu-Sn foam after 2 (d, e) and 15 h

electrolysis (f, g). The electrocatalytic activity is studied in COz saturated 0.1 mol-dm= KHCOs(aq) as
electrolyte.

Besides the as discussed approach for recycling/repurposing waste bronze for deriving
CO selective Cu-Sn foam electrocatalyst, other possibility involving chemical roughening of
the surface of the bronze with simultaneous leaching of Cu and Sn and their subsequent

electrodeposition on the same sample from which they were extracted, was tested.
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Unfortunately, due to reproducibility challenges in this approach the FE for CO did not exceed
50% in most cases.

Regarding simple synthesis and cost-wise suitable catalyst for CO2ER into HCOO-, as
already discussed in the previous sections, the CuNW-SnnicH can reach significantly high FE,
yet the synthesis procedure is rather long and possibly too sophisticated for application in
practice, and moreover both Cu and Sn are endangered for future supply. A possible option is
to develop similar methods or further optimize the one described in this study for
recycling/repurposing waste bronze, but for synthesis of material with higher surface Sn
fraction. Alternatively, Cu-S (Cu,S) based electrocatalysts can be used for CO2ER into HCOO~
instead of Sn rich Cu-Sn or Sn/SnO; based materials as the supply of sulfur is not endangered
and Cu can be obtained as secondary raw material via its recycling. Nevertheless, most of the
CuyS synthesis methods include utilization of toxic and sometimes expensive precursors and
solvents, long synthesis times, elevated temperatures etc. Most of these methods are highly
sophisticated when CuxS with specific composition, structure, particle sizes and/or morphology
are required regarding the intended application. However, this is not always necessary, and
as already mentioned, in the next (third) study a very simple, fast and reproducible method for
synthesis of CO2ER into HCOO™ selective CuS electrocatalyst via direct reaction between Cu
and S is discussed. Besides the synthesis method, central focus on that study is placed on
attempting to understand the catalyst’s composition, morphology, surface Cu and S speciation,
their chemical nature and electrochemical activation effects on the CO2ER selectivity without

which future practical application of such materials is hardy imaginable.

3.4. Composition-structure-activity relations in Cu-S electrocatalysts prepared
via facile synthesis method

The electrochemical reduction of CO. into HCOO~ on Cu-S based materials has been
studied to some extent and many reports suggested that the presence of persistent sulfur
residues under moderate electrochemical biases is stabilizing the Cu®" specie on the surface
of the catalysts. This specie is oxophilic and, as already discussed in section 2.1. of this
chapter, is favorably binding the *OCHO* intermediate that transforms into HCOO~ in a second
electron step (Figure 3.1d). This can be defined as a synergy between both elements that is
affecting the intrinsic properties of pure Cu electrocatalyst, that typically is capable of reducing
COs: into various product including multi electron/proton steps. However, there is lack of
evidence for presence of partially positive or oxidized Cu species on the surface of the

electrocatalysts under operating or near operating electrolysis. Therefore, one of the main
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goals in this study is to probe the surface of CuS catalyst and examine the oxidation states
and chemical nature of both Cu and S using the quasi in-situ XPS approach. As already
discussed in section 3.2 of this chapter, this approach was found beneficial for probing the
oxidation states of surface Cu and Sn in Cu-Sn electrocatalysts and relating the obtained
results with the CO2ER activity. Nevertheless, in the scope of the Cu-S based materials study,
various other effects that are possibly related to the selectivity for CO2ER into HCOO-, such
as electrochemical activation of the Cu,S catalysts at more negative applied potentials and
presence of sulfur species in the electrolyte, were also investigated.

As already mentioned at the end of section 3.3., most of the reported methods for
synthesis of CuxS involve utilization of toxic precursors such as H.S, sulfide salts, thio-
compounds, long synthesis procedures, elevated temperatures etc. Hence, a simple, fast and
reliable method for synthesis of Cu,S with porous morphology based on reaction between
elemental Cu and sulfur was developed in this study. This method consists of electrodeposition
of Cu foam that is subsequently sulfidated with sulfur dissolved in toluene. The
electrodeposition step utilizes the DHBT phenomenon, already discussed in the previous
section (3.3), for deriving CO selective Cu-Sn foam electrocatalyst from waste bronze alloy.
Yet, in this case Cu mesh is used as cathode (substrate) and Cu foil as anode, as illustrated
in Figure 3.13. Namely, the Cu from the foil undergoes oxidation into Cu?** ions which
simultaneously reduce and deposit on the Cu mesh cathode as porous foam. The Cu foam

formation is templated by the H> bubbles evolved on the cathode in acidic medium.
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Cu foam at Cu mesh

Cu mesh,
WE area
2mmx2mm g |

0.2 mol-dm"3 CuSOy
1.5 mol-dm™3 H,S0,4

Figure 3.13. Schematic representation of dynamic hydrogen bubble template (DHBT) electrodeposition
of Cu foam on Cu mesh as a substrate in a two-electrode setup. Cathode - Cu mesh, anode - Cu fall,

duration of electrodeposition 9.5 s under geometric current density of 5 mA-cm=.
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In the next step the as-prepared Cu foam was subjected to the sequential procedure,
presented in Figure 3.14, that includes etching of Cu’s surface, washing in water, i-propanol
and toluene, sulfidation with saturated solution of sulfur in toluene and termination of the
reaction via second immersion in toluene, followed by thorough washing in i-propanol. The
sulfur in toluene solution can be reused numerous times, as long as the concentration of sulfur

is kept at saturation level hence, avoiding organic waste generation.
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Figure 3.14. Schematic representation of the procedure for sulfidation of Cu foam. The Cu foam was

subsequently immersed in each of the beakers under constant stirring and at room temperature, for
amount of time presented in the scheme. The sulfidation is observable by instantaneous color change
of the Cu foam from metallic Cu-like into bluish.

The SEM images of the Cu foam, before and after sulfidation are presented in Figures 3.15a
and b, respectively. The typical foam morphology composed of dendrite-like microstructures
was preserved during the sulfidation process, yet slight blunting of their edges can be
observed, as in the case of the Cu-Sn foam discussed in the previous section (3.3.). The results
from the GI-XRD characterization presented in Figure 3.15¢c showed that the Cu foam
undergoes transformation into CuxS with digenite/roxbyite mixed phase composition and
average stoichiometry of CusgS. Sulfidation of metallic Cu can also be achieved using CS; as
a sulfur solvent instead of toluene and identical phase digenite/roxbyite composition with slight
difference in their ratio can be obtained, yet this approach was abandoned due to the toxicity
of CSa.
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Figure 3.15. SEM images of pristine (a) and sulfidated Cu foam (b). XRD patterns of pristine Cu foam,
and sulfidated Cu foam, examined as-prepared and post-electrolysis (c). D and R stand for Digenite
(Cu1.765S) and Roxbyite (Cu7S4) phases, respectively. The digenite is a major phase with fraction of ~70

wt.%.

In the next step, the CO2ER catalytic activity of the sulfidated Cu foam (abbreviated as
Cu18S/Cu foam in the following text) and pristine Cu foam were examined under identical
conditions for comparison, and the results are presented in Figure 3.16. The electrocatalysts
were pre-reduced with linear sweep voltammetry (LSV) until reaching the potential under which
the electrocatalytic activity was measured in chronoamperometry (CA) mode. The initial
comparison of the electrocatalytic activity results on CusS/Cu foam vs. pristine Cu foam show
the typical shift of selectivity from several CO2ER products on pristine Cu foam (Figures 3.16d,
e) into HCOO™ on the Cu4sS/Cu foam (Figures 3.16a, b) as practically exclusive product.
However, there are differences in the CO2ER catalytic performance on the CussS/Cu foam that
are dependent on the direction of altering the applied potential i.e., ramping in less negative
(RLN) and ramping in more negative (RMN) direction via keeping each potential constant for
1 h. Namely, in both cases of altering the applied potential the FE for HCOO™ is peaking at
—0.7 V, but in the case of the RLN direction the FE for HCOO is reaching ~65% (Figure 3.16a)
while in RMN ~50% (Figure 3.16b), even though there is no significant difference in the total
current densities in both directions except at —-0.9 V (Figures 3.16c, f). Hence, it can be
presumed that some sort of electrochemical activation of the Cu1sS/Cu foam occurs at —0.9 V
that is enhancing the HCOO~ selectivity at —0.7 V. Therefore, a control experiment was made
in which the CusS/Cu foam was directly subjected to —0.7 V (results presented in Chapter 6),

thus the FE for HCOO~ was not significantly different than in case of studying the material via
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altering the potential in RMN direction i.e., starting at —0.5 V until 0.7 V was reached. This is
suggesting that indeed the Cu1sS/Cu foam electrocatalysts undergoes activation at —0.9 V.

The question that is expected to follow is, how this electrochemical activation affects the
catalysts material causing HCOO™ selectivity differences, especially at —0.7 V, under which the
highest FE for HCOO™ is observed?
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Figure 3.16. Faradaic efficiency (FE) and total current density distribution for various products on
Cu1.8S/Cu foam (a-c) and pristine Cu foam (d-f). The arrows show the direction of ramping the applied
potential i.e., ramping in less negative direction (RLN) from —0.9 to —0.5 V vs. RHE (a, d) and ramping
in more negative direction (RMN) from —0.5 to —0.9 V vs. RHE (b, e). During altering in both directions,
each applied potential was kept constant for 1 h. The solid line on (c, f) represent the total current density
when altering the potential in RLN, while the dotted line - in RMN direction. The electrocatalytic activity
is studied in CO2 saturated 0.1 mol-dm=3 KHCOs(aq) as electrolyte.

Thermodynamically, it is expected that under all examined potentials (Figure 3.16) and near
neutral bulk pH of the electrolyte (6.8 for CO, saturated 0.1 mol-dm= KHCO3), cuprous sulfides
should be subjected to reduction accompanied with evolution of H>S in aqueous medium.
Furthermore, these materials should be theoretically completely reduced to metallic Cu at
applied potentials that are more negative than —0.7 V. However, the latter statement does not
apply in practice, as evident from the different catalytic behavior for CO2ER on Cu1sS/Cu foam
and pristine Cu foam (Figure 3.16), even at potentials as negative as —0.9 V. Namely, these
results are supporting various literature reports claiming persistent sulfur residues in the

structure of materials that are electrochemically derived from CuS. Yet, the amount of residual
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sulfur in the electrocatalysts might be different when the Cu1sS/Cu foam is activated at -0.9 V
compared to the case when the reduction starts either at —-0.5 V (RMN direction) or directly at
—0.7 V (control experiment mentioned before). Additional reasons could be difference in the
electrolyte concentration of sulfur species that are in equilibrium (S>/HS7/H,S) and difference
in the residual sulfur surface speciation (oxidation states) caused by the same catalyst
activation effect hence, related to the HCOO™ selectivity enhancement.

These effects were studied using in-situ mass spectrometry coupled with electrolysis
(EC-MS) to track the H2S evolution in both RLN and RMN directions of altering the applied
potential, ICP-OES to quantify the post-electrolysis concentration of sulfur in the electrolyte
and quasi in-situ XPS to reveal the Cu and S surface speciation under various conditions.
Besides that, additional experiments were conducted that eventually led to even higher
enhancement of the HCOO™ selectivity, as discussed later in this section.

The results from the in-situ EC-MS studies intended to track the evolution of H.S from
the Cu18S/Cu foam during the LSV pre-reduction and altering the applied potential in RLN and
RMN direction are presented in Figures 3.17 and 3.18, respectively (m/z signals of 33 and 34,
attributed to HS and H.S). Prior to applying potential in chronoamperometry (CA) mode that is
altered every 30 minutes, the material was pre-reduced with three linear sweep voltammetry
(LSV) scans from 0 V vs. RHE to the start potential in CA mode, that is —0.9 V in RLN and —
0.5 Vin RMN direction. The onset for H»S evolution (m/z signals of 33 and 34) can be observed
at —0.47 V during the first LSV scan in both Figures 3.17 and 3.18. However, when the LSV
is scanned to —0.9 V and then the same potential is applied in CA mode in order to proceed
with altering the potential in RLN, the duration of the H2S evolution extends up to ~17 min
under —0.9 V in CA mode. That is around ~33 min in total since the electrochemical bias is
applied (Figure 3.17). Under these conditions, the H2S evolution is peaking when —0.9 V are
reached in the first LSV scan (Figure 3.17b). On the other hand, when the three LSV
repetitions were scanned to —0.5 V and proceeded at the same potential in CA mode, the H,S
evolves step-wise under each LSV scan, thus peaking ~3 min after —-0.5 V are applied in CA
mode (Figure 3.18b). The total duration of the H>S evolution extends in the region of the next
applied potential (—0.6 V), approaching ~1 h since the bias is applied. The twice longer duration
of the H2S evolution in the RMN direction comes from the sluggish reduction kinetics of
Cu+8S/Cu foam at insufficiently high overpotentials (-0.5 and —0.6 V). Moreover, in the RLN
direction i.e., starting the reduction at more negative potentials, the effect of enhanced local
electrode double-layer H* consumption leading to local pH increase that affects the S>/HS™
/H2S equilibrium can suppress the H.S evolution due to decrease of the fraction of this specie.
However, in both cases of altering the potential in RLN and RMN direction, the H2S evolution
is no longer observable at —0.7 V, under which the highest FE for HCOO is achieved in the

RLN direction i.e., after the electrocatalyst is activated at —0.9 V (Figure 3.17b vs. Figure
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3.18b). Additionally, the bulk sulfur content in the CussS/Cu foam was estimated post-
electrolysis with EDX after each ramping sequence in both directions and in all cases, except
at -0.5 and -0.6 V, an average sulfur fraction of ~1 at.% was found (presented in Chapter 6).
At both —0.5 and —0.6 V in the RMN direction, bulk sulfur fraction of ~1.5 at.% was estimated,
which is expected from the sluggish Cu1sS/Cu foam reduction kinetics at these applied
potentials.

From these results can be summarized that even though the highest FE for HCOO™ is
achieved at —-0.7 V after activation of the electrocatalyst at —0.9 V i.e., in the RLN direction,
there is neither observable H>S evolution, nor difference in the electrocatalyst’s bulk sulfur

fraction at —0.7 V, regardless of the potential ramping direction until —0.7 V are reached.
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Figure 3.17. In-situ EC-MS ftracking of the H2S evolution from Cu1.sS/Cu foam electrocatalysts via
altering the applied potential in RLN direction (-0.9 to —0.5 V). Potential (E) in linear sweep voltammetry
(LSV) and chronoamperometry (CA) modes (a) and mass vs. charge signal (m/z) of various species (b)
plotted vs. time. Each applied potential was kept constant for 30 min. The tracking of the H2S evolution

is studied in CO2 saturated 0.1 mol-dm=3 KHCOs(aq) as electrolyte.
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Figure 3.18. In-situ EC-MS tracking of the H2S evolution on Cu1.sS/Cu foam electrocatalysts via altering
the applied potential in RMN direction (—0.5 to —0.5 9). Potential (E) in linear sweep voltammetry (LSV)
and chronoamperometry (CA) modes (a) and mass signal vs. charge (m/z) of various species (b) plotted
vs. time. Each applied potential was kept constant for 30 min. The tracking of the H2S evolution is studied
in CO2 saturated 0.1 mol-dm=3 KHCOs(aq) as electrolyte.

However, considering that there might be certain local pH effects that are dependent on
the applied potential thus affecting the S>/HS/H,S equilibrium and concentration of these
species in the electrolyte, various control experiments were conducted. In the first set of
experiments, pristine Cu foams were immersed in electrolytes in which previously Cu1sS/Cu
foam samples were reduced with one LSV scan until —=0.9, —0.7 or —0.5 V thus achieving
sulfidation with the S>/HS/H.S species present in the bulk electrolyte. The CO,ER catalytic
activity results for these “electrolyte sulfidated® Cu foams are presented in Figure 3.19,
abbreviated as Cu foam-S-0.9, Cu foam-S-0.7 and Cu foam-S-0.5. Both Cu foam-S-0.9 and
Cu foam-S-0.7 materials showed FE for HCOO~ (70-75%) when compared to the Cu1sS/Cu
foam (~45%), when examined at —0.9 V (Figure 3.19a). On the other hand, the Cu foam-S-
0.5 shows significantly lower FE for HCOO, at the same applied potential (Figure 3.19a). The
HCOO™ selectivity on the Cu foam-S-0.9 and Cu foam-S-0.7 materials at —0.9 V does not
change significantly when the Cu foam sample the electrolyte is purged with CO, for 20 min or
1 h after the LSV reduction of the Cu1sS/Cu foam i.e., prior immersing the pristine Cu foam, or
when the electrolyte was replaced with fresh one and the electrocatalyst was re-examined at
—0.9 V (samples: Cu foam-S-NP, -P1h, -P-1h-NE), presented in Figure 3.19a.

The second set of control experiments includes re-examination of the CO2ER catalytic

activity on the Cu1sS/Cu foam-RLN materials (or just previously activated at —0.9 V) after air
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exposure and once or twice replacement of the electrolyte with fresh one (samples: Cu1sS/Cu
foam-air, -NE, -NE2). Besides this, an electrolysis of previously activated CusS/Cu foam was
performed at —0.9 V in fresh electrolyte under inert conditions in a glovebox (Cu1sS/Cu foam-
inert) in order to investigate whether possible surface re-oxidation might be a reason for the
HCOO™ selectivity enhancement. Again, at applied potential of —0.9 V, these electrocatalysts
show significantly higher FE for HCOO™ reaching 68-70% compared to the CusS/Cu foam at
the same potential that is examined immediately after activation and without electrolyte
replacement (presented as Cu1sS/Cu foam-RLN in Figure 3.19a). Thus, it can be assumed
that the surface re-oxidation due to air exposure does not affect the selectivity.

In the next step, the electrocatalyst materials from the first and second set of control
experiments were examined at —0.7 V. All electrocatalysts show slight enhancement in the FE
for CO compared to the Cu48S/Cu foam-RLN, however, no significant difference can be
observed in the FE for HCOO~ (58-65%), with some discrepancies for the Cu foam-S-0.9 and
Cu foam-S-0.5 (Figure 3.19c¢). Additional control experiment was conducted where CusS/Cu
foam was directly examined at —0.7 V (without activation at —0.9 V i.e., altering the potential in
RLN direction) and re-examined again after replacing the electrolyte (see Chapter 6), yet no
significant increase in the FE for HCOO™ was observed i.e., it is similar as in the case of
Cu18S/Cu foam-RLN (50-55%) presented in Figure 3.19c.

Thus, it can be concluded that in order to achieve higher FE for HCOO™ (up to 65%) at
—0.7 V (Figure 3.19c), all samples in this study must be subjected to previous activation at
—0.9 V. On the other hand, the enhancement in the HCOO™ selectivity (from ~45% up to 70%)
in the case of “electrolyte sulfidated” (Cu foam-S samples) and re-examined Cu;S/Cu foam
electrocatalysts after air exposure, electrolyte replacement etc., compared to only activated
Cu18S/Cu foam is observable at —0.9 V (Figure 3.19a). Both effects are probably somehow
related to the concentration of sulfur in the electrolyte and/or the electrocatalysts’ surface
composition and speciation.

The concentration of sulfur in the electrolyte and the electrocatalysts’ surface
composition and speciation (Cu and S oxidation states) are studied with ICP-OES and quasi

in-situ XPS, respectively, and the results are discussed in the following text.
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Figure 3.19. Comparison of the electrocatalytic activity for all examined catalyst materials: FE
distribution of various products and total current density at —-0.9 V (a, b) and at —-0.7 V (c, d). The

electrocatalytic activity is studied in COz2 saturated 0.1 mol-dm= KHCO3(aq) as electrolyte.

The results from the analysis of the post-electrolysis sulfur concentration in the
electrolyte under various conditions with ICP-OES are presented in Figure 3.20. It is obvious
that the concentration of sulfur is the highest when the CusS/Cu foam is reduced with one
LSV scan from 0 to —0.9 V thus decreases when the LSV is scanned to —0.7 and —0.5 V. Yet,
three LSV scans to —0.9 V generate the same sulfur concentration as one scan to -0.5 V.
Moreover, three LSV scans to —0.5 V show higher sulfur concentration than three LSV scans
to —0.9 V and this is supporting the observed prolonged H.S evolution in the in-situ EC-MS
data when altering the potential in RMN compared to RLN direction i.e., ~57 (Figure 3.17) vs.
~27 min (Figure 3.18), respectively. However, no difference in the sulfur concentration can be
observed at —0.7 V for Cu1sS/Cu foam regardless of whether this potential was reached via
altering in RLN, RMN direction, or the sample was subjected directly at —-0.7 V. This means
that the bulk sulfur post-electrolysis concentration cannot explain the HCOO™ selectivity
enhancement at —0.7 V caused by the activation at —0.9 V. Moreover, the analysis of the sulfur
concentration after electrolysis using the “electrolyte sulfidated” Cu foams (Cu foam-S) and the
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activated Cu1sS/Cu foams after replacement of the electrolyte (Cu1.sS/Cu foam-0.9(7)-NE),
that are selectivity-wise equivalent in the COER to HCOO™ performance at —0.9 V, show
differences in the bulk sulfur concentration. These observations are suggesting that the bulk
sulfur concentration in the electrolyte cannot explain the HCOO™ selectivity enhancement at
—0.9 V either. Hence, more insights regarding this matter will be provided from the quasi in-

situ XPS results that are discussed in the upcoming text.

1.4 -

-
N
L

-
o
L

Cu, ¢S/Cufoam -3 xLSVOto 0.5V

e
o
L

Cu, ¢S/Cufoam -1 xLSV0to-0.5V
Cu,¢S/ICufoam -3 xLSVO0to-0.9V

(=]
f S
L

=]
oo
L
Cu, ¢S/Cufoam-1xLSVOto-09V
Cu foam-$-0.9

Cu, ¢S/Cu foam -RLN -0.9 to -0.7 V
Cu, ¢S/Cu foam - RMN -0.5 to -0.7 V
Cu, ¢S/Cu foam-0.7D

Cu foam-S-0.7

Cu foam-$-0.5

o
N
1

Concentration of sulfur (
Cu, ¢S/Cu foam -1 xLSVOto -0.7 V

Cu, ¢8/Cu foam-0.9-NE
Cu, ¢S/Cu foam-0.9-0.7-NE

o
o

Electrocatalyst

Figure 3.20. Post-electrolysis results from the inductively coupled plasma — optical emission
spectrometry (ICP-OES) analysis of the concentration of sulfur in the electrolyte under various

conditions.

The results from the electrocatalyst materials surface composition and speciation (Cu
and S oxidation states and chemical nature) examined with quasi in-situ XPS, are presented
in Figure 3.21. The full XPS data is presented in Chapter 6. Before, continuing with the
discussion of the activation and other effects that enhance the HCOO™ selectivity, it is important
to discuss the surface speciation of the sulfidated vs. pristine Cu foam. Namely, Figure 3.21a
shows that the pristine Cu foam undergoes complete reduction to metallic Cu at all applied
potentials, while all sulfidated materials, besides metallic, show presence of Cu® species even
at potentials, as negative as —0.9 V. Therefore, it can be concluded that indeed the Cu* specie
is persistent on the surface of the Cu-S based electrocatalyst materials, stabilized by the
presence of residual sulfur hence, supporting the claim that most probably the CO, conversion
into HCOO~ mechanism occurs via the Cu®" or Cu® bound *OCHO* intermediate, as presented
in (Figure 3.1d). It is important to note, that the Cu® species on the surface of the sulfidated

materials are not generated post-electrolysis and the evidence for that is the absence of such

120



species on the surface of the pristine Cu foam that is completely reduced to metallic,
suggesting that the quasi in-situ XPS approach is indeed very useful for this purpose, as in the
case of the Cu-Sn study discussed in section 3.2 and fully presented in Chapter 4.

Focusing again on the discussion regarding the HCOO selectivity differences caused by
the electrocatalyst materials activation and other effects, from Figure 3.21 can be observed
that even though Cu resembles +1 oxidation state species, the surface sulfur speciation is not

exclusively attributed to S?-, but also SO4* can be observed (Figure 3.21b).
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Figure 3.21. Quasi in-situ XPS quantification results: Surface fractions of various Cu species obtained
from the Cu L3sMasMa s Auger spectra (a) and of total Cu and S?>/SO4?" surface species obtained from
Cu 2p and S 2p core levels spectra, respectively (b). In the case of the Cu1.8S/Cu foam-inert sample, it
was not possible to quantify the fraction of the SO4?~ surface due to high noisiness in the S 2p spectra

(data showed in Chapter 6).

Interestingly, the SO4* specie is observed in all cases when the sulfidated materials were
subjected to applied potential of —0.9 V and moreover the total surface sulfur fraction for the
Cu18S/Cu foam-RLN (-0.9 to —-0.7 V) and the Cu4sS/Cu foam sample that is only examined at
—0.9 V are almost identical, while significantly smaller in the case of Cu1sS/Cu foam-RMN
(—0.5 to —0.7 V). These observations are the first obvious evidence that there are differences
in both total surface sulfur fraction and moreover in the speciation that can be related to the
HCOO" selectivity difference on Cu1sS/Cu foam at —0.7 V that is reached via RLN vs. RMN
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direction of altering the applied potential (cf. Figure 3.16). Regarding the HCOO" selectivity
enhancement at —0.9 V, observed via re-examination of CussS/Cu foam after electrolyte
replacement, air exposure etc., there are various discrepancies for both S>- and SO, fractions
among samples that are practically showing equivalent electrocatalytic performance. It could
be the case, that the surface sulfur, especially the SO4* specie as readily soluble in water
undergoes dynamic distribution between the electrode’s surface and the electrolyte and it is
uncertain whether it is incorporated in the structure of the electrocatalyst or just deposited on
its surface. But yet, how the SO4* is being formed in the first place, since the sulfur in this
specie resembles the highest oxidation state of +6 and why this is only observable in all
samples subjected to —0.9 V? Possible explanation is that oxidation of S~ specie occurs in the
double layer when the electrochemical bias is terminated thus sudden change in the
electrode’s polarity could be a cause of such reaction. Moreover, the S?- oxidation process is
favorable under strong alkaline environment that can be caused by local pH increase under
more negative potentials that may be the answer why SO4> specie is observed only after
subjecting the electrocatalysts at —0.9 V. Furthermore, the presence of the Cu® specie is most
probably not related with oxidation caused by possible electrode polarity switch, since only
metallic Cu was observed in the case when pristine Cu foam was examined with quasi in-situ
XPS under identical conditions.

It can be summarized that the observed differences in the CO2ER to HCOO™ selectivity
on the Cu-Sn electrocatalysts examined in this study under various conditions are most
probably related to processes that are occurring in the electrode double layer and the surface
of the electrode. These processes are of rather complex and dynamic nature, and in which
most probably the local pH change plays a key role. However, not everything can be revealed
and understood in one study, yet it gives motivation for further research involving methods with
which various species and processes can be probed on the catalyst’s surface and in the
electrode double layer during CO; electrolysis, such as the in-situ infrared and Raman
spectroscopies.

Having in mind the complexity and broadness of this research in terms of the number of
different samples, conditions, experiments, other details etc., a schematic illustration is
presented in Figure 3.22 that recapitulates the most important findings in this study, intended
for the reader to grasp the very essential information. All other information in the scope of this
study and the other two studies that are focused on the Cu-Sn system based electrocatalysts

can be found in Chapters 4-6
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Figure 3.22. Summary of the composition-structure-activity relations in the Cu-S electrocatalyst
materials and conclusion of the research and findings in this study.

The metallic Cu foam is sulfidated with sulfur dissolved in toluene producing Cu1.8S/Cu foam,
encompassing facile synthesis method applied for this purpose (a). When the Cu1.sS/Cu foam is
activated at applied potential of —=0.9 V, the FE for HCOO™ reaches ~45% at —0.9 V and ~65% at —0.7 V
(b) in comparison with 50-55% when the sample is directly examined at —0.7 V, or the potential is ramped
from —-0.5 to —0.7 V. When the activated Cu1.8S/Cu foam is re-examined in fresh electrolyte, the FE for
HCOO increases to 68-70% at —0.9 V, while it is not significantly affected at —0.7 V (c). If a pristine Cu
foam is placed in electrolyte in which Cu+1.8S/Cu foam was previously reduced with one LSV scan to
—0.7 or—0.9 V (d), the as-sulfidated Cu foam, with the sulfur species present in the electrolyte, can reach
up to 75% FE for HCOO, while at —0.7 V the selectivity is similar as the in the case of the results for
the electrocatalyst materials presented with (b) and (c) under the same applied potential. The quasi in-
situ XPS results revealed that under electrochemical bias, the surface of pristine Cu foam is completely
reduced to metallic Cu, while in the case of the sulfidated materials, Cu* specie is present. The Cu* is
stabilized by the residual sulfur species and preferably binds the *OCHO* intermediate that transforms
into HCOO™ in a second electron step. Finally, the unexpected presence of SO4?~ specie in the case of
the activated electrocatalysts on which the highest HCOO™ selectivity is reached, is believed to be
associated with various electrode-electrolyte interface effects, requiring further in-situ based studies to

be fully understood.
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Even though facile methods are developed for synthesis of CO- Cu-Sn and HCOO~
selective Cu-S electrocatalysts via recycling/repurposing of waste bronze alloy and direct
reaction between Cu and S, respectively, their CO2ER activities are examined in laboratory
scale electrochemical setups. Under such experimental conditions, the obtained current
densities are around order of magnitude lower compared to what is considered as industrially
relevant current density (2100 mA-cm™) i.e., relevant CO, conversion rates for application in
practice. Therefore, the future research challenges include adapting and further optimization
of the Cu-Sn and Cu-S synthesis methods described in this study, for preparation of
electrocatalyst loaded gas-diffusion electrodes (GDE) and study of their CO2ER activity in GDE
configuration electrolyzers, in which such CO, to CO or HCOO™ conversion rates could be

achieved.
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CHAPTER 4. Determining structure-activity relationships in oxide
derived Cu-Sn catalysts during CO: electroreduction using x-ray
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1. Introduction

The development of earth-abundant catalysts for selective electrochemical

CO, conversion is a central challenge. Cu—Sn bimetallic catalysts can yield

Copper-based electrocatalysts have been
widely studied for CO, electrochemical

selective CO, reduction toward either CO or formate. This study presents
oxide-derived Cu—Sn catalysts tunable for either product and seeks to under-
stand the synergetic effects between Cu and Sn causing these selectivity
trends. The materials undergo significant transformations under CO, reduc-
tion conditions, and their dynamic bulk and surface structures are revealed by
correlating observations from multiple methods—X-ray absorption spectros-
copy for in situ study, and quasi in situ X-ray photoelectron spectroscopy for
surface sensitivity. For both types of catalysts, Cu transforms to metallic Cu®
under reaction conditions. However, the Sn speciation and content differ
significantly between the catalyst types: the CO-selective catalysts exhibit a
surface Sn content of 13 at. % predominantly present as oxidized Sn, while
the formate-selective catalysts display an Sn content of <70 at. % consisting
of both metallic Sn° and Sn oxide species. Density functional theory simula-
tions suggest that Sn’* sites weaken CO adsorption, thereby enhancing CO
selectivity, while Sn° sites hinder H adsorption and promote formate produc-
tion. This study reveals the complex dependence of catalyst structure, compo-
sition, and speciation with electrochemical bias in bimetallic Cu catalysts.

reduction (CO,ER) due to their unique
capability to produce valuable products
such as CO, hydrocarbons, and alcohol. As
many as 16 products have been observed
during CO,ER on polycrystalline Cu.ll
The typical major products are formate,
CO, ethylene, and methane, minor ones
include alcohols and other oxygenates,
and the hydrogen evolution reaction
(HER) is an (often significant) parasitic
reaction. Directing selectivity among this
wide variety of products remains a
pressing challenge in the field.?l Diverse
catalyst engineering approaches to
improve the selectivity of Cu have been
advanced in the field including the use of
nanostructured®% as well as oxide-derived
Cu catalysts,/ 12 as discussed in the
comprehensive review by Nitopi et al.l'3]
Another possible approach to modulate
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Cu selectivity is to functionalize the Cu surfaces with a second
metal to form Cu—M bimetallic catalysts.*] In particular,
several studies on the CO,ER activity of Cu—Sn catalysts have
demonstrated remarkably high selectivity towards COlI'®"] or
formate.’®1] Although a number of empirical trends corre-
lating composition and structure with observed selectivity have
been reported, an understanding of the precise mechanistic
effects directing selectivity remains elusive.

Comparison of several studies employing various Cu—Sn sto-
ichiometries with similar morphologies(?*-2 indicates generally
that Cu—Sn catalysts with low Sn content are typically selective
towards CO production, while those with high Sn content favors
formate (HCOO~). However, specific optimal compositions
leading to high activity towards CO or formate vary significantly
among reports. Furthermore, improved activity and selectivity
are reported in catalysts with high surface area. Highly CO-
selective catalysts have been achieved by the functionalization of
high surface area Cu nanostructures with low amounts of Sn by
electrodeposition, > electroless deposition,!?®l or atomic layer
deposition (ALD) of SnO,.1" Interestingly, high surface area Cu
nanostructures functionalized with Sn overlayers have also been
reported as highly selective catalysts towards formate.['*?2%] Pre-
sumably, significant differences in Cu—Sn surface structure and
composition exist among these high surface area catalysts selec-
tive toward different products, but unfortunately the detailed
analysis of surface composition is rarely reported. Therefore,
an investigation of composition and speciation in Sn-function-
alized Cu nanostructures tuned to yield radically different selec-
tivity (namely CO or formate) is of high interest to help unravel
the factors which direct this selectivity.

Various explanations of the synergetic effects that yield these
high selectivities of Cu—Sn bimetallic catalysts have been pro-
posed. According to density functional theory (DFT) investiga-
tions, increased HER overpotentials are predicted on Cu—Sn
surfaces compared to pure Cu,”l leading to an increased rela-
tive selectivity for CO,ER over HER on Cu—Sn materials. As for
the possible effects of Cu—Sn composition directing selectivity
among CO or formate pathways, Vasileff?®! reported a Bader
charge analysis indicating a partial electron transfer (ET) from Sn
to Cu in CuSn alloys, leading to the formation of partially oxidized
Sn sites and partially reduced Cu? sites. This partial ET is pro-
posed to gradually weaken the adsorption of *COOH (leading to
CO) with increasing Sn content and enhance *OCHO adsorption
(leading to HCOO™). Meanwhile, the persistence of oxidized Sn as
an active site during CO,ER experiments has been invoked by Li
et al. based on DFT studies,??l who proposed that Cu-doped uni-
axially-compressed SnO, is the active site for selective reduction
of CO, to CO in Cu@SnO, (core@shell) nanoparticle catalysts.

These DFT studies on Cu—Sn bimetallic CO,ER catalysts
indicate that charge distribution among metal sites and their
oxidation states play a crucial role in the binding strength of
the key intermediates directing selectivity between H,, CO, and
formate. At the center of the debate is the possible persistence
of oxidized metal sites under CO,ER reduction conditions and
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the precise nature of the active site. While these DFT models
are typically based on compositions observed either before or
after electrocatalyst testing, it is well known that electrocatalyst
materials can transform significantly under CO, reduction con-
ditions, presenting challenges in identifying their actual active
forms. In this context, the complementary techniques of X-ray
absorption (XAS) and X-ray photoelectron (XPS) spectroscopy
are powerful techniques to probe the chemical environment
and oxidation state of Cu and Sn and gather relevant informa-
tion on the active form of the catalysts.

Herein, we present an X-ray spectroscopy study of a Cu—Sn
bimetallic system with tunable Sn content capable of achieving
high selectivity to either CO or formate. Complementary infor-
mation on the composition and chemical environment of metals
in the electrocatalysts’ bulk and surface was revealed by corre-
lating observations from multiple X-ray spectroscopy methods
(in situ hard-XAS, ex situ soft-XAS, and quasi in situ XPS). Finally,
DFT simulations unveil the role of Sn speciation in driving CO
and HCOO" selectivity. Our study reveals a complex correlation
between catalyst structure, composition, and speciation with
applied electrochemical bias in Sn-functionalized Cu catalysts.

2. Results & Discussion

2.1. Material Synthesis & Characterization

The preparation of nanostructured Cu—Sn electrocatalysts was
adapted from the method reported by Schreier et al.' Com-
plete experimental details are provided in Section S1, Sup-
porting Information. In a first step, electrodes based on arrays
of Cu(OH), nanowires, denoted hereafter CuNW, were synthe-
sized by anodization of Cu films (1 um) sputter deposited on
glass substrates. The anodization was carried out at a constant
current of 8 mA cm™ to reach a total charge of 1.35 C cm™2 and
the samples were subsequently annealed in air at 150 °C for 1 h
(Figure 1a). This procedure yields reproducible bundled nano-
wire arrays with lengths of several pm (=8-10 pm) and diam-
eters of hundreds of nm (200-400 nm), which are attached to a
continuous Cu base layer, as seen in Figure 1b—d.

The so-obtained Cu(OH), nanowires were then modified by
ultrathin SnO, layers generated by ALD with varied number of
deposition cycles, denoted hereafter CUNW-SnXc (Xc = X number
of ALD cycles). The ALD method allows uniform and conformal
coating of the high surface area nanostructures with SnO,, and
variation of the deposition cycles enables us to precisely modulate
the surface Sn content, while avoiding significant changes in mor-
phology (Figure 1 and Figure S1, Supporting Information). The
number of deposition cycles was varied across the range 1-182,
which correspond to expected nominal thicknesses of approxi-
mately 0.1-20 nm based on calibrated deposition rates. The X-ray
diffraction (XRD) patterns of the samples modified with 15 and 182
ALD cycles of SnO, display the typical pattern for CuO (Figure le),
indicating that the Cu(OH), nanowires are dehydrated under the
ALD conditions (120 °C under vacuum). Note that the observed
Cu® metallic diffraction peaks arise from the underlying residual
sputtered Cu, as can be seen in the cross-section scanning elec-
tron microscopy (SEM) micrograph (Figure 1d). This continuous
Cu layer—a result of only partially anodizing the original film—is
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Figure 1. a) Schematic of synthesis procedure. b,c) SEM micrographs of the AS CuNW modified with 15 cycles of ALD SnO,. d) Cross-section SEM
micrograph of CuNW-Sn-15c¢ at the site of a Focused lon Beam cut. e) Grazing incidence XRD patterns of AS CuNW bare and modified with 15 or

182 cycles of SnO, ALD.

important for maintaining the integrity and conductivity of the NW
arrays as a functioning electrode. As seen in Figure 1d, a compact
CuO layer above it likely prevents the metallic underlayer from
contributing to the electrocatalysis.

The samples were tested for CO, electroreduction in CO,
saturated 0.1 m KHCO; in a custom-made three-electrode two-
compartment cell separated by a Nafion 115 membrane, under a
constant flow of CO,. Since the CuNW-SnXc was originally com-
posed of Cu(OH), (bare CuNW) or CuO (SnO, ALD modified
samples) and variable amounts of SnO,, the oxide composites
were pre-reduced by chronopotentiometry (CP) at a constant
current of —2 mA c¢cm™ to reach a potential of —0.5 V versus
RHE (reversible hydrogen electrode; all potentials reported here-
after are referred to RHE unless otherwise specified). Directly
after the pre-reduction step, the samples were set at the desired
CO, electrolysis potential, typically —0.7 V where the maximum
efficiency for CO has been reported for this system.l°l Repre-
sentative pre-reduction CP and chronoamperometry data are
presented in Figure S2, Supporting Information. The CO,ER
activity at —0.7 V for samples modified with various numbers
of SnO, ALD cycles (between 1-182) is displayed as faradaic
efficiency and partial current densities in Figure 2a,b. The
results show that modifying the CuNW with a single cycle of
SnO, induces a significant shift in selectivity, namely the near-
complete suppression of formate and a large increase in CO

Adv. Energy Mater. 2022, 12, 2103328 2103328 (3 of 16)

selectivity. Increasing the SnO, to 15 cycles further improves CO
selectivity over H, and ethylene, reaching an optimal faradaic
efficiency together with the highest CO partial current density
(Figure 2b). Further increasing SnO, to 20, 25, and 182 cycles
(=20 nm) induces a decrease in CO selectivity and production
rate, as well as total current density. Such volcano-type behavior
was previously reported by Schreier et al.'® albeit with dif-
ferent optimal numbers of SnO, ALD cycles, presumably due
to the use of different ALD system conditions. As noted above,
the Cu(OH), dehydrates to CuO during the ALD process. We
performed a series of control experiments, pre-dehydrating
Cu(OH), to CuO before ALD (Figure S3, Supporting Informa-
tion). The results indicate that the dehydration of Cu(OH), to
CuO itself induces only minor changes in CO,ER selectivity,
whereas after the addition of 15 ALD cycles of SnO, to each, the
Sn-functionalized Cu(OH), and CuO nanowire samples both
obtained high CO faradaic efficiency (79% and 83% respectively).

The CuNW modified with 15 ALD cycles, hereafter denoted
CuNW-Sn, oy, displays the optimal composition for CO produc-
tion with the highest faradaic selectivity (79%) and CO partial
current density of =~2.5 mA cm2. Its CO,ER performance was
further investigated in the potential range from —0.5 to 0.9 V
(Figure 2c). This composite displays high CO selectivity across
the moderate overpotential range —0.6 to —0.8 V, decreasing
at lower and higher potentials in favor of increased hydrogen

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. CO,ER activity for different CuNW samples modified with various numbers of SnO, ALD cycles, each tested at —0.7 V versus RHE in 0.1 M
KHCOs. a) Faradaic efficiencies and b) partial current densities. CO,ER as a function of applied potential for ¢) CuNW-Sn15c and d) CuNW-Sn182c.
Error bars correspond to standard deviation of at least three independent samples tested at each potential.

evolution. Low formate selectivity is observed across the exam-
ined range. Therefore, this addition of an ultrathin ALD layer
of Sn0O, (15 cycles correspond to a nominal thickness =1.6 nm)
results in a significant alteration of product selectivity toward
CO, as compared to the mixture of several products observed
on bare CuNW (CO,ER activity shown in Figure S4, Supporting
Information). The observation that this intermediate loading of
SnO, produced the best selectivity and rate for CO formation
suggests that there is an important synergy between Cu and Sn
which is responsible for this optimized activity.

The CuNW modified with a high SnO, content (182 ALD cycles,
corresponding to a nominal film thickness of approx. 20 nm), here-
after denoted CuNW-Snyy ¢, was also investigated across the same
potential range (Figure 2d). Although at —0.7 V this catalyst pro-
duced a mix of products dominated by H,, at more negative poten-
tials the selectivity to hydrogen greatly decreases while formate
increases significantly to become the primary product (FE 80% at
—0.9 V). Meanwhile, the CO selectivity for this composite remains
low at all tested potentials. Thus, at sufficiently high loading of Sn,
the composite samples exhibit high formate selectivity comparable
to what has been reported for pure Sn catalysts.?>-34

Scanning electron microscopy (SEM) characterization of the
catalysts after CO, electrolysis is presented in Figure S5, Sup-
porting Information. The materials display mostly preserved
nanowire structures with roughened surfaces. Energy-disper-
sive X-ray spectroscopy (EDX) quantification of bulk compo-
sition (Table 1, Figures S6 and S7, Supporting Information)
shows that a decreased Sn content is observed after electrolysis
experiments; in CuNW-Sn; oy the bulk Sn fraction (referred to
total metal Sn+Cu) decreases from 2.2 = 0.3 at. % in the as-
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synthesized (AS) catalyst to 1.9 £ 0.2 at. % after electrolysis at
—0.9 V. In the case of CuNW-Snycy the Sn content decreases
from 23 + 1.1 at. % in the AS catalyst to 16 + 1.3 at. % after
electrolysis at —0.9 V. Partial dissolution of Sn was further con-
firmed by inductively coupled plasma-optical emission spec-
trometry (ICP-OES) analysis of electrolyte (Table S1, Supporting
Information). Together these results demonstrate that the SnO,
ALD modification of CuNW electrodes enables the modulation
of the Cu—Sn bimetallic composition to reach high selectivity
toward either CO in CuNW-Sn; oy or formate in CuNW-Snycy
with minor changes to the nanoscale morphology of the elec-
trodes (Figure S1 and Section S5, Supporting Information).
These two composites were selected as CO- and formate-
selective Cu—Sn catalysts for further investigation of synergetic
effects between metals through correlation of observations
gathered by different X-ray spectroscopy methods (in situ hard-
XAS, ex situ soft-XAS, and quasi in situ XPS). Complimentary
information on oxidation states and chemical environment of
Cu and Sn in CuNW-Sn electrocatalysts’ bulk and surface fol-
lowing progressive electroreduction stages has been assessed to
gather relevant information on the active form of the catalysts.
The X-ray spectroscopy observations and their correlation with
CO,ER activity trends are discussed in the following sections.

2.2. In Situ Investigation of Cu and Sn K-Edges during CO,ER
via Hard X-Ray Absorption Spectroscopy

The Cu K-edge XAS measurements were conducted at
the KMC-2 beamline at the BESSY II synchrotron.’? The

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Table 1. Summary of bulk and surface characterization XRD, EDX, and XPS for CuNW modified with low and high Sn content by ALD overlayers AS

and following CO; reduction at different applied potentials.

