Operando Insights into Size and Shape-controlled
Cu-based Nanocatalysts for the Electrochemical

Reduction of CO; toward C,+ Products

vorgelegt von

M. Sc. Antonia Marie Herzog
ORCID: 0000-0002-4402-3007
von der Fakultat II — Mathematik und Naturwissenschaften
der Technischen Universitiat Berlin

zur Erlangung des akademischen Grades

Doktor der Naturwissenschaften

Dr. rer. nat.

genehmigte Dissertation

Promotionsausschuss:

Vorsitzender: Prof. Dr. Michael Gradzielski

Gutachterin: Prof. Dr. Beatriz Roldan Cuenya

Gutachter: Prof. Dr. Arne Thomas

Gutachter: Dr. Serhiy Cherevko

Tag der wissenschaftlichen Aussprache: 15. Juni 2023

Berlin 2023



“I am the master of my failure...

)

If [ never fail, how will I ever learn.’

C. V. Raman
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Abstract

In the quest of reducing CO> emissions and limiting climate change, the field of electrocatalysis
has gained significant interest due to its potential for the sustainable production of energy and
chemicals. Inspired by the natural CO, metabolism, one promising way for converting
intermittent renewable electricity directly into valuable fuels and chemicals is the
electrochemical reduction of CO> (CO2RR). Copper catalysts are uniquely capable of
converting CO; into hydrocarbons and alcohols in significant amounts but suffer from low
selectivity and stability. Therefore, nanostructured Cu-based materials with controlled size and
shape have been investigated to improve the CO2RR, e.g., via bimetallic or potential pulse
approaches. However, the catalytic properties of these materials are usually only explored with
ex situ characterization methods resulting in misleading conclusions. This work aims to enhance
the current understanding of the catalyst-adsorbate system toward the production of energy-
dense C»+ products by applying (sub-second) time-resolved in situ and operando spectroscopic
and diffraction techniques during CO2RR. Here, the implementation of a bimetallic Cu-Ag
nanocatalyst enhanced the selectivity of the CO2RR toward Ca-+ liquid products such as ethanol
and acetaldehyde. Operando Ag K-edge X-ray absorption spectroscopy (XAS) and surface-
enhanced Raman spectroscopy (SERS) revealed the formation of important Ag-Cu binding sites
under reaction conditions which altered the CO binding to Cu correlating with the observed
selectivity effect. Furthermore, the evolution of characteristic adsorbates, including OHaq and
COad, was monitored during alternating pulsed potential CO2RR using time-resolved operando
SERS. It was found that the oxidative formation of cationic Cu species and an optimized
catalyst surface coverage of OHaq and COaq play a crucial role in enhancing ethanol selectivity.
These results were also confirmed by studies of a bimetallic Cu-ZnO nanocatalyst during pulsed
CO2RR, with the selectivities being modulated by changing the anodic potential. Time-resolved
operando XAS, SERS, and X-ray diffraction uncovered the dynamic interplay between Cu, Zn,
and CuZn composition, as well as the adsorption behavior of CO.q and OHag. These results
emphasize the importance of oxides and hydroxide coverage for enhancing the ethanol
selectivity, which can be tuned through the oxidation of Cu- or Cu-Zn-based materials using
potential pulses. This thesis contributes to the fundamental mechanistic understanding of

CO2RR, which makes a significant contribution to the advancement of the CO>RR field.



Kurzzusammenfassung

In dem Bestreben die COz-Emissionen zu verringern und den Klimawandel zu begrenzen, hat
das Gebiet der Elektrokatalyse aufgrund seines Potenzials fiir die nachhaltige Erzeugung von
Energie und Chemikalien stark an Interesse gewonnen. Inspiriert vom natiirlichen CO»-
Stoffwechsel ist die elektrochemische Reduktion von CO> (CO2RR) ein vielversprechender
Weg, um fluktuierenden erneuerbaren Strom direkt in wertvolle Kraftstoffe und Chemikalien
umzuwandeln. Kupferkatalysatoren sind dabei in einzigartiger Weise in der Lage, CO2 in
betridchtlichen Mengen in Kohlenwasserstoffe und Alkohole umzuwandeln, leiden jedoch unter
geringer Selektivitdit und Stabilitit. Deswegen wurden nanostrukturierte Cu-basierte
Materialien mit kontrollierter Grof3e und Form untersucht, um die CO2RR zu verbessern, z. B.
durch bimetallische Variationen oder potenzialabhingige Pulse. Das Verstindnis der
katalytischen FEigenschaften dieser Materialien ist jedoch héufig begrenzt, da ihre
Charakterisierung oft nur mit Ex-sifu-Methoden erfolgt, was zu irrefiilhrenden Schluss-
folgerungen fiihrt. Diese Arbeit zielt darauf ab, das derzeitige Verstdndnis des Katalysator-
Adsorbat-Systems im Hinblick auf die Bildung von energiedichten C+-Produkten zu
verbessern. Dafilir wurden zeitaufgeloste (im Subsekundenbereich) In-situ- und Operando-
Spektroskopie- und Beugungstechniken, wéihrend der CO2RR eingefiihrt und angewendet.
Hierbei verbesserte die Implementierung eines bimetallischen Cu-Ag-Nanokatalysators die
Selektivitdt der CO2RR fiir fliissige Co+-Produkte wie Ethanol und Acetaldehyd. Operando-Ag-
Kanten-Rontgenabsorptionsspektroskopie (XAS) und oberflichenverstirkte Raman-Spektros-
kopie (SERS) zeigten die Bildung wichtiger Ag-Cu-Bindungsstellen unter Reaktions-
bedingungen, die die CO-Bindung an Cu verdnderten. Dies korrelierte mit dem beobachteten
Selektivitdtseffekt. Dariiber hinaus wurde die Entwicklung charakteristischer Adsorbate,
einschlieBlich OHag und COa.4, wihrend Potenzial-gepulster CO,RR mit zeitaufgeloster
Operando-SERS beobachtet. Es wurde festgestellt, dass die oxidative Bildung von kationischen
Cu-Spezien und eine optimierte Katalysatoroberflichenbedeckung von OHag und CO.qg eine
entscheidende Rolle bei der Erhdhung der Ethanol-Selektivitdt spielen. Diese Ergebnisse
wurden auch durch Untersuchungen an einem bimetallischen Cu-ZnO-Nanokatalysator
wihrend gepulster CO2RR bestitigt, wobei die Selektivititen durch Anderung des anodischen
Potenzials moduliert wurden. Zeitaufgeloste Operando-XAS, -SERS und -Rontgenbeugung
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Kurzzusammenfassung vii

deckten das dynamische Zusammenspiel zwischen Cu-, Zn- und CuZn-Zusammensetzung
sowie das Adsorptionsverhalten von CO.¢ und OHag auf. Die Ergebnisse unterstreichen die
Bedeutung der Oxide und der Hydroxidbedeckung fiir die Verbesserung der Ethanol-
Selektivitit, die durch die Oxidation von Cu- oder Cu-Zn basierten Materialien mit Hilfe von
Potenzialpulsen eingestellt werden kann. Diese Arbeit trdgt zum grundlegenden
mechanistischen Verstandnis der CO2RR bei und leistet damit einen wichtigen Beitrag zur

Weiterentwicklung des CO2RR-Gebiets.
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1 o Introduction and Motivation

Climate change is one of today’s most urgent global issues, leading to severe natural and social
consequences. It refers to the increase in temperature caused by the accumulation of CO; and
other greenhouse gas emissions in the atmosphere. Figure 1.1 illustrates the consistent rise in
yearly CO; emissions over the past 50 years, which resulted mainly from human activities such
as burning fossil fuels and deforestation driven by economic expansion and population growth.!
To combat climate change, countries around the world have set ambitious climate goals to
reduce greenhouse gas emissions and limit global temperature rise. The Paris Agreement,
signed in 2015 by initially 175 parties, aims to limit global warming to well below 2.0 °C above
pre-industrial levels and pursue efforts to limit the temperature increase to 1.5 °C.> The
reduction in CO; emissions required to achieve these temperature increase scenarios is depicted
in Figure 1.1. However, despite a 5.4 % decrease in CO; emissions in 2020 compared to 2019
due to the Covid-19 pandemic, emissions increased again by 2.0 % to 36.1 gigatons of CO; in

2022, setting a new record.® The recent 2023 report of the Intergovernmental Panel on Climate
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Figure 1.1 Temporal evolution of global CO; emissions until 2022 and projected CO, mitigation
pathways of 2021 redrawn from Liu et al.** Solid and dashed lines represent the median, while shading

squares represent the corresponding range.
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Change (IPCC) also found that we are likely to fall behind on our climate goals and pass the
1.5 °C already in the early 2030s.> Without a rapid reduction in CO» emissions, the carbon cycle
will be disrupted, resulting in irreversible changes in the climate.!>?

Moreover, the war in Ukraine has emphasized the necessity of energy independence from
countries that supply fossil fuels to ensure national energy security, especially in the face of the
extreme impacts of climate change.

In this regard, renewable energy sources such as wind and solar power offer an attractive way
toward achieving net-zero CO> emissions; nevertheless, the electricity they produce is
intermittent and must be stored for later use. While battery technologies such as lithium-ion
batteries possess high energy and power densities, the limited supply of Li, high costs, and
safety concerns, as well as reliability issues, make them unsuitable for large-scale energy
storage applications.® Hydrogen, on the contrary, offers a promising solution as an energy
carrier for a clean energy economy if obtained through electrochemical water splitting.’
However, full decarbonization of the economy is extremely difficult because carbon is used in
the production of many key products, such as cement, steel, plastic, fertilizers, and aluminum.®
Therefore, carbon capture and storage (CCS) solutions can be utilized to reduce the amount of
CO:z. Currently, CCS can capture and store 244 million tons of CO: from industrial sources per
year.” Nonetheless, the high energy amount and cost of these solutions are prohibitive, and the
risk of CO» leakage remains. Additionally, CO- utilization technologies, inspired by the natural
CO> metabolism, present an attractive approach that can convert CO; into valuable fuels and
chemicals in the presence of a catalyst. In particular, CO2 can be converted into syngas (a mix
of hydrogen and carbon monoxide), methane, formic acid, and various alcohols via thermal
catalysis, but harsh reaction conditions need to be applied (e.g., high pressures and high
temperatures).'”

The electrochemical CO; reduction reaction (CO2RR) is an appealing method for converting
intermittent renewable electricity directly into valuable fuels and chemicals, thereby creating a
net-zero CO; cycle.® Unlike thermal methods, CO2RR can be carried out under mild conditions
such as moderate temperatures and atmospheric pressure. Since the pioneering work of Y. Hori
in the 1980s, a considerable amount of effort has been directed toward enhancing the catalytic
performance of CO2RR, and particularly in the last decade, CO2RR has been a field of extensive
research.® ! There, key areas of focus have been the design of catalyst materials, electrolytes,
and electrochemical cell setups.'> '3

Copper stands out among the metals as uniquely capable of directly converting CO: into

significant quantities of hydrocarbons and alcohols.!!:* Based on the Sabatier principle, Cu has
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an optimal binding energy for crucial reaction intermediates such as *H, *COOH, *CO, and
*CHO.!> However, Cu electrodes yield a broad spectrum of products, including C; compounds
such as carbon monoxide, formate, and methane, and C»+ compounds such as ethylene, ethanol,
and propanol.'® Due to the high separation costs of these products, it is necessary to improve
the selectivity with high activity and stability toward a particular product for the economic
feasibility of the CO,RR.!” Furthermore, it would be especially favorable to tune the selectivity
toward important high energy-dense Cz+ products and fuels, which can be easily stored and
transported through the current infrastructure.®

Nanostructured Cu-based materials with controlled size and shape, as well as high
electrochemical surface area based on the nanoscale effect, offer ideal systems for investigating
the electrocatalytic properties of the CO,RR.!'® It has been observed that catalyst structures with
predominantly (100) facets, undercoordinated sites, and defects, as well as Cu(I) and sub-
surfaces oxygen, favor the production of Ca:+ products.'> '® Another strategy for further
improving the Cz+ selectivity is the incorporation of a second metal in Cu catalysts to tune the
chemical and electronic properties of two different metals or to enable bifunctional effects, e.g.,
with a CO-producing co-catalyst.!” Additionally, CO2RR can be applied via alternating
potential pulses, which can tune the catalyst and adsorbate structures in situ without the need
of re-designing the catalytic and electrolyte system.?” In this way, pulsed CO2RR can steer the
selectivities to different products in dependence on the applied pulse parameters. Nevertheless,
there are many contrasting results of CO2RR product selectivities with similar materials in the
literature, and the exact mechanistic pathways toward one specific product are still unknown.
This results from the complex nature of the C-C coupling step in CO2RR and its high sensitivity
to the catalyst structure and electrolyte.

While traditional ex situ techniques are commonly employed to explore the CO2RR mechanism
by analyzing pre- and post-reaction catalysts, these techniques are limited since the catalyst
structure, morphology, as well as intermediate type, and coverage undergo large
transformations during the reaction.!” Moreover, active sites of any catalyst are only formed
when the catalyst is exposed to the reactants during the reaction.?! Therefore, advanced in situ
and operando techniques are crucial to uncover the dynamic evolution of the catalyst,
electrolyte, and their interface during reaction conditions.”? A combination of different in situ
and operando methods, such as vibrational spectroscopy, as well as X-ray-based spectroscopic
and diffraction characterization methods, is beneficial due to their varying strengths in surface
and bulk sensitivity and their capabilities to monitor the crystallite structures and/or adsorbates

on the catalyst surface. Furthermore, a high temporal resolution of these techniques is essential
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to capture changes in the sub-second range, especially for the pulsed CO2RR approach.

The goal of this thesis is to understand the mechanistic pathways of the CO2RR toward Co+
products by utilizing well-defined Cu-based bimetallic nanocatalysts and the pulsed potential
CO2RR approach in conjunction with time-resolved in situ and operando methods. The findings
can be applied to the design of superior CO2RR catalysts, which is critical for the future efficient
and large-scale utilization of these catalysts in CO2RR applications. The structure of the thesis

is as follows:

Chapter 2 provides the theoretical background of the CO2RR by outlining potential mechanistic
pathways and recent advancements in catalyst design, with a particular emphasis on the
properties of state-of-the-art Cu-based nanocatalysts for the production of Co+ products. This
chapter places a significant focus on studies of bimetallic catalysts and the different effects of
pulsed potential CO2RR. The scientific framework helps later to contextualize the results of this

thesis.

Chapter 3 gives a description of the electrochemical background for CO2RR, along with the
characterization methods utilized in this study. The chapter places particular emphasis on in
situ and operando techniques, including surface-enhanced Raman spectroscopy (SERS), X-ray
absorption spectroscopy (XAS), and X-ray diffraction (XRD). The theoretical principles
underlying these techniques are explained, as well as the specific setups and cell designs
required for their implementation. Furthermore, the chapter highlights the strategies used to

achieve high temporal resolution (in the sub-second range) with these operando measurements.

Chapter 4 describes the synthesis procedures to prepare well-defined cubic-shaped Cu oxide
and Cu bimetallic nanocatalysts that were developed and employed in this thesis. This chapter
highlights the principles underlying the wet-chemical synthesis methods and crucial synthesis

steps.

Chapter 5 presents the development of a new cubic-shaped Cu-Ag nanocatalyst that enhances
the CO2RR toward valuable energy-dense liquid products such as ethanol and acetaldehyde.
Through the implementation of operando Ag K-edge XAS and SERS, the formation of
important Ag-Cu binding sites which alter the CO binding configuration could be shown and

are discussed. These findings are essential for the observed selectivity effect and have made



1 Introduction and Motivation 5

significant contributions to the explanation of previous research on bimetallic catalysts for

CO2RR and their further improvement.

Chapter 6 discusses how the catalytic selectivity of an oxide-derived Cu nanocatalyst during
pulsed CO2RR changes in relation to its adsorbate structure and composition. Time-resolved
operando SERS is used to monitor the evolution of characteristic adsorbates, including OHaq
and COayq, during each pulse. Through testing various pulse length conditions that influence the
product formation, it was discovered that the oxidative formation of cationic Cu species played
a crucial role, as did optimizing the catalyst surface coverage of the coverage of OHaq and COaq,
in enhancing the ethanol selectivity. This study provides a deeper insight into the reaction
mechanism of pulsed CO2RR and sheds light on the impact of the adsorbate structure on the

observed selectivity trends.

Chapter 7 presents the utilization of a cubic-shaped Cu-ZnO nanocatalyst for pulsed CO2RR,
with the selectivity being modulated through changes in the anodic potential. The selectivity
and stability of the catalyst were enhanced by pulsing only into the Zn oxidation regime and
not into the Cu oxidation regime. Time-resolved operando XAS, XRD, and SERS techniques
uncovered the dynamic interplay between the content and surface coverage of various Cu, Zn,
and CuZn species, as well as the adsorption behavior of COaq and OHaqd. The results highlight
the importance of oxides and OH coverage, which can be achieved through the oxidation of Zn

by using potential pulses for enhancing the ethanol selectivity.

Chapter 8 concludes the thesis by summarizing the obtained results and drawing overarching
conclusions regarding the structure-selectivity relationships established through the bimetallic
and pulsed CO:RR approach. Furthermore, the chapter provides perspectives for future
investigations based on the findings of this work and their implementation into state-of-the-art

catalysts.



2 o Theoretical Background

The aim of this chapter is to give an overview of the electrochemical reduction of CO>
by reviewing the current literature. It covers the proposed mechanistic pathways that
result in different product outcomes and strategies to adjust the selectivity of Cu-based
catalysts toward valuable C>+ products. The emphasis is on improving the catalyst
design, including techniques such as nanostructuring and compositional modifications
by changing the oxidation state of Cu or adding a second metal. Additionally, the
chapter explores the reaction under pulsed potential conditions by highlighting the
crucial effects that enhance the catalytic properties. Finally, several unresolved

questions are outlined that will be addressed during the course of this thesis.

2.1 Electrochemical CO: Reduction
The electrochemical reduction of carbon dioxide (CO2RR) is a cathodic reaction that operates
together with the oxygen evolution reaction (OER) as the anodic counter reaction to enable the

overall electrochemical recycling reaction of COx:

Cathode (CO:RR) x(CO, + n(H*+ e”) » Product + y H,0 (2.1)
Anode (OER) §H20 - 0,4+ n(H"+ e") (2.2)
Overall reaction xC0, + mH,0 — Product + z0, (2.3)

The CO2RR half-reaction forms various products, while the OER half-reaction produces
oxygen, akin to water electrolysis. In this reaction, water serves as the source of electrons and
protons with equivalent stoichiometric coefficients. Table 2.1 presents the standard redox
potentials for commonly reported products at the cathode side,® which are investigated during
this work. These thermodynamic potentials are all very close to 0 Vrug (versus the reversible
hydrogen electrode), while the difference between the standard potential of the CO2RR and the
OER (E°oer = 1.23 Vrug) leads to an overall reaction potential above 1.23 V that needs to be
applied.® However, the OER and CO2RR require both large overpotentials, which refer to the

voltage that is needed on top of the thermodynamically required potential. In the case of the
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Table 2.1 Thermodynamical standard redox potentials (£°) and aggregate state of typical products at
the cathode side with the number of CO., electrons (¢°), protons (H"), and H>O species involved in the

cathode reaction.?

Product E°/ VRrug Aggregate state CO; e/H" H0
Hydrogen, H>, HER 0.00 Gaseous 0 2 -1
Carbon monoxide, CO -0.10 Gaseous 1 2 1
Formic acid, HCOOH -0.12 Liquid 1 2 0
Methane, CHy 0.17 Gaseous 1 8 2
Acetaldehyde, CH;CHO 0.06 Liquid 2 10 3
Ethanol, CH;CH,OH 0.09 Liquid 2 12 3
Ethylene, C,H4 0.08 Gaseous 2 12 4
Propionaldehyde, C;HsCHO 0.09 Liquid 3 16 5
n-Propanol, C;H,OH 0.10 Liquid 3 18 5

CO2RR, the high overpotentials result from the slow kinetics due to the multi-electron/proton
transfer steps and the high energy barriers involved in the reactions to different products.
Meanwhile, the competing hydrogen evolution reaction (HER) occurs at a similar potential but
is a kinetically easier reaction. Therefore, the CO2RR requires efficient catalysts to facilitate
the kinetics and to reduce the overpotentials toward a certain product.® 23

The employed catalysts usually consist of metal electrodes. Based on the studies of Y. Hori,

metal electrodes can be classified into four groups, as illustrated in Figure 2.1, which primally
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Figure 2.1 Classification of metal electrodes in the periodic table toward their main product selectivity
in CO,RR by measurements of Hori.!* The Faradaic efficiencies for the main products are indicated.

The scheme is redrawn from Bagger et al.'*
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produce formate (HCOQO") and carbon monoxide (CO) or are almost inactive toward CO2RR
and form hydrogen instead. Cu is the only metal that produces products beyond *CO, such as
hydrocarbons, aldehydes, and alcohols.!’ '* This product outcome has been explained by a
simple concept based on the adsorption energies for *CO and *H.! In the first step of the
CO2RR, it was proposed that CO> be reduced to the *COOH intermediate. Metals that bind
*COOH and *H very weakly, which refer to a high barrier for the HER, mainly produce
HCOO, such as Sn and In. On other metals, the *COOH intermediate can be further reduced
to *CO, which is adsorbed on the metal surface. Metals that bind *CO very strongly produce
mainly Ho, such as Pt, since *CO poisons the catalytic surface, and the HER is favored (strong
*H binding). On the other hand, metals that bind *CO and *H very weakly produce mainly CO,
such as Ag or Zn, since CO is immediately released from the surface and cannot further react.
The exceptional behavior of Cu results from an intermediate *CO and low *H binding energy.

In this way, *CO can be further reduced, which leads to the formation of products beyond *CO,

such as hydrocarbons and alcohols.??
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Figure 2.2 Potential-dependent Faradaic efficiencies of a polycrystalline Cu foil during CO2RR for 1 h
in CO, saturated KHCO5 with data from Kuhl et al.'® (a) shows the Faradaic efficiencies for gaseous

products and (b) the Faradaic efficiencies for liquid products.

One drawback of Cu electrodes is their poor selectivity toward a particular product.
Specifically, Kuhl et al. detected 16 different products during CO2RR on a polycrystalline Cu
foil in 0.1 M potassium bicarbonate in an H-type electrochemical cell. Hereby, the main
products are methane, ethylene, hydrogen, formate, and CO with a Faradaic efficiency (FE)
above 10 %, while the intermediate products are ethanol, n-propanol, and allyl alcohol with a
FE above 1 % (Figure 2.2), and the minor products include products such as acetaldehyde,

acetate, propionaldehyde, [...] with a FE below 1 % (not displayed in Figure 2.2). The
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selectivity trends for the main and intermediate products can also be classified by their
aggregate state (gaseous or liquid) and are shown in Figure 2.2.'® Furthermore, the product
selectivity of the Cu foil strongly depends on the applied overpotential. At low overpotentials
between -0.6 and -0.9 Vrug, mainly 2¢” products (hydrogen, formate, and CO) are formed. At
higher overpotentials, higher e products can be formed, and the ideal overpotential for the
formation of the desired energy-dense C»+ liquid products (ethanol, n-propanol, allyl alcohol,
acetaldehyde, propionaldehyde) is around -1.0 Vrue. At even higher overpotentials up
to -1.2 Vrug, the methane and hydrogen production increase significantly. In order to further
understand this product outcome on Cu electrodes, a deeper look into the mechanistic pathways

on Cu that have been postulated in the literature is necessary.

2.2 Proposed Mechanistic Pathways

The reaction mechanisms of the CO2RR on Cu toward different products have been broadly
discussed in the literature.® 2* 2° These studies are based on experimental and theoretical data
to gain more mechanistic insights to improve the efficiency of the catalyst toward a particular
product. However, there is still much disagreement in the proposed mechanisms, and more
research needs to be conducted in this field, e.g., by combining density functional theory (DFT)
calculations, isotope labeling experiments, and in situ/operando characterization methods. In
the following, some of the main proposed pathways will be described as illustrated in Figure

2.3.
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Figure 2.3 Possible mechanistic pathways of the CO,RR on Cu toward C; and C,+ products.
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2.2.1 Formation of Two-Electron Products

In the first step, CO2 needs to be activated by a rate-determining step to form 2e” products such
as formate or CO. This either occurs by a concerted proton-electron (¢/H") transfer leading
directly to the carboxyl intermediate *COOH or a decoupled one electron transfer leading first
to the carboxylate anion *CO,".2° For the pathway to formate, a further reduction of *COy
occurs,”” while several studies also suggest a different binding configuration over the oxygen
atoms of this anion based on DFT calculations.?* 28 For the pathway to CO, the conversion of
*COOH to *CO takes place rapidly via a second (e/H") transfer and the cleavage of water.?’
As already discussed in Section 2.1, the further product outcome strongly depends on the
binding strength of the *CO intermediate.'® The *CO intermediate was already experimentally
observed by several techniques such as operando surface-enhanced Raman spectroscopy
(SERS)*-32 or operando infrared spectroscopy (IR),** which allowed insights into the binding

behavior and sites of the *CO intermediate.

2.2.2 Beyond *CO Products

One key difference between the selectivities of products beyond *CO lies in their
experimentally observed pH dependency.** 3 While the C; pathway to products such as
methane is pH-dependent, the C+ pathway to products such as ethylene is pH-independent.3¢
This results in the formation of Ca+ products at lower onset potentials when the pH values are
higher.?”> 3 Thus, it was concluded that the rate-limiting step for the methane pathway would
be the formation of the *CHO intermediate via the protonation of *CO,?*: ** while the rate-
limiting step for Ca+ products would be the formation of the *C>O; intermediate via CO
dimerization (coupling of two *CO) without any proton transfers.’® ** However, the pH
independence of the C»+ pathway could also arise from several other effects such as field-
stabilization of a limiting chemical reaction (e.g., CO dimerization) or an (¢ /H") transfer from
water to an adsorbate.® Another plausible Ci pathway to methane starting from *CO could
involve the formation of a *CH, intermediate through several (e /H") transfers.?®*! The *CH,
intermediate also opens up two alternate Cz+ pathways, where one leads to the formation of
ethylene over the dimerization of the *CH, intermediates.”” The other one involves a CO
insertion next to the *CH> intermediate to form an *OCCH> intermediate similar to the Fischer-

Tropsch mechanism.*?

After the C-C coupling steps, the literature suggests diverse
intermediates and pathways since the processes become even more complex.® 27 3% 4 The
pathways to alcohols such as ethanol often involve the reduction of oxygenated species such as
acetaldehyde (and propionaldehyde for n-propanol,...).® #** Additionally, water and *OH-

adsorbates might be crucial for the formation of oxygenated products.***’ The further formation
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of Cs products could stem from additional CO insertions next to C, intermediates.?” *

2.3 Catalyst and Electrolyte Design

Cu is the only metal capable of producing significant amounts of the desired C>+ products, as
discussed in Section 2.1. Further enhancement of the electrocatalytic properties of the CO2RR
toward the C-C coupling step with high activity and stability can be achieved through the
appropriate design of the catalyst and the electrolyte. The electrolyte plays a crucial role in
maintaining the optimal microenvironment, which includes the pH and the (adsorbed) anionic
and cationic species. The effects of the electrolyte are extensively discussed in the literature.®
12.19.49 Usually, CO2RR is performed at neutral pH in aqueous electrolytes such as potassium
bicarbonate solutions since they can increase the CO: concentration close to the electrode
surface.’® However, the pH at the electrode interface differs from the bulk pH due consumption
of protons or the release of OH™ by the CO,RR and HER and the low buffer capacity of
potassium bicarbonate.’! This process leads to a concentration gradient of OH", resulting in a
pH increase near the electrode. Moreover, the reaction rate of the CO2RR is mass-transport
limited due to the low solubility of CO; in the aqueous phase (33 mM at 25 °C, 1 atm).!? The
pH can also affect the selectivities, as outlined in Section 2.2.2. In addition, the design of the
catalyst significantly affects its catalytic properties. This includes nanostructuring Cu-based
catalysts and making compositional and morphological modifications. These effects will be

discussed in detail in the following sections.

2.4 Cu Nanoparticles

Cu nanoparticles (NPs, between 1 and 100 nm in diameter) can be used as catalysts for CO,RR
to maximize the surface-to-volume ratio. In this way, the electrochemical surface area (ECSA)
of the catalyst increases compared to planar electrodes, which leads to improved utilization of
the catalyst material.®> Another advantage of nanocatalysts is the possibility of implementing
them in gas diffusion electrodes (GDEs) and membrane electrode assemblies (MEAs), which
are needed for further industrial applications of the CO,RR at higher current densities.*> Well-
defined nanocatalysts are also ideal model systems to study and understand properties that
influence the CO2RR. By tuning the size, shape, and interparticle distance (or loading of the
support) as displayed in Figure 2.4, the catalytic properties of Cu nanocatalyst could be tuned,

and the different effects on the CO2RR properties will be discussed briefly in the following.®
18, 19
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Figure 2.4 Schematic illustration of important nanoparticle properties that influence the electrocatalytic

behavior of the CO,RR.

2.4.1 Shape Effect

Different NP shapes expose different crystallographic facets on the surface. Cu single crystal
studies assigned Cu(100) facets active for ethylene and Cu(111) surfaces active for methane
production.’®>* However, recently, Scholten et al. found that well-oriented ultra-high vacuum
(UHV)-prepared Cu single crystals mainly favor the production of H>.>> Only the introduction
of roughness and surface defects such as steps and kinks led to a significant enhancement of
the hydrocarbon production and several studies stated a beneficial effect of (111) and (110)
steps in (100) facets for C-C bond formation.>®>” On the basis of the single-crystal studies,
several shape-controlled metallic Cu nanocatalysts were developed, such as spheres, tetrahedra,
octahedra, star-shaped decahedra with mostly (111) facets, nanorods with (111) pentagonal
cross-section and (100) side facets, and cubes with mostly (100) facets.'® > These nanocatalysts
followed a similar facet-dependent trend as the (rough) single crystals. In particular, octahedral-
shaped particles yielded mainly methane,”® while Cu spheres were not selective for any
particular product, similar to the selectivity of polycrystalline Cu foil.°* On the other hand,
cubic-shaped particles with (100) domains combined with steps and edges favored the
formation of ethylene, while methane production was suppressed.®!

Nevertheless, one needs to keep in mind that the initial well-defined structures can significantly
alter under CO2RR conditions. For example, Grosse et al. revealed that Cu oxide cubes lose the

cubic structure and decrease in size accompanied by the formation of small NPs as observed by
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operando electrochemical atomic force microscopy (AFM) and operando electrochemical
transmission electron microscopy (TEM).®> % Such transformations can lead to the deactivation

of the catalyst or changes in the selectivity behavior.

2.4.2 Size Effect

The smaller the size of the NPs, the higher the density of low-coordinated atoms at the surface.%
This has a direct impact on the electronic properties of the material and, thus, influences the
final product selectivity. For example, small NPs exhibited an induced strain on the surface
atoms, which shifted the d-band as shown by DFT and X-ray diffraction (XRD).®> % Reske et
al. demonstrated an enhanced catalytic activity of Cu NPs when decreasing the NP size from
15 to 2 nm, which was coupled with a drastic increase in the Hz and CO selectivity in detriment
of the hydrocarbon production.®® They mainly linked this behavior to the increased population
of low-coordinated surface sites on small Cu NPs. A similar trend was also observed for other
metal NPs, such as Ag®” and Zn®®, where the HER was found to increase at a certain point for
small particles. Furthermore, in a study by Loiudice et al., Cu cubes with an edge length of
44 nm exhibited an optimized selectivity toward ethylene in comparison to smaller (24 nm) and
bigger (63 nm) cubes.®! This was explained by an optimized face-to-edge ratio, which affects
the (100)/(110) ratio. Nevertheless, the different samples investigated in these studies were
synthesized following different methods, and the role of possible leftover ligands from the

preparation procedure was unclear.

2.4.3 Interparticle Distance and Particle Loading

The number of particles loaded on a support and their distribution can significantly influence
the CO2RR properties. Mistry et al. prepared Cu NPs with a uniform size distribution and
arrangement that showed an increasing current density and selectivity toward ethylene and
methane as their interparticle distance decreased.®” They assigned this to the diffusive transfer
between neighboring NPs and the re-adsorption of intermediate species. However, changes in
the local pH due to the depletion of reactants and intermediates might also play an important
role here. Moreover, in a study by Kim et al., densely packed Cu NPs (6.7 nm) on carbon paper
underwent structural transformations into more active cubic-like particles, which resulted in a
shift of the product selectivity toward Ca+ products.’” Recently, Yang et al. could directly track
and observe the transformation of these particles with electrochemical liquid-cell scanning
TEM.”!

The dynamic and compositional changes of Cu-based catalysts highlight the importance of
advanced in situ and operando characterization techniques to understand and correlate the

relevant parameters that are responsible for enhanced CO2RR properties.
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2.5 Oxide-Derived Cu

The rapid in situ removal of oxygen from oxidized Cu electrodes during the reducing potentials
of the CO2RR leads to porous, inhomogeneous surface structures. These oxide-derived Cu

catalysts are of high interest since they frequently exhibit improved CO2RR performance.® 1

In particular, oxidized Cu materials can be either synthesized by thermal oxidation,’> 73

30, 74

anodic and plasma treatment’> ’® of metallic Cu structures or by the direct synthesis of

77.78 and wet-chemical synthesis procedures.®"-” The CO2RR

Cu(I) oxides via electrodeposition
performance of these materials showed an enhancement of the selectivity toward C-C coupled
products, while methane was suppressed and the onset potentials were decreased.®*-*? The
improvements were assigned to their rough morphology (leading to a high ECSA with a greater
number of surface sites)® % and their high density of grain boundaries/surface defects (leading
to a higher local pH).” %3

In recent years, the role of remaining oxygen in the form of Cu’ on the surface or residual
subsurface oxygen during CO2RR has developed as a topic of debate. Ex sifu characterization
methods that were used in some studies in the past, such as X-ray photoelectron spectroscopy
(XPS) or energy-dispersive X-ray spectroscopy (EDX)-TEM are not accurate to determine the
oxidation state due to the fast reoxidation of Cu-based catalysts.®*3 Instead, in situ/operando
techniques must be implemented.!® Studies of oxide-derived Cu surfaces using in situ Raman

87.88 and isotopic labeled '*O oxygen® revealed that the reduction of Cu,O to Cu

spectroscopy
is energetically and kinetically favored compared to the start of the electrocatalytic CO2RR. On
the other hand, operando X-ray absorption spectroscopy (XAS) revealed the existence of Cu”
during reaction conditions of plasma-oxidized Cu catalysts’® and Cu,O-derived nanocubes,”
which correlated with high Ca+ selectivities. Additionally, theoretical simulations showed an
improvement of kinetics and thermodynamics with subsurface oxygen in terms of CO

activation and dimerization.’” °! Besides, Cu® species were also stabilized or regenerated by

92, 93 94, 95

different approaches such as by adding iodine species or boron dopants or by
performing pulsed CO2RR into the oxidation regime of Cu.”® 7 Nevertheless, it remains
challenging to determine oxygen species at the surface where the CO2RR takes place.

The applied operando techniques can often not exactly determine the position of the detected
oxygen in the catalyst or are not sensitive enough.® Thus, one needs to combine complementary
surface-sensitive operando methods to shed more light on the role of oxygen in Cu-based

catalysts and link its composition to the catalytic function.
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2.6 Bimetallic Effects

Bimetallic Cu-based catalysts have emerged as promising materials for CO2RR due to their
ability to steer the selectivity toward a particular product and improve the activity and stability
of the catalyst. There are three major bimetallic systems with distinct selectivity trends
following the classification that was previously introduced in Section 2.1.'% !° In particular, the
combination of Cu with an Hz-producing metal (Fe, Ni, Pt) was found to mainly increase the

98,99

HER activity and selectivity, while the combination of Cu with an HCOO™ producing metal

100, 101 ¢ to an

(In, Sn) led either to an increase in the CO selectivity and HER suppression;
increase in the HCOO™ production.!?® % Here, the focus lies on the combination of Cu with a
CO-producing metal (Ag, Au, Zn), which can lead to the enhancement of the desired Ca+
products; %1% besides an increase in the CO selectivity.!%% 1%

The addition of a second metal to a Cu catalyst can introduce a variety of effects, including
electronic, geometric, and tandem effects, that influence the behavior of these systems (Figure
2.5). Since these effects are often intertwined, it can be complex and challenging to disentangle
the behavior of these catalysts.
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Surface alloys Disordered/ordered alloys Phase-segregated structures

Electronic and geometric effects Electronic and tandem effects Tandem effect

Figure 2.5 Schematic illustration of different bimetallic Cu-based nanostructures and their selectivity
trends of the CO.RR with proposed effects on the catalysis by the introduction of a second CO-

producing metal.

2.6.1 Electronic and Geometric Effects

The electronic effect results from the changes in the electronic structure of the Cu catalyst,
which alters the binding energies of the reaction intermediates according to the d-band theory.
This theory states that the behavior of the occupied d orbitals on the catalyst surface strongly
correlates with the local electron transfer and surface chemisorption.!'® On the other hand, the
geometric effect alters the atomic arrangement of the active sites, changing the way how the
adsorbates interact with the surface and each other. The electronic and geometric effects often

play a crucial role in bulk alloys, surface alloys, near-surface alloys, and guest metal-modified
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surfaces.® For example, Clark et al. prepared CuAg bimetallic electrodes and surface alloys that
decreased the competing HER, while Cz+ oxygenated products, particularly the carbonyl-
containing products, were enhanced.''! This was linked to the formation of a CuAg surface
alloy, as shown by ex situ XPS, that introduced a compressive strain into the Cu surface,
weakening the adsorption energy of *H. The suppressed HER and the reduced oxophilicity of
the strained Cu led then to reduced rates of C-O bond scission, resulting in the observed product
outcome toward more oxygenated products. Higgins et al. observed a similar trend for CuAg
thin films, including the suppression of the HER and the increase of oxygenated Ca+ products.'!?
An increase in the Ag content was also accompanied by an increase in the activity and
selectivity toward CO. The significant selectivity improvements were here correlated with the
high Ag miscibility in Cu. Moreover, DFT simulations confirmed that Ag doping in Cu weakens
the binding energy of *H species, as previously assumed.

Furthermore, Jeon et al. studied the correlation between the selectivities of size-controlled CuZn
NPs (~5 nm in diameter) and the initial composition of Cu and Zn, as well as the extent of
alloying between Cu and Zn during CO2RR.!"® Time-dependent operando X-ray absorption
fine structure (XAFS) data revealed that Cu-ZnO NP structures at the initial stage of the CO2RR
were selective for methane production, while CuZn NPs with a high degree of CuZn alloy
(brass), evolving over the course of the CO2RR, were mainly selective for CO and H». The shift
of the d-band center of Cu away from the Fermi level due to CuZn alloying was suggested as
the reason for this phenomenon, as it weakened the binding strength of *CO. Timoshenko et al.
introduced a new artificial neural network (NN) method to further analyze the operando
extended X-ray absorption fine structure (EXAFS) data of these CuZn NPs during CO,RR.!*
They demonstrated that the Cu-M interatomic distance, which impacts the geometric effect,
could be used as a descriptor for the observed catalytic selectivities. The NPs at the initial stage
of CO2RR (favoring methane) had shorter interatomic distances similar to those of Cu, while
the NPs at a later stage of CO2RR (favoring CO) developed longer Cu-M distances. Riischer et
al. also emphasized the importance of the alloy type (electronic structure) of cubic-shaped ZnO-
Cu20O-derived nanocatalysts by operando NN-EXFAS.!'S They observed that Zn-rich
hexagonal close-packed-type (hcp) structures favored the formation of Hz and CO, while
diluted Cu-rich face-centered cubic-type (fcc) structures in combination with sub-surface Cu(I)

favored C-C coupling toward C+ products.

2.6.2 Tandem Effects
The enhancement in activity and selectivity toward C-C coupled and oxygenated products are

also many times attributed to the tandem catalysis phenomenon, where CO is believed to be
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transferred from the CO-generating co-catalyst site to the C-C coupling Cu sites through either
surface diffusion or an increase in local CO concentration (known as the "CO spillover" effect).
This effect is commonly observed in phase-segregated structures but has also been attributed to
a beneficial effect in alloy structures.'® One example is an Ag-covered Cu2O nanowire catalyst
developed by Gao et al., which increased the CO2RR toward ethylene compared to the bare
Cu0 catalyst.!'® Operando SERS revealed the intermediate formation of CO at Ag sites, which
were assumed to undergo a subsequent spillover and hydrogenation on the Cu nanowires. In
another study, Lee et al. prepared phase-separated and phase-blended Ag-Cu,0 electrodes.!!’
Both structures demonstrated an enhancement toward ethanol in comparison to the Cu,O
electrode. Interestingly, the phase-blended Ag-Cu>O catalyst exhibited a higher ethanol
selectivity than the phase-separated Ag-Cu;O catalyst. They concluded that an optimal
distribution and distance between Ag and Cu was important to transfer CO from the Ag to the
Cu sites in order to enhance the selectivity toward ethanol.

