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Abstract

Environmental friendly technologies for storage and reutilization energy are important for the future
of humanity on earth. Scientific efforts cover not only the investigation of new technologies to close
the carbon cycle, but also by advancing already existing applications such as batteries and fuel cells.
Major challenges for these electrocatalytic reactions are the detailed understanding of their reaction
mechanisms and increasing the performance and stability of the catalysts. In this thesis, | reveal
new insights on the behavior of promising catalysts during the CO; reduction reaction (CO2RR) and
the Formic Acid Oxidation Reaction (FAOR). By systematically studying single crystals as well as
shaped nanoparticle and bimetallic catalysts during potentiostatic and pulsed reaction conditions,

correlations between the catalyst structure and the reaction performance are identified.

In the electrocatalytic COsRR, the role of surface Cu atoms is still not well understood. Thus,
one research focus has been set to study surface-selectivity relationships by investigating the surface
structure of a stepped Cu(310) single crystal and its influence on the CO;RR. In particular, it
was found that these catalysts provide mostly hydrogen and only small amounts of hydrocarbons or

ethanol.

Furthermore, the presence and the role of oxide species during CO2RR remain an elusive scientific
discussion. In order to understand how oxides tune the catalytic selectivity, the use of potential pulses
with different time lengths to periodically regenerate the oxide species was established. In particular,
under certain pulse-length conditions, a doubled ethanol production was obtained as compared to
non-pulsed conditions has been observed. The nature of the Cu species and structures responsible

for this selectivity was investigated using operando techniques.

The role of nanocubes (NCs) decorated with a co-catalyst was investigated both, for the CO2RR and
the FAOR. Au-Cuz0 NC catalysts displayed higher Co, yields than bare CuO NCs. Furthermore,
the type, amount and role of CuAu alloys on the CO>RR was elucidated. Moreover, for the FAOR,
Pd NCs were decorated with a SnO5 shell, which exceeded the performance of pure Pd by reducing
poisoning intermediates. By in situ and operando techniques, the structural and chemical alterations

under these reaction conditions were investigated.

This thesis unveils the role of surface termination, oxides and bimetallic catalyst structures on the ac-
tivity and selectivity of CO,RR and FAOR electrocatalysts. The here presented insights contribute to
a knowledge-driven design of electrocatalysts, that can be used in the future to steer the reactions to-
wards highly-valuable products and high performances, emphasizing the importance of characterizing

these catalysts under operating conditions and establishing useful structure-selectivity relationships.






Zusammenfassung

Umweltfreundliche Technologien zur Speicherung und Wiederverwendung von Energie sind wichtig
fir die Zukunft der Menschheit auf der Erde. Die wissenschaftlichen Bemiihungen erstrecken sich
nicht nur auf die Erforschung neuer Technologien um beispielsweise den Kohlenstoffkreislauf zu
schlieBen, sondern auch auf die Weiterentwicklung bereits bestehender Anwendungen wie Batte-
rien und Brennstoffzellen. Die groBten Herausforderungen fiir diese elektrokatalytischen Reaktionen
sind das detaillierte Verstandnis von Reaktionsmechanismen und die Verbesserung von Leistung und
Stabilitat der Katalysatoren. In dieser Arbeit prasentiere ich neue Erkenntnisse tber das Verhalten
vielversprechender Katalysatoren wahrend der CO» Reduktionsreaktion (CO2RR) und der Ameisen-
saure Oxidationsreaktion (FAOR). Durch systematische Studien tiber Einkristalle sowie tiber kubische
und bimetallische Katalysatoren unter statischen und gepulsten Reaktionsbedingungen werden Kor-

relationen zwischen der Katalysatorstruktur und ihrer Reaktionsleistung identifiziert.

In der elektrokatalytischen CO,RR ist die Rolle von Cu Atomen and der Oberfliche noch nicht
gut verstanden. Daher wurde ein Forschungsschwerpunkt auf die Untersuchung der Beziehun-
gen zwischen Oberflichen und Selektivitdt gelegt, indem die Oberflachenstruktur eines gestuften
Cu(310)-Einkristalls und deren Einfluss auf die CO2RR analysiert wurde. Tatséchlich liefiern diese

Katalysatoren hauptsachlich Wasserstoff und nur geringe Mengen an Kohlenwasserstoff oder Ethanol.