Sample description

CO,ER Main product (FE)

Bulk structure XRD/Hard XAS

Sn at. %3

Bulk (SEM-EDX)

Surface speciation

Surface (XPS)

CuNW-Sn ow as-synthesized CuO 2.2+03 24+49 CuO/ SnO,
-0.5V CO (60%) cu® 19+1.9 Cu®/Sn0O,
0.7V CO (79%) Cul 1.5+0.1 13+£0.7 (14£0.8)9 Cu/SnO,
-0.9V CO (53%) Ccu® 1.9+0.2 14+0.3 (14+3.8)9 Cu®/Sn0O,

CuNW-Snyich as-synthesized CuO 23+1.1 100+ 0 CuO/SnO,
-0.5V H, (67%) cu® 98+0.4 Cu®/Sn0O,
—0.6V H, (71%) cu® 93415 Cu%/SnoO,
-0.7V Formate (67%) Cu®/CugSns 17426 78 £0.2 (82+1.4)9 Cu®/Sn%/SnO,
-0.9V Formate (80%) Cu®/CugSns 16+1.3 70 £2.3 (774 2.1)9 Cu®/Sn°/SnO,

ASn at. % relative to total metal (Cu+Sn); 'Sn at. % data presented as the average value + standard deviation at 3 different sample locations; 9Sn at. % after intentional

exposure of samples to air for 20 min

penetration length of X-ray photons through matter is a
function of their energy and the phases through which they
pass, with higher energy photons capable of traveling further
through condensed matter without complete attenuation.
This enables the use of high-energy “hard” X-rays for in situ
studies of electrode materials in operating electrochemical
cells. Photons with energy corresponding to the Cu K-edge
(located at 8979 eV) have an approximate probing depth of
=4 um in Cu and =1.4 mm in water.?*3 A custom electro-
chemical cell with a polymer window and a thin electrolyte
layer of =500 um (CO, sat. 0.1 m KHCO;) was fabricated to
enable hard X-ray absorption measurements of the elec-
trode in fluorescence detection mode, under electrochemical
CO,ER conditions. The cell and spectroscopy setup employed
for these measurements are shown in Figure S9, Supporting
Information. Considering that the CuNW arrays atop the glass
substrate exhibit a porous structure with thickness in the pm
range (see Figure 1 b—d), it is expected that the incoming radi-
ation probes the bulk of CuNW and the underlying sputtered
Cu as well, as will be discussed later. According to FIB cross-
section images the samples have an underlying sputtered Cu’
layer of 300-400 nm thickness (Figure 1d and Figure S1, Sup-
porting Information).

The CuNW samples modified with different amounts
of SnO, were investigated in their AS state as well as in situ
during both the CP pre-reduction step and CO, electrolysis.
The Cu K-edge X-ray Absorption Near-Edge Structure (XANES)
spectra and Fourier Transform Extended X-ray Absorption Fine
Structure (FT-EXAFS) analyses are shown in Figure 3. In the
AS state the bare CuNW electrode displays a XANES spectrum
typical of Cu(OH), (Figure 3c). In samples CuNW-Sn;qy and
CuNW-Snyy ey the spectra resemble the standard CuO spec-
trum as indicated by the shoulder =8982 eV, presumably due to
dehydration of Cu(OH), to CuO under ALD conditions (120 °C
under vacuum, see experimental details in the Supp. Info.) in
agreement with the diffraction patterns (Figure le). Addition-
ally, all AS samples exhibit an early shoulder at 8977 eV attrib-
utable to the sputtered metallic Cu® layer below the CuNW
(Figure 1d). The k2-weighted FT-EXAFS analysis of AS samples
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Cu K-edge spectra are displayed in Figure 3d. The peak 1.6 A
corresponds to the Cu—O distance in both CuO and Cu(OH),,
while the peak at 2.3 A corresponds to the Cu—Cu distance in
the underlying sputtered metallic Cu layer, in agreement with
previous reports.3>30

With the aim of investigating possible effects of Sn content
on the progressive reduction of Cu, several Cu K-edge XANES
spectra (each acquired for =20 min) were collected during chro-
nopotentiometric (CP) pre-reduction of bare CuNW as well as
samples CuNW-Sn;ow and CuNW-Snyjgy. Although under
standard conditions this pre-reduction step was typically carried
out at -2 mA cm™2, taking on average 8-10 min (see Figure S2,
Supporting Information), here the activation was carried out
at a lower current density of —0.2 mA cm™ in order to allow
sufficient time to collect a series of XANES spectra at different
stages during the activation step. These spectra are shown in
Figure 3a, color-coded to match the CP time frame in which
they were collected (Figure 3b). For all types of samples, with
or without Sn deposited, the experiments show the progressive
transition from Cu?* to Cu® that completes after about 70 min
of CP pre-reduction. The results indicate that roughly the same
amount of charge has been passed on all samples at the point
where defined XANES Cu® features are observed; this signifies
that about the same amount of Cu?* has been reduced in each
case, although more reductive potentials are required for reduc-
tion of samples containing Sn (Figure 3b and Figure S2, Sup-
porting Information).

After CP pre-reduction until reaching a potential of —0.4 V,
the samples were held at this potential for 30 min for collection
of additional XANES spectra (see Figure S10, Supporting Infor-
mation). However, at this stage the samples transition from
self-reduction to electrocatalytic CO,ER and HER, and bubble
formation due to the formation of gaseous products com-
mences, causing disruptions to the measurement of a stable
signal. To perform EXAFS data collection, a longer collection
time in the post edge region is necessary, requiring a very
stable signal over a duration of ca. 2.5 h per spectrum. Thus,
to allow EXAFS collection, the reduction bias was decreased to
—0.1V, a potential sufficiently reducing to observe a sustained

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

(a) Cu K-edge XANES during CP

CuNW-Sn, 4

E/V vs RHE

Cu NW-Sn, 4

Normalized Intensity / a.u.

bare Cu NW

Cu®

Cu,0
CuO
Cu(OH),
8960 8980 9000 9020 9040
Photon energy / eV
N —
CuO

As-synthesize

Cuwo CuNW-Sn 6y

CuNW-Sn,
bare CuNW

Normalized Intensity / a.u.

Cu,0
CuO
Cu(OH),

8980 9000 9020
Photon energy / eV

9040

8960

www.advenergymat.de

(b) CP at -0.2 mA cm?2

peeeebare CuNW
= = Cu NW-Sn gy
e Cu NW-Syy 614

0 20 40_ 60 _ 80 120
Time / min
(d) S —
Cu-0  Cu’Cu’ CuNw-Sn,g,
CuNW-Sn, o
As-synth bare CUNW
)
<
©
°
2
e |@-0.1Vrue
o
©
=
'—
[
1A3
{ Cu®
CuO
Standards Cu(OH),
Cu,0
0 1 3 4 5 6

2
Radial distance / A

Figure 3. In situ Cu K-edge XAS investigation of CuNW electrodes modified with variable number of SnO, ALD cycles. a) XANES spectra collected
during CP activation, b) CP activation at 0.2 mA cm™2. The spectra in (a) are color-coded to match the CP time frame (b) in which they were collected.
Cu K-edge spectra, c) Cu K-edge XANES spectra collected in the AS state and during CO,ER at —0.1V, and d) corresponding k2-weighted FT-EXAFS in

the k range between 3-12 (note displayed FT-EXAFS is not phase corrected).

and Cu,O are presented for comparison.

catalytic reduction current (=—150-200 UA cm™2) without
observable bubble-induced noise. The resulting Cu K-edge
XANES spectra at 0.1 V are shown in Figure 3¢; all the sam-
ples exhibit the typical features of metallic Cu® characterized by
an early shoulder =8977 eV, and all show a dominant EXAFS
peak at 2.3 A (Figure 3d) attributable to the Cu—Cu distance
in metallic Cu® during CO,ER turnover. No significant differ-
ences were observed between the XANES spectra collected at
—0.4 or 0.1 V versus RHE—for both conditions, all samples

Adv. Energy Mater. 2022, 12, 2103328 2103328 (6 of 16)

Reference spectra collected from standards of metallic Cu®, CuO, Cu(OH),,

have spectra closely matching that of metallic Cu®, as shown in
Figure S10, Supporting Information.

These results are in good agreement with ex situ GI-XRD
characterization (Figure S8, Supporting Information): after
electrolysis CuNW-Sn;oy displays the diffraction pattern of
metallic Cu®, while CuNW-Snyy;cy shows a mix of Cu® and
CugSn;s alloy. These observations indicate that the bulk of the
CuNW samples is reduced under CO,ER catalytic conditions
and the use of hard X-rays enabled the observation of the

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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dynamic transformation of reduction of Cu. Note that Cu—Sn
and Cu—Cu distances in CuzSns and metallic Cu are very close
(=2.3 A without phase correction)!’®3¢ and are not distinguish-
able from each other in EXAFS analysis. However, as will be
discussed below, the transmission electron microscopy (TEM)
investigation of CuNW-Snyy gy (Figure 6 and Figure S15, Sup-
porting Information) provided further evidence of the forma-
tion of CugSns during CO, electrolysis.

The Sn speciation during CO,ER was investigated by in situ
XANES at the Sn K-edge (with hard X-ray energies ca. 29.2 keV),
conducted at the BAMline at BESSY ILP7) The experimental
details can be found in Section S3.2, Supporting Information.
Both sample types in the AS condition showed the typical features
of SnO,. CuNW-Snyy gy was further investigated during CO,ER
at increasingly negative bias between —0.5 and —0.9 V, which led
to a progressive decrease in the relative amplitude of the white
line peak prominent in the oxides SnO, and SnO, indicating the
growth of a metallic Sn component (Figure S12a, Supporting
Information). Linear combination fitting analysis of the XANES
spectra (Figure S12¢, Supporting Information) indicates that at
—0.5 and —0.6 V the SnO, oxide is partially reduced to SnO and a
minor amount of Sn° (< 6 % at —0.6 V), at —0.7 V and —0.9 V the
Sn® component grows with increasingly reductive bias (to 72% at
—0.9 V), and SnO, is observed to persist at all tested potentials.

In the case of CuUNW-Sn; oy, XANES spectra collected at —0.5
and —0.7 V also display a partial flattening of the SnO, white line
feature, indicative of partial reduction of SnO, (Figure S12b, Sup-
porting Information). However, the low Sn content leads to a low
signal-to-noise ratio, hindering further quantitative analysis of
the data. Nevertheless, the persistence of the white line feature
in the spectra collected during CO,ER at —0.5 and 0.7 V indi-
cates that Sn is (at least partially) present in an oxidized state.

Overall, the in situ XAS investigation of Cu and Sn K-edges
revealed dynamic potential-dependent transformations of both
elements in the CuNW-Sn electrocatalysts under CO, electrore-
duction conditions. For Cu, the bulk reduction of CuO NW to
Cu® in all CuNW-Sn samples (regardless of Sn content) is veri-
fied during CP activation at potentials as mild as —0.4 V versus
RHE. In contrast, CuNW-Snyycy and CuNW-Sn;oyw samples
both displayed partial reduction of the SnO, layer into metallic
Sn® while retaining features of persistent oxidized Sn at poten-
tials as reductive as —0.7 and —0.9 V.

Given the bulk sensitivity of the XAS measurements con-
ducted using hard X-rays, the possibility of persistent surface or
subsurface copper oxide (as reported in some previous studies
on pure Cu catalysts)*®3% could not be adequately investigated
by this method. To more selectively probe the catalysts’ sur-
faces, complimentary investigations by soft X-ray XAS and XPS
were conducted, as discussed in the following sections.

2.3. Investigation of Surface Composition via Ex Situ Soft XAS
and Quasi In Situ XPS

The electrode surface composition was initially investigated by
ex situ XAS, using the LiXEdrom experimental station at the
UE56/2 PGM-2 beamline at BESSY 1.0 The Cu L- and Sn
M-edge spectra were investigated in the soft X-ray range using
total electron yield (TEY) detection mode, whereby the probing
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depth is less than 10 nm, limited by the mean free path of
generated photoelectrons.#2l While this method offers good
surface sensitivity, the attenuation of soft X-rays and photoelec-
trons in water prevents this method from being applied in situ
during electrocatalysis. To achieve surface-sensitive analysis of
samples resembling their catalytically-active form, we compro-
mised by first conducting the electrochemical experiments (CP
pre-reduction until —0.5 V, and electrolysis a constant poten-
tial of —0.7 V) inside an O,-free glovebox and then transfer-
ring them directly into the high-vacuum chamber for soft XAS
analysis, thus mitigating electrode re-oxidation in air, although
a brief period of air exposure (=15-20 min) was unavoidable
during the transfer step. CuNW samples and a series of rel-
evant standards (Cu and Sn metals and oxides) were meas-
ured. The results are presented in Section S3.3 and Figure S13,
Supporting Information).

The soft X-ray absorption investigation provides insight on
the surface structure and composition changes taking place
in the CuNW-Sn samples during CO, electroreduction. In all
samples, surface Cu appears readily reduced from Cu®* to Cu’/
Cu" after the pre-reduction step to —0.5 V (Figure S13a, Sup-
porting Information). On the other hand, Sn persists as a
SnO, enriched surface overlayer after the pre-reduction step
(Figure S13b, Supporting Information). However, after elec-
trolysis at —0.7 V, the Sn M-edge signal decreases for both sam-
ples CuNW-Sn; o5y and CuNW-Snyycy in comparison to the AS
state, indicating a significant decrease in Sn content at the near-
surface depth (<10 nm) probed by soft XAS, presumably due to
migration from surface to bulk or dissolution. Additionally, the
results indicate residual surface content of oxidized Cu as Cu*
and Cu?', as well as SnO. Due to the surface-sensitive nature
of this ex situ method and the unavoidable air exposure which
likely induced some degree of surface oxidation, we cannot be
certain whether the observed Cu*, Cu?*, and SnO surface spe-
cies persisted under CO,ER conditions or if they were formed
spontaneously by oxidation in air. Nevertheless, a reproducible
trend of Cu?* signal in CuNW-Sn; oy sample in the different
conditions tested suggests that the presence of low amounts of
Sn may render near-surface Cu atoms more prone to oxidation,
in contrast to the Sn-free bare CuNW sample which is free of
Cu?’* signal after CO,ER. Similar trends were observed in ex
situ surface-sensitive XPS investigations of CuSn alloys.[2021

In order to investigate if the copper and tin oxidized spe-
cies observed by ex situ soft XAS (Figure S13a,b, Supporting
Information) are the product of fast reoxidation during brief
air exposure and quantify the observed decrease of surface
Sn during catalytic turnover, a quasi in situ investigation
by XPS was conducted.®3] XPS spectra for CuNW samples
with different SnO, content (bare CuNW, CuNW-Sn, oy, and
CuNW-Snyy;cp) were collected in AS condition as well progres-
sive reductive conditions after CP pre-reduction to —0.5 V, after
2 h catalysis at —0.7 V, and after 2 h catalysis at —0.9 V. The
electrochemical testing was conducted under inert atmosphere
in a glovebox, then the samples were dried, and promptly trans-
ferred to the XPS chamber using a gastight transfer module. By
this method, the exclusion of atmospheric oxygen exposure is
ensured, preventing oxidation and making the resulting elec-
trode surfaces more representative of their active forms, while
also taking advantage of the surface sensitivity of XPS.
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ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

(a) Cu 2p (b) Cu Auger (c) Sn 3d
[ Cu(OH), I Cu0 Cu,0 [ Cu®
- ®@-0.9V [C18n* [ SnOx(Sn**, Sn?*)
AL i f ar || Sn2t [ Sn®
= f
= . / \@-0.0v ’ @09V
o A
e
m
[11]
3
S
>
5 2
= c
SN o
z 3
S N
© T
£
i
S
z I I 1 1 I I
y . . t o : . “om
l@-0.9v 19 7\ /

z IS . . JAL air %’1 M \: air
T " las @-0.9V
5 D | — N
; f| 4;\ A\ . A@-owv

3 ""—‘A\__J.¥@AO.7_V B ) = . S E A
© @05V @05V AN b
AS A5 L JL As
965 9‘|50 Qé5 950 9;15 9‘;-0 91":5 QéO 925 91‘0 9‘;5 géO 925 500 41‘95 4‘:90 4é5 480

Binding Energy / eV

Kinetic Energy / eV

Binding Energy / eV

Figure 4. XPS spectra for a) Cu 2p, b) Cu Auger, and c) Sn 3d core levels for CuNW samples modified with different SnO, content (bare CUNW (top),
CuNW-Sn oy (middle), and CUNW-Sny gy (bottom)) in their AS state and after different electrochemical tests: after CP activation at =2 mA cm™ up
to —0.5 V, after 2 h CO,ER at —0.7 and —0.9 V, and after exposure to air. Spectra are presented with a vertical offset to facilitate comparison. Electro-
chemical tests were conducted in an inert gas glovebox at the specified potential for 2 h followed by removal from the electrolyte and transfer to the

XPS chamber without air exposure.

The AS samples display the expected spectral features
(Figure 4). In agreement with the XRD characterization bare
CuNW displays a Cu 2p spectrum (main peak at binding
energy (BE) of 933.9 eV and shake-up satellite structure) and
Cu LMM Auger spectrum typical for Cu(OH),. The sample
modified with a low content of Sn, CuNW-Sn; oy, exhibits Cu
2p (main peak at BE 934.1 eV and shake-up satellite structure)
and Cu LMM spectral features of CuO. For both samples, Cu
2p and Cu LMM Auger spectra can be accurately fitted with the
peak model described by Biesinger et al.*!l for Cu(OH), and
CuO (see details on peak model in Section S4.1, Table S3, Sup-
porting Information).

The study of progressive reduction on the bare CuNW sample
indicates that the catalysts’ surfaces are fully reduced to metallic
Cu’ after CP activation up to —0.5 V (Figure 4a,b) as indicated by
the sharp Cu 2p doublet with the main peak at BE 932.7 eV, as
well as the metallic Cu® Cu LMM Auger fingerprint character-
ized by a multiplet centered at a sharp main peak at a kinetic
energy (KE) of 918.6 eV. The Cu LMM spectra can be evaluated
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by the peak model described by Biesinger et al. for freshly sput-
tered metallic Cu surface and validated by an additional internal
reference measurement of an Ar sputtered Cu foil (see details
on peak model in Section S4.1, Table S2, Supporting Informa-
tion). Similar Cu 2p and Cu LMM spectra are observed for sam-
ples after CO, electrolysis at —0.7 and —0.9 V, indicating that Cu
is fully reduced at the surface to metallic Cu after pre-reduction
up to —0.5 V and stays reduced during electrolysis at higher bias.
No evidence of residual Cu oxides on the electrode surface is
detected by XPS when transferred to the analysis chamber under
inert atmosphere, contrasting the above observations from ex
situ soft XAS following brief air exposure, and validating the
usefulness of the air-free transfer methodology.

A similar behavior was observed for Cu in CuNW-Sn; oyw—
it appears to be fully reduced to metallic Cu® after CP activa-
tion up to —0.5 V and remains reduced after CO, electrolysis
at 0.7 and —0.9 V (Figure 4 a,b). As observed in the soft-XAS
measurements, the sample CuNW-Sny gy does not show any
Cu-related signals in the AS state, indicating that the SnO,

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 5. Surface metal speciation derived from XPS analysis, expressed
as at. % of each species relative to total metal (Cu+Sn) for a) CuNW-
Sniow and b) CuNW-Snycy, following CO, electrolysis at the indicated
potential and air-free transfer to the XPS analysis chamber.

ALD layer (=20 nm) covers all the CuUNW surface (Figure 4a,b).
After CP pre-reduction up to —0.5 V an incipient Cu 2p signal
appears at the position expected for metallic Cu® indicating that
a SnO, ALD layer remains enriched at the catalyst surface after
the CP pre-reduction step, as previously observed by soft XAS
(Figure S13b, Supporting Information). After CO, electrolysis at
—0.7 V and —-0.9 V, typical Cu 2p and Cu LMM spectral features
assigned to metallic Cu® are dominant, indicating a full reduc-
tion of Cu and its migration from core to surface during CO,
electrolysis (Figure 4a,b).

The investigation of the progressive reduction of the SnO,
layer by XPS (Figure 4c) indicates different Sn speciation in
CO-selective (CuNW-Sn;gy) and formate-selective (CuNW-
Snyycn) catalysts. In the AS state, both display a doublet with
the main peak for the Sn 3d;, component at BE 486.7 eV in
agreement with the reported value for Sn0,.?*30 CuNW-
Snjow exhibits a slight shift towards lower BE 486.5 eV after
CP activation to —0.5 V, indicating a partial reduction to SnO
(i.e., Sn?*), as well as peak broadening which may indicate a
mixed contribution of both Sn?* and Sn*" oxidation states. Due
to this convolution, we denote this composition as SnO,. After
CO, electrolysis at 0.7 and —0.9 V, a peak at 486.5 eV assigned
to SnO, and a small shoulder at 485 eV assigned to metallic
Sn® are observed (Figure 4c). The results indicate that following
operation under all tested CO,ER conditions (—0.5, —0.7, and
—0.9 V), CuNW-Sn; oy surface is composed of fully reduced
metallic Cu® and Sn predominantly in an oxidized state
(Figure 4c, Figure 5a). These results are in good agreement
with the persistence of SnO, species observed for CUNW-Sn; oy
by in situ Sn K-edge XANES (Figure S12b, Supporting Infor-
mation) and provide experimental support for previous DFT
studies which identify persistent oxidized Sn as a crucial selec-
tivity director in Cu—Sn CO-selective catalysts.[?228]

The surface composition and speciation results are summa-
rized in Table 1 and Figure 5. The CuNW-Sn, oy catalyst surface
displays an Sn fraction (relative to total Cu + Sn content) of 24
at. % in the AS condition, which decreases to 19 at. % after CP
activation and at =13 at. % after electrolysis at —0.7 and —0.9 V.
This Sn content is in line with surface composition reported in
previous studies on low surface area CO-selective Cu—Sn cata-
lysts(222228] and Sn functionalized Cu foams.?3] The observed
surface Sn content decrease after CO,ER is in agreement with
the redistribution of Sn from the surface to the core reported
by Schreier et al.l'l which is observed by STEM-EDX elemental

mapping.
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For the formate-selective catalyst, CUNW-Snyy ¢y, the Sn 3d
signal broadens but remains at the same position after CP pre-
reduction, indicating that the SnO, ALD layer persists mostly
unchanged, as observed by soft XAS (Figure S13, Supporting
Information). Examination of electrodes after CO, electrolysis at
—0.7 and —0.9 V, the Sn 3d spectra develop new peaks assigned
to Sn?* (486.4 eV) and metallic Sn® (484.9 eV) (Figure 4c). Thus,
after CO, electrolysis at —0.7 and —0.9 V the CuNW-Snycy
catalyst surface is composed of metallic Cu and a mixture of
metallic Sn and SnO, (Figures 4c and 5b). The observation of
persistent SnO, species following CO,ER in Cu—Sn formate-
selective catalysts is in good agreement with Sn K-edge XANES
experiments (Figure S12, Supporting Information) and a pre-
vious report on in situ Sn K-edge EXAFS.[18l

2.4. Microstructure Analysis by Electron Microscopy and
Elemental Mapping

The structural transformation of CuNW-Snyy ¢y during CO,ER
was further investigated by TEM in the AS state and following
CO,ER experiments at different applied biases. To minimize
the impact of air exposure on post-electrolysis samples, every
sample preparation, electrochemical testing, and TEM sample
preparation were conducted inside a glovebox (as for quasi in
situ XPS experiments). The post-electrolysis samples were then
transferred under inert atmosphere into the TEM instrument.
A Dbrief exposure to air (<10 s) was unavoidable during sample
loading.

The TEM characterization for CuNW-Snyy;cy is displayed in
Figure 6. The AS sample shows CuO nanowires of approx. 100—
200 nm diameter coated with an amorphous layer (Figure 6b).
SAED analysis (Figure 6a) indicates that the wires are com-
posed of CuO (C2/c) in agreement with GI-XRD (Figure S8,
Supporting Information). Additionally, a broad diffuse ring
ascribed to the SnO, amorphous layer is observed at d spacings
between 2.7-3.3 A where SnO, (P42/mnm) diffraction signals
are expected. Detailed lattice spacing assignment information
is provided in Table S4, Supporting Information. Energy-fil-
tered transmission electron microscopy (EFTEM)*4% mapping
(Figure 6c) provides further evidence of a conformal coating
(15-25 nm) of SnO, along the CuNW structures, as expected
from the ALD synthesis method and in agreement with the
XPS results displaying exclusively SnO, at the catalyst surface
(Figure 4a).

Following CO, electrolysis at —0.6 V for 2 h, the SAED anal-
ysis (Figure 6d) indicates that the CuO nanowire core of the
sample has been fully reduced to Cu® while the outer SnO,
layer remains in a rather amorphous state as observed in TEM
micrographs (Figure 6e) and indicated by the persistence of the
diffuse broad diffraction ring ascribed to the SnO, amorphous
layer. The EFTEM mapping further confirms the persistence
of an Sn-enriched shell after electrolysis. HR-TEM analysis of
the core-shell interface (Figure S14, Supporting Information)
indicates that the outer shell is amorphous while at the inter-
face small crystallites (<5 nm) are observed, with lattice spac-
ings d = 2.8-3.0 A ascribed to CugSns alloy or Sn® and d = 1.6
and 1.9 A ascribed to SnO. The results suggest that at —0.6 V
the SnO, layer persists as a SnO, amorphous layer with only
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Figure 6. TEM characterization of a—c) CuNW-Sny gy AS, and after electrolysis at d—f) —0.6 and g—i) —0.9 V. Top images correspond to SAED analysis
(scale bar 5 nm™), middle images correspond to TEM micrographs and bottom images correspond to EFTEM mappings of Cu (L-edge: purple) and

Sn (M-edge: green).

partial reduction to Cu,Sns alloy, Sn% and SnO at the interface
with the Cu® nanowire core. These findings agree with previous
observations of the persistence of an enriched SnO, layer at
this potential by in situ Sn K-edge XAS (Figure S12, Supporting
Information) and quasi in situ XPS (Figure 4).

As the reductive electrolysis bias is increased to —0.9 V, fur-
ther structural changes were verified by TEM (Figure 6g—i).
The TEM micrograph in Figure 6h shows that the outer layer
appears crystalline in contrast with the same sample in AS con-
dition and after CO,ER at —0.6 V. SAED analysis reveals that
the diffuse rings assigned to the SnO, layer have disappeared
after CO, electrolysis at —0.9 V (Figure 6g) while diffraction sig-
nalsatd = 2.9, 2.8, and 2.1 A ascribed to CugSns or Sn° are
observed, indicating the reduction of the SnO, layer. Neverthe-
less, a diffraction signal or ring at 1.7 A that could be ascribed
to SnO, and SnO was also observed. The observation of lattice
fringes in HR-TEM images of the shell (Figure S15, Supporting
Information), as well as bright areas in dark-field images, con-
firm the presence of small crystallites (<5 nm) with lattice spac-
ings concordant with CugSns or Sn® (d = 2.8-3.0 A) and SnO/
SnO, (d =1.6-1.9 A). Additionally, EFTEM mapping displays the
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content of both Sn and Cu in the nanowire shell (Figure 6i) in
contrast with the enriched SnO; shell observed after electrolysis
at —0.6 V (Figure 6f). The results indicate that at this potential
the electrolysis process leads to the reduction of the amorphous
SnO, layer to CugSns and Sn®, mostly to CuySns as indicated by
the predominance of the CuySns pattern over Sn® in GI-XRD
pattern (Figure S8, Supporting Information) as well as the
occurrence of both Cu and Sn in the catalyst shell. Indeed, the
surface composition determined by XPS (Figure 5 and Table 1)
demonstrates that CuNW-Snyy ¢y catalyst surface is initially
composed of SnO, exclusively (=20 nm), which remains largely
unaffected after CP pre-reduction (98 at. % Sn). However, after
CO, electrolysis at —0.7 and —0.9 V the SnO, layer is reduced to
CugSns alloy according to TEM-SAED (Figure 6g) and GI-XRD
(Figure S8, Supporting Information) while Cu migrates from
the CuNW core to the surface region, as confirmed by the
EFTEM mapping (Figure 6i and Figure S16, Supporting Infor-
mation), corresponding with a decrease in surface Sn content
to 78 and 70 at. %, respectively (Figure 5). These results are in
good agreement with the bulk composition of CuSn; reported
for nanostructured formate-selective catalysts.['®l
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Overall, the TEM investigation of structural changes in
CuNW-Snyygy reveals the selective reduction of Cu and the
persistence of the outer SnO, layer to yield a Cu’@SnO, core@
shell structure at a low reductive bias (> —0.6 V), while high
reductive bias < —0.7 V triggers a partial reduction of the outer
SnO, layer predominantly to CugSns with the persistence of
SnO, domains, in good agreement with the Sn speciation
results investigated by quasi in situ XPS (Figure 4) and in situ
Sn K-edge XANES (Figure S12, Supporting Information).

It is worth noting that the potentials where metallic Sn
emerges at the surface (0.7 V) correspond with the potentials
at which formate selectivity increases to reach high selectivity of
80% at —0.9 V. In contrast, at less reductive potentials (>—0.6 V)
where a Cu’@SnO, core@shell structure is observed (see XPS
Figure 4, XRD Figure S8, Supporting Information, and TEM
Figure 6d-f), H; is the dominant product (Figure 2d). While the
persistence of surface SnO, moieties has been demonstrated as
beneficial for formate selectivity in pure Sn catalysts, 2% our
results indicate that only when reduced metallic Sn° is formed
at the catalyst surface, high formate selectivity is observed,
indicating that metallic Sn® sites play a crucial role in formate
production pathway.

Another interesting effect in CuNW-Sn catalysts is the
decrease in surface Sn content observed by XPS after CO,ER
testing for both samples, CuNW-Sn;oy and CuNW-Snygy.
(Figure 5 and Table 1). This Sn decrease is presumably due
to a combined effect of Cu migration from the CuNW core
to the surface during electrolysis (as previously reported by
Schreier et al.l® and further confirmed in this study by EFTEM
mapping and XPS) and a partial Sn loss, as evidenced by the
decrease of bulk Sn content observed by SEM-EDX and further
confirmed by ICP-OES analysis of electrolyte samples (Table S1,
Supporting Information). In view of this dynamic surface com-
position, the CO,ER activity and surface composition in CuNW-
Snjow and CuNW-Snyygy were investigated for extended elec-
trolysis duration (Figure S17, Supporting Information). The
product selectivity and surface composition exhibit negligible
changes over this extended time, indicating that the redistribu-
tion of Cu—Sn at the surface occurs early during CO, electrol-
ysis and stabilizes over time. Taken together, our observations
(electrochemical and spectroscopic) all indicate that the major
transformations happen early during an “activation” period and
then stabilize into a structure that persists afterwards, main-
taining the structure and activity which dictates the catalytic
selectivity.

Overall, the “quasi in situ XPS” experiments demonstrate
that in all CuNW samples the Cu is readily reduced to Cu’
during CP pre- reduction at mild reductive bias and remains
reduced after CO, electrolysis at —0.7 and —0.9 V. The observa-
tion of surface Cu present exclusively as metallic Cu (Figure 5)
indicates that at least within the XPS detection limit no oxida-
tion of surface Cu occurs due to the removal of reductive bias
removal during sample handling under inert atmosphere. The
results correlate with bulk Cu reduction observed in situ by
hard X-ray spectroscopy (Figure 3) and demonstrate the efficacy
of the quasi in situ approach to protect surface Cu from oxi-
dation in air. The oxidation state in pure Cu catalysts during
CO,ER has been widely investigated and remains a topic of
debate.¥l Some studies have found evidence of persistence of
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surface or subsurface oxide®*3%450 while our observation of
full reduction to Cu® under CO,ER conditions is in agreement
with recent investigations performed by in situ XASB>1>2 and
quasi in situ XPSP3 for pure Cu catalysts. In the context of a
bimetallic Cu—Sn structure, it is interesting to note that the
functionalization of the Cu(OH), nanowires with SnO, does
not affect their full reduction to Cu’.

Regarding the Sn speciation investigated by “quasi in situ
XPS”, SnO, surface moieties have been observed after CO,ER
tests at potentials as reductive as —0.9 V. While we cannot
exclude that the observed SnO, species are at least partially cre-
ated upon bias removal even under complete O,-free handling,
the in situ Sn K-edge XANES study further confirmed that
SnO, moieties are indeed present during CO,ER at reductive
bias as high as —0.9 V (Figure S12, Supporting Information).
As stated above for Cu, the good correlation of observations
on Sn speciation by in situ XAS and quasi in situ XPS dem-
onstrate the persistence of SnO, species during CO,ER and
validate the observations gathered by the quasi in situ approach
and the efficacy of handling the post-electrolysis samples under
inert atmosphere to minimize the impact of air oxidation in
surface composition analysis. It is worth noting that the sur-
face speciation assessed by XPS reveals a larger contribution of
SnO, (Figures 4 and 5) in contrast with the larger Sn° contri-
bution observed Sn K-edge XANES spectra (Figure S12, Sup-
porting Information). This variation likely arises due to the
different probing depths of the techniques. XPS is more sur-
face sensitive, providing information on the outermost shell
(< 3nm) of the material in direct contact with electrolyte which
is more likely to persist oxidized. In contrast, Sn-Kedge XANES
probes the entire cross-section of the material and provides
more bulk-sensitive information dominated by the reduced
CugSns and Sn® grains formed during electrolysis at high bias
as observed by the TEM study (Figure 6 and Figure S15, Sup-
porting Information).

2.5. Effects of Air Exposure

To investigate the impact of air exposure in the surface com-
position of Cu—Sn bimetallic catalysts, some “post-electrolysis”
samples were remeasured by XPS after intentional exposure to
air for a duration of 20 min (labeled “air” in Figure 4). Minor
changes are observed on the Cu 2p and Cu LMM spectra for
bare CuNW and CuNW-Snycy indicating the presence of
small amounts of Cu,O0. However, the CuNW-Sn, oy sample
displays growth of Cu?* shake-up structure in the Cu 2p spec-
trum, and the Cu LMM Auger spectrum was found to be
composed of a mix of Cu’, Cu,0, and Cu(OH), (Figure 4a,b).
These results are in good agreement with the observation of
persistent Cu?* signal in ex situ soft XAS Cu L-edge spectra
(Figure S13a, Supporting Information) The quasi in situ XPS
experiments demonstrate, however, that the oxidized Cu*/Cu?*
signals observed in the ex situ XAS study are generated during
the brief period of exposure to air, which suggests that the mod-
ification of CuNW structures with low Sn content may facilitate
the oxidation of Cu® in air.

Furthermore, and most significantly, the metallic Sn® formed
after CO, electrolysis at —0.7 and —0.9 V is quickly re-oxidized
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Scheme 1. Structural transformation during CO,ER at different applied
bias for a) CO-selective catalyst: Cu-NW-Sn oy, and b) Formate-selective
catalyst: Cu-NW-Snyycp.

in air, displaying spectra mostly composed by SnO, (Figure 4c
bottom). Further details on the effect of air exposure are dis-
cussed in Section S7 and Figure S18, Supporting Information.

Interestingly, air exposure can also influence the Cu/Sn
surface quantification. As an example, after CO,ER at —-0.9 V
the total Sn surface content determined by XPS on the CuNW-
Snygy sample increases from 70 to 77 at. % after air exposure
(Table 1), while for CUNW-Sn; oy under similar conditions there
is no significant change in Sn content. These observations con-
firm that ex situ characterization of catalysts conducted “post-
mortem” after electrochemical testing and with air exposure
can be susceptible to significant changes in surface speciation
and quantification due to fast oxidation of metal surfaces in air,
and migration of oxophilic metals such as Sn towards the sur-
face upon air exposure.

The quasi in situ XPS results demonstrate that conducting
electrochemical testing in an O,-free environment and transfer-
ring the samples under an inert atmosphere to the XPS anal-
ysis chamber can successfully prevent surface re-oxidation and
allows one to analyze the catalyst surface as close as possible
to in situ conditions in the absence of more sophisticated and
challenging approaches such as near ambient pressure (NAP)
XPS.[54-56]

2.6. Structure-Activity Correlations Using DFT

The detailed investigation of the structural transformation in
oxide-derived CuNW-Sn catalysts during CO,ER testing pre-
sented in previous sections identified the structures of the CO-
selective and formate-selective CuNW-Sn catalysts in their active
and most selective form. The CO-selective catalyst, CuNW-
Snjow is transformed from an original CuO@ SnO, core@shell
to a Cu’-SnO, structure during CO,ER as depicted in Scheme 1a.
The optimal CO selectivity is observed at a medium bias of
—0.7 V with an Sn surface content of =13 at %. The formate-
selective catalyst CuNW-Snycy is also transformed from an
original CuO@SnO, core@shell to a Cu’@SnO, structure
at mild reductive bias (E > —0.6 V) where H, is observed as a
major product, while more reductive potentials (E < 0.7 V)
trigger the partial reduction of the outer SnO, layer to CusSns
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and Sn° with evidence of persistent SnO, domains to yield a
Cu’@CugSns/Sn’/SnO, structure, which produces formate
with high selectivity. These observations are summarized in
Scheme 1b. Considering that the metallic Cu core in the wires
is buried under the CugSns/Sn®/SnO, layer, its participation in
the catalysis towards formate production is unlikely. The cor-
relation of the outer layer composition and speciation suggests
that the metallic Sn sites in CugSns and Sn° phases that emerge
at high reductive bias (E < —0.7 V) are essential to the formate
production pathway and therefore these phases were investi-
gated as models in the DFT mechanistic study detailed below.

To understand the influence of Cu—Sn surface structure
on CO,ER selectivity, we employed DFT on selected models
with the PBE functional (Section S8, Supporting Information,
Figure 7a).’8l Different systems were considered depending on
the experimentally-observed correlations between surface spe-
ciation and product selectivity (Scheme 1). To model the CO-
evolving catalysts characterized by overall Sn content around
13 at. %, we built Cu(111) (3 x 3) and Cu(100) (3 x 3) supercells
and substituted three surface Cu atoms with Sn (Figure 7a),
thus equating to an Sn content of 11 at. %. The Bader charge
analysis of Cu(111) (3 x 3) 11 at. % Sn model indicates a positive
polarization of the Sn sites of around +0.6 |e7| (Table S5, Sup-
porting Information), in agreement with the presence of SnO,
or Sn% observed for CuNW-Sn; oy by in situ XAS and quasi
in situ XPS. Cu(111) (3 x 3) and Cu(100) (3 x 3) related models
with 1 surface Sn substituent (4 Sn at. %) were investigated for
comparison. As for the HCOO™-selective catalysts, we chose two
models, Sn(100) (1 x 1) and CugSns (102) (1 x 1),P>% since for-
mate selectivity in CuNW-Snyy ¢y increased upon formation of
Sn® in metallic Sn and Cu¢Sns phases (Figure 4c and Table 1).
The chosen Cu, Sn, and CugSns facets present the lowest sur-
face energies (Table S6, Supporting Information), and are thus
expected to be the most abundant orientations on nanoparticles
according to the Wulff theorem under equilibrium.®¥ To fur-
ther assess the reactivity of residual SnO, species and underco-
ordinated Sn sites, we built two epitaxial supercells, SnO,(110)
(4 x 3)/Sn(100) (2 x 3) and SnO(001) (3 x 5)/Sn(100) (2 x 3), see
Figure S19, Supporting Information. Sn0O,(110) and SnO(001)
were chosen since they are the most stable crystalline facets for
these oxides.%?) After depletion of surface oxygens to achieve an
overall Sn content of 84 and 73 at. % for SnO,/Sn and SnO/Sn
respectively, we optimized both systems through ab initio mole-
cular dynamics to allow surface reconstruction (Section S8,
Supporting Information).

On transition metals, the pathway for CO,ER to CO and
HCOO™ is assumed to bifurcate at an early stage (Figure 7b).5’)
Carbon monoxide is formed upon adsorption of CO, in a 7%
or 7' configuration via an ET, followed by a proton transfer
(PT) which leads to a *COOH intermediate (Figure 7b, red
path). The OH group is then protonated via a proton-coupled
electron transfer (PCET) and H,O desorbs, leaving a *CO spe-
cies on the surface. Finally, *CO desorbs through a chemical
step. Alternatively, formate production occurs via adsorption of
CO, through its terminal oxygens (7%s o) favored by an ET, fol-
lowed by a PT to the carbon atom and desorption of *HCOO as
HCOO"~ (Figure 7b, green path). CO, adsorption and protona-
tion can as well occur as PCET steps, as considered by previous
theoretical studies on copper-tin alloys.?#%3] In this study, we will
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Figure 7. a) Models for DFT simulations at different Sn atomic ratio: Cu(100) (3 x 3) and Cu(111) (3 x 3) (0 Sn at. %); three Cu—Sn solid solutions
with 1to 3 Sn surface substituents in the Cu supercell (overall Sn content of 4-11 at. %); CusSns(102) (1 x 1) (45 at. % Sn); SnO, model (73 at. % Sn,

see Figure S19, Supporting Information) and Sn(100) (1 x 1) (100 Sn.%).

Light brown and grey balls represent Cu and Sn, respectively. b) Pathways

for CO,ER to HCOO™ and CO and HER, respectively defined in green, grey, and red, as defined from the state-of-the-art.l’l c) AGuco.ges (y-axis) and
AGicoon — AGsy (x-axis) as descriptors for CO selectivity: Cu(117)-11at. %Sn and SnO,-73at. % bind COOH and H isoenergetically, yet allowing a
exergonic desorption of CO (AGico.des < 0). d) AGupcoo — AGey (y-axis) and AGupcoo (x-axis) as effective descriptors for CO selectivity: increasing Sn
content leads to stronger "HCOO binding and weaker H binding, thus enabling CO,ER to HCOO™ in detriment of HER.

apply the latter reaction scheme for consistency. The HER com-
petes with CO,ER under cathodic bias. State-of-the-art modeling
usually assumes HER to proceed via reduction of an adsorbed
proton and its successive coupling with a second proton either
adsorbed or from solution (Figure 7b, grey path).[’]

Bagger et al. proposed a thermoneutral CO binding energy
as a key property of catalysts evolving CO, while they attrib-
uted a high performance toward formic acid to a highly ender-
gonic *H adsorption.* Pure copper displays low CO selec-
tivity (Figure 2a), as CO desorption is endergonic by 0.5 eV
(Figure 7c, Figure S20, Supporting Information),® while fara-
daic efficiencies toward hydrogen and formate on Cu are both
=40% at —0.7 V versus RHE (Figure 2a) since H and HCOO~
binding energies are nearly equivalent (Figure 7d, Figure S21,
Supporting Information).

In contrast, the Cu(111)-1lat. Sn% model presents the
weakest CO binding energy among the considered systems
(Figure 7c), yet shows nearly equivalent energetics for *COOH
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and *H adsorptions. Thus, the reduction pathway toward CO
is open at —0.7 V versus RHE (Figure S20, Supporting Infor-
mation), in excellent agreement with experimental results for
the CuNW-Sny oy catalysts with 13 at. % Sn content (Figure 2c).
In the Sn enriched models, pure Sn and CusSns have the
strongest HCOO™ binding energies and HCOO™ adsorbs more
favorably than H by at least 0.5 eV (Figure 7d). Hence, the
pathway toward formate is increasingly more favorable than
HER for higher content of Sn, leading to the >80% FE toward
formate at —0.9 V versus RHE for the CuNW-Snycyy sample
(Figure 2d, Figure S21, Supporting Information). In general,
the SnO, model exhibits weaker *HCOO, *COOH, and *H
binding energies than Sn(100) (Figure 2d, Table S7, Supporting
Information), thus motivating the poor CO,R reduction perfor-
mance of the Cu’@SnO, system at —0.6 V (Scheme 1b).

The modulation of CO,ER selectivity observed with
increasing Sn content, making Cu—Sn first selective toward
CO and then to HCOO", is caused by changes in the electronic
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state of Sn. As proposed by Vasileff et al.,?®! for low Sn content,
the copper matrix withdraws electronic density from Sn sites,
as predicted by Bader charge analysis (Table SS, Supporting
Information). The Sn%" sites destabilize CO adsorption on Cu
sites, thus enabling the subsequent release of CO which is hin-
dered on the pure copper system. In the Sn enriched models
(Sn = 45 at. %)—CueSns and pure Sn—this localized effect
is absent, since Sn sites are mainly metallic for both systems
(according to Bader charge analysis, Table S5, Supporting Infor-
mation). These Sn’ sites are responsible for a weaker H binding
and stronger HCOO™ adsorption, thus making CO,ER formate
more favorable than HER.%l Furthermore, at high Sn content,
the relatively close proximity of Sn sites to one another leads
to ensemble effects that strengthen adsorption of CO, through
its terminal oxygens (1%0,0), which opens the formate pathway.

3. Conclusions

Cu(OH), nanowire array electrodes modified by SnO, ALD
overlayers were optimized to reach high selectivity towards
either CO or formate depending on the number of ALD cycles
(15 or 182 cycles, respectively) with negligible differences in elec-
trode morphology. These Cu—Sn mixed oxide composites were
studied via a comprehensive investigation of metal oxidation
states and chemical environments following progressive reduc-
tion of the materials during CO,ER by bulk sensitive hard XAS,
and surface-sensitive soft X-ray absorption and XPS, in order to
reach a better understanding of Cu—Sn synergetic effects.

Our results indicate that Cu—Sn-based CO-selective catalysts
display optimal selectivity at a medium bias of —0.7 V, where
their surface is composed of metallic Cu and SnO, with an
Sn surface content of =13 at %. On the other hand, formate-
selective catalysts display optimal selectivity at a higher bias
of —0.9 V, under these conditions their surface is composed of
metallic Cu and a mixture of metallic Sn and SnO,, with an Sn
surface content of =70 at. %. The correlation of Sn surface spe-
ciation with CO,ER selectivity in the formate-selective catalyst
indicates that metallic Sn sites enable high formate selectivity.
DFT simulations indicate two regimes on Cu—Sn catalysts. At
low Sn content, localized electronic effects lead to the forma-
tion of Sn®, which weaken CO adsorption on Cu and thus
enable CO formation. For Sn content > 45 the overall system
shows similar reactivity as pure Sn, hindering H adsorption
while promoting formate production. Further improvement of
Cu—Sn catalysts performance by increasing the catalytic cur-
rent density may be achieved by targeting the above-mentioned
surface compositions through functionalization of high sur-
face area Cu nanostructures with Sn overlayers integrated into
gas diffusion electrode configurations.l®! Such approaches can
potentially enable selective and energy-efficient CO or formate
production at practical conversion rates using earth-abundant
catalyst materials.

Overall, the complementary information gathered by bulk
and surface sensitive characterization techniques has allowed
us to unravel the complex and dynamic nature of struc-
tural and compositional changes observed in Cu—Sn bime-
tallic electrocatalysts under CO,ER turnover. Our findings
highlight the importance of conducting thorough structural
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characterization by in situ or quasi in situ approaches with con-
sideration to bulk versus surface sensitivity, and, when possible,
avoiding ambient conditions (such as air exposure) which can
drastically affect observed composition and speciation. In situ
studies by hard XAS can reveal structural information under
true operating conditions, but this typically requires a synchro-
tron and furthermore gives predominantly bulk-sensitive infor-
mation. Methods which are mostly surface-sensitive (such as
soft XAS and XPS) are more challenging to accomplish in situ,
so a good compromise is to conduct electrocatalyst testing and
then transfer the samples to the analysis chamber under inert
atmosphere, in order to study the electrode material as close as
possible to relevant catalytic conditions.