In the case of Cu-Zn-based catalysts, the changes in the selectivity were frequently assigned to
the tandem effect, which might also interplay with electronic effects. A recent study on an
alloyed CuZn nanocatalyst by Varandili et al. revealed the importance of the composition and
structure for the selectivity trends.!!® In particular, the catalyst with a lower Zn content (5 %)
was selective for methane formation, while the catalyst with a higher Zn content (19 %) was
more selective toward ethanol. DFT calculations showed that isolated Zn atoms modified the
electronic properties of the catalyst in a way that the methane-producing *CHO intermediate
was stabilized. In turn, higher amounts of Zn released more CO from the Zn sites, and thus, the
CO concentration increased to enhance the C-C coupling via a tandem mechanism.
Furthermore, Ren et al. incorporated Zn into Cu using atomic layer deposition, which increased
the CO2RR toward ethanol.!®” CO was again proposed to be produced from the Zn sites, which
could facilitate the further reduction on the Cu sites. Additionally, operando SERS gave
evidence that the CO binding configuration on the Cu sites was altered by the introduction of
Zn, which might be important for the efficient formation of ethanol. Feng et al. further prepared
a CuZn alloy catalyst, which tuned the selectivity toward ethylene.!'” They explain that the
close distance between Cu and Zn atoms on the surface can stabilize the *CO intermediate,
which is then transferred from the Zn to the Cu sites, where further dimerization to ethylene
occurs.

These examples demonstrate the conflicting trends in the literature, such as the production of
hydrocarbons versus oxygenated products, which probably arise from differences in size,

morphology, stoichiometry, and arrangement (degree of alloying/segregation) of the bimetallic
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systems.!® Additionally, many studies only involve the characterization of the as-prepared
sample and post-mortem ex sifu characterization, making it difficult to distinguish the effects
of bimetallic systems during reaction conditions that are crucial for a rational catalyst design.
Therefore, in situ and operando methods are essential for gaining deeper insights into the
interplay between Cu and the second metal, such as the reversible or irreversible formation of

bulk or surface alloys during the reaction.

2.7 Pulsed Potential CO:RR

In the previous sections, so far, the CO2RR was only considered under a continuously applied
static potential. However, an alternative approach to adjust the electrocatalytic properties,
particularly the selectivity and stability, is the application of dynamic potential pulse conditions,
where the potential is modulated alternatingly. This approach has the benefit of allowing the
catalytic properties to be adjusted in situ without the need for prior re-designing of the catalyst
and electrolyte system. The key parameters that can be manipulated include the applied anodic
(E,) and cathodic (Ec) potential, as well as the duration of the anodic (z,) and cathodic (z.)
potential pulses (Figure 2.6 a).2° In the following section, the primary effects of pulsed CO2RR
will be discussed, such as the compositional and morphological changes in the catalyst as well
as the modifications in the adsorbate structure and hydrodynamics of the electrical double layer

that have been investigated in the literature (Figure 2.6).

2.7.1 Compositional Effect

By applying a positive oxidative potential, the composition of Cu-based catalysts can be altered
(Figure 2.6 b). For instance, the oxidation state can be adjusted, and in the case of bimetallic
catalysts, the alloy structures may change as well. Figure 2.7 illustrates Pourbaix diagrams of
Cu and Zn, which depict the correlation between the applied potential, pH value, and different
oxidation states of the metals. For instance, in the case of Cu, transitioning from -1.0 V to
0.2 Vsug (versus the standard hydrogen electrode) at a pH of 8-9 would cause the Cu oxidation
state to shift from metallic Cu to Cu0. However, it should be noted that Pourbaix diagrams
only represent conditions at the equilibrium phase and may not apply to non-equilibrium pulse
conditions.?’ Hence, careful determination of the oxidation states under operating conditions is
necessary, e.g., by performing cyclic voltammetry (CV) coupled with time-resolved operando
methods.

As discussed in Section 2.5, the presence and impact of Cu(I) species during static CO2RR is
still a topic of debate. The use of potential pulses can provide better insights into this

phenomenon, as Cu(l) can be regenerated during the anodic pulse, which is also
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Figure 2.6 Illustration of the main effects that occur reversibly or irreversibly during pulsed potential

CORR. (a) Exemplary square-wave potential pulse where pulse parameters are noted. (b-¢) Potential
pulse effects such as the compositional, morphological, adsorbates, and hydrodynamics effects. (e) is

redrawn from Kimura et al.!?

thermodynamically feasible according to the Pourbaix diagram (Figure 2.7 a). A recent
investigation by Aran-Ais et al. of pulsed potential CORR on Cu(100) single crystals
(E:=-1.0 Vrug, Eqs = +0.6 VrHE, t. = ta = 1 s) suggested that the enhanced ethanol selectivity
can be linked to the in situ regeneration of Cu(I) species.”® Moreover, the coexistence of Cu(l)
and Cu(0) species was crucial for the observed improvement, which was demonstrated by quasi-
in situ XPS measurements. Additionally, Lin et al. utilized time-resolved operando XAS during
pulsed CO2RR (E¢ =-1.0 VRrug, Es = +0.5 VRHE, fc =t = 10 s) and confirmed the generation of
Cu(I) during the anodic pulse, as well as residual Cu(I) during the cathodic pulse.'?!
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Furthermore, Tang et al. performed pulsed CO2RR at lower temperatures between 5 and 15 °C
(Ec = -1.0 VRrug, Es = +0.6 VRruE, te = ta = 1 s), which favored the ethanol over the ethylene
selectivity.'?? This was attributed to the slower reduction of Cu(I) to Cu(0) during the cathodic
pulse. Thus, Cu(l) likely exerts a positive influence on the Ca+ selectivity. Timoshenko et al.
further performed pulsed CO2RR with varying pulse duration (E. = -1.0 Vrug, E; = +0.6 VRHE,
te = 0.5-32 s, t, = 0.5-32 s) on oxide-derived Cu nanocubes to investigate the (reversible)
formation of different types of Cu oxides and their catalytic function by the use of time-resolved
operando XAS.” They found that distorted Cu(I)/Cu(II) species formed at short anodic pulses
(below 2 s) enhanced the ethanol selectivity, while bulk-like Cu oxides formed at long anodic
pulses (especially above 3 s) enhanced the CO selectivity.

However, regarding Cu-based bimetallic systems, there is only one study by Ishimaru et al. on
a bimetallic CuAg-alloyed system under pulsed CO2RR (varied Ec and Eq, t. = t, = 5 s), which
improved the Cy+ selectivity. Although the researchers speculated on the effect of CO
adsorption from Ag, they did not investigate or consider the compositional changes in the CuAg

alloy structure, which could occur under such oxidizing Cu conditions.'®
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Figure 2.7 Pourbaix diagrams (potential/pH diagrams) of Cu and Zn at 25 °C redrawn from Beverskog

et al.'?> 12* The dashed green lines show the stability limits of water in the system.

2.7.2  Morphology Effect

Potential pulses between cathodic and anodic potentials can cause significant modifications in
the surface morphology of the catalyst, particularly when oxidative anodic potentials are
applied, leading to dispersion/dissolution-redeposition processes of Cu species (Figure 2.6 c).
These morphological modifications involve microscopic roughening of the surface, resulting in
defective surface structures with larger grain boundaries, as well as crystallographic faceting

and reconstruction toward a specific surface orientation. As outlined in Section 2.4.1,
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morphological changes can have a noteworthy influence on the catalyst's activity and selectivity
toward different products. In one of the first potential pulse studies, Lee et al. showed changes
in the surface structure of Cu after pulsed CO2RR (E¢ = -2.1 Vscg, Eq = +0.0 VscE, te = 10 s,
ta =5 s) based on ex situ scanning electron microscope (SEM) images.'?* They concluded that
this structural change avoided the adsorption of amorphous graphite on the catalyst’ surface,
which led to improved long-term stability toward methane. Furthermore, Engelbrecht et al.
studied Cu sheet electrodes which demonstrated stable hydrocarbon selectivities and
suppression of the HER during long-term pulsed CO2RR (Ec =-1.5 to -1.8 Vagagct, Ea =-0.88
to +0.15 Vagagci, varied pulse lengths). They observed a modification in the surface structure
by ex situ SEM, resulting in the reorganization of grain formations at higher anodic
potentials.'?® Additionally, Jeon et al. revealed that pulsed CO2RR (E. = -0.7 Vrug, Eq =
+0.9 VRruE, fc = t. = 1 s) led to the introduction of defective interfaces and grain boundaries on
the surface of a cubic-shaped Cu nanocatalyst, as observed by ex situ microscopy techniques
(SEM and TEM).** This was found to correlate with the observed increase in the production of
Co+ products. These three studies highlight the impact of irreversible changes in the catalyst
morphology. In the Cu(100) single crystal study by Aran-Ais et al., potential pulses to £, =
+0.6 Vrue created cubic islands as evidenced by ex situ AFM.”® However, the change in
faceting could not be solely responsible for the high ethanol yields they achieved, which was
instead rather attributed to the formation of Cu(I) species. Additionally, the ECSA in this study
remained almost unchanged after pulsed CO2RR compared to static conditions while surface
steps were introduced. From these studies, it appears that the morphology changes during
pulsed CO2RR, such as the introduction of grain boundaries and surface steps, as well as surface

faceting, are often intertwined and greatly impact on the catalytic function.

2.7.3 Adsorbate Effect

Besides the modifications in the catalyst structure, potential pulses have a significant impact on
the adsorbate coverage and the rearrangement of the electrochemical double layer. Each pulse
modulates the electrode polarization, leading to the adsorption and desorption of important
adsorbates, including H*, OH", carbonate ions, *CO, and other intermediates of the CO,RR as

well as hydrated cations of the electrolyte (Figure 2.6 d).2°

To explore this phenomenon, various
studies have employed non-oxidizing and less morphologically disruptive conditions. Aran-Ais
et al. discovered a positive effect on the ethanol formation on Cu(100) single-crystals under
non-oxidizing pulsed conditions at E, = 0.0 Vrue.”® They speculated that electrode polarization
leads to a lower Haq and higher OHaq surface coverage, which enhances the selectivity toward

oxygenated products. Other researchers have expressed similar opinions.'?”> 12 Kimura et al.
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further concluded that OHaq adsorption promotes the favorable COatop binding, while inhibiting
its transformation into the inactive COprigge species.'?’ Moreover, DFT calculations
demonstrated that the presence of hydroxides decreases the binding energy of CO while
stabilizing the *OCCO intermediate, thus favoring the CO dimerization step.'*° Nevertheless,
by going up to oxidizing anodic potential pulses, the change in the Cu oxidation state might
also modify the adsorbate configuration. For example, Chou et al. performed time-resolved in
situ surface-enhanced infrared absorption spectroscopy (SEIRAS) on Cu and experimentally
evidenced that Cu oxidation eliminated the poising CObrigee Species.'*! De Ruiter et al. further
utilized time-resolved in situ SERS to understand the observed activation of CO2 to CO at low
cathodic overpotentials during pulsed CO2RR (E: = -0.55 Vrug, Eq = +1.0 Vrag, t- = 150 s,
ta =10 5).132 They correlated this behavior to the increase in the *CO vibrations directly after
applying an oxidative anodic potential together with the formation of an active copper carbonate
hydroxide species during the anodic pulse. Besides, Jeon et al. detected an increase in methane
selectivity during pulsed CO2RR of the cubic-shaped Cu nanocatalyst when the anodic potential
was raised up to +1.2 Vrue.>* They attributed this behavior to the consumption of OH" due to
the regeneration of Cuz0 species during the anodic pulse as demonstrated by operando SERS.
This resulted in an OH-poor environment and, thus a decrease of the local pH value favoring
methane formation. Next to these dynamic effects, potential pulses can also reverse the
deactivation of the electrodes from impurities and irreversibly adsorbed intermediates, thereby
improving the catalyst's lifetime and performance stability.!?> 126 133 Altogether, the former
studies highlight the dynamic interplay between the different surface adsorbates and give
evidence of particular adsorbate motives in pulsed CO2RR. Nevertheless, obtaining further
direct experimental observations of the adsorbate nature and surface coverage is crucial to

comprehend how to adjust the product selectivity to achieve the targeted Ca+ products.

2.7.4 Hydrodynamics and Mass Transfer Effects

Other aspects of any electrochemical process at the solid/liquid interface are the kinetic aspects
(e.g., hydrodynamics) and the mass transport limitation effects (Figure 2.6 ). Mass transport
of reactants is crucial for CO2RR, but concentration polarization can limit it as reactants near
the electrode surface become depleted, which slows down the reaction rate. In the mass
transport limited regime, the overall reaction rate is restricted by the transport (diffusion,
migration, and convection) of the reactants through the boundary layer to the active site.?’ This
is more important at higher current densities due to the fast consumption of the reactants. In
static CO2RR, CO; diffusion can be rate-limiting due to its low solubility in an aqueous

electrolyte. The thickness of the boundary layer also plays a significant role in determining the
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mass transport rate. Here, pulsed potential CO2RR offers a strategy to replenish the CO; levels
within the boundary layer. In order to achieve this, the duration of the anodic pulse must be
sufficiently long (typically lasting several seconds), or the boundary layer must be decreased,
for instance, through convection.!** 1*° In a study conducted by Kim et al., it was demonstrated
that the replenishing effect could increase the selectivity of Ca+ products during pulsed
CO2RR.!** Through simulations and estimations of the local CO, concentrations, they
discovered that there was an elevation in CO; concentration at cathodic pulse durations that
were sufficiently short (less than 12 s). Besides, Kimura et al. investigated pulsed CO2RR on a
rotating disk electrode with varying pulse durations and compared the results to the static
CO2RR.'?° They found that the improved mass transfer alone could not account for the
enhanced selectivities under pulsed conditions at short pulse length in the millisecond range, as
the static CO2RR measurements at elevated convection exhibited significant discrepancies in
the catalytic selectivity, despite a similar mass transport of the reactants. In general, it is crucial
to comprehend and optimize the transport phenomena, which are especially significant for

pulses that last in the range of seconds.

To summarize, pulsed potential CO2RR is characterized by a complex and dynamic interplay
between various interconnected effects. One critical parameter is the applied anodic potential,
which can cause changes in the electrical double layer at lower potentials or induce the
oxidation/reduction of the catalyst at higher potentials, also leading to morphological changes.
The second key parameter is the pulse length, which can be used to adjust the electrocatalytic
properties. Short pulses in the millisecond range affect the adsorbate coverage, while longer
pulses in the second range cause compositional and roughening changes and increase local CO»
concentration. However, the rapid transformations involved in pulsed potential CO2RR make it
difficult to fully understand the underlying mechanisms. To gain a complete mechanistic
picture, time-resolved in situ and operando techniques are necessary to track the structural,

compositional, and adsorbate alterations that occur during each individual pulse.



2 Theoretical Background 24

2.8 Scientific Objectives

After reviewing the theoretical background of the CO2RR on Cu-based catalysts under both,

static and pulsed potential conditions, several unanswered questions arise. Addressing these

questions would aid the catalyst design toward valuable Cy+ products and provide further

mechanistic insights. The open questions are:

1)

2)

3)

How are oxide-derived Cu catalysts modified by the introduction of Ag to enhance the
catalytic properties toward Cz+ liquids?

Numerous studies have indicated significant improvements in the catalytic properties of Cu-
Ag catalysts for CO2RR, resulting in the production of valuable products like ethanol or
ethylene. However, the current comprehension of the catalyst composition and its influence
on the adsorbate structure under operating conditions is still limited, hindering the rational
design of bimetallic catalysts toward specific products. To address this knowledge gap,
Chapter 5 of this work aims to provide deeper insights into the Cu-Ag catalyst system
through the implementation of advanced characterization methods, specifically operando
Cu and Ag K-edge X-ray absorption spectroscopy and operando surface-enhanced Raman

spectroscopy.

What adjustments are required in the surface composition and interfacial adsorbate
structure of oxide-derived Cu catalysts to improve the selectivity of ethanol?

The relationship between the oxidation state of Cu, the adsorbates and their coverage on the
electrode surface of oxide-derived Cu catalysts remains insufficiently understood,
particularly in the field of (pulsed potential) CO2RR. Chapter 6 of this work aims to advance
the understanding of this intricate interplay, which is crucial for fine-tuning selectivities
toward energy-dense products such as ethanol. To accomplish this, a state-of-the-art sub-
second time-resolved operando surface-enhanced Raman spectroscopy technique will be
employed, which enables, for the first time, the direct observation of essential *CO and
*OH" adsorbates, as well as the introduction of surface oxygen during the oxidative pulse

in pulsed CO2RR.

How does a bimetallic Cu-Zn catalyst react under pulsed potential CO2RR conditions?
The implementation of pulsed potential CO2RR conditions has demonstrated remarkable
potential for controlling the selectivities of Cu catalysts. Nonetheless, the investigation of

bimetallic Cu-based systems during these conditions is rarely explored, despite their
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potentially fascinating properties since the redox characteristics of the two metals can be
adjusted. Chapter 7 of this thesis will investigate a Cu-Zn system, which exhibits distinctly
different redox properties as predicted by the Cu and Zn Pourbaix diagrams (Figure 2.7).
Depending on the anodic potential, the selectivities will be tuned to different products,
including ethanol. To gain deeper insight into this behavior, highly advanced sub-second
time-resolved techniques such as operando Cu and Zn K-edge X-ray absorption
spectroscopy, operando X-ray diffraction, and operando surface-enhanced Raman
spectroscopy will be employed. The synergistic combination of these techniques will lead
to the establishment of significant structure-selectivity correlations, encompassing various
aspects such as the composition of the catalyst, its crystalline structure, and adsorbate

structure.

Additionally, Chapter 3 will provide a detailed description of the methodology employed in this
thesis, including various ex situ, in situ, and operando techniques, along with their theoretical
basis and experimental setups. Furthermore, Chapter 4 will outline the synthesis procedures
that were developed to prepare well-controlled and defined nanoparticle catalysts. Finally,
Chapter 8 will provide a summary of the key findings obtained by the studies in this thesis and

will present further perspectives.



3 o Experimental Methods

This chapter aims to provide a comprehensive overview of the fundamental principles
and techniques of electrochemistry, which form the foundation for the electrochemical
reduction of CO,, followed by a detailed description of the employed ex situ, in situ, and

operando characterization techniques and their fundamental underlying principles.

3.1 Electrochemistry

Electrochemistry is a branch of chemistry that deals with the flow of electrons or ions at the
interface between an electron conductor and an ion conductor. This encompasses a broad range
of phenomena and technologies, such as corrosion, batteries, electrolysis, and electroplating.
Here, the focus is centered on heterogeneous electrochemical systems with a solid-liquid
interface, where the electrical charge is transported across the interface through the movement
of electrons (and holes) between a solid electronic conductor (electrode) and a liquid ionic
conductor (electrolyte). Experimentally, it is not possible to work with a single interface, and

instead, electrochemical cells must be used.!'313°

3.1.1  Electrochemical Cells

Electrochemical cells are composed of two half-cells, each consisting of an anode and cathode
electrode. The anode electrode acts as the side of oxidation (loss of electrons), while the cathode
electrode serves as the side of reduction (gain of electrons). The electrodes are placed in an
electrolyte, where the ions can freely move in. When a potential £ is applied between the
electrodes, different processes can occur, e.g., a chemical reaction that results in the transfer of
electrons across the electrode/electrolyte interface, leading to a current flow 7 in the external
circuit. This transfer of electrons is represented by the total charge Q and is referred to as a
Faradaic process. Thereby, Faraday’s law describes the proportionality between O and the
amount of the generated product. On the other hand, non-Faradaic processes do not involve
charge-transfer reactions but instead involve adsorption, desorption, and charging processes
that can also lead to a current flow.!36-13

When studying an electrochemical reaction of interest, the focus is usually only on one half-

side of the electrochemical cell, with the electrode being referred to as the working electrode

26
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(WE). The other half of the cell is known as the counter electrode (CE), and together they built
up a simple two-electrode setup. However, in order to define and control the potential of the
WE to a reference point, a three-electrode setup must be implemented. This setup includes a
third electrode, referred to as the reference electrode (RE), which is placed close to the WE. In
this work, all recorded potentials are referenced with respect to the reversible hydrogen
electrode (RHE), which correlates with the pH value under standard conditions (25 °C and

1 atm) as derived from the Nernst equation:

where Erpue is the electrode potential versus RHE, and Ey is the standard reduction potential

(which is 0 V for the hydrogen and 0.205 V for the Ag/AgCl in 3.5 mol/L KCl).
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Figure 3.1 Scheme of the electrochemical H-type three-electrode cell setup used for the CO,RR

measurements.

For the CO2RR measurements, an electrochemical H-type glass cell (three-electrode setup) is
utilized, as schematically shown in Figure 3.1. This cell is composed of two separate
compartments: the WE (cathode) side, where the CO2RR and the competing hydrogen evolution
reaction (HER) take place, and the CE (anode) side, where the counter reaction, in this case,
the oxygen evolution reaction (OER), occurs. The WE consists of one of the Cu-based
electrocatalysts developed in this work, while the RE is either a commercial RHE or a leak-free

Ag/AgCl electrode. The CE is made up of a high surface-area Pt gauze mesh. Both
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compartments are filled with 0.1 M potassium bicarbonate solution (KHCO3), which is
continuously saturated with CO, with a flow rate of 20 mL min™'. The two compartments are
air-tight and separated by an anion exchange membrane (Selemion™) to prevent the diffusion
of reaction products to the CE. Additionally, the WE side is directly connected to a gas

chromatograph (GC) for online measurements of the gaseous products.

3.1.2 Electrochemical Techniques
In the following section, the electrochemical techniques that are used in this thesis will be

shortly introduced.

Chronoamperometry

Chronoamperometry (CA) is one of the most common techniques in electrocatalysis. In a CA,
a constant potential E; is applied at the WE, and the resulting current response is recorded as a
function of time commonly in an /-¢ curve (Figure 3.2). During the first few seconds of a CA,
high charging currents /. are generated, which decay exponentially. These are followed by the
generation of Faradaic currents /r from reduction or oxidation processes, which usually decay
much slower, as described in the Cottrell equation (which describes the current response of
planar electrodes in a reversible redox reaction). One application of CA is the potential-
controlled electrolysis, such as the CO2RR experiments conducted in this work, where CA is
coupled with measurements of the resulting products to determine the Faradaic efficiencies
(FE). A CA can also be conducted over a longer time range to obtain information about the

activation/deactivation behavior and stability of the catalyst.
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Figure 3.2 Exemplary chronoamperometry. (a) Applied potential over time. (b) Measured current over

time (/-¢ curve) with charging current /¢ and Faradaic current /- region.

Pulsed Electrolysis
In pulsed electrolysis (PE), the applied potential or current is sequentially altered between two

values. Here, the focus is centered on the potential-controlled PE experiments, where the
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response of the applied potential is measured by the current similar to a CA. The simplest shape
of a pulsed potential is the square wave profile, as shown in Figure 3.3 a, together with the key
control parameters such as the electrocatalytic cathodic potential £. and the anodic potential E,
as well as the respective pulse lengths 7. and #,. The value of E, is especially important to either
change the redox state of the catalyst or rather clean the catalyst surface from its adsorbates, as
explained in Chapter 2.7. Similar to a static CA, the current profile of a cathodic pulse (shown
in Figure 3.3 b) can be classified into three regions (I-1IT). However, in the potential pulse case,
regions (I) and (II) carry greater significance and are influenced by the preceding application
of an anodic pulse, whereas in the static CA case, region (III) is the primary contributor. (I)
results from the charging current /c and decays exponentially, (IT) reflects the Faradaic current
Ir, and (III) only occurs if the cathodic pulse length lasts for several seconds to hours, where
the current decreases due to degradation or deactivation of the catalyst (fragmentation, Ostwald

ripening, dissolution, detachment, agglomeration, reshaping, or poisoning).
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Figure 3.3 Exemplary pulsed electrolysis. (a) Applied potential over time. (b) Measured current over

time.

Linear Sweep Voltammetry

Linear sweep voltammetry (LSV) is a basic potential sweep method. In this case, the potential
1s swept linearly in time with a fixed scan rate v (voltage/time rate) from the initial potential £;
in one direction until the final potential E2, while the current at the working electrode is
measured (Figure 3.4 a). Usually, the current is plotted against the changes in the potential
(Figure 3.4 b). Here, this technique is used to sweep the potential slowly from the open circuit
potential to the CO2RR reduction potential region to avoid a rapid change in the potential for
the catalyst. Additionally, an LSV reveals redox transitions, such as the reduction peak at Er

and the onset of the catalytic region, as indicated by a significant decrease in the current.
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Figure 3.4 Exemplary linear sweep voltammetry. (a) Applied potential over time. (b) Measured current

against the applied potential.

Cyclic Voltammetry

Cyclic voltammetry (CV) is similar to LSV, but after reaching a vertex potential £ the working
electrode’s potential is linearly swept back with the same scan rate v in the opposite direction
to its initial potential £; (Figure 3.5 a). These cycles of potential may be repeated many times
either for the activation of the electrodes or to study the chemical and electrochemical
reversibility of the electrode processes. Also, here, the current usually is plotted against the
applied potential (Figure 3.5 b). CVs are a powerful tool in electrocatalysis to understand the
electrochemical properties of a system. In particular, they can reveal information about
reversible or irreversible Faradaic processes at the electrode surface, adsorption/desorption
processes, and charging. Additionally, the electrochemically active surface area (ECSA) can be
estimated by the determination of the double layer capacitance Cp;, which results from the non-
Faradaic processes in the electrical double layer (EDL) region of a CV. The EDL is a region of
charged particles that forms at the interface between an electrode and an electrolyte and plays

a crucial role in controlling the kinetics and thermodynamics of both electron-transfer and ion-
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Figure 3.5 Exemplary cyclic voltammetry. (a) Applied potential over time. (b) Measured current against

the applied potential.
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transfer reactions at the interface.'*’ Since the charging current /¢ in the double layer region of

a CV scales linearly with the scan rate v, Cp; can be extracted from the slope.

IC = vCDL (32)
The ECSA can be subsequently determined by the obtained Cp, and the specific capacitance
Cs of any investigated electrode and electrolyte material.'*!

ECSA = 2t (3.3)
Cs

Potentio-Electrochemical Impedance Spectroscopy

PEIS is a sensitive technique that can analyze transport processes at the solid/liquid interface in
relation to contributions from diffusion and kinetics. In PEIS, a sine wave potential with a small
set amplitude is applied to the WE for a wide range of frequencies, and the current response is
measured as illustrated in Figure 3.9 a. One requirement of PEIS is that the potential and current
need to be in a steady state. The electrochemical impedance Z follows Ohm’s law and can be
expressed as a complex function with a frequency-dependent resistance real part Zz. and a

frequency-dependent reactance imaginary part Zx:

E(w) .
Z(w) = % =Zpe — JZim (3.4)

where w is the angular frequency related to the applied frequency w = 2rf, E(w) and [(w)

are phasors that account for the amplitude and phase ¢ of the sinusoidal function, and j = v—1
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Figure 3.6 Exemplary impedance spectroscopy. (a) Applied sinus-wave potential £ = Asinwt and the
current response /, which is shifted by the amplitude 4 and a phase-shift of ¢ in dependence of the time
t at a set angular frequency w. (b) Nyquist plot at high frequencies with kinetic control, where the
imaginary part of the impedance Z;, is plotted as a function of the real part Zz. with the electrochemical

resistance Ro.



3 Experimental Methods 32

is an imaginary number. The relationship between the impedance and the frequency is either
displayed as a Bode plot, where log |Z| and ¢ are both plotted against log w or as a Nyquist
plot, where Zj, is plotted against Zg.. Figure 3.9 b shows an example of a Nyquist plot of one
of the electrocatalysts used in this thesis, from which the electrochemical solution resistance Ro
could be determined. Beyond this, the data points in a Nyquist plot can also be fitted with a
suitable model that provides information about the capacitive charge-transfer resistance at high-
frequencies and the Warburg impedance for mass transfer processes at low frequencies.'#?

In this work, PEIS was applied only for the determination of Ro, which occurs due to the ohmic
losses between the applied potential at the WE and the RE. Since ohmic losses are proportional
to the thickness of the electrolyte layer, the RE is mounted as close as possible to the WE.
However, an ohmic resistance will still occur, and the applied potential Eqppiies needs to be

compensated (iR corrected) with the loss of potential Eiz as follows:
E = Egppiiea — Eir with Eig = Ry -] (3.5)

3.1.3 Electrocatalytic Parameters

In order to compare the electrocatalytic properties of different catalysts to each other, certain
representative parameters need to be introduced. The Faradaic efficiency (FE) gives insights
into the selectivity behavior of the catalyst and can be determined for the gaseous and liquid
products. It describes the fraction of electrons that are transferred for an electrochemical
reaction to a certain product. Beforehand, the gaseous products (such as Hz, CO, CH4, C2Ha4,
C2Hp) are detected online during the reaction every 15 min by a gas chromatograph (GC), which
is equipped with a thermal conductivity detector (TCD) and a flame ionization detector (FID).

The FEx of a gaseous product can be then calculated by the following equation:

V Cyzy F
FEx_—x X

Vm jtotal t

-100 % (3.6)

where V is the flow rate, Cy is the volume-fraction of the product detected by the GC, z is the
number of electrons transferred for reduction to the product, F' is the Faradaic constant, Vy is

the molar volume, and j.w 1s the total current density during CO» electrolysis (in the cathodic

tc

part). Thereby, ¢ is 1 for static CO2RR conditions and t = for pulsed CO2RR conditions

ctta
with the duration of the cathodic pulse, 7., and of the duration of the anodic pulse, #,.

The liquid products are detected after the reaction by a liquid GC (L-GC) and a high-pressure
liquid chromatograph (HPLC), and the FEx for a liquid product is calculated as:

_ VACyzy

F
FE, = “2222 - 100 % (3.7)
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where V' is the volume of the electrolyte, ACy is the accumulated concentration of product x
detected by HPLC or L-GC, and 4Q is the total charge transferred during the electrolysis, which
can be obtained by the integration of the cathodic current and subtraction of the charging
current. The sum of all FEx needs to be 100 %.

Additionally, the catalytic activity for certain products can be compared by the partial current
density J. J, for the product x can be derived from the FE:

— FExjtotal . 1
= A 100 % (3-8)

where 4 is the geometric area of the electrode.

3.2 Ex Situ, In Situ, and Operando Characterization

Characterization plays a key role in the field of catalysis. It provides knowledge of the physical
and chemical properties of the catalyst and helps to uncover the structure-reactivity or
selectivity relationships of a catalytic system. The catalytic system is not static but instead can
change reversibly or irreversibly during the catalytic reaction, and the active sites of the catalyst
only evolve under reaction conditions.?! This includes changes in morphology, chemical state,
surface reconstructing, alloying, and segregation. There are three different terms to describe the
conditions under which the employed characterization methods are performed.

Ex situ is the simplest way to analyze a catalyst. Here, the catalyst is characterized without
applying any catalytic condition. It is frequently used to analyze the catalyst after the synthesis
procedure in the as-prepared state and can also monitor irreversible changes in the catalyst after
applying the catalytic conditions. However, ex situ measurements may give misleading
conclusions since the catalyst might have transformed another time once the catalytic reaction
was stopped (e.g., reoxidation of a Cu-based system in air).

Therefore, in situ measurements can give more insights into the active center of a catalyst during
the reaction. /n situ measurements are conducted in the reaction environment but not under the
optimal catalytic conditions. This means that the experimental setups, e.g., the electrochemical
cells or substrates, differ from the ones used for the real catalytic testing so that the catalytic
turnover is not reached.

The ultimate goal in catalysis research is to perform operando measurements, where the
characterization method during a catalytic reaction is coupled simultaneously with the
measurement of catalytic activity and selectivity. In this way, structure-reactivity/selectivity
relationships of catalysts can be established. Thereby, the active catalytic center can be

determined to uncover the mechanism of the reaction. Additionally, time-resolved operando
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measurements help to follow the dynamic changes of the catalyst in real-time, e.g., to
understand the changes of the selectivity over time or to follow induced dynamic changes in a
pulsed potential experiment. In this thesis, operando investigations are extensively used to
understand the behavior of the catalyst.

Table 3.1 presents the assignment of the employed techniques to the just introduced terms.

These techniques will be introduced in the following sections.

Table 3.1 Assignment of employed techniques in this thesis to the ex situ, in situ, operando

methodology.
Method Ex situ In situ Operando
SEM, TEM X
SERS X X
XAS X X
XPS X X
XRD X X X

3.3 Electron Microscopy

Electron microscopy (EM) is a straightforward and commonly used technique for the
investigation of nanomaterials providing structural and chemical information down to the level
of atomic dimensions. Whereas the resolution of an optical microscope is limited by the
wavelength of the visible light (Abbe limit), the resolution can be enormously improved by
using an electron beam with a wavelength of less than one Angstrom (107! m), enabling almost
atomic resolution. There are two principal electron-based microscopy techniques, namely
transmission and scanning electron microscopy (TEM and SEM), which differ in how the
images are generated.'*’

A TEM operates similarly to an optical microscope, where the optical lenses are replaced by
electromagnetic lenses. In TEM, a primary electron beam passes through a condenser system,
which produces parallel rays down to a certain spot. The objective lens forms an image from
beams that have been either transmitted (bright-field image) or diffracted (dark-field image)
when passing through the sample. Another type of TEM is scanning transmission electron
microscopy (STEM), where the electron beam is focused on a fine sub-nanometer spot and
scanned across the sample. Depending on the acceleration voltage (100-200 keV), modern TEM
instruments can reach a resolution of 0.1-0.5 nm.

In SEM, a focused electron beam is scanned over the sample surface, and the yield of the
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secondary or the backscattered electrons is detected as a function of the position of the primary
beam. The contrast is caused due to the topology and composition of the surface. Modern SEM
instruments reach a resolution of about 5 nm. Whereas TEM requires thin samples, even bulk
samples can be measured in SEM if fitting into the microscope chamber.

Additionally, electron microscopes can be equipped with an energy-dispersive X-ray (EDX)
detector. Since the energy of the emitted X-rays and their corresponding intensity are
characteristic of certain elements, they allow their appropriate identification, quantification, and
localization in the sample being investigated.'#* 143

Overall, EM offers great possibilities to determine particle sizes and their distribution.
However, EM gives only local information of a certain sample spot, and the sample
characterization should be thus combined with other more averaging methods (e.g., XRD). In
general, EM experiments need to be performed in a vacuum, which makes in situ and operando
experiments challenging even though in situ TEM shows promising advances.!*® In this thesis,

ex situ TEM and SEM are utilized to compare the catalyst structure before and after the reaction.

3.4 Surface-Enhanced Raman Spectroscopy

Surface-enhanced Raman spectroscopy (SERS) has recently gained strong relevance as a
spectroscopic tool in the field of electrocatalysis. SERS is a surface-sensitive non-destructive
technique that enhances the Raman scattering of molecules supported by plasmonic materials.
Its ultra-high sensitivity and selectivity make it an ideal versatile method for in situ and
operando studies to determine not only the chemical identity of the active catalytic species but
also the surface species and reaction intermediates. In this way, mechanistic insights underlying
the catalytic reaction can be attained. Additionally, the acquisition times of the spectra can be
reduced down to the millisecond range due to the high signal intensities of SERS and
improvements in optics, detectors as well as data processing, which enable to track the dynamic

rearrangement of the surface species during the electrocatalytic reaction.>% 147 148

3.4.1 Fundamentals of Raman Spectroscopy

SERS results from the enhancement of Raman scattering, and it is, therefore, crucial to
introduce the fundamentals of Raman spectroscopy. Raman scattering, or the Raman effect,
was first reported in 1928 by the Indian scientists C. V. Raman and K. S. Krishnan.'* It is based
on the scattering of photons from a molecule when electromagnetic radiation interacts with
matter. The scattered photons can then be observed by their collection at an angle to the incident

light.
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Figure 3.7 Rayleigh and Raman scattering. Rayleigh scattering occurs if the incident and scattered
photons (of an energy E = hv) have the same energy. Stokes Raman scattering occurs if the
atom/molecule absorbs energy, and the scattered photon has less energy. Anti-Stokes Raman scattering
occurs if the atom/molecule loses energy, and the scattered photon has more energy than the incident
photon. Rayleigh scattering can also occur from excited vibrational ground states. The schematic is

adapted from Smith and Dent.'>
In general, electromagnetic radiation can be characterized by its wavelength A:

A== (3.9)

v
where c is the speed of light and v is the frequency of the light. In Raman spectroscopy, usually,

frequency v or wavenumber V scales are used since they are directly proportional to the energy

of the incident light AE:
V=— (3.10)
and

(3.11)

<
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> =

where / is the Planck constant. If a sample is now irradiated with a single-frequency radiation
source, the scattered radiation from the molecule differing by one vibrational unit compared to
the incident beam can be detected. This is in contrast to infrared (IR) spectroscopy, where the
incident radiation covering a range of infrared frequencies needs to match the energy difference
between the excited and the ground state of a molecule.

There are three different ways that are relevant for Raman spectroscopy, how the light can

scatter by a material, as illustrated in Figure 3.7. When a monochromatic light source (usually
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a laser) interacts with the molecule, the electrons are excited, and so-called virtual states with
short live times are created. These states are not stable, and photons can be elastically and
inelastically scattered. If the scattered photons have the same energy as the incident photons,
they are elastically scattered, which is called Rayleigh scattering. This is the most intense
process. However, if nuclear motion is induced during the scattering process, the light scatters
inelastically, which is called Raman scattering. Stokes Raman scattering occurs if the molecule
is excited from the lowest vibrational level of the electronic ground state m to a higher energy
excited vibrational level of the electronic ground state n, and the scattered photon loses energy.
Inversely, anti-Stokes Raman scattering occurs if the molecule loses energy by relaxing from a
higher energy excited vibrational level of the electronic ground state » to a lower vibrational
level of the electronic ground state m, and the scattered photon gains the corresponding energy.
Raman scattering is a weak process, and therefore, modern lasers and optics with very high-
power densities are needed to gain sufficient signal. Commonly, only Stokes Raman scattering
is recorded, which has higher signal intensities due to the higher population of the lower states
at room temperature, % 131

Raman spectra result from electronic transitions, which are related to the vibrational and

rotational states of a molecule. Figure 3.8 shows the electronic ground state of a diatomic

molecule for one vibrational level without rotational levels, known as the Morse potential curve.

=T

>

R

Figure 3.8 A typical Morse potential energy curve. The minimum of the curve equals the internuclear
separation R with the lowest potential energy E. The horizontal lines represent the fundamental and
overtone levels of one vibration v. Stokes Raman scattering of the incident photons of an energy Av is

indicated with blue arrows. The schematic is adapted from Smith and Dent.!*°
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This curve represents the electronic state, where the vibrational energies are quantized. Hooke’s

law describes the Morse curve with a harmonic approximation:

L (3.12)

2meAl ©

where c is the speed of light, K is the force constant of the bond between atoms A and B, and u
is the reduced mass of the molecule. u can be calculated by the following equation:

_ MpMp
- Mg+ Mp

(3.13)

where M4 and Mp are the masses of atoms A and B. Therefore, the lighter elements show
specific vibrations at higher wavenumbers. For example, the C-H vibrations are situated around
3000 cm™, the C-O vibration around 2000 cm™!, and the Cu-C vibration around 300 cm’!. It
should be noted that the harmonic model is only a simple approximation, where the overtones
(the higher vibrational states) of a molecule are equally spaced, even though the energy
separations between the levels are decreasing in a real system (Figure 3.8).1%% 15!

Raman selection rules require a change in the polarizability of the molecule, where symmetric
vibrations are the most intense. In contrast, IR results from a dipole change in the molecule,
where asymmetric vibrations are more intense. Both techniques have the same selection rule
Aw = 1, which applies stricter on Raman, where usually no overtones are observed. For
example, the linear CO2 molecule has four modes of vibration according to the 3N-5 rules
(which is 3N-6 for non-linear molecules, where N is the number of atoms). The normal
vibrational modes of CO; are displayed in Figure 3.9. The symmetric stretching mode causes a

change in polarization but no change in the dipole. Therefore, this mode is only Raman active

Dooh
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A
i \

IR inactive IR active IR active
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1388 cm’ 2349 cm™ 667 cm-’

Figure 3.9 Vibrational normal modes of the linear CO, molecule, which belongs to the D point group.
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with a band at around 1388 cm™. The asymmetric stretching and bending modes show no
change in polarization, while the dipole is changing. Thus, these modes are only IR active with
bands at 2349 and 667 cm™'. However, in real Raman spectra, another band at 1286 cm™! appears

due to the second harmonic of the bending vibration.!>% 152

3.4.2 Fundamentals of SERS

Even though Raman spectroscopy is an attractive method, the low signal intensities limit its
practical use, especially for in situ/operando studies. The discovery of SERS by Fleischmann
et al. in 1973 greatly improved the signal intensities by an enhancement factor of up to 10 to 11
orders of magnitude.'>* 1>* Practically, a SERS spectrum can be easily obtained from a suitable
analyte such as roughened surfaces or nanostructures (mainly Cu-, Ag-, Au-based).