Dariiber hinaus bildet die Rolle von Oxiden wahrend der CO2RR eine ungeloste wissenschaftliche
Diskussion. Um zu verstehen, wie Oxide die katalytische Selektivitat beeinflussen, wurde die Ver-
wendung von Potenzialpulsen mit unterschiedlichen Zeitlangen zur perodischen Regeneration von
Oxiden etabliert. Insbesondere wurde ein Pulslangenbereich mit verdoppelter Ethanolproduktion im

Vergleich zu nicht gepulsten Bedingungen beobachtet und mit operando Techniken untersucht.

Die Rolle von Nanowiirfeln (NCs), die mit einem co-Katalysator dekoriert sind, wurde sowohl fiir die
CO3RR als auch fiir die FAOR untersucht. Es wurde festgestellt, dass Au-CuO NCs Katalysatoren
mehr Co. Produkte liefern als bloBe CusO NCs. AuBerdem wurde die Art, Menge und Rolle der
CuAu-Legierung bei der CO2RR aufgeklart. Dariiber hinaus wurden fiir die FAOR Pd NCs mit
einer SnOy-Hiille versehen, die die Leistung von reinen Pd NCs Gbertraf, indem es die vergiftenden
Intermediate reduzierte. Mit in situ und operando Techniken wurden die strukturellen und chemischen

Veranderungen unter diesen Reaktionsbedingungen untersucht.

In dieser Arbeit wird der Einfluss der Oberflaichenterminierung, der Oxide und der bimetallischen
Katalysatorstrukturen fiir die Aktivitdt und Selektivitdt an Beispielen der CO2RR und der FAOR
bestimmt. Die hier vorgestellten Erkenntnisse tragen zu einem zukiinfitgen wissensbasierten Design
von Elektrokatalysatoren bei, um die Reaktionen zu wertvollen Produkten und zu hohe Leistun-
gen zu lenken, und unterstreichen die Bedeutung der Charakterisierung dieser Katalysatoren unter

Reaktionsbedingungen um niitzliche Struktur-Selektivitats-Beziehungen herzustellen.
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Introduction

This introductory part provides a motivation for this work by illustrating the challenges
of the climate crisis, its impact on the global energy market and its economic and tech-
nologic perspectives. Electrocatalysis is one way to alleviate climate change by gener-
ating alternative possibilities to produce, store and utilize renewable energy effectively.
Introductions to the respective state-of-the-art are given for the two investigated electro-
catalytic reactions, the CO; reduction reaction (CO2RR) and the Formic Acid Oxidation
Reaction (FAOR). Having set this basis, the scientific objective and the approach to
answer specific scientific questions are illustrated. Finally, an overview over selected

methods and instrumentation are provided.






Climate Crisis and the Role of Electrocatalytic
Solutions for Synthetic Fuels

The climate crisis is the biggest threat to humanity and the biggest challenge of the 215t century.[!]
The human’s energy consumption and chemical needs within the last 200 years have led to an over
proportional use of fossil fuels adding to the atmosphere over 400 ppm of CO, in 2022 compared
to the pre-industrial concentration of 280 ppm, shown in Figure 1.1a.[!1 The continuous increase in
global temperature is now 1.1°C higher than the pre-industrial time baseline.?l Since the atmospheric
CO» concentration and temperature have been directly correlated throughout Earth’s history,! the
human-driven emission of CO; and other greenhouse gases are found to be primary drivers of climate

change.l*]

The exponential increase in energy consumption since the pre-industrial times is unquestioned in
Figure 1.1b, which illustrates the global direct energy consumption partitioned into the sources used
to acquire the energy.>®l It is evident that the global amount of non-renewable power sources
exceeds the renewable produced energy greatly, with a positive trend towards more renewable energy.
Although, a further increase in the overall energy demand is expected in the near future, which

increases the urge for finding alternative and regenerative paths for energy usage.!”!