4. Experimental Section

Complete details regarding materials and methods are provided in the
Supporting Information file.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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S.1 Experimental details

S.1.1 Catalyst synthesis

Synthesis of CuOx Nanowires: A Cu layer of 1 um is sputtered atop glass substrate. The glass
substrates are pretreated prior Cu sputtering by sonication in 8 M KOH for 5 days, and
subsequently cleaned by 30 min sonication in water, 1 M HCI to remove excess base, water and
then dried with a N2 gun. Cu(OH)2 nanowires, denoted CuNW, are synthesized by anodization
of the sputtered Cu in 3 M KOH at constant current of 8 mA cm™ to reach a charge of 1.35 C
cm2. The anodization is conducted in an Autolab potentiostat PGSTAT204, using a 3-electrode
configuration, with Ag/AgCl in 3M KCI and carbon felt as reference and counter electrodes,
respectively. The Cu(OH)2 nanowires are then annealed at 150 °C for 1h in air.

SnO2 ALD deposition: The CuNW were functionalized with SnO2 overlayers by variable
number of cycles of ALD, denoted CUNW-SnXc where X is the number of SnO2 ALD cycles.
The ALD deposition was conducted in an Arradiance GEMStar system, SnO2 was deposited at
120 °C, tetrakis(dimethylamino)-tin(IVV) (TDMASNH, 99% (99.99%-Sn)) was used as precursor
kept at 60 °C, water as oxidizer and N2 as carrier gas. The ALD sequence was programmed as
follows: (1) TDMASN 1 s (N2 30 sccm), (2) Purge 1 10s (N2 90 sccm), (3) H20 0.2 s (N2 90
sccm) and (4) Purge 2 15 s (N2 90 sccm). The growth per cycle is 1.1 A. (182 cycles yield a
SnOz2 layer of 20 nm on a flat Si surface). For ultrathin depositions (< 30 cycles) the purge time
in steps (2) and (4) was increased to 20 s and 25 s respectively, to ensure full reaction of the
precursors.

S.1.2 CO; electroreduction testing

Electrolysis tests were carried out using a BioLogic SP-200 potentiostat in a custom two
compartment cell separated by a Nafion 115 membrane, in CO2 saturated 0.1 M KHCOs (pH
6.8) under constant CO2 flow of 20 mL min™. Ag/AgCl in 3 M KCI and Pt mesh were used as
reference and counter electrodes, respectively. All potentials presented through the manuscript
are referred to the reversible hydrogen electrode (RHE). The CuNW-Sn samples are activated
by chronopotentiometry (CP) at constant cathodic current of —2 mA cm~ to reach a potential —
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0.5 V. After this pre-reduction step, CO2 electrolysis test is performed by chronoamperometry
at constant potential of choice, typically —0.7 V for 1-2 h.

The gas products are quantified by in-line gas chromatography with a Thermo TRACE 1310
gas chromatograph using He as a carrier gas. The Gas Chromatographer is equipped with two
columns: HayeSepS column (1 mm ID, Restek) and molecular sieve MS5a column (1 mm ID,
Restek); as well as two detectors: Pulse Discharge Detector (PDD) and Flame lonization
Detector (FID). The outlet flow of the cathode compartment headspace of the H -cell was fed
into GC through a transfer line (heated at 60 °C). The product concentration was measured
every 15 minutes for the duration of the CO2ER catalytic test, typically 1-2h. The Faradaic
efficiency (FE) was calculated according to Equation 1, where [X] is the concentration measure
for gas X determined by gas chromatography, flowrate corresponds to the constant inlet rate of
CO:z into the cell (20 ml min't), z the number of mols of electrons required to produce 1 mol of
gas X, and i is the recorded experimental current and F is the Faraday constant.

[X]*Flowrate*zxF

Faradaic Ef ficency % Gas X =

100 (Eq. 1)

Liquid products are analyzed post electrolysis by HPLC, using a Thermo Scientific Dionex
UltiMate 3000 UHPLC instrument equipped with UV (UltiMate 3000, Dionex) and RI
(RefractoMax 520, ERC) detectors and an autosampler unit. The separation is achieved with a
HyperREZ XP H+ column using 5 mM H2SQOas(aq) as eluent. The electrolyte was sampled at
the end of each electrolysis test by taking a 1 mL aliquot. Formate faradaic efficiency was
determined based on the experimentally determined formate concentration [HCOO ], the total
amount of charge passed (q) and the total volume of electrolyte (Veectroyte), as shown in
Equation 2.
__[HCOO™]+Velectrolytex2+F

Faradaic Ef ficency % HCOO™ = p (Eq. 2)

S.1.3 Materials characterization

Grazing incidence x-ray diffraction (GIXRD) was performed on a PANalytical X’Pert Pro
MPD diffractometer for thin film analysis, using a Cu Ka radiation (A = 1.5418 A), and a Xenon
scintillation counter detector with parallel plate collimator. The diffractograms were collected
at an incidence angle of 0.5°, with a step size of 0.06 and collection time of 10 s. Top view
SEM images and EDX spectra were collected on a Zeiss LEO 1530 Gemini SEM system with
a ThermoFisher UltraDry EDX detector. The SEM images were acquired at 3 kV using the in
lens secondary electron detector and EDX spectra were collected at an acceleration voltage of
15 kV. Cross sections were cut by focused Ga ion beam milling in a Zeiss Crossbeam 340
KMAT dual beam instrument. Due to the extreme aspect ratio of the CUNW, no protection layer
was deposited. Instead, the patterning was directly carried out at the unmodified sample surface
using an acceleration voltage of 30 kV and three different currents. For the actual cross section
7 nA were used, followed by a first rough polishing step at 1.5 nA and a final polishing step at
50 pA. Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES)
measurements were conducted in an iICAP 7400 Duo MFC ICP-OES Analyzer system (Thermo
Scientific) in axial Ar (5.0 purity, Air Liquide) plasma mode.
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S.2 Additional characterization data

SEM characterization of as-synthesized catalysts

(a) Bare Cu NW (b) CuNW- Sn15c

Top view

Il

Cu’:425 nm

Cross-section

FEure S1. Top view and cross section SEM micrographs of the as synthesized CUNW with different
SnO; content. Bare CuNW (left), CUNW modified with 15 cycles (center) and 182 cycles (right).

CO:2ER testing
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Figure S2. Representative (a) CP pre-reduction at 2 mA cm2 and (b) CO; electrolysis at —0.7 V for
CuNW bare and modified with low or high Sn content.
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Effect of Cu(OH). NW dehydration in observed CO2ER selectivity
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Figure S3. CO2ER activity of Cu(OH); (left) or CuO NW (right) bare and modified with 15 cycles of
SnO, ALD. Electrolysis at —0.7 V vs RHE in CO; sat. 0.1 M KHCO:s.
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Figure S4. CO2ER as a function of applied potential for the bare CUNW.
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SEM characterization of the CuNW - Sn catalysts after CO2ER electrolysis

(a) CUNW-Sn15c¢ As-synthesized (b) CUNW-Sn15¢ @ - 0.7 V (c) CUNW-Sn15¢ -0.9 V

Sn (EDX): 2.2+ 0.3 at.% Sn (EDX): 1.5 £ 0.1 at.% Sn (EDX): 1.9 £0.2 at.%

(d) CUNW-Sn182c As-synthesized (e) CuNW-Sn182c @ -0.7 V (f) CUNW-Sn182c @ -0.9 V

ik Sn (EDX):23 £1.1at.% [ 20" Sn (EDX): 17 + 2.6 at.%

200 nm Sn (EDX): 16 +1.3 at.%

Figure S5. SEM micrographs of CuNW with different SnO; content after CO2ER testing in CO; sat. 0.1
M KHCO;. CUNW modified with 15 cycles as synthesized (a), after electrolysis at —0.7 V for 2h (b) and
-0.9 V for 2h (c). CuNW modified with 182 cycles as synthesized (d), after electrolysis at —0.7 V for 2h
(e) and -0.9 V for 2h (f). The Sn content referred total metal (Sn+Cu) as determined by EDX is displayed
on the images.
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EDX characterization of the CUNW - Sn catalysts

10K

5K

(b)

30K
20K

10K

Figure S6. EDX characterization of CUNW-Sn_ow. Spectra collected at 15keV for CUNW-Sn15c¢ (a)
as-synthesized and (b) after CO,ER at -0.7V. Corresponding mapping images (c) and (d) using Cu La
(0.93 kV), Sn La (3.44 kV) and O Ko, (0.525 kV)- lines. Note that quantification results presented in
main text (Table 1) are calculated based on Cu Ka (8.04 kV) and Sn L lines. The signals observed
between 1.5-2keV correspond to sum Cu+Cu or Cu+O peaks and Sn scape peaks.
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(a)
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Figure S7. EDX characterization of CUNW-Snuign. Spectra collected at 15keV for CUNW-Shigh ()
as-synthesized and (b) after CO;ER at -0.9V. Corresponding mapping images (c) and (d) using Cu La
(0.93 kV), Sn La (3.44 kV) and O Ka (0.525 kV) lines. Note that quantification results presented in
main text (Table 1) are calculated based on Cu Ka (8.04 kV) and Sn L lines.
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ICP-OES analysis of electrolyte

Electrolyte samples collected after 1 h of CO2 electrolysis were analyzed using ICP-OES to
detect possible Cu and Sn dissolution during catalysis. The electrolyte samples were acidified
by addition of HCI 5% prior ICP-OES analysis. The observed concentrations of Cu and Sn were
converted to area-normalized mass loss values by accounting for the total electrolyte volume
and the electrode surface area. The results are summarized in Table S1.

Table S1. Cu and Sn mass loss as determined by ICP-OES

Sample [Cul® [Sn]® Mass loss®
pgL*  pglLt Cu (ug cm?) Sn (ug cm?)
CuNW-SnLow @ -0.7 V 77.5 49.3 2.3 15
@-09V 1061 98.6 3.2 3.0
CuNW-Snpicn @ 0.7 V 29.5 218.5 0.9 6.6
@-09V 419 322.0 1.3 9.7

@ Metal concentration in electrolyte as determined by ICP-OES (normalized per electrode area)
® Mass loss normalized per electrode area

The results show a minor dissolution of Cu and Sn in CUNW-Sncow after electrolysis at 0.7 V
and —0.9 V. CuNW-SnuicH displays higher mass loss of Sn and lower mass loss of Cu in
comparison with CUNW-Sncow.
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GI-XRD characterization of CUNW — Sn catalysts after CO2ER electrolysis
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Figure S8. Grazing incidence XRD of (a) CUNW bare and modified with (b) 15 or (c) 182 cycles of
SnO; ALD in as-synthesized condition and after CO2ER electrolysis at different applied potentials. The
displayed reference patterns correspond to of Cu(OH), (PDF 00-013-0420), CuO (PDF 04-007-1375),
Cu,0 (PDF 04-007-9767), Cu’ (PDF 00-004-0836),CusSns (PDF 00-045-1488) and Sn° (PDF 04-004-

T747).

Grazing incidence XRD was collected on as-synthesized samples and post electrochemical
samples ex-situ. The as-synthesized bare CUNW (Figure S8a) displays the diffraction pattern
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of Cu(OH)2 (COD 9011547). After CO2ER electrolysis the main peaks correspond to metallic
Cu° pattern (PDF 00-004-0836) and a small peak assigned to Cu20 (PDF 04-007-9767)
presumably due to Cu surface oxidation in air prior analysis. The as-synthesized CuNW
samples modified with 15 or 182 cycles (Figure S8b, c) display the typical pattern of CuO (PDF
04-007-1375). After CO2ER electrolysis, the sample modified with 15 SnO2 ALD cycles,
displays a similar pattern to bare CUNW sample; the main peaks correspond to metallic Cu®
pattern (PDF 00-004-0836) and a small peak assigned to Cu2O (PDF 04-007-9767). No peak
shift indicative of alloying is observed. In the sample modified with 182 cycles (Figure S8c)
after electrolysis at —0.6 V the sample displays only metallic Cu® peaks while no indication of
a crystalline Sn containing phase is observed. After electrolysis at higher reductive bias -0.7 V
or 0.9V, in addition to metallic Cu®, the formation of a CueSns alloy (PDF 00-045-1488) is
observed, along with small features corresponding to metallic Sn°® (PDF 04-004-7747). These
results indicate that a reductive bias of —0.7 V or higher is required to form Sn° crystalline phase
in the sample modified with 182 cycles; the quasi in situ XPS study (Figure 5 main text) also
indicated that surface Sn° is observed only after reduction at —0.7 \V or higher reductive bias.

S.3 X-ray absorption methods

(Hard and soft) X-ray absorption measurements were conducted at an average nominal ring
current of 300 mA in top-up and multi-bunch mode at the BESSY 1l synchrotron operated by
Helmholtz-Zentrum Berlin.

S.3.1 In situ Hard- Cu K-edge XAS experimental details

The Cu K-edge XAS measurements were conducted at the KMC-2 beamline at BESSY I1.! The
spectra were collected in fluorescence mode using an energy-dispersive detector (Bruker X-
Flash 6|60). The Cu K-edge is located at 8979 eV, this photon energy has an associated
penetration depth of ~4 pm in Cu and ~1.5 mm in water.>® These conditions allow to conduct
XAS experiments in situ during electrochemical testing using front illumination with the
incoming radiation penetrating through a LDPE window and a thin ~500 um aqueous
electrolyte (0.1 M KHCOs3) layer to probe the CUNW-Sn sample. The electrochemical cell and
set up employed for these measurements are shown in Figure S9. The electrochemical
measurements were conducted on a potentiostat BioLogic SP-200, Pt mesh and Ag/AgCl (3 M
KCI) were used as counter and reference electrodes respectively and the electrolyte was
constantly purged with 20 mL min- of CO2 during measurements. Cu K-edge reference spectra
for metallic Cu, Cu20 and CuO were collected in fluorescence detection mode on thin film
samples. Sputtered Cu (1 um) on glass was used as metallic Cu reference, the Cu layer was
leached in HCI 15% for 3 mins prior measurement to remove native oxide layer. A Cu20 thin
film (~300 nm) deposited on quartz by PLD and annealed at 600 °C in Ar was used as standard
for Cu20. A Cuz0 thin film annealed in air for 5 h to complete oxidation to CuO (as verified
by XRD, data not shown) was used as standard for CuO. Cu(OH): reference spectra was
collected in transmission on a pellet of Cu(OH)2 powder diluted in cellulose matrix. All spectra
were processed Athena software from the Demeter 0.9.26 software suite* using metallic Cu
spectrum as a reference for energy calibration. XANES and EXAFS spectra were collected
between 8779 eV and 9729 eV (k=14). XANES spectra were collected within ~25 mins (step
size 0.07 eV-4s), while EXAFS spectra required 2.5 h (collection per EXAFS step increases
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from 8 s to 40s during scan) and at least 2 repetitions per sample. FT-EXAFS analysis was
conducted by k2-weighted fourier transform in the K range 3-12.

(a) REF

i

Electrolyte
Incident reservoir
radiation

Figure S9. In situ Cu K-edge hard XAS set up scheme (a) and photographs(b)
The CuNW samples with or without SnOx ALD overlayers were tested in the as-synthesized
state in the dry cell. The samples were then immersed in CO2 saturated electrolyte inside the
cell and activated by CP pre-reduction at —0.2 mA cm2 (10 times slower than typical rate) in
order to have sufficient time to collect a set of XANES spectra following the progressive
reduction of Cu in the samples until a potential of —0.4 VV was reached. At this potential all
samples displayed the typical spectral features of metallic Cu°. (See main text Figure 3a-b).
The samples were then held at —0.4 V potential for 30 min, sufficient time to collect a XANES
spectra at this potential (See Figure S10). Periodical product bubble formation was observed at
—0.4 V thus the potential was lowered to —0.1 V to decrease the catalytic current (<200 pA) and
avoid bubble noise during EXAFS data collection. The Cu K-edge XANES spectra collected at
—0.4V and -0.1 V are shown in Figure S10, where it can be seen that in both conditions all
samples display the typical spectrum of metallic Cu®. This indicates that the (low) sustained
catalytic cathodic current is sufficient to maintain Cu in its reduced state.
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Figure S10. In situ Cu K-edge XANES spectra collected during CO2ER electrolysis at —0.4 V and —
0.1 V vs RHE. Reference spectra collected for metallic Cu® and Cu.O are presented for comparison.

S.3.2 In situ Hard Sn K-edge XAS experimental details

The Sn K-edge XANES measurements were conducted at the BAMlIine beamline at BESSY
11.> This edge is at 29.2 keV in the hard X-ray regime with a high penetration capacity through
water/electrolyte (29 mm) and sample components such as Cu (98 pum) and substrate materials
used for synthesis such as glass (4.8 mm).22 The high probing depth capability in this energy
range enables the measurement of in situ XANES during CO2ER testing. The beam was
monochromatized using a double-crystal monochromator (DCM) Si(111). The size of the beam
spot was 4 mm x 1 mm. The excitation energy was varied in 0.5 eV step in the near-edge region.
The Sn K-edge measurements were performed with fluorescence detection. The characteristic
fluorescence radiation (Sn-Ka line) was measured with a custom made four-element SDD in
backscatter geometry (LLA Instruments GmbH & Co. KG, Berlin, Germany). The single 30
mm2 detector modules were supplied by Ketek (Munich, Germany). The measurements were
conducted in back illumination mode in a customized electrochemical cell with a Kapton tape
window as depicted in Figure S11. The CuNW-Sn samples were fixed to the cell window with
the sample facing the 0.1 M KHCOs electrolyte reservoir, which was continuously purged with
CO2 (20 mL min™t) during measurements. In order to minimize (back)-scattering signal from
the sample substrate (typically glass), the samples were prepared onto Kapton film (25 um
thick). Additionally, the electrolyte layer thickness in front of the sample in the radiation
pathway was restricted to approx. 3 mm by insertion of a hollow tube fitted with a Kapton
window as depicted in Figure S11. Sn foil (10pum) was used as metallic Sn reference. SnO2 and
SnO reference spectra were on pellets diluted in cellulose matrix. All spectra were processed
Athena software from the Demeter 0.9.26 software suite* using metallic Cu spectrum as a
reference for energy calibration.
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Figure S11. In situ Sn K-edge XAS measurement setup. (&) Schematic depiction of the electrochemical
cell and. (b) Images of the electrochemical cell.

The Sn K-edge XANES spectra recorded for CUNW-Snnicn and CUNW-SniLow are displayed
in Figure S12. The samples were investigated in the as-synthesized conditon as well as during
CO:2ER electrolysis at increasing reductive potentials between —0.5V and —-0.9 V. CuNW-
SnnicH XANES spectra were quantified by linear combination fitting (LCF) analysis according
to Equation 3, where X, Y and Z are the spectra of reference materials Sn°, SnO and SnO,
respectively; and x, y and z correspond to the atomic fraction for each component. The results
are presented in Figure S12c.

Sample spectrum = x=X + y+Y + zxZ (Eq. 3)
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Sn K-edge XANES
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Figure S12. In situ Sn K-edge X-ray absorption spectroscopy investigation of CUNW electrodes modified with
a variable number of SnO, ALD cycles. XANES spectra were collected in as-synthesized condition (red) and
during CO2R electrolysis at different applied potentials for () CUNW-Snpgn and (b) CuUNW-Sn ow. Reference
spectra collected from standards of metallic Sn° SnO and SnO; are presented for comparison. (c) Sn speciation in
CuNW-SnyeH as a function of applied bias as investigated by LCF analysis of in situ XANES.

S.3.3 Ex situ investigation of Cu L- and Sn M-Edges via soft X-ray absorption
spectroscopy

The Cu L- and Sn M-edge XAS experiments were conducted at the LiXEdrom experimental

station at the UE56/2 PGM-2 beamline at BESSY 11.6 Cu L- and Sn M-edge spectra for CUNW-

Sn samples were measured at room temperature and in Total Electron Yield (TEY) detection

mode and with horizontally linear polarization of the beam (Figure S13a-b). The TEY

measurements were carried out by collecting the drain current from the sample. The sample
15
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holder was connected to an ammeter (Keithley 6514). In order to avoid radiation damage, the
incoming photon flux was adjusted to get a TEY current from the sample of around 10 pA.
XAS spectra for each sample were collected at a few locations to ensure reproducibility of the
data and to further minimize radiation damage as well as local heating. The probing depth is
restricted to the mean free path of generated photoelectrons (<10 nm’8) providing significant
surface sensitivity in comparison with fluorescence or transmission detection. The CO2ER
electrolysis tests were performed inside a Oz-free glovebox (O2 <30 ppm) using the typical H
cell and experimental conditions described in CO2ER testing details (Section S.1.2). The
samples were dried and stored under N2 atmosphere inside the glovebox prior XAS
measurements. A brief period of exposure to air (~15-20 min) was necessary to transfer the
samples from the glove box to the high vacuum chamber. A series of relevant standards (Cu
and Sn metals and oxides) were also measured for reference (Figure S13c-d).

In the as-synthesized condition, the Cu L-edge spectra (Figure S13a) for the bare CUNW and
CuNW-SnLow exhibit white line Lz and L2 peaks typical of Cu(OH)2 (931.1, 950.9 eV) and
CuO (931.4, 951.4¢eV) reference spectra.®! For CUNW-SnwigH (which are coated by
approximately 20 nm ALD SnO2) the Cu L-edge region is completely featureless due to
blocking of Cu photoelectrons by the SnO2 overlayer, providing evidence of both the surface
sensitivity of the method and of the conformal nature of the ALD SnO: film. The Sn M-edge
spectra (Figure S13b) of as-synthesized CUNW-SnLow and CuNW-SnricH display signals in the
expected positions for the main peaks in SnO (487.9 eV and 495.5 eV)*213 and SnO2 (~492 eV
and ~500 eV).'?*3 The spectra best resemble the SnO reference; however, the SnO reference
spectrum is likely to display a mixture of SnO and SnO: features due to surface oxidation during
handling in air (Figure S13d). On the other hand, CUNW-Sn samples composed of SnO2 ALD
layers, as confirmed by Sn 3d XPS spectra (vide infra), can display SnO features due radiation
induced (partial) reduction of SnO:2 layer. These convoluted features of Sn?* and Sn** are
hereafter denoted SnOx.
After pre-reduction to —0.5 V, the bare CUNW and CuNW-Sncow display Cu Ls, L2 peaks at
933.9 and 953.8 eV respectively, which can be assigned to a mix of reduced Cu in Cu® or Cu*
oxidation states.%° Similar features are observed after electrolysis at —0.7 V. Interestingly, at
both reduction stages (—0.5V and —0.7 V) CuNW-Sncow displays Cu?* features (931.1,
950.9 eV) which decrease at higher reductive bias. After the CUNW-SnnicH undergoes pre-
reduction, it still shows no peaks in the Cu-L edge region, indicating the persistence of a Sn
enriched surface, at least as thick as the probing depth (~10 nm). However, after electrolysis at
—0.7 V, CuNW-Snnricn displays incipient Cu-L edge features at the positions expected for the
main features of metallic Cu, but without any evidence of Cu?*. The emergence of Cu signal in
this sample coincides with the decrease in surface Sn signal observed in Sn M-edge spectra.
The Sn M-edge spectra (Figure S13b) reveal that the SnOx overlayer persists unchanged after
the CP pre-reduction up to —0.5 V. However, after CO2 electrolysis at —0.7 V a decrease in Sn
signal is observed for both CUNW-SnLow and CuNW-SnhicH, suggesting that the surface Sn
content decreases under CO2ER conditions (possibly due to migration from surface to bulk or
dissolution) to yield a surface composition differing from the as-synthesized state. This is
consistent with the observations of Schreier et al.,}* and are discussed in more detail in the XPS
section in main text. In the sample with high Sn content (CuNW-SnwicH) the weakened signal
(Figure S13b) displays a shoulder at ~485 eV characteristic of metallic Sn°,2 in agreement with
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GI-XRD characterization displaying formation of CusSns alloy (ESI Figure S8), as well as the
typical features of Sn0O.812 In comparison, the sample with little Sn (CuUNW-SnLow) shows a
significant attenuation of its SnOx signal after just 10 min of electrolysis at —0.7 V, and after 2
h at —0.7 V no signal from Sn is observable.
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Figure S13. Ex-situ soft XAS investigation of CUNW sample modified with low or high SnO- content.
() Cu L-edge and (b) Sn M-edge spectra in the as-synthesized state (top), after CP pre-reduction at -2
mA cm to —0.5 V (middle) and after CO,ER at —0.7 V for 2 h unless otherwise specified (bottom).
Reference spectra collected from standards of metallic Cu and Sn as well are their oxides are presented,
and all spectra are offset vertically to facilitate their comparison. Soft XAS reference spectra for (c) Cu
L-edge and (d) Sn M-edge collected for metallic Cu and Sn as well are their oxides. Note that the Cu,O
reference spectrum displays a Cu®* contribution (931 and 951 eV) due to partial oxidation in air, this
Cu?* contribution was subtracted to yield a clean pseudo-reference Cu,O spectrum, presented as a dotted
orange line in (a).

The soft X-ray absorption investigation indicates that in all samples, surface Cu appears
readily reduced from Cu?* to Cu%Cu* after the pre-reduction step to —0.5 V. On the other hand,
Sn persists as a SnOx enriched surface overlayer after the pre-reduction step. However, after
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electrolysis at —0.7 V, the Sn M-edge signal decreases for both samples CuNW-SnLow and
CuNW-SnnicH in comparison to the as-synthesized state, indicating a significant decrease in Sn
content at the near surface depth (<10 nm) probed by soft XAS, presumably due to migration
from surface to bulk or dissolution. Additionally, the results indicate residual surface content
of oxidized Cu as Cu* and Cu?*, as well as SnO. Due to the brief exposure to air of the sample
prior to insertion into the vacuum chamber, it is not possible to know if the observed Cu*, Cu?*,
SnO surface species persist at the applied reductive bias or if they are quickly and spontaneously
formed after removing the bias during sample handling. For this reason, a quasi insitu XPS
study was conducted (main text Figure 4). Nevertheless, the reproducible trend of Cu?* signal
in CUNW-SnLow sample in the different conditions tested suggests that the inclusion of low
amounts of Sn may render near-surface Cu atoms more prone to oxidation. Similar trends were
observed in ex situ surface-sensitive XPS investigations of CuSn alloys.*>16

Reference spectra for metallic Cu were collected on a metal foil in total fluorescence yield
(TFY) detection mode to minimize contribution from the native surface oxide layer. The Cu
foil was leached in HCI 15% prior measurement. The photon intensity was detected using a
GaAsP diode (Hamamatsu, model G-1127-04). Sn foil was leached in a mixture of 4 mL HCI
20% and 0.5g of Zn for 10 min prior measurement and the spectrum collected in TEY mode.
Cu20, CuO, Cu(OH)2, SnO and SnO2 powders were used as reference materials and their
spectra were measured as finely dispersed powders attached to Carbon tape and collected in
TEY mode. Cu20 was stored and handled under N2 atmosphere but was briefly exposed to air
during sample transfer to vacuum chamber leading to a detected Cu(OH)z surface
contamination, see peaks at 931.4 and 951.4 eV (Figure S13c). The Cu(OH)2 component was
subtracted to yield a clean Cu20 “pseudo-reference” spectrum. (See Fig. S13c).

The collected Sn M-edge reference spectra for metallic Sn foil, and powder SnO and SnO2 are
displayed in Figures S13b. The SnO2 powder reference spectrum displays the typical features
reported in literature in the regions labeled B, D assigned to Sn**.1213 The SnO powder was
stored and handled inside the glovebox under N2 atmosphere but was briefly exposed to air
prior sample insertion to vacuum chamber. The SnO spectrum displays the typical features
reported in literature for SnO in the regions labeled A, C assigned Sn?* and broad signals are
observed in the areas labeled B, D.'?>!3 The latter are probably associated to the presence of
SnO: at the powder surface due to oxidation in air. The metallic Sn reference spectrum was
collected on a Sn foil leached in a mix of 4mL HCI 20% and 0.5g Zn during 10 min prior testing.
The Sn° spectrum displays the typical shoulders at 485 eV and 293 eV (labeled S in the figure)
as well as strong signals in the regions A, C,® which are most likely due to the presence of
surface SnO. The surface oxidation in SnO and Sn° as well as the rise in background at high
energy range due to the signal of O K-edge, impose limitations on the quantitative analysis of
the Sn M-edge spectra.
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S.4 Quasi in situ XPS measurements

X-ray photoelectron spectroscopy measurements were carried out in a SPECS PHOIBOS 100
analyzer using Monochromatic Al Ko radiation (hv = 1486.74 eV, SPECS FOCUS 500
monochromator). The pass energy was set to 10 eV with step size of 0.05 eV. The spectra were
fitted in CasaXPS software using a Shirley background subtraction. The as-synthesized samples
were calibrated with respect to the adventitious carbon C 1s peak at 285 eV. The CO2ER
electrolysis tests were performed inside a O2-free glovebox (O2 < 1 ppm) using the typical H
cell and experimental conditions described in CO2ER testing details (Section S.1.2). The post-
electrolysis samples were dried and stored under N2 atmosphere inside the glovebox prior XPS
measurements. In order to avoid any exposure to air the samples were transferred from the
glovebox to the XPS vacuum chamber under inert atmosphere using a transfer arm.

S.4.1 Peak model details for Cu 2p and Cu LMM Auger spectra

The raw spectra collected on post-electrolysis samples display very good alignment for
expected Cu 2p and Cu LMM auger components of metallic Cu according to the values reported
by Biesinger!’ and a metallic Cu standard measured in our XPS instrument, see Table S2. The
metallic Cu reference was cleaned by Ar sputtering inside the vacuum chamber to remove
surface oxide.

Table S2. XPS peak model details for metallic Cu

Parameters reported by Biesinger Sputtered Cu® CuNwW
KE Area FWH A/A KE Area FWHM A/Al NoSn low Sn
(eV) % M 1 (eV) % 0.7V 0.7V
Comp. KE KE
(eV) (eV)
Cu 1 921.35 13 1.28 921.27 12.8 1.4 921.32 921.29
LMM® ) 919.7 10 111 077 91962 94 111 0.73 919.67 919.64
3 918.64 23 084 1.77 918.56 21.3 0.86 1.67 918.61 918.58
4 918.09 29 232 223 918.01 30.6 2.37 2.40 918.06 918.03
5 916.2 6 11  0.46 916.12 5.7 1.13 0.44 916.17 916.14
6 914.26 18 278 1.38 914.18 18.7 2.80 1.46 914.23 914.20
7 910.94 1 142 0.08 910.86 15 1.50 0.12 910.91 910.88
Cu2p® 32 932.63 100 0.83 932.71 0.86 932.74 932.78
1/2 952.46 1.47 952.49  952.53

high
Sn
-0.7v
KE
(eV)
920.98

919.33
918.27
917.72
915.83
913.89
910.57
933.1

952.87

@ Cu LMM model built with GL(30) line-shape. ®)Cu 2p spectra modeled with GL(90) line-shape for metallic Cu°.

The CuO, Cu(OH)2 and Cu20 peak models used for analysis of Cu 2p and Cu LMM spectra of
as synthesized samples: Bare CUNW (Cu(OH)z), CuNW-SnLow (CuO) and post electrolysis
samples as summarized in Table S3. The peak models are based in previous report by
Biesinger!’ presented in the table for comparison.
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Table S3. XPS peak model details for oxidized copper species

Parameters reported by Biesinger C(Lja\'\ls V;Iyﬁg;_c))w
Comp KE (eV) Area% FWHM A/Al KE (eV) Area% FWHM
Comp. 1 919.9 26.0 37 919.7 235 35
Cu Comp. 2 917.9 40.0 2.0 10.9 917.6 38.1 2.1
LMM®  comp 3 9142 31.0 4.7 8.4 914.0 336 4.7
Comp. 3 911.4 3.0 2.2 0.8 911.1 2.8 21
CuO Comp. 1 933.11 31 2.07 933.5 30.0 2.2
Comp. 2 934.48 88 3.05 1.37 934.9 33.0 3.2
Cu2p®  Comp.3 940.52 3 1.03 6.04 940.9 3.0 1.19
Comp. 4 941.66 28 3.55 1.13 942.0 29.0 3.7
Comp. 5 944.12 7 1.17 2.05 944.1 55 1.2
Bare CuUNW (As-synth.)
Comp KE (eV) Area% FWHM AIAl KE (eV) Area%  FWHM
Comp. 1 920.1 10.0 33 920.2 16.3 35
|_|\$|:|I\J/|<a> Comp. 2 916.5 69.0 41 20.8 917.6 63.8 410
Comp. 3 911.9 21.0 45 6.3 912.0 20.0 4.6
Cu(OH) Comp. 1 934.7 60.0 29 934.3 59.6 3.0
Cu2p® Comp. 2 939.3 6.0 2.8 0.2 938.9 7.9 3.0
Comp. 3 942.2 28.0 37 0.9 941.8 27.2 37
Comp. 4 944.1 7.0 1.8 0.2 943.8 6.3 2.0
CuNW-SnLow
(after CO2:ER at 0.7V and
exposure to air 20mins)
Comp KE (eV) Area% FWHM A/AL KE (eV) Area% FWHM
Comp. 1 921.7 5 22 9215 5.0 23
cu Comp. 2 918.0 55 4.01 11.00 917.7 55.0 41
cuo  MMP compz 9169 23 157 4,60 916.6 23.0 17
Comp. 4 913.2 17 4.1 3.40 913.0 17.0 4.2
Cu2p®  Comp.1 932.2 100 1

@ Cu LMM model built with GL(30) line-shape. ® Cu 2p spectra modeled with GL(30) for CuO and CU(OH),.© Cu 2p spectra
modeled with GL(80) line-shape for metallic Cu,O.

S.5 Structural characterization by TEM

The structure of the CUNW-Sn samples was investigated by transmission electron microscopy
(TEM) in as-synthesized state and following CO2ER experiments at different applied biases.
To minimize the impact of air exposure on post-electrolysis samples, electrochemical testing
and TEM sample preparation were conducted inside a glovebox. The post-electrolysis samples
were deposited on carbon-coated Ni TEM grids, mounted on a TEM specimen holder and
transferred under inert atmosphere into the TEM (Zeiss LIBRA 200FE). A brief exposure to air
(<10 s) was unavoidable during sample loading to the TEM instrument.

Detailed information on lattice spacing assignments from SAED analysis is presented in Table
S4.
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Table S4. SAED assignment in CuNW-Sn samples

Pardo Pérez et al.

SAED

Assignment

Assignment

d/A

CUNW-SanH
As-syynthesized

CUNW-SHHK;H
after CO,ER at -0.6 V

Phase

SnO; P42/mnm

HKkI

110

2.64

phase

hkl

SnO; P42/mnm 101

_SnOz P42/mnm _211 -1.76 ‘
|
|

CUNW-SHH|GH
after CO,ER at -0.9 V

| 5n 141/amd 2200

d/A

2.92

Sn02 P42/mnm 2.64 | Sn 141/amd -10-1
Sn02 P42/mnm 211

Cu NW-SnLow
As-syynthesized

21
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HR-TEM images and correponding FFT analysis for lattice spacing assignments for CuNW-
Snnich after CO2ER electrolysis at —0.6 V and —0.9 V are presented in Figure S14 and S15 .

T

(C) FFT Assignment Assignment
d/A phase hki | d/A phase hki d/A
3 SnO P4/nmm | -10-1| 2.99
29 | cusn.C12/c1 |-1-13| 2.97
2.8
1.9 SnO P4/nmm | -200 | 1.90
1.7-1.6 SnO P4/nmm |-2-1-1| 1.60 |Sn02 P42/mnm| 211 1.76

Figure S14. HR-TEM micrographs of CUNW-Snuien (20nm SnO; layer) after CO.ER at -0.6 V (a)
corresponding FFT analysis (b). (c) Table of assignment of lattice spacing identified by FFT.
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(e) FFT Assignment Assighment
d/A phase hkl |d/A phase hk!
2.9 |Cu/Sn. C12/c1 |-1-13 | 2.97
2.8
2.0 [Cu/Sn. C12/c1 [-1-3-2|2.11
1.9 |SnO P4/nmm | -200 | 1.90
1.6 SN0 P4/nmm |-2-1-1| 1.60 [SnO2 P42/mnm| 211 | 1.76

Figure S15. HR-TEM micrographs of CUNW-Snuign (20nm SnO; layer) after CO.ER at -0.9 V (a,c)
corresponding FFT analysis (b,d). (e) Table of assignment of lattice spacing identified by FFT.

Additional details on Cu-Sn EF-TEM mappings for CUNW-SnwicH as synthesized and after
CO2ER electrolysis at —0.6 V and —0.9 V are presented in Figure S16.
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100 nm

(b) After CO,ER a

EE—
100 nm

(c) After CO,ER at -0.9V-2h

CugSng
Sno
SnOx

100 nm

Figure S16. EF-TEM mappings of Cu (L-edge: purple) and Sn (M-edge: green) in CUNW-SnuicH as
synthesized (a), and after electrolysis at (b) —0.6 V and (c-d) -0.9 V.
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S.6 Surface composition after extended electrolysis

The Sn at.% surface composition was examined by quasi in situ XPS after extended electrolysis
time of 4 h for CO- and formate-selective catalyst electrodes. The CO2ER activity of CUNW-
Sniow and CuNW-Snnicn display very good stability over the course of the 4 h test.
Furthermore, the surface composition after 4h electrolysis test displays very minor changes as
compared the one observed after 2h electrolysis (reported in main text Figure 4 and 5, and Table
1). The results indicated that although the CuNW-Sn samples have dynamic surface
composition during initial stage of electrolysis, the surface composition estabilizes over time
yielding stable activity.

(a) Stability of CUNW-Sn oy (b) Stability of CUNW-Sny gy
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Figure S17. CO;ER activity during 4h of electrolysis for () CUNW-Sn_ow and (b) CUNW-Shyign. The
Surface Sn composition after 2h and 4h of electrolysis for each sample type are displayed as a table
inset. Differences in the periodicity of product measurements are due to the different analytical methods
employed for CO and HCOO™ quantification (in-line GC and post-run HPLC, respectively).

S.7 Effect of air exposure on observed surface composition

The surface composition of the samples after CO2ER electrolysis at different potentials -0.7 V
and —0.9 V was investigated by quasi in situ XPS (preventing any exposure to air) and after
exposing the samples to air for 20 mins. The observed speciation for Sn and Cu is summarized
in Fig. S18. The Sn speciation was calculated by deconvolution of the Sn 3d signal spectrum
and Cu speciation was calculated by deconvolution of the Cu LMM spectra according to the
peak model described in section S.4.1. The results show that for samples CUNW-SnLow and
CuNW-SnHicH the metallic Sn component formed during CO: electrolysis at 0.7 VV and -0.9 V
is rapidly re-oxidized to SnOx (combined Sn?" and Sn** components) after a brief exposure to
air (20 mins). In the case of Cu, the Quasi in situ XPS Cu LMM spectra of all post electrolysis
samples display fully reduced Cu. After exposure to air for 20 mins, the XPS data indicates a
minor oxidation (<16%) to Cu20 in the bare CUNW and CuNW-SnwicH; while CUNW-SnLow
displays major oxidation to both Cu20 and Cu(OH)2 in the same time frame indicating that this
sample is more prone oxidation in air. A similar trend was observed in the quantitative analysis
of the soft XAS Cu L-edge spectra of samples after COz electrolysis at —0.7 V. These results
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highlight the importance of conducting quasi in situ analysis of surface composition, since even
brief exposure to air can yield strong effect of oxidation of metal components.
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Figure S18. Effect of air exposure on surface speciation for (a) Sn and (b) Cu in CuNW samples after
CO2ER electrolysis at —0.7 V or —0.9 V investigated by quasi in situ XPS (no exposure to air), after
20mins of air exposure (XPS) and by ex situ XAS (~20-30 mins or air exposure). Each species Mx % is
referred to total metal M, i.e. Cu® %= Cu°/(Cu°+Cu*+Cu?")*100.

S.8 Computational details

Density functional theory (DFT) modeling was carried out through the Vienna Ab Initio
Simulation Package (VASP).181° We chose the PBE density functional?® including dispersion
through the DFT-D2 method,?*?? with reparametrization of Cs coefficients for metals
performed by one of our group.? We accounted for implicit solvation via the VASP-MGCM
framework.?*?° Inner electrons were represented by PAW pseudopotentials?®?’ and the
monoelectronic states for the valence electrons expanded as plane waves with a kinetic energy
cutoff of 450 eV.

We modeled the Sn-rich catalyst, selective to HCOO™ as CusSns(102). We also designed three
impurity models to reproduce the CO-selective Cu1oSn solid solution. For the three impurity
models, we replaced 1, 1, and 3 surface atoms on Cu(100) (3x3), (111) (3x3), and (111) (3x3)
matrices with Sn substituents, thus accounting for an overall Sn content of 4, 4, and 11 Sn at.
%, respectively.
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Since both metallic and oxidic Sn species were observed under electrochemical CO2 reduction
conditions (Figure S12), we built two epitaxial supercells from the most stable facets of SnO2
and Sn0.%8 4 layers of Sn0O2(110) (4x3) were deposited on 4 layers of Sn(100) (2x3), while the
second system consisted of a 3L SnO(001) (3%5)/3L Sn(100) expitaxy, see Figure S19. The
three outermost SnO2 layers and the SnO surface layer were depleted of atomic oxygen to
achieve a Sn content of 84 at.% and 73 at.% as in the CUNW-SnnicH catalyst. Following the
framework developed to assess surface reconstruction on oxide-derived copper,?® we employed
ab initio molecular dynamics® on both system for 1.0 + 5.0 ps (SnO2/Sn) and 1.0 + 5.0 ps
(SnO/Sn) at T = 700 K (3.0 fs time step, canonical ensemble, NVT, Nosé-Hoover thermostat)3L.
The resulting systems exhibited multiple surface sites including residual SnOx species and
undercoordinates domains, whose reactivity for HER and CO2R was then assessed (Table S7).

All the models contained at least six layers, where the three uppermost were fully relaxed to
mimic the surface layer and the rest fixed to the bulk distances. The vacuum between the slabs
was at least 12 A. We sampled the Brillouin zone by a I'-centered k-points mesh from the
Monkhorst-Pack method,® with a reciprocal grid size smaller than 0.03 A™. For calculating
adsorption energies, we placed the adsorbates only on one side of the slab, thus we introduced
an artificial dipole correction to remove spurious contributions arising from the asymmetric
slab model.® Adsorption energies are reported using the following as references: CO2(g), H2(g),
and the Cu, Cu-Sn, and Sn surfaces. When proton-coupled electron transfers were considered,
the relative energy between the H* and the Hz(g) at U = 0 V was calculated applying the
Computational Hydrogen Electrode (CHE) formalism.3**® Conversely, the Gibbs free energy
of HCOO™ was obtained from its corresponding conjugated acid from Equation 4.3

Gg- = Gyg — kg * T+ In(10) - (pH — pK,) (Eq. 4)

Table S5. Bader charges (in elementary charge, |e7|) for surface Sn and Cu on the selected Cu-Sn
models

Model Osn/le] | Qeu/ leT]
Cu(100)-4at.% 0.29 -0.07
Cu(111)-4at.% 0.69 -0.02
Cu(111)-11at.% | 0.63 -0.11
CusSns(102) 0.25 -0.16
Sn(100) 0.02

Table S6. Surface energiesy (J m=2) forselected facets of CusSnsand Sn. Lowest energy
configurations are highlighted in grey.

Facet y/Jm?2
CusSns(100) | 1.07
CusSns(102) | 0.71
CusSns(110) | 0.92

Sn(010) 0.35
Sn(100) 0.35
Sn(110) 0.51
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Table S7. Gibbs free energy of adsorption for *H, *COOH, *CO, and *HCOO on different active
sites on Sn(100) and SnOy derived catalysts versus average Sn-Sn coordination number Nsn.s, and
average Sn Bader charge gsn. Highlighted values indicate residual SnOx sites. Coordination
numbers have been calculated according to Sn-Sn distances in the bulk (3.11 A first neighbor, 3.82

A second neighbor).

Adsorbate  Adsorption site

Nsnsn Gsnl|e| 4G /eV

*H

*COOH

*CO

*HCOO

Sn(100)
Sn0,(110)/Sn(100)

Sn0O(001)/Sn(100)

Sn(100)
Sn0,(110)/Sn(100)

Sn0O(001)/Sn(100)

Sn(100)
Sn0,(110)/Sn(100)

Sn0O(001)/Sn(100)

Sn(100)
Sn0,(110)/Sn(100)

Sn0O(001)/Sn(100)

28

8.00
7.97
8.00
7.95
7.97
6.50
6.44
8.00
7.95
8.00
9.94
6.00
7.00
6.87
8.00
7.95
8.50
7.43
6.50
5.00
7.00
8.00
6.47
7.96
6.47
6.00
6.94
6.87

+0.02
+0.06
+0.01
+0.00
—-0.03
+0.15
+0.13
+0.02
+0.05
+0.01
+0.03
+0.02
+0.17
+0.13
+0.02
+0.05
+0.00
+0.05
—0.06
+0.17
+0.13
+0.02
+0.05
+0.10
+0.05
+0.02
+0.15
+0.14

+0.36
+0.54
+0.75
+0.78
+0.47
+0.91
+0.85
+0.22
+0.58
+0.76
+0.87
+0.67
+0.81
+0.84
+0.57
+0.46
+0.47
+0.38
+0.48
+0.46
+0.46
—0.66
-0.21
-0.16
-0.21
—-0.02
-0.31
-0.24

Pardo Pérez et al.
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(a) (b)

_Topview Top view

Side yiew Side view

FAT

SnO,(110) (4x3) — 4L SnO(001) (3x5) — 3L
Sn(100) (2x3) — 4L Sn(100) (2x3) — 3L

Sn 84 at.% Sn 73 at.%
Figure S19. (a) Top and side view for SnO2(110) (4%3)/Sn(100) (2x3) precursor. Atomic oxygens in
the three outermost SnO- layers have been removed to mimic reduction conditions. (b) Top and side

view for SnO(001) (3x5)/Sn(100) (2x3). Atomic oxygens in the outermost SnO layer have been
removed to mimic reduction conditions.
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Figure S20. Gibbs free energy diagrams of selected DFT models toward CO (red) and H; (grey) at —0.7
V vs RHE: (a), Cu(111) (b), Cu(111)-11at.Sn%.
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Figure S21. Gibbs free energy diagrams of selected DFT models toward HCOO™ (green) and H. (grey)
at -0.9 V vs RHE: (a), Cu(111) (b), CusSns(102) (c), Sn(100).
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S.9 CO:2ER Activity of planar Cu-Sn catalysts

Flat CuSn catalysts were prepared by deposition of SnO, atop flat Cu surfaces. Sputtered Cu (1 um)
samples were modified with SnO, by ALD with low (15 cycles) and high (182 cycles) SnO- content,
denoted sCu-LowSn and sCu-High Sn respectively. The CO2ER activity results obtained at -0.7 V and
-0.9 V are displayed in Figure S22. sCu-LowSn displays improved CO selectivity as compared to a bare
Sputtered Cu surface at both potentials, however the maximum CO selectivity observed (66% at -0.9V)
is lower than that observed for CUNW-Sn_ow (80% at -0.7 V). Similar trends are observed for sCu-
HighSn, at -0.9 V the formate selectivity is 60% significantly lower than that observed for CUNW-Snpign
at the same potential (80%). The results indicate that flat Cu-Sn catalysts display similar COER
selectivity trends as high surface area CUNW-Sn cataysts. However, lower faradaic efficiencies can be
attained with flat catalysts as compared to nanostructured CuNW-Sn indicating that high selectivity
towards CO or formate is also favored by HER suppression in nanostructured catalysts.