Two different theories of the surface enhancement mechanism have been established, namely
the electromagnetic and the chemical enhancement theory. In the electromagnetic theory,
localized surface plasmons are excited when the incident light hits (nano)particles that are much
smaller than the incident wavelength. When the frequency of the induced oscillation of the
electrons matches the light frequency, localized surface plasmon resonance (LSPR) occurs,
which enhances the electric field near the particle surface. As a result, the Raman scattering of
adsorbates within that electromagnetic field is enhanced. Thus, SERS can occur even when the
molecule is relatively far from the nanoparticles that induce the surface plasmons. The SERS
enhancement strongly depends on the properties of the nanoparticles, such as their size, shape,
and morphology.

In the chemical enhancement theory, charge transfer (CT) leads to the SERS enhancement,
where the adsorbate needs to be chemically bonded to the surface. The incident radiation is
absorbed by the metal that creates a hole pair. The energy is then transferred from the hole pair
to the molecule to cause the Raman process, and the reduced energy is returned back to the
metal before scattering from it, which causes the enhancement. The CT enhancement only
occurs from the first layer of the analyte attached to the surface since the adsorbate needs to be
bound to the metal. Nowadays, it is believed that both mechanisms contribute together to the
overall SERS signal, where the electromagnetic mechanism is the more dominant process.!'*”
150

Frequently, the selection rules of SERS change compared to the ones of Raman spectroscopy
as introduced in Section 3.4.1. This arises from the fact that the symmetry of the molecules
changes when there are adsorbed onto a surface. As a result, new bands, which are inactive for
Raman, can be active for SERS and vice-versa, and also, the band intensity ratios might change

in comparison to a conventional Raman experiment.'3% 153
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3.4.3 Operando SERS
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Figure 3.10 Operando SERS spectro-electrochemical cells (a) Scheme and (b) image of the custom-
made operando single-compartment electrochemical SERS cell made of Teflon with water immersion
objective. (¢c) Scheme and (d) image of the custom-made operando flow electrochemical SERS cell
made of PEEK together with the water immersion objective. The flow is controlled via a peristaltic
pump outside of the Raman system and cycled through the cell over an electrolyte reservoir, where the

electrolyte is saturated with CO,.

For the operando measurements, two different spectro-electrochemical cells were designed,
which are displayed in Figure 3.10. The single-compartment cell consists of a platinum mesh
as the counter electrode and of an Ag/AgCl electrode as the reference electrode. The sample is
drop-casted on a glassy carbon plate, which is taped onto the bottom of the cell and serves as
the working electrode. The electrolyte is permanently purged with CO». The main drawback of
this cell is the bubble formation during CO2RR on the working electrode, which can lead to an
immense decrease in the SERS signal intensity.

Therefore, a new cell was designed, which works with an electrolyte flow over the working
electrode. Here, the working electrode is mounted in a sample holder and drilled from the

bottom into the cell. The reference electrode is placed next to the working electrode, while the
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counter electrode (a Pt gauze) is in the outlet of the cell to avoid Pt contamination of the working
electrode. The flow is induced with a peristaltic pump over an electrolyte reservoir (¥ =50 mL),
which is constantly saturated with COx.

When Raman spectroscopy was invented, it relied on a low-pressure mercury arc as its
excitation light source. However, the development of lasers (Light amplifier by stimulated
emission of radiation), which provide strong, coherent, and monochromatic light, greatly
enhanced the signal intensities of Raman scattering.'>® In this thesis, both a near-infrared laser
(A = 785 nm) and a HeNe laser (4 = 633 nm) were utilized as excitation sources. A water
immersion objective (63x, numerical aperture of 0.9), protected from the electrolyte by a Teflon
(FEP) film, was employed to focus the laser onto the sample. Backscattered light was then
Rayleigh-filtered, and the Raman scattering light was diffracted by a grating and directed
toward a CCD detector, which recorded the SERS signal.

In summary, SERS is a powerful lab-based surface-sensitive tool in electrocatalysis for in situ
and operando studies to identify the composition of the catalyst and important intermediates
with great sensitivity. However, the enhancement effect strongly depends on the implemented
materials, and the interpretation of SERS spectra is often not straightforward since the selection
rules change in comparison to conventional Raman scattering. Here, the employed Cu-based
nanocatalysts offer an applicable system for SERS measurements with sub-second time

resolution.

3.5 X-Ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) is a strong tool in catalysis research and is especially
attractive for in situ and operando studies due to the high penetration depth of X-rays. This
element-specific technique can uncover active sites in multielement systems and gives diverse
structural and electronic information about a studied sample under different electrochemical
reaction conditions. XAS experiments usually require a bright and tunable X-ray source (up to
several tens of keV), which is provided by synchrotron radiation facilities. Recent developments
in XAS even enable acquisition times in the millisecond range, which is key for the direct

observations of fast transitions in the catalyst to uncover the reaction mechanism., !4+ 1%

3.5.1 Fundamentals of XAS
XAS is based on the absorption of X-rays in a material, which is for all types of electromagnetic
radiation described by the Beer-Lambert law. The letter states that the transmitted radiation

intensity Ir after the sample is exponentially reduced compared to the incident radiation
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intensity /yp depending on the sample thickness d and the energy-dependent X-ray absorption
coefficient u(E) as the photons pass through the material:

Iy = Ije#E)d (3.14)

Over a wide energy range, u(E) is a smooth function of the photon energy and decreases with
increasing photon energy. However, if the photon energy matches the binding energy of a core
electron, the electron leaves the atom by creating a photoelectron and a core hole. This leads to
a sharp increase of u(E), which is usually called the absorption edge or absorption jump.'*’ For
example, Figure 3.11 illustrates the absorption edge of Cu at ~9 keV in a Cu0 nanocatalyst

sample.!'>®
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Figure 3.11 Cu K-edge XAS spectrum of a Cu2O nanocatalyst sample acquired at the SOLEIL SAMBA

beamline. Characteristic regions of the spectrum are highlighted.

Here, the 1s core electrons (K-shell) of Cu are excited to unoccupied states in the valence bands,
to quasi-bound states, or to the continuum by the absorbed X-rays, which results in the so-called
Cu K-edge. The fact that every element has a different energy of the absorption edge scaling
with ~Z> makes XAS element specific. Typically, only 1s or 2p core electrons are excited,
which are referred to K- and L-edge, respectively. Above the absorption edge, the difference of
the photon energy and the binding energy is converted into the kinetic energy of the
photoelectron, while x(E) decreases with increasing photon energy. The modulations of u(E)
directly below and above the absorption edge create the X-ray absorption fine structure (XAFS).
XAFS is sensitive to the chemical state and local atomic structure. The XAFS spectrum is
typically separated into two regions, namely the X-ray absorption near edge structure (XANES)
close to the absorption edge, and the extended X-ray absorption fine structure (EXAFS) region,

which extends at photon energies higher than ~30 eV above the edge.!*’- %
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Figure 3.12 (a) Schematics of the absorption process of core level K-shell electrons by incident X-rays
of an energy hv to unoccupied states or the continuum. (b) Schematics of the outgoing photoelectron
waves of the absorbing atom (Cu atom on the left side, red waves) and the reflected photoelectron waves
of its nearest neighbors (Cu an O atom, blue waves), which creates an interference pattern either from a
single scattering (SS) or multiple scattering (MS) paths. The schematics are adapted from Schnohr and
Ridgway.'”’

XANES results from transitions of the photoelectron to unoccupied bound states or to the
continuum (Figure 3.12 a). The XANES region consists of the pre-edge, the absorption edge,
and the post-edge region. The position of the absorption edge shifts to higher energies at higher
oxidation states and can be thus used to determine the chemical state of the absorbing atom.'®
The region also provides information about the local symmetry and chemical bonding of the
absorbing atom.'®! Additionally, the post-edge XANES feature (30-50 eV above the edge) is
influenced by strong multiple scattering (MS) effects, which arise from the scattering of the
ejected photoelectrons with neighboring atoms around the absorbing atom due to the long mean
free path of these low energy electrons (Figure 3.12 b).!®! These multiple scattering effects
depend on the three-dimensional geometry of the crystal structure but are challenging to
interpret.'® As a consequence, XANES spectra are mainly qualitatively interpreted with
empirical knowledge derived from reference spectra, e.g., by the implementation of linear
combination analysis (LCA). LCA can be performed if the obtained XAS signal wi(E) is
described as the sum of the reference spectra for the pure compounds s;(E) weighted by the

concentration of the specific species w:'°!

wi(E) = XY wyj s;(E) (3.15)
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LCA then optimizes the parameters w; to complement the measured spectrum with the linear
combination of s;(E). This method is an easy way to determine the oxidation state of a sample
and track its changes under applied reaction conditions. Alternatively, linear algebra techniques
such as principal component analysis (PCA) and factor analysis can also be performed to
analyze the XANES part.!37 161

The XANES region is followed by the EXAFS region at higher photon energies. Since the
photoelectron is excited to a free or continuum state, EXAFS is not dependent on the chemical
bonding but is sensitive to probe the spatial arrangement of the nearest neighbors around the
absorbing atom. When a photoelectron meets the neighboring atoms, it is scattered elastically
and changes its wavefunction by constructive and destructive interference (Figure 3.11 b).!60
Due to the small effective mean-free path for the excited electrons at these large photoelectron
energies, the sensitivity of EXAFS spectra is limited to interactions with only a few nearest
neighbors.'®® Therefore, in contrast to the XANES post-edge region, EXAFS is dominated by
single scattering (SS) events (Figure 3.12 b), which makes it a very local method.!*"- 163

For analysis, the EXAFS component y(E) needs to be normalized by subtracting a smooth
background function uo(E) from the measured spectrum u(E) followed by the division with the
absorption edge value 4uo(Ey) at the reference energy value Ep:

_ u(E) = uo(E)
X(E) ===~ (3.16)

Then, the EXAFS signal is transformed from the energy space to the photoelectron wavenumber
k-space:

2m,

k= v

(E — Ep) (3.17)

where m. is the electron mass and 7 is the Planck’s constant. An example of the Cu K-edge
EXAFS in the k-space of the Cu0O nanocatalyst sample is displayed in Figure 3.13 a. The
different frequencies in the oscillations of y(k) depend on the distance of the absorbing and
back-scattered atoms (extracted from the magnitude of the Fourier transform) and the number
of atoms surrounding it (directly proportional to the amplitude), which can be described by the
EXAFS equation:!'>’- 163

2
Cp S3
2
K R2

2R
200 = 2, 28 (k, Ry )e 30 29K sin (2R, + @p(k, R,)) (3.18)

where p is the coordination shell, C, is the coordination number, R, is the average interatomic

distance, and o, is the disorder factor or Debye-Waller factor accounting for thermal and static
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Figure 3.13 Cu K-edge (a) Fourier-filtered k>-weighted y(k) and (b) Modulus of the Fourier-transformed
(FT) (phase uncorrected) EXAFS data with the corresponding fits (single shell fit involving only the
Cu-O SS contribution) as extracted from the XAS spectrum in Figure 3.11.

disorder in the material. This equation is written for the SS approximation, while MS effects
can be included if the index p runs over all possible SS and MS pathways without using the
coordination number.'®” The structural parameters can be derived from nonlinear least-squares
fitting of the experimental EXAFS data, while the nonstructural parameters Ey and Sy’ can be
determined from the analysis of EXAFS spectra with reference materials or fitting. Thereby,
S’ describes the reduction of the EXAFS amplitude due to many-electron effects. The functions
F,, ®@,, and 4, are usually calculated theoretically through different ab initio codes (e.g., the
FEFF code).'® Figure 3.13 b illustrates the total Fourier-transformed (FT) EXAFs (R-space) of
the Cu,0 nanocatalyst sample, which shows the Cu-O and Cu-Cu distances at ~1.5 and 2.7 A
together with an exemplary single-shell fit involving only the Cu-O SS contribution of the
EXAFS spectrum.

In some cases, it is challenging to determine the concentrations of different species from LCA-
XANES analysis, e.g., for certain alloy phases, since appropriate reference materials are
missing. Therefore, a new approach can be used, where an artificial neural network (NN)
“inverts” the EXAFS spectrum and serves to extract the radial distribution functions (RDFs) of
neighboring atoms.!!> 16165 The total EXAFS spectrum y(k) consists of the sum of the different

weighted contributions of the different species:

X(k) = Zs Ws)(s(k) (3.19)

where wy 1s the concentration of the species, and y,(k) is the partial EXAFS spectrum.
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The single-scattering path contributions ys(k) can be described as the following:'>®

xs(k) = Sg Zp f0+ooASp (k) YIsp (R) sin (ZkR + Psp (k)) 2_1; (3.20)

where Sy describes the reduction of the EXAFS amplitude due to many-electron effects, gs»(R)
is the radial distribution function attributed to the probability density to find an atom at a
distance R, Asp(k), and Dsp(k) are the changes in the photoelectron wave amplitude and phase
depending on the type of the neighboring atom. The gy,(R) functions can then be obtained from
the EXAFS spectrum by machine learning (ML). Finally, an artificial NN is constructed and
trained to find the weighted RDFs for the different spectroscopic phases.!!> 156

Conventional Cu K-edge XAS data collection of our nanocatalyst samples usually required
~10 minutes for the acquisition of one spectrum. Quick scans XAFS (QXAFS) enable the
possibility to measure XAS in a time-resolved way in the millisecond range. The high time

resolution can be achieved by using continuously oscillating monochromators together with

rapid data acquisition, whereas in conventional XAS, each energy point is measured.'®®

3.5.2 Operando XAS

For the operando investigations, a custom-made three-electrode electrochemical cell, as shown
in Figure 3.14, was used. There, the working electrode consists of a thin carbon paper electrode
on which the catalyst was either drop-casted or spray-coated onto the side-mounted toward the
cell inside. Additionally, a platinum gauze serves as the counter electrode and an Ag/AgCl
electrode as the reference electrode. The electrolyte is constantly purged with CO; and
exchanged by pumping it with an electrolyte reservoir. Due to the absorbing character of the
aqueous electrolyte, the intensity of the transmitted X-rays is very low. Thus, the measurements

are conducted in fluorescence mode, where the X-rays incident the cell from the back of the

a Counter CO: Working b W
electrode electrode Reference b
electrode e

Fluorescence

Figure 3.14 (a) Schematics of the custom-made operando XAS electrochemical cell with the incident
X-rays of an energy /v and the outgoing perpendicular fluorescence signal. (b) Picture of the cell under

operation at the SOLEIL SAMBA beamline.
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sample, and the emitted fluorescence signal is detected by a passivated implanted planar silicon
(PIPS) or a germanium detector. The emittance of X-ray fluorescence results from the eventual
filling of hole electrons in the core states with electrons with high energy from the excites states.
In order to prevent self-absorption, where the secondary photons are reabsorbed and scattered
within the material itself, sufficiently thin samples (below ~5 um) and an optimized sample

loading (e.g., ~0.5 mgc, cm™ for Cu) were used for the conducted experiments.'*°

An important requirement for the collection of XAS data on catalysts is that the particles are
monodisperse since XAS is a sample averaging technique, where the signal comes from the
whole sample. This also means that the method is not surface-sensitive unless the particle size
is very small (< 3 nm). However, XAS of optimized monodisperse catalysts reveals unique

information on its local environment and its structure.'**

3.6 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is one of the most frequently used techniques in
materials characterization. It is a surface-sensitive non-destructive spectroscopic method that
provides information about the elemental composition as well as the chemical state of a given
surface. XPS usually requires high vacuum (p ~10° Pa) or ultra-high vacuum (UHV, p <
107 Pa) conditions even though they are also current developments in ambient-pressure XPS
with pressures p of up to 2.5 bar.'®’

XPS is based on the photoelectric effect, which was described by Einstein in 1905. There, an
atom absorbs a photon of an energy /v in a way that a core electron with the binding energy Ej

is ejected, and its kinetic energy Ej can be measured (Figure 3.15 a):!%8
Ex=hv—E,—¢ (3.21)

where 4 is the Planck’s constant, v is the frequency of the exciting radiation, and ¢ 1s the work
function for the specific surface of a material, which is the energy difference between the Fermi
level and the vacuum level. XPS plots the number of photoelectrons as a function of their kinetic
energy. By using Equation 3.21, the kinetic energy is commonly converted into the binding
energy, which is element specific. Moreover, chemical information can be extracted from the
chemical shift of the XPS peaks since the energy levels of the core electrons are also dependent
on the oxidation state of the atom. For example, the weaker shielding of the Cu atom in
positively charged Cu, as in CuO compounds, results in a lower kinetic energy of the

photoelectrons and, therefore, in a higher binding energy compared to metallic Cu.!'®’
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Figure 3.15 Schematics of the photoelectron and Auger process. (a) An incident X-ray photon is
absorbed from the K-shell, and a photoelectron is generated and ejected. (b) The vacancy in the K-shell
is filled by an electron from the higher L-shell. The energy released from this process excites another

electron from the L-shell, the so-called Auger electron. The schematics are adapted from Holland.!™

The sample is irradiated with soft X-rays, where usually Mg K, (hv=1253.6 eV) and Al K, (hv
=1486.3 eV) anodes of 0-1 keV serve as X-ray sources for lab-based XPS. This leads to kinetic
energies of the photoelectrons up to the energies of the incident X-rays, and the electrons can
only travel a few nanometers through the material, which makes XPS surface-sensitive.!** The
measured XPS spectrum does not only contain the expected photoelectron peaks but also
exhibits additional peaks. Among these peaks, some arise from secondary processes since the
atom which the photoelectron left possesses a hole in its inner shell. This hole is filled by an
electron from a higher shell, and the resulting excess energy can then be released by the
emission of an electron from a higher shell if the transferred energy is greater than the orbital
binding energy (Figure 3.15 b). These emitted electrons are called Auger electrons. Therefore,
Auger electrons have fixed kinetic energies independent of the incident X-ray photon energy.
Auger peaks can be identified by recording the spectrum at two different X-ray energies, where
Auger peaks shift depending on the binding energy scale in contrast to the XPS peaks. Auger
peaks contain information about the chemical state and the binding environment since Auger
electrons usually originate from the outer shells of the atoms. For example, the Auger peaks of

Cu can give detailed information about the contribution of different Cu oxidation states on the

surface of the catalyst by comparison with reference spectra.!®% 170

Since XPS needs to be performed under UHV conditions, it is challenging to implement

operando electrochemical cell setups, which usually contain liquids. Therefore, the most
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accessible method remains quasi-in situ XPS where an electrochemical cell is directly attached
to a UHV system, and the XPS measurements are performed directly before and after the
electrochemical measurements. In this way, the sample is never exposed to air (but only to
Argon and vacuum), and the oxidation state of the catalyst can be tracked, which would be
otherwise chemically affected by the ambient conditions (e.g., re-oxidization in air). More
details about the custom-made quasi-in situ XPS electrochemical cell setup that was used for

this thesis can be found in the literature.”®

In conclusion, XPS is a great surface-sensitive method to complement the previously introduced
bulk-sensitive X-ray-based techniques (XAS and XRD). However, since it is not performed

operando in this thesis, it can only give extracts of the catalyst surface behavior.

3.7 X-Ray Diffraction

X-ray diffraction (XRD) is one of the most commonly used and oldest non-destructive
techniques for catalyst characterization. It is used for the identification of the crystalline phases
of a sample in terms of the lattice structural parameters and to obtain information about the
particle size. While lab-based XRD is a good way to study ex situ samples, XRD also offers

great in situ and operando methods, especially if coupled with synchrotron radiation.'#*

3.7.1  Fundamentals of XRD

XRD relies on the elastic scattering of X-ray photons by atoms in a periodic lattice. In a material
with an ordered crystal structure, different X-ray photons will scatter on different layers of the
crystal lattice, as illustrated in Figure 3.16. Constructive interference of the scattered X-rays
occurs when the path difference is a multiple of the wavelength in dependence on the lattice

spacings. This is mathematically described by Bragg's law:
nA = 2d sinf (3.22)

where 7 is an integer number called the reflection order, 4 is the wavelength of the X-rays, d is
the distance between two lattice planes, and 6 is the incident angle of the X-rays. By knowing
A and measuring the angles 26, an intensity pattern known as a diffraction pattern can be
obtained. From these patterns, different phases of a crystalline sample can be identified by the
comparison of the line positions and the intensity distributions of a set of reflections with a

reference diffraction pattern.!”!- 172
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Figure 3.16 X-rays scattered by atoms in an ordered lattice exhibit constructive interference as given

by Bragg’s law.

Moreover, Bragg's law can be used to obtain the lattice parameter of the unit cell (e.g., a) of a
particular cubic crystal system, such as Cu, from a diffraction experiment via the following

relation:
a = dhkl th + k2 + lZ (323)

where £, k, and / are the Miller indices of the Bragg plane.

While diffraction lines from ideal crystals are very narrow, line broadening (instrumental and
spectral broadening) occurs for crystallite sizes below 100 nm due to incomplete destructive
interference in scattering directions where the X-rays are out of phase. The peak width of
diffraction peaks can be used to determine the dimensions of the reflecting planes. Therefore,
the Scherrer formula estimates the mean size of the ordered (crystalline) domains L assuming

quasi-spherical, monodisperse nanoparticles free of lattice strain:'”3

_ k2
_Bcose

(3.24)

where K is the shape factor whose value is 0.89 for spherical particles, 4 is the wavelength of
the used X-rays, [ is the peak width in radians, and 6 is the Bragg angle at the position of the
peak maximum. This equation provides a quick but not always reliable estimation of the particle
size since several factors must be examined that can contribute to line broadening too. Besides
crystallite size and instrumental effects, the most important of these are inhomogeneous strain
and crystal lattice imperfections.!”*

Better analysis models such as Rietveld refinement allow modeling the full powder diffraction
profile based on the crystal structure data, specimen, and instrument effects. In this way, the

phase composition, as well as structural parameters like crystallite sizes and lattice parameters,
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can be obtained.!”> 176

Besides, XRD gives mainly information about the bulk sample since X-rays can penetrate
several micrometers into the sample. However, the surface sensitivity can be improved by
performing grazing incidence XRD (GIXRD), where the measurements take place at angles 6
below the critical angle of the corresponding material. Then, the X-rays are reflected by total

external reflection, and it is only an evanescent wave that probes the surface layers.!”’

3.7.2 Synchrotron High Energy XRD

The use of synchrotron radiation as a source for XRD offers better sensitivity and resolution of
diffraction peaks than the conventional laboratory XRD due to the high-flux, high energy, well-
defined tunable wavelength, and better collimation of synchrotron X-rays. Especially, high
energy X-rays between 70 and 300 keV for high energy XRD (HE-XRD) offer advantages
compared to the conventional hard X-rays between 5-20 keV, namely their high penetration
depth leading to simple diffraction setups with operation in air, their diffraction in the forward
direction for easy registration with 2D detectors, and no radiation damage. This also enables
great opportunities to study the catalyst under in situ and operando conditions to track, e.g., its
reduction behavior and the evolution of the crystallite parameters as the crystallite sizes.
Additionally, new detector technologies allow the fast collection of data in the millisecond time

range. In this thesis, the diffraction images were recorded with a large-area detector Dectris

Figure 3.17 Detector image of the Pilatus X-ray detector from the diffraction of a ZnO-Cu,O
nanocatalyst sample in a CO»-saturated 0.1 M KHCOs electrolyte.
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Pilatus X CdTe 2M at energies around 70 keV. This detector offers the advantage that it can
principally measure every single diffracted photon due to its high dynamic range, which leads
to high signal intensities, even for weak diffraction signals. An example of a typical detector
image of the diffraction from a ZnO-decorated Cu>O nanocatalyst in an aqueous electrolyte is
shown in Figure 3.17, which indicates the prominent powder diffraction rings of CuxO. The
dark area on the left bottom is caused by the beam stop blocking the part of the incoming
radiation, which would damage otherwise the detector with its high energy. The Bragg peaks
result from the highly oriented pyrolytic graphite (HOPG) support under the sample. The
detector images are then further processed by implementing the software package pyFAIL!"®
which includes the calibration, masking of features that do not correspond to the catalyst sample
(e.g., the HOPG peaks), and the detector image integration. As a result, the corresponding
diffraction pattern is obtained as a function of 26, which is given in Figure 3.18. Here, the peaks
are marked with the Miller indices (4kl) together with the diffraction peaks of a Cu,O reference
(ICSD #26963).
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Figure 3.18 HE-XRD pattern of the ZnO-Cu,O nanocatalyst sample with Miller indices of the peaks

and Cu,O reference peaks.

3.7.3 Operando HE-XRD

To perform operando HE-XRD measurements, a custom-made electrochemical flow cell setup,
which is illustrated schematically and pictured in Figure 3.19, was used. The working electrode
is mounted from the bottom of the cell so that the sample is horizontally placed. The sample
consists of nanoparticles drop-casted on a HOPG substrate. On top of the sample flows a small
volume of electrolyte to minimize the path length of the X-ray beam through the electrolyte.
The electrolyte is covered with an X-ray-transparent and optically thin PEEK foil window and

constantly pumped through the cell as well as an electrolyte reservoir via a peristaltic pump.
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Figure 3.19 (a) Scheme of the custom-made operando XRD electrochemical flow cell setup with the
incident and diffracted X-rays on the sample. (b) Picture of the cell under operation at the ESRF ID31

beamline.

Additionally, the electrolyte reservoir is purged with COz. The electrolyte flow is needed to
avoid product accumulation and mitigate bubble formation at high overpotentials. A leak-free
Ag/AgCl electrode positioned in the inlet of the flow channel serves as the reference electrode,

while a Pt wire positioned in the outlet of the flow channel serves as the counter electrode.

Even though XRD is a powerful tool in catalyst characterization, an important limitation of
XRD is that it cannot detect small or amorphous particles. This is also shown in an example of
a ZnO-Cu20 nanocatalyst used in this thesis from Figure 3.18 and 3.19, where the Cu,0 phase
can be clearly observed, while there is no indication of the ZnO phase inside the catalyst,
probably due to its amorphous character. Thus, one cannot be sure about the number of phases
present in a catalyst only by performing XRD measurements. Moreover, XRD is a bulk-
sensitive technique, which gives only limited information about the active catalytic surface.
Nevertheless, XRD gives useful insights into the crystalline phases in terms of crystallite size

or strain inside a particle under working conditions.!'**



4  Catalyst Synthesis

In this chapter, the synthesis procedures employed to prepare the catalyst materials for
this thesis are described. The first section covers different wet-chemical synthesis
methods to produce cubic-shaped and size-selective Cu oxide nanocatalysts. The
subsequent sections describe the synthesis procedures utilized to uniformly decorate these

nanocubes with a secondary metal (oxide), namely silver and zinc oxide.

4.1 Catalyst of Choice

The synthesis of highly active, selective, and stable catalysts is crucial for heterogeneous
electrocatalysis. In the case of CO2RR, the catalytic properties of the cathode side, where the
reaction takes place, need to be optimized and tailored. Well-defined shape- and size-selective
nanoparticles (NPs) can serve as a catalytic model system to study the electrocatalytic
properties in a systemic and controlled way. The choice of the catalytic system was based on
the properties of Cu-based nanomaterials that are promising candidates for CO2RR catalysts,
as discussed in Chapter 2. Specifically, going from well-defined single crystals to NP catalysts
allows for testing under relevant industrial conditions while still exposing specific catalytic
active facets.>? Cubic-shaped NPs have been shown to be particularly promising, as the surface
preferentially consists of (100) facets, which were originally thought to favor Ca+ products.®!
Additionally, an optimal size of NPs for CO2RR has been observed to be within the range of
20-40 nm.®® Oxide-derived Cu catalysts are also preferred due to their porous structures and
residual oxygen species that might be retained during catalytic conditions.!” For these reasons,
size-controlled cuprous oxide (Cu20) nanocubes (NCs) are chosen as an ideal system to study
for the CO2RR in this thesis as they possess all the favorable properties. Furthermore, the
controlled addition of a second metal can be used to create well-defined bimetallic catalysts and

study the bifunctional effect of the CO2RR.

4.2 Synthesis of Cu.0 Nanocubes

For the synthesis of NPs, the bottom-up approach offers a strategy to control important physical
properties of the NPs, such as size, shape, and composition. Following this approach, well-
defined and uniform Cu>O NCs can be obtained via a one-pot wet-chemical synthesis procedure

54
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Step 1 Step 2 Step 3 Product
L-Ascorbic
7\ NaOH acid
—_
CuCl,/CuS0O, 5min/5s 1h/12.5min
+H,0

Figure 4.1 Schematic illustration of the synthesis procedure for Cu,O nanocube catalysts.

at ambient conditions based on the studies of Liu and Ke et al.'8% '8! One main advantage of
this synthesis method is that it works without adding any surfactant, enabling a clean surface
for CO2RR.

Figure 4.1 depicts the main steps involved in the synthesis of CuxO NCs that are well-controlled
in shape and size. First, a copper precursor, which is typically a Cu(Il) salt such as CuCl or
CuSO0y, is dissolved in ultrapure water under stirring. In the second step, an aqueous solution of
sodium hydroxide is added to the reaction mixture and stirred for a specific time. This results
in a color change from transparent to light blue, which was assigned to the formation of a
Cu(OH): precipitate.'®1-183 In the third step, an aqueous solution of L-ascorbic acid (Vitamin-
C) is introduced to the reaction mixture, causing a slow color change of the solution from blue
over green to yellow/orange. L-ascorbic acid acts here as a mild reducing agent that reduces
Cu(OH),, leading to the formation of Cu seeds that nucleate to form solid CuO NCs.!81"183 Ke
et al. found that with an increasing amount of the sodium hydroxide solution, the final size of
the NCs significantly increased, resulting in a size tunability of the NCs from 9 to 87 nm in
edge length.!®! They linked this to an increase in the solution pH, which leads to a rapid
production of Cu(OH),, while the rapid reduction of Cu(OH); can cause the formation of larger
particles.

In this work, two slightly different synthesis approaches were employed that differ primarily in
the Cu precursor (either CuCl, or CuSO4) and the reaction times, as indicated in Figure 4.1.13%
181 The CuClp-based approach led to bigger sizes (around 35 nm) of the NCs and was employed
for the further modification with silver (Chapter 5) and for the bare Cu,O NC study (Chapter 6).
On the other hand, the CuSO4-based approach resulted in smaller particle sizes (around 20 nm)

of the NCs and was used for further modification with zinc oxide (Chapter 7).

4.3 Synthesis of Ag-Decorated Cu.0O Nanocubes
Various techniques have been applied to introduce a second metal into or onto Cu oxide-based
materials, including impregnation, sol-gel, sputtering, and thermal evaporation.!® The

modification of Cu,O materials with noble metals, such as Ag, is also commonly achieved via
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Step 1-3 Step 4 Product
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Figure 4.2 Schematic illustration of the synthesis procedure for Ag nanoparticle decorated Cu,O

nanocubes.

the galvanic replacement reaction (GRR) approach.!®* There, the cationic Ag(I) precursor can
be reduced by the Cu;0O materials due to the lower reduction potential of Cu(I) compared to
Ag(1).!8 A GRR-based approach was implemented to decorate Cu0O NCs with Ag NPs.
Figure 4.2 illustrates the key steps for the preparation of the Ag NP-decorated Cu,O NCs with
a homogenous distribution and well-controlled shape/size of the Ag NPs. The first three steps
are identical to those used in the CuCly-based Cu,O NC synthesis outlined in Section 4.2. In
order to introduce Ag to Cu0, the reaction is not stopped after stirring the solution with L-
ascorbic acid in step three. Instead, step four is initiated, whereby an aqueous Ag(l) precursor
solution (typically AgNOs) is gradually added to the reaction solution. In this way, Ag" is
immediately reduced by Cu(I) onto the surface of the NCs, resulting in the formation of Cu(II)
species which likely dissolve in the reaction solution. The reduction of Ag" could be further
supported by the remaining reducing L-ascorbic acid in the reaction solution. The metallic Ag
seeds grow then to form NPs, which is driven by the reduction of the surface energy in the
reaction system. The final product comprises Ag NPs on top of the Cu,O NCs. By increasing
the amount of the AgNOs solution, the size of the Ag NPs could be adjusted from 4.6 nm with
3 at% of Ag to 6 nm with 5 at% of Ag, while larger Ag amounts resulted in Ag agglomeration.
During the establishment of this synthesis method, several challenges had to be addressed. One
was the choice of the Cu(Il) precursor, which turned out to be essential. Specifically, the
CuSOs4-based approach combined with Ag led to rounded edges of the NCs, which may have
been caused by the addition of AgNOs. The use of the CuClz-based approach did not result in
this effect, and sharp edges of the NCs were preserved, potentially due to the stabilizing effect
of CI" 1ons. Additionally, no formation of AgCl was observed in the CuClx-based approach due
to the fast nucleation of Ag" to Ag NPs. Another important aspect of the synthesis is the addition
of AgNOs. Particularly, for achieving a homogeneous distribution of the Ag NPs, it was crucial
to add a very diluted aqueous solution of AgNO3 slowly and in a controlled way to the reaction

solution under vigorous stirring to avoid the agglomeration of Ag.
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Finally, the one-pot synthesis method developed here has the benefit of not needing any extra
reducing agents or surfactants/ligands. Moreover, the synthesis takes place under gentle
conditions (at room temperature and without any pressure). Overall, this synthesis method
provides a straightforward approach for producing well-defined Ag NP-decorated Cu,O NCs,
which are used in Chapter 5 for static CO,RR applications.

4.4 Synthesis of ZnO-Decorated Cu.O Nanocubes

The introduction of less noble metals and metal oxides such as ZnO into/onto a Cu2O system is
not feasible via GRR due to the lower reduction potential of Zn(II) compared to Ag(l).
Therefore, an additional stabilization agent was employed to directly produce ZnO
nanostructures on top of Cu2O NCs via a precipitation method in a one-pot synthesis approach

based on the master thesis of S. Widrinna.'%¢

Step 1-3 Step 4 Product

ZnCl,,
CuS0Q,, 12.5min L Ascorblc acid
__>i _—
1m|n
_—

Figure 4.3 Schematic illustration of the synthesis procedure for ZnO-shell-covered Cu,O nanocubes.

| ZnO
{ Cu,O

Figure 4.3 highlights the primary steps involved in creating ZnO-shell-covered Cu,0O NCs. The
initial three steps are identical to those used in the CuSOs-based Cu,O NC synthesis, as
described in Section 4.2. To introduce ZnO to CuxO, the reaction is not stopped after stirring
the solution with L-ascorbic acid in step three. Instead, in step four, an aqueous solution of a
Zn(1II) precursor, here ZnCly, is mixed with L-ascorbic acid (by shaking) and then added to the
reaction solution. This allows the Zn to distribute onto the surface of the NCs. Furthermore, the
Cu:Zn composition could be adjusted from 3 at% to 10 at% of Zn by varying the amount of the
Zn(II) precursor.'’> At lower Zn amounts, mainly the corners of the NCs were covered with

ZnO, while at higher Zn amounts, the edges were covered as well.!8¢

However, very high Zn
amounts (> 15 at%) result in the formation of a ZnO network between the CuxO NCs as well as
ZnO agglomerations.

Finally, Cu,O systems can be easily modified with ZnO in a one-pot synthesis approach by
employing the same reducing agent (L-ascorbic acid) for both metal(II) precursors. These cage-
like ZnO-decorated Cu,0O NCs with 6 at% of Zn were used for the studies in Chapter 7 under

pulsed CO2RR conditions.
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This chapter presents the work of my publication “Operando Investigation of Ag-
Decorated Cu20 Nanocube Catalysts with Enhanced CO: Electroreduction toward Liquid
Products™ (https://doi.org/10.1002/anie.202017070) and is reproduced from reference

['°®]. T have planned and analyzed all experiments shown in this chapter and wrote the
publication under the supervision of Dr. A. Bergmann and Prof. Dr. B. Rolddn Cuenya. |
synthesized the samples and performed the CO2RR testing as well as the XRD, XPS,
XAS, and SERS measurements. Dr. A. Bergmann carried out the Rietveld refinement of
the XRD data. Dr. H. S. Jeon, Dr. J. Timoshenko, and F. T. Haase were involved in the
XAS measurements and contributed to its data analysis. S. Kiihl carried out the ICP-MS
and STEM/-EDX measurements, C. Rettenmaier performed a part of the XPS

measurements, and M. Lopez Luna contributed to the acquisition of the SERS data.
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5 Operando Investigations of Cu-Ag during Static CO,RR 59

“Direct conversion of carbon dioxide into multicarbon liquid fuels by the CO»
electrochemical reduction reaction (CO2RR) can contribute to the decarbonization of the
global economy. Here, well-defined Cu20 nanocubes (NCs, 35 nm) uniformly covered
with Ag nanoparticles (5 nm) were synthesized. When compared to bare CuxO NCs, the
catalyst with 5 at% Ag on CuxO NCs displayed a two-fold increase in the Faradaic
efficiency for Co+ liquid products (30 % at -1.0 Vraug), including ethanol, 1-propanol, and
acetaldehyde, while formate and hydrogen were suppressed. Operando X-ray absorption
spectroscopy revealed the partial reduction of CuxO during CO2RR, accompanied by a
reaction-driven redispersion of Ag on the CuOx NCs. Data from operando surface-
enhanced Raman spectroscopy further uncovered significant variations in the CO binding
to Cu, which were assigned to Ag-Cu sites formed during CO2RR that appear crucial for
the C-C coupling and the enhanced yield of liquid products.

5.1 Introduction

In the quest for developing a sustainable energy economy, the electrochemical reduction of
carbon dioxide (CO2RR) into value-added chemicals and fuels offers the potential to close the
anthropogenic carbon cycle and store renewable (wind, solar, hydro) energy into chemical
bonds.'®”> ¥ It has been therefore of particular interest to develop efficient and selective
electrocatalysts, which reduce the reaction overpotential and steer the reaction toward
hydrocarbons and multicarbon oxygenates (C2+). The selective generation of liquid products
such as ethanol, 1-propanol, and acetaldehyde is highly desirable due to their high energy
densities and advantages for storage/transport as compared to gaseous products. %1%

A variety of metal electrodes can be used to catalyze CO2RR as demonstrated in the pioneering
work by Hori.!! While some metals primarily reduce CO, to CO (Ag, Au, Zn) or formate (Sn,
In, Bi), copper is the only metal yielding products such as methane, ethylene, and ethanol in
considerable amounts.'* However, the selective conversion to Ca+ products in the form of
liquids (alcohols and carbonyls) still requires high overpotentials, suffers from low current
densities that can be achieved, and the generation of parasitic hydrogen through the competing
hydrogen evolution reaction (HER). Various strategies have been developed to enhance the
performance of Cu-based catalysts, including nanostructuring Cu (control of exposed facets,

)60, 61, 68, 191-193
3

defects, and low-coordinated sites engineering the Cu-electrolyte interface

) 194-198 ) 90, 96,
2 .

(change of local pH and adjusting the Cu oxidation state (compositional change
199,200 For example, Cu20 nanocubes (NCs) with well-ordered (100) facets have been shown to

lead to an increase in the selectivity toward ethylene, while suppressing methane production.®"
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62,75

A promising way to further improve the catalyst’s performance and selectivity is the
introduction of a secondary metal.!% 113201, 202 Recent studies of Cu-Ag bimetallic systems
showed enhanced selectivity for Co+ products. In particular, a phase-blended Ag-Cu,0O catalyst
had a three times higher Faradaic efficiency (FE) toward ethanol than Ag-free Cu,0O, but
suffered from low activity (Jjemano] <1 mA).!'7 Additionally, Ag-covered CuO nanowires
prepared via a galvanic replacement reaction enabled a 1.4 times higher current density toward
ethylene production as compared to pure Cu,O nanowires.''® Furthermore, CuAg surface alloys
have been found to be more selective for the formation of multi-carbon products than pure
copper.'% 112 The facilitated yield of Ca+ products in the bimetallic system is usually linked to
the suppression of HER due to the enhanced coverage of *CO adsorbates as compared to *H,!*
and the diffusion of CO from Ag sites to Cu sites that enables C-C coupling (CO spillover).!!%
7 Note here that a short diffusion path of CO and therefore a homogeneous distribution of Cu
and Ag at the surface of the catalyst is essential for an effective CO spillover.'* 7 Nonetheless,
although the spatial arrangement of Cu and Ag in these studies seems to play a key role for the
different CO2RR selectivity trends obtained, the key parameters for achieving an optimal
synergy in Cu-Ag bimetallic systems are still unknown. In particular, open questions still
remain on the composition and structure of the most active and Ca+-selective systems under
operando CO2RR conditions, including the stability of Cu,O, which might be modified by
introducing Ag.>®

Herein, we prepared well-defined Cu2O NCs (35 nm) uniformly covered with Ag nanoparticles
(NPs, 5 nm) by a facile wet-chemical ligand-free synthesis. Employing ex situ, in situ, and
operando characterization techniques, we gained insights into the morphology, chemical state,
composition, and adsorbates of the Cu-Ag catalyst under CO2RR conditions. In particular, we
discuss reaction-induced Ag redispersion, Cu-Ag surface alloy formation, the influence of Ag
on the reduction of CuxO, the adsorption of CO on Cu and Ag, and the effect of the former

parameters in the CO2RR activity and selectivity.