From an economic perspective, the cost of renewable energy has been continuously decreasing.[8]
In particular, solar power has demonstrated a uniform decline in prize. While fossil fuels are limited,
renewable power sources such as sunlight, wind or water are abundant. From a technologic point of
view, energy storage and reutilization technologies remain challenging innovations. Fossil fuels are
more and more replaced by batteries and fuel cells, which provide solutions for certain applications,
such as short distance transportation. However, these are not adaptable to other important fossil
fuel applications such as air transportation or long term storage. Though synthetic fuels can replace
the use of fossil fuels while keeping the advantages: high energy density, cheap storage and making
use of already existing infrastructure for fossil fuels. In particular, aviation and shipping can benefit
from synthetic fuels since a switch to alternative energy sources is technologically and economically

not yet feasible. Using COy as a resource for synthetic fuels might therefore be utilized to control
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Figure 1.1: a) Global average temperature anomaly relative to the 1961-1990 average temperature
compared to the global atmospheric CO» concentration. The inset shows the CO, concentration
from the years 0 to 2022. b) Global direct energy consumption from pre-industrial times until 2019,
divided into the sources of the utilized energies. The dashed line separates the renewable energies
from the nonrenewable ones. Nuclear power was defined here as nonrenewable power source. Data
reproduced from ourworldindata.org and [1, 5, 6].

CO, emissions in a sustainable and equitable fashion.!!

The natural carbon cycle uses photosynthesis to convert CO» with the energy of the sun into biomass.
However, photosynthesis is relatively inefficient to diminish the large amounts of anthropogenic

(19 Closing

produced CO> and is also an unfeasible source for fast energy production on demand.
the anthropogenic carbon cycle in an artificial manner e.g. with the electrocatalytic CO5 reduction
reaction (CO2RR) would open opportunities to produce clean and sustainable fuels and chemicals.
This technology can be used flexibly and can be adapted rapidly to the needs of humanity, as

illustrated in Figure 1.2.

In the future, electricity could be abundant and cheap for utilization due to sustainable wind-, solar
and hydro energy plants.[9 Thus, electrochemistry is an ascending field to transform energy to
valuable and industrially relevant products with many different reactions. Examples of existing and
future potential technologies are the water-splitting reaction, the chloralkali electrolysis, the nitrogen
reduction reaction or the CO>RR, which is studied in this work. In order to utilize the stored
energy from these chemicals, electrocatalytic oxidation reactions are used. Fuel cells comprise these
oxidation reactions to turn the stored energy back into usable electricity. Fuel cell types exist already
commercially, which are either powered by hydrogen directly or indirectly by reforming hydrogen-rich
fuels. An additional type of fuel cells are fed directly with liquids, such as methanol or formic acid.

The latter reaction of the oxidation of formic acid is also studied in this thesis. The general goals of

4
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this electrocatalysis research are the improvement of performance, efficiency and lifetime of the used

catalysts.

The Formic Acid Oxidation Reaction (FAOR), which is explored in chapter 9, can be utilized as
hydrogen donor for the automobile fuel infrastructure or as direct formic acid fuel cell in microelec-
tronics of portable devices.['!] Formic acid as fuel for fuel cells is often compared to hydrogen and
benefits from its non-flammability, low toxicity, high abundance and its higher volumetric energy
density. However, the main technical challenge that hinders commercialization of direct formic acid
fuel cells is the fast catalyst deactivation. Therefore, it is of utmost importance to focus on the
understanding of periodic catalyst regeneration or the intrinsic prevention of the deactivation by a

specific catalyst design.

Furthermore, the CO,RR, which is studied in chapters 6, 7, 8, is about to become commercialized
for syngas production (a CO/H, mixture), for which Ag catalysts are mainly used.['2 The syngas can
then be used for commercially available hydrogenation reactions. However, the production of highly
valuable hydrocarbons with sufficient yield can, to date, be only performed with copper catalysts.
Copper forms commercially interesting products such as ethylene, ethanol and formic acid. Yet, the
main challenges for industrial application are the multiproduct mixtures, the low single pass CO»
consumption efficiencies and thus the high downstream separation and purification costs.!*3] Thus,
the major scientific challenge is to push towards a highly selective process, which can be be boosted
through a knowledge-driven catalyst design and a sensitive manipulation of the applied potential as

shown in this work.