@-0.7V @-0.9V

110 _ B <o
100 - 11 H2

A CH4
| B

i C2H6 16
80 % Il Hcoo-
70 L 34 60
60 [ 65
50 |-
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Figure S22. CO;ER activity of planar Cu-Sn catalysts in CO; sat. 0.1M KHCOs at -0.7V (left) and -
0.9V (right).
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ABSTRACT: To sustainably exist within planetary boundaries, we must  H, bubble templated Selective CO,
greatly curtail our extraction of fuels and materials from the Earth. This electrochemical transfer reduction to CO

requires new technologies based on reuse and repurposing of material already
available. Electrochemical conversion of CO, into valuable chemicals and
fuels is a promising alternative to deriving them from fossil fuels. But most
metals used for electrocatalysis are either endangered or at serious risk of
limitation to their future supply. Here, we demonstrate a combined strategy
for repurposing of a waste industrial Cu—Sn bronze as a catalyst material
precursor and its application toward CO, reuse. By a simple electrochemical
transfer method, waste bronzes with composition Cu;,Sn were anodically
dissolved and cathodically redeposited under dynamic hydrogen bubble
template conditions to yield mesoporous foams with Cu,,Sn surface composition. The bimetal foam electrodes exhibited high CO,
electroreduction selectivity toward CO, achieving greater than 85% faradaic efficiency accompanied by a considerable suppression of
the competing H, evolution reaction. The Cu—Sn foam electrodes showed good durability over several hours of continuous
electrolysis without any significant change in the composition, morphology, and selectivity for CO as a target product.

co 0, ™\

Cu?* Sn** co, H,0

KEYWORDS: electrochemical CO, conversion, Cu—Sn bronze, Cu—Sn foam, waste repurposing, carbon monoxide synthesis,
electrodeposition, electrocatalysis

B INTRODUCTION systems.” Because scalability is a prerequisite for these
technologies, we will need to largely avoid materials of low
abundance or availability. For CO,ER this presents particular
challenges for catalyst design. Although the best-known
catalysts for electrochemical CO production are the precious
metals Ag and Au,”™? recent studies have discovered a number
of new catalysts for this reaction that are based on more
abundant elements.'° For instance, bimetallic combinations of
Cu and Sn have demonstrated high activity and selectivity for
CO, reduction to CO."'~** Although Cu and Sn are certainly
more abundant than Ag and Au, both Cu and Sn are
considered potentially endangered elements with increasingly
limited availability and risk to their future supply.”**** With
the goal of sustainable development, it is important that we
look to existing raw or recycled materials, rather than new
extractions, to supply new green technologies that must be
implemented on a massive scale. Considering sources of Cu
and Sn, a major application of both is their use in Cu—Sn

To develop a sustainable global society, it is crucial that we
adapt our material consumption habits to fall within planetary
boundaries. This will require limiting the extraction of
materials from the Earth and developing alternative strategies
based on repurposing and recycling the materials already
available. Central to this effort is to slow the use of fossil-based
sources of carbon to avoid unbalanced CO, emissions, which
are contributing to climate change." A sustainable alternative is
to utilize CO, itself as a carbon feedstock, thereby trans-
forming a waste product into a resource. Electrochemical
reduction is an attractive method for CO, valorization under
mild conditions driven simply by electricity.” While there are
numerous possible products of CO, electrochemical reduction
(CO,ER),” carbon monoxide (CO) is currently one of the
most techno-economically viable.* It is an important industrial
feedstock that can be further converted into other valuable
compounds using well-established technologies (e.g., the
Fischer—Tropsch process).” Implementing CO,ER (using
renewable electricity and captured CO,) to displace conven-
tional routes of CO production could have a significant impact
on decreasing CO, emissions.

We must keep in mind that a massive global transition to
clean energy technologies will require massive quantities of raw
materials, namely, metals, for building the new energy
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Figure 1. (a) Measured GI-XRD patterns of Cu foil (corresponds to JCPDS No. 04-0836), Sn foil (corresponds to JCPDS No. 01-086-2264), Cu—
Sn bronze (corresponds to JCPDS No. 44-1477), Cu foam, and as-prepared Cu—Sn foam. SEM images of porous foams composed of dendrite-like

microstructures: (b, ¢) Cu—Sn foam and (d, e) pure Cu foam.
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Figure 2. Electrocatalytic activity results; distribution of FEs and partial current densities for detected products at various potentials: (a) FEs and
(b) total and partial current densities for products obtained on pristine Cu—Sn bronze; (c) FEs and (d) total and partial current densities obtained
on Cu—Sn foam. All results are expressed as average values + average mean absolute errors from replicate samples.

bronzes, attractive for their physical properties and use across a
wide range of applications. Although the term “bronze” can
refer to a wide range of alloys based on combining copper with
other metals or metalloids in a variety of combinations and
amounts, herein we refer to bronze only based on Sn as the
major secondary element, a modern composition that is widely
used in monuments, streetlamps, chandeliers, cutlery, and

38162

mechanical components including screws, nuts, washers,
bearings, and gears.26 These machine elements have a limited
lifetime and need to be replaced, thus generating waste. Noting
that one of the most common Cu—Sn bronzes has a Sn
content (9—13 wt %) comparable to some recently reported
Cu—Sn CO,ER electrocatalysts,"”'”* we hypothesized that
waste Cu—Sn bronzes could be repurposed for this application,
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either directly or with some modifications. An example is the
utilization of leaded bronze, commonly used for production of
bearings, for CO, to HCOO™ conversion.”’

This study introduces a simple, controllable, and potentially
inexpensive strategy to repurpose industrial waste Cu—Sn
bronze by employing it as a starting material for fabrication of
electrocatalyst materials with a good selectivity for electro-
reduction of CO, into CO. By our method, industrial waste
Cu—Sn bronze is converted into CO-selective electrocatalyst
materials via a simple electrochemical transfer strategy, where
Cu—Sn foams with high electrochemically active surface areas
and controlled Cu—Sn composition were created from the
planar waste Cu—Sn bronze.

B RESULTS AND DISCUSSION

Samples of Cu—Sn bronze were obtained from the smelting
facility RZ Institut AD, Skopje, where they were prepared from
molten Cu—Sn bronze wastes and cast into ingots (Figure S1,
Supporting Information). These were cut into smaller
rectangular platelike samples and mechanically polished prior
to the characterization to eliminate any effect from surface
inhomogeneities and to attain a near-planar surface (Figure
S2). The detailed description of the applied pretreatments on
the obtained waste Cu—Sn bronze is described in section S1.2.
of the Supporting Information (SI).

The in-depth bulk, spatial, and surface characterization of
the waste Cu—Sn bronze is of great importance for this
research because it is utilized as a precursor for CO,ER
electrocatalyst preparation. Thus, the bulk and surface
compositions of the waste Cu—Sn bronze were first
investigated by ICP-OES, XRF, and EDX, as described in
section S1.3 of the SI. This material showed a nominal bulk
chemical composition of Cuy,Sn (Table S1) on the basis of its
ICP-OES analysis. The obtained XRF (Figure S3 and Table
S2) and EDX (Figure S4) results show the distribution of both
Cu and Sn with a nominal chemical composition of Cu,Sn
with x = 14—16, which is in a good agreement with the ICP-
OES results (Tables S1 and S2 and Figures S3 and S4). The
GI-XRD characterization of the Cu—Sn bronze (Figure la)
shows the typical diffraction peaks of Cu-rich a-bronze, in
agreement with the reported results for similar materials with
comparable Cu—Sn compositions.'”** The reflection peaks of
the Cu—Sn bronze are broader and shift to smaller angles in
comparison with the polycrystalline Cu foil ones. This can be
attributed to the slightly larger lattice parameters in the crystal
structure,'” suggesting different structural identity in compar-
ison to pristine Cu and Sn. That is, the presence of Sn in the
alloy’s crystal structure is affecting the position and width of
the Cu diffraction peaks, but Sn itself does not show any
noticeable signal. The surface composition of the Cu—Sn
bronze was further investigated by XPS, which shows peaks
only for elements Cu, Sn, and O (Figure SS). The surface Cu/
Sn ratio of the Cu—Sn bronze is estimated from XPS to
resemble Cu,Sn stoichiometry (in Table S3), which is in a
good agreement with its bulk composition as estimated from
XRF, ICP-OES, and EDX.

As the waste Cu—Sn bronze composition resembles that of
some CO, reduction catalysts known for achieving good
selectivity for CO production,'”'”** we first studied a bare
Cu—Sn bronze directly as a CO, electrocatalyst to examine its
intrinsic activity. The sample was connected to a wire and
masked in PTFE tape to define a fixed active area and was
tested in a three-electrode configuration in aqueous 0.1 mol-

dm™ KHCO; with bubbled CO, saturating the solution
(Scheme S2). The electrodes were tested under potentiostatic
control at several potentials, and generated gas and liquid
products were analyzed by chromatography. See section S1.5
for a detailed explanation of the electrocatalysis activity testing.
As shown in Figure 2a, the Cu—Sn bronze could reduce CO,
to both HCOO™ and CO at comparable faradaic efficiencies,
while simultaneously producing significant amounts of H, at
most applied potentials. For practical applications, a mixture of
multiple products is usually undesirable, and chemical
separation processes are challenging and expensive,” and
thus designing CO,ER catalysts that are selective for a single
desired product is a central challenge in the field. This Cu—Sn
bronze is therefore an inadequate CO,ER electrocatalyst in its
current form, so we next sought to use it as a precursor for
synthesis of more complex nanostructured and selective
electrocatalyst materials with a controlled Cu/Sn surface
ratio and higher roughness and active site density.

Our goal was to take advantage of the near-ideal Cu—Sn
composition of the Cu—Sn bronze and use it as starting
material to create electrodes with tunable nanostructure
morphologies because it has previously been shown that the
electrode morphology can play a significant role in influencing
product selectivity.””*" We explored a variety of different
chemical and electrochemical methods for tuning the
morphology and composition of the waste Cu—Sn bronze by
dissolution and redeposition (see section S3 for a discussion of
the strategies). We devised a simple strategy to electrochemi-
cally transfer the material from one substrate to another, via
anodic dissolution, transport through the solution, and
cathodic redeposition. As summarized in Scheme 1, the
synthesis was conducted by arranging two cleaned Cu—Sn
bronze samples as the anode and cathode in a solution of 1.5
mol-dm™ H,SO,(aq) and applying a constant potential of
—2.9 V vs Ag/AgCl to the cathode working electrode for a
fixed duration. See section S1.4 and Figure S7 for a detailed

Scheme 1. Potentiostatically Controlled Dynamic H,
Bubbling Templated (DHBT) Co-electrodeposition of Cu—
Sn Porous Foam with a Surface Composition of Cu,(Sn via
Utilization of Cu—Sn Bronze as the Anode with a Surface
Composition of Cu,Sn”

Cu(s) «<—>» Cu?*(aq) + 2e"
Sn(s) «— Sn**(aq) + 4e"
H,0(l) — %:0,(g) + 2H*(aq) + 2€"
2H*(aq) + 2e™ — H,(9)

“Anode and cathode processes are shown in red and blue,
respectively. A cathode potential of —2.9 V vs Ag/AgCl is applied
(reference electrode not depicted).
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description of the method. Under these conditions, oxidation
and reduction of the metals of the Cu—Sn bronze occur at the
anode and cathode, respectively. At the cathode, the
simultaneous reductive deposition of metals and H, evolution
(from H* reduction) is used as a strategy to influence the
nano- and mesoscale morphology of the deposited material via
the so-called dynamic H, bubbling template (DHBT)
phenomenon.®'

The electrochemical transfer of Cu and Sn under DHBT
conditions resulted in porous foamlike microstructures, as
shown in Figure 1b,c and Figure S8. The in situ generated H,
bubbles resulted in a deposited porous material with an
interconnected structure around pores with an average pore
diameter of 24 um. At higher magnification (Figure 1c), it is
seen that the pore walls form a nanoscale morphology of
textured particles with a dendrite-like structure. Pure Cu foam
was prepared using the same strategy for the purpose of
comparison and to help in distinguishing the influences of
roughness and composition on the Cu—Sn foams selectivity.
Although both the pure Cu (Figure 1d,e) and Cu—Sn foams
showed highly porous dendrite microstructures, their respec-
tive pore size, thickness, and nanoscale dendrites are quite
different, as seen in Figure 1c,e, Figures S8—S510, and Table S4.
The pure Cu foam is thicker (~82 ym) with slightly larger
average pore sizes (~32 ym) and dendrites resembling a fern
plantlike structure with sharp edges, whereas the Cu—Sn foam
is thinner (~38 pm) with a smaller pore size (~24 um)
composed of blunted edge dendrites building from aggregated
Cu—Sn bimetallic particles. To assess the electrochemically
active surface area, we measured and used the double-layer
capacitance (Cp;) of the samples to estimate the relative
roughness factor of the foams versus their planar counterparts
(see section S1.5). The Cu—Sn foam showed a significant
increase of about 16-fold compared to the bare bronze, as well
as a 2-fold higher roughness than that of the reference Cu foam
prepared by the same technique, despite the fact that its total
thickness was about half that of the Cu foam counterpart
(Figure S12 and Table S6). The higher roughness of the Cu—
Sn foam can be attributed to the differences in dendrite
morphology and arrangement, together with its smaller average
pore size compared to the reference pure Cu foam (Table S5).

The as-prepared Cu—Sn foam from the waste Cu—Sn
bronze exhibited diffraction peaks of Cu(111), Cu(200), and
Cu(220) planes like that of the pristine waste bronze, as shown
in Figure la. These peaks are broader and slightly shifted
toward lower angles compared to those of Cu foil and the pure
Cu foam prepared via the same DHBT synthesis method (see
section S1.4). This could be attributed to its smaller crystallites
and/or the strain effect due to the chemical composition
changes. Moreover, both Cu—Sn and Cu foams showed
additional reflection peaks (Figure la) attributed to Cu,O
oxide coming from surface oxidation under air exposure, which
are more noticeable than in the case of the near-planar Cu foil
and Cu—Sn bronze. This is expected because the higher
surface area of the pure Cu and Cu—Sn foams makes them
prone to oxidation.

After establishing this method for synthesizing porous and
rough Cu—Sn foams from the planar waste Cu—Sn bronze, we
examined their bulk and surface compositions to evaluate
whether they retained the composition of the starting material.
The elemental mapping EDX analysis of the Cu—Sn foam
suggests a homogeneous distribution of Cu and Sn over the
entire Cu—Sn foam, as shown in Figure S11. Precise surface

composition of the foams was determined by XPS (Figures SS
and S6 and Table S3). The Cu—Sn foam created from the
waste bronze showed a surface composition of Cu;,Sn, which
differed somewhat from the original composition of the
pristine bronze Cu,Sn, x = 14—16 (as discussed in more detail
below). In contrast, the EDX results show that the Sn bulk
abundance is much lower than that in the pristine Cu—Sn
bronze (Table S3).

The electrocatalytic activity results for the pristine Cu—Sn
bronze are presented in Figure 2ab and Figure S16. As
discussed above, the CO, electroreduction performance of the
pristine Cu—Sn bronze is poor in terms of selectivity,
dominated by the thermodynamically favorable HER instead
of CO,ER at potentials more positive than —0.8 V vs RHE (all
potentials hereafter are relative to RHE unless otherwise
stated). Negative of —0.8 V, it generates CO and HCOO™ with
a comparable selectivity (~35—40%) while HER diminishes.
The poor CO,ER selectivity of the pristine bronze could be
mainly attributed to its low electrochemically active surface

The Cu—Sn foam showed quite different CO, electro-
catalytic behavior in comparison with the pristine Cu—Sn
bronze (Figure 2a,c and Figure S13a,b), most notable in its
strong suppression of the HER at all applied potentials and
emergence of CO as a dominant product. The bare Cu—Sn
bronze and Cu—Sn foam showed comparable Tafel slopes,
suggesting similar kinetics for the rate-determining step, as
shown in Figure S14. The estimated Tafel slope values for the
synthesized materials are in good agreement with the reported
Tafel slopes for similar materials including Cu—Sn foam'” and
3D hierarchical Cu—Sn structures and Cu—Sn rods.”® The
Cu—Sn foam exhibits FE of ~90% for C1 products (CO +
HCOO™) in the range between —0.7 and —1.0 V (Figure 2c
and Figure S13b). Similarly, as in the case of the pristine Cu—
Sn bronze, the FE for H, decreases when applying more
negative potentials, although not changing much in the
potential window from —0.8 to —1.0 V. Surprisingly, both
the pristine bronze and Cu—Sn foam exhibited comparable
Tafel slopes for HER with almost the same kinetics, as shown
in Figure S14. Contrary to that of the HER, the FE for CO
increases at more negative potentials, reaching a maximum of
>85% at —0.8 V. This corresponds with a climbing CO partial
current density toward a plateau at around —6 mA-cm™>
(Figure 2d). Whereas the CO generation appears limited to
this rate at higher potentials, the rate of the HCOO™ formation
steeply increases at —0.9 V and beyond. Indeed, the enhanced
CO production on Cu—Sn foam is believed to originate from
the significantly slower HCOO™ production kinetics, as
demonstrated by the higher Tafel slope of HCOO™ production
on Cu—Sn foam compared to that of the pristine bronze.

The simultaneous discussion of both faradaic efficiency and
partial current density is necessary to see the full picture
toward understanding the electrocatalytic behavior of the
prepared Cu—Sn foam because observing only the FE can be
misleading. For instance, whereas the FE for CO decreases
with a further increase of the cathodic potential beyond —0.8
V, its production rate does not decrease, as revealed from its
steady-state partial current density. This suggests that CO,ER
into CO may be mass-transport-limited at higher negative
potentials. The Cu—Sn foam showed ~2.5-fold higher FE for
CO at —0.8 V with a 10-fold higher CO partial current density
than the pristine Cu—Sn bronze at the same potential (Figure
2b,d). The observed enhanced CO,ER on Cu—Sn foam could
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be attributed to its higher electrochemically active surface area
together with its appropriate Cu—Sn surface composition
(discussed below) compared to the bare Cu—Sn bronze
(Figure S12 and Table S6). The best obtained electrocatalytic
activity results for the Cu—Sn foam in terms of the FE and the
partial current density for CO are quite comparable to the
results reported for Sn-decorated Cu foams at identical applied
potentials." "’

On the other hand, the enhanced CO,ER selectivity of the
Cu—Sn foam toward CO compared to that of pure Cu foam
cannot solely be attributed to the high electrochemically active
surface area for both foams, even though the pure Cu foam has
about half the surface roughness and gives ~75% H, FE and
only ~5% CO at —0.8 V (Figure 3a). It is interesting to note
that pure Cu foam with pore diameters between 50 and 100
pum was reported to convert CO, to C, products with 55% FE
at the same applied potential in 0.5 mol-dm™ NaHCO;(aq) as
a supporting electrolyte.”* When that result is compared with
those of the pure Cu foam demonstrated here (see Figure 3a
and Table SS), it is obvious that the differences in the surface
microstructure strongly affect the selectivity. However, in the
case of the Cu—Sn foam, the presence of Sn surface sites plays
an essential role in the CO, to CO selectivity enhancement

38165

accompanied by a significant decrease of the undesired HER.
As mentioned above, the XPS analysis showed a slight
variation between the surface compositions of the bare Cu—
Sn bronze (Cup,Sn) and the Cu—Sn foam (Cu;oSn) (see
Table S3), revealing that the electrodeposited foam has a
higher Sn surface content than the starting material, for
possible reasons discussed in section S1.4. Moreover, the Cu
2ps, peak position associated with Cu’/Cu" oxidation states
of the Cu—Sn foam is ~1.0 eV negatively shifted (Figure S6a)
compared to that observed on the Cu foil, pure Cu foam, and
Cu—Sn bronze. Concurrently, the position of the Sn 3ds,, peak
associated with Sn** of the Cu—Sn foam is slightly shifted
toward higher (0.2—0.3 eV) binding energy values (Figure
S6¢), in comparison with the peak positions in the Cu—Sn
bronze and Sn foil spectra. This might suggest a difference in
the charge redistribution between Cu and Sn in the Cu—Sn
foam versus the Cu—Sn bronze arising from the changing of
the Cu/Sn surface ratio.”” This could be another contributor
to the observed enhanced CO,ER on the Cu—Sn foam.

The deconvolution of the surface roughness from the
composition effect is aided by comparing the electrocatalytic
activity of the Cu—Sn bronze with the activity to foils of Cu
and Sn because all materials exhibit a near-planar surface
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(Figure 3a,b). The Cu—Sn bronze supports ~7- and 3-fold
higher Jco compared to that of the Cu and Sn foils,
respectively. Besides, it shows ~4.5-fold lower ] for H, than
the Cu foil, whereas Sn foil gives ~3- and 1.5-fold higher J for
HCOO™ compared to that of the Cu—Sn bronze and Cu foil,
respectively (Figure 3b). Therefore, as expected, the activity
variations on the Cu—Sn bronze when compared to that of its
constituent elements can be attributed to intrinsic electro-
catalytic activity properties of the bimetallic Cu—Sn system
compared to those of pure Cu and Sn, which are further
discussed below.

Nevertheless, as mentioned above, comparing the surface
roughness effect on the activity of the Cu—Sn foam versus the
pure Cu foam is not straightforward because the pure Cu foam
showed about half the electrochemically active surface area
(see Table S6) of the Cu—Sn foam but gave about 2 times the
total current density and 10 times less Jco together with far
lower FE for CO than the Cu—Sn foam, as seen in Figure 3a,b.
Thus, the significantly enhanced CO selectivity on Cu—Sn
foam cannot simply be attributed to its higher electrochemi-
cally active surface area—rather the Cu—Sn surface composi-
tion is believed to be the key parameter. This claim is
supported by the electrocatalytic activity results obtained on
two control Cu—Sn foam samples with higher surface Sn
content. The first control sample was prepared from a Sn-
saturated electrodeposition solution, which refers to the
electrodeposition solution that was repeatedly used to achieve
the optimal CO, to CO performance of the Cu—Sn foam
electrocatalyst (more details can be found in section S1.4).
The Cu—Sn foam that was prepared from this electro-
deposition solution has a Cu/Sn surface ratio of 1.4, a much
higher Sn surface amount than Cu,(Sn foam prepared from the
optimal electrodeposition solution (Tables S3 and S4). A
second control sample was prepared as a Sn-rich foam with
CugeSn surface composition (see Figure S15). These foams
with surface compositions of Cu,; ,Sn and Cuy¢Sn showed ~1.3
and 2 times lower ], respectively, with an increase of the FEs
for the HER and HCOO™ at —0.8 V within a decrease of the
Cu/Sn surface ratio (see Figure S15), despite their comparable
electrochemically active surface area. Indeed, the selectivity of
Cu—Sn foam shifts from CO to HCOO™ with the increase of
the Sn surface sites. This is an intrinsic property of the Cu—Sn
CO,ER electrocatalysts, where their selectivity can be tuned
toward either CO or HCOO™ via tuning the Cu/Sn surface
ratio. This switching of the selectivity is generally attributed to
the mutual perturbation of Cu and Sn electronic structures,
which alters the preferential adsorption modes of the key
intermediates.””*> ™" Cu-rich Cu—Sn materials are found to
drive the selectivity toward CO through stabilizing the C-
bound adsorption mode of the *COOH key intermediate,
whereas the O-bound *OCHO#* pathway dominates on Sn-
rich surfaces and thus favors the CO,ER to HCOO™,"*¢ as
presented in Scheme SI. Besides affecting the absorption
modes of the CO,-derived intermediates, Sn weakens the
adsorption of the *H intermediate, thus suppressing the
HER 13537

The durability of the Cu—Sn foam (Cu;,Sn surface
composition, Table S3) was examined at —0.8 V for 15 h. It
maintained high activity for CO production with a FE > 85%
and a partial current density of over —5 mA-cm™> for (cf.
Figure 3c and Figure 2c,d) retaining the dendrite morphology
(Figure 3d—g and Figures S16 and S18) and the Cu/Sn = 10
surface composition (Table S3) during continuous electrolysis,

indicating its stability. Indeed, the robustness and high CO
selectivity of the Cu—Sn foam with dendrite microstructures
prepared via one-pot, scalable, and fast DHBT is signifying that
the utilization of the waste Cu—Sn bronze using this approach
is a viable approach. Furthermore, according to previous
reports, electrocatalysts with interconnected channels®® and
dendrite microstructures can promote CO, mass transport and
thus prevent local CO, depletion near the electrode sur-
face 101929

Similarly, as in the case of the as-prepared Cu—Sn foam, the
EDX mapping results after 2 and 15 h of CO, continuous
electrolysis, data displayed in Figures S17 and S19, show good
distribution of Cu and Sn over the entire foam, and again the
EDX quantification showed much lower bulk abundance of the
Sn in comparison with that of the pristine Cu—Sn bronze
(Table S3). This suggests that the DHBT coelectrodeposition
mechanism favors faster deposition of Cu over Sn in the bulk
of the material, thus distributing the Sn on the surface of the
dendrite microstructures as observed from the XPS results
(Table S3). This is expected because Cu has a much lower
exchange current and thus requires a lower overpotential for
the formation of hydrogen templated foam morphology in
comparison with Sn, which shows rather poor HER
activity,””? and pure Sn foam cannot be electrodeposited
under the DHBT conditions we used in this study (see section
S1.4).

When novel electrocatalyst materials are being studied, the
avoidance of impurities such as trace metals is certainly
important for obtaining a precise understanding of the intrinsic
activity.**~* But production of high-purity materials is costly
and resource-intensive, presenting challenges to upscaling. As
mentioned above, the transition to sustainable energy systems
will require massive amounts of raw materials with limited
supply, so the utilization of recycled or repurposed materials is
favored over increasing the rates of extraction from the Earth.’
With this study, we showed that industrial-grade waste material
that contains detectable impurities (see Table S1) can be used
as raw material for fabrication of efficient and selective
electrocatalysts. In fact, when comparing to the best published
Cu—Sn-based catalysts optimized for CO selectivity and
produced under careful synthetic conditions,' ™'*'%"? we
find that our catalyst exhibited comparable or better CO
selectivity, CO partial current density, and stability (compared
at —0.8 V, for materials tested in CO,-saturated aqueous
solutions Table S7). This result shows promise that efficient
catalysts can be produced from impure common materials such
as industrial wastes. Although a proper techno-economic
analysis would be needed to directly compare the repurposing
of waste Cu—Sn bronze for electrocatalyst preparation against
the conventional recycling methods (based on remelting), it is
already apparent that repurposing a bulk material into a high
surface area heterogeneous catalyst can be accomplished with
efficient and minimized utilization of the starting material and
without requiring high-temperature processes, as compared to
bulk processing methods. Furthermore, the catalyst synthesis
approach yields a product with a more specialized techno-
logical value and can contribute to the urgent goals of
mitigating fossil carbon extraction and greenhouse gas
emissions, as compared to the energy- and resource-intensive
bulk recycling processes.
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B CONCLUSIONS

In conclusion, we demonstrate a method for preparation of a
CO-selective CO, conversion electrocatalyst via utilization of
waste industrial Cu—Sn bronze. The approach identifies a
straightforward and attractive route for repurposing waste
material composed of Cu and Sn, metals which are on the list
of elements with future endangered supply. The method is
simple, fast, and controllable and requires no high-purity or
expensive precursors, high temperatures, or sophisticated
equipment. By a simple one-step DHBT coelectrodeposition
method, Cu and Sn are transferred from a Cu—Sn bronze
anode onto a surface of a cathode as a composite with a foam
morphology that consists of dendrite microstructures and
Cu,(Sn surface stoichiometry. The as-prepared Cu—Sn foam
has a slightly different Cu/Sn surface ratio and much higher
surface roughness compared to the pristine Cu—Sn bronze,
which results in a significant increase of the selectivity toward
CO (FE > 85%) simultaneously with a great suppression of the
thermodynamically favored H, evolution reaction (FE ~ 5%)
at a moderate applied potential of —0.8 V versus RHE in an
aqueous electrolyte. The total C1-CO,ER products’ FE can
reach values that are higher than 95%. The dendrite
microstructures showed remarkable stability during 15 h of
continuous electrolysis, thus preserving the electrocatalytic
activity and Cu—Sn surface composition. Finally, the DHBT
method serves as a proof-of-concept that such waste materials
can be repurposed for electrocatalytic applications, with
potential to be further developed and optimized for
preparation of electrocatalysts on alternative substrates, such
as gas diffusion electrodes, which can be implemented in larger
scale CO, electrolyzers."®
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Scheme S1. Simple mechanistic overview of the electrochemical reduction of CO2 on surfaces of pure
Cu, Cu-rich and Sn-rich Cu-Sn electrodes. Switching the selectivity from multielectron/proton (ze)
towards 2e- products CO and HCOOH on Cu- and Sn-rich Cu-Sn electrocatalysts, respectively.

The addition and altering of the amount of Sn as a second element in the structure of Cu causes charge
redistribution that affects the binding mode of *COOH/*OCHO* intermediate thus shifting the selectivity
between CO and HCOO-, according to the findings reported by Vasileff et al.1-2
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S1. Experimental section

S1.1. Materials and chemicals

Industrial waste Cu-Sn Cu-Sn bronze that contains 9-13 wt.% Sn (produced according
to the Standard MKC EN 1982:2019 in the Smelting Facility RZ Institut AD Skopje); Alumina
based abrasive polishing paper (Coated Abrasive Sheets, 3M Hookit, P400); Alumina-based
polishing suspensions (MicroPolish™, Al,Os particle sizes of 0.3 and 0.05 ym, Buehler); Nylon
polishing pads (PSA Backing); Ultrapure water (18.20 MQ-cm, purified using the Thermo
Scientific Barnstead GenPurexCAD Plus system); 2-Propanol (299.8 wt.% ACS grade purity,
Merck); HNOs (70 wt.%, redistilled, 299.999 wt.% trace metals purity, Sigma-Aldrich); HCI (37
wt.%, ACS, EMSURE® purity, Merck); H2SO4 (298 wt.% EMSURE® purity, Merck); KHCO3
(99.7-100.5 wt.% ACS, EMSURE® purity, Merck); 0.5 mm Cu foil (99.98 wt.% trace metals
purity, Sigma-Aldrich); 0.25 mm Sn foil (99.998 wt.% trace metals purity, Alfa Aesar); Single-
side sticky Cu tape (12 mm x 0.1 mm, Plano); Double-side sticky carbon tape (8 mm x 0.15
mm, Plano); Cu and Sn reference materials for XRF (Bruker); PTFE tape (12 mm x 0.1 mm,
Waurth); CO, (4.8 grade purity, Linde Gas); 1000 mg-dm= in 6.5 wt.% HNOs;, ICP-OES
multielement standard solution (Certipur-Certified Reference Material); 1000 mg-dm= Snin 10
wt.% HCI, ICP-OES standard solution (Roti®Star, Carl Roth); (NH4)2S20s (298 wt.% ACS
grade purity, Sigma-Aldrich); NaOH (pellets with 98% purity, Alfa Aesar). All chemicals were
used as received, without further purification.

S1.2. Pre-treatment of the industrial waste Cu-Sn bronze samples

The as-received Cu-Sn bronze ingots (Fig. S1a) with dimensions of ~12 x 7 x 1 cm
were cut into smaller plate-like samples with dimensions of ~1 x 2 x 0.25 cm (suitable for all
experiments, except the ICP-OES analysis) using a cutting wheel tool and roughly polished
using an abrasive wheel tool to remove any furrows coming from the cutting procedure. After
this procedure, each sample was ultra-sonicated (Ultrasonicator: Emmi-H30 EMAG
Technologies) for 15 min in 2-propanol to remove possible oily residues coming from the
cutting tools. In the next step, the Cu-Sn bronze samples were subjected to procedures for fine
surface polishing. Namely, each sample was manually polished from each side using Al,O3
particles based abrasive polishing paper. Each side of the samples was polished for 2 minutes
with 8-like shapes hand movements, thus achieving bare-eye notable difference between the
unpolished and the polished Cu-Sn bronze surfaces. Then all samples were ultra-sonicated 2
times for 15 min in 2-propanol and blow-dried with N2. The next polishing procedure using
alumina polishing suspension was adopted from Elgrishi et al.? It was conducted using Nylon
polishing pad and alumina suspension with two different sizes of the Al,Os particles. Each side
of each sample’s surface was polished for 2 minutes with 8-like shapes hand movements using
the suspension with particle size of 0.3 um. The polishing pad was wetted with ultrapure water,
prior to the polishing procedure. Then the samples were sonicated in 2-propanol for 15 minutes
and the polishing pad was thoroughly washed with ultrapure water. In the next step, the
polishing procedure was repeated by the same manner as in the previous one, but this time
by using finer suspension (particle size: 0.05 ym). At the end, the samples were sonicated in
2 times in 2-propanol for 15 min and blow-dried with N>. The surface polishing outcome is
prominent if we compare the SEM images of unpolished and fine polished surface of the Cu-
Sn bronze samples, as showed on Fig. S2.
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S1.3. Material characterization methods

The chemical composition, elemental distribution, surface morphology, crystalline- and
electronic structures (oxidation state of the elements) of the Cu-Sn bronze and the
electrocatalysts prepared from it, were characterized using variety of methods: Inductively
Coupled Plasma - Optical Emission Spectroscopy (ICP-OES), X-Ray Fluorescence
Spectroscopy (XRF), Scanning Electron Microscopy (SEM), Energy Dispersive X-Ray (EDX)
Spectroscopy, Transmission Electron Microscopy (TEM), Focused lon Beam (FIB)
milling/Cross section SEM, Grazing Incidence X-Ray Diffraction (GI-XRD), and X-Ray
Photoelectron Spectroscopy (XPS).

Scanning Electron Microscopy (SEM)/Energy Dispersive X-Ray (EDX) Spectrometry and
Focused lon Beam (FIB) milling for cross-section thickness determination. LEO GEMINI
1530 Field Emission Scanning Electron Microscope (FE-SEM) with acceleration voltage —4
kV, standard aperture size - 30 um and Immersion Lens (InLens) Secondary Electron (SE)
detection mode, was used for surface morphology imaging. The SEM surface morphology
characterization was performed on the bare Cu-Sn bronze, and Cu-Sn and pure Cu foams.
Average pore sizes were calculated from the corresponding mages of the foam samples using
the open-source ImageJ software.* The EXD elemental mapping was conducted with same
instrument using acceleration voltage of 15 kV, maximal aperture Size - 120 um and EDX
detector (Thermo Fischer). The mapping and quantification of Cu, Sn, C and O were conducted
using the Cu Lq, and Sn Lq, g, C Kq and O Kq emission spectral lines. Since the Cu and Sn from
the Cu-Sn bronze can interfere with the Cu and Sn EDX signals in the case when the Cu-Sn
foam alloy electrocatalyst samples are measured, a double-sided carbon tape was used to
transfer the material on the carbon surface. This procedure was successfully performed by
gently sticking one side of the carbon tape on the Cu-Sn composite surface, then pealing it off
and performing EDX the elemental mapping and quantification. The thicknesses of the Cu-Sn
and pure Cu foams were determined from cross-section SEM imaging after the samples were
milled (ablated) using Focused lon Beam (FIB). Zeiss Crossbeam 340 - GEMINI 1 SEM
Column system with gallium ion source was used for this purpose. The operating parameters
were set to: ion beam current - 80 nA, acceleration voltage - 15 kV, tilt angle - 36 ° and
Secondary Electron (SE) detection mode for the imaging.

Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES). The
guantitative chemical composition of the Cu-Sn bronze and the electrolytes used during the
electrocatalyst preparation were analyzed using Inductively Coupled Plasma - Optical
Emission Spectroscopy (ICP-OES). The analysis was conducted utilizing the system iCAP
7400 Duo MFC ICP-OES Analyzer (Thermo Scientific) in axial Ar plasma mode. The
instrument was purged with Ar (5.0 purity, Air Liquide) at least 2 hours prior to igniting the
plasma. All glassware used for this purpose was thoroughly cleaned with ““aqua regia” (freshly
prepared from concentrated HNO3 (70 wt.%) and (37 wt.%) in 1:3 volume ratio) and rinsed with
large amount of ultrapure water. The volumetric flasks used were of A-class precision and the
dilutions were conducted using high precision micropipettes. For the analysis of the Cu-Sn
bronze, three individual replicate Cu-Sn bronze samples with dimensions of ~0.5 x 0.25 x 0.25
cm were mechanically cut (using cutting wheel tool) from three different ~1 x 2 x 0.25 cm ones
and, carefully measured using analytical balance. The samples were placed in three 15 cm?
test tubes and 1 cm?® of concentrated HNO3s (70 wt.%) and 3 cm?® concentrated HCI (37 wt.%)
were added to each test tube. The Cu-Sn bronze was left to react with the acids for 2-3 hours
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at room temperature, after which 2 cm? of 10 wt.% HCI (freshly prepared from concentrated
HCI, 37 wt.% and ultrapure water) were added. The test tubes were placed in an ultrasonicator
(Emmi-H30 EMAG Technologies) and sonicated at 50 °C for 3 hours. After this procedure, the
samples were fully dissolved and the content from each test tube was quantitatively transferred
into 50 cm?® volumetric flasks and diluted to the mark with 10 wt.% HCl(aq). A blank solution
was prepared in a separate volumetric flask using the same amount of reagents that were used
for dissolving the samples. For the determination of Cu, Sn and Zn, the solutions were 1000
and 5000-fold diluted with 10 wt.% HCl(aq), prior to the sampling for analysis. Identical dilution
procedure was performed for the blank solutions. For the determination of the expected trace
elements (Ag, Al, Ca, Cd, Co, Cr, Fe, Mg, Mn, Ni and Pb), the sampling was conducted directly
from the 50 cm? flasks. A volume of 10 cm® was sampled from each solution (including the
blanks) and these were used for the ICP-OES elemental analysis. Prior to the measurement,
the autosampler was set to withdraw 3 replicates from each sample. The adequate emission
spectral lines (recommended by the instrument producer) were chosen for each element and
the instrument was calibrated with standard solutions in two sequences. The first sequence of
standard solutions with concentrations in the range of 0.09-1.5 mg-dm containing Ag, Al, Ca,
Cd, Co, Cr, Cu, Fe, Mg, Mn, Ni and Pb, was prepared by diluting multielement standard
solution (concentration of 1000 mg-dm for each element) in 3 wt.% HNOz(aq). The second
sequence was used only for calibrating the instrument for Sn in the range of 0.05-2 mg-dm
and was prepared by diluting Sn-single element standard solution (also with concentration of
1000 mg-dm3) in 10 wt.% HCl(aq). The ICP-OES quantification results are expressed as
average wt. and at. % + average mean absolute error calculated from multiple sample
measurements and presented in Table S1. Additional ICP-OES analysis were conducted on
the electrodeposition solutions used during the electrocatalyst preparation for the purpose of
optimization of the Cu and Sn concentrations that lead to synthesis of Cu-Sn compaosite which
maintains the best COzER activity. The electrolytes were diluted 300 and 500-fold prior to the
measurements that were conducted using the same manner as for the Cu-Sn bronze analysis.

X-Ray Fluorescence Spectrometry (XRF). The Cu-Sn bronze was studied using X-Ray
Fluorescence Spectroscopy (XRF) to quantify the Cu and Sn bulk spatial distribution in a
representative sample with dimensions (~1 x 2 x 0.25 cm) suitable to be used as a working
electrode in the electrochemical experiments. The sample was analyzed in 425 points using
Bruker M4 Tornado X-Ray Fluorescence Spectrometer with Rh tube having maximal excitation
of 50 kV/30 W and SDD detector with energy resolution of 145 eV. The measurement was
performed using the following instrument settings: sampling points - 424, spot size - 25 pym,
anode current - 200 HA/50 kV, Acquisition time - 60 s, Pressure in the sample chamber -10
mbar and Recorded XRF spectra maximal range - 40 keV. The instrument was calibrated using
certified metallic Cu and Sn calibration reference materials (Bruker), prior to the measurement.
The elemental mapping and quantification were performed using the Cu Kqg and Sn Lqg
spectral lines.

Grazing-Incidence X-Ray Diffraction (GI-XRD). The GI-XRD measurements were conducted
using the PANalytical X'Pert Pro MPD (multi-purpose diffractometer) with Cu K X-Ray source
and xenon scintillation counter detector with parallel plate collimator. The diffractograms were
measured in the range from 15 to 100 2theta (°) using grazing incidence angle of 1°,
divergence - 1/16°, mask - 2 mm, step size - 0.05° and collection time - 5 seconds.



X-Ray Photoelectron Spectroscopy (XPS). The X-Ray Photoelectron Spectroscopy (XPS)
was performed using analyzer with a monochromatic Al Kq X-Ray source (Excitation Energy —
EE of 1486.74 eV) type SPECS Phoibos HSA3500 100. The XPS survey spectra were
measured on all Cu-Sn foam samples and on Cu and Sn foils and Cu foam as reference
materials for comparison. These spectra were recorded as a single scan in the range 0-1400
eV, using dwell time 0.1, energy step - 0.5 eV, pass energy - 30 eV, bias voltage - 90 kV,
detector voltage - 2200 kV and Work Function (WF) - 4.343 eV. The assignation of peaks in
the survey spectra was performed via comparison of the measured peak-positions with the
literature values for the identified core levels.: >’ The Cu 2p, Sn 3d core-levels spectra were
recorded with high resolution in at least 3 spots per sample using energy step — 0.05 eV and
pass energy — 10 eV, kV. All Cu 2p, Sn 3d and O 1s core-level peak positions were calibrated
with respect to the adventitious carbon - C 1s peak at 284.8 eV that is attributed to C-C bond.
The deconvolution and fitting of the Cu 2p, Sn 3d and O 1s spectra was performed using the
XPS PeakFit software. The Cu Auger spectra was not fitted, and the Binding Energy (BE) was
converted into Kinetic Energy using Eq. 1. All measurements were performed ex situ.

KE = EE — BE — WF (1)



S1.4. Preparation of Cu-Sn foam electrocatalyst

The three-dimensional porous Cu-Sn foam electrocatalyst preparation was conducted
using dynamic H, bubbling templated (DHBT) co-electrodeposition of Cu and Sn on a Cu-Sn
bronze cathode, that are extracted from a Cu-Sn bronze anode in acidic medium. More
information about the DHBT methods and their application for CO;ER catalysts synthesis can
be found elsewhere.? For preparation of Cu-Sn bronze cathodes, the pre-treated Cu-Sn bronze
plate-like samples (pre-treatment explained in section S1.2.) were connected to Cu tape on
one side and masked with PTFE tape thus leaving only the Cu tape protruding for providing
electrical contact. Using a hole-puncher, a circle-like hole with diameter of 6 mm was carefully
made in the PTFE on one of the flat sides of the samples thus fixing the geometric surface
area of the exposed Cu-Sn bronze surface to 0.28 cm?, as shown in Fig. S7. Regarding the
Cu-Sn bronze anodes, the geometric surface area was fixed by masking the Cu-Sn bronze
samples thus leaving exposed area with a rectangular shape. The geometric surface area of
the anode was 2 cm?. Both Cu-Sn bronze electrodes, together with a normal junction Ag/AgCl
reference electrode (PalmSens) filled with 3 mol-dm= KCl(aq), were placed in a 50 cm?® beaker
in which 40 cm? of 1.5 mol-dm H,SO, (prepared from 98 wt.% H,SO,4 and ultrapure water)
were added (Fig. S7a). The distance between the cathode and the anode was kept fixed (5
mm). The co-electrodeposition was carried out in a potentiostatic mode thus applying cathodic
potential of —2.9 V vs Ag/AgCl for 1 minute at room temperature and under constant stirring,
using a Biologic SP-300 potentiostat with a voltage booster. The electrodeposition procedure
was repeated 7 times, each time with a fresh bare Cu-Sn bronze cathode but without changing
the electrolyte. In the first three depositions either no Cu-Sn foam was deposited on the Cu-
Sn bronze cathode surface or its homogeneity and substrate surface coverage were poor. The
4t 5% and 6™ deposition produced a homogeneous foam (abbreviated as Cu-Sn foam in the
main text and SlI) and during the 7" deposition the solution became cloudy and white
precipitate started to form.

The total geometric charge density per 1-minute electrodeposition time reached values
of around —190 C-cm?, as presented on Fig. S7b. The current density was quite noisy due to
bubbles formation on the cathode, maintaining values between —3.3 and —3.8 A-cm=2in the first
~20 seconds, after which a plateau was formed at around —3.1 A-cm (Fig. S7c). The Cu-Sn
bronze anode potential was simultaneously measured, and in the first 20 seconds its potential
was in the range +0.8 to +1 V after which it jumped and formed a plateau at around +2.7 V vs
Ag/AgCl, as presented in Fig. S7d. No bubbles were observed on the Cu-Sn bronze anode in
the first 20 seconds. Namely, during this time interval the Cu and Sn from the Cu-Sn bronze
anode are expected to completely oxidize into Cu?* and Sn**, respectively, according to the
Pourbaix diagrams for these elements®?° at such high overpotential and acidic environment
(1.5 mol-dm= H,S0., pH<O0) - Egs. 2 and 4. However, the partial oxidation to Sn?* is not fully
excluded (Eqg. 3). The jump of the anodic potential (see Fig. S7d) is accompanied with vigorous
bubbling, which suggests switching of the faradaic selectivity from Cu/Sn oxidation processes
into O evolution reaction that becomes a dominant process (Eq. 4).