5.2 Experimental Details

5.2.1 Synthesis of Catalysts and Preparation of Electrodes

Cu20 NCs were prepared by a ligand-free method similar to that used in a prior work'® and
subsequently decorated with Ag NPs. All reagents were purchased from Sigma-Aldrich in ACS
grade and used without further purification. In a typical synthesis, an alkaline diluted solution

of CuCl,; was-prepared by adding 5 mL of a CuClL * 2 H>O solution (0.1 M) and 15 mL of a
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NaOH solution (0.2 M) to 200 mL of ultrapure water (> 18 MQ cm) at room temperature. After
stirring for 5 min, 10 mL of a L-ascorbic acid solution (0.1 M) were added to the mixture. The
solution was further stirred for 1 h. Then, 6 or 10 mL of an AgNOs3 solution (0.0025 M) were
slowly added to the reaction solution under vigorous stirring and were further stirred for 10 min
to obtain 3 and 5 at% Ag/Cu20 NCs (denoted as 3-Ag/Cuz0 and 5-Ag/Cuz0), respectively. The
solution was centrifuged and washed three times, twice with an ethanol-water mixture (1:1) and
once with pure ethanol. The final product was dispersed in 10 mL of ethanol to reach a Cu
loading of 2 mg mL™!. The solutions were stored in the fridge.

To prepare the electrode, 475 pL of the catalyst dispersion with a Cu loading of 2 mg mL™! were
mixed with 25 pL of a Nafion solution (Sigma-Aldrich, ~5 wt% in a mixture of alcohols and
water) and then ultrasonicated for 5 min. Then, 37 uL of the catalyst mixture were slowly drop-
casted on each side of a 0.5 x 2 cm carbon paper sheet (Alfa Aesar, Toray Carbon Paper, TGP-
H-60) to obtain a Cu loading of 70 ug cm™. After drying, the electrode was ready to use in an
H-type electrochemical cell for CO2RR.

The reference sample Cu>O/Ag was prepared by drop-casting the Cu,O NCs on a mechanically
polished Ag foil (Alfa Aesar, 0.1 mm thick, 99.998 %) to obtain a Cu loading of 70 ug cm™.

5.2.2 Electrochemical Characterization

Electrochemical CO2RR experiments were performed with a Biologic SP-300 potentiostat in a
gas-tight custom-made H-type cell. The cathodic and anodic compartments were separated by
an anion exchange membrane (Selemion AMV, AGC Inc.). We used a platinum gauze
(MaTecK, 3600 mesh cm™) as the counter electrode and a reversible hydrogen electrode (RHE,
HydroFlex, Gaskatel) as the reference electrode. Both compartments were filled with a 0.1 M
KHCO3; solution (Sigma-Aldrich, 99.7 %). The electrolyte was previously purified from trace
metal ion impurities by a cation-exchange resin (Chelex 100 Resin, Bio-Rad) followed by
saturation with CO7 (99.995 %) for 30 min until a pH of 6.8 was reached. The electrochemical
protocol consisted of a linear sweep voltammogram (LSV) from the open circuit potential to
the cathodic potential, followed by chronoamperometry (CA) at this potential for 2 h. All
potentials are given versus the RHE scale and were corrected for the iR drop. Each presented
data point at one potential corresponds to an average of at least three different measurements
collected with an identical freshly prepared sample under the same experimental conditions,
and the error bars represent the standard deviation.

The gas products were measured every 15 min and quantified by online gas chromatography
(GC, Agilent 7890B) equipped with a thermal conductivity detector (TCD) and a flame

ionization detector (FID). During the measurements, CO> gas was constantly bubbled through
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the electrolyte with a flow rate of 20 mL min!. Carboxylates were analyzed with a high-
performance liquid chromatograph (HPLC, Shimadzu Prominence) equipped with a
NUCLEOGEL SUGAR 810 column and a refractive index detector (RID). Alcohols were
quantified with a liquid GC (L-GC, Shimadzu 2010 plus) equipped with a fused silica capillary
column and an FID detector. An aliquot of the electrolyte was collected after each measurement
and directly analyzed by the HPLC and L-GC.

The catalyst surface roughness factors were estimated by measuring the double layer
capacitance with cyclic voltammetry in a non-Faradaic potential range from —+0.10 to
+0.25 Vruk at scan rates of 20, 40, 60, 80, and 100 mV s in a CO»-saturated 0.1 M KHCO3

solution after 2 h of electrochemical reaction at -1.0 Vryg.””

5.2.3 Ex Situ Characterization

The morphology and elemental distribution of the samples were determined by scanning
transmission electron microscopy (STEM, FEI Talos F200X microscope, Thermo Fisher
Scientific) and energy dispersive spectroscopy (EDX, SuperX 4 SDD EDX detector) maps. The
STEM was equipped with an XFEG field emission gun (200 kV) and with brightfield (BF),
darkfield (DF), and high-angle annular darkfield (HAADF) detectors. Samples were prepared
by coating a nickel grid (400 mesh with lacey carbon film, PLANO GmbH) with the catalyst
dispersed in EtOH:H>O (1:1) before and after CO2RR.

The crystal structure of the catalysts was analyzed ex situ with an X-ray diffractometer (XRD,
Bruker D8 Advance) equipped with an energy-dispersive position-sensitive LynxEye detector
and Cu X-ray tube. Measurements of the as-prepared samples deposited on a low-background
Si substrate were performed in a 26 range of 10-90° with a step size of 0.03° and a collection
time of 5 s per step in the Bragg-Brentano geometry. Grazing incident (GI) XRD measurements
of the samples deposited on carbon paper before and after CO2RR were performed in a 20 range
of 10-87° with a step size of 0.04°, a collection time of 26 s per step and an incident angle of
0.2°. For the grazing-incidence measurements, the XRD was equipped with a Goebel mirror
parallelizing the X-ray beam, an equatorial Soller slit (0.3°), and the LynxEye detector in 0D
mode. Rietveld refinement was applied to analyze the XRD pattern using the TOPAS® software
package. Instrumental broadening and zero error were considered.

The bulk composition and amount of Cu and Ag in the catalyst dispersions and in the catalysts
on carbon paper in the as-prepared samples and after CO.RR were determined by inductively
coupled plasma-mass spectrometry (ICP-MS, iCAP RQ, Thermo Fisher Scientific). Samples
were digested in a mixture of concentrated acids (HNO3:H2SO4:HCl in a 1:1:3 ratio) and heated

using microwave irradiation at 180 °C for 20 min, with a ramping step of 10 min (Multiwave
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GO, Anton Paar). The samples were diluted with ultrapure water (> 18 MQ cm) to reach the
appropriate concentrations.

The surface composition of the catalysts was characterized by quasi-in situ X-ray photoelectron
spectroscopy (XPS) before and directly after CO2RR without exposure to air. For this purpose,
an electrochemical cell was directly connected to an ultra-high vacuum system equipped with
a hemispherical electron analyzer (Phoibos 100, SPECS GmbH, E,.s = 20 eV) and an X-ray
source (XR 50, SPECS GmbH) with a Magnesium anode (1253.6 keV, 250 W). All spectra
were aligned to the Cu 2p3 peak (Epin = 932.7 €V). Linear combination fitting of the Cu LMM
Auger profiles using reference spectra was performed to distinguish the different copper
oxidation states. The Cu, Cu20O, and CuO amounts were estimated from the integrated areas of
the fit with the corresponding reference spectra. These reference spectra were acquired on an
in situ annealed and sputtered Cu foil (metallic reference) and a plasma oxidized CuO sample,
while the reference spectrum of Cu,O was taken from the literature.!® The Cu to Ag ratio was
determined from the Ag 3dsn to Cu 2p3» regions and calculated considering the relative
sensitivity factors (RSF) of the metals (Ag 3dsn: 18.04; Cu 2p3p: 15.9). The electrochemical
measurements were performed using a Metrohm Autolab potentiostat (PGSTAT 302 N) with a

platinum mesh as counter electrode and a leak-free Ag/AgCl as the reference electrode.

5.2.4 Operando Characterization

Operando X-ray absorption spectroscopy (XAS) measurements were performed at the SAMBA
beamline at SOLEIL synchrotron in France (for Cu;O NCs), and at the Claess beamline at
ALBA synchrotron in Spain (for 3-Ag/CuxO and 5-Ag/Cuz0 samples). More details on the
XAS data collection and EXAFS data fitting can be found in Section 5.2.5.

Operando surface-enhanced Raman spectroscopy (SERS) was carried out with a Raman
spectrometer (Renishaw, InVia Reflex) coupled with an optical microscope (Leica
Microsystems, DM2500M) together with a motorized stage for sample tracking (Renishaw,
MS300 encoded stage). Calibration of the system was performed using a Si(100) wafer
(520.5 cm™). A near-infrared laser (Renishaw, RL785, 2 = 785 nm, Pya = 500 mW) served as
the excitation source. Backscattered light was Rayleigh-filtered, and the Raman scattering was
collected in the range of 100-3200 cm™! with a grating of 1200 lines mm™! and directed to a CCD
detector (Renishaw, Centrus). For the operando measurements, the excitation source was
focused on the surface of the sample, and Raman scattering signals were collected with a water
immersion objective (Leica microsystems, 63x, numerical aperture of 0.9). The water
immersion objective was protected from the electrolyte by a Teflon film (DuPont, film

thickness of 0.013 mm) wrapped around the objective. The electrochemical measurements were
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performed in a home-built spectro-electrochemical cell made of PTFE and controlled by a
Biologic SP-240 potentiostat. The cell was equipped with a leak-free Ag/AgCl reference
electrode and a Pt counter electrode, while the working electrode with the catalyst was drop-
casted on glassy carbon. A CO;-saturated 0.1 M KHCOs3 solution was used as the electrolyte.
Each potential was applied for at least 10 min before collecting the spectra to ensure steady-
state conditions at the surface of the catalyst. The collection of each spectrum was performed
with 10 s of exposure time. Depth scans were performed to optimize the focus in order to
increase the Raman signal of the species studied. Bands at higher wavenumbers (~3000 cm™)
typical for hydrocarbons were not accessible under infrared laser excitation. The Raman data
were processed using the Renishaw WiRE 5.2 software. The spectra were baseline-subtracted

using the intelligent spline feature (polynomial order 8), and cosmic rays were removed.

5.2.5 Details of XAS Data Collection and Analysis

Operando Cu K-edge XAS measurements of Cu,O NCs were measured using a Si(220)
monochromator for energy selection. Higher harmonics were rejected using a Pd-coated mirror.
The beam size was 1 x 0.5 mm. Measurements were performed in fluorescence mode using a
13-channel Ge detector. The intensity of the incident radiation was measured with an ionization
chamber (Io) filled with an N2(500 mbar)/He(500 mbar) mixture. Two additional ionization
chambers filled with 1700 mbar N> (in I chamber) and an Ar (150 mbar)/N> (850 mbar) mixture
(in I> chamber) were used for measurements in transmission mode for reference samples.
Operando XAS measurements for 3-Ag/Cu,0O and 5-Ag/CuxO were performed in a similar
manner using a 6-channel Si drift detector for fluorescence data collection. A Si(111)
monochromator was used for measurements at the Cu K-edge and a Si(311) monochromator
for measurements at the Ag K-edge. In the latter case, the Io chamber was filled with 93:7 Kr
to N2 mixture. For bimetallic samples, XAS spectra for the Cu K-edge (Eo = 8979 eV) and Ag
K-edge (Ey = 25514 eV) were collected in fluorescence mode separately, using two fresh
samples with different sample loadings to ensure reasonable XAS data quality for more diluted
Ag but avoiding self-absorption effects in the Cu K-edge spectra.

A custom-built electrochemical cell was used for operando XAS measurements. The applied
potential was controlled by a PalmSens potentiostat (MultiEmStat). A platinum mesh and leak-
free Ag/AgCl electrode were used as counter and reference electrodes, respectively. For the
XAS studies, a sample was drop-casted onto one side of a carbon paper (Sigracet 29 BC, SGL
Carbon) substrate (with a loading of 0.5 mg cm? for the Cu K-edge measurements and
3 mg cm™ for Ag K-edge measurements), while the other side of the carbon paper was covered

with Kapton tape. Subsequently, the sample was mounted in the operando cell with the Kapton
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side facing out of the cell and acting as a window, while the side coated with the catalyst was
in contact with the electrolyte. The electrolyte (0.1 M KHCO3) was circulated between the cell
and a reservoir using a peristaltic pump. The cell was continuously purged with CO; during the
measurements. All measurements were performed under a constant potential of -1.0 Vrae.
Time-resolved spectra under CO2RR conditions were acquired with 9-12 min acquisition time
per spectrum until no further changes were observed. For all samples, several hours were
needed to achieve a steady-state structure and composition. Analysis of the time-dependent X-
ray absorption near edge structure (XANES) and extended X-ray absorption fine structure
(EXAFS) spectroscopy data was used then to follow the evolution of the chemical composition
and the sample structure at the Cu K-edge. At the Ag K-edge, the analysis of individual XAS
spectra collected operando under CO>RR conditions was not possible due to the low
concentration of Ag. Therefore, the Ag K-edge XAS spectra obtained during the first 2 h under
CO2RR conditions were merged together and compared with those for the as-prepared sample
in air. Linear combination analysis (LCA) was applied to process the XANES data. Moreover,
Cu- and Ag K-edge EXAFS data fitting was performed to gain quantitative information about
the bond lengths and coordination numbers.

Data alignment and normalization of the XANES data were carried out using the conventional
approach implemented in the Athena software.?** For quantitative EXAFS analysis,
conventional least-square fitting to theoretical standards, as implemented in the FEFFIT code®*
was applied. Theoretical phases and amplitudes were obtained in self-consistent ab-initio
calculations with the FEFF8.5 code.?”® The complex exchange-correlation Hedin-Lundqvist
potential and default values of muffin-tin radii as provided within the FEFF8.5 code were
employed. Fitting of the Cu K-edge EXAFS spectra y(k)k’ of the as-prepared catalysts was
carried out in R-space in the range from Ryin = 1 A up to Ruax = 2.1 A, while for the catalysts
in the reduced state, Ryin = 1.0 A to Rinax = 3.0 A were used. The Fourier transforms were carried
out in the k-range from 3.0 A to 10.0 A"! with a k-weighting of 1, 2, and 3. Fitting of Ag K-
edge EXAFS spectra of the as-prepared catalysts and the catalysts during CO2RR was carried
out in R-space in the range from Ryuin = 1.4 A up to Ruax = 3.2 A. The Fourier transforms were
carried out in the k-range from 3.0 A" up to 8.0 A"! with a k-weighting of 1,2 and 3. Fitting
parameters were the coordination numbers N, interatomic distances R, disorder factors ¢° for
Cu-0O, Cu-Cu, Ag-Ag and Ag-Cu paths, as well as the corrections to the photoelectron reference
energies AEy. The Sy’ factors were obtained from the EXAFS fit data of the references, which
were 0.87 £ 0.02 for Cu foil, 0.32 £ 0.01 for Cuz0, and 0.92 + 0.02 for Ag foil.
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5.3 Results and Discussion

5.3.1 Ex Situ and Quasi-In Situ Characterization

Figure 5.1 shows STEM-HAADF and STEM-EDX maps of pure and Ag NP-decorated Cu,O
NCs. The as-prepared Cu,O NCs have an edge length of 35 = 7 nm (Figure 5.1 a). The STEM-
EDX data (Figure 5.1 b, Figure AS5.1, Table 5.1) reveal an average Cu:O at% ratio of 66:34,
which corresponds to the composition of CuO. In the following, the CuxO NCs decorated with
3 and 5 at% of Ag will be denoted 3-Ag/Cu0 and 5-Ag/Cu0. The Ag NPs with a diameter of
4.6 £ 1.1 nm (3-Ag/Cu20, Figure 5.1 e, Figure A5.2) and of 6.0 = 2.1 nm (5-Ag/Cu20, Figure
5.1 1, Figure A5.3) appear to be uniformly distributed on the surface of the Cu,O NCs. The
STEM-EDX maps of the as-prepared 3- and 5-Ag/Cu,O catalysts (Figure 5.1 fj) indicate a
clear phase separation between the Ag NPs and the Cu2O NCs. After 2 h of CO2RR at -1.0 Vrug
in 0.1 M KHCOs, the cubic morphology appeared less pronounced and hollow structures

As-prepared After CO,RR
STEM-HAADF STEM-EDX STEM-HAADF STEM-EDX

Figure 5.1 STEM-HAADF images with corresponding EDX maps of Cu>O NCs, 3-Ag/Cu,0, and 5-
Ag/Cu0 in the upper, middle, and lower panels, respectively. As-prepared samples are shown on the
left (a,e,i) with EDX maps in (b,f,j) and samples after 2 h of CO,RR at -1.0 Vrue on the right (c,g,k)
with EDX maps in (d,h,1). The scale bars correspond to 50 nm.
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Table 5.1 Edge lengths of CuxO NCs and diameters of Ag NPs with the corresponding size distribution
obtained from the analysis of STEM-HAADF images of Cu,O NCs, 3-Ag/Cu,0, and 5-Ag/Cu,0 in the
as-prepared state and after 2 h of CO,RR at -1.0 Vrue. The decrease in the edge length after CO,RR was
slightly enhanced when the Cu,O NCs were decorated with Ag NPs.

Sample As-prepared After CO;RR
Cu;0 NCs [nm] Ag NPs [nm] Cu;0 NCs [nm] Ag NPs [nm]
Cu;0 NCs 34.8+6.6 - 32.5+9.6 -
3-Ag/Cu;O 37.0+8.3 46+1.1 32.8+10.5 63+1.6
5-Ag/Cu,O 27.6+42 6.0+2.1 242+7.4 95+25

Table 5.2 Elemental quantification of Cu, O, and Ag extracted from the STEM-EDX images of Figure
5.1 of Cu,0 NCs, 3-Ag/Cu,0, and 5-Ag/Cu,O.

Sample As-prepared After CO:RR
Cu [%] O [%] Ag [%] Cu [%] O [%] Ag [%]
Cu;0 NCs 66(15) 34(6) - 79(19) 21(4) -
3-Ag/Cu;O 59(13) 40(7) 1.4(3) 76(18) 23(5) 0.6(1)
5-Ag/Cu,O 61(13) 36(6) 3.4(7) 65(14) 31(6) 3.9(8)

formed in all cases (Figure 5.1 c,g.k). Simultaneously, the edge length of the NCs decreased in
average by 3 nm (Table 5.1) and the size distribution broadened, as reported in the literature for
pure Cu20 NCs after CO2RR.**7°> STEM-EDX maps after reaction (Figure 5.1 d,h,]) reveal that
Cu20 is partially reduced to metallic Cu (Table 5.2) and that the clear phase separation between
Ag and Cu is lost. Instead, small Ag clusters are dispersed on the Cu surface. In addition, some
Ag-rich areas with sizes of 6.3 £ 1.6 nm (3-Ag/Cu20) and 9.5 + 2.5 nm (5-Ag/Cu20) were also
found (Table 5.1).

XRD was applied to confirm the phase purity of the catalysts and to track the evolution of the
crystal structure after CO2RR. Figure 5.2 shows the XRD pattern of the as-prepared CuO NCs
and Ag/Cu20 with the main CuxO reflections assigned to (111) at 36.4° and (200) at 42.3°. The
presence of metallic Ag can be seen by the Ag(111) at 38.2° and Ag(200) at 44.5° for the
Ag/Cur0. The low intensity of the fcc Ag reflections can be attributed to the low Ag loading
and XRD peak broadening due to small particle sizes.

Table 5.3 shows the as-prepared composition and coherence length derived from Rietveld
refinement of the XRD patterns. The coherence length of the CuxO agrees well with the size
distribution obtained by STEM analysis, although it is slightly smaller than the mean NC edge
length. The atomic fractions of metallic Ag in the as-prepared Ag/Cu20O agree well with the
Cu:Ag composition obtained by ICP-MS (Table 5.4). This confirms that the majority of the
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Figure 5.2 Ex situ XRD pattern of as-prepared Cu,O NCs (black), 3-Ag/Cu,O (blue), and 5-Ag/Cu,O
(green) samples on a Si substrate with corresponding Rietveld fits (red). The intensity ratio of the fcc
Cu(111) and (200) reflections vary, most likely due to a preferred orientation of the Cu,O NCs on the
Si substrate. No further reflections, e.g., from CuO, metallic Cu, AgCl or Ag>O can be found in the as-
prepared state, confirming the phase purity of the catalysts.

added Ag from the AgNOs3 solution was incorporated in the Ag NPs, and that the initial ratios
of the metal salts utilized were maintained.

The structural evolution of the 5-Ag/CuzO catalyst was investigated before and after 2 h of
CO2RR wusing ex situ grazing incidence (GI) XRD (Figure 5.3, Table 5.3) and shows the
reduction of Cu20O to metallic Cu as prominently seen in the Cu(111) reflection at 43.2°. The

background arises from the carbon paper support (Figure A5.4). Rietveld refinement of 5-Ag/

Table 5.3 Atomic fraction and structural coherence length of Cu,O and metallic Cu and Ag phases
derived from Rietveld refinement of ex situ XRD patterns of as-prepared Cu,O NCs, 3-Ag/Cu;0, and
5-Ag/Cuy0, and of 5-Ag/Cu,O deposited on carbon paper after 2 h of CO,RR at -1.0 Vryg.

Sample Atomic fraction [at%] Structural coherence length [nm]|
Cu;O fce Cu fcc Ag Cu;O fce Cu feec Ag
As-prepared
Cu,0NC 100 - - 32.6(3) - -
3-Ag/Cu,O 97.55(9) - 2.45(6) 32.3(7) - 5.9(7)
5-Ag/Cu,0 95.1(7) - 4.9(5) 23.1(3) - 6(2)
After CO,RR

5-Ag/Cu,0 56(16) 24(9) 20(7) 6.8(3) 9(2) 4.4(5)
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Figure 5.3 Ex situ XRD pattern of 5-Ag/CuO deposited on carbon in the as-prepared state and after 2 h
of CO,RR at -1.0 Vrus. Red lines correspond to Rietveld fits.

Cu20 after CO2RR suggests a mixture of Cu20 and metallic Cu and a significantly increased
Ag fraction, while ICP-MS did not show changes in the catalyst composition (Table 5.5). Thus,
we are missing a considerable fraction of Cu/CuOx after the reaction by XRD. This suggests
that Cu might be present in non-crystalline domains, resulting in an increased Ag:Cu ratio.
Additionally, there is a slight contraction of the Ag lattice (4.092 + 0.003 to 4.088 = 0.003 A),
which could be explained by the incorporation of Cu into the Ag lattice (Table A5.2). Notably,

the coherence length of Cu,0 decreased strongly from 23.1 nm (as-prepared) to 6.8 nm (after

Table 5.4 Cu and Ag composition of as-prepared Cu,O NCs, 3-Ag/Cu,0, and 5-Ag/Cu,O dispersions
obtained by ICP-MS.

Sample Cu [at%] Ag [at%]
Cu20 NCs 100 -
3-Ag/Cu;,O 97.75(1) 2.25(1)
5-Ag/Cu,0O 95.07(3) 4.93(3)

Table 5.5 Cu and Ag mass and composition of Cu,O NCs, 3-Ag/Cu,0, and 5-Ag/Cu,O on carbon paper
(2 cm?) obtained by ICP-MS in as-prepared state and after 2 h of CO,RR at -1.0 Vru.

Sample As-prepared After CO;RR
Cu Ag Cu Ag Cu Ag Cu Ag
[ng]  [ngl  [at%]  [at%] [ng] [ng] [at%]  [at%]
Cu;ONCs  139(32) - 100 - 134(7) - 100 -

5-Ag/Cu,0  146(14) 12(1) 953(2) 4.7(2)  149(17)  12(2)  953(2)  4.7(2)
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CO2RR), reaching a similar value to the coherence length of the metallic Cu phase (9 nm). We
conclude that the hollow structures after CO2RR (Figure 5.1) might consist of a mixture of
Cu20 and Cu crystallites as seen in XRD. The coherence length of the metallic Ag phase is on
average slightly decreased after CO2RR, which agrees with the partial redispersion of Ag on
the Cu surface and the Ag-rich domains likely being formed from multiple Ag NPs.

Quasi-in situ XPS measurements were performed to gain deeper insight into the surface
composition and chemical state of the Ag NP-decorated and pure CuxO NCs before and after
2 h of CO2RR. Figure 5.4 presents the Ag 3d and Cu Auger LMM spectra, while Figure 5.5
shows the Cu 2p spectra. The Ag 3d core level regions of 3- and 5-Ag/CuxO (Figure 5.4 a,b)
reveal that Ag is in the metallic state before and after CO2RR, which is also consistent with the
XRD results. The Ag:Cu surface composition ratios were determined by integrating the peak
areas of Ag 3ds and Cu 2p3p2. As expected for Ag NPs decorating the surface of CuxO NCs,

the Ag:Cu ratio extracted from the more surface-sensitive XPS technique was higher than the
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Figure 5.4 Quasi-in situ Ag 3d and Cu LMM XAES spectra of Cu,O NCs, 3-Ag/Cu,0 and 5-Ag/Cu,O
(a,c) in the as-prepared state and (b,d) after 2 h of CO2RR at -1.0 Vrue (without air exposure) with the

corresponding fits (red line) and reference spectra.
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Figure 5.5 Quasi-in situ Cu 2p core level regions of CuO NCs, 3-Ag/Cu,O and 5-Ag/Cu,O (a) in the
as-prepared state and (b) after 2 h of CO2RR at -1.0 Vrue (without air exposure) with the corresponding
fits (red line). The Cu 2p core level regions of the as-prepared samples show the presence of Cu(0)/Cu(I)

and a shake-up satellite corresponding to Cu(Il).

bulk composition obtained from the XRD and ICP-MS analysis. After CO2RR, the Ag:Cu XPS
ratios further increased from 4:96 to 7:93 at% in 3-Ag/Cu20O and from 9:91 to 11:89 in 5-
Ag/Cuz0. Thus, we conclude that a more homogenous distribution of Ag (redispersion) on the
Cu20 surface takes place during CO2RR. Furthermore, we can exclude significant preferential
dissolution of Cu during CO2RR due to the constant bulk Ag:Cu ratio before and after COoRR
as demonstrated by ICP-MS (Table 5.5). The higher Ag signal observed after CO2RR agrees
with the formation of smaller Ag NPs and clusters and an enhanced Ag dispersion, as also
revealed by the STEM and XRD data. Additionally, deconvolution of the Cu LMM spectra
(Figure 5.4 c,d, Table 5.6) was carried out to distinguish Cu(0), Cu(I), and Cu(II) near-surface

Table 5.6 Kinetic energies and composition of CuxO, CuO, and Cu for Cu,O NCs, 3-Ag/Cu,0, and
5-Ag/Cuy0 in as-prepared state and after 2 h CO2RR obtained by integration of the Cu LMM quasi-in
situ XAES spectra shown in Figure 5.4 c,d. The presence of surface CuO can explain the discrepancy

between STEM and XRD particle sizes because of the possible amorphous character of CuO.

Sample As-prepared After CO:RR
Cu;O CuO Cu;O Cu
Peak Fraction Peak Fraction Peak Fraction Peak Fraction
[eV] [at%] [eV] [at%] [eV] [at%] [eV] [at%]
Cu;0 NCs 916.1 84 917.2 16 916.4 5 918.5 95
3-Ag/Cu,O 916.1 77 917.2 23 916.4 0 9.18.5 100

5-Ag/Cu,O 916.1 77 917.2 23 916.4 2 918.5 98
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species. In the as-prepared state, the samples consisted mainly of Cu>O with a contribution of
CuO. After 2 h of CO2RR, the near-surface of the Cu20 NCs and Ag/Cu20O samples were fully
reduced to metallic Cu within the error margin. In contrast to prior studies, our samples were
not exposed to air after CO2RR, since our electrochemical cell is directly connected to the XPS

chamber. Thus, even though no potential is applied during the XPS measurement, re-oxidation

in air can be excluded.

5.3.2 Electrocatalytic Performance

The electrocatalytic performance of Ag NP-decorated and pure Cu,O NCs deposited on carbon
paper was evaluated by CA measurements for 2 h at potentials between -0.7 and -1.1 Vrug in a
COs-saturated 0.1 M KHCOs electrolyte (Figure 5.6-5.9, Figure A5.5, Figure A5.6, Table
A5.3). Figure 5.6 displays the FEs of the main C; and Cs products, namely, ethanol, 1-propanol,
and ethylene, as well as the combined FEs of all Cz+ products, of the C»+ liquid products, and
of the C»+ carbonyl products; see also Figure 5.7 (C; products), Figure 5.8 (minor C»+ products),

Figure 5.9 (sum of all liquid products), and Figure A5.6 (geometric and mass current densities).
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Figure 5.6 Potential-dependent Faradaic efficiencies of (a) ethanol, (b) 1-propanol, (¢) ethylene, (d) C
+ C; products (Ca+), (e) Co+ liquid products and (f) Cs+ carbonyl products of Cu,O NCs (black), 3-
Ag/Cu0 (blue), and 5-Ag/Cu;0O (green) after 2 h of electrolysis in CO,-saturated 0.1 M KHCOs. Solid

lines are a guide for the eye.
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The production of ethanol at -1.0 Vrug increases significantly with the amount of Ag. Cu,O
NCs, 3-, and 5-Ag/Cu20 reach 10 %, 13 %, and 17 % FE for ethanol at -1.0 Vrug, respectively
(Figure 5.6 a, Figure A5.5). Thus, FEethanol increased 1.5 times by the addition of 5 at% of Ag
to Cu2O NCs. Additionally, the production of 1-propanol is doubled in the Ag/Cu>O samples
with FE of 5-6 % at -0.9 Vrue compared to 3 % for the Cu2O NCs (Figure 5.6 b). This increase
in alcohol yield has been previously linked to CO spillover from Ag to Cu, since the weaker
binding between Ag and the *CO intermediate is considered to facilitate CO production as
compared to the moderate binding energy between Cu and the *CO intermediate leading to the
formation of hydrocarbons.'* "7 Also in our case, the Ag/Cu2O samples show higher FEs for
CO at low overpotentials, with almost 40 % FE at -0.7 Vrug in comparison to 20 % FE for the
pure CuxO NCs (Figure 5.7 b). At higher overpotentials, the FEco decreases for all catalysts,
and starting from -1.0 VruE the selectivity for CO of the Ag/Cuz0O is even similar to that of the
bare Cu20 NCs (FEco = 3-5 %). We note that 3-Ag/CuxO shows a better ability to transform

CO; into Co+ products at lower overpotentials than 5-Ag/Cu,O, which is also related to a lower
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Figure 5.7 Potential-dependent Faradaic efficiencies of the major C; products (a) hydrogen, (b) carbon
monoxide, (c) methane, and (d) formate of CuO NCs (black), 3-Ag/Cu,O (blue) and 5-Ag/Cu,O (green)
samples after 2 h of electrolysis in CO»-saturated 0.1 M KHCO:s. Solid lines are a guide for the eye.



5 Operando Investigations of Cu-Ag during Static CO.RR 74

5

X ((a) Acetaldehyde| 2 ([(b) Propionaldehyde| 2 ((c) Allyl alcohol

= 4l —s—Cu,0NCs [ = 3} o af

3 2y )

s —e—3-Ag/Cu,0| 2 c

18 3t —a— 5-Ag/Cu,0 :g 2t :8 ol

& b= b=

[T ) )

R 2 0

@ o 1F @ 1F

o 4| o o

B 5 o o

@ © ©

ool o . ol o o Wob, ., .  B=
11 10 -09 -08 -07 11 10 -09 08 -07 11 10 -09 -08 -07

Potential / Ve Potential / Ve Potential / Ve

Figure 5.8 Potential-dependent Faradaic efficiencies of the minor C,+ products (a) acetaldehyde, (b)
propionaldehyde, and (c) allyl alcohol of Cu,O NCs (black), 3-Ag/Cu,O (blue) and 5-Ag/Cu,O (green)
after 2 h of electrolysis in CO»-saturated 0.1 M KHCOs. Solid lines are a guide for the eye.

FE of CO starting from -0.83 Vrug (Figure 5.7 b). These differences might originate from the
different sizes of the Ag NPs in the two samples as extracted by STEM analysis (Table 5.1),
which can affect the electrocatalytic reduction of CO2 to CO as well as the CO spillover to the
Ag/Cu interface.

The production of ethylene on the Cu,O NCs peaks at -0.95 Vrue with 40 % FE (Figure 5.6 c,
Figure A5.5 c¢), while for the 3-Ag/Cuz0 the FE is slightly larger (45 %). In contrast, 5-Ag/Cu20O
shows a lower FEewmylene (34 %), paralleled by an enhancement in ethanol production.
Consequently, the FEcthanol:FEethylene ratio at -1.0 Vrug increases with Ag loading from 0.28 for
Cu20 NCs, 0.33 for 3-Ag/Cu,0, to 0.49 for 5-Ag/Cur0O. The Cy+ selectivity is the highest for
the two Ag/Cu,O samples with a FE of 65 % at -0.98 Vrug, which is an increase of 10 %
compared to pure CuzO NCs (Figure 5.6 d, Figure A5.5 d).
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Figure 5.9 Potential-dependent combined Faradaic efficiency of the sum of the liquid products
(including formate, acetate, acetaldehyde, propionaldehyde, acetone, ethanol, 1-propanol, and allyl
alcohol) of Cu,O NCs (black), 3-Ag/Cu,O (blue) and 5-Ag/Cu,O (green) after 2 h of electrolysis in CO»-
saturated 0.1 M KHCO:s. Solid lines are a guide for the eye.
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Furthermore, the parasitic HER (Figure 5.7 a) and the production of formate (the only C; liquid,
Figure 5.7 d) were (slightly) suppressed. The latter has also been recently observed for AgCu
foam catalysts as compared to pure Cu foams.?’®2%7 In contrast, the formation of acetaldehyde
(Figure 5.8 a) and propionaldehyde (Figure 5.8 b) significantly increased for the 5-Ag/Cu,0,
which results in an enhancement of the carbonyl C»+ products by a factor of three (Figure 5.6 f,
Figure A5.5 f). Overall, introducing Ag increases the FE of the desired Co+ liquid products
(Figure 5.6 e, Figure A5.5 e) for 5-Ag/Cux0O by 15 % in comparison to Cu,O NCs at -1.0 VrHE.
This is assigned to the enhanced production of ethanol, 1-propanol, allyl alcohol, and carbonyl

Ca+ products (Figure 5.6 a,b.f, Figure 5.8 c).
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Figure 5.10 Stability measurements during 12 h of CO2RR at -1.0 Vrye in CO;-saturated 0.1 M KHCO:.
Time-dependent Faradaic efficiencies of the gaseous products of (a) Cu,O NCs, (b) 3-Ag/Cux0, and (¢)
5-Ag/Cuy0. (d) Corresponding evolution of the C»: liquid products after 2 h and after 12 h of CO,RR
of the different samples. For the Ag/Cu,O samples, the production of CO and CHy rises, while H» is
further suppressed. The amount of Cs+ liquid products over time remains stable. It should be noted that

the liquid products could not be measured online, and therefore, only data after 2 h and 12 h are available.
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Figure 5.11 Faradaic efficiencies of Cu,O NCs, 5-Ag/Cu,O (5 at% Ag NPs-decorated Cu,O NCs), and
Cu,0/Ag (Cux0O NCs drop-casted on an Ag foil) after 2 h of CO2RR at -1.0 Vryg in CO,-saturated 0.1 M

KHCO:s. Products indicated as ‘Other’ are acetate, acetone, 2-propanol, and allyl alcohol.

We additionally performed long-term CO2RR measurements for 12 h at -1.0 Vrag to track the
stability of the catalytic performance (Figure 5.10) and found good stability for all catalysts.
For the Ag/CuxO samples, the amount of C»+ liquid products remains stable over time with a
decrease of the aldehydes and an increase of 1-propanol as well as acetate for the 5-Ag/CuxO
catalyst.

In order to further examine the Cu-Ag interaction and its role in the CO2RR selectivity, we also
investigated the catalytic performance of the pure Cu,O NCs deposited on a polished Ag foil
(Cuz20/Ag). In this configuration (Figure 5.11), the production of Ca+ liquids is also enhanced
on the CuO/Ag sample at -1.0 Vrug, indicating again the importance of the CO generated at
the Ag sites on the further hydrogenation of the C-C products generated on the Cu sites.
However, the Cu,O/Ag sample shows a drastic increase of HER as compared to the 5-Ag/Cu0,
namely from 20 to 40 % FE, and a suppression of the ethylene FE from 30 to 20 %. This might
be correlated to the decrease in the total area of the Ag/Cu interface, which decreases the atomic
interaction and synergy between Ag and Cu. Consequently, the well-distributed Ag NPs, which
redispersed on the surface of our CuxO NCs, appear to play a significant role in the observed

synergistic effect and the C-C coupling mechanism.

5.3.3 Operando Characterization

Further insight into the Ag-Cu interaction can be extracted from operando XAS data. Figure
5.12 depicts the normalized Cu K-edge and Ag K-edge XANES spectra of the Ag NP-decorated
and pure Cuz0 NCs in their as-prepared state (Figure 5.12 a,c) and during CO2RR in a steady-
state after 5 h of the reaction (Figure 5.12 b,d). The position of the absorption edge in the Cu
K-edge XANES spectra of the as-prepared CuO NCs compared to the reference spectra show
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Figure 5.12 Normalized Cu and Ag K-edge XANES spectra of Cu,O NCs (black), 3-Ag/Cu,O (blue),
and 5-Ag/Cu,0O (green) in as-prepared state (a,c) and in the final state under CO,RR at -1.0 Vrue (b,d).

Reference spectra of Cu,0, CuO, Cu foil, Ag;0O, and Ag foil are shown for comparison.

that the NCs exhibit mainly a Cu(I) oxidation state, with the characteristic pre-edge feature at
8981 eV. Linear combination analysis (LCA) of Cu K-edge XANES data revealed the presence
of Cu(I) and Cu(Il) species (Figure 5.13), as already seen in the more surface-sensitive XPS
analysis. The decoration with the Ag NPs does not change the Cu XANES spectra (Figure 5.12
c). Ag K-edge XANES spectra, in turn, confirm the metallic state of Ag with all XANES
features resembling those of the Ag foil. These findings are consistent with the STEM, XRD,
and XPS results, emphasizing the lack of significant interaction between the CuxO and Ag
species in the as-prepared state.