Anodic reactions:

Cu(s) — Cu?(aq) + 2e- (2)
Sn(s) — Sn?*(aq) + 2e~ (3)
Sn(s) — Sn*(aq) + 4e- 4)
2H20(|) — Oz(g) + 4H* + d4e” (5)



On the other hand, the cathodic processes were accompanied with generation of H, (Eq. 6)
bubbles during the whole 1-minute electrochemical experiment at fixed applied potential.
However, similarly as in the case of the anodic potential change, the synchronous current
density decrease (cf. Fig. S7c, d) could be attributed to switch from reduction of the Cu?* and
Sn**2* (Egs. 7-9) into H, evolution reaction as a dominant process.

Cathodic reactions:

2H"(aq) + 2e” — H2(9) (6)
Cu?*(aq) + 2e~ — Cu(s) 7
Sn?*(aq) + 2e”— Sn(s) (8)
Sn**(aq) + 4e-— Sn(s) 9)

As mentioned above, during extensive use of the electrodeposition solution (7™ time) a white
precipitate starts to form. This could be attributed to hydrolysis of the Sn** (Eq. 10) most
probably due to exceeding a saturated concentration. The Cu-Sn foam prepared from this Sn-
saturated electrodeposition solution is abbreviated as Cu;.4Sn (Cu/Sn surface ratio of 1.4, as
determined by XPS - Tab. S3) in the main text of the manuscript and in the Sl. The foam that
is prepared before such saturation occurs resembles Cu/Sn surface ratio - 10 and gives (Tab.
S3) the best COzER to CO selectivity (see Fig. S14 for selectivity comparison) and thus is
abbreviated simply as Cu-Sn foam.

Hydrolysis of Sn** species:
Sn*(aq) + 2H20(l) — SnOz(s) + 4H*(aq) (10)

According to the ICP-OES results (Table S4) from the analysis of the electrodeposition
solutions, the concentration of Sn in the saturated solution is indeed higher than the
concentration of the same element in the solution from which the optimal Cu-Sn foam with
Cu/Sn surface ratio 10 is co-electrodeposited. In correlation, the concentration of Cu is also
higher in the Sn saturated electrodeposition solution. However, it is important to note that the
Cu/Sn ratio in both solutions is 14-15, identical to the bulk composition of the Cu-Sn bronze.
This behavior could be associated with the differences in the exchange current densities and
overpotentials of both elements under the utilized DHBT conditions. Namely, Cu and Sn do
not electrodeposit simultaneously i.e., the concentration of Cu?* is much higher and this specie
is more prone to be reduced faster due to its lower exchange current density and overpotential
and thus takes deposition advantage over Sn*"/2* .8 11 This leads to higher accumulation of Cu
in the bulk of the foam than on the surface, as revealed from the EDX and XPS results on
Table S3. On the other hand, the Sn*" species are not able to electrodeposit with a foam
morphology under the current density that is reached at applied potential of —2.9 V vs Ag/AgCI
due to its poor H; evolution activity (as discussed below).® ! Therefore, the electrodeposition
of Sn is mostly concentrated on the surface of the Cu-Sn foam, rather than the bulk and this is
even more obvious in the case of the foam prepared from the Sn saturated solution, where
both elements resemble almost equal surface abundance (Table S3). The complete
understanding of the mechanism and kinetics of the Cu-Sn bimetallic foam electrodeposition
requires more extensive study and this worth to be investigated more thoroughly in the future.

For comparison, pure Cu foam was prepared using the same electrodeposition
approach but utilizing Cu foil as an anode instead of Cu-Sn bronze (SEM images depicted on
Figs. 1d, e and S9). Unfortunately, pure Sn foam could not be prepared via the DHBT method
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under the same conditions as for preparation of the Cu-Sn and pure Cu foams since as
aforementioned higher overpotential and exchange current are required due to its poor
catalytic activity for HER.® * The constrain comes from the Biologic SP-300 potentiostat with
a voltage amplifier and it cannot exceed —3 V vs Ag/AgCl under which such a current density
cannot be achieved.
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S1.5. Electrochemical measurements

Estimation of the Relative Surface Roughness Factor (RSRF). The relative surface
roughness factor of the Cu-Sn foam electrocatalyst was estimated from the electrode double
layer capacitance (Cp.) that was measured using cyclic voltammetry (CV) in a non-faradaic
region of potentials at various scan rates (20-140 mV-s). The range of potentials was -0.15
to -0.05 V for the Cu-Sn bronze, and -0.12 to -0.08 V vs Ag/AgCI for the Cu-Sn foam. The Cp.
was determined as a slope from the equation (Eq. 11) where the difference between the anodic
(Janodic) and the cathodic (Jcamodic) Capacitive current density (measured capacitive current
normalized to the geometric surface area) is linearly dependent from the scan rate (SR) at a
fixed potential. All Cp. estimations were calculated at a potential of —0.1 V vs Ag/AgCIl. Using
Eq. 12, the RSRF was calculated as a ratio between the Cp. values of the Cu-Sn foam
electrocatalyst and the bare Cu-Sn bronze (that has a near planar surface and was used as a
starting material for the Cu-Sn foam electrocatalyst preparation). Additionally, the RSRF was
estimated for a Cu foam (in the same applied potential range as for the Cu-Sn foam) that was
prepared under the same electrodeposition conditions, as described in the previous
Subsection. The electrochemical setup that was used for this purpose was identical as for the
electrocatalytic activity measurements described in the text below. The results from these
measurements are presented on Fig. S12 and the calculated RSRF values are presented in
Table S6.

AJcapacitive = (Janodic — Jcathodic) = CpL * SR + @intercept (11)
RSRF = CDL, Cu-Sn foam/CDL, Cu-Sn bronze (12)

Electrocatalytic activity measurements and product analysis. The CO, conversion
electrochemical experiments were performed in H-type two-compartment gas-flow cell made
of glass, where the cathodic and the anodic compartment are separated with a previously
activated Nafion N-115 cation exchange membrane (Thickness - 0.125 mm, Alfa Aesar). Both
compartments were filled with 30 cm? of 0.1 mol-dm= KHCO; (freshly prepared from KHCO3
and ultrapure water) as a supporting electrolyte. The cathodic compartment was hermetically
sealed except for a gas inlet port at the bottom and a headspace gas outlet at the top. The cell
was continuously purged with CO,, starting at least 30 min prior to the measurements (flow
rate: 20 cm3-min’, controlled by a mass-flow controller type Red-y GSC-A9TA-BB21, Vogtlin
Instruments) through a porous glass frit to produce small CO. bubbles. Normal junction
Ag/AgCIl electrode filled with 3 mol-dm= KCl(aq) was used as a reference (E° = +0.210 V vs
SHE at 25 °C, PalmSens), Pt-mesh as a counter and Cu-Sn bronze, Cu-Sn foam, Cu foam,
Cu foil and Sn foil were used as working electrodes. The geometric surface area of the working
electrode was fixed to be 0.28 cm? using PTFE tape. The electrochemical cell is depicted in
Scheme S2. Electrochemical bias was provided using Biologic SP-200 potentiostat. The
electrochemical method that was used during the CO2ER activity measurements consists of:
Open Circuit Voltage (OCV) for 2 min, Resistance measurement (ZIR-1), Chronopotentiometry
(CP) at =10 mA-cm2 until —0.9 V vs RHE (threshold), Chronoamperometry (CA-1) for 2 h, at —
0.9 V vs RHE for activation of the electrocatalyst, Chronoamperometry (CA-2) for electrolysis
and Resistance measurement ZIR-2. The automatic correction of the IR drop was set to 85%.
The CP and the CA-1 activation step drive an initial reduction of the surface oxides prior to
applying the second constant potential method (CA-2) where all current is expected to be
consumed for the electrolysis processes (CO2ER and HER). All applied potentials for the study
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of the electrocatalytic activity are converted to the Reversible Hydrogen Electrode (RHE) scale,
according to Eg. 13, considering that the pH of the CO, saturated 0.1 mol-dm= KHCOs(aq) is
6.8. The measured current was normalized to the geometric surface area of the working
electrode.

E vs RHE (V) = E vs Ag/AQCI (V) + E°agiagal (V) + 0.059 pH (13)

All samples were examined in the potential range from —0.5 to —1.0 V vs RHE. The gaseous
products were quantified using on-line Gas Chromatograph (GC) from Thermo Scientific,
model Trace 1310, dual column system using He as carrier gas and equipped with Pulse
Discharge Detector (PDD) for detection of the light components (Hz, CO, CH4, Oz, N2) and
Flame lonization Detector (FID) for detection of C,-hydrocarbons. The temperature program
of the method was set to be 80 °C for the pre-separation micro-packed HayeSepS column (1
mm ID, Restek), where the CO and C»-hydrocarbons are separated from the light components
in a first step, and 100 °C for the micro-packed molecular sieve MS5a column (1 mm ID,
Restek), where the light components are separated from each other in a second step. The GC
was calibrated in the range 20-1000 ppm,v for each component by using a mixed gas standard
(Linde Gas) diluted with CO. to different concentrations. The headspace of the electrochemical
cell cathodic compartment was directly connected with the GC transfer line (heated at 60 °C).
The product concentration in the CO; gas stream was measured every 10 or 15 minutes for at
least 2 hours at each applied potential with exception for the long-term stability experiments,
where the measurements were performed for 15 hours and the product quantification was
performed every 30 minutes. The faradaic efficiency (FE) for the gaseous products at a fixed
applied potential was calculated using Eqg. 14, where z is the number of electrons (z = 2 for
HER and CO:ER to CO, and 12 for CO:ER to CzHa), F is the Faraday constant (96485.33
C-mol?), x; is molar fraction of the component i, Qn is the molar flow of CO, (bulk gas) and lital
is the average total current in the time interval of 2 min prior to the GC injection point.

FEGaseous product (%) = Z'F'Xi'Qm'loo%lltotal (14)

The quantification of the non-volatile liquid CO2ER products (HCOO") was conducted using
Ultra-High-Performance Liquid Chromatograph from Thermo Scientific (model UHPLC+
UltiMate 3000 Series, Dionex) with UV variable wavelength (UltiMate 3000, Dionex) and
refraction index (RefractoMax 520, ERC) detectors. The instrument utilizes a single column
type HyperREZ XP H+, 5 mM H;SOu4(aq) as an eluent for isocratic elution and equipped with
an auto sampling unit. The quantification of HCOO" was performed after completion of each
CA - electrolysis sequence at a fixed applied potential via sampling 1 cm? of the electrolyte,
transferring it into a vial and placing the vial into the instrument’s auto sampling unit. The
instrument was calibrated for the quantification of the mentioned compounds in the
corresponding concentration range. The faradaic efficiency (FE) for HCOO" was calculated
using Eq. 15, where z is the number of electrons (z = 2 for COzER to HCOO), Cucoo™ is the
concentration of HCOO- in the catholyte, F is the Faraday constant (96485.33 C-mol?), Vcatholyte
is the volume of electrolyte in the cathodic compartment (30 cm3), lta -t is the integration of
the measured total current over time of the potentiostatic (CA) electrolysis sequence.

FEncoo (%) = (z-Crcoo - F-Vcatholyte: 100%)/(Irotal t) (15)
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All FE and current density results are expressed as average values calculated from
measurement of at least three replicate samples + average mean absolute (error bars).

Estimation of the Tafel slopes for H2, CO and HCOO™ on Cu-Sn bronze and Cu-Sn foam
electrocatalysts. The estimation of Tafel slopes for the cathodic electrolysis products
obtained on both Cu-Sn bronze (Cu14Sn) and Cu-Sn foam (Cu1Sn) was performed using the
Tafel equation (Eq. 16) as a limiting case of the Butler—Volmer equation for a cathodic reaction
(Eq. 17) when the overpotential - n >> 0. E is the potential, E° is the thermodynamically
determined reduction potential, A is the Tafel slope, a is the charge transfer coefficient, or
symmetry factor, z is the number of exchanged electrons, F is the Faraday constant (96485.33
C-mol?), R is the universal gas constant (8.314 J-mol*:-K?), T is the absolute temperature, Jx
is the partial and Jox is the exchange geometric current density for product x.

n=E - E°="-A-logi(-Jx) + A-10g10(-Jox) (16)
Jx = -Jox-exp(a-z-F-n/RT) (17)

Eqg. 16, as a linear equation can be rearranged to:
E = -A-logio(-Jx) + E° + A-logi0(-Jox) (18)

And further simplified to:
E = Tafel slope-logio(-Jx) + intercept (29)

According to Eq. 19, the applied potentials (E) for each cathodic electrolysis product were
plotted versus logio(-Jx) in the range of potentials where linear dependence was observed. The
results on Fig. S14 show that all Tafel slopes, especially for H, and HCOO-, are higher than
the electrochemical limiting value of 120 mV-dec? for a one-electron unimolecular reaction
when a = 0.5 (from the Butler-Volmer equation - Eq. 17), thus indicating different reaction
nature of the rate-determining steps which most probably does not involve electron transfer
(chemical limitation). The Tafel slopes for both Cu-Sn bronze and foam electrocatalysts
suggest that the lowest overpotential is required for production of CO among all products. The
CO Tafel slope obtained for the Cu-Sn foam electrocatalyst is 19 mV-dec? higher than the
value obtained for the Cu-Sn bronze. On the other hand, the Tafel slope for H, is 31 mV-dec™
higher in the case of Cu-Sn bronze. However, the biggest difference is observed in the Tafel
slopes for HCOO production, where overpotential 204 mV-dec? is required for the Cu-Sn
bronze electrocatalyst.

According to the literature,* the Tafel equation (Eg. 16) can be written in the form presented
as Eqg. 20 in order to show the dependence of the Tafel slope from the intermediate surface
coverage (6):

Tafel slope = 2.3-R-T/[F-(a+6)] (20)

Where a higher Tafel slope value means lower surface coverage and vice versa. This implies
that in the case of HCOO" production, the much higher overpotential among all intermediates
in the case on both Cu-Sn electrocatalyst is a consequence to the lower surface coverage of
the *OCHO* intermediate, which is rather typical for a Cu-rich Cu-Sn electrocatalyst that favors
the CO over the HCOO" pathway, as discussed in the Introduction section and presented on
Scheme S1.
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S2. Experimental results

a)

he e iad =

Figure S1. Waste industrial Cu-Sn bronze produced according to MKC EN 1982:2019: (a) casted ingot
with dimensions of ~7 x 12 x 1 cm, as-received and (b) cut and mechanically polished plate-like samples,
with dimensions of ~1 x 2 x 0.25 cm.
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20 um
—

Figure S2. SEM images of the Cu-Sn bronze surface: comparison between (a, b) unpolished surface
and (c, d) fine polished near-planar surface.
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Table S1. Results from the ICP-OES bulk chemical composition analysis of the waste Cu-Sn bronze.
The results are expressed as average values in wt. and at. % * average mean absolute error. The Cu/Sn

bulk ratio in the Cu-Sn bronze corresponds to nominal stoichiometry of Cu14Sn.

Element

Fraction (wt. %)

Fraction (at. %)

Cu
Sn
Ag
Al

Ca
Cd
Co
Cr
Fe
Mg
Mn
Ni

Pb
Zn

87.784 £ 1.975
11.744 + 0.550
0.021+0
0.001+0
0.001+0
0.006 + 0
N.D.
N.D.
0.001+0
N.D.
N.D.
0.088 + 0.003
0.131 £ 0.024
0.829 £ 0.048

92.373 £ 2.078

6.615 + 0.310
0.013+0
0.002 £ 0.001
0.001 £ 0.001
0.004 +0
N.D.
N.D.
0.001+0
N.D.
N.D.
0.100 + 0.030
0.042 + 0.008
0.848 £ 0.049

N.D. — Not detected.

The small amounts seen here of Ni, Pb and Zn, with bulk fractions <1 wt.%, are not detectable on the

surface of the Cu-Sn bronze by XPS analysis (see Fig. S5 and Table S3).

S-17



b) SnL, Bare Cu-Sn bronze
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Figure S3. (a) Cu-Sn bronze sample (~1 x 2 x 0.25 cm) mapped in 425 points (green marks) in order to
obtain representative XRF data in terms of the Cu and Sn bulk spatial distribution and quantification of
the Cu-Sn stoichiometry. (b) representative XRF spectrum of the Cu-Sn bronze sample.
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Table S2. XRF spatial distribution of the Cu/Sn atomic ratio in a bulk (~1 x 2 x 0.25 cm) Cu-Sn bronze
sample expressed. The highest Cu/Sn ratio is labeled with dark green and lowest, with red color. The
average (nominal) Cu/Sn ratio is 15.
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Figure S4. EDX mapping of pristine Cu-Sn bronze: (a) SEM image of the mapped area; (b)
representative EDX spectrum; (c) distribution of all elements; (d) distribution of Cu and (e) Sn.
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Figure S5. XPS survey spectra of samples under different conditions and peak assignments of the
relevant core levels. Besides Cu, Sn, O, K and C, no other elements are detected on the surface of the
samples that could potentially originate from the Cu-Sn bronze and are quantified with the ICP-OES
(such as Ni, Zn, Pb with abundance <1 wt. %). K originates from the KHCOs electrolyte and appears on
the Cu-Sn foams spectra that were subjected to 2 or 15 h electrolysis. Cu-Sn foam refers to the material
with Cu/Sn surface ratio of 10 (which shows the best CO selectivity) and Cu-Sn foam with Cu/Sn ratio
of 1.4 refers to the foam prepared from the Cu and Sn concentration-wise upper limit of re-used
electrodeposition solution where the Sn extracted from the Cu-Sn bronze starts to precipitate (more
explanation in section S1.4.).
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Figure S6. High resolution XPS spectra (Raw data, deconvoluted peaks assigned to different oxidation
states and sum of fitted data): (a) Cu 2p; (b) Cu Auger of LMM region; (c) Sn 3d and (d) O 1s. Cu-Sn
foam refers to the material with Cu/Sn surface ratio of 10 - that shows the best CO selectivity and Cu-
Sn foam with Cu/Sn ratio of 1.4 refers to the foam prepared from the Cu and Sn concentration-wise
upper limit of re-used electrodeposition solution where the Sn extracted from the Cu-Sn bronze starts to
precipitate (more explanation in section S1.4.).

The Cu 2p, Cu Auger, Sn 3d and O 1s XPS spectra on Fig. S6 show that the Cu-Sn
foam and the Cu-Sn bronze are being oxidized during transfer to the XPS in air after the
electrolysis which makes it difficult to identify which Cu and Sn valence species are involved
in the CO2ER mechanism. More advanced methods for in situ study of Cu-Sn catalysts under
more relevant conditions are currently underway but beyond the scope of this work.
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Table S3. Average values of the Cu/Sn surface and bulk ratios among different samples obtained from
the high resolution XPS and EDX measurements, respectively. The Cu/Sn surface ratios are calculated
from the Cu 2p and Sn 3d core levels peak-surface area of the high-resolution XPS spectra presented
on Fig. S6.

Sample Average Cu/Sn Average Cu/Sn
Surface Ratio Bulk Ratio
Bare Cu-Sn bronze 14 16
As-prepared Cu-Sn foam 10 113
Cu-Sn foam - after 2 h @ —0.8 V vs RHE 9.3 170
Cu-Sn foam - after 15 h @ —0.8 V vs RHE 10.2 101
*Cu-Sn foam - after 2 h @ —0.8 V vs RHE 1.4 Sn N.D.

*Cu-Sn foam with Cu/Sn ratio of 1.4 refers to the foam prepared from the Cu and Sn concentration-wise
upper limit of re-used electrodeposition solution where the Sn extracted from the Cu-Sn bronze starts to
precipitate (more explanation in section S1.4.)

N.D. — Not detected.
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Nafion membrane

Scheme S2. H-type two-compartment electrochemical gas-flow cell, where the cathodic and the anodic
compartment are separated with a Nafion membrane. Both compartments are filled with 0.1 mol-dm-3
KHCOs(aq) as a supporting electrolyte, constantly purged with CO2. The gaseous products are
guantified using on-line Gas Chromatograph (GC), and the non-volatile liquid ones (HCOO") using Ultra-
High-Performance Liquid Chromatograph from Thermo Scientific (UHPLC). The setup is described in
section S1.5.)
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Figure S7. (a) Setup for preparation of porous Cu-Sn foam electrocatalysts via potentiostatic co-
electrodeposition of Cu and Sn. BA refers to Cu-Sn bronze anode and BC to bronze cathode.
Electrochemical conditions for preparation of Cu-Sn foam with Cu/Sn = 10 surface ratio: (b) total
geometric charge and (c) current density that is passed in 1-minute time of electrodeposition at cathodic
applied potential of —2.9 V vs Ag/AgCl (3 mol-dm- KCI). (d) Anodic potential versus time.
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Table S4. Results from the ICP-OES analysis of the electrodeposition solution used for the DHBT co-
electrodeposition of the Cu-Sn foams with Cu/Sn surface ratios of 10 and 1.4.

Element Concentration of elements  Concentration of elements
(mmol-dm-3) in the solution (mmol-dm-)in the solution
for preparation of for preparation of
Cu/Sn=10 foam Cu/Sn=1.4 foam
(Optimal) (Sn starts to precipitate)

Cu 29.38 39.42
Sn 2.09 251
Ag N.D. N.D.
Al 0.02 0.002
Ca 0.01 0.02
Cd N.D. N.D.
Co N.D. N.D.
Cr N.D. N.D.
Fe N.D. N.D.
Mg N.D. 0.01
Mn N.D. N.D.
Ni 0.04 0.05
Pb 0.02 0.03
Zn 0.23 0.30

N.D. — Not detected.

Even though, the Cu/Sn ratio in both electrodeposition solutions is 14-15 as in the case
of the bulk composition of the Cu-Sn bronze, the DHBT deposition mechanism is dependent
from the concentrations of Cu and Sn, especially for altering the Cu/Sn surface ratio, as
explained in section S1.4. and suggested from the XPS results (Table S3).
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Figure S8. SEM images at various magnifications of as-prepared porous Cu-Sn foam consisting of
dendrite microstructures. Figs. S8a, f appear as Figs. 1b, ¢ in the main text, respectively.
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Figure S9. SEM images of pure Cu foam consisting of dendrite microstructures that remind of the leaves
from fern plant species Dicksonia antarctica. Figs. S9a, f appear as Figs. 1d, e in the main text,
respectively.

5-28



i -2 -
Figure S10. Cross-section SEM images of: (a) Cu-Sn and (b) pure Cu foam, after FIB ablation of the

samples to form rectangular trenches. The thickness of the pure Cu (~82 um) is around twice larger
compared to the Cu-Sn foam (~38 um).
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Table S5. Average pore size (calculated from the SEM images on Figs. S8, 9) and cross-section
thickness (FIB/SEM, from Fig. S10) of the Cu-Sn and pure Cu foams.

Sample Average pore size (um) Average Foam thickness (um)
Cu-Sn foam 24 38
Pure Cu foam 32 82
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Figure S11. EDX mapping of as-prepared porous Cu-Sn foam: (a) SEM image of the mapped area; (b)
representative EDX spectrum; (c) distribution of all elements; (d) distribution of Cu, (e) Sn, and (f) C

from the background.
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Figure S12. Estimation of the Relative Surface Roughness Factor (RSRF): (a) Linear plots — Capacitive
Current Density (AJ) vs. Scan Rate (SR), at a potential of —0.1 V vs Ag/AgCl. Cyclic voltammograms in

a non-faradaic region of potentials at various scan rates for: (b) Cu-Sn bronze; (¢) Cu foam and (d) Cu-
Sn foam.
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Table S6. Relative Surface Roughness Factors (RSRF) of bare Cu-Sn bronze, Cu foam and Cu-Sn
foam.

Sample RSRF
Bare Cu-Sn bronze 1
Cu foam 8.4
Cu-Sn foam 15.7

The linear plots - Capacitive Current (AJ) vs. Scan Rate on Fig. S12a shows that in the case
of the Cu-Sn foam, an inflection of the linear behavior occurs at scan rates >60 mV-s™, which
is not observed in the case of the pure Cu foam and the Cu-Sn bronze, where the linearity is
maintained up to 140 mV-s®. This inflection in the linearity can be explained as a lack of
diffusion i.e., sluggish capacitive charge/discharge at higher scan rates suggesting that the
electroactive species need relatively more time to penetrate deeper in the Cu-Sn
microstructure in comparison with the pure Cu foam. This can be explained by the larger
average pore size of the pure Cu vs the Cu-Sn foam, even though the pure Cu foam is twice
thicker than the Cu-Sn one, as presented in Table S5.
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Figure S13. Replotted graphs from Fig. 2 (main text). Electrocatalytic activity results at various
potentials: (a) distribution of FEs for products obtained on pristine Cu-Sn bronze and (b) on Cu-Sn foam.
All results are expressed as average values + average mean absolute error.
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Figure S14. Tafel plots (E vs logio(-Jx)) for H2, CO, and HCOO- obtained on Cu-Sn bronze and foam
electrocatalysts, respectively.
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Figure S15. Selectivity vs Cu/Sn Surface Ratio for Cu-Sn bronze and Cu-Sn foam prepared from optimal
(Cu/sn = 10), from Sn saturated (Cu/Sn = 1.4) electrodeposition solution and *Sn-rich Cu-Sn foam, at
—0.8 V vs RHE: (a) Distribution of FEs for Hz, CO, C2H4 and HCOO-, and CO - Partial current density;
(b) distribution of FEs for Hz, CO, C2H4 and HCOO- vs Cu/Sn Surface Ratio. The FE and current density
results are expressed as average values + average mean absolute error.

*Sn-rich Cu-Sn foam with Cu/Sn surface ratio of 0.6 was prepared from an electrolyte containing Cu2*
and SnZ* with concentrations of 0.2 mol-dm= in 1.5 mol-dm=2 H>SOs via galvanostatic DHBT
electrodeposition method at 1 A. The CO2ER activity of this catalysts was measured, and the results are
presented in this figure in order to experimentally support the reaction mechanisms showed on Scheme
S1 according to which the increase of the surface Sn in the Cu-Sn foam switches the selectivity from
CO towards HCOO- production.

5-36



Figure S16. SEM images of Cu-Sn foam after 2 h electrolysis at —-0.8 V vs RHE. Figs. S16a, f appear
as Figs. 3d, e in the main text, respectively.
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Figure S17. EDX mapping of dendrite microstructures in Cu-Sn foam after 2 h electrolysis at —0.8 V vs
RHE: (a) SEM image of the mapped area; (b) representative EDX spectrum; (c) distribution of all
elements; (d) distribution of Cu, (e) Sn, and (f) C from the background.
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Figure S18. SEM images of Cu-Sn foam after 15 h electrolysis at —0.8 V vs RHE (stability/durability
test). Figs. S18a, f appear as Figs. 3f, g in the main text, respectively.
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Figure S19. EDX mapping of dendrite microstructures in Cu-Sn foam after 15 h electrolysis at —-0.8 V
vs RHE: (a) SEM image of the mapped area; (b) representative EDX spectrum; (c) distribution of all
elements; (d) distribution of Cu, (e) Sn, and (f) C from the background.
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Figure S20. SEM images of Cu-Sn foam (Cu/Sn surface ratio = 1.4) prepared from Sn saturated
electrodeposition solution after 2 h electrolysis at —-0.8 V vs RHE.
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Figure S21. EDX mapping of dendrite microstructures in Cu-Sn foam (Cu/Sn surface ratio = 1.4)
prepared from Sn saturated electrodeposition solution after 2 h electrolysis at —0.8 V vs RHE: (a) SEM
image of the mapped area; (b) representative EDX spectrum; (c) distribution of all elements; (d)
distribution of Cu, (e) Sn, and (f) C from the background.
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Table S7. Comparison of the CO2 to CO performance among several Cu-Sn electrocatalyst with foam
(dendrites or particles), nanoparticles (NPs) and nanowires (NWs) morphology at moderate applied
potential of —0.8 V vs RHE, examined in aqueous electrolytes using H-type gas-flow cell configuration.
The Cu-Sn electrocatalysts with relatively low surface roughness and the ones examined under gas
diffusion electrode configuration are omitted from this table.

FEco Jco JTotal Durability/FEco
Electrocatalyst | Electrolyte (%) | (mA-cm?) | (mMA-cm?) at the end of | References
the test
Cu-Sn foam 0.1 mol-dm= This work
. >85 5 5.9 15 h/85%
(dendrites) KHCO3 °
20s-Sn NPs/ | 0.1 mol-dm- 80 25 3 12 h/78% Zhao et
CuOx NWs KHCOs 90* 4.5* 5* / al.r2
0.8 nm SnOx/ | 0.5 mol-dm- Lietal.’®
8
Cu NPs KHCOs 90 No data No data 10 h/No data
SnOx layer/ 0.1 mol-dm- 0 Schreier et
CUO, NWs* NaHCOs 85 No data 1.4 6 h/80% al14
Sn/Cu foam/ 0.1 mol-dm- Zeng et
Cu foil KHCOs 93 4.7 No data 10 h/No data al.15
Sn/Cu foam
. .1 mol-dm-3
(particles)/ 0.1 mol-dm 82 6.1 7.5 No data Juetal’
KHCO3
Cu mesh
Sn/Cu foam
. 0.1 mol-dm-
(dendrites)/ mor-am 89 6.5 7.2 10 h/No data Juetal’
KHCO3
Cu mesh
Cu20-Sn0:2 0.1 mol-dm- Zhang et.
1 1
nanocrystals KHCO3 %0 33 No data No data al.1e
3D-h 0.1 mol-dm- Yoo et al.'’
15) 1)
Cu-Sn KHCOs 80 9.3 No data No data

*For 5 s - Sn NPs/CuOx NWs samples which are not tested for durability.
8Jco=4.6 mA-cm?2at-0.7 V vs RHE.
#95% FEco for the 2 cycles SnOx/CuOx NWs samples at —0.6 V vs RHE.
*Can reach Jco of 11.4 mA-cm2in 0.5 mol-dm- KHCOzs. Was tested for 18 h in 0.5 mol-dm-3 KHCO3 at
—0.6 V vs RHE and reached ~85% FEco.
PReached FEco of 85% at —0.45 V vs RHE for 10 h in 0.1 mol-dm-3 KHCOs. Max. reported FEco of 98.6%

at-0.45V vs RHE
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S3. Another approach for conversion of the waste Cu-Sn
bronze into CO-selective electrocatalyst

This strategy is based on three-step chemical bath/electrodeposition surface
modification of the waste Cu-Sn bronze.

S3.1. Chemical bath method for growing nanostructures on the Cu-Sn bronze
surface

The ~1 x 2 x 0.25 cm Cu-Sn bronze samples (Fig. S1b), after being polished according
to the polishing procedure (described in section S1.2), were wrapped with PTFE tape, as
described in section S1.4. Additionally, each sample was attached to 10-15 cm stripe of PTFE
tape. After this preparation, the experiments were conducted according to the schematic
presented on Fig. S22a. Namely, 15 cm? test tubes were filled with 2.5 cm?®of 3 mol-dm= NaOH
(freshly prepared from NaOH and ultrapure water) and placed in a water bath at 80 °C (large
beaker filled with water and placed on a hot plate/electromagnetic stirrer). PTFE coated
magnetic stirrers were placed in each test tube and loosely covered with caps to avoid water
evaporation. When the NaOH(aq) reached temperature of 80 °C, the samples were etched in
10 wt.% HNOs(aq) for 20 seconds, then washed with ultrapure water and immediately placed
to hang (using the 10-15 cm PTFE stripes) in the test tubes. The samples were kept in the
NaOH(aq) for 30 minutes at the same temperature. During this treatment, the surface of the
Cu-Sn bronze loses its metallic-like shine and turns dark brown and according to the SEM
images on Fig. S22b it resembles morphology typical for a deep-etched (corroded) surface. In
the second step, i.e., immediately after the 30 minutes of alkaline treatment, 0.5 cm? of 0.75
mol-dm2 (NH4)2S,0s (freshly prepared from (NH4).S.0s and ultrapure water) were added in
each test tube without removing the samples and then the test tubes were loosely capped
again to avoid evaporation, but not too tight since NHs is being generated as a by-product. The
temperature was kept constant at 80 °C throughout the whole procedure. The theoretical
concentrations of (NH4)2S20s and NaOH at the beginning of the second step of the chemical
bath treatment were 0.125 and <2.5 mol-dm3, respectively. This process was terminated by
removing the samples after 60 minutes, counting the time since the (NH4).S.0s(aq) was added.
During this treatment, the surface of the samples changed its color from dark brown into dark
blue. Each removed sample was washed three times with 1 cm?® of ultrapure water thus
carefully collecting the liquid into the corresponding test tube in which it was chemically treated.
After the washing procedure, the samples were left to dry under air at room temperature. The
alkaline-persulfate method for growing variety of morphologies like nanowires, nanotubes and
nanosheets on a surface of metallic Cu was already widely utilized.'®2° The SEM images of
the as-prepared CuO-xH,O nanosheet-like structures are presented on Fig. S22c. The solution
from the test tubes was quantitatively transferred into 50 cm? volumetric flasks to be used for
the Cu and Sn electrodeposition procedure atop the chemically modified Cu-Sn bronze
surfaces. According to the Pourbaix diagrams for Cu® and Sn?° species, described in the
literature, both elements should form hydroxo- complex compounds at pH>14, although, we do
not have any empirical evidence about the chemical nature of the Cu and Sn — species in order
to support this claim.
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S3.2. Decoration of the CuO-xH20 nanostructures via electrodeposition of the
leached Cu and Sn

For the electrodeposition of the leached Cu and Sn atop the nanosheets that were
grown via the two-step chemical bath treatment, the electrolyte was prepared via neutralization
of the excess NaOH with 0.25 cm?® concentrated HCI (37 wt.%) in the test tubes where the
samples were treated. The liquid from the test tubes was quantitatively transferred into a 50
cm? beaker using 0.1 mol-dm=KHCOs(aq) for washing. Finally, the beaker was filled with 0.1
mol-dm=2KHCOs(aq) up to a final volume of 30 cm?. The electrolyte was purged with CO, under
a moderate flow during the electrodeposition process, starting ~15 minutes before applying
the bias. The electrodeposition was conducted potentiosatically at —1.5 V vs Ag/AgCl (3
mol-dm KCI) for 10 minutes using Pt-mesh as a counter electrode. The samples were washed
with ultrapure water and left to dry in air. The as-prepared samples resemble CuxO/SnOy
decorated CuO-xH20 nanosheets, as presented on the SEM images on Fig. S22d.

a) Step 1 Step 2 Step 3
EE——) ——
© ®
e ~—

<2.5 mol-dm-3 NaOH(aq)
3 mol-dm-3 NaOH(aq) 0.125 mol-dm-3 (NH,4),S,0g(aq) ~ Room temperature
80 °C

200 nm
—

Figure S22. (a) Scheme of the chemical bath/electrodeposition method for surface modification of the
waste Cu-Sn bronze. SEM images of: (b) surface of Cu-Sn bronze after treatment in NaOH(aq) at 80
°C; (c) surface of CuO-xH20 nanosheets, after treatment in alkaline (NH4)2S20s at 80 °C; (d) surface of
CuO-xH20 nanosheets after electrodeposition of the leached Cu and Sn atop the CuO-xH20
nanosheets.
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S3.3. Electrocatalytic activity results for the CuxO/SnOx decorated CuO-xH20
nanosheets

The electrocatalytic activity measurements for the CuxO/SnOyx decorated CuO-xH20
nanosheets were carried out using identical experimental setup, as described in section S1.5.
The results from the FEs distribution of H,, CO, C;Hs and HCOO" are presented on Fig. S23a,
and the total current density and the partial current density for all products at applied potentials
of -0.7, —0.8 and -0.9 V, on Fig. S23b. This electrocatalyst reached slightly lower FEco at —
0.7 and -0.8 V and similar value at -0.9 V, but however the Jco values are comparable, even
0.5-1 mA-cm2 higher in comparison with the values obtained for the Cu-Sn foam (cf. Fig. S23
and Fig. 2c, d).

Even though this strategy was quite promising in the beginning, unfortunately,
significant reproducibility issues were faced which were mainly caused by the difficulties to
control the amount of leached surface Cu and Sn in the first step. Trying to overcome these
issues we modified the first and second step of the method by altering the time of treatment,
we even introduced HCl(aq) instead of NaOH(aq) for more selective leaching only the surface
Sn instead both Cu and Sn in the first step, but in all cases up to date, we were not able to
reach FEs for CO that are higher than 65% at -0.8 V. In most of the cases the FE for CO
remained 40-50%.

a) .." HZ"... CO b) .l* 'JTotal .....JHZ
oodhe o C,H, «--JCO
100 -14
90 -13 4
-12- *.
80' ..... -11- -o.
70. ------ L '°0..... ;-10- .o'
.. . E '9. .'o
— 60 4 9 8" ‘e
S < u.,
~ 504 g 71 *,
E - 64 ‘., '..
40 g e e,
8 '5' .'o *e
30- -50 .4- .'o.. ..-*
20 4 -3
10' ..--lo...L-I\ .......... 'j '1' “"""-., .
e + — 04— — '
-0.9 -0.8 -0.7 -0.9 -0.8 0.7
E vs RHE (V) E vs RHE (V)

Figure S23. Electrocatalytic activity results for the CuxO/SnOx decorated CuO-xH20 nanosheets: (a)
FEs distribution of Hz2, CO, C2H4 and HCOOH and (b) total geometric and partial current density for CO
at potentials of —0.7, —0.8 and —0.9 V vs RHE.
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Abstract: Electrochemical reduction of CO, (CO2ER) to HCOO- using relatively cheap Cu-S system-based
electrocatalysts is a feasible combination worth to be extensively studied. In this study, a simple and fast two-step
method was developed for synthesis of HCOO~ selective coper sulfide electrocatalyst. Cu foam was
electrodeposited on Cu mesh substrate via DHBT method then subsequently sulfidated via immersion in sulfur
saturated toluene solution. The synthesized material resembles mixed phase digenite/roxbyite composition with
Cu46S stoichiometry. The sulfidated Cu foam was examined for its COER catalytic activity, leading to the
observation that the HCOO™ selectivity is highly dependent on the electrochemical test sequence, namely the
direction of ramping the applied potential in the interval between —0.5 to —0.9 V vs. RHE. The best HCOO™ selectivity
is achieved at —0.7 V regardless of the direction of ramping, yet when the potential is ramped positively starting
from —0.9 V, the peak faradaic efficiency (FE) reached is notably higher (~65%) than when starting at —-0.5 V and
ramping negatively (~50%). In-situ EC-MS tracking of the H,S evolution from the electrocatalyst and post-
electrolysis analysis of the bulk sulfur fraction in both directions of ramping the potential showed differences in the
evolution duration but not a significant difference in the bulk sulfur content thus did not provide explanation regarding
the differences in the electrocatalytic activity at —0.7 V. Various control experiments such as sample air or N
exposure, electrolyte replacement, sulfidation of Cu foam in electrolyte where Cu1gS/Cu foam was reduced, and
analysis of the electrolyte sulfur concentration were conducted to investigate whether the electrolyte present sulfur
has any effect on the activation of the electrocatalyst. The results showed that the HCOO~ selectivity can be further
enhanced reaching up to 75% FE at —0.9 V when the electrolyte is replaced or pristine Cu foam is “electrolyte
sulfidated’, yet without significant change at —0.7 V. The post-electrolysis quantification of the electrolyte sulfur
concentration showed discrepancies in electrocatalysts with similar performance at —0.9 V but no difference was
observed for Cu4S/Cu foam at —0.7 V regardless of the direction of ramping the potential. However, the results
from quasi in-situ XPS did show differences in the surface sulfur fraction thus lower sulfur content is observed when
the potential is ramped from —0.5 to —0.9 V compared when starting at —0.9 V. Moreover, besides S?-, SO4?~ surface

species were found on the surfaces of the samples subjected to potential of —-0.9 V suggesting that certain
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processes in the electrolyte near the electrode surface could affect the local sulfur distribution thus influencing the
HCOO- selectivity. Finally, the very important quasi in-situ XPS results show that the pristine Cu foam undergoes
total reduction to metallic Cu while the in the case of the sulfidated Cu foam, besides metallic, Cu* species persist
under all applied potentials in the range between —0.5 and —0.9 V. Thus, it appears that the presence of sulfur
stabilizes the Cu* species thus supporting the *OCHO* pathway for CO; reduction into HCOO~ suggested in the

literature.

Keywords: CO; electrolysis, copper sulfides, formate, electrochemical activation, in-situ H,S tracking, quasi in-situ

XPS, stable Cu* surface species.
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Introduction

The emission of the greenhouse gas CO- in the atmosphere is continuously increasing
together with the energy demand that is still majorly produced from fossil fuels, caused by the
development of the global society in all sectors since start of the industrial revolution.’?
Significant long-term measures are already taken in the past decades to mitigate the CO-
emissions via decreasing the dependence from fossil fuels energy production,®** however more
immediate actions are necessary. Substantial parts of the scientific communities are focused
on this topic with increasing interest over the years striving towards achieving efficient
renewable energy driven CO: capture and its conversion into valuable products that can be
utilized as fuels and chemicals in the existing industry.>* The electrochemical reduction of CO,
(COzER) is a promising approach for CO, conversion to value-added products,* and among
the wide range of possible products, to date the 2e~ CO.ER products CO and formic
acid/formate (HCOOH/HCOQ") are closest to being techno-economically viable for a possible
large-scale production.*® Among metal catalysts explored for CO.ER, only Cu is capable
electrocatalyst for significantly reducing CO2 beyond CO in multielectron steps thus producing
hydrocarbons, alcohols, etc." * 7 but unfortunately suffers from selectivity issues, hence
requiring products separation leading to additional costs.® Therefore, studying and
understanding the catalytic processes during CO2ER into the most techno-economically viable
products is of great importance for large scale production in the near future. The HCOOH and
HCOO" salts are important feedstock chemicals used in broad industrial fields.® Moreover,
there are significant research efforts to develop fuel cells that can efficiently run on formate
which would provide advantages over H. in terms of safety, storage and transportation issues.*
19 Several elements (Cd, In, Sn, Hg, TI, Pb, Bi)""" and their combinations (Sn-Pb, Cu-Sn, Cu-
In, Cu-Pb, Cu-Pb-Sn, Cu-S etc.),""" have been investigated as electrocatalyst materials for
CO2ER into HCOO™. However, among them only Cu, Sn, In, Bi and S are not extremely toxic,
and of these all but S are relatively rare on Earth’s crust, and moreover are listed as elements
with certain risk of future supply.'®'® Therefore, the copper sulfides based electrocatalysts
have emerged as attractive candidates for CO, conversion into HCOO~."7- 20-28

Copper sulfides are binary compounds with general formula CuS, that exist in many
complex variations in terms of Cu oxidation state, Cu:S stoichiometry, structure and
morphology, thus defining their chemical and physical properties, hence their application in
various fields." 2°37 Cu,S, can be synthesized using numerous methods."” 23" In general
these methods are based on reactions of copper or its compounds, and correspondingly,
sulfur or its compounds, under variety of reaction conditions.'” % Regarding the CO, to HCOO~
conversion mechanism on Cu,S, based electrocatalysts, the presence of persistent residual

sulfur in copper’s structure most probably stabilizes the Cu® specie on the surface of the
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catalyst and favors the binding of the *OCHO* intermediate (over *COOH) which transforms
into HCOO™ following a second electron transfer step.?® 222528 Moreover, it was found that the
presence of sulfur suppresses the undesirable hydrogen evolution reaction (HER).*® On the
other hand, the *COOH intermediate pathway leads to CO2ER into CO and further reduction
to hydrocarbons, alcohols etc.” > ®7 Even though it is already reported in the literature that
under electrolysis the sulfur remains persistent in the structure of Cu,?® 2% 272839 {g the best of
our knowledge there is no evidence whether under operating or near operating conditions the
surface Cu maintains +1 oxidation state or is fully reduced to metallic. Therefore, in this study
we sought to address this question via study of the chemical nature of surface Cu and S under
near operating conditions. For this purpose, the electrocatalysts were examined with x-ray
photoelectron spectroscopy (XPS) after conducting the electrolysis and transfer of the samples
in the analyzer under inert atmosphere thus to prevent air caused re-oxidation when the
electrochemical bias is removed (sometimes referred in the literature as quasi in-situ XPS**
“1). Moreover, tracking the sulfur species evolved from the electrocatalyst under reductive bias
and their transfer in the electrolyte thus possible effect on the selectivity is another goal we
strive to tackle in this study. Even though most of the CuxSy synthesis published methods are
advanced in terms of preparation of materials with fine-tuned composition, morphology,

structure etc., in dependence of their specific application, '’ 3¢

we decided that for our study we
would like to utilize rather very fast, simple, cheap, and reproducible method under mild
conditions to prepare a CO2 to HCOO~ conversion electrocatalyst with decent selectivity.
Moreover, we sought to avoid usage of toxic or hazardous sulfur compounds like H2S, S* salts,
thiourea, thioacetamide or expensive ionic liquids as precursors. Therefore, a Cu foam was

2 which was

prepared via dynamic hydrogen bubble template (DHBT) electrodeposition,*
subsequently sulfidated by immersing it into sulfur dissolved in toluene. All synthesized
materials were examined with various characterization methods to reveal their chemical
composition, structure, morphology, surface speciation and thermal properties. Examining the
sulfidated Cu foam for its CO2 conversion electrocatalytic activity, it was revealed that the
HCOO™ selectivity is dependent on the direction of ramping the initial applied potential. Whether
this phenomenon is affected by the aforementioned surface speciation of the Cu and S in the
catalyst and moreover the reductive evolution and presence of sulfur species in the electrolyte
is thoroughly discussed based on the results from various in-situ, quasi in-situ and ex-situ

experiments.



Experimental

All utilized reagents and materials for this study are listed and described in section S1.1.
in the supporting information (SI). The synthesis of the sulfidated Cu foam (abbreviated as
Cu18S/Cu foam) electrocatalyst was performed in several simple and short-duration steps. In
the first step, Cu foam was electrodeposited under dynamic Hz bubble template (DHBT)*
conditions on pre-cleaned Cu mesh cathode in an aqueous electrolyte containing
0.2 mol:dm™® CuSO, and 1.5 mol-dm™ H,SOs4, by applying geometric current density of
—5 A-cm™ for duration of 9.5 seconds. A two-electrode setup with Cu foil as anode was used
for this purpose. The schematic for the materials preparation, electrodeposition procedure and
setup are depicted in Figure S1 and all information regarding the electrochemical processes
during the DHBT deposition are presented and discussed in section S1.2. in the Sl. In a
following step, the as-prepared Cu foam was sulfidated by immersing the samples in sulfur
saturated toluene solution for 3 seconds, at room temperature. The materials, chemicals and
detailed experimental procedures are described in section S1.3. in the Sl and schematically
presented in Figure S2. The chemical and phase composition of the materials was
characterized with x-ray diffraction (XRD), energy dispersive x-ray spectroscopy (EDX),
thermogravimetric analysis coupled with mass spectrometry (in-situ TGA-MS) and differential
scanning calorimetry (DSC). The oxidation states (speciation) of surface Cu, S and O were
studied using x-ray photoelectron spectroscopy (XPS) in ex-situ and quasi in-situ approaches,
where in the latter case the analyzer was coupled with transfer vessel in which samples can
be loaded directly from a glovebox where electrochemical experiments were conducted under
inert environment to avoid surface oxidation in air. The surface morphology and pore sizes
were evaluated using scanning electron microscopy (SEM). The thickness of the foams was
determined from cross-section SEM after vertical ablation of the samples using focused ion
beam (FIB). All electrocatalytic activity measurements were conducted in H-type gas-flow cell
filled with 0.1 mol-dm™ KHCO3(aq) as a supporting electrolyte, constantly purged with CO; in
the cathodic compartment and providing bias in linear sweep voltammetry (LSV) and
chronoamperometric (CA) modes. Simultaneously, the CO2ER gaseous products and H from
HER were quantified using on-line gas chromatography (GC). The volatile (alcohols) and non-
volatile CO2ER liquid products (HCOO™) were quantified post-electrolysis using headspace gas
chromatography (GC-HS) and high-performance liquid chromatography (HPLC), respectively.
The H2S evolution during the electrolysis was followed via in-situ mass spectrometry (EC-MS)
and the content of the sulfur species in the electrolyte was analyzed post-electrolysis with
inductively coupled plasma-optical emission spectroscopy (ICP-OES). The materials
characterization, electrochemical and product quantification methods are described in detail in

sections S1.4. and S1.5. in the Sl and additionally in our previous study.** The supporting
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results are presented as schematics, graphs and tables in section S2. in the SI. All sample
abbreviations and experimental conditions under which they were examined are described in
Table S1.



Results and Discussion

Characterization of the synthesized material

Cu with foam-like morphology was electrodeposited on Cu mesh substrates via
dynamic Hz bubble template (DHBT) method,*? as depicted in Figure S1 and described above
in the experimental section and additionally in section S1.2. in the Sl. The Cu foam consists of
typical dendrite microstructures arranged as interconnected pores and channels (Figures 1a
and S3) that were formed around the H2 bubble templates during the electrodeposition,*? with
pore size of ~30 um and thickness of ~40 um (see Figure S4a and Table S2). The Cu foam
was sulfidated via simple, fast, and reliable method based on a direct reaction between
elemental Cu and sulfur dissolved in toluene and in CS,, at room temperature. The sulfidation
process only occurs when metallic Cu is exposed to the reactive sulfur species in the organic
matrix, therefore an initial acidic etching step was used prior to sulfidation to remove native
surface species (e.g., oxides, hydroxides and carbonates) which passivate the surface, as
described at the end of section S1.3 in the Sl. It is important to note that the material
synthesized using CS; as solvent was only studies for its chemical composition, structure and
thermal properties, but not subjected to additional examination due to the hazardous nature of
this chemical, therefore all other studies were conducted using toluene as sulfur solvent. The
sulfidation process did not significantly affect the bulk morphology thus the pore sizes and
thickness are preserved (see Figures 1, S4, S5 and Table S2), yet blunting of the dendrite
edges can be observed (cf. Figures 1a with Figure 1b, and Figure S3c with S5c respectively).
The EDX mapping shows homogeneous distribution of Cu and S throughout the sulfidated
foam with nominal sulfur fraction of ~30 at.% (Cu:S atomic ratio ~2), as presented in Figure
S5(d-f). From the XRD analysis results (Figures 1c and S6) it was found that the Cu foam with
polycrystalline Cu structure during the sulfidation procedure transforms into copper sulfide with
mixed phase composition which corresponds to digenite Cu1.7sS (ICDD PDF 2-023-0960) as
a predominant phase, and roxbyite Cu;S4 (ICDD PDF 2-023-0958) as a secondary phase. The
analysis of the phases was conducted from powder samples obtained via sulfidation of Cu foil
and the results showed that roxbyite fractions of ~10 and ~30 wt.% were obtained when the
sulfidation was conducted in CS; and toluene as sulfur solvents, respectively. Both phases
resemble nominal Cu+ S stoichiometry and therefore the sulfidation reaction can be described
with Equation 1. To be best of our knowledge this is the first report where copper sulfide with

digenite/roxbyite phase composition is utilized for electrochemical conversion of CO..

1.8xCu + Sy — xCu1¢S (digenite/roxbyite phase) (1)
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Figure 1. SEM images of Cu foam (a) and Cu4S/Cu foam (b) composed of dendrite microstructures. GI-XRD
patterns of Cu foam and sulfidized Cu foam, as-prepared and after CO- electrolysis from —0.9 to —0.7 V for 1 h at
each potential. D stands for digenite and R for roxbyite phase, used to label peaks according to reflections in the
corresponding database patterns.

The thermal properties of the CusS prepared in the two solvents (as powders via
sulfidation of Cu foil) is studied with TGA-MS and DSC. Comparing the results from these
analyses presented in Figure S7 it can be generally revealed that their behavior is similar as
expected from their close chemical composition. The mass decrease process is developed in
a very broad range from 100 to 1000 °C with close values for the overall mass loss: ~2.5 and
~3.3 wt.% for the samples sulfidated in CS; and toluene, respectively (Figures S7a, b). The
TGA results are supported by the DSC curves, where a very broad complex exothermic peak
is observed in the same temperature range thus the maximum is observed at 450-470 °C
(Figures S7(e, f). Both TGA curves show two distinct mass loss regions: the first between 100
and 350-400 °C, and a second steeper one between 400 and 1000 °C. The corresponding
mass losses are as follows: ~0.2 and ~2.3 wt.% for the sample in CS,, and accordingly 0.7
and 2.6 wt.% for the sample in toluene. According to MS analysis (Figures S7c, d) the observed
mass losses are due to S volatilization (m/z = 64) which is caused by the thermal
transformation of Cus.sS into chalcocite phase Cu»S.** Moreover, the S, volatilization takes
place in two steps which is evident from the m/z = 64 signals for both samples: a very weak
sharp signal around 260 and 230 °C for the samples sulfidated in CS; and toluene, respectively
and other continuous signal extending from 400 to 1000 °C. Liu et al.*® showed that the thermal
transformation of nanocrystalline Cu1sS takes place at 240 °C, which is a much lower
temperature in comparison with that of bulk digenite mineral (above 500 °C).**® It should be
pointed out that there is inconsistency in the literature about the heat effect of the above
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thermal transformation in inert atmosphere: endothermic effect,**’ or exothermic effect,*® as
observed in our case. Finally, based on the in-situ TGA-MS, and the data reported in the
literature, we could suppose that a small part of our digenite samples (~10 wt.%) is in a form
of nanosized material.

Following one of our main objectives in this study to utilize a simple method for synthesis
of HCOO™ selective CO2ER catalysts, initially we started by sulfidation of Cu foil via immersing
it in solution containing sulfur dissolved in toluene. It was found that the obtained sulfide
material resembles similar phase composition as in the case of sulfidated Cu foam (Figure S6).
However, the as-prepared Cu1sS coating readily delaminated from the surface of the foil
(Figure S8). Similar mechanical instability was observed when Cu mesh was used as a
substrate (see Figure S9), even though Cu, or Cu alloy based meshes were previously
reported to be successfully utilized substrates for preparation of copper sulfide based CO,ER
catalysts.?*% “® |n our case, to overcome this problem, microporous Cu foam was deposited
on the mesh substrate and subsequently sulfidated, as described above. We note that direct
reactions between elemental Cu and sulfur dissolved in organic solvents like CSz, CCls,
benzene, xylene and CHCI; are summarized in several publications,***' but nevertheless all
of them are more hazardous than the toluene used here. Regarding the sulfidation mechanism
(Equation 1), we can propose two hypotheses based on the reported research in the literature.
The first hypothesis is adopted from the literature,®" and is based on a mechanism that involves
disruption of the solvation shell around the Sg molecules when dissolved in organic solvent.
According to that claim, the actual reactive species are the solvated Sg molecules. The second
hypothesis is inspired by the research reported by Steudel and Holz.*? It describes a procedure
for quantitative analysis of different samples of commercial sulfur in powder with HPLC and
using CS; as a solvent for preparing the analyte matrix. Namely, they found that all commercial
sulfur samples, besides the main phase a-Ss, contain traces of S7 (<1%) and also Sg, Se, and
poly-sulfur (S») species. These species are thermodynamically less stable than Sg and
therefore more reactive when dissolved in organic certain solvents (such as CS; and toluene),
thus being able to oxidize metallic copper and therefore generate copper sulfides. The precise
nature of the reaction mechanisms remains open question requiring further investigation which

is outside the scope of the current study.

Electrocatalytic activity for CO. conversion

The Cu1sS/Cu foam CO2ER catalytic activity results show typical behavior for the Cu-S
materials when examined under similar conditions,'” 2>% hence the presence of sulfur in the

Cu structure is driving the selectivity (expressed as faradaic efficiency - FE) towards HCOO~
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production as practically exclusive CO2ER product in comparison with pristine Cu foam, in the
examined potentials range between -0.5 to —-0.9 V vs RHE, as presented in Figures 2 and
S10. This means that the presence of sulfur is simultaneously suppressing the production of
other CO2ER products like CO, C2Hs and alcohols that are typically produced on Cu foam
electrocatalyst.* *® The production of these products is negligible, their total FE not exceeding
3% on the Cu48S/Cu foam electrocatalyst, whereas some of them reached significant values
in the case of pristine Cu foam (see Figure S11). The HCOO™ production and undesirable
hydrogen evolution reaction (HER) suppression on the CusS/Cu foam vs. pristine Cu foam
are significantly dependent from the direction of ramping the applied potential, that is, ramping
in less negative (RLN: —0.9 to —0.5 V) or in more negative (RMN: —0.5 to —0.9 V) direction (cf.
Figures 2a, b with 2d, e). The reaction kinetics expressed as partial current density (j;) follows
the behavior of the selectivity and the presence of sulfur in the Cu;sS/Cu foam electrocatalyst
is enhancing the jucoo™ - while suppressing the ji., but again in dependence of the direction of
ramping the applied potential (cf. Figures 2c and 2f). Namely, it was found that ramping the
potential in a less negative direction (RLN) in the case of Cu1sS/Cu foam is enhancing the
HCOO™ selectivity and reaction rate thus suppressing the HER, compared to the pristine Cu
foam (regardless of the potential ramping direction for this material). Contrary to this, when the
Cu18S/Cu foam is examined via ramping the potential in a RMN direction, the enhancement of
the HCOO™ selectivity versus pristine Cu foam is less significant than in the previous case,
moreover the suppression of Hz selectivity is practically negligible and additionally the reaction
rate is almost unaffected at the potentials of interest. Consequently, besides the differences in
the selectivity and reaction rates of HCOO™and H. comparing the Cu4sS/Cu foam and pristine
Cu foam, the ramping direction of the applied potential affects the HCOO™and H. selectivity in
the case of Cu1sS/Cu foam electrocatalyst itself. Namely, when the applied potential is altered
in RLN direction, the Cu1sS/Cu foam electrocatalyst exhibits higher FEncoo™ values peaking at
—0.7 V (~65%) in the range from —0.6 to —0.8 V and with significant suppression of the HER at
—0.6 and —0.7 V, in comparison when the electrocatalyst is studied in the RMN direction. In the
RMN direction, the FEncoo™ reaches the highest value at —0.7 V, as in the case during the RLN
direction, but the actual value is significantly smaller (~50%) and practically equal to the FE..
At potentials of —0.8 and —-0.9 V in the RMN direction, the differences between FEncoo™ and
FEw. are small, but in favor of the HER which becomes dominant at —0.5 and —0.6 V. Yet, at —
0.9 V no difference is observed between the FEshcoo™ (~45%) obtained under both RLN and
RMN conditions and accordingly the same applies for the FEsh. (~55%). Furthermore, the
Jucoo~ show higher values in the case of RLN in comparison with the RMN direction (Figures
2c). This difference increases at more negative applied potentials (0.7 to —-0.9 V), while
practically becomes negligible at—0.5 to —0.6 V, regardless the direction of the applied potential

ramping. Comparing the jucoo™ With ji.in the RLN direction, it is obvious that the difference is
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most significant at —0.7 V in favor of jucoo™, the HCOO™ production rate exceeding that of H»
by a factor of ~2. These observations are in analogy with the results for the FEncoo™ that is
peaking and FEx. which is most suppressed at applied potential of —0.7 V in the RLN direction
while this difference between jucoo™ and ju.under all other applied potentials is lower. In the
case of the RMN direction the ji:is either higher (at —0.5, —0.6 and —0.9 V) or practically equal
(-0.7 and -0.8 V) to the jucoo™. As in the case of the CussS/Cu foam electrocatalyst, the
FEshcoo™ and FEsw. on the pristine Cu foam presented in Figures 2d, e also show dependence
on the direction of applied potential ramping, yet overall, less prompted than the Cu4sS/Cu
foam. This ramping direction dependent FEs differences are most significant at —0.5 and —0.9
V, smaller at —0.6 and —0.7 V and almost negligible at —-0.8 V. However, in both directions of
ramping of the applied potential, the FEsn. and ji.are significantly higher than the FEshcoo™
and jucoo , respectively. Regarding the jucoo and ju.(see Figures 2c and 2f), the difference in
the HCOO™ and H: production rates from the potential ramping direction is negligible in the
interval between —0.5 and —-0.8 V. However, at —0.9 V there is a very significant enhancement
it the H,, hence suppression of the HCOO™ production rate in the RLN direction, while this
difference is rather smaller in the case of the RMN direction.

Up to now it is clear that the presence of sulfur typically enhances the HCOO™ production
and suppresses the HER and other CO2ER products, even though the first two observations
are only significant in the RLN direction. Additionally, from analysis of surface capacitance
estimation of relative surface roughness (Table S3), the nearly identical roughness of pristine
and sulfidated Cu foams suggests the HCOO~ enhancement does not arise from roughness
differences. Nevertheless, the dendrite microstructures composing the Cu1sS/Cu foam are
being drastically transformed into sponge-like morphology, regardless of the direction of
ramping of the applied potential (see Figures S13a-c to S22a-c), while the pristine Cu foam
maintains the dendrite microstructures as in the pre-electrolysis samples (Figure S23a-c). This
transformation of the dendrite microstructures in the case of CuS/Cu foam was found to
occur only when negative electrochemical bias is applied but not under open circuit conditions

when the sample is immersed in the electrolyte (Figure S24a-c).
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Figure 2. Distribution of FEs for H, and various CO2ER products and partial current densities for H, and HCOO~
obtained on Cu4S/Cu foam and pristine Cu foam electrocatalysts during 1 h electrolysis at each potential: FEs
distribution obtained with ramping the potential in less negative direction — RLN for Cu4gS/Cu foam (a) and pristine
Cu foam (d); FEs distribution examined with ramping the potential in more negative direction — RMN for Cu1.gS/Cu
foam (b) and pristine Cu foam (e); Partial current densities for H (dark and light grey lines) and HCOO~ (dark and
light green lines) obtained in RLN (solid line) and RMN (dotted line) direction for CuS/Cu foam (c) and pristine Cu

foam (f). The arrows point the direction of ramping of the applied potential.

Having in mind all previous statements, naturally a question follows: Why ramping of the
applied potential in less negative direction (RLN) shows higher FEncoo™ and jucoo™ than in the
case when it is ramped in a more negative direction (RMN) thus achieving highest values of
the FEncoo™ and accordingly lowest FEw. at —0.7 V? It appears that when the Cu1sS/Cu foam
electrocatalyst is subjected to applied potential of —0.9 V prior to measuring the activity at —0.7
V, some sort of electrochemical activation occurs. Trying to explain this phenomenon, a series
of electrochemical control experiments and further material characterizations were conducted.
First, we started with testing the possible electrochemical activation effect via directly
examining the Cu4S/Cu foam electrocatalyst at applied potential of —-0.7 V under different
conditions, as presented in Figure S25 (additionally see Table S1 for sample abbreviations).
Examining the electrocatalyst directly at —0.7 V showed very small difference in favor of
enhancing the FEncoo™ and suppressing the FEn.in comparison when the activity is measured
at the same potential in the RMN direction. On the other hand, total current density is

somewhat higher than in the case when the material is studied under RMN and slightly higher
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than in the case of RLN direction, probably due to still ongoing reduction process. Replacing
the electrolyte with fresh one leads to drop of these partial current density values on the level
of RMN while the FEs for both products are not affected. This behavior opens another question,
but since it significantly affects the partial current densities for both products and the total
current density in an increasing direction, it can be explained with possible still ongoing
reduction of the material or presence of species near the electrode surface that lead to increase
of the local electrolyte conductivity which is diminished via washing the sample and exchange
of the electrolyte. Activating the electrocatalysts only with 1, 2 or 3 LSV scans from 0 to —0.9
V, then measuring the activity at fixed potential of —-0.7 V shows gradual increase for both
FEncoo and jucoo” accompanied with decrease of FEn. and ji.until almost identical values as
in the RLN direction are reached for the Cu1sS/Cu foam activated with 3 LSV scans. From
these control experiments it can be generally concluded that the reason for enhancement in
the HCOO™ and accordingly suppression of the HER selectivity is indeed caused by the
aforementioned electrochemical activation at —0.9 V. But what is really happening? Is this
selectivity dependence from the direction of the applied potential somehow connected with the
amount of sulfur present in the electrocatalyst when examined under both RLN and RMN
conditions? In order to tackle this matter, the electrochemical evolution of sulfur was studied
with in-situ mass spectrometry coupled with electrolysis (EC-MS), and the residual sulfur
content in the electrocatalyst materials and electrolytes was examined with EDX/quasi in-situ

XPS and ICP-OES, accordingly, as described in the following sections.

In-situ EC-MS tracking of the H.S evolution, post-electrolysis examination of the
residual sulfur content in the electrocatalysts and additional CO:ER control

experiments

The electrochemical setup was coupled with a MS capable of measuring H>S produced
by the Cu4S/Cu foam cathode during electrolysis. H.S starts to evolve (m/z signals of 33 and
34) at applied potential around —0.47 V during the first LSV scan (Figures 3a, 4a). Thus, this
applied potential can be practically considered as an onset for evolution of H.S via reduction
of the Cu1S. The reduction of the Cu+sS generates S* species (Equation 2) in equilibrium
with HS/H,S**%° (Equation 3 and 4) under near neutral pH value of the CO. saturated
KHCOs(aq) electrolyte.

Cu1sS(s) + e — 1.8Cu’(s) + S>(aq)  Eonset = —0.47 V vs. RHE
$*(aq) + H'(aq) = HS™(aq)
HS (aq) + H'(aq) = H.S(aq) = H2S(g)

,\,\,\
A WON
2
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Having a closer look at the in-situ EC-MS data of Figures 3 and 4, the duration of the H.S
evolution is dependent on the direction of ramping of the applied potential which is ~30 and
~60 minutes when the Cu1sS/Cu foam electrocatalyst is examined under RLN and RMN
direction of potential altering conditions, respectively. Namely, when the electrocatalyst is
examined in RLN direction (Figure 3), the H>S evolution rate reaches a maximum at —0.9 V
during the first E vs. time - LSV scan, followed by decreasing rates of evolution during the
second and third scan. The H>S associated m/z signals flatten ~17 minutes after constant
potential of —0.9 V is applied in potentiostatic mode and remains flat during the whole duration
of the electrolysis in RLN direction. For comparison, no m/z signals of 33 and 34 are observed
from pristine Cu foam examined in the same manner, supporting that the signals originate from
evolving S species on the Cu1sS/Cu foam electrocatalyst (Figure S27). Examining the ~E
behaviors during repeated LSV scans (Figure S26a), the initial scan shows two distinctive
reduction features, the first one a sharp peak at around —0.27 V and the second a broad and
more complex feature starting at —0.55 V continuing to —0.75 V. The sharp peak resembles
reduction of native Cu,O on the surface of the pristine Cu foam, mainly Cu20 (as observed
from the XRD - Figure 1c), even though this reduction peak is broader thus stretching from to
0 and -0.36 V (cf. Figure S26a with S26¢), most probably because the pristine Cu foam is
more prone to oxidation than the sulfidated one. That is, besides Cu,O, possible surface
presence of CuO could contribute to the reduction processes. Yet, the reduction peak
associated to Cu20 in both pristine and sulfidated Cu foam (Figure S26a-c) show either ~200
mV more negative potential than that thermodynamically expected according to common
Pourbaix diagrams for the Cu-H,O system reported in the literature,® or is in agreement with
existence of a monolayer oxide phase that can be reduced around —0.2 V under neutral pH.%’
The broad reduction feature after —0.55 V we attribute to reduction of the Cu1.¢S in accordance

with reports in the literature,?? 28 3955

and its complex peak shape likely arises from the Cu+sS
consisting of mixed phase of non-stoichiometric compounds.®® The second and third LSV
scans for the Cu1sS/Cu foam do not show any peaks suggesting that a thorough reduction of
the Cu1sS already occurred during the first scan. Additionally, the current density at —0.9 V
achieved during the first LSV is ~15 mA-cm higher than in the case of the second and third
scan. Yet, the prolonged decay in the evolution of gaseous H>S which stretches up to ~17
minutes since the CA is started at —0.9 V in the RLN direction (see Figure 3b) could be
explained by an enhanced proton consumption near the electrode surface at more negative
potentials that is leading to increase in the local pH,*® thus affecting the S>/HS/H,S equilibrium

(Equations 2-4) in favor of retaining the S>’/HS™ species in the electrolyte.
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Figure 3. Tracking of the H>S evolution with in-situ mass spectrometry coupled with electrolysis (EC-MS) when the
Cu46S/Cu foam electrocatalyst is examined in the RLN direction of altering the applied potential (0.9 to —0.5 V):
Applied potential in linear sweep voltammetry - LSV/chronoamperometry - CA modes (a) and mass signals/charge

- m/z attributed to Hp, CO, O, and H,S (b) plotted vs time of electrolysis.

Figure 4 shows the tracking of the H,S evolution when the Cu1sS/Cu foam electrocatalyst is
examined in the RMN direction of altering the applied potential (—0.5 to —0.9 V). In this case,
as mentioned above in this section, the H.S evolution duration is longer (~60 minutes) and the
m/z signals associated with this species drop completely ~20 minutes after the potential is
ramped from —0.5 to —0.6 V. Besides the evolution duration, another difference compared to
the case when the potential is altered in the RLN direction is the step-wise increase of the H,S
- mi/z signals within altering of the potential from 0 to —0.5 V during the first, second and third
LSV scan thus peaking ~3 minutes after constant potential of —0.5 V is applied. This prolonged
H>S evolution behavior is to be expected because this potential is slightly more negative than
the onset potential for the H>S evolution and almost matching the broad reduction peak-
potential (—0.55 V) for Cu1sS to Cu when the LSV is scanned from 0 to —0.9 V prior to altering
the potential in the RLN direction (cf. j—E scans in Figure 26a, b). With other words, at applied
potential of —0.5 V, the reduction of Cu1 S is ~2 times longer in the RMN vs. the RLN direction,
thus prolonged H.S evolution is observed, which finally terminates in the next ramping step at
—0.6 V (RMN direction). Additionally, the HER onset appears at around —0.5 V which is slightly
more negative than the onset potential for H.S evolution (around —0.47 V) in both direction of
ramping the applied potential (Figures 3, 4). Likewise, in the case of the pristine Cu foam, the

HER onset is observed at identical potential. Moreover, the H, m/z signal follows the trend of
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altering the applied potential (LSV+CA) in the RLN direction for both Cu1sS/Cu foam and
pristine Cu foam in comparison with the H2S evolution for the Cu1sS/Cu foam-RLN, where this
is not the case (cf. Figures 3, 4 and S27). On the other hand, the HER does not start until
potential of —0.5 V is applied that is, as expected no HER is observed during the three LSV
scans from 0 to —0.5 V prior to altering the applied potential in RMN direction for the Cu1sS/Cu
foam electrocatalyst (Figure 4).
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Figure 4. Tracking of the H2S evolution with in-situ mass spectrometry coupled with electrolysis (EC-MS) when the
Cu+6S/Cu foam electrocatalyst is examined in the RMN direction of altering the applied potential (-0.5 to —0.9 V):
Applied potential in linear sweep voltammetry - LSV/chronoamperometry - CA modes (a) and mass/charge signals
- m/z attributed to Hz, CO, O, and H,S (b) plotted vs time of electrolysis.

However, in both direction of ramping the applied potential, there is no more observable H>S
evolution at —0.7 V where the highest HCOO™ selectivity is observed (Figure 2a, b), thus only
from the in-situ EC-MS experiments it is not yet clear why the activation of the Cu1sS/Cu foam
electrocatalyst in the RLN vs. the RMN direction enhances the HCOO™ selectivity at —0.7 V.
From a thermodynamic point of view, the Cu4sS should be completely reduced to metallic Cu
at all potentials more negative than —0.7 V under near neutral pH.2" 22839 % Yet, according
to various reports in the literature, this reduction is kinetically sluggish thus sulfur residues may
persist during and after the electrolysis.?% 23 272839 Therefore, we sought to examine whether
there is any significant difference in the sulfur fraction in the electrocatalyst itself at —0.7 V that
could affect the HCOO™ selectivity enhancement it the RLN vs. RLN direction of altering the
applied potential. Composition analysis of the Cu1sS/Cu foam with EDX shows that the bulk
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sulfur fraction resembles ~30 at.% for the as-prepared material and drops to ~1 at.% following
electrolysis at all applied potentials except at —-0.5 and —-0.6 V in the RMN direction (Figure
S28). In the exceptional cases slightly higher value of ~1.5 at.% are observed, which support
the longer duration of the H2S evolution at these potentials in the RMN direction (Figure 4).
Similar low sulfur content was reported in the literature for the best producing HCOO~
electrocatalysts derived from CuxS.?® 3 5% Hence, there is not yet explanation how the
activation of the Cu4sS/Cu foam electrocatalyst at —0.9 V enhances the HCOO™ selectivity
since no H2S evolution from the in-situ EC-MS (Figure 3 and 4) and ~1 at.% bulk sulfur fraction
is observed from the EDX data (Figure S28) at —0.7 V, regardless of the direction of ramping
the applied potential. However, it can be presumed that certain amount of S>/HS/H,S species
in equilibrium should remain in the electrolyte for certain amount of time possibly with different
concentration dependent on the direction of ramping the applied potential. Namely, as already
mentioned, the direction of ramping the potential can affect the local pH, consequently the S*-
/HS™/H.S equilibrium thus relating it with the origin of the activation and enhancement in the
HCOO™ selectivity. To test this hypothesis pristine Cu foam samples were sulfidated via
immersing them in electrolytes in which previously Cu1sS/Cu foam was electrochemically
reduced using one LSV scan from 0 to —0.9, —0.5 or —0.7 V ("electrolyte sulfidated’) and then
their CO2ER activity was examined at —0.9 and —0.7 V. Indeed, some literature reports have
shown that purging the electrolyte with CO. containing small amount of H.S or SO, as reactive
sulfur species can result in HCOO™ selective CuxS electrocatalysts formed by reaction with Cu
electrodes.?%" 26 After performing such control experiments, the results in Figure 5 and S29
show that indeed the pristine Cu foam can be sulfidated with this approach. Variety of samples
and experimental conditions were tested for this purpose and their description and
abbreviations are presented in Table S1. When the Cu4sS/Cu foam is reduced with one LSV
scan from 0 to —0.9 V, then removed and replaced with a pristine Cu foam to be tested in the
same residual electrolyte (sample: Cu foam-S-0.9), and examined for its CO-ER activity, the
FEncoo can reach 70-75% and 58-65% at —0.9 and -0.7 V, respectively. Comparing these
results with the ones for pristine Cu foam and Cu4S/Cu foam, ramped in both directions, it is
obvious that at —0.9 V, the FEncoo™ (Figure 5a) is ~5 times higher than the case of Cu foam-
RLN, 2-2.5 times than Cu foam-RMN and ~1.5 times higher than both Cu4sS/Cu foam-RLN
and CusS/Cu foam-RMN. Regarding the jucoo™ (Figure 5b), the corresponding difference
factors maintain similar trend in favor of enhanced HCOO™ production rate with values of
around 3, 2, 1.3 and 1.6 times higher than the case of Cu foam-RLN, Cu foam-RMN, Cu1sS/Cu
foam-RLN and Cu;sS/Cu foam-RMN, respectively. The HCOO™ selectivity at this potential is
not affected when the Cu foam is immediately immersed, when the electrolyte is either purged
with CO, for 1 h prior to immersing the Cu foam (Cu foam-S-P1h) or when the electrolyte is

replaced with fresh one, and the sample is examined once more (Cu foam-S-P-1h-NE). On the
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other hand, when the Cu foam is immersed in electrolyte in which the CusS/Cu foam was
reduced to —0.5 V (sample: Cu foam-S-0.5), the FEncoo™ and jucoo™ are significantly lower,
compared to the samples prepared with reducing the CusS/Cu foam to —0.9 V. Comparing
this Cu foam-S-0.5 sample with the Cu1.sS/Cu foam-RLN, it can be observed that the FEncoo™
is slightly higher while the jucoo™ is almost identical. Repeating the same experiment via
examination of “electrolyte sulfidated” Cu foam prepared via immersing it in electrolyte in which
Cu+8S/Cu foam was reduced with one LSV from 0 to —0.7 V (Cu foam-S-0.7), no significant
difference in the FEncoo™ was observed while the jucoo™ shows some scattering in the values,
when compared to all samples prepared via LSV reduction from 0 to —0.9 V, regardless of CO-
purging prior to applying bias or electrolyte replacement. Under CO.ER at —0.7 V (Figure 5c),
no significant differences in the FEncoo™ are observed between the Cu foam immersed in
electrolyte in which the Cu1sS/Cu foam was reduced to —0.7 (Cu foam-S-0.7) or -0.9 V (under
various conditions) and the Cu;sS/Cu foam-RLN, except when the Cu foam sample is
immediately immersed into the electrolyte after reduction to —0.9 V, or the LSV reduction is
performed to —0.5 V (Cu foam-S-0.5) thus showing lower values for the later ones. The jucoo™
(Figure 5c), shows slightly higher value for Cu18S/Cu foam-RLN compared to all other cases
when the Cu foam is immersed in electrolytes after LSV reduction of CusS/Cu foam samples
under various conditions. The jucoo™ values obtained for all “electrolyte sulfidated™ Cu foam (Cu
foam-S) samples are either similar or slightly lower than the case of CussS/Cu foam-RMN.
Regarding the surface morphology, the “electrolyte sulfidated” Cu foam samples, examined
post-electrolysis do not transform into sponge-like but instead preserve the dendrite
microstructures as exhibited by the pristine Cu foam (Figures S30 and S31). From this it can
be summarized that similar or somewhat different HCOO~ selectivity can be obtained between
Cu foam-S-0.9/Cu foam-S-0.7 and Cu, sS/Cu foam when the CO2ER activity was examined at
—0.7 V, while very significant enhancement of the HCOO™ selectivity occurs in favor of the Cu
foam-S-0.9/Cu foam-S-0.7 samples comparing the electrocatalytic activity at —-0.9 V. The lower
HCOO selectivity at both —0.9 and —0.7 V in the case of Cu foam-S-0.5 sample suggests that
maybe the amount of sulfur species in the electrolyte obtained with one LSV reduction of the
Cu18S/Cu foam is not sufficient for selectivity-wise satisfactory sulfidation since the potential
of —0.5 V is near the onset potential for Cu1.S reduction (Equation 2) thus weak m/z signals
for HoS evolution (Figure 4, first LSV scan). Additionally, several other control experiments
were conducted in which already electrocatalytically examined CussS/Cu foam-RLN was re-
examined at the same potentials after being exposed to air, inert atmosphere and/or the
electrolyte was replaced once or two times (Cu;sS/Cu foam-air, Cu1sS/Cu foam-inert,
Cu18S/Cu foam-NE and Cu1sS/Cu foam-NE2, respectively). The results in Figures 5 and S29
show HCOO™ selectivity enhancement which in the case when the sample is either only

exposed to air and re-examined in the same electrolyte (Cu1sS/Cu foam-air) or the electrolyte
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is replaced with fresh one, once or twice (Cu48S/Cu foam-NE and CusS/Cu foam-NE2) are
almost reaching the FEncoo™ with some discrepancies in the jucoo™ values as for the Cu foam-
S-0.9/Cu foam-S-0.7 samples at both potentials (-0.9 and —0.7 V). Regarding the sample that
was examined at —0.9 V then exposed to inert atmosphere (N2) and re-examined under the
same conditions, it was found that the FEncoo™ achieved ~68% which is almost identical as for
the Cu18S/Cu foam-NE and Cu1sS/Cu foam-NE2 samples. This suggests that the surface
oxides, that is CuxO species do not have any influence on the electrocatalytic activity. These
Cu18S/Cu foam samples are being morphologically transformed during the electrolysis,
resembling sponge-like features (Figure S32a-c and S33a-c) as in the case when the same
samples were examined via ramping the applied potential in both directions. Contrary to the
EDX results for the Cu18S/Cu foam in Figure S28 where not much difference was observed in
the bulk sulfur fraction (~1 at. %) examined in both directions of ramping the applied potential
(0.9 to —0.7 and —-0.5 to —0.7 V), in the case of the Cu1sS/Cu foam that was re-examined after
either air or inert atmosphere exposure and electrolyte replacement shows lower sulfur content
(<0.5 at. %, Figure S32d-f and S33d-f). Moreover, in the case of the Cu foam-S-0.9 samples,
the bulk sulfur content cannot be detected with EDX (Figures S30 and S31) and as a reminder
the selectivity is very significantly enhanced compared to the Cu1.sS/Cu foam-RLN at -0.9 V,
while not much affected at —0.7 V. It seems that when the bulk sulfur fraction is either <0.5
at.% for the CussS/Cu foam-air/NE/NE2, or not detectable in the Cu foam-S-0.9/-0.7, it is
somewhat optimal Cu-S composition that leads to higher HCOO™ selectivity compared to
Cu18S/Cu foam at —0.9 V where the sulfur fraction is ~1 at.% (Figure S28). Yet, the HCOO™
selectivity is not much affected at —0.7 V where the activation of the CusS/Cu foam at -0.9 V
in the RLN takes effect compared to the RMN direction of altering the applied potential. On the
other hand, the Cu foam-S-0.5 sample seems to be not sufficiently sulfidated thus the sulfur
fraction is below the optimal thus leading to lower HCOO™ selectivity at both —-0.9 and -0.7 V
compared to all previous samples. These findings could be associated with the aforementioned
hypothesis thus the origin for the bulk sulfur fraction vs. selectivity may be affected by the
concentration of sulfur species in the electrolyte. Therefore, for further clarification of this claim,
the total sulfur concentration under various experimental conditions was quantified using ICP-
OES.
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Figure 5. Distribution of FEs for H, and CO2ER products and partial current densities for H, and HCOO~ obtained
on Cu1gS/Cu foam and "electrolyte sulfidated” Cu foam under 1 h electrolysis at various conditions: FEs distribution
(a) and partial current densities for H, and HCOO~ at —0.9 V (b), and FEs distribution (c) and partial current densities
for H, and HCOO~ at —0.7 V vs RHE (d). The sample abbreviations and experimental conditions are presented in

Table S1.

The ICP-OES results are presented in Figure 6 and Table S4. According to them, the
highest sulfur concentration is achieved when the Cu;S/Cu foam is reduced with one LSV
scan from 0 to —0.9 V and as expected from the in-situ EC-MS data (Figures 3 and 4) the
concentration is lower in descending order in the case of reduction to —0.7 and —0.5 V. When
three LSV scans are applied from 0 to —0.9 V and 0 to —-0.5 V, the situation becomes different
and the concentration of sulfur in the case of three LSV scans from 0 to —0.9 V becomes two
times lower than in the case of 0 to —0.5 V. This finding is supported by the electrochemical
(Figure S26a ,b) and in-situ EC-MS data in Figures 3 and 4, since as stated before the potential
of —0.5 V is near the onset potential for reduction of the Cu1sS material thus prolonged H.S
evolution is observed. The effect of prolonged Cu1S reduction in the case of altering the
potential in RLN direction is rather caused by increase of the local pH,*® as mentioned before.
However, the concentration of sulfur drops and therefore equalizes when the applied potential
is ramped in RLN starting from —-0.9 to —0.7 V or in RMN from —0.9 to —0.7 V. Furthermore,
almost identical concentration of sulfur in the electrolyte is achieved when the activity is studied

directly at —0.7 V without ramping the potential (Cu18S/Cu foam-0.7D). This means that the
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activation of the electrocatalyst at —0.9 V thus achieving the best HCOO™ selectivity at -0.7 V
in the RLN vs. RMN direction (Figure 2) is probably not related with the bulk concentration of
sulfur present in electrolyte during the CO2ER and as a reminder from the EDX results in Figure
S28, the activation is probably not related with the bulk sulfur fraction either. On the other hand,
the Cu18S/Cu foam samples that were re-examined first only at —0.9 and then at -0.9 at —-0.7
V after air exposure and electrolyte replacement show identical concentration of sulfur after
the electrolysis, which is much lower than in all other cases. Rather unexpected are the results
found post-electrolysis for the ‘electrolyte sulfidated®™ Cu foam (Cu foam-S-0.9/-0.7/-0.5
samples) where the sulfur concentration is much higher than in the case for the Cu1sS/Cu
foam samples that were re-examined after air exposure and electrolyte replacement even
though they all showed similar HCOO™ selectivity at both —0.9 at —0.7 V (Figure 5) and either
not detected or below 0.5 at.% bulk sulfur fraction (Figures S30-33). Eventually, the
concentration of sulfur in the case of all Cu foam-S samples is also higher than in the case of
Cu18S/Cu foam-RLN and RMN samples. As expected from the LSV reduction of the Cu1sS/Cu
foam to —0.9 V, the highest sulfur concentration is observed in the case of Cu foam-S-0.9
sample. On the other hand, and rather not expected the sulfur concentration in the case of the
Cu foam-S-0.5 showed slightly higher value than Cu foam-S-0.7 sample and from the activity
results in Figure 5 the Cu foam-S-0.5 maintained the lowest HCOO™ selectivity among all Cu
foam-S samples, while between Cu foam-S-0.9 and Cu foam-S-0.7 is almost identical.

From the ICP-OES results it can be summarized that the sulfur concentration in the
electrolyte is not affected by the potential ramping direction to —0.7 V in the case of CuS/Cu
foam and moreover almost identical concentration is achieved when —0.7 V are directly applied
without ramping. This is suggesting that these results cannot explain the activation of the
electrocatalyst at —0.9 V since no significant sulfur concentration differences are observed.
Besides that, the lower sulfur concentration is maybe HCOO™ selectivity-wise optimal for the
air/inert exposure/electrolyte replacement when compared to Cu4sS/Cu foam in RLN/RMN
direction of altering the applied potential under electrolysis at —0.9 and not affected at —0.7
while not equally optimal for the “electrolyte sulfidated” Cu foam (Cu foam-S), as hypothesized
before. The Cu4sS/Cu foam and Cu foam-S samples are indeed morphologically different, that
is sponge vs. dendrite composed foam (cf. Figures S13-22, 32 and 33 with S30-31), yet the
relative surface roughness factors are in the same order of magnitude (Table S3).

Having in mind that the quantification of the sulfur species in the electrolyte cannot give
all answers associated to the HCOO™ selectivity and moreover the bulk sensitivity of the EDX
that shows similar sulfur fractions in all cases except at —0.5 V, the samples were subjected to
examination with XPS as rather surface sensitive technique that should provide more insights

regarding the Cu and S composition and chemical nature, as discussed in the following section.
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Figure 6. ICP-OES analysis of the concentration of sulfur in the electrolyte examined post-electrolysis under various

conditions. More information regarding the experimental conditions can be found in Table S4.