The reduction of the CuxO NCs was investigated during CO2RR at -1.0 Vryg for 5 h (Figure
5.13). In the final state, the Cu K-edge XANES spectrum resembles that of the metallic Cu foil
reference (Figure 5.12 b). We tracked the evolution of the Cu(0):Cu(I):Cu(Il) ratios by LCA
(Figure 5.13 b,c) and our analysis revealed that a significant fraction of Cu(I) was preserved

under CO2RR reaction conditions with 15-25 % of Cu(I) present in all samples. Figure 5.12 d
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Figure 5.13 Temporal evolution of (a) the normalized Cu K-edge XANES spectra of 5-Ag/Cu,0 and of
the weights of (b) Cu(0) and (c) Cu(l) (filled circles) and Cu(Il) (open circles) contributions to the Cu
K-edge XANES spectra of Cu,O NCs (black), 3-Ag/Cu,O (blue), and 5-Ag/Cu,O (green) during CO,RR
at -1.0 Vrug, as obtained from linear combination fits. The differences in Cu(II) content of the different

catalysts could be related to an aging effect of the samples.

shows the Ag K-edge XANES spectra under CO2RR conditions at -1.0 Vrug after reaching
stationary conditions. Ag remained metallic, but an attenuation of the post-edge oscillations is
visible during CO2RR, explainable by a decrease in the size of the Ag NPs due to their
redispersion on the Cu20O NC surface.?%

To achieve a deeper understanding of the local atomic structure, Fourier transformed- (FT-)
EXAFS spectra of the Ag NP-decorated and pure Cu,0 NCs are shown in Figure 5.14 with the
corresponding Fourier-filtered EXAFS spectra in Figure 5.15. The peaks at 1.5 A and 2.8 A
(phase uncorrected) in Cu K-edge FT-EXAFS and at 2.8 A in Ag K-edge FT-EXAFS for the
as-prepared samples indicate the presence of Cu-O and Cu-Cu bonds (typical for Cu,0) and
Ag-M bonds (here, M is Ag or Cu), respectively, in agreement with the XANES analysis.
Under CO2RR conditions at -1.0 Vrue, a strong peak at 2.2 A (phase uncorrected) appeared in
the Cu K-edge FT-EXAFS, which can be attributed to the Cu-Cu contribution in metallic Cu.
The Ag-M peak position at 2.8 A in Ag K-edge FT-EXAFS did not change significantly, and
no additional peaks appeared. Nonetheless, the comparison of the FT-EXAFS before and during
CO:2RR shows a decrease in the Ag-M peak intensities. Moreover, the intensity of both the Cu-
Cu and Ag-M peaks decreases with an increase in Ag loading (Figure 5.14). These differences
suggest structural changes in the Ag and Cu atomic environment under CO2RR conditions,
which we further investigated using quantitative fitting of the EXAFS spectra to obtain the

structural parameters presented in Table 5.7, Table A5.5. For the as-prepared state, we obtained
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Figure 5.14 Moduli of Fourier-transformed Cu and Ag K-edge EXAFS spectra of Cu,O NCs (black),
3-Ag/Cuy0 (blue), and 5-Ag/Cu,O (green) in the as-prepared state (a,c) and in the final state under
operando CO, reduction conditions at -1.0 Vrge (b,d) with corresponding fits (red). Partial contribution
of Ag-Cu bonds, as obtained from EXAFS data fitting, is also shown in (d) with dotted lines. Reference

spectra of Cu,O, Cu and Ag foils are shown for comparison.

a Cu-O coordination number (Nc,-0) of ~2 and a Cu-O distance (Rcy-0) of ~1.87 A, which agree
with the values of these parameters in bulk CuxO. Furthermore, in the as-prepared samples, the
Nyg.4¢ decreased from 12 in the Ag foil over 11.4 + 0.4 in 3-Ag/Cu20 to 10.5 £ 0.3 in 5-
Ag/Cu0, indicating an enhanced disorder within the Ag NPs. However, the R4, distances in
all samples are comparable to that of the Ag foil, 2.833 = 0.003 A, which means that there is
no significant lattice contraction due to alloying in the as-prepared state.

Under stationary CO2RR conditions, the Cu-Cu coordination number of ~9 is lower than that
of the Cu foil reference (12). We also observe Cu-O bonds with Nc,-0 ~0.3. The Cu-Cu distance
(Rcu-cu) during CO2RR, 2.524 + 0.003 A, is comparable to that in the bulk Cu foil reference
(2.527 £ 0.002 A). The Cu(0) to Cu(I) ratio under CO2RR, as obtained from the EXAFS
analysis, agrees well with the XANES data (Table A5.4), showing the partial reduction of the
Cu20 to metallic Cu under CO2RR conditions. Our primary finding from the Cu K-edge is the
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Figure 5.15 Fourier-filtered Cu and Ag K-edge EXAFS spectra in k-space of Cu,O NCs (black), 3-
Ag/Cu,0 (blue), and 5-Ag/Cu,O (green) in the as-prepared state (a,c) and the final state under operando
CO; reduction conditions at -1.0 Vrug (b,d) with corresponding fits (red). Reference spectra of Cu,O,

Cu, and Ag foils are shown for comparison.

increasing disorder of the Cu-Cu bonds with higher Ag loading and thus reveals the decoration
of the Cu20 NCs with Ag NPs during CO2RR, but one cannot exclude that this could also be a
result of incomplete CuOx reduction.

One of the main goals of this study is to explore the interaction between Cu and Ag at the atomic
scale under CO2RR conditions. Due to the low concentration of Ag as compared to Cu,
information on the interplay between Ag and Cu atoms can be best extracted from the analysis
of Ag EXAFS data (Figure 5.14 c¢,d, Figure 5.16). During CO2RR, we identified an additional
contribution of Ag-Cu bonds with Rug.cu of 2.623 £ 0.005 A (3-Ag/Cu20) and 2.596 =+
0.008 A (5-Ag/Cuz0), while the bond-lengths in the more prominent Ag-Ag component did not
contract significantly for the 3-Ag/Cux0 (2.840 + 0.005 A), but did so for 5-Ag/Cu,0 (2.787 +
0.007 A). The Ag-Ag coordination number decreased from 12 (bulk) to 9, and an Ag-Cu
coordination number (N4e-cu) of up to 1 was obtained under CO2RR conditions, being larger for

the 3-Ag/Cux0O sample than for 5-Ag/Cu;0. The obtained Ag-Cu bond-length is in between
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Figure 5.16 Moduli of the Fourier-transformed Ag K-edge EXAFS spectra of 3-Ag/Cu,O and 5-
Ag/Cuy0 in the final state under operando CO; reduction conditions at -1.0 Vrue: (a) fits including an
Ag-Cu contribution (red). The partial contribution of Ag-Ag (gray) and Ag-Cu bonds (blue) is also

shown. Analogous fits without the Ag-Cu contribution (red) are shown in (b).

the values for Cu-Cu distance in bulk Cu (2.527 £ 0.002 A) and the Ag-Ag distance in bulk Ag
(2.833 £ 0.003 A). The Ag-Cu bond lengths, as well as the coordination numbers suggest the
partial incorporation of Ag into Cu-rich domains either as an AgCu phase or as dispersed
particles or clusters on the Cu surface under CO2RR conditions. Furthermore, the reduced total
Ag-M coordination numbers with respect to those in the as-prepared samples suggest an
increase in the disorder in the Ag-Ag component during CO2RR, which agrees well with a

smaller particle size and/or Ag redispersion during CO2RR, as shown by the STEM results.

Table 5.7 Structural parameters (coordination numbers N, interatomic distances R, and disorder factors
¢°) obtained from the fit of experimental Ag K-edge EXAFS data collected before and during CO,RR

at -1.0 Vrug, as well as corrections to photoelectron reference energies 4E).

Sample NAg.Ag RAg.Ag O'zAg.Ag NAg-Cu RAg-Cu O'ZAg.Cu AEo R-factor

[A] [A7] [A] [A?] [eV] [Y0]
Ag foil 12 2.833(3) 0.0116(4 0 1.42 0.17
(Ref) .833(3) 0.0116(4) - - 4(2) :
3-Ag/Cu,O
11.4(4) 2.829(3) 0.0130(5) 0 - - 1.4(2) 0.33
(as-prep)
5-Ag/Cu,O
10.5(3) 2.831(3) 0.0126(5) 0 - - 1.3(2) 0.35
(as-prep)
3-Ag/Cu,O
9.0(3) 2.840(5) 0.0142(9) 1.1(2) 2.623(5) 0.003(3) 2.1(2) 0.07
(-1.0 Vrug)
5-Ag/Cu,O

8.5(6) 2.787(7) 0.019(2) 0.6(2) 2.596(8) 0.000(4) 0.8(4 0.23
(1.0 Vane) (6) () ) ) (®) 4) 4)
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Thus, we observe the partial miscibility of Cu and Ag under CO2RR conditions by using
operando Ag K-edge XAS, which was not provided in comparable studies so far.

We furthermore followed the reduction of the CuxO species and the CO or CO-like
intermediates chemisorbed on Cu and Ag at different potentials and during CO2RR via
operando SERS. Figure 5.17 presents potential-dependent SERS spectra of the Ag NP-
decorated and pure CuO NCs acquired at open circuit potential (ocp) and between -0.4
and -1.1 Vrue from 150-700 cm™ and 1850-2350 cm™! (see also Figure A5.7).

In the as-prepared state, the characteristic peaks of Cu,O are observed at 415 cm™, 527 cm™,
and 624 cm™ 3% 209211 The CupO peaks vanished for all samples after applying a reductive
potential of -0.4 Vrug, which indicates a prompt reduction of the surface Cu,O species
independently from the Ag loading. The latter is in agreement with the quasi-in situ XPS
analysis.

At more negative potentials, the operando SERS data of the Ag NP-decorated CuO NCs
exhibit significant differences compared to the bare Cu,O NCs during CO2RR: (1) At higher
Raman shifts, a broad band of the C-O vibrations appeared at 2088 cm™! for Cu,O NCs during
CO2RR, while for the Ag/Cu>O a shoulder at 2031 cm™ is more pronounced. This might be

assigned to the multisite binding mechanism on the AgCu surface, where each binding

(a) Cu,0 NCs (b) 3-Ag/Cu,O (c) 5-Ag/Cu,0
Cu-CO * u—-CO
Ag-CO Cu-CO
280
2 C=0 \ogo 490 C=0 366 "0 o0
2088 ., 366 4230 2088 4905 2088
" T 2081 4 4y i O b
S Hﬂiﬁﬂhuﬁ;ﬁa; | 1.0V, :;% 1.0V
o ol AW
E l .‘J“ -0.9V 1] -0.9V
o |
cC -0.7V E 4
5 \ A\ TN A0V
£ 0.6V M -0.6V| o 0.6V
.. 0 L A\ mianssQ: AV -0.4V
623 623 623
507 527 527
415 415 ocl W\
Cu,0 =P SN R——. Cu,0 ocp

200 400 600 2000 2200
Raman shift / cm™

200 400 600 2000 2200
Raman shift / cm™

200 400 600 2000 2200
Raman shift / cm™

Figure 5.17 Operando surface-enhanced Raman spectra of (a) CuO NCs, (b) 3-Ag/Cu,0, and (c) 5-
Ag/CuO at open circuit potential (ocp) and under different applied potentials in CO,-saturated 0.1 M
KHCO:s. All potentials are given with reference to RHE.
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configuration has a different electron back-donating ability.?!? (2) For the Ag NP-decorated
Cu,0 NC samples, two additional peaks at 490 cm™ and 530 cm™ appeared, which might be
assigned to Ag-CO vibrations.!'®2!3 (3) Two peaks evolve differently at 280 cm™ and 366 cm™,
caused by the Cu-CO frustrated rotation and stretching vibration, respectively.*? 2!* Thus, we
can track the CO adsorbed on Cu and Ag separately by using operando SERS and identified
significant differences in the CO adsorption characteristics on Cu in the presence of dispersed
Ag atoms during CO2RR as, interestingly, the peak intensity ratio of the two Cu-CO Raman
peaks shifts toward the Cu-CO stretching vibration with decreasing electrode potential. A
similar trend can also be seen with increasing Ag content at -1.0 Vrue. These drastic changes
might originate from the way that CO predominantly binds to Cu. While on pure Cuz0 NCs the
CO binding configuration is similarly prone to Cu-CO rotation and stretching, the presence of
Ag sites gives rise to a CO binding configuration that facilitates the Cu-CO stretching with thus
stronger lateral confinement. We anticipate that the latter plays a critical catalytic role in
enhancing the C-C coupling of neighboring CO adsorbates and thus increases the Co+ liquid

product formation.

From the ex situ and operando studies performed under CO2RR we gained a detailed insight
into the structural evolution of the Ag NP-decorated Cu,O NC catalysts. In their as-prepared
state, the CuxO NCs, as well as the Ag NP-decorated samples, mainly consist of Cu2O, with
some contribution from CuO. During CO2RR, Cu,O partially reduces to metallic Cu, while the
contribution of CuO vanishes. In fact, the operando XANES data evidenced the incomplete
reduction of Cu0 in all samples after five hours of CO2RR (up to 30 % of Cu,O remained in
the 3-Ag/Cu20 sample). However, we did not find a correlation between the content of CuxO
(in the bulk, XAS data) and the increased selectivity for Co+ liquid products, which might be
due to the complete reduction (XPS, SERS) of the surface Cu,O species to metallic Cu during
CO2RR.

Since the fraction of Ag in the near-surface is low (< 11 at%), intermixing is plausible, although
a precise determination of the Ag:Cu ratio in the AgxCuix regions is not possible. Therefore,
our system consists of three classes of potentially active sites during CO2RR: Ag/AgCu/Cu.
To further understand how the structural/chemical rearrangements influence the reaction
mechanism, it is useful to correlate such changes with the formation and stability of different
intermediates during CO2RR. The production of CO increased at lower overpotentials with
increasing Ag content in the samples.*> 214 It has been suggested that *CO, which is a key

40, 214

intermediate for the C-C coupling mechanism, might couple with *CHx*"" to form the
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*CH,CHO intermediate, which plays a central role in the formation of C- liquid products.?®
11 The *CH,CHO intermediate can be hydrogenated to *CH3CHO and form acetaldehyde (5.1)
or be further hydrogenated to yield ethanol (5.2).

*CH,CHO + H* + e~ - *CH5CHO — CH5CHO (5.1)
*CH,CHO + 2H* + 2e~ - C,HsOH (5.2)

If *CH3CHO couples with another *CO, propionaldehyde (5.3) and 1-propanol (5.4) can be

formed.
*CH3CHO + CO + 2H* + 2e~ + H,0 —» *CH3CH,CHO + H,0 —» CH3CH,CHO (5.3)
*CH;CH,CHO + 2H* + 2e~ - 1-C3H,0H (5.4)

On Cu surfaces, acetaldehyde and propionaldehyde are usually hydrogenated to ethanol and 1-
propanol and are only detected with FE ~1 %, as seen for the CuxO NCs. Therefore, we can
relate the enhancement of the two aldehyde selectivities to the dispersion of the Ag atoms/small
clusters on the Cu surface during CO2RR, which induces locally strained Cu sites with
expanded Cu-Ag interatomic distances compared to Cu-Cu interatomic distances and, most
importantly, differences in the predominant CO binding motifs. DFT calculations of our
previous study showed that an expanded Cu lattice increases the binding energies for the
intermediates of CO2RR (e.g., *CO on Cu).?? Additionally, Ag incorporation in Cu weakens
the binding energies of the reduced aldehyde intermediates and inhibits their further reduction
to ethanol and 1-propanol, as demonstrated in a recent DFT study.?!® However, the structural
analysis of the catalysts showed that the surface partially consists of Cu/Ag areas, which also
leads to the formation of ethanol and 1-propanol at the Cu sites since they are expected to have
higher binding energies for the oxygenated intermediates as compared to the Ag-Cu mixed
regions. Therefore, having Ag/AgCu/Cu interfaces as active surface sites appear to enhance the

yield of Co+ liquid products.

5.4 Conclusion

In summary, Ag NP-decorated Cu2O nanocubes displayed enhanced selectivity toward Co+
liquid products, while the production of formate and hydrogen was suppressed. By means of ex
situ, quasi-in situ, and operando spectroscopy studies under CO2RR conditions, we could gain
insight into the structural and chemical transformations of these catalysts that were shown to
influence the selectivity trends. In particular, we found the redispersion of the Ag NPs on Cu

and a certain Cu-Ag miscibility, leading to expanded Cu-Ag distances compared to metallic
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Cu-Cu distances. Such structural rearrangements were found to result in an enhanced formation
of alcohols and aldehydes.

By comparing the selectivity of pure Cu,0 and Ag NP-decorated CuxO NCs we concluded that
even though Cu,0 species were partially preserved under reaction conditions, they are not the
sole species responsible for the enhancement in the C»+ liquid products, which is favored when
large Ag/Cu interfaces are formed. Importantly, we correlate the enhancement to variations in
the predominant CO adsorption motif on Cu in the presence of dispersed Ag atoms.

Our work contributes to the fundamental understanding of the CO2RR by highlighting the
intricate interplay of different parameters affecting the selectivity. These include the content of
residual Cu,O species, the presence of a secondary metal near Cu where efficient CO spillover
can take place, and the alloying of Cu with another metal that is able to locally increase the
interatomic distance, leading to a change in the binding energies of adsorbates and

intermediates, thus favoring the formation of Cz+ liquid products.”!®
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This chapter presents my manuscript draft, “Time-Resolved Operando Raman
Spectroscopy Uncovers the Crucial Role of Oxides and Hydroxides for the Enhanced
Ethanol Selectivity in Pulsed CO; Electroreduction”, which is in preparation for
publication. I have planned and analyzed all operando SERS experiments presented in
this chapter, conducted a part of the pulsed CO2RR selectivity measurements, and wrote
the draft under the supervision of Dr. A. Bergmann and Prof. Dr. B. Roldan Cuenya. I
have designed the operando SERS flow cell setup in collaboration with Dr. M. Lopez
Luna and P. Bischoff. I have prepared the CuxO NC samples with an additional
contribution from Dr. H. S. Jeon. C. Rettenmaier performed a part of the electrocatalytic
CO2RR selectivity measurements. All co-workers are affiliated with the Fritz Haber

Institute of the Max Planck Society.
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Pulsed COs electroreduction (CO2RR) has recently emerged as a facile way to in situ tune
the product selectivities, in particular toward ethanol, without re-designing the catalytic
system. However, in-depth mechanistic understanding requires comprehensive operando
time-resolved studies to identify the dynamics of the electrocatalytic interface. Here, sub-
second time-resolved operando Raman spectroscopy was implemented to track the
adsorbates and the catalyst state of pre-reduced Cu2O nanocubes (~30 nm) during pulsed
CO2RR. By screening a variety of product-steering pulse length conditions, the critical
role of the oxidative formation of Cu-Oaq or CuOx/(OH)y species, as well as an optimal
OHaq versus COaq surface coverage during CO2RR was identified to boost the ethanol
selectivity. Notably, a higher CO and/or lower OH coverage following the formation of
bulk-like Cu20O induces a significant increase in the C; selectivity. These findings pave
the road toward improved catalyst design and for non-conventional dynamic CO2RR

reaction conditions.

6.1 Introduction

Within the scope of reducing global CO; emissions to limit climate change, carbon net-zero
technologies have gained enormous interest.! One promising technology is the CO2RR, which
closes the carbon cycle by using renewable energies to transform CO: back into useful
chemicals and fuels.® Among the metals studied, only copper electrodes have the unique ability
to produce the desired energy-dense alcohols and hydrocarbons such as ethanol and ethylene in
significant amounts.'* However, for further commercialization in high-current electrolyzers,
Cu-based catalysts still suffer from a broad selectivity distribution, low activity, and low
stability during long-term operation.

Several strategies have been evolved to address these issues and to increase the product
distribution toward Cs+ products, which include tuning the catalyst structure and

113,115,158,191,217

composition, and modifying the electrolyte.* %197 Additionally, the oxidation

state of Cu plays a major role - particularly oxidized Cu species and oxide-derived Cu materials
showed a major improvement in the selectivity and stability of the catalysts.”® %% 95, 179, 199,218
Thus, a simple way to regenerate the desired oxidation state of Cu in situ is pulsed potential
CO2RR, where an electrocatalytic potential alternates with an oxidizing potential. >’ Hereby, the
key pulse parameters are the applied cathodic and anodic potential, the pulse shape as well as
the pulse length.?°

By varying only the cathodic and anodic pulse length, while keeping the other pulse parameters

constant, the catalytic properties of Cu electrodes could be enhanced.?”°7 2% In this way, the

amount, as well as the type of Cu oxides (Cu’, Cu**) on the catalyst surface, was controlled,"
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22 and distorted non-crystalline Cu(I)/Cu(II) species were formed at short anodic pulses (below
2 s) as evidenced by operando X-ray absorption spectroscopy (XAS) and diffraction (XRD).
The latter species were attributed to enhance the ethanol formation.’” The dynamic alternation
of the potential impacts also the restructuring (faceting and defects) and the roughening of the
catalyst at longer anodic pulse lengths (above 1s), which were observed to enhance the
selectivity of methane or ethylene.>* °”- 126 However, the induced dynamics on the surface
coverage of hydrogen (Haq), hydroxide (OHaq), and carbon monoxide (COaq) are crucial to fully
understand the underlying principle of selectivity changes via pulsed CO2RR. Several studies
suggested that the application of the anodic pulse leads to higher OH coverage, while Haq is
removed due to the positive polarization of the electrodes.”® 12% 127-12%: 135 The resulting higher
OH coverage was proposed to stabilize also the active COatop compared to the inactive COpridge
species,*® 131 219 which then enhances the ethanol selectivity. While the CO binding
configuration was previously tracked with operando surface-enhanced infrared absorption
spectroscopy (SEIRAS),!3!:21% there is no experimental evidence of the postulated changes in
the OH and CO coverage. Thus, other time-resolved operando methods are needed to gain a
better mechanistic comprehension of pulsed CO2RR. Here, operando surface-enhanced Raman
spectroscopy (SERS) was applied, which is an ideal method to simultaneously track the changes
in the surface oxidation state of Cu and the changes in the OHag and COaq surface adsorbates as
well as their surface coverage. Another advantage of SERS is the high signal intensities due to
the surface enhancement effect of nanostructured Cu, which enable sub-second time
resolution. % 147

This study presents the impact of the applied pulse lengths during pulsed CO2RR of the cathodic
pulse 7 and of the anodic pulse # by the use of operando SERS. Therefore, square-wave
potential pulses were applied with the electrocatalytic cathodic potential E. at -1.0 V and the
oxidizing anodic potential E, at +0.6 V versus the reversible hydrogen electrode (RHE, for all
shown potentials in this study). Pre-reduced CuzO nanocubes (NCs) with ~30 nm in size served
as a catalyst, which have been previously studied during pulsed CO>RR with bulk-sensitive
operando methods (XAS and XRD).”” This catalyst was demonstrated to be an ethylene-
selective catalyst for static CO2RR at -1.0 V, while the selectivity could be tuned toward ethanol
with selected pulse lengths.>* °7- 158 Here, the changes in the type and coverage of the surface
adsorbates coupled with the surface composition of the electrode were correlated with the
obtained selectivity trends in dependence on the applied pulse lengths to gain novel mechanistic

insights in a sub-second time-resolved way.
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6.2 Experimental Details

6.2.1 Catalyst Preparation

Cu20 NCs were synthesized by a ligand-free method, as described in a previous study.!>® The
reagents were purchased from Sigma Aldrich in ACS grade and used without further
purification.

5 mL of a CuCl; * 2 H>O solution (0.1 M) and 15 mL of a NaOH solution (0.2 M) were added
to 200 mL of ultrapure water (> 18 MQ cm) at room temperature, and the solution was stirred
for 5 min. Then, 10 mL of an L-ascorbic acid solution (0.1 M) were added to the mixture, and
the solution was further stirred for 1 h. The solution was centrifuged and washed three times,
twice with an ethanol-water mixture (1:1) and once with pure ethanol. The product was dried
in vacuum overnight, and the obtained powder was stored in the glove box.

To prepare the electrodes, 1 mg of the catalyst powder was dispersed in 0.5 mL of pure ethanol
and ultrasonicated for 15 min to reach a concentration of Cu20 of 2 mg mL™!. For the operando
Raman measurements, 31 uL of the dispersion were drop-casted on one side of a polished
glassy carbon electrode (8 x 8 mm, Glassy Carbon SIGRADUR®, HTW) and dried at 60 °C

for 5 min to obtain a Cu,0 mass-loading of ~100 pg cm™.

6.2.2 Electrolyte Preparation
0.1 M KHCOs (Alfa Aesar, 99.7-100.5 %) was purified with a cation-exchange resin (Chelex
100 Resin, Bio-Rad) and saturated with CO2 (99.995 %) for at least 15 min.

6.2.3 Operando Surface-Enhanced Raman Spectroscopy

Operando SERS was performed with a Raman spectrometer (Renishaw, InVia Reflex) coupled
with an optical microscope (Leica Microsystems, DM2500M) together with a motorized stage
for sample tracking (Renishaw, MS300 encoded stage). Calibration of the system was carried
out by using a Si(100) wafer (520.5 cm™). A near-infrared laser (Renishaw, RL785, 1 =785 nm,
Puax = 500 mW, grating 1200 lines mm™ and 1800 lines mm™), as well as a HeNe laser
(Renishaw, RL633, 4 = 633 nm, Pue = 17 mW, grating 1800 lines mm™), were used as
excitation sources. The backscattered light was Rayleigh-filtered and directed to a CCD
detector (Renishaw, Centrus). For the operando measurements, the excitation source was
focused on the surface of the sample, and Raman scattering signals were collected with a water
immersion objective (Leica microsystems, 63x, numerical aperture of 0.9). The objective was
protected from the electrolyte by a Teflon (FEP) film (Goodfellow, film thickness of

0.0125 mm), which was wrapped around the objective.
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Figure 6.1 Pictures of the home-built spectro-electrochemical operando Raman flow cell setup (a) and

schemes of the cell body ((b), left) and sample holder ((b), bottom right) drawn by P. Bischoff (FHI).

The electrochemical measurements were conducted in a home-built spectro-electrochemical
flow cell made of PEEK and controlled by a Biologic SP240 potentiostat (Figure 6.1). The cell
was equipped with a leak-free Ag/AgCl reference electrode (LF-1-63, 1 mm OD, Innovative
Instruments, Inc.) positioned close to the sample and a Pt counter electrode in the outlet of the
flow. The working electrode with the catalyst drop-casted on glassy carbon was mounted from
the bottom of the cell, and the area of the exposed catalyst was 0.25 mm?. The electrolyte (0.1 M
KHCO3) was CO;-saturated in its reservoir (V= 50 mL) outside of the Raman system and, from
there, pumped through the cell with a peristaltic pump (PLP 380, Behr Labor-Technik).

The collection time of each spectrum depends on the applied electrochemical protocol. For the
pulsed CO2RR experiments at the cathodic potential £E. =-1.0 V and the anodic potential E, =

+0.6 V, acquisition times between 0.1 and 0.8 s were used depending on the cathodic and anodic
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Table 6.1 Temporal resolution of the spectra for different pulse lengths in the region of 55-1272 ¢cm™! at
E.=-1.0V and E,=+0.6 V, including the dead time of the spectrometer (~0.1 s).

t. [s] t, [s] Time/spectrum [s]
4 0.5 0.2
4 4 0.9
0.5 8 0.2
8 1 0.35
4 2 0.5
1 1 0.3
4 8 0.9
1 32 0.3

pulse lengths 7. and ¢, respectively, to obtain at least three data points per pulse. The exact
temporal resolutions for the low Raman shift region are given in Table 6.1. To obtain a high
time resolution, usually (if not stated differently), the static Raman mode in the region of 55-
1272 cm™! was applied together with the 785 nm laser and the 1200 lines mm! grating. In the
region of 1700-2600 cm™!, the 633 nm laser and the 1800 lines mm™' grating were used. The
Raman data were first processed using the Renishaw WiRE 5.2 software to normalize the data
and remove cosmic rays. For the normalization, the intensity values were modified to a mean
of 0 and a variance of 1. Octave® scripts were written to combine the Raman and the
electrochemical data to fit characteristic Raman bands and to average the Raman spectra.
Averaged Raman spectra were obtained by averaging the Raman data points collected at the

same times after the onset of each pulse cycle.

6.2.4 Selectivity Measurements

The main part of the selectivity measurements was already published in my previous co-
authored work”’ except for the new measurements acquired at E. = -1.0 V, E, =0 V and ¢, =
4 s, and t, =1 s. The measurements were carried out in an H-type cell equipped with an anion-
exchange membrane (Selemion AMV, AGC) separating the cathodic and the anodic
compartments and controlled by an Autolab (Metrohm) potentiostat. A leak-free Ag/AgCl
reference electrode (LF-1, Alvatek) served as the reference electrode, a platinum gauze
electrode (MaTecK, 3,600 mesh cm™) as the counter electrode, and CuxO NCs deposited on
carbon paper as the working electrode. Gas products were detected and quantified every 15 min
by online gas chromatography (GC, Agilent 7890B), equipped with a thermal conductivity
detector and a flame ionization detector. Liquid products were analyzed after each measurement
with a high-performance liquid chromatograph (Shimadzu Prominence), equipped with a

NUCLEOGEL SUGAR 810 column and a refractive index detector, and a liquid GC (Shimadzu
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2010 plus), equipped with a fused silica capillary column and a flame ionization detector. The
Faradaic efficiencies were calculated by taking only the cathodic part into account since there
is no catalytic activity during the anodic pulse. More details about the product determination,
the electrochemical procedure, and the selectivity calculations can be found in the previous

work.”’

6.3 Results and Discussion

6.3.1 Time-Dependent Evolution of SERS
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Figure 6.2 Experimental protocol during a representative pulsed experiment. (a) Applied potential over
time (top) together with the temporal evolution of the SERS signal intensity of Cu>O NCs in the range
0f 200-1300 cm™! with highlighted characteristic bands. (b) Selected normalized SERS spectra from (a)
with highlighted Raman shifts, which correspond in (I) to Cu,O species (402, 526, 620 cm™); in (II) and
(1I1) to adsorbed bidentate carbonate species (¥*0.CO, 360, 705 cm™), to carbonate (COs*, 1074 cm™)
and to bicarbonate (HCO5, 1050 cm™); and in (IV) to the Cu-CO rotation (280 cm™) and Cu-CO
stretching bands (360 cm™) and to Cu,O and/or OH,q species (530, 630 cm™!) 3! 88132, 158
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In the first step, freshly prepared Cu,O NCs deposited on a glassy carbon electrode were pre-
reduced in an electrochemical operando Raman flow cell setup (Figure 6.1) in 0.1 M CO»-
saturated potassium bicarbonate (KHCOs3) by performing a linear sweep from open circuit
potential (ocp) to -1.0 V with 10 mV s, where the potential was kept for 15 min. In the second
step, pulsed CO2RR with a selected pulse length and symmetry was applied (Table 6.1). Both
steps were followed by operando SERS at the same time, and different spectral regions of
interest are highlighted in Figure 6.2.

Figure 6.3 a presents the applied potential and the measured current (top) during the symmetric
pulses with 7. = #, = 4 s and the corresponding normalized SERS signal intensities over the
Raman shift between 250 and 700 cm™ (bottom) as a function of the time. The periodic
responses of characteristic SERS bands in this wavenumber region were fitted in Figure 6.3 b

(with fit examples in Figure 6.4), which will be focused on over the course of this study.
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Figure 6.3 Temporal evolution of the SERS signal intensity during pulses with £.=-1.0 V, E,=+0.6 V,
and ¢, = t, = 4 s. (a) Applied potential and current density over time (top) and corresponding temporal
evolution of SERS signal intensity with marked Raman bands (bottom). (b) Applied potential over time
and intensities of fits in arb. units of selected characteristic Raman bands, namely the Cu-CO rotation
(COy, 280 cm™, dark blue), Cu-CO stretching (COs, 360 cm™, light blue), Cu-OHug (OHaq, 495 cm’!
at -1.0 V in turquoise and 450 cm™ at +0.6 V in green) and the copper(I) oxide (CuO, sum of 530 and
620 cm™! divided by two, orange) bands.
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Figure 6.4 Exemplary fits of characteristic peaks of the normalized SERS spectra during the cathodic
and anodic pulse of pulsed CO;RR at ¢, =¢,=4 s with E.=-1.0 Vand E,=+0.6 V.

In particular, the selected characteristic bands are here:

)

D

(I1I)

the COaq vibrations on Cu, namely the Cu-CO rotation (CO;) and stretching
(COs) vibrations at 280 and 360 cm™', which are essential for the determination
of the CO surface coverage (COcov) obtained by their intensity ratio (COs/COy),%
and which appeared during each cathodic pulse as CO2RR intermediates due to
the reduction of CO» and disappeared again during each anodic pulse;3®: 132 158
the OHag vibration on Cu at 495 cm™!, which appeared during each cathodic pulse
and redshifted to 450 cm™ during each anodic pulse due to the adsorption of
OH;31 132210

the bands related to Cu20O on the surface at 410 cm™ (multiphonon process),
530 cm™ (Raman-allowed F»; mode), and 620 cm™ (IR-allowed Fi, mode),
which appeared during each anodic pulse due to the oxidation of Cu and
disappeared again during each cathodic pulse due to the reduction of Cu.3!" 13
158211 One cannot completely exclude the additional presence of CuO or

Cu(OH): as a minor component due to similar band positions.?%

While the assignment of COaq and Cu2O is straightforward, the assignment of OHaq is still under

debate, and some groups also assigned the band at 495 cm™ to Cu-C and Cu-O species.

31, 220

However, experiments with D,O showed a shift of the band position, which supports the

assignment of chemisorbed OHaq on Cu.

210

Additionally, a weak carbonate band at 1070 cm™ was observed in some of the SERS spectra

during the first 20 s, as shown in Figure 6.

5 31,32,88
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Figure 6.5 Normalized SERS spectra during the first 20 s of pulsed CO,RR at ¢. = ¢, = 4 s with E.

=-1.0 Vand E, =+0.6 V. Characteristic bands are highlighted.

6.3.2 Pulse Length-Dependent Evolution of SERS

In order to follow the impact of the applied cathodic and anodic pulse duration on the catalyst
and adsorbates, the normalized operando SERS spectra of selected pulse conditions were
averaged, and the characteristic bands were fitted over one pulse sequence, as shown in Figure
6.6. The emphasis is placed on three pulse regimes that are typical for the highest ethanol (EtOH
regime, Figure 6.6 a,d), ethylene/acetaldehyde (C2H4Ox regime, Figure 6.6 b,e), and C; product
(C1 regime, Figure 6.6 c,f) selectivity. The EtOH regime is characterized by short anodic pulses
(t. = 0.5 s), the CoH4Ox regime by intermediate anodic pulses (7 = 4 s), and in both cases, the
cathodic pulses have an intermediate length of 4 s. In contrast, long anodic pulses (z; = 8 s)
combined with short cathodic pulses (f. = 0.5 s) represent the C; regime.’’ Thereby, the intensity
of the COs compared to the CO; band decreased with shorter 7, and is the smallest in the EtOH
regime. The OHaq band is more intense during shorter #, (0.5 s, 4 s) in the EtOH/C,H4Ox regime,
while no OHaq bands, but stronger Cu oxide bands during long #, (8 s) and subsequent short 7.
(0.5 s) could be detected in the C; regime. These observations are underlined by additional
SERS data at different pulse lengths (Figure A6.1-A6.2). Similarly, the Cu2O band intensity
increased with the duration of the anodic pulse being comparably weak at #, = 0.5 s in the EtOH

regime. Interestingly, there might also be some contribution of Cu-Oaq as visible in the EtOH
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Figure 6.6 Pulse length-dependent evolution of SERS spectra and characteristic bands during pulsed

potential CO,RR measurements at £. = -1.0 V and £, = +0.6 V. (a-c) Normalized SERS spectra from

bottom to top (as indicated with arrows) with highlighted characteristic SERS bands and (d-f) intensities

of fits of characteristic SERS bands averaged over one pulse sequence at selected pulse lengths. All

averaged SERS spectra of (c) are shown in Figure A6.4. The data points in (d-f) represent the intensity
fits of CO; (280 cm™!, dark blue), COs (360 cm™, light blue), OH,q (495 cm™ at -1.0 V in turquoise and
450 cm™ at +0.6 V in green), Cu2O (sum of 530 and 620 cm™ divided by two, orange) and Cu-O,q

(610 cm!, orange) bands. The red lines denote the exponential fits and serve as guides for the eyes.
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regime, which was even more pronounced at #,/t. = 2 s/4 s and 1 s/1 s in the region of 606-
626 cm™ (Figure A6.1).2*! Under these conditions, also intense OHaq bands were detected, as
well as additional bands at 370-380 cm™ and 520-540 cm™!, which can be attributed to
CuOy/(OH)y species.’!: 222 Moreover, the carbonate band at 1070 cm™ was predominantly
observed at the onset of both the anodic and cathodic pulses, possibly linked to dynamic
alterations of the electrical double layer. However, due to the low intensities of this band under
these conditions, it is challenging to thoroughly analyze its characteristics further (Figure A6.1-
A6.3).

The exponential fits of the Raman band intensities can provide additional insights into the
average surface coverage of the characteristic species and their corresponding
adsorption/desorption and oxidation/reduction kinetics. (Figure 6.6 d-f, Figure A6.5, Table 6.2,
Table A6.1-A6.2). In particular, the kinetics of the ad- and desorption of CO on Cu altered with
the applied pulse lengths (Table A6.1). For example, in the EtOH regime, the COs band intensity
increased twice as fast during the cathodic pulse as it decreased during the anodic pulse.
Additionally, the COs/CO; band intensity ratio, which reflects the COcoy, gradually and
persistently escalated throughout the cathodic pulse (Figure A6.6). These findings suggest a
change in the CO binding configuration during the cathodic pulse, which is expected to have
implications for the catalytic function.

The differences in the CO binding configuration in terms of CO adsorption sites can be further
evaluated by the analysis of the C-O stretching vibration at higher wavenumbers (1900-
2150 cm™!, Figure 6.7). Therefore, the SERS spectra needed to be deconvoluted (Figure A6.7)

Table 6.2 Averaged SERS band intensity values and standard derivation (arb. units) of the characteristic

SERS bands over a cathodic or/and anodic pulse extracted from Figure 6.6 d-f and Figure A6.5.

e la CO:(t)  COs(t)  OHu(t) OHua(t) Cu-Ou(t) CuO (1)
[s] [s]

4 0.5 0.76(9) 0.4(1) 0.20(8) 0.24(1) 0.20(5) 0

4 4 0.39(8) 0.7(2) 0.18(7) 0.25(7) 0 0.5(1)
0.5 8 0.15(5) 1.12) 0 0 0 0.8(1)
8 1 1.1(4) 0.6(4) 0.2(1) 0.3(1) 0 0.1(1)
4 2 0.5(1) 0.5(2) 0.4(1) 0.22(8) 0.4(1) 0

1 1 0.5(2) 0.4(1) 0.6(3) 0.4(2) 0.10(1) 0

4 8 0.22(6) 13(2)  0.0020(1) 0 0 0.8(1)

1 32 0.33(1) 1.08(6) 0 0 0 0.6(2)
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Figure 6.7 Normalized SERS spectra of the C-O vibration region from 1900-2150 ¢cm™ of pulsed

potential CO,RR measurements with varied pulse length during £. =-1.0 V and E, = +0.6 V averaged
over one pulse sequence from bottom to top (as indicated with arrows). The pulse lengths are in (a) 7. =
4 s, t, = 1 s (ethanol regime), (b) t. = 4 s, t, = 8 s (ethylene/acetaldehyde regime), and (¢) .= 0.5 s, t, =
8 s (Ci regime). The different C-O configurations are highlighted. Spectra were collected with an

acquisition time of 0.25 spectra/s.

by fitting the contribution of the bridge CO (CObrigge at 2030 cm™) and two atop CO (COatop)
bands, namely the low-frequency band linear CO (COvrrg at 2065 cm™) and high-frequency
band linear CO (COurg at 2095 cm™), as described in the literature.>* 2! The corresponding
intensity evolutions of these different contributions averaged over one pulse sequence are
displayed in Figure A6.8. The contribution of COatop sites, usually related to C-C coupling,®
was indeed higher in the EtOH and C2H4Ox regime (Figure A6.9). Instead, the contribution of

30.131.219 increased in the C) regime

COwridge sites, usually considered inactive for C-C coupling,
(Figure A6.8, A6.9). Nevertheless, it is crucial to note that the uncertainties in these averaged
contributions are considerably high (Figure A6.8-A6.9) owing to the constantly evolving
surface reactions that lead to the dynamic nature of the C-O stretching vibrations at high Raman
shifts 30 132

For the OHaq species, in turn, it is not easy to extract the ad- and desorption behavior since the
bands additionally shifted upon the potential switch (Figure 6.6 a,b). The shift of the bands

probably resulted from the Stark effect, with a Stark tuning rate of ~28 cm™!/V, rather than from



6 Time-Resolved Operando Raman Spectroscopy of Cu during Pulsed CO,RR 99

E/mV
L

i

o 620cm' © 530cm” o 410cm’

-1
1.5F

Intensity / arb. units

Time /s

Figure 6.8 Applied potential and intensities of fits of Cu,O bands at 410, 530, and 620 cm™ during
pulsed potential CO,RR at E. =-1.0 V and E, =+0.6 V at z. = 0.5 s and ¢, = 8 s (C, regime) averaged

over one pulse sequence.

a change in the bonding configuration of OHaq, as also discussed in the literature.?'”