Quasi in-situ XPS - Examination of the Cu and S surface fractions and speciation

Even though it is already known from the literature?® 23 27-28. 39

and supported in this
study from the EDX analysis that sulfur species do persist during the CO; electrolysis in the
structure of the catalysts, to the best of our knowledge the chemical nature related to speciation
and oxidation state of Cu and S under operating or near-operating conditions are not yet
resolved. Therefore, a quasi in-situ XPS approach was utilized in this study, with experimental
details provided in section S1.5. of the SI. The XPS survey spectra for all examined samples
is presented in Figure S34 and the high-resolution Cu 2p, O 1s, Cu LMM Auger and S 2p
spectra are presented in Figures S35-38. The Cu 2p core level XPS spectra in Figure S35
show that the surface Cu species resemble either metallic (Cu®) or Cu* oxidation state from
the Cu 2ps;» peak positions at ~932.5 eV in the case of all examined materials, except the
pristine and sulfidated Cu where additional peaks at ~934 eV corresponding to presence of
Cu?" can be observed.?® This is expected since the surface of the as-prepared Cu foam is
prone to oxidation in air and regarding the sulfidated foam, CussS resembles mixed Cu*/Cu?*
stoichiometry in the digenite/roxbyite phases. Regarding the O 1s core level XPS spectra, an
evidence for lattice oxygen species at ~530.5 eV® in the catalysts’ surface structure can be
observed in the case of as-prepared Cu foam and the sample that was exposed to air after the
electrolysis (Figure S36). In the case of all other examined samples, the O 1s peak positions
are above 531 eV thus these peaks can be assigned to adsorbed oxygen species coming from
OH-, COs%,, HCO3, O vacancies etc.®>®" Comparing the O 1s of the air exposed CusS/Cu
foam and the one used as a catalyst for electrolysis under inert conditions (CusS/Cu foam-

inert) where no lattice oxygen species are observed is good evidence that the electrolysis in
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inert atmosphere approach indeed provides preservation of the Cu oxidation states after
terminating the electrochemical bias. Moreover, the best surface oxidation states speciation
was achieved from the Cu LMM Auger spectra using fitting parameters reported in the
literature.®® The Cu Auger spectra are presented in Figure S37 and the extracted results
regarding the speciation and quantification of the electrocatalysts’ surface in Table S5 and
Figure 7. The results in Figure 7a show that the as-prepared Cu foam resembles 92 at.% Cu®
and 8 at.% Cu?* originating from Cu,O and CuO, respectively. The presence of oxidized Cu
species on the surface of this material supports the above mentioned Cu?* assigned peaks in
the Cu 2p spectra and the lattice oxygen species signal in the O 1s XPS spectra. The presence
of Cu20 as main surface phase is in agreement with the XRD data for this material (Figures
1c and S6), while the presence of CuO explains the aforementioned broadening of the
reduction peak during the first LSV scan in Figure S26c. Regarding the sulfidated Cu foam
(Cu15S/Cu foam), the surface is composed of ~75 at.% Cu* and ~25 at.% Cu?" originating from
CuzS and Cus, respectively, which is expected having in mind the mixed stoichiometry of the
phase composition. When negative electrochemical bias is applied under CO; electrolysis
conditions, the pristine Cu foam undergoes complete surface reduction to metallic Cu in the
case of all examined samples regardless of the potential and direction in which it is applied in
the range between —0.5 and —0.9 V. On the other hand, the Cu Auger spectra results show
that during the reduction process, the Cu1sS/Cu foam undergoes significant but incomplete
reduction to metallic copper, with 10-15 at.% Cu® associated to Cu,S observed at applied
potential of —0.9 V and also when the potential is altered in RLN (—0.9 to —0.7 V) and RMN (-
0.5 to —0.7 V) direction. However, at —0.5 V for 1 h, the fraction of Cu* associated with Cu.S is
higher (~22 at.%) which as stated in the previous sections is expected, considering that the
reduction of the material is sluggish at this potential since it is near the onset potential for this
process (Figure S26), thus prolonged H.S evolution (in-situ EC-MS - Figure 4) and higher bulk
sulfur amount in the catalyst is observed (~1.5 at.% from EDX - Figure S28). It seems that the
activation of the Cu1sS/Cu foam electrocatalyst cannot be really explained from the Cu®
fractions which are not significantly different regardless of the direction of ramping the applied
potential in analogy to the previous characterization methods (EDX and ICP-OES) where
identical trend was observed. Regarding the Cu1sS/Cu foam that was exposed to air after
electrolysis and re-examined in a fresh electrolyte at —0.9 V and —0.7 V thus analyzed ex-situ,
showed fully oxidized surface without any presence of metallic Cu (Figure 7a). This material
contains ~13 at.% Cu" associated to Cu.S, similar as in the case of Cu1sS/Cu foam examined
via altering the applied potential in RLN (-0.9 and -0.7 V) and RMN (-0.5 and —0.7 V) direction,
while rather different since the rest is ~87 at.% Cu* associated to Cu,O. Contrary to this, when
Cu18S/Cu foam is examined via the same manner but under inert (N2 filled glovebox)

conditions, no evidence of Cu® originating from Cu;0O is observable thus the surface consists
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of metallic Cu and ~8 at.% Cu* from Cu.S, that is not much different than the air exposed one,
and as a reminder both materials showed similar HCOO™ selectivity (Figure 5). This is another
evidence that, as mentioned before, the inert atmosphere electrolysis approach preserves the
Cu oxidation states. The electrocatalysts prepared via “electrolyte sulfidation™ of Cu foam in
electrolyte in which Cu1sS/Cu foam was reduced with one LSV scan to —0.5 and —0.9 V (Cu
foam-S-0.5 and Cu foam-S-0.9), besides metallic Cu as main surface fraction they contain ~3
and 5 at.% Cu" species from Cu,S for the Cu foam-S-0.5 and for Cu foam-S-0.9, respectively.
This is not expected since both materials have similar Cu* fraction, but at —0.9 V much higher
HCOO" selectivity is observed in the case of Cu foam-S-0.9 at (Figure 5). Figure 7b shows the
quantification results of the total surface Cu from the Cu 2p (Figure S35) and the sulfur species
(assigned to S*~ at ~162 eV and SO4* at ~170 eV ®") from the S 2p (Figure S38) core levels
XPS spectra normalized peak areas. The as-prepared CussS/Cu foam resembles much higher
surface sulfur fraction in all cases compared to the EDX analysis (Figure S28) thus suggesting
that the sulfur is distributed on the surface rather than the bulk of the material. Moreover, in
the case of the as-prepared Cu1S/Cu foam the surface sulfur resembles S?~ specie and its
fraction shows higher values than expected, most probably originating from the lower signal to
noise ratio in the case of the S 2p compared to Cu 2p XPS spectra. However, it is obvious that
the as-prepared Cu1sS/Cu foam undergoes sulfur loss during electrolysis in all cases except
at —0.5 V when the total sulfur fraction is similar as in the case of the as-prepared material
which is for expectance according to the aforementioned sluggish reduction of the material
under near onset potential for this process (Figure S26). Contrary to what was observed from
the EDX and ICP-OES results (Figure S28 and 6, respectively) where the bulk sulfur fraction
and the concentration of sulfur in the electrolyte and moreover the Cu* fractions (Figure 7a) at
—0.7 V are not much different regardless of the applied potential ramping direction, the total
sulfur surface fraction is significantly lower in the RMN direction (-0.5 to —0.7 V). This is the
first evidence showing differences dependent from the potential ramping direction. Yet,
besides S%, the existence of SO4>~ species post-electrolysis is unusual considering that SO4*
contains sulfur in its highest oxidation state (+6) and it appears on the surface of a cathode
material. According to Figures 7b and S38, the presence of SO4* specie is observed in all
Cu18S/Cu foam samples when the electrolysis is conducted at—-0.9 V or the potential is ramped
from —0.9 to —0.7 V (RLN), but not when the electrolysis is conducted at —0.5 V or the potential
is ramped from —0.5 to —0.7 V (RMN). In the latter case, the sulfur exclusively resembles S
species which again is another evidence regarding differences dependent from the potential
ramping direction. Additionally, the actual fractions of the S?~ and SO species are similar for
Cu18S/Cu foam-RLN (0.9 to —0.7 V) compared to the same sample after electrolysis at fixed
potential of —0.9 V. The presence of the SO4*" specie is most evident on the surface of the

“electrolyte sulfidated” Cu foam (Cu foam-S-0.5/-0.9) where the fractions of this specie are
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even higher than the fractions of S?-, thus in these cases the electrolysis was also conducted
at—0.9 V. Regarding the actual fractions of the species, they both resemble similar values thus
the higher HCOO™ selectivity in this case cannot be only explained from the S* fractions but
having in mind that the SO4*" are more soluble than S~ in the presence of Cu ions it could be
possible that the sulfur distribution between electrocatalyst and electrolyte is dynamic.
Similarly, the SO4?~ specie can be observed in the case of air exposed CussS/Cu foam sample
that was subjected to second electrolysis in fresh electrolyte at —0.9 and —0.7 V, while in the
case of the sample exposed to inert atmosphere SO4% cannot be quantified due to the
noisiness of the spectra but still cannot be fully excluded. Again, the possible dynamic
distribution of SO~ can affect the final surface quantification of this specie and moreover it is
uncertain whether this specie is incorporated into the structure of the electrocatalyst material,
or it is only a surface deposit. The formation of the SO4?~ must occur via oxidation of the S?-
specie since there is no other sulfur source but it is rather not evident why this is observable
only after electrolysis at —0.9 V is applied. The presence of surface SO4*" detected from ex-
situ XPS, was already reported in the literature for Cu nanoparticles that were in-situ sulfidated
with SO; after galvanostatic electrolysis reaching potentials similar or more negative compared
to our case when these species are observed (-0.9 V).2° Moreover, in the same study, SOs*
were also observed in the case of Ag and Sn nanoparticles examined under the same
electrochemical conditions. Possible explanation is that the SO4> specie does not exist during
the electrolysis process, and it is formed via disturbance of the near electrode surface
equilibrium possibly leading to sudden switch of the electrodes polarity when the
electrochemical bias is terminated thus causing oxidation of the S*~. Such a reaction is favored

t%2 thus the aforementioned local pH increase® at more negative

in strong alkaline environmen
potentials could be a possible reason why the SOs* specie is observed only when the
electrolysis was performed at the most negative potential of —0.9 V, but not at -0.5 or -0.7 V.
Moreover, as stated in the discussion of the in-situ EC-MS results (Figure 3), the local pH
increase disturbs the H2S/HS/S? equilibrium thus favoring concentrating of the S?~ species
near the electrode surface and causing prolonged decay in the evolution of H>S which
stretches up to ~17 minutes since the CA is started at —0.9 V in RLN direction. Therefore, it is
expected that the oxidation of S*~ into SO4%~ occurs locally in the electrolyte near the electrode
surface thus these species are observed on the surface of the electrocatalyst. Naturally, the
follow-up question will be whether oxidation happens to the Cu on the surface of the
electrocatalyst thus the origin of the observed Cu* species from the quasi in-situ XPS results
(Figure S37)? If this is possible, then such oxidation should occur on the surface of pristine Cu
foam, which is rather not the case since only metallic Cu is observed for all examined samples

after the electrolysis, regardless of the applied potential.
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Therefore, characterization of the electrocatalyst under in-situ conditions with near
ambient XPS without stopping the electrolysis as in the case of quasi in-situ XPS is worth
considering for a follow-up study. Moreover, estimation of the local pH change with in-situ
Raman or IR spectroscopy and possible measurements of the local sulfur concentration should
provide more evidence for better understanding of how the potential driven activation of the
electrocatalyst enhances the HCOO™ selectivity and moreover help understand why
electrocatalysts with similar CO2ER activity (‘electrolyte sulfidated” Cu foam vs. Cu1sS/Cu
foam after electrolyte replacement) at —0.9 V, show different surface sulfur fractions and
concentrations of the sulfur species in the electrolyte.
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Figure 7. Quantification of Cu surface species (a) and total Cu, and S?/ SO4% surface species (b) with XPS under
ex-situ and quasi in-situ conditions. The quantification of the Cu surface species (oxidation states) was conducted
from the Cu LsMa4sMas Auger (Figure S37), while the total surface Cu and S?/SO.4? as sulfur species were
quantified from the Cu 2p and S 2p core levels spectra (Figures S35 and S38, respectively). The names of the
samples are color coded to match the corresponding names in the XPS spectra in Sl for better distinction and all
quantification values are presented in Table S5.
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CONCLUSIONS

In this study, a facile, cheap, and fast method combining DHBT electrochemical
deposition of Cu foam and its subsequent chemical sulfidation using elemental sulfur saturated
toluene solution was developed for preparation electrocatalyst for CO. conversion into
HCOO™. It was found that the as-prepared material resembles mixed phase composition from
digenite and roxbyite with nominal stoichiometry of CussS and foam morphology consisting of
dendrite microstructures. The thermal properties of the material were studied with in-situ TGA-
MS and DSC. From environmental point of view, the sulfur/toluene solution can be reused for
the synthesis purpose after adjusting the sulfur concentration to maintain saturation level which
contributes to minimizing the amount of required solvent. The results from the electrocatalytic
activity typically showed that on sulfidated Cu foam the CO. converts almost exclusively to
HCOO™ and simultaneously the HER is suppressed in comparison to the pristine Cu foam
where various CO2ER products and higher H, faradaic efficiency can be observed. However,
it was found that the HCOO™ vs. Hz selectivity on the sulfidated Cu foam (Cu1sS/Cu foam) is
dependent on the ramping direction of the applied potential. Thus, higher HCOO™ and
accordingly lower H. selectivity is observed at —0.7 V when the potential is ramped from —-0.9
to —0.7 V (RLN) compared to the ramping from —0.5 to —0.9 V (RMN). It appears that at —0.9
V the material undergoes activation which affects the electrocatalytic activity at —0.7 V. Seeking
for answers why such a phenomenon is observed, the evolution of H.S was studied in-situ
during the electrolysis, while the Cu-S composition/chemical nature and sulfur concentration
were examined post-electrolysis. Under negative electrochemical bias, the Cu1S undergoes
reduction thus morphological transformation from dendrite composed into sponge like foam
and H2S evolution are observed from SEM and in-situ EC-MS, respectively. The H2S evolution
duration is dependent from the direction of ramping the applied potential. Namely, when the
potential is ramped from —-0.9 to —0.7 V the H.S evolution is shorter in comparison when the
ramping is conducted from —0.5 to —0.9 V. In the first case, even though the Cu1sS reduction
onset potential is estimated at around —0.47 V, a prolonged H>S evolution duration occurs most
probably caused by local pH increase that disturbs the H.S/HS7/S? equilibrium favoring
increase of the S? species under alkaline local electrolyte environment near the electrode
surface. On the other hand, when the potential is ramped from —-0.5 to -0.9 V, H.S evolves ~2
times longer extending to the next ramping step at —-0.6 V most probably because both
potentials of —-0.5 and —0.6 V are not much higher than the onset potential for reduction of the
material. Regardless of the potential ramping direction no H>S evolution occurs and moreover
the bulk sulfur fraction in the material from EDX resemble very similar sulfur content at —0.7 V
where the aforementioned difference in HCOO™ and H: selectivity is observed. Various control

experiments such as sample air or inert atmosphere exposure, electrolyte replacement, in-situ
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sulfidation of Cu foam in electrolyte where CusS/Cu foam was reduced, and analysis of the
electrolyte sulfur concentration with ICP-OES were conducted to investigate whether the
electrolyte present sulfur has any effect on the activation of the electrocatalyst. The results
showed that the HCOO™ selectivity can be further enhanced reaching up to 75% FE at -0.9 V
when the electrolyte is replaced and Cu foam is “electrolyte sulfidated’, yet without significant
change at —0.7 V. The post-electrolysis quantification of the electrolyte sulfur concentration
showed discrepancies in electrocatalysts with similar performance at —0.9 V (Cu1sS/Cu foam
after air/inert exposure, electrolyte replacement and “electrolyte sulfidated” Cu foam) but no
difference in the sulfur concentration was observed for Cu1.8S/Cu foam at —0.7 V regardless of
the direction of ramping the potential. On the other hand, electrolytes with similar sulfur
concentrations post-electrolysis showed significantly different HCOO™ selectivity at —0.9
(Cu18S/Cu foam without electrolyte replacement or air/inert exposure vs. ‘electrolyte
sulfidated” Cu foam). However, the quasi in-situ XPS results, showed that the pristine Cu foam
undergoes total reduction to metallic Cu while in the presence of sulfur, besides metallic, Cu®
species are observed in all cases regardless of the applied potential or experimental conditions
such as exposure to air/inert atmosphere after the electrolysis or electrolyte replacement. This
implies that the sulfur species are stabilizing the Cu” sites on the electrocatalyst surface thus
supporting the *OCHO* mechanism proposed in the literature. Observing significantly smaller
surface sulfur fraction in the case of the Cu1s8S/Cu foam when the potential is altered in RMN
(—0.5 to -0.7 V) compared to RLN (-0.9 to —0.7 V) direction suggest that there are indeed
surface composition-based differences driven from the activation of the electrocatalyst at —0.9
V. Therefore, higher HCOO™ selectivity and accordingly suppression of the HER are observed.
Nevertheless, the sulfur species besides the expected S?-, additionally resemble SO4*~ . They
are generated in the cases when potential of —-0.9 V is applied thus higher current density is
achieved which could indicate that near the electrode surface the environment such as local
pH thus the concentration of sulfur species might be different than in the bulk electrolyte,
unfortunately not observable from the |ICP-OES. Moreover, the electrolyte
replacement/air/inert exposure driven enhancement of HCOO™ the selectivity on CussS/Cu
foam at —0.9 V and thus achieving similar selectivity for the “electrolyte sulfidated™ Cu foam (in
which previously CussS/Cu foam was reduced) even though both surface fraction and
electrolyte concentration of sulfur are significantly different could be another insight into the
near electrode surface local environment effects on the electrocatalytic performance. Thus,
further study of the local near electrode surface under in-situ conditions is worth considering

for better understanding of the effects.
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S1. Experimental section

S1.1. Materials and chemicals

The following chemicals and materials were used for this study: Cu mesh (Cu gauze, 100 mesh
woven, thickness: 0.11 mm, Alfa Aesar); Sulfur (Ss, powder, 99,98% trace metals purity, Sigma-Aldrich);
Toluene (CsHsCHs, for pesticide residue analysis purity acc. FDA, Honeywell, Riedel-de Haén); Carbon
disulfide (CS2, anal. grade purity, Merck); Ultrapure water (18.20 MQ-cm, purified using the Thermo
Scientific Barnstead GenPurexCAD Plus system, fed with de-ionized water); 2-Propanol
(CH3CH(OH)CHs, 299.8 wt.% ACS grade purity, Merck); 1-Propanol (CH3CH2CH20H, 299.9 wt.% for
HPLC, Sigma-Aldrich); Ethanol (C2HsOH, Reag. Ph. Eur. 299.8 wt.%, Sigma-Aldrich); Methanol
(CH30H, Reag. Ph. Eur. For HPLC/UHPLC, VWR Chemicals); CuSO4-5H20 (99.995 wt.%, trace metals
basis purity, Sigma-Aldrich); H202 - aqueous solution (30 wt.%, for analysis, EMSURE® purity, Merck);
HCI (37 wt.%, ACS, EMSURE® purity, Merck); H2SO4 (298 wt.% EMSURE® purity, Merck); KHCO3
(99.7-100.5 wt.% ACS, EMSURE® purity, Merck); KOH pellets 85 wt.% min (99.98 wt.% metals basis,
Thermo Scientific); Cu foil (0.5 mm — thickness, 99.98 wt.% trace metals purity, Sigma-Aldrich); NaCl
(>99.5 wt.% puriss, p.a., Sigma-Aldrich); ICP-OES sulfur standard (1000 mg-dm S in water, Honeywell,
Fluka™); Double-side sticky carbon tape (8 mm x 0.15 mm, Plano); PTFE tape (12 mm x 0.1 mm,
Wiirth); Laboratory film (Parafilm® "M, Pechiney Plastic Packaging); CO: (4.8 grade purity, Linde Gas)
and Mixed gas standard (containing Hz, CO, CH4, C2H4 and C2He in bulk N2, Linde). All chemicals were

used as received, without further purification.

S$1.2. Preparation of Cu foam on Cu mesh via DHBT electrodeposition

The preparation of the Cu foam on Cu mesh was conducted via dynamic Hz bubbling templated
(DHBT) electrodeposition method. More information about the DHBT methods and their application for
CO2ER metallic foams catalyst synthesis can be found elsewhere.’® The cathode was prepared from
Cu mesh (thickness: 0.11 mm) that was cut in polygonal shape samples as presented in Figure S1. The
samples were cleaned via subsequent ultra-sonication (Ultrasonicator: Emmi-H30 EMAG Technologies)
in 2-propanol, 2 mol-dm HCI (prepared by diluting 37 wt.% HCI in ultrapure water), ultrapure water and
again in 2-propanol for duration of 15 min for each step. Each sample was masked using PTFE tape
thus fixing 2 mm x 2 mm (total 0.08 cm? — both sides included) geometric surface area and an electrical
contact was provided using ““crocodile’” clamps (Figure S1). The anode was prepared from two pieces
of 0.5 mm thick Cu foil that was pre-cut in dimensions of 2.2 x 5 cm. One half of each Cu foil piece was
masked with PTFE tape on both sides thus fixing the total geometric surface area to 22 cm? (including
both Cu foil pieces). The Cu foil pieces were connected together using ““crocodile’” clamps and electrical
wire and mounted parallel to each other with a distance of 2 cm (see Figure S1). The cathode (Cu mesh)
was placed between the parallel Cu foil pieces (anode) in order to maintain uniform electric field and

homogeneous electrodeposition. The whole setup was placed in a 70 cm? beaker filled with 40 cm? of
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electrodeposition solution that contains 0.2 mol-dm= CuSOs and 1.5 mol-dm™ H2SO4 (prepared by
dissolving CuSO4-5H20 and 98 wt.% H2SO4 in ultrapure water). The Cu foam DHBT electrodeposition
was performed galvanostatically in a two-electrode mode via passing current of -400 mA (geometric
current density of -5 A-cm) for 9.5 seconds, and at room temperature. The open circuit voltage prior
to applying the bias was between -5 and —10 mV for each sample. Each batch of electrodeposition
solution was used for preparation of 10 Cu foam samples. The bias was applied using a Biologic SP-
240 potentiostat with a voltage booster. The charge density and the voltage during the 9.5 seconds
electrodeposition duration reached value of 50 C-cm?. (Figure S1). During the electrodeposition
process, the Cu from the anode’s surface is being oxidized into Cu?*, according to Equation S1, and the

oxygen evolution reaction in such conditions is negligible since no O2 bubbles were visually observed.

Anodic reaction:
Cu(s) — Cu?*(aq) + 2e- (1)

Simultaneously, the cathodic processes involve generation of Hz bubbles (Equation S2) which serve as
a template for deposition of Cu with 3-dimensional porous foam morphology via reduction of the Cu?*
cations (Equation S3).2 3 The voltage in the two-electrode system starts at around —2.4, when the bias
is applied and suddenly drops to —2.6 V in the first 0.5 s (Figure S1). This voltage behavior could be
associated with the formation of Cu seeds on the surface of the mesh substrate, after which both Cu?*

reduction and Hz evolution occur at comparable reaction rates.?

Cathodic reactions:
2H*(aq) + 2~ — H2(g) (2)
Cu?*(aq) + 26~ — Cu(s) (3)

The as-prepared Cu foam was thoroughly washed with ultrapure water, 2-propanol and left to dry in air.
Average pore size and foam thickness of ~30 and ~40 pm, respectively, were obtained under the
aforementioned DHBT electrodeposition conditions (see Figures S3, S4a and Table S2), which is for
expectation in comparison with the pore sizes of Cu foams deposited on Cu wafers and foils under
similar DHBT conditions.":3

S1.3. Sulfidation of the Cu foam

The procedure for sulfidation of the Cu foam starts by preparation of saturated stock solution of
elemental sulfur in toluene. 1.2 g Ss, 100 cm?® toluene and a stirring bar were added in 100 cm?
Erlenmeyer flask. The flask was sealed to avoid evaporation and left to stir on electromagnetic stirrer
(IKA®RH-KT/C) for 1 h at room temperature. In the next step, 10 cm® of 1.5 mol-dm™ H2SO4 (prepared
via diluting 98 wt.% H2SO4 in ultrapure water); ultrapure water, 2-propanol; toluene; Ss in toluene

solution, were placed separately in 10 cm?® beakers. Stirring bars were added in each beaker and they
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were placed on electromagnetic stirrer, keeping all reagents at room temperature. Additionally, 10 cm?
of toluene and 2-propanol were added separately in two more 10 cm? beakers, later used for terminating
the sulfidation reaction and washing of the sulfidated samples, respectively. The as-prepared Cu foam
samples were dipped one-by-one in the following sequence of reagents under constant stirring, as
depicted in Figure S2:

e 10 sin 1.5 mol-dm= H2S04 (for etching the Cu foam surface of oxide species);

e 1 sin ultrapure water (for washing the H2SQO4 residuals);

¢ 10 s in propane-2-ol (for washing the water residuals);

¢ 10 s in toluene (for washing the propane-2-ol residuals);

e 3 sin the Ss/toluene solution (sulfidation reaction);

e 20 sin fresh toluene (for terminating the reaction and washing the sulfur residuals);

e 20 s in fresh propane-2-ol (for washing the toluene residuals).

The reagents were replaced with fresh ones for each batch of max. 10 samples. The as prepared
sulfidated Cu foam samples (abbreviated as Cu1.sS/Cu foam/Cu mesh or simply Cu1.8S/Cu foam further
in the text) were left to dry in air. The sulfidation of Cu foam is observable as instantaneous color change
from typical copper brown reddish into petroleum dark bluish color (Figure S2). After the sulfidation
procedure, the solution can be reused for the same purpose as soon as the concentration of sulfur in
toluene is kept steady state at a saturation level (~1.5 wt.%)* at room temperature, i.e. more sulfur
should be occasionally added until small amount of insoluble particles are still observable after 1 h of
constant stirring. As a control experiment, the same synthesis procedures were repeated using non-
etched Cu foam, and no reaction was observed upon immersing them in sulfur dissolved in both organic
solvents. This behavior is attributable to the presence of oxide, hydroxide and/or carbonate layers on
the metallic Cu surface that block its exposure to the reactive sulfur species in the organic matrix.

The synthesis of the Cu1.sS electrocatalysts was originally planned and performed via immersing
Cu foil and/or Cu mesh substrates in sulfur dissolved either in toluene or in CS2. However, due to
mechanical instability i.e., delamination of the sulfide coating over the Cu foil and mesh (see SEM
images in Figures S8 and S9), the synthesis was modified by electrodeposition of porous Cu foam on
Cu mesh substrates which ware subsequently sulfidated in sulfur dissolved in toluene, as described
above in this paragraph. Regarding the utilization of CS2 as sulfur solvent, it was abandoned due to its
toxicity.

S1.4. Material characterization methods

The chemical composition, elemental distribution, surface morphology, foam- thickness and foam
pore sizes, crystal- and electronic structures (oxidation states of the elements) were characterized using
scanning electron microscopy (SEM), energy dispersive x-ray (EDX) spectroscopy, focused ion beam

(FIB) ablation/cross section SEM, grazing incidence x-ray diffraction (GI-XRD), x-ray photoelectron
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spectroscopy (XPS) and inductively coupled plasma-optical emission spectroscopy (ICP-OES). The
experimental details for these characterization methods regarding the instruments can be found in
section S1.3. in the Sl of our previous study.? In the case of the XPS and ICP-OES, there are some
differences in the measurement setups and sample preparation compared to our previous study, thus
additional details regarding the experimental procedures are provided in the next section (S1.5.)
Additionally, XRD for powder samples, thermogravimetric analysis coupled with mass spectrometry
(TGA-MS) and differential scanning calorimetry (DSC) were included in this study. Regarding the
additional characterization methods, the x-ray powder diffraction (XRPD) analysis was conducted using
Rigaku Ultima IV x-ray diffractometer with CuKa radiation. The diffractograms were measured from 5 to
90° (20) with 5°-min"' and step of 0.02°, for the copper sulfide samples that were scrapped-off as powder
from sulfidated Cu foil with sulfur dissolved in toluene and CS.. The XRPD raw data was processed
using the PowderCell software for phase qualitative and quantitative characterization. The TGA-MS and
DSC analysis were conducted on identical powder samples that were scrapped-off from sulfidated Cu
foil (as for the powder XRD). The TGA analysis was performed with the system Netzsch TG209 F1 Iris
with mass resolution 0.1 pg. The samples were placed in alumina crucible and heated from 30 to 1000
°C in N2 atmosphere with heating rate of 10 K-min™'. The thermal decomposition products were analyzed
with Netzsch QMS 403C Aeolos mass spectrometer set to mass vs charge ratios (m/z) of 32, 64, 96,
160, 192, 224, 238, 256, 258 and 262, that correspond to various possible sulfur species. The DSC
analysis was conducted with the Netzsch STA 449F5 system using identical samples, crucibles, heating
range and rate as for the TGA-MS but in Ar atmosphere.

All measured data using the techniques described in this section and in the next one was
converted into graphics and exported into high-resolution images using the OriginPro 2019b software

or placed in tables.

S$1.5. Electrochemical measurements and post analysis

Activation of the Nafion cation exchange membrane: The Nafion N-115 cation exchange membrane
(Thickness - 0.125 mm, Alfa Aesar) was cut into circular shapes with diameter of 3.5 cm. In the next
step, the membranes were treated for 1 h at 80 °C in the following sequence of reagents: 3 wt.% H20:
(freshly prepared via diluting 30 wt.% H202 in ultrapure water), ultrapure water, 2 mol-dm= H2SO4
(prepared via diluting 98 wt.% H2SO4 in ultrapure water), and ultrapure water again. Each reagent was
placed in a separate beaker. After the activation process, the membranes were stored in ultrapure water
at room temperature prior to usage. This method was adopted from Bagger et al.> and modified as

described in this procedure.

Electrocatalytic activity measurements and product analysis: The CO2 conversion electrocatalytic
activity measurements were performed in a two-compartment H-type gas-flow cell, custom made of
glass, where the cathodic and the anodic compartment (both filled with 0.1 mol-dm= KHCOs) are

separated with a previously activated and thoroughly washed (with ultrapure water) Nafion N-115 cation
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exchange membrane. The cathodic compartment was continuously purged with 20 cm®min' CO2
bubbled into the electrolyte via a fine glass frit. More information regarding the electrochemical setup
and the gaseous and non-volatile products quantification methodology using gas and liquid
chromatography are presented in section S1.5. and Scheme S2 in the Sl of our previous publication.?
Cu1.8S/Cu foam and pristine Cu foam were used as working electrodes. The geometric surface area of
the working electrode was masked first with Parafilm® then with PTFE tape, thus exposing 0.08 cm?
geometric surface area. The electrochemical bias for the electrocatalytic activity measurements was
provided using Biologic SP-200 potentiostat. A normal junction Ag/AgCI electrode filled with 3 mol-dm=3
KCl(aq) with potential of E° = +0.210 V vs the standard hydrogen electrode at 25 °C (PalmSens), was
used as a reference and a custom-made Pt (99.99 wt.%, metals basis purity, 0.1 mm thick, Alfa Aesar)
mesh as a counter electrode. All applied potentials under which the electrocatalytic activities were
measured are converted and presented with respect to the reversible hydrogen electrode (RHE),
according to Equation S4, considering that the pH of the CO- saturated 0.1 mol-dm KHCOzs(aq) is 6.8.
The measured current at each applied potential was normalized to the geometric surface area of the
working electrode and expressed as geometric current density (j). The automatic correction of the IR

drop was set to 85% in the Biologic EC-Lab software.

E vs RHE (V) = E vs Ag/AgCI (V) + E°agiagel (V) + 0.059-pH 4)

Each sample was pre-reduced with three linear sweep voltammetry scans (3 x LSV) from 0 V to the
required potential under which the electrocatalytic activity was measured (scan rate: 150 mV-min'). The
open circuit potential prior to the LSV reduction was around between —125 and —130 mV. All samples
were examined potentiostatically using chronoamperometry (CA) in the potential range from —0.9 to —
0.5 V and from -0.5 to —0.9 vs RHE via ramping the potential from more negative to less negative
direction (RLN) and vice versa (RMN). The ramping of the potential was conducted in one direction per
sample and at least 3 sample replicates were used for each material and from different batches. For
control experiments, the Cu1.8S/Cu foam and pristine Cu foam electrocatalysts were subjected under
various conditions like air and inert atmosphere exposure, electrolyte change and in-situ sulfidation of
the Cu foam with the sulfur species generated from reduction of the Cu1.8S/Cu foam. The examined
electrocatalysts under various conditions are presented in the following list of samples with their

abbreviations used in the graphs and tables:



Table S1. List of samples and their abbreviations that were studied under various electrochemical

conditions.

e Cuy8S/Cu foam-RLN: Cu1gS/Cu foam measured via ramping the applied potential in a less negative
direction (RLN from -0.9 to —0.5 V). The electrocatalyst was pre reduced with 3 x LSV scans from 0 to
-09V.

e Cuy8S/Cu foam-RMN: Cu4sS/Cu foam measured via ramping the applied potential in a more negative
direction (RMN from —0.5 to —0.9 V). The electrocatalyst was pre reduced with 3 x LSV scans from 0 to
-0.5V.

e Cufoam-RLN: Cufoam measured via ramping the applied potential in a less negative direction (RLN from

—0.9 to —0.5 V). The electrocatalyst was pre reduced with 3 x LSV scans from 0 to -0.9 V.

e Cu foam-RMN: Cu foam measured via ramping the applied potential in a more negative direction (RMN

from —0.5 to —0.9 V). The electrocatalyst was pre reduced with 3 x LSV scans from 0 to —0.5 V.

e Cuy8S/Cu foam-NE: Cu4sS/Cu foam remeasured after changing the electrolyte. Previously measured via
ramping the applied potential in a less negative direction (RLN from —0.9 to —0.5 V). The electrocatalyst

was pre reduced with 3 x LSV scans from 0 to -0.9 V.

e Cuy8S/Cu foam-NE2: CusS/Cu foam remeasured Cu1gS/Cu foam-NE after changing the electrolyte

second time.

e  Cu,sS/Cu foam-air: CusS/Cu foam measured and exposed in air for 1 h, then remeasured in the same

electrolyte.

e Cuy8S/Cu foam-inert: Cu1sS/Cu foam measured and exposed in inert N2 atmosphere for 1 h, then

remeasured in the same electrolyte.

e Cu foam-S-0.9 or “electrolyte sulfidated™ Cu foam: Cu foam that was immediately placed and
measured in electrolyte in which previously Cu1gS/Cu foam sample was subjected to one linear sweep

voltammetry (1 x LSV) scan from 0 to —0.9 V.

e Cu foam-S-0.7 or “electrolyte sulfidated™ Cu foam: Cu foam that was immediately placed and
measured in electrolyte in which previously Cu1gS/Cu foam sample was subjected to one linear sweep

voltammetry (1 x LSV) scan from 0 to —0.7 V.

e Cu foam-S-0.5 or “electrolyte sulfidated™ Cu foam: Cu foam that was immediately placed and
measured in electrolyte in which previously Cu1gS/Cu foam sample was subjected to one linear sweep

voltammetry (1 x LSV) scan from 0 to —0.5 V.

e Cufoam-S-NP: Cu foam that was immediately placed, kept 1 h without CO- purge, after that the CO, was
purged for 20 min and the sample was measured in electrolyte in which previously Cuq.§S/Cu foam sample

was subjected to one linear sweep voltammetry (1 x LSV) scan from 0 to —0.9 V.

e Cu foam-S-P1h: Cu foam that was immediately placed, kept 1 h under CO; purging and then measured
in electrolyte in which previously Cu4S/Cu foam sample was subjected to one linear sweep voltammetry
(1 xLSV) scan from0to—-0.9 V.

e Cufoam-S-P1h-NE: Cu foam that was immediately placed, kept 1 h under CO; purging and measured in
electrolyte in which previously Cu1.8S/Cu foam sample was subjected to one linear sweep voltammetry (1

x LSV) scan from 0 to —0.9 V and then remeasured after exchanging the electrolyte.

e Cuy8S/Cu foam-0.7D: Cu4sS/Cu foam measured at—0.7 V for 1 h after being subjected to 3 scans of LSV
from 0to -0.7 V.
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e Cuy8S/Cufoam-0.7NE: Cu4gS/Cu foam remeasured after exchanging the electrolyte for Cu1.¢S/Cu foam-
0.7D.

e Cuy8S/Cu foam-LSVx1: CusS/Cu foam measured at —0.7 V for 1 h after being subjected to 1 scan of
LSV from 0to -0.9 V.

e Cuy8S/Cufoam-LSVx2: Cu4sS/Cu foam measured Cu1.gS/Cu foam measured at—0.7 V for 1 h after being
subjected to 2 scans of LSV from 0 to —0.9 V.

e Cuy8S/Cufoam-LSVx3: Cu4sS/Cu foam measured Cu1.gS/Cu foam measured at—0.7 V for 1 h after being
subjected to 3 scans of LSV from 0 to —0.9 V.

The CO:2ER/HER products were quantified using dual channel (on-line gas and headspace
channels) gas chromatograph (GC) model Trace 1310 (Thermo Scientific), dual column system using
He as carrier gas and equipped with helium pulse discharge detector (PDD, VICI Valco Instruments Co.
Inc.) for detection of Hz, CO, CH4, O2, N2 and flame ionization detector (FID, VICI Valco Instruments Co.
Inc.) for detection of Cz-hydrocarbons (CzH2, C2H4 and CzHe). The gaseous products concentrations
were measured every 10, 15, 30 or 60 minutes from 1 to 24 hours (stability measurements) at each
applied potential. The faradaic efficiency (FE) for the gaseous products at each potential was calculated
using Equation S5, where z; is the number of electrons (z; = 2e~ for HER and CO2ER to CO, and 8 and
12e~ for CO2ER to CH4 and CzH4, respectively),® F is the Faraday constant (96485.33 C-mol™), xi is
molar fraction of the component i, Qm is the molar flow of CO2 (bulk gas) and /et is the average total

current in the time interval of 5 min prior to the GC injection point.

FEGaseous product (%) = zi'FXi' Qm* 100%/ hotal (5)

For detailed description of the GC gas-channel operating conditions and the procedure for quantification
of the gaseous products, see section S1.5. and Scheme S2 in the Sl of our previous publication.?
Regarding the quantification of volatie CO2ER compounds such as alcohols, aldehydes,
ketones etc., the gas chromatograph headspace channel (GC-HS) TriPlus RSH unit of the Trace 1310
instrument was used. 5 cm? aliquot of the catholyte was sampled after terminating each potentiostatic
electrolysis sequence. The samples were placed in 20 cm® GC-HS vials (Thermo Scientific) in which 2.5
g of pre-dried NaCl (at least 48 h at 120 °C) were added. The vials were immediately sealed and placed
on the sample holder. The GC-HS unit is equipped with robotic arm that was programed to transfer each
vial into an incubator/agitator unit (pre-heated at 80 °C) where the samples were stirred for 10 mins. A
volume of 1 cm?® was withdrawn from the headspace vapor phase in each vial via the sampling syringe
(pre-heated at 90 °C) controlled by the robotic arm and injected into the GC-HS inlet unit (pre-heated at
150 °C). The separation of the volatile CO2ER products occurred in a 60 m long capillary column (ID 32
mm, Restek). The temperature of the column oven was kept at 35 °C until 6 min retention time, then
ramped up to 120 °C reaching this temperature at 14.5 min thus kept constant until the end of the
measurement (retention time of 21.5 min). The faradaic efficiency (FE) for the liquid products was
calculated using Equation S6, where z is the number of electrons (z; = 6e~ for CO2ER to CH3zOH, 12e~
to C2HsOH and 18e~ to C3H7OH),® ¢iis the concentration of component i in the catholyte, Fis the Faraday
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constant (96485.33 C-mol™"), Vcatnolyte is the volume of electrolyte in the cathodic compartment (30 cm?3),

lota -1 is the total charge consumed during the electrolysis.

FEHncoo (%) = (ziCi* F+ Vcatholyte” 100% )/ (ITotai*t) (6)

The quantification of the non-volatile liquid CO2ER products (HCOO-) was conducted using ultra-
high-performance liquid chromatograph from Thermo Scientific (model UHPLC+ UltiMate 3000 Series,
Dionex) with UV detector (UltiMate 3000, Dionex) set to wavelength of 210 nm. For description of the
instrument operating parameters and sample preparation, please see section S1.5. and Scheme S2 in
the Sl of our previous publication.® The faradaic efficiency (FE) for HCOO~ was also calculated using
Equation S6, where z; = 2e~ for CO2ER to HCOO~.%

All FE and current density results are expressed as average values calculated from measurement
of at least three replicate samples + average mean absolute error from at least three replicate samples

(error bars).

In-situ mass spectrometry coupled with electrolysis (EC-MS) for tracking of H2S evolution: The
gaseous products (H2S) evolved during the electrochemical reduction of the Cu1.sS/Cu foam electrode
under CO2 electrolysis conditions was followed in-situ using Hi Cube mass spectrometer with
PrismaPlus quadrupole detector (from Pfeiffer Vacuum). For this purpose, the gas-outlet of the cathodic
compartment from the previously described electrochemical H-type cell filled with 30 cm® of
0.1 mol-dm= KHCOzs(aq) as a supporting electrolyte and constantly purged with CO2, was connected
with the mass spectrometer inlet. Identically as for the electrocatalytic activity measurements, the
Cu1.8S/Cu foam samples were examined potentiostatically using chronoamperometry in the potential
range from —0.9 to —0.5 V and from —0.5 to —0.9 V, via ramping the applied potential from more negative
to less negative direction (RLN) and vice versa (RMN). For the electrolysis product analysis, mass vs.
charge ratios (m/z) of 2, 16, 28, 33 and 34 were chosen. All measurements were conducted in the
secondary electron multiplier mode. The m/z ratio of 2 resembles H2 that comes from the HER, m/z =
16 can be attributed to oxygen that is coming from residual air thus any increase of this signal over time
is a good indicator for gas-leaks in the electrochemical cell. Moreover, the experiment was started when
this signal dropped to continuous constant value. The m/z signal of 28 resembles CO which in this case
comes from the bulk CO: that is constantly purged in the electrochemical cell since Cu1.8S/Cu foam
electrocatalyst is barely active towards CO2 to CO conversion (see Figures 2 and S10). This signal
becomes constants when the electrolyte is fully saturated with CO.. The signals of 33 and 34 are
believed to be attributed to single charged HS and H2S species obtained via electrochemical reduction
of the Cu1.8S. To prove this, a control experiment was conducted using a bare Cu foam electrode under
the same conditions via altering the applied potential in a RMN direction (-0.5 to —0.9 V), thus no change
in the m/z signals of 32 and 64 can be observed in the mass spectra, which proves that these signals

can be exclusively assigned to the evolution of H2S.
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Inert atmosphere electrochemical experiments and transfer of the into the XPS analyzer
(sometimes referred as quasi in-situ XPS):" Besides, studying the as-synthesized Cu foam and
Cu1.8S/Cu foam in ex-situ mode, more knowledge about the electrocatalysts surface composition and
Cu, and S oxidation states i.e., electronic structure as closely as possible related to the actual conditions
(transformation of the catalysts during the CO: electrolysis) was gained when the electrochemical
experiments were conducted in inert atmosphere to avoid reoxidation of the material due to air exposure.
For this purpose, the H-type electrochemical cell (identical as for the other experiments described
above) was placed in a glovebox purged with N2 where the O2 level (from the Oz sensor) was constantly
bellow 1 ppm,v. The measurements were conducted using Cu1.s8S/Cu foam and pristine Cu foam
electrocatalysts via altering the potential in both RLN and RMN direction. The selected potentials were
—0.9 and -0.7 V in the RLN and -0.5 and —0.7 V in the RMN direction, respectively. Additionally, for
control experiments, the quasi in-situ XPS measurements were conducted on several important samples
selected from the list above that were subjected under various conditions like air and inert atmosphere
exposure, electrolyte replacement and in-situ sulfidation of the Cu foam with the sulfur species
generated from reduction of the Cu1.6S/Cu foam. After removing the electrochemical bias, the samples
were washed with ultrapure water, dried, and placed in a stainless-steel transfer vessel (that was
previously attached to the glovebox). The transfer vessel was evacuated, sealed, detached from the
glovebox, and attached to the XPS analyzer without exposure to air. Additional information regarding
the XPS instrument and measurement parameters can be found S1.3. in the Sl of our previous study.®
The Cu oxidation states corresponding to metallic Cu and O, and S bound Cu species (metallic Cu°,
Cu* from Cu20, Cu* from CuzS, Cu?* from CuO, Cu?* from CuS) on the electrocatalyst surface under
various experimental conditions were estimated quantified from the Cu LsM4.5sM4.5 Auger spectra using
the Fytik software and fitting parameters for these species reported by Biesinger.® For calculation of the
surface sulfur species fractions, the peak areas for the Cu 2p and S 2p core levels were estimated with
the Fytik software and subsequently normalized to the corresponding energy pass (10 for Cu 2p and 30
for S 2p, except for the as-prepared Cu1.s8S/Cu foam when energy pass 10 was used for recording the
S 2p spectrum) according to Equation S7. Additionally, the normalized peak areas for both Cu 2p and
S 2p were corrected with respect to the relative sensitivity factors (RSF, due to their different
photoionization cross-section) for Cu 2p of 30.87 and S 2p of 1.65 defined by the instrument under Al
x-ray source vs. analyzer angle of 54°, using Equation S8. Finally, the fractions for the S? and SO4+*
species in at.% were calculated using Equation S9, respectively. Adventitious C 1s core level peak
attributed to single C-C bond (284.8 eV) was used to correct the peak positions in all core levels spectra

where it was necessary, after fitting these peaks with Lorentzian function.

Peak areanormalized vs. energy pass = Peak area/Energy pass (7)
Peak areacorrected vs. RsF = Peak areanomaiized vs. energy pass /RSFor specific core level (8)
Sulfur fractionspecie (at.%) = 100-(S 2p Peak areacor. vs. RsF)specie /Total norm. corr. peak area for Cu 2p +

S 2p for all sulfur species 9)

The XPS survey and Cu 2p, Cu Auger, S 2p and O 1s-core levels spectra for all examined samples are

presented in Figures S35-38 and the surface species quantification results in Table S5 and Figure 7.
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Analysis of sulfur content in the electrolyte with ICP-OES: After the electrolysis experiments under
various conditions in the H-type cell (described previously in this section), 15 cm?® of the electrolyte, for
certain electrocatalysts presented in Table S4, were immediately sampled, and placed in a 20 cm3
volumetric flask in which 2 cm® of 3 mol-dm= KOH (freshly prepared via dissolving KOH pellets in
ultrapure water) and 2 cm? of 30 wt.% H202(aq) were previously added. The volumetric flask was filled
up to the mark with 0.1 mol-dm KHCOs(aq). The role of H202 is to oxidize the S>*/HS/H2S into SO4*
species in strongly alkaline medium thus preventing evaporation of the sulfur species as H2S(g) and
causing analysis error. The series of ICP-OES sulfur standard solutions with concentrations of 200, 400,
600, 800 and 1000 pg-dm= were prepared via diluting the commercial 1000 mg-dm sulfur standard
solution with 0.1 mol-dm? KHCOs(aq) in which identical concentrations of H20O2 and KOH are present
as in the solutions with the samples. The blank solution was prepared via the same manner but without
adding the commercial sulfur standard solution. The ICP-OES analysis was performed using the system
iCAP 7400 Duo MFC ICP-OES Analyzer (Thermo Scientific) in axial Ar plasma mode,® set to

characteristic sulfur wavelengths of 180.731 and 182.034 nm.

Estimation of the relative surface roughness factor (RSRF): The RSRF of Cu mesh, Cu foam,
Cu1.8S/Cu mesh and Cu1.8S/Cu foam, pre- and post- CO2 electrolysis, was estimated from the working
electrode double layer capacitance (Co.), as described in the Sl of our previous publication.® Cyclic
voltammetry (CV) scans were recorded at various scan rates - SR (5-225 mV-s™) using the same
electrochemical setup, as for the measurements of the CO2 conversion electrocatalytic activity. The
range of potentials for the CV measurements was selected from —0.13 to —0.09 V and the RSRF were
calculated at —0.11 V vs Ag/AgCl (3 mol-dm KClI). The results from these measurements are presented
in Figure S12 and the calculated RSRF values are presented in Table S3.
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S2. Figures and schemes
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Figure S1. Schematic representation of the experimental steps for preparation of Cu foam via DHBT
electrodeposition. The Cu mesh samples were first cut into rectangular shapes of 4 x 20 mm, then one
side was additionally cut to resemble polygonal shape. The working electrode surface area was fixed
via masking with PTFE tape thus exposing 2 x 2 mm. The DHBT electrodeposition was conducted in
two-electrode setup with duration of 9.5 seconds at applied current density of -5 A-cm™ under which

uniform Cu foam was deposited on the mesh substrate, as showed in the optical microscopy image.
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Figure S2. Schematic representation of the Cu foam sulfidation procedure. The blue arrow shows the
sequence order of the subsequent treatments of the Cu foam in the corresponding reagents thus leading

to uniform sulfidation (insets: optical microscopy image).
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Figure S3. DHBT electrodeposited Cu foam composed of fern-plant like dendrite microstructures on Cu

mesh substrate: SEM images (a-c); EDX spectrum (d) and elemental mapping (e, f).
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Figure S4. SEM cross-section images after FIB ablation: DHBT electrodeposited Cu foam, before (a)
and after sulfidation — Cu1.8S/Cu foam (b). Average thickness of 38 and 41 um for the pristine and

sulfidated Cu foam, respectively.
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Figure S5. Sulfidated Cu foam (Cu1.8S/Cu foam) composed of dendrite microstructures: SEM images

(a-c), EDX spectrum and bulk sulfur content (d), and elemental mapping of Cu and S (e, f).
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Table S2. Average pore size (estimated from the SEM images in Figures S3 and S5) and cross-section

thickness (FIB/SEM, from Figure S4) of as prepared Cu foam and sulfidated Cu foam (Cu1.sS/Cu foam).

Sample Average pore size (um) Average Foam thickness (um)
Cu foam 30 38
Cu gS/Cu foam 31 41
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Figure S6. XRD patterns of: Cu foil, Cu mesh, Cu foam, Cu1.8S powder prepared via sulfidation of Cu
foil in sulfur dissolved in CSz, and toluene and Cu1.8S/Cu foam prepared via sulfidation of Cu foam in
sulfur dissolved in toluene, before and after CO: electrolysis (from —0.9 to —0.7 V for 1 h at each
potential). D - digenite (ICDD PDF 2-023-0960) and R - roxbyite (ICDD PDF 2-023-0958) phases.
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Figure S7. Thermal properties results: Thermogravimetric analysis - TGA (a, b) coupled with mass

spectrometry — TGA-MS (c, d) and differential scanning calorimetry - DSC (e, f) plots for Cu1.sS powder

prepared from Cu foil immersed in sulfur dissolved in CS:2 (a, ¢, e) and toluene (b, d, f).
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Figure S8. Sulfidated Cu foil (Cu+.8S/Cu foil): SEM images (a-c), EDX spectrum and bulk sulfur content
(d), and elemental mapping of Cu and S (e, f). The Cu1.sS layer is pealing from the surface of the Cu

foil.
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Figure S9. Sulfidated Cu mesh (Cu1.8S/Cu mesh): SEM images (a-c), EDX spectrum and bulk sulfur
content (d), and elemental mapping of Cu and S (e, f). The Cu1.sS layer is pealing from the surface of

the Cu mesh, similarly as in the case of the sulfidated Cu foil (Figure S8).
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Figure S10. Replotted graphs from Figure 2 (main text), as stacked-column diagrams. Distribution of
FEs for Hz2 and various CO2ER products and partial current densities for H2. and HCOO™ obtained on
Cu18S/Cu foam and pristine Cu foam electrocatalysts: FEs distribution obtained with ramping the
potential in less negative direction - RLN for Cu1.8S/Cu foam (a) and pristine Cu foam (d); FEs distribution
obtained with ramping the potential in more negative direction - RMN for Cu1.sS/Cu foam (b) and pristine
Cu foam (e); Total current densities obtained in RLN (solid violet line) and RMN (dotted blue line)
direction for Cu1.8S/Cu foam (c) and pristine Cu foam (f). The arrows point the direction of ramping of

the applied potential.
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Figure S11. Replotted graphs from Figure 2 (main text). Distribution of FEs for small amounts of CO2ER
products CO, CH4, C2H4, CH30OH, C2Hs0OH and n-C3H70OH, obtained on Cu1.8S/Cu foam and pristine Cu

foam electrocatalysts: FEs distribution obtained with ramping the potential in less negative direction —

RLN for Cu1.8S/Cu foam (a) and pristine Cu foam (c); FEs distribution obtained with ramping the potential

in more negative direction — RMN for Cu1.8S/Cu foam (b) and pristine Cu foam (d). The arrows point the

direction of ramping of the applied potential.
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Figure 12. Estimation of the relative surface roughness factor (RSRF). Cyclic voltammograms in a non-

faradaic region of potentials in the scan rates range between 5 and 225 mV-s™ for: Cu mesh (a),
Cu18S/Cu mesh (b), Cu foam/Cu mesh (c), Cu1sS/Cu foam/Cu mesh (d), Cu foam/Cu mesh (e),
Cu1.8S/Cu foam/Cu mesh after CO2ER at —0.9 V (f), Cu1.8S/Cu foam/Cu mesh after CO2ER at -0.9 V
and via RLN direction at —0.7 V vs RHE for 30 min at each potential (g). Linear plots — capacitive current
density (4Aj) vs. scan rate (SR), at a potential of =110 mV vs Ag/AgCl (3 mol-dm= KCI) for the

electrocatalysts before (h), and after 30 min CO2 electrolysis at —0.9 and via RLN direction at -0.7 V vs

RHE (i).
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Table $3. Capacitance normalized to the geometric surface area and relative surface roughness factors
(RSREF) for various materials.