The adsorption of oxygen on Cu and the oxidation to CuxO over the anodic pulse was, under
all applied pulse conditions, slower than the corresponding desorption/reduction upon the
application of the cathodic pulse (Table A6.2). In the C; regime, the amount of surface Cu,O
continuously increased the fastest, which indicates a continuous growth of the oxide layer over
the course of the anodic pulse. Moreover, the spectroscopic weights of the three deconvoluted
Cu20 bands changed at different applied pulse lengths (Table A6.3). The contribution of the
band at 410 cm™ increased at longer cathodic pulses, which may have been influenced by the
higher amount of OHaq.?!® On the other hand, the intensity ratio of the 530 and 620 cm™ bands
increased at shorter cathodic pulses. If one follows the time-dependent evolution of these bands
in the C; regime (Figure 6.8), the contribution of the band at 410 cm™ was the highest in the
first second, while the intensity ratio of the 530 and 620 cm™! bands decreased during the course
of oxidation. These changes might represent the formation/crystallization of the CuzO layer,
with a minor contribution of other Cu phases (e.g., Cu(Il) compounds such as CuO/Cu(OH).)
in the initial phase of the electrochemical oxidation. However, they cannot be directly correlated

to a specific cationic Cu (surface) species with SERS.?% 2%

6.3.3 Correlations of Selectivity, Structure, and Kinetics
Figure 6.9 shows the correlations between the change in the SERS band intensities (Table 6.2)
and in the Faradaic efficiencies (AFEs) during pulsed CO2RR in comparison to static CO2RR
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Figure 6.9 Correlations between selectivity distributions®” and adsorbates/oxide species during pulsed

CO2RR with E.=-1.0 V, E, = +0.6 V with respect to the anodic and cathodic pulse lengths subtracted

by the corresponding values under static CO,RR conditions at -1.0 V (indicated with A). Changes of (a)
sum of A Faradaic efficiencies (AFEs) of the main C; products (CO and CH4), (b) SERS intensity
distribution of ACO coverage on Cu (COvcov, determined by the ratio of the SERS intensity of COy/COy)®,
(c) AFEs of ethanol (EtOH), (d) SERS intensity distribution of the A ratio of Cu oxide (includes Cu-Oaq
and Cu,0) and the COcv, (¢) ratio FEs of EtOH and ethylene (C>H4) and (f) SERS intensity distribution
of the ratio of OHaq and the COcoy.
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conditions at -1.0 V obtained from a variety of anodic and cathodic pulse lengths.®” Figure 6.9 b
depicts the changes in the COcoy during the cathodic part of pulsed CO2RR, which could be
determined by the ratio of the COs and CO; band intensities.®® The COcoy has been shown to be
important for the C-C coupling step, and a higher COcov could be linked to the increase of Ca+
products.®® Under pulsed CO2RR, the determined COcov is almost unchanged in the C2H4Ox
regime but decreased in the EtOH regime and increased in the C; regime compared to static
CO2RR conditions (Figure 6.9 a,b). Thus, the COcov seems to be not the only crucial parameter
for the outcoming product selectivities. Furthermore, the kinetics of the ad/-desorption of CO
might also be significant for the observed product formation (Table A6.1) due to the introduced
dynamics in the system by pulsing the potentials. In the EtOH regime, CO; and COs vibrations
adsorbed faster than they desorbed; thus, CO was rapidly available to form EtOH at these pulse
lengths (Figure 6.10). Thereby, the kinetics of the ad- and desorption of COs versus COy, which
directly impact the surface CO coverage (Figure A6.10), indicate faster kinetics of COs
compared to COr. This means that the rapidly available COaq stems first mainly from COs which
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Figure 6.10 Ratios of time constants 7 during ad- and desorption of CO; (a-b) and CO;s (c-d) in
dependence of the pulse lengths of pulsed potential CO,RR measurements with £.=-1.0 V, E,=+0.6 V.
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has been related to the C-C coupling COap in the literature.®

In my previous co-authored study, the selectivity trends observed under pulsed conditions were
associated with Cu oxide species detected via operando XAS and XRD. These species were
deemed to play a crucial catalytic role.”” Therefore, Figure 6.9 c,d displays the changes in the
EtOH selectivity as well as the ratio between the Cu-0.q¢/Cu20 species during the anodic pulse
and the COcoy during the cathodic pulse. Here, an increase in Cu oxygen-related species
compared to COcov could be observed in the EtOH regime, while this ratio decreased in the C;
regime. Also, kinetically Cu-Oaq adsorbed quicker in the EtOH regime compared to the surface
Cu20 in the C; regime, which is crucial for the rapid availability of oxygen species to form
EtOH (Figure 6.11).

To further investigate the role of OHaq, which was only speculative in previous studies so far,

the change in the ratio between the average OHaq and the COcov during the cathodic pulse was

g Cu-0,, adsorbes faster 8 Cu-0,, desorbes faster
9.1 49
, Ay, (Cu-O,4)| | | 51 ; b (Cu-0,.)]| | | 4
R 7.2 5 40
6.3 35
n 5 5.4 w5 30
~, 4 45 ~, 4 25
= 3.6 - 20
2 27 3 15
2 1.8 2 9.9
i 0.90 ] 4.9
 EEPR S B -0.0010 -0.0010
1 2 3 4 5 8 7
ta / S g
. Cu oxidizes faster . Cu,O reduces féagster
. 1/1,(Cu,0) 7 26
23
6 6 i
n 2 n 2 17
2 3 8.6
2 2 5.7
2.9
1 1
: 0.0

1 2 3 4 5

t./s
Figure 6.11 Ratios of time constants 7 during the adsorption of Cu-Oqq (a) and the oxidation of Cu to
Cu20 (c) at the anodic pulse and during the desorption of Cu-O.q (b) and the reduction of CuxO to Cu

(d) at the cathodic pulse in dependence of the pulse lengths of pulsed potential CO,RR measurements
with E.=-1.0V, E,=+0.6 V.
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calculated (Figure 6.9 e,f). Here, three major regions with respect to static CO2RR conditions
could be identified: (i) intermediate OHag to COcov ratio characterized by the highest EtOH to
C>Hy ratio; (i1) low OHag to COcoy ratio characterized by the lowest EtOH to C2H4 ratio; and
(ii1) highest OHaq to COcoy ratio characterized by a slightly increased EtOH versus CoHy ratio.
These findings show a crucial role of OHag and Cu-O,4/Cu20 for the formation of EtOH, while
fast kinetics of the adsorbates/redox state of COad/Cu-0O.d/Cu20 are favorable for the formation
of certain products at these induced dynamic reaction conditions.

To generalize this study and defocus from the applied pulse lengths, the Cu-O.4/Cu20 and OHag
parameters were now directly correlated with the AFEs of selected products such as CO, C2Ha,
acetaldehyde, and EtOH (Figure 6.12), as well as the remaining products (Figure 6.13). This
analysis shows that the FE of C;Hs was lower, irrespective of the surface adsorbate
composition, while the selectivity toward CO, acetaldehyde, and EtOH was (mostly) increased.
More specifically, high ratios of the Cu-0.¢/Cu20 versus COcov ratio can be linked to higher
EtOH selectivity, while low ratios led instead to a pronounced decrease of the EtOH and all Ca+
product selectivities. In contrast, in the latter case, CO and other C; product selectivities
increased. This confirms the importance of oxygen for the formation of EtOH in accordance
with the literature.”% %3 97 191, 192, 218

The link between the product selectivities and the ratio of OHaq versus COaq is more complex,
and several different regions can be identified, as already indicated in Figure 6.9 e,f. The

maximal increase in the AFE of EtOH, together with other minor alcohols, under pulsed CO2RR

15
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AFE | %

T 283 T
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Figure 6.12 Correlations between the selectivity change AFE of selected products (CO, ethylene,
acetaldehyde, and ethanol) and (a) the A(Cu-Oaq/Cu,0 versus COcov) or (b) the A(OHag versus COcov) in
arb. units under pulsed CO2RR conditions subtracted by the corresponding values under static CO2RR
conditions at -1.0 V. The green star represents the change of ethanol selectivity during pulsed CO,RR

up to non-oxidizing potentials at £, =0 V.
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is found at an intermediate ratio of OHad¢/COaq (0.3) (Figure 6.12 b, 6.13 b,d), while the AFEs

of CO, ethylene, and acetaldehyde decreased. At lower OHaa/COcov ratios, these latter products
increased again at the expense of EtOH, while at the lowest ratio (-0.4), the C; products, such
as CO and CHyg, increased to their maximum at the expense of the C>+ products. Similar, higher
ratios OHadg/COcov (> 0.3) are correlated to a lower FE of EtOH and ethylene and an increase of
CO and less protonated H> and COO™. However, at these high ratios, the selectivities of EtOH
and acetaldehyde were still enhanced compared to static CO2RR conditions. To verify the
dependence of the EtOH selectivity on the OHaq concentration further, pulsed CO2RR up to
non-oxidizing E, = 0 V at t./t, = 4 s/1 s was also measured (Figure A6.11, Table A6.4). The
slight enhancement of EtOH compared to the static conditions goes along with a slight
enhancement in OHaq versus COcov, as also indicated in Figure 6.12 b (green star) and supports

the beneficial effect of OHaq for the EtOH production.

a1 R 1Ee
EtOH,,, | EtOH,, | M CH,
° ) ® 0 1; ) o | Moo
X s . X 5} ¢ |
E Ogpg—o ! ° . [I] 0 geuy .o 1
L 59 2 L
=] =3 @ < -5
_10... [ . -10 e .. 9
-15¢ - = P 15 . . - :
0.2 0.3 0.4 0.0 0.2 04 0.6
A(Cu-0,,/CO.,) A(OH,, / CO,,)
2.0 ' ' 2 R Acetate
i Propanal
EtOH, 5 | 1 1-Propanol
e | o B Allyl alcohol
Ih' ..\
o
' 1 W
{ L
<]
! 0.2 03 04 00 02 04 06
A(Cu-O,,/ CO,,) A(OH,, / CO,,,)

Figure 6.13 Correlations between the selectivity change AFE of selected C; (top) and minor products
(bottom) and (a,c) the A(Cu-O.¢/Cu20 versus COcoy) or (b,d) A(OHag versus COcoy) in arb. units under
pulsed CO2RR conditions subtracted by the corresponding values under static CO,RR conditions
at-1.0 V.
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From these insights, Figure 6.14 suggest the mechanism for pulsed CO2RR, where the periodic
switching of the applied potential can change the oxidation state of Cu and modify the
interfacial adsorbate coverage of OH and CO with distinct kinetic behavior. Cu oxide-related
species only formed during the anodic pulse and rapidly reduced again once the cathodic pulse
was applied. At short anodic pulse lengths (z; < 2 s), Cu-Oaq vibrations and/or CuOx/(OH)y

species were detected, which also correlate well with the observation of Cu(Il) at short anodic

C,H,OH CzH4 C,H,0 Co, CH4
N4
OHCOOHCOOQHCO OHCOCOCO OHCO COCOCOCOCO cO

. “ “
k(coad)q I\k(oad) k(coad)‘l Ilk (Cu,0) k(COad)“ I'k(Cu2O)

OH OOH O OH O OH OHOH

2 N N Rt
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Figure 6.14 Depiction of observed processes during pulsed CO,RR with E.=-1.0 V, E, =+0.6 V of
pre-reduced Cu,O NCs in dependence of the anodic and cathodic pulse length. COag, OHag, and Oaq
coverage are highlighted, and the oxidation state of Cu is indicated, which both contribute to different
product selectivities during the cathodic pulse. The rate constant & of the CO ad- and desorption, as well
as the Cu reduction and oxidation, are schematically specified by the lengths of the arrows to each other,

where a longer arrow is correlated to a faster process.

pulses from operando XAS.”” These CuOx/(OH)y species might be essential for the enhanced
EtOH selectivities and are directly oxidized from Cu(0) to Cu(Il) during the anodic pulse as no
characteristic CuxO bands could be detected. Additionally, in this region, the ratio of Cu-Oaq
versus COc¢ov was the highest. Instead, at longer anodic pulse lengths (¢ > 2 s), typical CuxO
surface species appeared, where the thickness of the Cu2O layer grew over the duration of the
anodic pulse. Large amounts of bulk-like Cu20, which were still present at the beginning of the
cathodic pulse, led then to an enhancement in the methane selectivity, as also seen in a previous
study.** There, the ratio of CuxO versus COcov Was the lowest.

Most importantly, the Cu redox transitions, the OH surface coverage, and the local pH seems
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to be intertwined. In general, the concentration of OH™ close to and adsorbed on the catalyst
surface is expected to increase during pulsed CO2RR at -1.0 V. Thereby, OH" species are
produced by the reduction of H>O during the cathodic pulse but are kept close to the catalyst
surface due to the positive polarization of the Cu electrode during the anodic pulse. This leads
to an effective increase in the local pH during pulsed CO2RR compared to static CO2RR. The
limited time at short #, values prevents the formation of an ordered CuO phase and favors the
formation of the detected Cu-Oaq and/or CuOx/(OH)y species. At longer oxidizing pulses, the
low OH coverage values likely result from OHag/OH™ consumption for the formation to Cu,O
(2 Cu+2 OH = 2 Cu-OH = Cu20 + H20),** ¥ leading to a decrease in the local pH during
CORR, which is known to favor methane and CO production.** However, higher coverages of
OH.q start to block COaq sites, which leads to an increase in C; products and HER.?** The
highest COcov Was reached at long anodic and short cathodic pulse lengths, where no OHag was
detectable, as explained above. Usually, high COco are attributed to the increase in Co+
products.®® 18 Nevertheless, the enhanced methane selectivities at these conditions might be,
besides the remaining CuO species, also related to the high roughness and/or Cu dissolution
of the Cu NCs due to the long duration of the anodic pulse. If the roughness becomes very high,
sub-nanometer Cu clusters might form that were observed to be selective for methane
formation.?** 22° Cu-dissolution could also lead to an increased population of low-coordinated
sites, which are selective for hydrogen.®

Thus, the CO and OH coverage have to be balanced during pulsed CO2RR to facilitate C-C
coupling as well as the protonation of the *CHxCO intermediates and hamper the O removal,
e.g., by a sufficient OH coverage of the adjacent adsorption sites. In addition, the fast kinetics
of *CO - COuq in the EtOH regime might be crucial for the C-C coupling and further
protonation. A higher COcov coupled with a lower OH coverage, similar to the conditions under
static CO2RR, favors the enhancement of deprotonated C»+ products such as ethylene and

acetaldehyde.

6.4 Conclusion

In conclusion, this study revealed the link between the changes in the adsorbate structure and
composition and the catalytic function of an oxide-derived Cu nanocatalyst during pulsed
COzRR by utilizing time-resolved operando SERS. By the implementation of sub-second time
resolution, the development of characteristic adsorbates such as OHaq and COaq could be tracked
during each individual pulse. In this way, the observed ethanol enhancement could be attributed
to an optimal OH and CO surface coverage, which was found to be crucial for efficient C-C

coupling toward alcohols. Furthermore, these OH species had a significantly lower
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concentration during stationary CO>RR and were not present on CuxO-derived working
catalysts. Thus, only the intermittent formation of an OH/O-covered Cu surface triggers the
continuous regeneration of the OH/CO-covered Cu catalyst. Furthermore, the preferable CO
ad-/desorption kinetics were found to contribute to higher Cs+ yields. This is in line with the
formation of Cu-O.4¢/CuOx/(OH)y, where the introduced oxygen species is crucial for ethanol
enhancement. On the contrary, at longer anodic pulse lengths, OHag¢ was found to be converted
into bulk-like Cuz0 species, which also led to the decrease of the near-surface pH and the
formation of unfavorable C; products, such as methane and CO, as well as tremendously
different reduction mechanisms, not being able to stabilize the OH species. All in all, this study
underlines the urgency of time-resolved surface-sensitive techniques such as operando SERS
to understand the reaction mechanism of pulsed CO2RR in order to favor the desired product
selectivities as well as the necessity to explore experimental methodologies to tackle the

interfacial electrolyte composition and pH values.
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This chapter presents my manuscript draft titled "Time-Resolved Operando Insights into
Cu-Zn Nanocubes during the Pulsed CO; Electroreduction toward Ethanol", which is
currently in preparation for publication. I was responsible for planning and interpreting
all measurements outlined in this chapter and wrote the draft under the supervision of Dr.
A. Bergmann and Prof. Dr. B. Roldan Cuenya. I prepared the samples and conducted and
analyzed all electrocatalytic measurements, as well as the operando XAS, XRD, and
SERS experiments. The machine learning analysis of the XAS data was carried out by
M. Riischer and Dr. J. Timoshenko. Dr. A. Bergmann conducted the XRD Rietveld
analysis. Dr. H. S. Jeon, W. Frandsen, and Dr. S. Kiihl performed the SEM/STEM
measurements, while C. Rettenmaier conducted and analyzed the XPS measurements. Dr.
U. Hejral, Dr. E. M. Davis, and F. T. Haase supported the HE-XRD measurements, and
D. Kordus the synthesis. All co-workers are affiliated with the Fritz Haber Institute.
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Pulsed electrochemical CO; reduction (CO2RR) has emerged as a facile way to alter the
product selectivities toward desired multicarbon products, but so far, it has been applied
mainly over monometallic Cu-based electrodes, which suffer from stability issues. Here,
ZnO-decorated CuxO nanocubes were prepared, and different anodic potential values
were applied during pulsed CO2RR to uncover the effect of the redox transitions of both
metals on the catalytic function and dynamic catalyst structure and composition. An
increase in the ethanol selectivity was observed once pulsed into the oxidation regime of
zinc, while parasitic hydrogen evolution drastically increased once pulsed into the
oxidation regime of Cu. To understand these changes, time-resolved operando XAS,
XRD, and SERS were employed. In this way, the dynamically induced interplay between
the Zn oxide, CuZn alloy, and metallic Zn formation, the evolution of Cu crystallites, and
the adsorption behavior of *CO and *OH" could be followed. This study highlights the
relevance of zinc oxide and an increased OH coverage for the enhancement of the catalyst

selectivity toward ethanol.

7.1 Introduction

The CO2RR provides an attractive way to mitigate the energy crisis by closing the carbon cycle
and storing renewable energy in valuable multicarbon fuels and chemicals.® 22® Especially, the
selective generation of liquid fuels such as ethanol is highly desirable for economical usage due
to their high energy densities and ease of storage.!®® Among the metals, Cu is the only catalyst
that can yield significant amounts of high-value hydrocarbons and oxygenates such as CHa,
C,H4, and C,HsOH.'* However, the Cu-catalyzed CO2RR suffers from low selectivity toward
liquid products and poor long-term stability.'® 7> The incorporation of a CO-producing second
metal (e.g., Ag, Au, and Zn) has been shown to be a promising strategy for the enhancement of
liquid products either due to a CO spillover from the second metal to the Cu sites or due to the
change in the electronic properties,!!® 198, 215,227,228

Especially Cu-Zn is an appealing system since it consists of low-cost and earth-abundant
metals. Nevertheless, the reported CO:RR selectivities for Cu-Zn systems are often
contradictory, and the reaction pathways are disputed. For example, a phase-separated Cu-Zn
catalyst with 50 wt% of Zn exhibited a Faradic efficiency of up to 94 % for CO.?*’ Moreover,
the selectivity of CuZn nanoparticles (NPs) changed from methane on Cu-ZnO NPs to CO on
a CuZn alloy.®® * The product selectivity of Cu-ZnO nanocrystals can be switched from
methane to ethanol by changing the degree of surface alloying together with the concentration
of metallic Zn.!'® Additionally, Cu-rich CuZn alloys were found to increase the C:+ product

selectivity, while Zn-rich alloy phases increased the formation of CO and H.!'> Thus, the
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structural, morphological, and chemical arrangement of Cu-Zn is crucial for the observed
product selectivities. So far, it has been mainly altered by different synthesis routes, where the
synthesized material experiences further in sifu transformations when exposed to static CO2RR
conditions forming the working catalyst.

An elegant way to modify the Cu-Zn arrangement in a controlled manner in situ is by applying
pulsed electrolysis, where the electrode potential alternates periodically between a cathodic E.
and an anodic potential £,.2° Thereby, the working catalyst can be regenerated or reactivated,
resulting in stabilization or even improvement of the catalytic function. So far, studies of pulsed
CO2RR mainly focused on the usage of bare Cu catalysts and revealed an enhancement toward
Cz+ products as well as a suppression of the hydrogen evolution reaction (HER), 3% 120 126, 135

96, 97

These trends were mainly attributed to the oxidation of Cu, irreversible morphological

34.96.97 an increase in the pH,** 3% and the adsorption of OH" species.'?” However, the

changes,
Cu catalysts suffered from instability due to the dissolution of Cu and deactivation of active
sites during pulsed CO2RR, which are likely induced by the continuous oxidation-reduction
cycles.”” 230 By the addition of a second metal, the first pulsed potential studies on a Cu-Ag
catalyst indicated improvements in selectivity and stability with symmetric pulse lengths of
5 5.1 However, bimetallic catalysts for pulsed CO2RR are not well explored and characterized
yet, and there is a need for time-resolved operando characterization to understand and follow
the dynamically induced changes in the system and reaction mechanism.

Here, ZnO-decorated Cu20 nanocubes (NCs) serve as a model system for bimetallic catalysts
for the pulsed CO2RR. Different anodic potentials £, were tested, while the cathodic CO2RR
potential E. (-1.0 V versus RHE), as well as the anodic time #, (1 s) and the cathodic time #.
(4 s), were fixed following previous findings on optimized conditions for ethanol formation.”’
By employing time-resolved operando X-ray absorption spectroscopy (XAS), high energy X-
ray diffraction (HE-XRD), and surface-enhanced Raman spectroscopy (SERS), the evolution
of the structure, chemical state, composition, and adsorbates of the Cu-Zn catalyst could be
followed under pulsed CO2RR conditions. In this way, the structure of the catalyst and its
adsorbates could be dynamically altered to tune the selectivity toward the desired Cz liquid

product, ethanol.

7.2 Experimental Details

7.2.1 Synthesis of Cu-Zn Catalyst
ZnO-Cu0 NCs were prepared by a wet-chemical ligand-free approach as described in my

previous co-authored study.!'> 5 mL of an aqueous CuSO4 solution (0.1 M) were mixed with
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457.5 mL of ultrapure water (> 18 MQ cm) at room temperature followed by the addition of
17.5 mL of a NaOH solution (1.0 M) under stirring. After 5 s, 20 mL of an L-ascorbic acid
solution (0.25 M) were added to the reaction solution and further stirred for 12.5 min. In the
meantime, a mixture of 5 mL of L-ascorbic acid (0.25 M) and 2.5 mL of ZnCl solution (0.1 M)
was prepared. This mixture was added to the reaction solution and stirred for one more minute.
The reaction solution was centrifuged and washed three times, twice with an ethanol-water
mixture (1:1) and once with pure ethanol. The final product was dried overnight in vacuum.
The working electrodes were prepared by mixing 2.5 mg of the catalyst powder with 800 puL of
pure ethanol and 16 pL of a Nafion solution (Sigma-Aldrich, ~5 wt% in a mixture of alcohols
and water). Then, the mixture was ultrasonicated for at least 30 min, and 41 pL of the catalyst
dispersion were slowly drop-casted on each side of' a 0.5 x 3 cm carbon paper sheet (Alfa Aesar,
Toray Carbon Paper, TGP-H-60) to reach a Cu loading of 70 ug cm™ and dried in an oven at
60 °C. Cu20 NCs, which served as a reference catalyst, were prepared in the same way without

adding the mixture of L-ascorbic acid and ZnCl,.

7.2.2 Electrochemical Characterization

The electrochemical CO2RR experiments were conducted with a Biologic SP-300 potentiostat
in a gas-tight H-type cell, in which the cathodic and anodic compartments were separated by an
anion exchange membrane (Selemion AMV, AGC Inc.). Platinum gauze (MaTecK,
3600 mesh cm™) served as the counter electrode, and a leak-free Ag/AgCl electrode (LF-2,
Innovative Instruments, Inc.) as the reference electrode. The electrolyte, 0.1 M KHCOs3 solution
(Sigma-Aldrich, 99.7 %), was previously purified by a cation-exchange resin (Chelex 100
Resin, Bio-Rad) and saturated with CO2 (99.995 %) for at least 15 min.

Under constant flow of CO; (20 mL/min), the catalyst was reduced for 1 h at -1.0 V (pre-
reduction). All potentials are referenced to the reversible hydrogen electrode (RHE) and
corrected for the iR drop after the measurement by performing potentiostatic electrochemical
impedance spectroscopy (PEIS) directly before and directly after the CO2RR measurement.
After pre-reduction of the catalyst, a potential pulse protocol was performed for 1 h with a fixed
cathodic potential £E. =-1.0 V, different anodic potentials £, and a cathodic pulse length 7. =4 s
and an anodic pulse length 7, = 1 s if not noted differently.

Gas products were measured every 15 min and quantified by online gas chromatography (GC,
Agilent 7890B) equipped with a thermal conductivity detector (TCD) and a flame ionization
detector (FID). Liquid products were analyzed after each measurement with high-performance
liquid chromatography (HPLC, Shimadzu Prominence) equipped with a NUCLEOGEL
SUGAR 810 column and a refractive index detector (RID) and with a liquid GC (L-GC,
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Shimadzu 2010 plus) equipped with a fused silica capillary column and an FID detector. Each
presented data point corresponds to an average of at least three different measurements
collected with an identical freshly prepared sample under the same experimental conditions,
and the error bars represent the standard deviation. The Faradaic efficiencies were calculated

as explained in Section 3.1.3.

7.2.3 Ex Situ Characterization

The morphology and elemental distribution of the samples before and after static and pulsed
CO2RR were investigated by scanning electron microscopy (SEM, Apreo SEM, Thermo Fisher
Scientific), scanning transmission electron microscopy (STEM, FEI Talos F200X microscope,
Thermo Fisher Scientific), and energy dispersive spectroscopy (EDX, SuperX 4 SDD EDX
detector) maps. The STEM was equipped with an XFEG field emission gun (200 kV) and with
brightfield (BF), darkfield (DF), and high-angle annular darkfield (HAADF) detectors. Samples
for SEM were measured directly on the carbon paper in the as-prepared state and after different
CO2RR conditions. Samples for STEM were prepared by coating a nickel grid (400 mesh with
lacey carbon film, PLANO GmbH) with the catalyst dispersed in EtOH:H>O (1:1) before and
after different CO2RR conditions.

The bulk composition and amount of Cu and Zn in the as-prepared samples and the
concentrations of Cu and Zn after static and pulsed reaction in the electrolyte were determined
by inductively coupled plasma-mass spectrometry (ICP-MS, iCAP RQ, Thermo Fisher
Scientific). The as-prepared samples were digested in concentrated HNO3 and heated using
microwave irradiation at 180 °C for 20 min, with a ramping step of 10 min (Multiwave GO,
Anton Paar). The samples were then diluted with ultrapure water (> 18 MQ cm) to reach the
appropriate concentrations.

The surface composition of the catalysts before and after static and pulsed CO2RR was
determined by quasi-in situ X-ray photoelectron spectroscopy (XPS) without exposing the
samples to air. Therefore, a custom-made electrochemical cell was directly attached to an ultra-
high vacuum system equipped with a hemispherical electron analyzer (Phoibos 100, SPECS
GmbH, Epuss = 15 eV) and an X-ray source (XR 50, SPECS GmbH) with an aluminum anode
(1486.6 keV, 300 W). All spectra were aligned to the Cu 2p3/2 peak (Epin = 932.7 V). The Cu,
Cu20, and CuO amounts were estimated from the integrated areas of a linear combination fit
of the Cu LMM Auger profiles with the corresponding reference spectra. These reference
spectra were obtained from an in sifu annealed and sputtered Cu foil (metallic reference) and a
plasma oxidized CuO sample, and the reference spectrum of CuxO was used from the

literature.'® The Cu to Zn ratio was obtained from the Zn 2ps/» to Cu 2ps2 regions and calculated
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considering the relative sensitivity factors (RSF) of the metals. For the electrochemical
measurements, a Metrohm Autolab potentiostat (PGSTAT 302N) was used. For the
determination of the oxidation state at the cathodic and anodic pulse, the potential was stopped

at the respective potential as described in previous studies.” *’

7.2.4 Operando Characterization

XAS measurements were conducted at three synchrotron beamlines: the ROCK beamline of
SOLEIL synchrotron (QXAFS (Quick X-ray absorption fine structure) measurements of the
catalyst during the cyclic voltammetry scans), the SAMBA beamline of SOLEIL synchrotron
(steady-state measurements of time-averaged operando XAS data under pulsed CO2RR), and
the SuperXAS - X10DA beamline at the Paul Scherrer Institute's SLS synchrotron facility
(operando QXAFS measurements under pulsed CO2RR).

A channel cut Si(111) monochromator was used for energy selection in the QXAFS
measurements at the ROCK and SuperXAS beamlines, with a monochromator oscillation
frequency of 2 Hz at ROCK and 1 Hz at SuperXAS. At the SAMBA beamline, a Si(220) double
crystal monochromator was used. To ensure approximately 10 % absorption of the X-rays, the
intensity of the X-rays before the sample was measured using an ionization chamber filled with
pure N> (ROCK, SuperXAS) or an N> and He mixture (SAMBA). Additionally, the XAS
measurements were performed in fluorescence mode with a PIPS detector (ROCK, SuperXAS)
or a 35-channel Ge detector (SAMBA).

The XAS measurements were conducted at the Cu K-edge (8979 eV) and the Zn K-edge
(9659 eV). A home-built single-compartment cell was used for operando XAS measurements,
with sample dispersions spray-coated on a gas diffusion electrode (Sigracet 29 BC, SGL
Carbon) with an area of 1 cm? The sample loading was optimized to approximately
1 mgsample cm™ to achieve a sufficient signal-to-noise ratio at the Cu K-edge and the Zn K-edge
while avoiding self-absorption effects.

To align and calibrate XAS spectra, a Cu foil spectrum collected in transmission mode was
used as a reference. In the case of SuperXAS measurements, a Cu foil spectrum was collected
at the start of each QXAFS scan before the cell was moved into the X-ray beam. The data
calibration at ROCK was performed by adjusting the energies of monochromator glitches, while
beamline-specific software was used to calibrate QXAFS data at ROCK and SuperXAS.
Further data processing, including data reduction, spectra normalization, averaging, and linear
combination analysis of the XANES spectra, was carried out using a set of home-built Wolfram
Mathematica scripts. The EXAFS data were obtained from averaged XAS spectra using the

Athena software, and analysis of the Zn K-edge EXAFS data was performed using a machine
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learning-based approach.

Operando time-resolved HE-XRD experiments were performed at ID31 of the European
Synchrotron Radiation Facility (ESRF, Grenoble). The X-ray energy was set to 68 keV (1=
0.18233 A). A Dectris Pilatus X CdTe 2 M placed at a working distance of 1.387 m calibrated
using a CeO» standard was used to record the diffraction pattern. The acquisition time of the
individual detector images was set to 10 s under stationary conditions and to 0.127 s for the
time-resolved pulse experiments. Primary data treatment (calibration, masking, detector image
integration) was conducted using the software package pyFAI.>!

A homemade electrochemical cell based on a three-electrode configuration and continuous flow
of electrolyte using a leak-free miniature Ag/AgCl reference electrode (3.4 M KCI, eDAQ
ET072) and a platinum counter-electrode. The electrode potentials were controlled using a
Biologic SP-300 potentiostat. The catalyst was deposited on HOPG with a loading of
0.1 mgcy cm. The incident X-ray angle was tuned between 0° and 1° to ensure an optimal
Cu20 to graphite Bragg peak ratio, and to ensure a sufficiently small spread of the X-rays on
the sample, thus avoiding parasitic peak broadening.

The data analysis of the diffraction patterns after integration of the detector images was
conducted using a set of GNU Octave scripts to perform background pattern subtraction, peak
fitting using Lorentz profiles, and averaging of the XRD data collected under pulsed CO2RR.
Rietveld refinement was used to analyze the XRD pattern using the software package TOPAS
(Bruker-AXS) in combination with the package Powder3D parametric.?**> Here, variations in
the zero error and the structural parameters of the Cu and CuxO phases were considered (scale
factor, lattice parameter, Gaussian size-induced and Lorentzian-type microstrain-induced peak
broadening).

Furthermore, the analysis of single Bragg peaks such as Cu(311), Cu(111), CuxO(111), and
Cu20(200) was also performed. The structural coherence length (size) of the crystalline
domains was determined from the integral breadth of the Bragg peaks by use of the Scherrer
equation (Equation 3.24) with a shape factor of 0.89. The lattice strain was calculated from the
lattice spacing d = A/(2sin©) with the strain = (d — do)/dop, where dy denotes the lattice spacing
determined from the Bragg peak position at the end of the cathodic pulse.

Operando SERS was performed with a Raman spectrometer (Renishaw, InVia Reflex) together
with an optical microscope (Leica Microsystems, DM2500M) and a motorized stage for
tracking the sample (Renishaw, MS300 encoded stage). Calibration of the system was
performed prior to each measurement using a Si(100) wafer (520.5 cm™). A near-infrared laser

(Renishaw, RL785, 4 = 785 nm, Pu. = 500 mW) was used as an excitation source. Operando
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Raman was collected with a water immersion objective (Leica microsystems, 63x, numerical
aperture of 0.9), which was covered by a Teflon film (DuPont, film thickness of 0.013 mm) to
protect it from the electrolyte. The electrochemical measurements were conducted in a custom-
made spectro-electrochemical cell made of PTFE and controlled by a Biologic SP-240
potentiostat. The working electrode consists of the catalyst drop-casted onto a glassy carbon
piece. The cell was further equipped with a leak-free Ag/AgCl reference electrode and a Pt
counter electrode. A COz-saturated 0.1 M KHCOj3 solution was used as the electrolyte. The
collection of each spectrum was performed with 0.25 s (for 4 s/1 s pulses) and 1 s (for 10 s/10 s
pulses) of exposure time. The Raman data were first processed using the Renishaw WiRE 5.2
software to normalize the spectra and remove the cosmic rays. Then, GNU Octave scripts were
used to perform to correlate the electrochemical and Raman data, to fit the peaks using Gaussian

profiles, and to average the SERS data.

7.3 Results and Discussion

7.3.1 Microscopy Characterization

Bimetallic shape and size-selected Cu,O NCs with around 20 nm edge length covered with a
2 nm layer of ZnO deposited preferentially at the NC corners were prepared via a wet-chemical
approach (Table 7.1, Figure 7.1 a,e,i). STEM-EDX, as well as ICP-MS analysis, revealed a
Cu:Zn composition of 94:6 at% in the as-prepared state (Table 7.2 and Table A7.1). In the first
step, the ZnO/Cu,0 NCs were pre-reduced for 1 h under static CO2RR conditions (in CO»-
saturated 0.1 M KHCOs at -1.0 V). The structure of the pre-reduced Cu-Zn catalyst changed
irreversibly, as shown by ex sifru SEM and TEM-EDX images (Figure 7.1 b,f}j). In fact, the NCs
increased by about 4 nm in size (Table 7.1) and formed a porous structure, while Zn interacted
with the Cu surface, mixing with Cu and forming some Zn/CuZn islands and particles. In the

second step, a freshly prepared pre-reduced Cu-Zn sample was used for each cyclic voltamme-

Table 7.1 Edge lengths and corresponding size distribution of Cu-Zn obtained from the analysis of
STEM images in the as-prepared state, after 1 h of static CO,RR, and after different pulse protocols with
fixed E.=-1.0V,t.=4sand t,=1s.

Sample ]f‘i(ilag;g:ftol}/cl;af;imd]e Length of Zn [nm]
As-prepared 20.0+£3.3 2.0 +£ 0.5 (Edges)

Static at-1.0 V 243+£4.0 4.0 £ 0.6 (Particles)

Pulsed with E, =0V 23.8+£4.6 5.3 £ 1.0 (Particles)

Pulsed with E,=0.6 V 27.8 £5.1 21.4 + 7.8 (Islands)
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As-prepared Potentiostatic Pulsed to OV Pulsed to 0.6V

SEM

STEM-HAADF

STEM-EDX

Figure 7.1 Microscopy characterization of the Cu-Zn catalyst after different reaction conditions. (a-d)
SEM, (e-h) STEM-HAADF, and (i-1) STEM-EDX images of the Cu-Zn catalyst. (a,e,i) show the as-
prepared state, (b,f,j) after 1 h of potentiostatic CO2RR, (c,g,k) after 1 h of pulsed CO;RR with £,=0V
and (d,h,1) after 1 h of pulsed CO,RR with £,=0.6 V (fixed E.=-1.0 V,t.=4 sand t, = 1 s). The given
scale bars of the SEM images correspond to 100 nm and of the STEM images to 20 nm.

try (CV) and pulsed CO2RR measurement (microscopy characterization after pulsed CO2RR is
shown in Figure 7.1 c-d,g-h.k-1). Note that the amount of oxygen after the reaction cannot be
quantified by ex situ TEM-EDX maps due to the reoxidation of the catalyst in air (Figure A7.1).
A more detailed characterization of the ex situ SEM and TEM images with additional SEM and

Table 7.2 Elemental quantification of Cu and Zn extracted from the STEM-EDX images of Figure 7.1
of Cu-Zn in the as-prepared state, after 1 h of static CO,RR and after different pulse protocols with fixed
E.=-10V,t.=4sandt,=1s.

Sample Cu [%] Zn [%]
As-prepared 93.6(8) 6.4(8)
Static at -1.0 V 95.8(6) 4.2(6)
Pulsed with E, =0V 97.1(4) 3.0(4)

Pulsed with E£,=0.6 V 96.1(5) 3.905)
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TEM images of the Cu-Zn catalyst and TEM images of the bare Cu,O NCs as a reference can
be found in Appendix A7 (Figure A7.2-A7.4, Table A7.2-A7.3).

7.3.2 Characterization of As-Prepared and Pre-Reduced Catalyst

The Cu-Zn catalyst was characterized by using operando and quasi-in situ methods in the as-
prepared state or at open circuit potential (ocp) and in the pre-reduced state (1 h under COoRR
conditions at -1.0 V), as shown in Figure 7.2. The position of the absorption edge in the Cu K-
edge XANES spectrum (Figure 7.2 a) of the sample under ocp compared to the reference spectra
indicates that the sample is mainly in the Cu(I) oxidation state. After 1 h of static CO2RR, the
spectrum of the pre-reduced catalyst resembles that of the metallic Cu foil reference.
Nevertheless, linear combination analysis (LCA) revealed that a significant fraction of Cu(I) of
12 % was preserved under static CO2RR conditions (Figure 7.3 a,c, Figure A7.5 a,b) in line
with previous studies on Cu,0 NCs.””- 138 On the other hand, the Zn K-edge XANES spectrum
(Figure 7.2 b) at ocp resembles the ZnO reference, while the spectrum of the pre-reduced
catalyst resembles rather the one of the metallic Zn or that of the CuZn brass alloy foil. In

principle, Zn K-edge XANES data can also be qualitatively analyzed by LCA (Figure 7.3 b,d,
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Figure 7.2 Characterization of the Cu-Zn catalyst at ocp/in air and after around 1 h of static CO2RR at
-1.0 V. (a,b) Operando XANES of Cu K-edge with corresponding reference spectra of Cu,O and Cu
foil and Zn K-edge with corresponding reference spectra of ZnO, metallic Zn foil and CuZns3o brass
alloy foil, respectively. (¢) Operando HE-XRD with reference positions of Cu,O and Cu. (d,e) Quasi-in
situ XAES spectra of Cu and Zn LMM, respectively. (f) Operando SERS with peak assignments.
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Figure 7.3 Evolution of XAS data of the Cu-Zn catalyst of Cu and Zn K-edge during the initial static
CORR for 1 hat -1.0 V. (a) Concentration of Cu(0), Cu(l) and Cu(II) species obtained by LCA of Cu
K-edge and (b) averaged concentration of Zn(0), Zn(Il) and CuZn species obtained by LCA (LCA1 with
standard references and LCA2 with oxide reference from as-prepared state spectra) and concentrations
of oxide, fcc-like and non-fce-like phases obtained from ML-EXAFS analysis of Zn K-edge. (¢) and (d)
show the averaged and normalized XANES spectra (100 spectra are averaged) of the Cu and Zn K-edge,

respectively, with the corresponding references for both edges.

Figure A7.5 c,d). However, since the actual alloy structures and compositions of Zn species in
the catalyst can differ significantly from those of standard reference materials, the LCA can
suffer from systematic errors, as discussed in more detail in Appendix Note 1. Therefore for the
quantification of different Zn species concentrations, one relies on the analysis of EXAFS
spectra and on a supervised machine learning (ML) approach that was developed in my recent
co-authored study.!'> The ML-based approach allows us to extract partial radial distribution
functions (RDFs) for Zn species with the crystallographically non-equivalent environment

(Figure A7.6).!'> By integrating the latter, the relative concentrations of different species can
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Figure 7.4 HE-XRD pattern of the Cu-Zn catalyst during static CO,RR conditions with reference peaks

of Cu,0, Cu, and Zn. (a) Averaged XRD patterns during LSV scan from ocp to -1.0 V with a scan rate

of 10 mV s, (b) Averaged XRD patterns during the first five minutes at -1.0 V with an offset of the

diffractograms for better visibility of changes. (c) XRD pattern at 5, 10, 15, and 20 minutes at -1.0 V

(with a time resolution of 5 s/diffractogram). The XRD patterns correspond to the average of 5 XRD

patterns, acquired with 0.2 s/diffractogram, that can be translated into a time resolution of

1 s/diffractogram shown here.