Sample CoL RSRF Scan rate linear range
(mF-cm?) with R?2 =0.99 (mV-s™)

Cu mesh 2:10* N/A 5-50

Cu48S/Cu mesh, as-prepared 810+ 42 5-175

Cu foam/Cu mesh, as-prepared 4-10* 28 5-100

Cuy gS/Cu foam/Cu mesh, as-prepared 2:10* YaPlYic/12 5-50

Cu foam/Cu mesh after 1 h electrolysis at —0.9 V 4:102 100° 5-75

Cu1 §S/Cu foam/Cu mesh after 1 h CO,ER at-0.9 V 5:102 2509/125° 5-75

Cuy §S/Cu foam/Cu mesh after 1 h CO,ER at-0.7 V 4:102 2009/100° 5-100

N/A: Not applicable.

@ Relative to Cu mesh.

b Relative to Cu foam/Cu mesh, as-prepared.
¢ Relative to Cu1.8S/Cu mesh, as-prepared.

4 Relative to Cu, §S/Cu foam/Cu mesh, as-prepared.

Even though the RSRF does not undoubtedly correlate with the real electrochemical active
surface area, it is still a good indicator to withdraw some conclusions about the surface roughness
properties. Yet, the CoL values should not be taken for granted when calculating the RSRF but rather
the order of magnitude should be used for this estimation for reasons described in the following text.
The CoL of the as-prepared materials (Cu foam and sulfidated foam and mesh) are in the same order of
magnitude as the bare Cu mesh. Yet, their actual values and thus the RSRF factors are the highest in
the case of Cu1.sS/mesh which also maintains linearity in the widest scan rates range. Even though, it
is for expectation that the as-prepared and Cu foam and Cu1.8S/Cu foam should have much higher
RSRF comparing the phenomenologically much rougher dendrite composed foam versus the rather
flatter particle composed layered morphology (cf. SEM images, Figure S5 with Figure S9), this is not the
case most probably due to the difference in their chemical composition, electrical properties, thickness
of the double layer and other factors. Contrary to this, the sulfidated Cu foam, shows RSRF factors of
Ya, V2 and 1, when compared to the Cp of pristine Cu foam, Cu1.8S/Cu foam and Cu mesh, respectively.
In this instance, the reason for such behavior might come from electrical contact disputes between the
sulfide layer atop the Cu dendrites. However, as stated before, the order of magnitude of the CpL should
be a better descriptor for estimation of the RSRF. Thus, is it obvious from the values in Table S3, that
the difference between the Cp. and RSRF between the materials under as-prepared and post-
electrolysis conditions is 2 orders of magnitude. Thus, order of magnitude-wise comparing the RSRF of
all post-electrolysis samples shows no significant difference among each other. The actual values do
show factor of 2-higher RSFR for the Cu1.8S/Cu foam when compared to the as-prepared Cu1.sS/Cu
mesh, but since there is not much sulfur left post-electrolysis (Figure S28), a better comparison is
between the RSRF of the Cu1.8S/Cu foam samples after CO2ER and the as-prepared Cu foam. In this
case, no significant difference in the post-electrolysis samples is observed and therefore the morphology
can be excluded as a factor affecting the CO2ER selectivity between the pristine and sulfidated Cu foam,

regardless from the examined potentials under which the electrolysis was conducted.
S-27



i Cu, ¢S/Cu foam/Cu mesh
a after CO,ER: at -0.9 Vg, for 1 h

09+0.1at%sS

Counts (a.u.)

Energy (keV)

Figure S13. Cu18S/Cu foam derived foam composed of sponge-like microstructures after electrolysis
at-0.9 V for 1 h: SEM images (a-c), EDX spectrum and bulk sulfur content (d), and elemental mapping
of Cuand S (e, f).
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Cu, 3S/Cu foam/Cu mesh
after CO,ER: from -0.9 to -0.8 Ve
for 1 h at each potential
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Figure S14. Cu1sS/Cu foam derived foam composed of sponge-like microstructures after electrolysis
at —0.9 and —0.8 V in RLN direction, for 1 h at each potential: SEM images (a-c), EDX spectrum and

bulk sulfur content (d), and elemental mapping of Cu and S (e, f).
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Figure S15. Cu18S/Cu foam derived foam composed of sponge-like microstructures after electrolysis
at—0.9 to —-0.7 V in RLN direction, for 1 h at each potential: SEM images (a-c), EDX spectrum and bulk

sulfur content (d), and elemental mapping of Cu and S (e, f).
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Cu, ¢S/Cu foam/Cu mesh
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Figure S16. Cu1sS/Cu foam derived foam composed of sponge-like microstructures after electrolysis
at—0.9 to —-0.6 V in RLN direction, for 1 h at each potential: SEM images (a-c), EDX spectrum and bulk
sulfur content (d), and elemental mapping of Cu and S (e, f).
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Figure S17. Cu18S/Cu foam derived foam composed of sponge-like microstructures after electrolysis
at—0.9 to —-0.5 V in RLN direction, for 1 h at each potential: SEM images (a-c), EDX spectrum and bulk
sulfur content (d), and elemental mapping of Cu and S (e, f).
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Figure S18. Cu1.8S/Cu foam derived foam composed of sponge-like microstructures after electrolysis
at-0.5V for 1 h: SEM images (a-c), EDX spectrum and bulk sulfur content (d), and elemental mapping
of Cuand S (e, f).
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Figure S19. Cu1.sS/Cu foam derived foam composed of sponge-like microstructures after electrolysis
at—0.5 and —0.6 V in RMN direction, for 1 h at each potential: SEM images (a-c), EDX spectrum and

bulk sulfur content (d), and elemental mapping of Cu and S (e, f).
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Figure S20. Cu1.sS/Cu foam derived foam composed of sponge-like microstructures after electrolysis
at —0.5 to —-0.7 V in RMN direction, for 1 h at each potential: SEM images (a-c), EDX spectrum and

bulk sulfur content (d), and elemental mapping of Cu and S (e, f).
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Figure S21. Cu18S/Cu foam derived foam composed of sponge-like microstructures after electrolysis
at—0.5to —0.8 V in RMN direction, for 1 h at each potential: SEM images (a-c), EDX spectrum and bulk

sulfur content (d), and elemental mapping of Cu and S (e, f).
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Figure S22. Cu1sS/Cu foam derived foam composed of sponge-like microstructures after electrolysis
at—0.5t0 —0.9 V in RMN direction, for 1 h at each potential: SEM images (a-c), EDX spectrum and bulk

sulfur content (d), and elemental mapping of Cu and S (e, f).
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Figure $23. Cu foam composed of fern plant-like dendrite microstructures on Cu mesh substrate after
electrolysis at —0.5 to —0.9 V in RLN direction, for 1 h at each potential: SEM images (a-c); EDX spectrum
(d) and elemental mapping (e, f).
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Figure S24. Cu1.sS/Cu foam derived foam composed of dendrite-like microstructures after 1 h immersed
in electrolyte solution under open circuit potential (OCP): SEM images (a-c), EDX spectrum and bulk

sulfur content (d), and elemental mapping of Cu and S (e, f).
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Figure S25. Distribution of FEs and partial current densities for H. and HCOO™and total current densities
obtained on Cu1.sS/Cu foam under various conditions at —0.7 V vs RHE: FEs (a) and partial current
density distribution for H2 and HCOO- (b). Replotted FEs distribution from Figure S25a as stacked-
column diagrams and (c) and total current density distribution (d). The LSV scans for the Cu1.sS/Cu
foam-LSVx1, x2 and x 3 set of samples was performed from 0 to —-0.9 V vs. RHE with 1, 2 and 3

repetitions.
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Figure S26. Linear sweep voltammetry (LSV) curves recorded with 150 mV-min, re-plotted as j vs. E
from Figures 3, 4 and S27: Cu1.8S/Cu foam - 3 LSV scans from 0 to -0.9 V (a), Cu1.8S/Cu foam - 3 LSV
scans from 0 to —0.5 V (b) and pristine Cu foam - 3 LSV scans from 0 to —0.9 V vs. RHE (c). The onset

potential when H2S is first observed from the reduction of the Cu1.sS appears around —0.47 V vs. RHE.
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Figure S27. Tracking of product evolution with in-sifu mass spectrometry coupled with electrolysis (EC-
MS) when the pristine Cu foam electrocatalyst is examined in the RLN direction of altering the applied
potential (0.9 to -0.5 V vs. RHE): Applied potential in linear sweep voltammetry -

LSV/chronoamperometry - CA modes (a) and mass/charge signals - m/z attributed to Hz, CO, Oz and
H2S (b) plotted vs. time of electrolysis.

5-42



35
s Cu, zS/foam-RLN: -0.9 to -0.5 V Cu, ¢S-foam-RMN: -0.5t0 -0.9 V i
— —~—
32 o L 30 32
°_ 30 oese @ 20, 2.0 ?"--.§ 30°_
® © s < bl ©
e .. : : - -'g" i 2 : N
c 257 '-""i:) REEE X é regit i +1o: " 25
2 v 05 05 ? 2
S 20 : : 20 8
. 0.0 0.0° L
E . 0.9 0.8 0.7 0.6 05 ¢ E
y— % ° y—
— . . -
g 15 o . : =15 g
= . : =]
(7] S . (7]
X 10+ . 10 x
=] . 2 =]
(11} . ¢ m
5+ bt . =5
2 see seoe seo ::::é
ol . g 1,
% . Q -09 -08 -0.7 -0.6 -0.5 . % . )
s, 08, % o ‘o, (O o, %, 68,
%, % % %, Evs RHE (V) e, ",
% % % Ry 7

Figure S28. Distribution of the bulk sulfur fraction in pre- and post-electrolysis Cu1.sS/Cu foam in the
potential range between —0.5 and —0.9 V vs. RHE ramped in both less negative (RLN-olive green) and

more negative (RMN-orange) direction. The values are plotted from the EDX results presented in
Figures S5, S13-22d and S24d.
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Figure S29. Electrocatalytic activity results from the control experiments replotted from Figure 5 as
stacked column-diagrams. Distribution of FEs for H2 and COzER products and partial current densities
for H2 and HCOO™ obtained on Cu1.s8S/Cu foam and electrolyte sulfidated Cu foam under various
conditions: FEs distribution (a) and total current density at —0.9 V (b), and FEs distribution (c) and total

current density at —0.7 V vs RHE (d). Sample abbreviations and experimental conditions are presented

in Table S1.
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Figure $30. Cu foam composed of fern plant-like dendrite microstructures on Cu mesh substrate after
electrolysis at —0.9 V for 1 h in an electrolyte in which previously Cu1.s8S/Cu foam was reduced with 1 x
LSV from 0 to —0.9 V (sample: Cu foam-S-0.9, see Table S1): SEM images (a-c); EDX spectrum (d)

and elemental mapping (e, f).
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Figure $31. Cu foam composed of fern plant-like dendrite microstructures on Cu mesh substrate after
electrolysis at —0.9 and —0.7 V for 1 h at each potential in an electrolyte in which previously Cu1.8S/Cu
foam was reduced with 1 x LSV from 0 to —0.9 V (sample: Cu foam-S-0.7, see Table S1): SEM images
(a-c); EDX spectrum (d) and elemental mapping (e, f).
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Figure S32. Cu18S/Cu foam derived foam composed of sponge-like microstructures after electrolysis
at -0.9 V for 1 h, then 1 h air exposure and repeating the electrolysis in fresh electrolyte at the same
potential and duration: SEM images (a-c), EDX spectrum and bulk sulfur content (d), and elemental

mapping of Cu and S (e, f).
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Figure S33. Cu1.8S/Cu foam derived foam composed of sponge-like microstructures after electrolysis
at—0.9 V for 1 h, then 1 h exposure in inert atmosphere (N2) in a glovebox and repeating the electrolysis
in fresh electrolyte at the same potential and duration: SEM images (a-c), EDX spectrum and bulk sulfur
content (d), and elemental mapping of Cu and S (e, f). Note: For this sample only the concentration of
HCOO~was measured thus the FE for of ~68% was obtained at —0.9 V which is similar as in the case

of the Cu1.8S/Cu foam that was re-examined at —0.9 V after 1 h air exposure and electrolyte replacement.
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Table S4. ICP-OES results from post-electrolysis sulfur quantification, generated from under various

electrochemical conditions.

Sample and experimental Nominal concentration
conditions* of S (mg-dm)
e Cu1gS/Cufoam: 1 xLSV from0to-0.9V 1.61

e Cu1gS/Cufoam: 1 x LSV from 0t0 -0.7 V 1.15

e Cu1gS/Cufoam: 1 xLSV from0to-0.5V 0.40

e CugS/Cufoam: 3 x LSV from0to-0.9V 0.39

e Cu1gS/Cufoam: 3 x LSV from0to-0.5V 0.81

e Cuq8S/Cu foam: RLN - CA from —-0.9 to -0.7 V, 1 h at each potential 0.16

e Cuq8S/Cu foam: RMN - CA from -0.5 to —0.7 V, 1 h at each potential 0.15

e Cuy8S/Cufoam: 3 x LSV from 0 to 0.7 V, then CA at-0.7 V for 1 h 0.16

(Cu1.8S/Cu foam-0.7D)
e CuyS/Cu foam: 3 x LSV from 0 to —0.7, then CA at —0.7 V for 1 h, electrolyte 0.04

replacement, air exposure of the sample and remeasuring at —0.7 V for 1 h
(Cu1.8S/Cu foam-0.7-NE)
e CugS/Cufoam: 3 x LSV 0to-0.9V, then CA at-0.9 V for 1 h, electrolyte 0.05
replacement, air exposure of the sample and remeasuring at —0.9 and -0.7 V
for 1 h, at each potential (Cu1sS/Cu foam-NE)
e Cuy8S/Cufoam: 1 x LSV from 0 to -0.9 V, then 3 x LSV 0to-0.9V, 0.27

CA at-0.9 and -0.7 V, for 1 h at each potential using Cu foam as electrode in

the same electrolyte (Cu foam-S-0.9)

e Cuy8S/Cufoam: 1 x LSV from 0 to —0.7 V, then 3 x LSV 0to-0.9V, 0.18

CA at-0.9 and -0.7 V, for 1 h at each potential using Cu foam as electrode in

the same electrolyte (Cu foam-S-0.7)

e Cu18S/Cufoam: 1 x LSV from 0 to -0.5V, then 3x LSV 0t0o 0.9V, 0.21

CA at-0.9 and -0.7 V, for 1 h at each potential using Cu foam as electrode in

same electrolyte (Cu foam-S-0.5)

* Addditional information regarding the electrochemical conditions are presented in Section S1.5. and Table S1.
LSV: Linear sweep voltammetry.

CA: Chronoamperometry.
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Figure S34. XPS survey spectra of all examined samples including the Mo sample holder which in some

cases gave signals that appear in the samples’ spectra.
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Figure S35. Cu 2p core level XPS spectra of all examined samples. The plots are divided in two graphs
for better visualization.
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Figure S36. O 1s core level XPS spectra of all examined samples. The plots are divided in two graphs

for better visualization.
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for better visualization.
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Figure S38. S 2p core level XPS spectra of the samples that contain sulfur.
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Table S5. Quantification of surface species (Cu®, Cu*-O, Cu*-S, Cu?*-O and Cu?*-S, S?~ and S04?)
fractions with XPS under ex-situ and quasi in-situ conditions. The quantification of total surface Cu and
sulfur species (S?~ and SO4?") was conducted from the Cu 2p and S 2p core levels (Figures S35 and
S38, respectively), while the quantification of the different Cu oxidation state fractions from the Cu
LsMa.sMas Auger in Figure S37. The qualitative estimation of the lattice vs. adsorbed oxygen species

was performed based on the O 1s core level peak position (Figure S36).

Sample cu’ Cu*-0 Cu*-S Cu?-0 Cu®-S  Oxygen: lattice/ s* S04
fraction fraction fraction fraction fraction adsorbed fraction  fraction
(at.%) (at.%) (at.%) (at.%) (at.%) species (at.%) (at.%)

Cu foam as-prep. N.D. 92 N.D. 8 N.A. Lattice N.A. N.A.
Cu18S/Cu foam N.D. N.D. 75 N.D. 25 Ads. 44 N.D.
as-prep.
Cu18S/Cu foam, 89 N.D. 11 N.D. N.D. Ads. 234 6.7
1hat-0.9V
Cu18S/Cu foam- 90 N.D. 10 N.D. N.D. Ads. 21.7 9.3
RLN: from —-0.9 to
0.7V
Cu18S/Cu foam, 78.5 N.D. 215 N.D. N.D. Ads. 445 N.D.
1hat-0.5V
Cu18S/Cu foam- 86 N.D. 14 N.D. N.D. Ads. 12.4 N.D.
RMN: from -0.5 to
0.7V
Cu foam, 1h at — 100 N.D. N.A. N.D. N.A. Ads. N.A. N.A.
0.9V
Cu foam-RLN: 100 N.D. N.A. N.D. N.A. Ads. N.A. N.A.
from —0.9 to
0.7V
Cu foam, 1h at 100 N.D. N.A. N.D. N.A. Ads. N.A. N.A.
-0.5V
Cu foam-RMN: 100 N.D. N.A. N.D. N.A. Ads. N.A. N.A.
from -0.5 to
0.7V
Cu foam-S-0.5 96.5 N.D. 3.5 N.D. N.D. Ads. 10.2 14.5
Cu foam-S-0.9 95 N.D. 5 N.D. N.D. Ads. 10.0 171
Cu18S/Cu foam- N.D. 86.5 13.5 N.D. N.D. Lattice 7.5 3.6
NE -0.9 and
-0.7V,1hat

each potential,

after air exposure

Cu18S/Cu foam- 91.5 N.D. 8.5 N.D. N.D. Ads. 6.5 N.D.
inert —0.9 and

-0.7V,1hat

each potential

N.A. - not applicable
N.D. - not detected
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CHAPTER 7. Outlook and future perspectives

View of the CO: electroreduction research field, summary of the Cu-Sn and Cu-S

electrocatalysts study and importance of other electrocatalytic processes

The anthropogenic activities have caused continuous increase of the atmospheric CO.
concentration leading to the climate change phenomenon. Therefore, the strive for
independence of fossil fuels combustion for energy production as main source of this
greenhouse gas, are urging for immediate actions toward mitigation of the CO, emissions, its
conversion into industry/transport desirable fuels and chemicals and relying on renewable
sources of energy. Hence, development of large-scale facilities for CO, capture from air/flue
gas and its conversion into valuable products, or in more general terms integrated capture-
conversion-utilization-storage systems, are required. A reasonable option is to integrate such
capture-conversion-utilization-storage systems with CO, emission sources. For building a
sustainable society in terms of energy and economy, such facilities should be powered using
renewable sources of energy such as solar, wind, hydro, thermal etc. Focusing on the CO
conversion, it appears that the electrochemical reduction of CO, (CO:ER) has many
advantages over the other routes due to the direct utilization of electricity without requirements
for its transformation into another type of energy e.g., heat, that can lead to energy loses and
additional costs. Moreover, the electrochemically driven CO. conversion can be coupled with
any renewable electricity sources regardless of their nature which makes this approach
independent e.g., of the amount solar energy, wind, water level in hydroelectric power plants
etc. Since CO2ER is a cathodic process, an anodic counter reaction is required which in most
laboratory research cases represents the oxygen evolution reaction (OER) as source of
electrons and protons required for the CO:ER itself. The development of efficient OER
electrocatalyst is equally significant as the CO2ER ones since coupling both reactions is one
system that is driven by e.g., renewable solar produced electricity represents artificial
photosynthesis, which by concept is mimicking the nature with ultimate goal of closing the
carbon cycle. Focusing on research regarding the possibilities of coupling other oxidation
reactions for electrosynthesis of valuable products is of great importance.

The electrochemical conversion of CO. approach, even though seriously developing in
the last 35 years, suffers from challenges of various nature. The Cu electrocatalysts have been
extensively studied since this metal has an intrinsic property to catalyze CO2ER into various
multi electron/H* products with industrial/transport value as chemical feedstocks and fuels, that
is hydrocarbons, alcohols etc. Yet, the advantage of CO2ER into various products is also a

disadvantage that makes the Cu electrocatalysts generally nonselective and moreover the
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issues with suppression of the competitive hydrogen evolution reaction (HER) in aqueous
electrolytes require post-electrolysis separation steps for application in practice, thus leading
to additional costs. In addition to the previously stated, catalysts stability issues, effect of
impurities, problems with rescaling the experiments from laboratory electrolysis cells into
reactors that are supposed to achieve high current densities i.e., industrial relevant CO; to
product reaction rates, various parameters, experimental conditions, reactor configurations,
designs and engineering challenges etc., indeed hamper and delay the full commercial
application of the CO2ER. Therefore, under the climate change circumstances requiring urgent
large-scale CO; conversion application, it is important to emphasize that the two electron/H*
CO2ERinto CO or HCOO" can reach significant selectivity for these products, thus avoiding
the additional purification steps. Moreover, CO2ER into CO or HCOO™ under specific cost of
electricity and industrially relevant current densities appears to be feasible, based on various
techno- economic analyses. Thus, it is anticipated that most of the existing pilot-plant projects,
are indeed focused on CO2ER into CO and HCOO™ or CO.ER/HER to syngas. Furthermore,
the efforts for production of the industry/transport valuable fuels and chemicals can be
achieved via converting the CO2ER produced CO into further reduced products in a second
step(s), not necessarily electrochemical, for example in biochemical processes or
hydrogenation using thermocatalysis approaches. On the other hand, the HCOOH/HCOO™ are
important chemical feedstocks in various industrial fields and moreover can possibly substitute
Hz in fuel cells. However, efficient, stable, cost-effective, earth abundant etc. electrocatalyst
materials are prerequisite for feasible CO2ER into CO and HCOO™. Various electrocatalysts
can be used for this purpose, yet considering the cost and abundance of the elements, it can
be stated that the Cu-rich or Sn low Cu-Sn materials appear to be optimal solution for CO,ER
into CO, while the Cu-S based ones for production of HCOO~, which makes these materials
inspiring and significant to be more thoroughly examined for this purpose, especially under in-
situ conditions.

Studying and understanding the composition-structure-CO2ER activity relations on the
Cu-Sn and Cu-S materials is important for the catalysts design and optimization of the
experimental conditions and parameters in order to tackle the challenges for efficient CO.ER,
aiming towards future large-scale application. Therefore, in the scope of this thesis, the Cu-Sn
electrocatalysts were studied using x-ray spectroscopy techniques under various conditions
(ex-situ soft and in-situ hard x-ray XAS, and quasi in-situ XPS) and other characterization
techniques, and computational modelling to reveal information regarding the catalytic
processes relevant Cu:Sn surface composition, oxidation states and favourable reaction
pathways. Regarding the challenges arising from the x-ray spectroscopy methods, it is

important to summarize that even though the soft-ray XAS is able to probe the surface of the
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Cu-Sn electrocatalysts, it is limited to ex-situ examination, while the hard x-rays XAS can be
utilized under in-situ conditions but this technique is rather bulk sensitive. The significance of
probing the electrocatalyst materials surface under operating conditions is important for
preserving the oxidations states of the Cu and Sn active sites, having in mind that metallic or
partially oxidized Cu and Sn are prone towards further surface oxidation when exposed to air,
post-electrolysis, hence important electronic structure information can be lost. Therefore, the
compromise was found in the surface sensitive technique XPS applied under the quasi in-situ
conditions, that is electrolysis in inert atmosphere and sample transfer in vacuum, to preserve
the oxidation states of the Cu and Sn active sites. After this technique was successfully utilized
for studying the Cu-Sn composition-structure-activity relations, it was applied for the same
purpose in the case of the Cu-S electrocatalysts.

The results from the study of the Cu-Sn electrocatalysts, synthesized with nanowires
morphology, showed that the CO selective materials with low Sn content resemble metallic Cu
and SnOy surface species supporting the Sn to Cu charge redistribution from the fact that the
surface Sn is oxidized and not metallic. These oxidized or partially oxidized Sn sites are found
to destabilize *CO intermediate that is expected to be bound on the Cu sites hence, favouring
its easier desorption and CO gas evolution, compared to the surface of pristine Cu where the
*CO intermediate is bound stronger and can undergo subsequent reduction in multielectron/H*
steps. The increase of the Sn content via synthesis of Sn rich Cu-Sn electrocatalysts and when
examined under more negative applied potentials show that the SnOy readily reduce hence,
an increasement of the metallic Sn sites fraction can be observed. This increase of the metallic
Sn sites is diminishing the charge redistribution effect, leading to altering the CO2ER selectivity
from CO into HCOO™ production via the *OCHO* intermediate pathway. The enhancement of
the HCOO™ selectivity is accompanied with suppression of the HER due to stronger binding of
the *OCHO* compared to *H intermediate on metallic Sn sites.

Even though both Cu rich (Sn low) and Sn rich (high) Cu-Sn nanowires electrocatalysts
can reach high selectivity for CO and HCOO-, respectively, the synthesis method for these
materials in this study utilizes atomic layer deposition (ALD) which makes it rather
sophisticated, moreover expensive and time consuming. Besides that, both Cu and Sn are
endangered elements in terms of future supply, hence synthesizing CO selective Cu rich Cu-
Sn electrocatalyst via recycling or repurposing waste materials that contain both Cu and Sn
can be a feasible strategy for sustainable supply of these elements and for the sake of
minimizing and hopefully terminating their extraction from Earth’s crust. Yet, having knowledge
about the optimal Cu:Sn composition for CO selective Cu rich Cu-Sn electrocatalysts, from the
previous study and literature sources, a successful electrochemical deriving of such CO2ER to
CO catalyst material with foam morphology from waste technical grade purity Cu-Sn bronze

was achieved, as described in the second study of this thesis. The CO2ER to CO selectivity on
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this waste bronze derived Cu-Sn catalyst is comparable with other CO selective
electrocatalysts prepared from high purity precursors thus showing an example that
recycling/repurposing wastes can be promising approach to prepare catalyst materials with
avoiding purification costs.

Regarding CO2ER to HCOO" selective catalysts, it was stated above that the Cu-S based
materials appear to be the most optimal option for this purpose, even though the Sn rich Cu-
Sn ones can attain equivalent activity under identical applied potentials. This is because both
Cu and Sn are elements with jeopardized future supply, while S is not, and moreover Cu and
S are cheaper and more abundant than Sn. Therefore, the last study of this thesis describes
investigation of the relations between the composition-structure and CO2ER to HCOO™ activity
on Cu-S catalysts with foam morphology that are prepared via simple, cheap and fast synthesis
method. The synthesis method is composed of two steps including electrochemical deposition
of Cu foam and its subsequent sulfidation with sulfur dissolved in toluene at room temperature.
This method is avoiding utilization of extremely toxic precursors, long synthesis times and high
temperatures, that in many cases can be typical for the methods for preparation of copper
sulfides intended for specific application. The results from the electrocatalysts’ Cu and S
surface speciation with quasi in-situ XPS showed presence of Cu” sites that are stabilized by
negatively charged residual sulfur species suggesting that complete reduction of the material
does not occur even at the most negative applied potential of —0.9 V vs. RHE, while only
metallic Cu was found when pristine Cu foam was studied under identical conditions. The Cu*
sites resemble oxoplilic nature, hence supporting the mechanism that occurs via favourable
binding of the *OCHO* intermediate formed in first electron/H*, subsequently transforming into
HCOO, in a second electron step. Furthermore, it is found that the HCOO™ selectivity
enhancement is affected by the Cu:S surface composition and somehow related with
electrode-electrolyte interface effects such as local pH change when the materials are
subjected to applied potential of —0.9 V vs. RHE. Under these conditions besides S?-, presence
of unexpected SO surface species is observed. These effects are of dynamic nature and not
fully understood which is indeed motivating for further studies using other surface and
electrode-electrolyte interface sensitive techniques under in-situ conditions, such as Raman
and infrared spectroscopies.

The CO2ER activity on the waste bronze derived Cu-Sn and on the Cu-S foams catalysts
were examined under laboratory scale conditions in which industrially relevant current
densities cannot be achieved due to the limitations discussed in the introduction of this thesis.
Namely, in order to achieve the current density requirements, the future challenges include

adapting and optimizing the synthesis approaches for loading these electrocatalyst materials
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on gas-diffusion electrodes (GDE) and performing electrolysis in gas-diffusion electrolyzers.
Achieving this goal is far from trivial hence, enormous research efforts will be required.

A very important industrial process, that generates CO; as a by-product thus contributing
to the greenhouse emissions is the synthesis of NH3; as a basic and most important precursor
of fertilizers (nitrates, ammonium salts, urea etc.) that support the global food production.
Namely, NHs is still mainly produced by the unfortunately not so efficient and energy
demanding Haber-Bosch process based on reaction between N2 and H2.%%° The industrial
production of Hz required for the NH3 synthesis is based on reforming, pyrolysis and partial
oxidation processes utilizing fossil oil, gas and coal, as precursors. Hence, full commercial
development of technologies for production of "green’ Hz such as the renewable energy driven
water splitting is one of the possible solutions for providing sustainable H> supply. Moreover,
efficient renewable energy driven electrochemical reduction of nitrogen (N2ER) into NH3 could
possibly emerge as an alternative for synthesis of this very important chemical feedstock.?®°
Finally, tandem CO: conversion and nitrogen fixation via CO2/N. co-electrolysis leading to urea
synthesis?’® arises as an ideal concept that utilizes CO, for fertilizer production. If this concept
develops as very efficient, hence large-scale applied in future, ultimately renewable energy
driven and based on utilization of low-cost and recyclable catalyst materials prepared via
cheap and simple synthesis methods, it could become one of greatest accomplishments in the

pathway towards full sustainability of the human society.
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List of abbreviations in alphabetical order

e ADP adenosine diphosphate

e AFM atomic force microscopy

e Ag/AgCl silver/silver chloride reference electrode (filled with 3 mol-dm™ KClI)

e ALD atomic layer deposition

o ATP adenosine triphosphate

. BAM German: Bundesanstalt fur Materialforschung und -prifung,
English: Federal institute for materials research and testing

e BE binding energy

e BSE backscattered electron(s)
German: Berliner Elektronenspeicherring-Gesellschaft fur

e BESSYII Synchrotronstrahlung, English: Berlin electron storage ring —
Society for synchrotron radiation

e CA chronoamperometry

e CB conduction band

e CE counter electrode

e COR electrochemical reduction of CO

e CO:ER electrochemical reduction of CO-

e CuNW copper nanowires

e CuNW-Sn copper nanowires functionalized with Sn

e CuNW-Snuien copper nanowires functionalized with 182 ALD cycles of SnO»

e CuNW-Snow copper nanowires functionalized with 15 ALD cycles of SnO-

e CV cyclic voltammetry

e DEMS differential electrochemical mass spectrometry
e DFT density functional theory

o DHBT dynamic hydrogen (H) bubbling template

e DFFC direct formate fuel cell

e DL double layer

e DSC differential scanning calorimetry

e EASA electrochemically active surface area
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EC-MS
EDX
EF-TEM
EXAFS
FE

FIB
FTIR
GC
GDE
GI-XRD
HER
HR-TEM
HPLC
ICP-OES
ILs

KE
LCA(F)
LDPE
LSV
MOF
MS
NADPH
NADP*
N2ER
NW
OD-Cu
OER
PM
PTFE
RDS

electrolysis coupled with mass spectrometry

energy dispersive x-ray spectrometry

energy filtered transmission electron microscopy
extended x-ray absorption fine structure

faradaic efficiency

focused ion beam (ablation)

Fourier-transform infrared spectroscopy

gas chromatography

gas-diffusion electrode

grazing-incidence x-ray diffraction

hydrogen evolution reaction

high resolution transmission electron microscopy
high-performance (pressure) liquid chromatography
inductively coupled plasma-optical emission spectrometry
ionic liquids

kinetic energy

linear combination analysis (fitting)

low-density polyethylene

linear sweep voltammetry

metal organic frameworks

mass spectrometry

nicotinamide adenine dinucleotide phosphate in reduced form
nicotinamide adenine dinucleotide phosphate in oxidized form
electrochemical reduction of nitrogen

nanowires

oxide-derived Cu

oxygen evolution reaction

particulate matter (PM1o and PM. )
polytetrafluoroethylene

rate determining step
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RE
RHE
RSF
RSRF
SAED
SE
SHE
SEM
SR
TEM
TEY
TGA
VB
VS.
WE
WF
XANES
XAS
XPS
XRD
XRF

reference electrode

reversible hydrogen electrode
relative sensitivity factor

relative surface roughness factor
selected area electron diffraction
secondary electron(s)

standard hydrogen electrode
scanning electron microscopy
scan rate

transmission electron microscopy
total electron yield
thermogravimetric analysis
valence band

versus

working electrode

work function

x-ray absorption near edge structure
x-ray absorption spectroscopy
x-ray photoelectron spectroscopy
x-ray diffraction

x-ray fluorescence spectroscopy

331



List of published papers included in the thesis

» L.C.Pardo Pérez, A. Arndt, S. Stojkovikj, .Y. Ahmet, J.T. Arens, F. Dattila, R. Wendt,
A. Guilherme Buzanich, M. Radtke, V. Davies, K. Hoflich, E. Kéhnen, F. Tockhorn, R.
Golnak, J. Xiao, G. Schuck, M. Wollgarten, N. Lépez, M.T. Mayer, Determining
Structure-Activity Relationships in Oxide Derived Cu-Sn Catalysts During CO:
Electroreduction Using X-Ray Spectroscopy. Adv. Energy Mater. 12, 2022, 2103328.
DOI: https://doi.org/10.1002/aenm.202103328

» 8. Stojkovikj, G.A. ElI-Nagar, F. Firschke, L.C. Pardo Pérez, L. Choubrac, M. Najdoski,
M.T. Mayer, Electrocatalyst Derived from Waste Cu—Sn Bronze for CO, Conversion
into CO, ACS Appl. Mater. Interfaces, 13(32), 2021, 38161-38169.

DOI: https://doi.org/10.1021/acsami.1c05015

332



Manuscript in preparation included in the thesis

» 8. Stojkovikj, G. A. EI-Nagar, S. Gupta, M. Najdoski, V. Koleva, T. Tzanoudakis, F.
Firschke, P. Bogdanoff, M. T. Mayer, Facile method for synthesis of Cu,S catalysts
and study of various effects on the selectivity for electrochemical conversion of CO>

into formate.

333



List of publications from the Doctoral period that are not in the scope

of the thesis

» T. Boettcher, S. Stojkovikj, P. Khadke, U. Kunz, M.T. Mayer, C. Roth, W. Ensinger, F.
Muench, Electrodeposition of Palladium-Dotted Nickel Nanowire Networks as a Robust
Self-Supported Methanol Electrooxidation Catalyst. J. Mater. Sci. 56, 2021, 12620—
12633. https://doi.org/10.1007/s10853-021-06088-6

» Abouserie, G.A. ElI-Nagar, B. Heyne, C. Glnter, U. Schilde, M.T. Mayer, S. Stojkovikj,
C. Roth, A. Taubert, Facile Synthesis of Hierarchical CuS and CuCo,S4 Structures from
an lonic Liquid Precursor for Electrocatalysis Applications, ACS Appl. Mater. Interfaces,
12(47), 2020, 52560-52570. https://doi.org/10.1021/acsami.0c13927

334



Curriculum Vitae

Personal information

First name and surname: Sasho Stojkovikj

Languages: Macedonian (native), English, Serbian, Croatian, basic Slovenian and basic
German.

Private e-mail address: sashostojkovikj@gmail.com

Helmholtz-Zentrum Berlin e-mail address: sasho.stojkovikj@helmholtz-berlin.de

Freie Universitat Berlin e-mail address: sashostojk91@zedat.fu-berlin.de
Helmholtz-Zentrum Berlin Business card:
https://www.helmholtz-berlin.de/pubbin/vkart.pl?v=nnazo

Google Scholar: https://scholar.google.de/citations?user=FyQQhX8AAAAJ&hI=en
ResearchGate: https://www.researchgate.net/profile/Sasho_Stojkovikj2

ORCID: https://orcid.org/0000-0002-3346-2143

Education

(1997-2006): Elementary, primary and secondary school “*Dimo Hadzi-Dimov™" - Skopje.
(2006-2010): High School of Chemistry and Chemical technology “"Marija Kiri - Sklodovska“" -
Skopje (as the best student).

(2010-2014): BSc in Chemistry - Applied Chemistry, Institute of Chemistry, Faculty of Natural
Sciences and Mathematics, Ss. Cyril and Methodius University — Skopje (best GPA 10.00/10.00
and the best student at the Faculty of Natural Sciences and Mathematics in Skopje).

Title of the Diploma work in English: Chemical deposition and characterization of
electrochromic potassium manganese oxide hydrate thin films and of manganese(ll) carbonate
thin films that are transformed into electrochromic materials. Supervisor: Prof. Dr. Metodija
Najdoski.

(2014-2016): MSc in Chemistry - Applied Chemistry, Institute of Chemistry, Faculty of Natural
Sciences and Mathematics, Ss. Cyril and Methodius University — Skopje (GPA 10.00/10.00).
Title of the Master thesis in English: Design of modified electrodes with MnCOs3 in the role of
amperometric sensors for hydrogen peroxide. Supervisor: Prof. Dr. Metodija Najdoski.
(2018-2022): Doctoral researcher at the Young Investigator Group Electrochemical Conversion,
Helmholtz-Zentrum Berlin fir Materialen und Energie GmbH. Enrolled as Doctoral student at

the Institut fir Chemie und Biochemie, Freie Universitat Berlin. Supervisor: Dr. Matthew Mayer.

335



Field of research and interest

e Electrochemical conversion of COz (Doctoral research).

o Other electrochemical processes: Oxygen evolution reaction (OER) and electrooxidation.

o Development of methods for chemical synthesis of thin solid films of inorganic compounds and
application for electrochromic materials and sensors.

o Design of experiments and apparatuses for application in microscale experimentation.

o Design of chemical methods for visualization of latent fingerprints.

¢ Interested in development of methods for chemical synthesis with potential application in large

scale industrial processes.

Career and work experience

e >15 years of experience in chemical laboratories (since the start of high school in 2006).

e Practical internship - one month in 2008 and one month in 2009 in OKTA Crude Oil Refinery —
Skopje.

o Chemist at Promis Ltd. Skopje, Company for construction, trade, and services, import-export:
(employed from 12.11.2014 to 20.07.2015).

e Chemical analyst at Euromak-Kontrol Ltd. Skopje, Macedonia, Company for chemical analysis,
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Membership in international projects (before starting the Doctoral research)

Macedonian — Austrian bilateral project (2009-2013): Design of new, cheap methods for
chemical deposition of inorganic thin films, their electrochemical characterization and
application as biosensors and electrochromic devices, under supervision of Prof. Dr. Metodija
Najdoski.

Macedonian — Bulgarian bilateral project — collaboration between Macedonian Academy of
Sciences and Arts and Bulgarian Academy of Sciences (2014-2016): Preparation and

characterization of electrochromic thin films of vanadium oxides.

Awards

Award from the Royal Society of Chemistry — Electrochemistry Group for One of the Best Poster
Prizes, for the poster presentation “"Repurposing Waste Cu—-Sn Bronze for Selective CO2
Electroreduction into CO”, RSC Electrochemistry Group’s Electrochemistry 2021 virtual
conference, September 7-8" 2021.

Several shared international awards including Golden and Silver Medals (in 2017) for the Patent
titted “"Production of a Simple Defoaming Agent™’, Application number: 2016/476, Registration
number: 7473, State Office of Industrial Property of the Republic of North Macedonia.

Award (in 2016): For winning the 1%t Prize for an oral presentation at the Workshop: From
Molecules to Functionalized Materials, 1-5"" September 2016, Ohrid, Macedonia.
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Institute of Chemistry and the Faculty of Natural Sciences and Mathematics, for achieved
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Award (in 2014): For winning the 1%t Prize for an oral presentation at the Workshop: From
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Award (in 2013): For Excellent poster presentation at the 15" International Workshop on
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Award (in 2010): For the Best High School Student — from the Mayor of the City of Skopje.
Award Gold Medal (in 2009): ,Ekonova 2009, at the VII'" International Exhibition of Inventions,
Technical Improvements, New Products and Creation of Youth, for the innovation: “"And another
way to purify wastewater”", 13-17" October 2009, Skopje, Macedonia.

Membership in science related societies

Member of the Society of Chemists and Technologists of Macedonia (SCTM) since 2016.
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Organization of science related meetings

e Co-organizer or the MatSEC Young Scientists Conference (within the MatSEC Graduate
School at Helmholtz-Zentrum Berlin fir Materialen und Energie) that took place in Chorin,

Germany on February 11™, 2020.

Courses, workshops, seminars, colloquiums, tutoring of internship students

and other activities during the Doctoral research period (2018-2022)

e Attended the 1%t X-ray diffraction school, May 14-18'" 2018, at the Helmholtz-Zentrum Berlin
fir Materialen und Energie, Lise Meitner Campus in Berlin-Wannsee.

e Talk at the MatSEC Colloquium (within the MatSEC Graduate School at Helmholtz-Zentrum
Berlin fiir Materialen und Energie), November 8 2018, HZB Lise Meitner Campus in Berlin-
Wannsee.

e Attended German language courses in 2018 and 2019.

e Talk at the MatSEC Retreat (within the MatSEC Graduate School at Helmholtz-Zentrum Berlin
fur Materialen und Energie), January 14" and 15 2019, Chorin, Germany.

o Attended the Applied Electrochemistry (Angewandte Elekirochemie) Course, Summer
Semester 2019 at the Freie Universitat Berlin. Lecturer: Dr. Matthew Mayer.

e Tutoring of Master student’s internship project at the Young Investigator Group
Electrochemical Conversion, Helmholtz-Zentrum Berlin fir Materialen und Energie, Winter
Semester 2019/2020.

e Student-assistant at the nanoGE Fall Meeting, November 4™-8" 2019, Berlin.

e Talk at the MatSEC Retreat (within the MatSEC Graduate School at Helmholtz-Zentrum Berlin
fur Materialen und Energie), February 121" and 13™ 2020, Chorin, Germany.

e Talk at the Institute of Solar Fuels - General Institute Meeting, Helmholtz-Zentrum Berlin fir
Materialen und Energie, February 19" 2020.

e Tutoring of a second Master student’s internship at the Young Investigator Group
Electrochemical Conversion, Helmholtz-Zentrum Berlin fiir Materialen und Energie, Summer
Semester 2020 and Winter Semester 2020/2021.

e Online talk at the Joint Seminar between the Young Investigator Group Electrochemical
Conversion (Group leader: Dr. Matthew Mayer), Helmholtz-Zentrum Berlin fir Materialen und
Energie and the Group of Prof. Dr. Peter Broekmann, University of Bern, Switzerland, August
25t 2020.

e Attended the Online Good Scientific Practice Course, organized by the Helmholtz-Zentrum
Berlin fiir Materialen und Energie and given by a certified trainer on October 8-9" 2020.
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Talk at the Online MatSEC Colloquium (within the MatSEC Graduate School at Helmholtz-
Zentrum Berlin fur Materialen und Energie), November 30" and December 15t 2020, HZB Lise
Meitner Campus in Berlin-Wannsee.

Attended the Online Transferable skills training: Career and Leadership, supported by the
Helmholtz Association, March 2" 2021.

Involved in preparation and online presentation of the research conducted at the Young
Investigator Group Electrochemical Conversion, at the Long Night of Sciences, organized by
Helmholtz-Zentrum Berlin fir Materialen und Energie, June 5 2021.
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Attended the Nanospectroscopy course at Helmholtz-Zentrum Berlin/Humboldt Universitat zu
Berlin (online), Sumer Semester 2021. Lecturer: Prof. Dr. Simone Raoux.

Presentation of the research conducted at the Young Investigator Group Electrochemical
Conversion, Helmholtz-Zentrum Berlin fiir Materialen und Energie in the scope of the Virtual
Guided Tour for members from the Young German Physics Society (Junge Deutsche
Physikalische Gesellschaft), August 27" 2021.

Presentation of the research conducted at the Young Investigator Group Electrochemical
Conversion, Helmholtz-Zentrum Berlin fir Materialen und Energie in the scope of the Guided
Tour for high school students, October 14" 2021.

Online presentation of the research conducted at the Young Investigator Group
Electrochemical Conversion, Helmholtz-Zentrum Berlin fiir Materialen und Energie, at the
Berlin Science Week, Virtual Guided Tour: Electrifying Carbon, November 9" 2021.
Responsible for instrument (gas chromatograph) at the Young Investigator Group
Electrochemical Conversion, Helmholtz-Zentrum Berlin fiir Materialen und Energie since 2018

and involved in setting the laboratory since the start of the Doctoral research period.
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