7 Time-Resolved Operando Insights into Cu-Zn during Pulsed CO,RR 120
1000 E / V 10 _b T T L] T T T
05 => 05
900 Cu (311) 04 1 OO}
0.3 05F
o 800Ff 0.2 AR ; ! t t t
= 0.1 2000 FCU (311)
S N % ﬂ' - "
S 700 F 0 g
P - 02 . ost
= 600F CU,U Ve 5 9.600 t t t + t t
%‘ 03 ~ !
[72]
= -04 o
g 500r S 9595}
£ -0.5 _C{U 3
06 © -
400 P A _07 o 0.10 — 1 1 L L 1 L
. 08 =
300 F L 005
-0.9 2
I -1 E
200 + ' } —t 0.00 . . ' L .
9.4 9.5 9.6 9.7 9.8 9.9 0 50 100 150 200 250 300 350

20/° Time/s

Figure 7.5 Extract of HE-XRD pattern of Cu(311) and corresponding fits of the Cu-Zn catalyst during
LSV and static CO,RR conditions. (a) Extract of averaged XRD patterns during the LSV scan from ocp
to -1.0 V with a scan rate of 10 mV s'. (b) Area (second row), peak position (third row), and FWHM
(fourth row) extracted from fits of Cu(311) with respect to the applied potential (top). The XRD patterns
correspond to the average of 5 XRD patterns, acquired with 0.2 s/diffractogram, that can be translated

into a time resolution of 1 s/diffractogram shown here.

be calculated. As demonstrated in Appendix Note 1 and Figure A7.7, the ML-EXAFS-based
approach provided more accurate values of the concentrations of oxidized, metallic alloyed,
and metallic segregated Zn species. In particular, after 1 h of static CO2RR, the contribution of
an oxide-like Zn(II) species was ca. 12 %, while the majority of Zn species (78 %) formed an
fce-like Cu-rich CuZn alloy. The remaining 10 % of Zn formed non-fcc metallic species
(metallic Zn or Zn-rich CuZn alloys).

HE-XRD patterns (Figure 7.2 c) exhibit characteristic CuxO peaks at ocp, while these peaks
almost disappeared starting from -0.2 to -1.0 V during the initial linear sweep voltammogram
(LSV) and the subsequent static CO2RR (Figure 7.4). At the same time, peaks corresponding
to metallic Cu appeared. No characteristic Zn or CuZn-related peaks could be detected, which
indicates the amorphous character of Zn and/or the small crystallite sizes of the alloy. The
temporal evolution of the crystal structure during the pre-reduction was analyzed by fitting the
characteristic peaks of CuO(111), Cu20(200), Cu(111) (Figure A7.8-A7.9), and Cu(311)
(Figure 7.5). This analysis confirms the almost complete reduction of the crystalline (bulk-like)
Cu0 phase after = 150 s (Figure A7.8) and the evolution of a metallic Cu phase (Figure 7.5).
It should be highlighted here that the apparent disagreement between the reduction of Cu20 to
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Figure 7.6 Quasi-in situ core level regions of the Cu-Zn catalyst in the as-prepared state (corresponds
to the state in air) and after 1 h of static CO,RR at -1.0 V (without air exposure). (a) Cu 2p region and
(b) Zn 2p region with corresponding fits (red line). The Cu 2p core level region of the as-prepared sample

shows the presence of Cu(0)/Cu(I) and a shake-up satellite corresponding to Cu(Il).

Cu from XAS and XRD (where the latter shows a nearly complete reduction after a few minutes,
while the former shows the presence of oxides even after 1 h of CO2RR) is attributed to the
different sensitivities of these methods. In particular, XRD tracks well-ordered crystalline
regions of the sample, while XAS is sensitive to both ordered and disordered structures. The
slower reduction observed by XAS is thus a consequence of the disordered structure of the
remaining oxide species.

While XAS and XRD are both bulk-sensitive techniques, the more surface-sensitive Cu LMM
spectrum in the as-prepared state (Figure 7.2 d) shows a mix of Cu(I) and Cu(II) species, which
overlap with the Zn(II) Auger peaks. After 1 h at-1.0 V, the Cu surface oxide was fully reduced
to metallic Cu. The Zn LMM spectra (Figure 7.2 e) present only the contribution of Zn(II) in
the as-prepared state, while Zn(II) partially reduced after static CO2RR to metallic Zn on the
surface. One can also extract the Cu:Zn surface composition ratio from the Cu and Zn 2p core
level regions (Figure 7.6), which gives a lower Cu:Zn ratio of 85:15 at% since ZnO was partially
covering the Cu0 NCs. After static CO2RR, the amount of Cu on the surface increased mainly
due to the mixing of Cu with Zn species on the catalyst surface (Table A7.4) since the amount
of Zn found in the electrolyte after the reaction corresponds to only 1 % of the total amount of

Zn that is present in the catalyst (ICP-MS measurements in Table 7.3).
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Table 7.3 Cu and Zn mass and composition of Cu-Zn catalyst in the electrolyte by ICP-MS

measurements after 1 h of different reaction conditions.

Sample mc, [pg] Cu [at%] mz, [png] Zn [at%]
Static at -1.0 V 0.62(8) 0.44(5) 0.13(2) 1.4(3)
Pulsed to -0.4 V 0.355(2) 0.253(2) 0.51(1) 5.5(5)

Pulsed to -0.25 V 0.683(3) 0.488(3) 1.044(1) 1.044(1)
Pulsed to 0 V 0.3158(9) 0.2256(7) 0.994(6) 10.75(7)
Pulsed to 0.3 V 0.997(4) 0.712(3) 2.239(5) 24.20(5)
Pulsed to 0.6 V 1.457(1) 1.0407(9) 1.914(6) 20.70(6)

Moreover, the surface-sensitive SERS spectra of the Cu-Zn catalyst (Figure 7.2 f, 7.7) confirm
the oxidized state of Cu at ocp with the characteristic Cu,O peaks at 406, 521, 617 cm™,*? while
no ZnO related bands at 430 and 560 cm™ could be observed, probably due to the overlap with
the CuxO peaks.??® During CO2RR, no Cu or Zn-related oxide peaks could be detected, which
indicates the complete reduction of the metals on the surface. Additionally, SERS gives
information about the adsorbate structure, namely the Cu-CO vibrations at 280 cm! (rotation)
and 360 cm™! (stretching)** 213 as well as the C-O vibrations at ~2100 cm™.** However, XPS
indicates some remaining Zn(II) species. Overall, the pre-reduced Cu-Zn sample consists of
metallic Cu and CuZn/Zn/Zn(Il) islands and particles on the surface with some small
contribution of Cu(I) in the bulk. This pre-reduced structure was used in the following as the

starting point for the dynamic pulsed CO;RR measurements.
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Figure 7.7 Operando SERS spectra of the Cu-Zn catalyst at ocp and during static CO,RR. The peaks at
1005 and 1072 cm™ can be assigned to the vibrations of HCOs™ and COs* in aqueous solution,
respectively, and the peaks at 1313 and 1600 cm™ correspond to the glassy carbon support.?’” 233 No
peaks were detected in the C-H vibration region from 2700 to 3000 cm™.
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7.3.3 Selectivity during Static and Pulsed CO:RR
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Figure 7.8 Choice of anodic potentials by cyclic voltammogram and selectivities of pulsed CO,RR. (a)
CV of Cu-Zn (50 mV s) after 1 h of reduction at -1.0 V in CO»-saturated 0.1 M KHCO5 with marked
regions. (b) Pulse profile of one pulse sequence (top) and Faradaic efficiencies (bottom) of Cu-Zn under
potentiostatic conditions (-1.0 V) and under pulsed electrolysis conditions with a fixed E. value at-1.0 V

and different £, values with z. =4 s and #, = 1 s during 1 h of reaction.

To establish the relevant anodic potential values for optimal pulsed CO2RR conditions, Figure
7.8 a presents the CV of the pre-reduced Cu-Zn catalyst in 0.1 M KHCO3 electrolyte. In the
CV, two distinct peaks at -0.25 and 0.6 V appeared, corresponding to the oxidation of Zn and
Cu species, respectively.

To investigate the role of the Cu and Zn oxidation state on the catalyst functionality during the
pulsed CO2RR experiments, the values of the upper ("anodic”) potential were selected below,
on, and in between these peaks as indicated in Figure 7.8 a with arrows. Note that the term

“anodic potential” means here a more positive potential value than the cathodic potential and

10}

T,y

Static  E,=-04V 20.25V oV 0.3V 0.6V

J /! mAlcm?

Figure 7.9 Averaged current densities J of the Cu-Zn catalyst under potentiostatic conditions (-1.0 V)
and under pulsed electrolysis conditions with a fixed E. value at -1.0 V and different £, values and 7. =

4 s and t, = 1 s during 1 h of the reaction.
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Figure 7.10 Averaged current densities (top) and Faradaic efficiencies (bottom) of the Cu-Zn catalyst
under pulsed electrolysis conditions with a fixed cathodic potential £, and anodic potential £, values at

-1.0 V and 0 V, respectively, and varied cathodic and anodic time lengths ¢, and ¢, during 1 h of reaction.

does not have to be a positive potential value. The cathodic potential in all cases was fixed at
E.=-1.0 V. Figure 7.8 b presents the averaged Faradaic efficiencies (FEs) during static CO,RR
at -1.0 V for 1 h as well as under pulsed CO2RR for 1 h with a cathodic potential £E. =-1.0 V
and a different anodic potential £, from -0.4 V to 0.6 V. The corresponding averaged current
densities can be found in Figure 7.9, and a current profile during pulsed CO2RR with £, =0V
in Figure A7.10. The duration of the cathodic and anodic pulses was chosen based on my
previous co-authored work of pulsed CO2RR with bare Cu,O NCs®’ and on the selectivity test
measurements of the Cu-Zn catalyst that were performed with different pulse durations at E.
=-1.0 Vand E, = 0 V (Figure 7.10). This gives evidence that the combination of 1 s anodic
with 4 s of cathodic pulse duration is the most promising for achieving high selectivities for
multicarbon products.

The selectivities under static CO2RR conditions (Figure 7.8 b) were similar to those for the bare
Cu20 NCs (Figure 7.11) with FEgion = 12 %, but there is an increase of the FEs of the HER
and CO, while the ethylene production decreases. Thus, we cannot observe a strong beneficial
CO spillover effect from the Zn to the Cu sites under static CO.RR. However, it is possible to
tune the Co+ selectivity values by pulsing the potential to different £, values, as seen in the E,-
dependent FEgon. The best FE for ethanol production (FEgwon = 19 %) and Co+ products (FEc2+
= 56 %) is obtained at £, = 0 V during 1 h of pulsed CO2RR. There, the time-dependent
evolution of the gaseous products (Figure 7.12) indicates an activation time of the system for
the Ca+ product formation of ~30 min after pulsed CO2RR was started. Interestingly, the HER

production increased significantly at lower and higher E, values, making hydrogen the main
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Figure 7.11 Averaged current densities (top) and Faradaic efficiencies (bottom) of Cu cubes as reference
catalyst under static CO,RR at -1.0 V and under pulsed electrolysis conditions with E. =-1.0 V, E, =
0V,t.=4sandt,=1 s during 1 h of reaction.
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Figure 7.12 Evolution of the selectivities of the gaseous products during pulsed CO,RR with
E.=-10V,E, =0V, t.=4s,and t, =1 s for 1 h of the pre-reduced Cu-Zn catalyst. (a) shows the

Faradaic efficiency of hydrogen, (b) carbon monoxide, (c) methane, and (d) ethylene.
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Figure 7.13 Schematic potential sequences (top), averaged current densities (middle), and Faradaic
efficiencies (bottom) of the Cu-Zn catalyst under sequentially changing static COo.RR at -1.0 V for 1 h
each time and pulsed CO,RR with E.=-1.0 V, E, =0V, t.=4sand t,= 1 s for 2 h each time.

product at £, = -0.4 V and 0.6 V. This is in contrast to the behavior of bare Cu cubes, which
showed a significant increase in the ethanol selectivity at £, = 0.6 V.”” Thus, the Cu-Zn catalyst
can boost the ethanol selectivity at lower E, values (optimal E, = 0 V) compared to the bare
Cu20 NCs (optimal E, = 0.6 V)°’, which has the advantage of a lower Cu dissolution (as shown
by ICP-MS in Table 7.3) and Cu rearrangement (as shown by STEM in Figure 7.1 k) and leads
to a stable current density and catalytic performance.

To distinguish if the changes in the catalyst selectivity are mainly attributed to dynamic
transformations in the catalyst structure and composition during pulsed CO2RR or if they
originate from concomitant irreversible changes in the catalyst structure and morphology, static
conditions at -1.0 V were applied for another hour, and then set under pulsed conditions for 2 h
at E, = 0 V again. The reaction time was set to 2 h of pulsed CO2RR to ensure a stabilized
selectivity evolution due to the activation time of the catalyst. Figure 7.13 shows that the FEs
of HER and CO increased noticeably under reapplied potentiostatic conditions in comparison
to those for the catalyst before the pulses. At the same time, the ethylene production under
reapplied static CO2RR was cut by half with respect to the FE of the fresh catalyst. Changes in
the FEs were paralleled by a decrease in current density. The FEs of the liquid products

remained stable in comparison to the first static CO2RR measurement. Thus, the suppressed Ca
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Figure 7.14 Evolution of the selectivities of the gaseous products during static CO2RR for 1 h and pulsed
CORR with E.=-1.0 V,E, =0V, t.=4s,and t, = 1 s for 2 h of the Cu-Zn catalyst. The gaseous
products here are hydrogen, carbon monoxide, methane, and ethylene. Potential pulses are only shown

schematically.

product formation was induced by irreversible changes associated with the pulse treatment,
which can be attributed, in part, to the changes in the Cu/Zn interface arrangement since there
were no major structural changes visible in the ex sitru TEM-EDX image in Figure 7.1 k and
Figure A7.3 g. Nevertheless, when performing pulsed CO2RR for the second time, the HER
and CO production was suppressed again, while the ethylene production and current density
value were restored. In fact, they even improved compared to the values observed during the
first pulse sequence. Also, here the FEs of the liquid products remained stable in comparison to
the first pulsed CO2RR measurements and are significantly higher than under static CO2RR.
Interestingly, the time-dependent evolution of the gaseous products (Figure 7.14) indicates
again an activation time for the C+ product formation of ~30 min after each (re-)started pulsed
CO2RR experiment. Thus, the increase of the C,+ product formation, the suppression of the
HER and CO selectivity, and the increase in current density under pulsed CO2RR for the Cu-
Zn catalyst in the regime investigated stemmed mostly from the dynamic and reversible changes
induced by the pulsed reaction conditions.

In order to reveal the role of Zn for the selectivity improvements during pulsed CO2RR, Figure
7.11 presents the selectivities of bare pre-reduced Cu>O NCs under pulsed COoRR at £, =0V,

which are similar to the selectivity during static conditions of Cu2O NCs. Furthermore, the
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Figure 7.15 Averaged current densities (top) and Faradaic efficiencies (bottom) of a CuZn bulk brass
foil as reference catalyst under static CO2RR at -1.0 V and under pulsed CO,RR with £, =-1.0 V and
E,=0Vor0.6V,and? =4sand? = 1sduring 1 h of reaction.

selectivities of a commercial brass foil (Figure 7.15) qualitatively resemble the behavior of the
Cu-Zn catalyst during pulsed CO2RR conditions, where the selectivity toward Ca+ products
improved at £, = 0 V and diminished at £, = 0.6 V. Thus, the Zn and Cu interplay, as well as
their redox transitions, play a key role in the selectivity changes during pulsed CO2RR of the
Cu-Zn catalyst and demand operando methods for their further investigation and

understanding.

7.3.4 Structural Evolution during Cyclic Voltammetry

To reveal the evolution of the structure, composition, redox state, and adsorbate structure of the
pre-reduced Cu-Zn catalyst, time-resolved operando methods (with a time resolution of 100-
1000 ms per spectrum or image) were employed during a CV scan starting from -1.0 V up to
0.7/0.9 V (Figure 7.16) and back to -1.0 V (Figure 7.17). Changes in the catalyst structure were
evidenced by the corresponding spectra and diffractograms of XAS, XRD, and SERS. In
particular, the white line of the Zn K-edge XANES spectra (Figure 7.16 a) significantly
increased starting from at £ > -0.4 V, while the white line of the Cu K-edge XANES spectra
(Figure 7.16 b) only slightly increased at £ > 0.4 V during the anodic scan attributed to the
partial oxidation of Zn and Cu. This is in line with the subtracted XRD pattern (subtracted with
the XRD pattern during static CO2RR at -1.0 V), which shows the formation of the CuO(111)
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Figure 7.16 Structural changes during a cyclic voltammogram by operando measurements. (a,b)
Normalized averaged XANES data of Zn and Cu K-edge, respectively, during the anodic scan from -0.9
to 0.9 V of the CV. (c) Averaged A HE-XRD patterns (subtracted with the XRD pattern during static
CO2RR at -1.0 V before CV) during the anodic scan from -0.9 to 0.7 V. (d) Averaged SERS spectra
during the anodic scan from -1.0 to 0.9 V. The Cu-Zn sample was pre-reduced for 1 h at -1.0 V under
CO:RR conditions before the CV.

peak only starting from £ > 0.4 V, while the peaks related to metallic Cu, such as Cu(311), even
increased in intensity until £ ~0.4 V before they started to decrease. SERS spectra show the
characteristic Cu-CO rotation (COy) and stretching (COs) vibrations (~280 and 360 cm™!)*% 213
and OH,q vibrations (450-490 cm™)3!-210:234 o Cu, which redshifted at higher potential due to
the Stark effect (which depends on the electric field),*! 38 until they disappeared at -0.4 V. Then,
a band corresponding to carbonate formed at 1080 cm™! until 0.6 V, followed by the formation
of Cu(I) and Cu(Il) oxides from 0.6 V to 0.9 V. To further correlate this data, the characteristic

parameters need to be analyzed and compared with each other.
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Figure 7.17 Averaged spectra and diffractograms during the cathodic scan of a CV voltammogram.
(a,b) XANES spectra of Zn K-edge and Cu K-edge, respectively, from 0.9 to -0.9 V. (¢) HE-XRD
patterns from -0.7 to -1.0 V. (d) SERS data from 0.9 to -1.0 V.

Figure 7.18 displays selected characteristic parameters, namely the variations of the

concentrations of the different Zn and Cu species from LCA-XANES of the Zn and Cu K-edge

(with Cu(0) in Figure A7.11), the evolution of the weight fraction of crystalline CuxO and the

size of the crystalline Cu and Cu,0 domains (L) from the Rietveld analysis (Fits of Cu(311) in

Figure 7.19 and Rietveld parameters in Figure A7.12), as well as the variations of the

characteristic Raman bands of surface Cu>O and Cu(OH); species and of the Cu-CO stretching

and carbonate bands extracted from the peak intensities of the SERS spectra. The different

potential regions are described in the following.

-1.0 to -0.4 V: This is the CO2RR region, where the bulk composition consists of CuZn, Zn(0),
Cu(0), and Cu(I) species (LCA-XANES). Additionally, SERS indicates a metallic surface (no
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Figure 7.18 Changes of the oxidation state and adsorbates during a CV extracted from operando XAS,
HE-XRD, and SERS measurements. Potential-dependencies of the concentrations of CuZn, Zn, ZnO
(Zn K-edge), Cuz0, and CuO (Cu K-edge) from the LCA-XANES analysis of Zn K-edge and Cu K-
edge XANES spectra (top), potential-dependencies of the weight of crystallite Cu,O and crystalline
sizes of Cu/Cu;0 obtained by Rietveld analysis of the HE-XRD patterns, and potential-dependencies of
adsorbates as CO; and COs* and Cu;O and Cu(OH), species obtained by fitting the normalized
intensities (arb. units.) of the bands from the SERS spectra.

oxide bands could be detected). The crystallite size of the Cu domains is around 11 nm (XRD),
and CO is adsorbed on Cu (SERS), which correlates with the product formation. At-0.5 V, CO
starts to desorb from the surface.

-0.4 to 0 V: At -0.3 V, CO is completely desorbed from Cu, followed by the formation of a
carbonate band on/close to Cu (SERS). At -0.25 V, which corresponds to region II in Figure
7.8 a, CuZn is partially oxidized to Zn(II), while the fraction of Cu(0) is unchanged (LCA-
XANES). Note that the concentration of Zn(0) remains relatively stable over the whole CV,
and the changes appear mainly between the concentrations of the CuZn alloy and Zn(II) species.

Moreover, the size of the metallic Cu crystallites and the area of the Cu(311) peak (XRD,
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Figure 7.19 Fits of HE-XRD patterns of Cu(311) of the Cu-Zn catalyst during CV from-1.0 V> 0.7 V
- -1.0 V. Area (second column), peak position (third column) and FWHM (fourth column) extracted
from fits of Cu(311) in respect to the applied potential (top).

Figure 7.19) slightly increases around 0 V (corresponding to region IIl in Figure 7.8 a), together
with an increase of the carbonate band (SERS).

0 to 0.9 V: At 0.6 V (corresponding to region V in Figure 7.8 a), surface Cu,O starts to form
(SERS), and crystalline Cu20 evolves (XRD), with a crystallite size of 4 nm. At the same
potential, another oxidation step of CuZn to Zn(Il) appears (Zn LCA-XANES), while bulk
Cu(I) forms at 0.7 V (Cu LCA-XANES). The late oxidation of Zn in the second step could stem
from the high stability of the CuZn alloy. Moreover, surface Cu(OH), evolves at 0.7 V (SERS),
while bulk Cu(Il) species start to form at 0.9 V. Please note that for XRD, the potential was
already reversed at 0.7 V, while for XAS and SERS it was reversed at 0.9 V.

0.9 to -1.0 V: The cathodic scan of the CV shows an almost reversible transformation of the
main structural characteristics as well as the adsorption behavior. However, the potentials of
the transformations in the cathodic scan are shifted to lower potentials compared to the anodic
scan so that Cu(Il) is first reduced to Cu(I) at 0.5 V and then reduced to Cu(0) at 0.4/0.3 V
(LCA-XANES, XRD, and SERS). The concentration of Zn(Il) slightly increases further
until -0.2 V and then decreases due to the reduction of Zn(II) to CuZn and Zn(0) (Zn LCA-
XANES). The reduction of Zn happens in only one step in contrast to its oxidation with two
steps. At 0 V, the carbonate feature appears much more intense again (SERS). The CO2RR
starts again at -0.6 V with the adsorption of CO on Cu. In the final state, the concentration of
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Zn(Il) adds up 5 % more to the total concentration of Zn species than in the initial state (Zn
LCA-XANES), and the crystalline size of metallic Cu increased to 12 nm compared to the
initial size of 11 nm (XRD).

7.3.5 Structural Evolution during Pulsed CO:RR

To follow the periodic and reversible changes in the catalyst and adsorbate structure during
pulsed CO2RR, time-resolved operando XAS, XRD, and SERS data were collected. The XAS
(Figure 7.20, Figure A7.13), XRD (Figure 7.21, Figure A7.14), and SERS (Figure 7.22, Figure
A7.15) data clearly show the evolution of the catalyst structure, chemical state, and adsorbates
behavior during individual potential pulses. Here, for better visibility, the results obtained under
pulsed CO2RR with t. =4 s, t, = 1 s, are compared with those collected under pulsed CO2RR
with 7. = ¢, = 10 s. Additionally, the focus lies here on the application of E, values equal to 0 V
(ethanol regime) and 0.6 V (C; regime), which show different selectivity trends and correspond
to different redox transitions of Zn and Cu, as described earlier (Figure 7.8 b).

The following pages present the figures of time-resolved operando XAS (Figure 7.20), XRD
(Figure 7.21), and SERS (Figure 7.22) data with ¢ = ¢, = 10 s for both £, values. The temporal
evolution of this data highlights the periodic response of the structure, composition, and

adsorbates of the Cu-Zn catalyst under pulsed CO2RR conditions.
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Figure 7.20 LCA-XANES analysis results of Zn and Cu K-edge of pre-reduced Cu-Zn catalyst during
pulsed CO,RR with ¢, = ¢, = 10 s. E. is constant at -1.0 V, while £, =0 V in (a,b) and 0.6 V in (c,d).
(b,d) show an extract of the full-time pulsed CO2RR for better visibility.



7 Time-Resolved Operando Insights into Cu-Zn during Pulsed CO,RR 135

Cu(311) E,=-10V E,=0V t =10s t,=10s
T T = T L] T ] b 1 L] 1 2 ]

q
20 F

0F
20 F

250

240

9.5830

9.5915
9.5910

9.5905
0.0336

0.0332
0.0328
0.0324

Area J/mAcmZ E/V

FWHM  Position/°

0 50 100 150 200 250 300 -20 0 20 40 60
Time /s Time /s

Cu(311) E,=-1.0V E,=06V t =10s t,=10s
T akde SIS e
20 F 4 F ]
0

20 E
200 F

150

Area J/mAcm?2 E/V

100

50 p
9.593

9.592
9.591
9.590

0.030

0.028

FWHM  Position/°

0.026

0 50 100 150 200 250 300 -20 0 20 40 60
Time /s Time /s

Figure 7.21 Temporal evolution of the area, peak position, and FWHM extracted from the fits of
Cu(311) of HE-XRD patterns with respect to the applied potential and current density (top) during
pulsed CO,RR with ¢t. = ¢, = 10 s. E, is constant at -1.0 V, while £, =0 V in (a,b) and 0.6 V in (c,d).
(b,d) show an extract of the full-time pulsed CO,RR for better visibility.
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Figure 7.22 Temporal evolution of the chemical state and adsorbate coverage as Cu-CO stretching (COs,
360 cm™) and rotation (CO;, 280 cm™) vibrations, OH,4 vibration on Cu (490 ¢cm™), Cu/ZnO/(OH)y
species (370 cm™) and Cu 0 species (405, 530, 610 cm™) obtained by fitting the intensities of the bands
from the SERS spectra in respect to the applied potential and current density (top) during pulsed CO,RR
with z. = t, = 10 s. E. is constant at -1.0 V, while £, =0 V in (a,b) and 0.6 V in (c,d). (b,d) show an
extract of the full-time pulsed CO2RR for better visibility.
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Figure 7.23 represents the results of the quantitative analysis of the spectra, which are averaged
over the same time moments after the onset of each potential pulse under pulsed CO2RR with
te = t, = 10 s. The results of the LCA-XANES analysis of the Cu K-edge and of the ML-based
analysis of the Zn K-edge EXAFS data are shown in Figure 7.23 a and 7.24 (complementary
LCA-XANES analysis of Zn K-edge shown in Figure A7.17). The ML-EXAFS approach
revealed distinct transformations of the Zn species during pulsed CO2RR when going up to
different E, values (with corresponding RDF functions and absolute weights in Figure 7.24)
together with an analogous decrease of the fcc CuZn alloy phase contribution, while the non-
fcc Zn-rich phase is almost not contributing during the anodic pulse. Once the cathodic pulse
was applied in the first case (£, =0 V), the contribution of oxidized Zn species decreased down

to 10 %, while the contribution of the Zn-rich phase increased in the first second by 10 % and
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Figure 7.23 Averaged changes in the structure and adsorbates during a pulse sequence with £.=-1.0 V
and £, =0V (bottom) or £,= 0.6 V (top) for z. = t, = 10 s by operando measurements. (a) ML-EXAFS
analysis results for the Zn K-edge show the concentrations of different Zn species, and LCA-XANES
analysis results for Cu K-edge show variations in Cu(I) concentration. The concentration profile of Cu(I)
is multiplied by 10 for better visibility. (b) HE-XRD Cu(311) Bragg peak parameters such as the relative
changes in the Bragg peak area, the Cu coherence length, and the lattice strain. (c) Raman band evolution
of adsorbed CO (stretching band at 360 cm™), OHa.q (adsorbed on Cu at 490 cm™), Cu/ZnOy/(OH)y
species (370 cm™), and Cu,O species (average of 530 and 620 cm™) obtained by fitting the intensities
of the bands from the SERS spectra. The colored lines are exponential fits, and the solid lines represent
the anodic pulse to 0 V, and the dashed lines the anodic pulse to 0.6 V. The solid grey lines indicate the

respective values for each parameter at the end of the cathodic pulse.
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Figure 7.24 Averaged time-dependent evolution of the radial distribution functions g(R) and the
concentrations obtained by the NN-EXAFS analysis from operando Zn K-edge EXAFS data during
pulsed CO2RR with . = ¢, = 10 s. The partial RDFs correspond to an oxide phase, an fcc-type phase,
and a non-fcc-type phase. (a,b) RDFs during the reduction and oxidation cycle, respectively, and (c) NN
weights at £.=-1.0 V and £, =0 V. (d,e) RDFs during the reduction and oxidation cycle, respectively,
and (f) NN weights at E. =-1.0 V and £, = 0.6 V. For clarity the RDFs are shifted vertically.

then decreased again in favor of the CuZn alloy phase. In contrast, in the other case (£, =0.6 V),
during the cathodic pulse, mainly the Zn oxide contribution decreased down to 30 % in favor
of the CuZn alloy phase, while the Zn-rich phase was not involved here. Intriguingly, the
changes of the LCA analysis of the Cu K-edge (Figure 7.23 a, Figure A7.17 a,c) in the chemical
state of Cu to Cu(l) in the Cu-Zn catalyst are small, with ~1 % even during pulsed CO2RR at
0.6 V. This corresponds to about one-third of the fraction of Cu(I) that was formed reversibly



7 Time-Resolved Operando Insights into Cu-Zn during Pulsed CO,RR 139

and periodically for bare CuzO NCs at the similar conditions.”’ The lower Cu(I) concentration
might result from the concurrent oxidation of CuZn to Zn(II) in the Cu-Zn catalyst, which was
also observed in my recent co-authored work.!'!® During the cathodic pulse, the Cu-related oxide
species reduced again into metallic species.

Moreover, the main fraction of Zn oxide at £, =0 V and £, = 0.6 V formed within the first five
and two seconds, respectively, during the anodic pulse, while the reduction of Zn(II) occurred
at a similar time scale. Thus, the oxidation of Zn(I[)/CuZn and the reduction of CuZn/Zn(II)
show a relative symmetric redox behavior. This is in contrast to the kinetics of the Cu(0)
oxidation and Cu(I) reduction at £, = 0.6 V in LCA-XANES, where the oxidation process is
significantly slower than the reduction. In particular, for the Cu-Zn catalyst, the characteristic
time constant of the Cu(I) reduction is around 0.5 s, which is in agreement with the observations
for bare Cu,0 NCs.”” For the characteristic time constant of the Cu(0) oxidation, only its lower
limit could be estimated due to the small amounts of oxide formed within 10 s of the anodic
pulse, which is around 10 s. Again, this value is in good agreement with the observations for
bare Cu2O NCs.”” The asymmetry between the oxidation and reduction times can also be seen
in the XRD and SERS data at £, = 0.6 V. The peak area of the metallic Cu(311) Bragg peak
decreased slowly during the anodic pulse and increased back fast with around 1 s during the
cathodic pulse (Figure 7.23 b), while the XRD pattern also shows the evolution of the
Cu20(111) peak at 4.2° during the anodic pulse (Figure 7.25 b). This also corresponds to the
slow increase during the anodic pulse of the SERS peaks corresponding to surface Cu,O (Figure
7.23 ¢), which was immediately removed again after 0.2 s of the cathodic pulse. As expected,
during the pulses at £, = 0 V (which is below the oxidation potential of Cu), no Cu(l) species
formed, as indicated by the XAS, XRD, or SERS data.

Additionally, the Cu lattice strain, as probed by XRD (Figure 7.23 b), increased rapidly upon
the anodic pulse and shrank rapidly back upon the cathodic pulse. The degree of this lattice
expansion increased with a higher E, value. This process is most likely linked to the charging
of Cu and is independent of Cu oxidation.”” Moreover, the coherence length of Cu increased
slightly upon the anodic pulse at £, = 0 V, which could reflect the oxidation of Zn from the
CuZn alloy and the rearrangement of the Cu phase. At E, = 0.6 V, the coherence length
increased in the first second of the anodic pulse before it decreased due to the oxidation to

Cu20. Upon the cathodic pulse, this process was reversed.
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Figure 7.25 Evolution of the differential HE-XRD patterns of the pre-reduced Cu-Zn catalyst during
the anodic pulse with z. =, =10 s and E, =0 V (a) and 0.6 V (b). The averaged diffraction patterns
during the anodic pulse (¢ = 10-20 s) are subtracted from the averaged time-dependent diffraction pattern

collected under pulsed CO2RR conditions.

Catalytically, the evolution of the adsorbate structure during pulsed CO2RR is of the highest
importance for selective product formation and can be followed by SERS (Figure 7.23 ¢, 7.26,
Figure A7.20-A7.21). In particular, the CO stretching band at 360 cm™', which was related in a
previous study to the formation of Ca+ products,®® evolved upon the cathodic pulse (product
formation) and was completely removed during the anodic pulse (no product formation).
Additional information regarding the adsorbed CO could be obtained from the peaks
corresponding to the C-O vibrations (Figure A7.21). Here, the contribution of low-frequency
CO at 2060 cm™! increased in intensity compared to the high-frequency CO band at 2090 cm™!
at £, = 0 V (compared to £, = 0.6 V), which was related to C-C coupling and C»+ product
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Figure 7.26 Evolution of the averaged SERS spectra of the pre-reduced Cu-Zn catalyst from 150-
1200 cm™! during one pulse sequence with 7. = 7, = 10 s with £, = 0 V (a) and 0.6 V (b). Characteristic

bands are marked.

formation in a previous study.*” Besides, as discussed in Chapter 6, the adsorption of hydroxides
on Cu or Zn sites might be key for the enhancement toward ethanol at £, = 0 V.*’ The intensity
of the hydroxide band at 490 cm’!, related to OHaq on Cu, increased rapidly during the cathodic
pulse at both E, values investigated and decreased upon the anodic pulse. However, this band
redshifted in position due to the Stark shift upon the anodic pulse (Figure 7.26) and decreased
during Cu oxidation at £, = 0.6 V. This indicates that the contribution of adsorbed OH might
be larger at £, = 0 V, which can be attributed to the competition between OH adsorption and
Cu oxide formation at E, = 0.6 V. Interestingly, a band appeared at 370 cm™', which is mainly
visible during the anodic pulses at £, = 0 V and is not pronounced when pulsing up to E, =
0.6 V. This band can be ascribed to the formation of Cu/ZnOx(OH)y based on the literature,
which might also be favorable for the ethanol production.?!22% 233

The corresponding analysis for 7. =4 s and 7, = 1 s (Figure 7.27) shows qualitatively similar
changes to those observed under 7. = t, = 10 s pulses. Due to the short anodic time, smaller
fractions of oxides were formed, as indicated by XAS analysis (Figure A7.16, A7.18). The
surface sensitive quasi-in situ LMMs also confirm the metallic state of Cu at the catalyst
surface, as well as show the partial oxidation of Zn during pulsed CO2RR at £, =0 V (Figure

7.28). Interestingly, the Cu:Zn ratio on the surface significantly increased after the application
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of the cathodic pulse, which might be related to Cu surface segregation simultaneously with
CuZn alloy formation (Figure 7.29). During the anodic pulse, the Cu:Zn ratio decreased again
due to the formation of ZnO, which segregates to the surface. The increase in the Cu:Zn ratio
might also be related to the dissolution of the unstable Zn(II) species. In fact, ICP-MS
measurements of the electrolyte indicate an increasing dissolution of Zn with higher E, values
(Table 7.3). However, at E, = 0 V, the loss of Zn was only 10 %, and thus surface segregation

is likely to be the main reason for the detected change in surface composition.
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Figure 7.27 Averaged changes in the structure and adsorbates during a pulse sequence with £.=-1.0 V
and £, =0V (bottom) or £, = 0.6 V (top) for . =4 s and #, = 1 s by operando measurements. (a) ML-
EXAFS analysis results for the Zn K-edge show the concentrations of different Zn species, and LCA-
XANES analysis results for Cu K-edge show variations in Cu(I) concentration. The concentration profile
of Cu(I) is multiplied by 10 for better visibility. (b) HE-XRD Cu(311) Bragg peak parameters such as
the relative changes in the Bragg peak area, the Cu coherence length, and the lattice strain. (¢) Raman
band evolution of adsorbed CO (stretching band at 360 cm™), OH.4 (adsorbed on Cu at 490 cm™),
Cu/ZnOy/(OH), species (370 cm™), and Cu,O species (average of 530 and 620 cm™) obtained by fitting
the intensities of the bands from the SERS spectra. The colored lines are exponential fits, and the solid
lines represent the anodic pulse to 0 V, and the dashed lines the anodic pulse to 0.6 V. The solid grey

lines indicate the respective values for each parameter at the end of the cathodic pulse.
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7.3.6 Correlation of Structure and Selectivity

For the pulsed CO2RR with 7. =4 s and #, = 1 s, the structural and chemical changes within each
individual pulse are small and are also hard to detect, in particular by XAS, due to the limited
time resolution of the measurements. Therefore, additional “slow” (standard temporal
resolution) XAS spectra were analyzed with an acquisition time of 10 min/spectrum. Figure
7.30 presents (a) the weights of the different Zn species as extracted by the ML-EXAFS
approach during the cathodic and anodic pulse from “slow” XAS data (with corresponding XAS
data and RDFs in Figure A7.22-A7.23); (b) the averaged coherence length at each end of an
anodic pulse (Figure A7.24); and (c) the ratios of the adsorbed OH species (OHa¢ on Cu at
490 cm™) and the CO coverage (COcov; calculated by the ratio of the intensities of the COs and
CO:x band)®® during the cathodic pulse as well as the ratio of the Cu/ZnOx(OH)y (at 370 cm™)
during the anodic pulse and the COcov during the cathodic pulse (Figure A7.25).

The ultimate goal of this study was to correlate the structural operando data with the catalytic
selectivity at different £, values during pulsed CO2RR of the Cu-Zn sample. Based on the XAS,
XRD, and SERS results, as well as on the selectivity data (Figure 7.8 b), three regions of pulse
parameter space could be determined with different catalyst surface and adsorbate structures,
as shown in Figure 7.30 d. At lower anodic pulse potentials (£, < -0.25 V), the HER and CO
production increased significantly. This is the region where the concentration of Zn oxide is the
lowest, and the ratio of Zn-rich and Cu-rich CuZn alloy phases is relatively high (Figure 7.30
a). Only minor changes in the Cu lattice were observed in this regime, as evidenced by the XRD
data (Figure 7.30 b, Figure A7.24). These insights indicate that the catalyst structure under these
conditions resembles the structure under static conditions, where the Ca+ selectivity was still
much higher (Figure 7.8 b). A similar decrease in the Cy+ products at £, = -0.4 V has been
measured for the bare Cu,O NCs (Figure 7.11).'?° Thus, the decrease in Ca+ products under
pulsed CO2RR at lower E, values is not only related to the catalyst structure and composition
but also to the change in the adsorbate type and coverage. Indeed, SERS data suggest a decrease
of OHag™ and Cu/ZnOx(OH)y species, which are beneficial for the formation of oxygenated
products. These low “anodic” pulses might not remove the CO and H species far enough from
the catalyst surface and might then be directly released during the cathodic pulse. Further
studies need to be performed to confirm the reaction mechanism at low E..

Similarly, at high anodic pulse potentials (£, > 0.3 V), the HER and CO production also
increased significantly. However, here ML-EXAFS analysis of the Zn K-edge shows that the
fraction of Zn oxide increased (Figure 7.30 a) in combination with the evolution of a small

fraction of Cu0 (LCA-XANES analysis of Cu K-edge). This is in line with a decrease in the
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coherence length as well as of the Bragg peak area over the course of the anodic pulse, which
indicates the start of Cu oxidation (Figure 7.30 b, Figure A7.24). The increased amount of Zn
oxide at high E, values might lead to the (irreversible) segregation of Zn species (ZnO or Zn),
as observed in EDX-STEM (Figure 7.1 1), which results in the higher HER and CO formation
stemming from the Zn-rich domains.?*® The enhanced CH4 formation at these conditions was
also observed with the bare Cu0 NCs and can be assigned to irreversible morphological

changes of Cu.”’
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Figure 7.30 Effect of the anodic potential £, on the structure, adsorbates, and catalytic performance.
(a) Machine-learning (ML) analysis results of the averaged concentrations of Zn(0) (non-fcc-type
structure), CuZn (fce-type structure), ZnO species (oxide-type structure) from the Zn K-edge during the
cathodic and anodic pulse with 7. =4 s and #, = 1 s in dependence of the E, value. (b) Change of the
coherence length of the Cu(311) Bragg peak at the end of each anodic pulse with . =4 s and #, =1 s.
(c) Blue dots show the averaged ratio of the intensities of the OH 4 band (~490 cm™) and the COcoy
(ratio of the intensities of COs at 360 cm™ and CO; at 280 cm™) during the cathodic pulse (each cathodic
pulse is averaged), and the green dots show the evolution of the averaged intensities of Cu/ZnO/(OH)y
during each anodic pulse with . = #,= 10 s. (d) Scheme of the proposed electrode structure, composition,
and reaction products extracted from the analysis of XANES, HE-XRD, and SERS measurements during
pulsed CO,RR and change of Faradaic efficiencies of ethanol and ethylene during pulsed CO,RR

compared to static CO,RR conditions.
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In contrast, an intermediate anodic pulse potential (£, = 0 V) resulted in the highest selectivity
for ethanol and ethylene formation. In this case, there is an optimal adjustment of the
composition of ZnO and the CuZn alloy in combination with metallic Cu (Figure 7.30 a). The
formation of Zn oxide species during pulsed CO2RR, as observed from XAS, seems to be
essential for the ethanol formation as it was also observed for bare Cu,O NCs, where disordered
Cu oxide was formed during pulsed CO.RR.%®°7 Additionally, the increase in the coherence
length of crystalline Cu (Figure 7.30 b) due to the dealloying of CuZn and a rearrangement of
the Cu phase might be crucial for the enhancement in these Cz+ products. Moreover, the ratio
of OHag versus COc¢ov in SERS correlates directly with the observed ethanol selectivity at
different E, values (Figure 7.30 c, Figure A7.25), as also observed for pulsed CO2RR of bare
Cu20 NCs in Chapter 6. Thus, this study highlights the importance of OHag and COugq sites,
since OHag might then directly couple with C-C adsorbates to form ethanol while blocking the
H.ad sites at the same time.*® 12223 Furthermore, the Cu/ZnOx(OH), band appeared during the
anodic pulse mainly between E, = -0.25 V to 0 V, which seems to be also linked with the
enhancement of the OHaq during the cathodic pulse to enhance the C»+ products at these

potentials.?! 222

7.4 Conclusion

This study combines for the first time (sub)-second time-resolved operando XAS, HE-XRD,
and SERS to uncover the complex interplay of Cu-ZnO nanocatalysts under potentiodynamic
CO2RR reaction conditions. In this way, the compositional changes, such as Zn oxide and CuZn
alloy formation, as well as Cu crystallite size and strain evolution, could be linked to changes
in the adsorbate structure, such as COaq and OH%q evolution to understand the selectivity
behavior. The transformation of a low amount of zinc oxide into a CuZn alloy resulted in the
formation of important Cu/ZnOx(OH)y species. In this way, the OH coverage in the CO2RR
regime could be increased, which enhanced the ethanol selectivity. On the contrary, if Zn was
oxidized to a greater extent, Zn and ZnO agglomerations started to form on the Cu surface and
blocked the Cu sites, which led to an increase in the selectivities of the parasitic HER and in
CO. Thus, this study presents crucial operando mechanistic insights on the potential routes to
enhance the ethanol formation in CO2RR. Overall, the application of potential pulses on a Cu-
based bimetallic catalyst offers an easy way to alter the catalyst selectivity and stability toward

valuable C»+ products such as ethanol by tuning the oxidation state of the second metal (Zn).
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The goal of this study was to enhance the understanding of the intricate CO2RR process,
specifically toward the production of valuable C,+ products. This was accomplished by
designing well-defined cubic-shaped Cu-based nanocatalysts, which could be decorated with a
second metal, such as Ag and Zn. The CO2RR was carried out under both static and pulsed
potential conditions, while various experimental techniques, including in situ and operando
characterization methods performed under working conditions, were utilized to correlate the
selectivities, the structure and composition of the catalyst, as well as the relevant adsorbates.
Ultimately, this research is expected to advance the CO2RR catalyst design, which supports the
development of a net-zero CO; cycle for producing chemicals and fuels to aid in preventing the
catastrophic consequences of climate change.

The first objective was to gain a better understanding of Cu-based bimetallic catalysts,
specifically of the promising Cu-Ag system. To achieve this, well-defined Ag NP-decorated
Cu20 nanocubes were designed, which exhibited improved selectivity toward Cs+ liquid
products such as ethanol and acetaldehyde (Chapter 5). Previous studies on Cu-Ag catalysts
have shown vastly different product selectivities, but it has been difficult to understand the
underlying reasons since these studies only used ex situ characterization methods. Through the
investigations of the structural and chemical transformations of the catalyst during CO2RR,
operando XAS of the Cu and Ag K-edge revealed that Cu2O underwent partial reduction under
reaction conditions, which led to the redispersion of Ag on the CuOx NCs and the formation of
Ag-Cu alloy sites. This reaction-driven redispersion of Ag was found to be a key factor for the
enhanced selectivity of the catalyst toward Ca+ products. Additionally, operando SERS
demonstrated that the Ag-Cu sites significantly altered the CO binding to Cu. According to a
newer study,®® the change of the Cu-CO bonding configuration can also be directly correlated
to an enhanced CO coverage, which might be crucial for the C-C coupling in the Cu-Ag system
as well.

In addition to the important *CO intermediates, as observed in Chapter 5, the important role of
hydroxides in the formation of ethanol has been speculated, but there has been no experimental
evidence so far.*’ Therefore, the second objective was the investigation of the adsorbate

structure and composition of a Cu2O nanocube-derived catalyst by operando SERS (Chapter 6).
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Here, CO2RR was carried out under pulsed potential conditions, where the pulse durations of
the anodic and cathodic pulse were varied to tune the product selectivities toward different
products, such as ethanol, ethylene/acetaldehyde, or C; products. In this way, different catalytic
conditions could be easily simulated. To increase the temporal resolution down to the sub-
second time regime, an operando SERS flow cell was designed, enabling the tracking of
characteristic adsorbates such as OHag and CO.qg during each individual pulse. It was found that
the formation of bulk-like Cu,O led to a decrease in the near-surface pH, resulting in a lower
OHaq versus CO coverage, which increased the C; selectivity. On the other hand, the oxidative
formation of Cu-O.¢ or CuOx/(OH)y species, as well as an intermediate OHaq versus CO
coverage during CO2RR, were found to be necessary to enhance the selectivity toward ethanol.
Until now, most studies have focused primarily on investigating the pulsed CO2RR behavior of
bare Cu-derived catalysts. Thus, the third objective was to understand Cu-Zn bimetallic
catalysts under pulsed potential CO2RR conditions (Chapter 7). Therefore, well-defined ZnO-
covered CuxO nanocube-derived catalysts were prepared similarly to the Cu-Ag catalyst
(Chapter 5). Here, the pulse durations were fixed, and the selectivities could be tuned by varying
the anodic potential to control the redox states of the metals. The combination and correlation
of sub-second time-resolved operando XAS, HE-XRD, and SERS could decipher the complex
interplay between Zn oxide and CuZn alloy formation, Cu crystallite size and strain evolution,
and the adsorption behavior of COag and OHaq during pulsed CO2RR conditions. By applying
similar pulsed conditions as for the bare Cu catalysts within the oxidation regime of Zn and Cu,
excessive oxidation of Zn led to the agglomeration of Zn on the Cu surface, blocking Cu sites,
and causing an increase in parasitic HER. However, the ideal conditions for ethanol formation
were discovered by pulsing to lower anodic potentials within the Zn oxidation regime alone.
This was linked to the conversion of a small proportion of the CuZn alloy into zinc oxide,
forming Cu/ZnOx(OH)y species and enhancing OH coverage in the CO2RR regime. Compared
to bare Cu catalysts, the Cu-Zn system has the added advantage of increased catalyst stability
owing to the milder pulse conditions at lower anodic potentials.

Overall, these studies significantly contribute to our understanding of CO2RR by uncovering
the complex interplay of various factors that impact on the selectivity toward Ca+ products. For
bimetallic catalysts like Cu-Ag (Chapter 5) and Cu-Zn (Chapter 7), the interactions between
both metals play a critical role. While Cu-Ag intermixed only at the interface under harsh
CO2RR conditions, Zn readily formed a stable CuZn alloy under reaction conditions. Local
alloying of Cu with Ag increased the interatomic distance, altering the binding energies of

adsorbates and intermediates, thereby favoring the formation of C»+ liquid products (Chapter 5).
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Moreover, pulsed CO2RR conditions significantly tuned the catalyst properties and adsorbate
coverages, thereby providing useful insights into crucial features for enhancing the ethanol
selectivity and improving catalyst design (Chapter 6 and Chapter 7). One of the key findings of
this study is that the formation of oxide and adsorbed hydroxide species plays a vital role in
boosting ethanol production. This effect can be induced by either oxidizing Cu or Zn via pulsed
potential CO2RR with distinct pulse durations and potentials. Moreover, the combination of Cu
with a second metal such as Zn enhanced the catalytic stability during pulsed CO2RR. On the
other hand, the studies of the Cu-Ag system under static CO2RR conditions (Chapter 5)
highlighted the importance of an increased CO coverage resulting from the Cu-Ag intermixing
for boosting the Ca+ liquid products including ethanol. To comprehend the results obtained in
this study, the use of operando spectroscopic and diffraction methods, such as operando XAS,
XRD, and SERS, were essential, especially in a time-resolved manner.

Taking the next step in gaining a more comprehensive understanding of the CORR mechanism,
we should combine all operando methods simultaneously with rapid product selectivity
analysis devices. This approach will be highly advantageous in gaining a deeper understanding
of the CO2RR process, and this study represents a significant step forward in this direction.
Additionally, employing these in situ and operando techniques to explore not only the CO2RR
but also other electrocatalytic reactions in liquid environments can substantially contribute to
advancing the field of electrocatalysis, which is crucial for building up a sustainable energy

economy.
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As5.1 Appendix Figures

Figure AS5.1 STEM-HAADF image (a) with corresponding EDX map (b) of an as-prepared Cu,O NC
sample. The STEM-EDX image shows four selected areas to determine the Cu:O atomic ratio. The scale

bar corresponds to 50 nm.

Figure A5.2 STEM-HAADF image (left) with corresponding EDX map (right) of an as-prepared 3-
Ag/Cu0 sample. The scale bar corresponds to 100 nm.
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Figure A5.3 STEM-HAADF image (left) with corresponding EDX map (right) of an as-prepared 5-
Ag/Cu0 sample. The scale bar corresponds to 100 nm.
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Figure A5.4 Ex situ grazing incidence XRD pattern of the carbon paper support.
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Figure AS5.6 (a) Potential-dependent current densities normalized to the geometric area of the electrode
(Jrotal geo) and (b) to the deposited mass of Cu and Ag (Jivwaimass) of Cu0O NCs (black), 3-Ag/Cu,O (blue)
and 5-Ag/Cu,O (green) in CO,-saturated 0.1 M KHCOj. The geometric and mass current densities of
the samples are similar, suggesting similar total activities. The reported values represent the averaged

currents of 2 h of electrolysis. Solid lines are a guide for the eye.
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Figure AS5.7 Operando surface-enhanced Raman spectra of (a) Cu,O NCs, (b) 3-Ag/Cu,O and (c) 5-
Ag/Cu,0 at open circuit potential (ocp) and different applied potentials in CO»-saturated 0.1 M KHCO:3.
The potentials are given with reference to RHE. The characteristic peaks of Cu,O are observed at
415 cm™ (multiphonon process), at 527 cm™! (Raman active F», mode), and at 624 cm™ (IR active Fi,
mode).3> 292! The peaks at 1005 and 1072 cm™! can be assigned to the vibrations of HCOs™ and COs*
in aqueous solution, respectively, and the peaks at 1313 and 1600 cm™! correspond to the glassy carbon

support.2?”-233 No peaks were detected from 2300 to 3000 cm™.
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As5.2 Appendix Tables

Table AS.1 Cu:O atomic ratio of as-prepared Cu,O NCs obtained from the STEM-EDX maps in Figure

A5.1.
Area [#] Cu [at%)] O [at%]
1 67(15) 33(6)
2 65(15) 35(7)
3 65(15) 35(7)
4 67(16) 33(6)

Table AS5.2 Lattice parameters extracted from Rietveld refinement of ex situ XRD pattern of as-prepared
Cu0 NCs, 3-Ag/Cu,0, and 5-Ag/Cu,0 samples; and of 5-Ag/Cu,O deposited on carbon paper after 2 h
of CO,RR at -1.0 Vrue. A comparison to literature values of the lattice parameters of Cu,O, Cu, and Ag

bulk is given below.

Sample Lattice parameters [A]
Cu,0 fce Cu fcec Ag
As-prepared
Cu,0NC 4.2656(19) - -
3-Ag/Cu,0 4.2674(5) - 4.094(4)
5-Ag/Cu,0 4.2641(8) - 4.092(3)
After CO:RR
5-Ag/Cu,O 4.2653(9) 3.612(2) 4.088(3)
References
Cu;O bulk 4.27%7 - -
Cu bulk - 3.597%% -

Ag bulk - - 4,079
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Table AS5.3 Capacitance values of the catalysts and references determined by the electrochemical double

layer capacitance measurements acquired directly after 2 h of CO,RR at -1.0 Vrye.

Sample Capacitance [mF cm?]

Catalysts

Cu20 NCs 0.15(2)

3-Ag/Cu,O 0.27(2)

5-Ag/Cu,O 0.40(2)
References

Cu foil 0.027%

Ag foil 0.04224

Carbon paper 0.05(1)

Table A5.4 Comparison of Cu(0) and Cu(I) concentrations, as determined by XANES and EXAFS
analysis for Cu,O NCs and Ag-decorated NCs during CO2RR at -1.0 Vrue. The ratios of the different
Cu species could be obtained from the EXAFS analysis since the reduced Cu-Cu coordination number
for NCs under reaction conditions is a result of sample-averaging effect, where the measured EXAFS
signal is an average of contributions from metallic and oxidized phases. In fact, the deviation of the Cu-
Cu coordination number values from the bulk values can be used to independently estimate the

concentrations of Cu(0) and Cu(l) species (providing that size effects on the FT-EXAFS spectra are

negligible).
Sample XANES EXAFS
Cu(0) [%] Cu(I) [%] Cu(0) [%] Cu(I) [%]
Cu;0 NCs 86(2) 14(2) 80(12) 20(12)
3-Ag/Cu;O 77(3) 23(3) 80(5) 20(5)

5-Ag/Cu,0 82(2) 18(2) 83(5) 17(5)
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Table A5.5 Structural parameters (coordination numbers &, interatomic distances R and disorder factors
o°) obtained from the fit of experimental Cu K-edge EXAFS data acquired before and during CO2RR at
-1.0 Vrye.

Sample Ncu-cu Rcu-cu 6’ Cu-cu Ncu-o Rcuo ¢’cu-o AEy  R-factor

[A] [47] [A] [A7] [eV] [Yo]
Cu foil 12 2.527(2) 0.009(3 0 2.5(3 0.24
(Ref) 527(2)  0.009(3) - : 503) -
€0 2 1.850(3) 0.0012(5 1.4(5 0.59
(Ref) - - - 850(3) 0.0012(5)  1.4(5) :
CUZO NCs
- - - 24(1)  1.900(6) 0.003(1) 1.5(7) 2.01
(as-prep)
3-Ag/Cu0
- - - 1.8(1)  1.863(3) 0.0009(5) 1.4(4) 0.61
(as-prep)
5-Ag/Cu;0
- - - 2.0(1) 1.870(3) 0.0028(5) 0.7(4) 0.52
(as-prep)
Cu;0 NCs
9.4(4) 2.524(3) 0.0082(4) 0.4(3) 1.81(5) 0.01(2)  2.6(5) 0.56
(-1.0 Vgug)
3-Ag/Cu;0
7.43)  2.558(3) 0.0074(4) 0.3(1)  1.81(3) 0.001(7) 4.4(4) 0.53
(-1.0 Vgug)
5-Ag/Cu,0

8.7(3) 2.521(2) 0.0091(3) 0.3(1)  1.93(2) 0.002(7) 2.1(4 0.36
(-1.0 Veue) (€) @) ) (1) 2) ) (4)
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Figure A6.1 Normalized SERS spectra of pulsed potential CO,RR measurements during £. = -1.0 V
and £, =+0.6 V from bottom to top (as indicated with arrows) and with the pulse lengths of (a) . =8 s,
ta=1s,(b)t.=4s,t,=2s,(c)t.=t,=1sand (d) . =4s, t,= 8 s averaged over one pulse sequence.
Characteristic SERS bands are highlighted.
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Figure A6.2 Normalized SERS spectra of pulsed potential CO,RR measurements during £. = -1.0 V
and £, =+0.6 V from bottom to top (as indicated with arrows) and with the pulse lengths of . =1 s, ¢,

=32 s averaged over one pulse sequence. Characteristic SERS bands are highlighted.

a 0.5s b 4s c 8s
45 " " " E(t) 4s E(t) 0.58| " |E(t)
c:osz- 0032_ 24t c032-
15 -"M 8
9
= \ 22 R\
S e, t,=0.5s -L t,=4s L"_—-_ t,=8s
_e NM ‘ 6 20 '\ :
@ 10 t =4 | -
; \""‘du‘_‘_ =4S L 8 L’_
= M he .
g . . W\
E 5\ tc=4s 4 :L\
SN . 2F
’ M‘h 0 N\ g - 0 e - T{“::o.ss
600 800 1000 1200 600 800 1000 1200 600 800 1000 1200
Raman shift / cm™ Raman shift / cm™ Raman shift / cm™’

Figure A6.3 Normalized SERS spectra of the carbonate region from 600-1200 cm™ of pulsed potential
CO:zRR measurements during £. =-1.0 V and during £, =+0.6 V from bottom to top (as indicated with
arrows) and with the pulse lengths of (a) t. =4 5,7, =05s,(b)te=t,=4sand (c) t.=0.5s,4.=8 s

averaged over one pulse sequence. Characteristic SERS bands are highlighted.
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Figure A6.4 Normalized SERS spectra of pulsed potential CO,RR measurements during £. = -1.0 V
and during £, =+0.6 V from bottom to top (as indicated with arrows) and with the pulse lengths of 7. =

0.5 s, t, = 8 s averaged over one pulse sequence. Characteristic SERS bands are highlighted.
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Figure A6.5 Applied potential and intensities of fits of characteristic SERS bands of pulsed potential

COzRR at E. =-1.0 V and E, = +0.6 V with different pulse lengths averaged over one pulse sequence
(a-€). The data points are the intensity fits of the Cu-CO rotation (CO; at 280 cm!, dark blue), the Cu-
CO stretching (COs at 360 cm™, light blue), Cu-OHaq (OHaa at 495 cm™ at -1.0 V in turquoise and
450 cm™ at +0.6 V in green), Cu2O (sum of 530 and 620 cm™ divided by two, orange) and Cu-O,q

(610 cm!, orange) bands. The red lines represent the exponential fit and are guides for the eyes.
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Figure A6.6 CO coverage of selected pulse lengths over one averaged pulse sequence of pulsed potential

CO:RR measurements with £, =-1.0 V, E, =+0.6 V. The CO coverage was determined by the ratio of
the intensity of COs and CO,.*
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Figure A6.7 Exemplary fits of C-O vibration region of the normalized SERS spectra with the

contribution of bridge CO (COprigee at 2030 cm™'), low-frequency band linear CO (COvgg at 2065 cm™),
and high-frequency band linear CO (COgrg at 2095 cm™") during pulsed CO,RR with the cathodic pulse
att.=4s,t,=8swith E.=-1.0Vand E,=+0.6 V.
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Figure A6.8 Applied potential and averaged intensities of the C-O vibration fits as shown in Figure
A6.7 during pulsed potential CO,RR measurements over one pulse sequence with varied pulse length
and E.=-1.0V, E,=+0.6 V. The pulse lengths are in (a) t. =4 s, ¢, = 1 s (ethanol regime), (b) t. = ¢, =
4 s (ethylene/acetaldehyde regime), and (¢) £ = 0.5 s, 7, = 8 s (C regime). The red lines represent the

exponential fits and are guides for the eyes.
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Figure A6.9 Evolution of the contribution of different CO configurations at selected pulse lengths as
determined from Figure A6.8. COup corresponds to the sum of COnrs and COrrs. The data points
represent the normalized average contribution over the cathodic pulse together with the standard

derivation.
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Figure A6.10 Ratio of time constants z during the adsorption of (a) CO; versus CO;s and of (b) CO;
versus CO; during the cathodic pulse, as well as the ratio during desorption of (¢) CO; versus COs and
of (d) COs versus COx during the anodic pulse in dependence of the pulse lengths of pulsed potential
CO;RR measurements with £.=-1.0 V, E,=+0.6 V.
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Figure A6.11 Normalized SERS spectra of pulsed potential CO.RR measurements during £. =-1.0 V
and £, = 0.0 V with the pulse lengths of 7. =4 s, t, = 1 s from bottom to top (as indicated with arrows)

averaged over one pulse sequence. Characteristic SERS bands are highlighted.
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A6.2 Appendix Tables

Table A6.1 Time constants 7 of evolution and disappearance of the CO; and COsbands in arb. units

during the cathodic and during the anodic pulse, respectively, extracted from the exponential decay fits

in Figure 6.6 d-f and Figure A6.5. R’ values indicate the goodness of the exponential fits.

te t. CO.(t) R CO.(&) R CO.(t) R CO(t) K
[s] [s]
4 0.5  0.12 055 024 071 0.1 020 010 048
4 4 044 054 027 075 054 0.6l 0.38 0.70
0.5 8 0043 050 004 029  0.08 0.75  0.08 0.76
8 1 020 029  0.05 022 045 020  0.13 0.20
4 2 0.13 047 035 0.69 024 058 053 0.77
1 1 0.23 026 028 029 023 028  0.41 0.34
4 8 0.51 020 0.0l 077  0.57 084 036  0.90
1 32 0.03 025 0.2 077 006 020  0.02 0.52

Table A6.2 Time constants 7 of disappearance and evolution of Cu-Oqu and Cu;O bands in arb. units

during the cathodic and during the anodic pulse, respectively, extracted from the exponential decay fits

in Figure 6.6 d-f and Figure A6.5. R’ values indicate the goodness of the exponential fits.

tt t. CuOwu(t) R CuOu() R CuOr) R CuO@Ft) R
[s] Is]

4 05 0.04 0.20 0.11 0.20

4 4 035  0.71 1.60 0.58
05 8 007  0.74 0.14 0.70
8 1 0.04  0.20 0.04 0.20
4 2 0.25 0.69 1.57 0.39

11 0.02 0.67 0.41 0.20

4 8 038  0.90 0.33 0.69
1 3R 0.05 025 0.28 0.39
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Table A6.3 Averaged SERS band intensity values and standard derivation (in arb. units) of Cu,O bands

at 410, 530 and 620 cm™ over an averaged anodic pulse and their ratios to each other.

t ta 1 1 1 Ratio Ratio Ratio Ratio
[s] [s] 410 530 620 410/all 530/all  620/all 410/
(530+620)
4 4 0.17(9) 0.33(7) 0.7(1) 0.15 0.28 0.57 0.17
4 8 0.28(7) 0.67(9) 0.9(2) 0.15 0.36 0.49 0.18
0.5 8 0.22(7) 0.8(1) 0.9(3) 0.12 0.41 0.47 0.14
1 32 0.10(4) 0.5(1) 0.8(1) 0.07 0.39 0.54 0.08

Table A6.4 Change of Faradaic efficiencies (AFE) under pulsed conditions (-1.0 V/0 V and 4 s/1 s)
subtracted by static CO,RR conditions at -1.0 V.

Product AFE [%]
H» -6.0(5)
Cco 1.5(3)
CH4 0.5(2)
C:H,4 0.761(6)
HCOO 1.3(2)
CH3;COO 0.018(6)
Acetaldehyde 0.31(7)
Propionaldehyde 0.55(4)
Acetone 0.03(8)
EtOH 0.76(1)
1-PrOH 0.8(1)

Allyl alcohol 0.29(4)




A7. Appendix to Chapter 7

A7.1 Appendix Notes

Appendix Note 1 Validation of the machine learning approach.

To extract the weights of Cu and Zn species, conventional linear combination analysis (LCA)
for the Cu K-edge was used, while for the Zn K-edge, the LCA fitting faced some limitations.
First of all, as demonstrated in my previous co-authored study,'!> the Cu-Zn samples contain a
Zn-oxide phase with a much higher degree of disorder and thus vary in structure from the
wurtzite-type ZnO that was used as a reference. Further, alloy formation under reaction
conditions can lead to a heterogenous mix of different Cu-Zn alloy structures (Cu-rich versus
Zn-rich structures), while for our reference sample, the common Cu70Zn3 brass foil was used.
To overcome these limitations, a machine learning (ML) approach was developed, which is
described in more detail in the previous study.!!> The ML approach is based on the extraction
of radial distribution functions of neighboring atoms from EXAFS data. In particular, a neural
network (NN) is trained by using large sets of theoretically relevant structure models (oxide,
fce, and non-fce phases) obtained from molecular dynamics (MD) and Monte Carlo (MC)
simulations using empirical force field models. After validation of the NN with known
structures (Zn, CuZn, and ZnO), the NN was applied to the EXAFS data of the operando
measurements to extract the partial RDFs. The weight of different phases was obtained by
integrating specific peaks of the partial RDFs divided by the true number of neighbors for the
corresponding phase (oxide, fcc, or non-fcc). Compared to the LCA fitting, the NN-EXAFS
analysis showed that a much higher contribution of an oxide phase remained in the sample even
at -1.0 V. To verify those results, a conventional FEFFIT was applied to the data after 1 h of
reduction, and a coordination number of 0.37 + 0.26 was received (Figure A7.7). This equals
an oxide contribution of around 9 + 6 %, which is in agreement with the results from the ML
approach (ca. 12 %). Additionally, the LCA analysis (LCA2) was performed by using the
spectrum collected under ocp as a reference instead of the wurtzite-type ZnO, which also
resulted in higher amounts of this initial oxide structure (ca. 6 %) after 1 hour of reduction
(Figure 7.3). The trained NN could not be applied to the Zn K-edge XANES data set used for

the cyclic voltammogram measurements in this study in Section 7.3.4 due to a glitch in the

167
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EXAFS spectra at 9878 eV (k-value: 7.5) of the QXAFS data collected at the ROCK beamline
of the SOLEIL synchrotron. However, when performing the LCA fit on the QXAFS data from
the initial reduction prior to the CV scan, the results for the weights of the species (Zn foil,
CuZn foil, and wurtzite-tye ZnO) are much closer to those of the NN-EXAFS analysis
performed for the data collected at the SuperXAS-X10DA beamline. Moreover, as already
observed before, the general redox behavior of our sample remained the same and followed the
same trends. Therefore, for the CV data set, only the conventional LCA was used for both edges

(Cu and Zn K-edge) to follow the changes of species during the CV scans.
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A7.2 Appendix Figures

Potentiostatic Pulsed to OV Pulsed to 0.6V

STEM-EDX

(a) shows the catalyst after 1 h of potentiostatic CO,RR, (b) after 1 h of pulsed CO>RR with £,=0V
and (c) after 1 h of pulsed CO,RR with £, =0.6 V, while E.=-1.0 V,t. =4 s and ¢, = | s were fixed.

The given scale bars correspond to 20 nm.

Pulsedto -0.25V c Pulsed to 0.3V

Figure A7.2 SEM images of Cu-Zn after different pulse protocols on carbon paper. E. = -1.0 V with ¢,
=4 sand #, = 1 s were fixed during pulsed CO,RR for 1 h, while the anodic potential was varied in (a)
to £,=-0.4V,in (b) to £,=-0.25 V and in (c) to £, = 0.3 V. The scale bar corresponds to 300 nm.
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As-prepared Potentiostatic Pulsed to OV Pulsed to 0.6V

STEM-HAADF

STEM-EDX

Figure A7.3 Additional STEM-HAADF and STEM-EDX images of the Cu-Zn catalyst after different
conditions in the upper and lower panel, respectively. (a,e) show the as-prepared state, (b,f) after 1 h of
potentiostatic CO2RR, (c,g) after 1 h of pulsed CO2RR with £, = 0 V, and (d,h) after 1 h of pulsed
CO,RR with £, = 0.6 V (fixed E.=-1.0V, t. =4 s and #, = 1 s). The given scale bars correspond to

50 nm.

As-prepared Potentiostatic Pulsed to OV

STEM-HAADF

STEM-EDX

Figure A7.4 STEM-HAADF and STEM-EDX images of the bare CuO cubes after different conditions
in the upper and lower panel, respectively. (a,d) show the as-prepared state, (b,e) after 1 h of
potentiostatic CORR and (c,f) after 1 h of pulsed CO;RR with £,=0V (fixed £.=-1.0 V, . =4 s and

t.=1s). The given scale bars correspond to 20 nm.
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a ocp b After 1h

Exp.
LCA Fit

Cu K-edge XANES

8960 8990 9020 9050 8960 8990 9020 9050
Energy / eV Energy / eV

c ocp d After 1h

Exp.
LCAFit1

9640 9670 9700 9730 9640 9670 9700 9730
Energy / eV Energy / eV

Zn K-edge XANES

Figure A7.5 Exemplary LCA fits of the experimental XANES spectra. (a) and (b) Cu K-edge under ocp
and after 1 h of initial static CO2RR at -1.0 V, respectively. (c) and (d) Zn K-edge under ocp and after
1 h of initial static CO,RR at -1.0 V fitted with LCA1 (with standard references) and LCA2 (oxide

reference equals as-prepared state spectra), respectively.
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Figure A7.6 Time-dependent evolution of the radial distribution functions g(R) (RDFs) obtained by the
NN-EXAFS analysis from operando Zn K-edge EXAFS data during initial static CO,RR for 1 h
at -1.0 V. The partial RDFs correspond to an oxide phase, a metallic phase with fcc-type structure and

a metallic phase with non-fcc type structure. For clarity the RDFs are shifted vertically.
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Figure A7.7 NN-EXAFS analysis results were verified by applying a conventional FEFFIT to the data
after 1 hofat -1.0 V, where a coordination number of 0.37 + 0.26 for the oxide species (equals a fraction

of 9 £ 6 %) was obtained in agreement with the results from the ML approach.
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Figure A7.8 Extract of HE-XRD patterns of Cu,O(111) and corresponding fits of Cu-Zn catalyst during

LSV and static CO,RR conditions. (a) Extract of averaged XRD pattern during the LSV scan from ocp

to -1.0 V with a scan rate of 10 mV s™!. (b) Area (second row), peak position (third row), and FWHM

(fourth row) extracted from fits of CuO(111) with respect to the applied potential (top). The XRD

patterns correspond to the average of 5 XRD patterns, acquired with 0.2 s/diffractogram, that can be

translated into a time resolution of 1 s/diffractogram shown here.
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Figure A7.9 Extract of HE-XRD pattern of CuxO(200) and Cu(111) and corresponding fits of Cu-Zn

catalyst during LSV and static CO2RR conditions. (a) Extract of averaged XRD pattern during the LSV

scan from ocp to -1.0 V with a scan rate of 10 mV/s. (b) Area (second row), peak position (third row),

and FWHM (fourth row) extracted from fits of Cu,O(200) and Cu(111) with respect to the applied

potential (top). The XRD patterns correspond to the average of 5 XRD patterns, acquired with

0.2 s/diffractogram, that can be translated into a time resolution of 1 s/diffractogram shown here.
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Figure A7.10 Temporal evolution of the current density J of the Cu-Zn catalyst under pulsed electrolysis
with E.=-1.0 V,E,=0V,and t.=4 s, and t, = 1 s during 1 h of reaction.
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Figure A7.11 LCA-XANES analysis results of Cu K-edge of pre-reduced Cu-Zn catalyst during a CV
scan from -0.9 V 2 0.9 V = -0.9 V with corresponding applied potential.
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Figure A7.12 Rietveld analysis of HE-XRD pattern of Cu and Cu,O of the Cu-Zn catalyst during a CV
from -1.0 V. > 0.7 V 2> -1.0 V. Weight (second column), lattice parameter a (third column) and
coherence length L, (fourth column) in respect to the applied potential (top) of Cu (a) and Cu,O (b).
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Figure A7.13 LCA-XANES analysis results of Zn and Cu K-edge of pre-reduced Cu-Zn catalyst during

pulsed CO2RR with t. =4 s and ¢, = 1 s. E, is constant at -1.0 V, while E,

=0 Vin (a,b) and 0.6 V in

(c,d). (b,d) show an extract of the full-time pulsed CO,RR for better visibility.
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Figure A7.14 Temporal evolution of the area, peak position, and FWHM extracted from the fits of

Cu(311) of the HE-XRD patterns with respect to the applied potential and current density (top) during
pulsed CO2RR with t. =4 s and ¢, = 1 s. E. is constant at -1.0 V, while £, =0 V in (a,b) and 0.6 V in

(c,d). (b,d) show an extract of the full-time pulsed CO2RR for better visibility.
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Figure A7.15 Temporal evolution of the chemical state and adsorbate coverage as Cu-CO stretching
(COs, 360 cm™) and rotation (CO,, 280 cm™) vibrations, OH,s vibration on Cu (490 cm™),
Cu/ZnOy/(OH), species (370 cm™) and Cu,O species (405, 530, 610 cm™) obtained by fitting the
intensities of the bands from the SERS spectra in respect to the applied potential and current density
(top) during pulsed CO,RR with . =4 s and ¢, = 1 s. E. is constant at -1.0 V, while £,=0 V in (a,b) and
0.6 V in (c,d). (b,d) show an extract of the full-time pulsed CO,RR for better visibility.
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Figure A7.16 Averaged time-dependent evolution of the radial distribution functions g(R) (RDFs) and

the concentrations obtained by the NN-EXAFS analysis from operando Zn K-edge EXAFS data during

pulsed CO2RR with . = 4 s and ¢, = 1 s. The partial RDFs correspond to an oxide phase, an fcc-type

phase, and a non-fcc-type phase. (a) RDFs during the reduction and oxidation cycle, and (b) NN weights
at E.=-1.0 Vand E, =0 V. (¢c) RDFs during the reduction and oxidation cycle, and (d) NN weights at
E.=-1.0Vand E,=0.6 V. For clarity the RDFs are shifted vertically.
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Figure A7.17 LCA-XANES analysis results of Cu and Zn, K-edge of pre-reduced Cu-Zn catalyst,
averaged over one pulse sequence during pulsed CO2RR with ¢. = ¢, = 10 s. E. is constant at -1.0 V,

while £, =0 V in (a,b) and 0.6 V in (c,d).
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Figure A7.18 LCA-XANES analysis results of Cu and Zn K-edge of pre-reduced Cu-Zn catalyst
averaged over one pulse sequence during pulsed CO;RR with t.=4 sand #,=1s. E. is constant at-1.0 V,

while £, =0 V in (a,b) and 0.6 V in (c,d).
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collected under pulsed CO,RR conditions.



A7 Appendix to Chapter 7 183
a Cu;’Zn(E)x."(OH)y b i Cu/Zn?x/(OH)y
CO, i OHy a2 T
. r i s “~ad
k \ COSE | co.: IOH.:
."2 ! : OH 4 Carbonate ' 5 adi Carbonate
5| ; be =ov } AE,=06V
e’ | i t,=1s t wresoneriombaiiry,, | t,=1s
@ | ~ iy
~| e A | I\
."é‘ \ e M L » e O
| \
S ‘
=1 E,=-1.0V v | E, = 1.0V
- ‘,l v t.=4s \ t.=4s
\ ottt g g rama ot
M
ey L-‘*v‘"'m

200 400 600 800 10001200

Raman shift / cm”’

Raman shift / cm™

200 400 600 800 10001200
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bands are marked.
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All data is shown with an offset in the y-axis.



A7 Appendix to Chapter 7 186
a b
0.4 -0.2 0.0 03 0.6
E,IV Oxide Fce Non-fcc
—— :
I;‘ll Ox1de n I2 .
|r' ||'- j"\\\ ! I10 ]:1
A Zno~ !\ ',’ !
\ - \
T ,,/’il\_____,_,,\_ — A\"’L‘L’y{- /
-4
= Fcc N \
x Cuanor.' W (
E J o B | l Ll \ I L J L L .
w ﬁ 3.0 32 34 22 25 28 23 26 29
5 RI/A RIA RI/A
Zn forf N Non-fcc
.'iI \\
Jj——‘ _\__-__i__’/ M

_ﬁ ’——_‘

20 25 30 35 40 45 50

RIA

Figure A7.23 RDFs obtained by the NN-EXAFS analysis from operando Zn K-edge EXAFS data

during pulsed CO2RR with . =

4 s and ¢, = 1 s at different £, values, while E. =-1.0 V. The partial RDFs

correspond to an oxide phase, an fcc-type phase, and a non-fcc-type phase. (a) RDFs are shifted
vertically for clarity. (b) shows excerpts of enlarged RDFs



A7 Appendix to Chapter 7 187

a E(t)

B I s

150 v

ALT%

20 30
Time /s Time /s
d E(t) e E() f E(t
150 T L) L] L] L] T
L <
< 100 o
> ¥
2 £
<< 50§ ©
= ®
0F

Time /s Time/s Time /s
o E,=-04V o E,=-025V o E,=0v © E,=03V E,=06V

a

Figure A7.24 Averaged changes of the Cu(311) Bragg peak parameters during a pulse sequence with
E.=-1.0V and E, = -0.4 V (black), -0.25 V (red), 0 V (blue), 0.3 V (green) and 0.6 V (purple) for
different time lengths by operando HE-XRD. (a) Relative changes in the Bragg peak area, (b) the Cu
coherence length, and (c) the lattice strain for z. = ¢, = 10 s. (d) Relative changes in the Bragg peak area,
(e) the Cu coherence length, and (f) the lattice strain for . =4 sand ¢, =1 s.



A7 Appendix to Chapter 7 188

I Cu/ZnO,/(OH) i, Cu/ZnO,/(OH)
afico, iom,, b cor : OH,,
0,} £ W co.: i
: \ OHad Carbonate
2 i }
= | . it
= AT gy
E‘ E,=0.3V E,=-0.25V
@ | t,=10s | t,=10s
£\ W }
-y \\Iw | ;
E, =-1.0V .Mv : E, =-1.0V
t.=10s haA : t.=10s
200 400 600 800 10001200 200 400 600 800 10001200
Raman shift / cm™ Raman shift / cm™
C
o]
IE ‘ |
=y
_e' 1
® E,=-0.4V
E t,=10s
‘»
[ =
Q
£
E,=-1.0V
t.=10s

200 400 600 800 1000 1200
Raman shift / cm™

Figure A7.25 Evolution of the averaged SERS spectra of the pre-reduced Cu-Zn catalyst from 150-
1200 cm™ during one pulse sequence with 7. =7, = 10 s at £, = 0.3 V (a), -0.25 V (b) and -0.4 V (¢).

Characteristic bands are marked.



A7 Appendix to Chapter 7 189

A7.3 Appendix Tables

Table A7.1 Cu and Zn composition of as-prepared Zn/Cu,O NCs (powder) obtained by ICP-MS.

Sample Cu [at%] Zn [at%)]

As-prepared 93.5(7) 6.5(7)

Table A7.2 Edge lengths and corresponding size distribution of Cu-Zn obtained from the analysis of
SEM images in the as-prepared state, after 1h of static CO,RR and after different pulse protocols (with
fixed E,.=-10V,t.=4sand t,=15s).

Sample Edge length [nm]
As-prepared 233+44
Static at -1.0 V 26.1 £6.5
Pulsed with £,=-0.4V 27.1+54
Pulsed with £,=-025V 26.7+5.8
Pulsed with £,=0V 272+64
Pulsed with £,=0.3 V 327+7.7
Pulsed with £,=0.6 V 345+6.0

Table A7.3 Edge lengths and corresponding size distribution of the bare Cu,O cubes obtained from the
analysis of STEM images in the as-prepared state, after 1h of static CO.RR and after 1 h of pulsed
CORR with £,=0V (E,=-1.0V,tc=4sand t,=15).

Sample Edge length of Cu [nm]
As-prepared 243 +£4.1
Staticat -1.0 V 27.4+6.0

Pulsed with £,=0V 347+6.1
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Table A7.4 Composition of Cu and Zn in the as-prepared state and after 1 h of static CO,RR of the Cu-
Zn catalyst obtained by the comparison of the 2p quasi-in situ XPS spectra (Figure 7.6).

Sample Cu 2p [at%] Zn 2p [at%]

As-prepared 85 15
Static after -1.0 V 90 10
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