It is a scientific challenge to get to understand these reactions and their respective catalysts further.
In particular, the catalysts should be explored as they are under working conditions as they alter their

structure and chemical state.






The Electrocatalytic CO,; Reduction Reaction

The electrocatalytic CO5 reduction reaction (CO2RR) has become the focus for a multitude of
research groups due to the economical need to improve technologies for sustainable energy conversion.
The main goal is to make this reaction economically efficient by producing highly valuable chemicals,
such as ethylene or ethanol. This chapter describes the basic concepts of the CO,RR and gives a
summary of the state-of-the-art on selected aspects regarding the catalyst development and strategies
to tune the selectivity. In particular, a focus is set on surface facets and single crystal studies,
which grounds in the understanding of active sites on the atomic level. The establishment of shaped
nanoparticles are thus a direct consequence of the structure-activity relationship findings of the single
crystals. Moreover, tuning the potential profile leads to a new area of parameters to manipulate the
catalytic activity. Finally, bimetallic catalysts allow the controlled variation of the material properties

resulting in new insights regarding the catalyst performances.

2.1 Basic Concepts of the electrocatalytic CO2RR

The CO2RR is a promising approach to valorize CO;, back to energy-dense fuels or chemicals. A
copper catalyst can reduce CO; to up to 16 different products by the transfer and storage of up
to 18 electrons per each newly formed molecular bond. The competing parasitic reaction is the
Hydrogen Evolution Reaction (HER). The first report about this reaction was published in 1985,
showing product analysis of several metal cathodes towards HCOO~, CO and CHy4.1* Hori's studies
continued by further finding ethylene, %! ethanol and 1-propanol as products from Cu catalysts[®!
and by deconvoluting electrolyte effects, suggesting the influence of the pH on the product selectivity
and identifying CO as key intermediate.l'7:18 The investigation of CO producing substrates modified
with HCOO™-producing adatoms featured variable product selectivities between both products and

(19]

created the foundation for the investigation of bimetallic catalysts. Further, the adsorption of

CO on Cu was investigated with in situ Fourier-transformed Infrared Spectroscopy (FTIR).[20:21]
Furthermore, systematic studies on structure sensitivity by investigating low and high index faceted

Cu single crystal electrodes were performed, suggesting the high dependence of the catalyst activity

7



on its structure.[22-26]

The general form of the reaction is shown in equations 2.1, where the cathodic part reduces CO5 to
valuable products by consuming protons and electrons with water as the source for protons. On the
anode side, the Oxygen Evolution Reaction (OER) takes place, which splits water into its elementary

components. The overall reaction is described as CO, recycling reaction.2”]

cathodic:  xCOs + nH™ + ne™ —— product + yH,0

anodic: wHO — 20, + nHT + ne™ (2.1)

overall: xCO2 + yHyO —— product + z0,

Catalysts and Product Distribution

Since the beginning of CO,RR investigations, many different metals were examined and classified
by their product distribution. HCOO™ producing metals are Pb, Hg, Tl, In, Sn, Cd or Bi, while
Au, Ag or Zn produce mainly CO. Ni, Fe, Pt, Pd or Ti provide mostly Hy. Cu is the only metal
that is able to perform > 2e™ electron transfers and produce hydrocarbons, aldehydes and alcohols in
significant amounts.[1428.29 Here, the product distribution correlates directly with the binding energy
to *OCHO, *COOH, *CO and *H intermediates of both, the CO,RR and the parasitic HER, which
indicates the relevance of optimizing the binding energy for selective product formation. Cu as the

standalone metal shows a unique negative binding energy for *CO and a positive one for ¥H.[?8l

The different products of Cu are categorized in hydrocarbons, alcohols, aldehydes, ketons, carboxylic
acids and CO. Table 2.1 shows the eleven most common products in the order of the electrons
transferred to form the respective product, as well as their cathodic half cell reactions and their ther-
modynamic equilibrium potentials. Additional products that have been demonstrated in other studies
are methanol, glyoxal, glycolaldehyde, ethylene glycol or hydroxyacetone, but are not presented here
due to their insignificant production rates.[3% Hydrogen is technically not produced during CO2RR,
but occurs simultaneously during the parasitic HER. This reaction utilizes the same catalytic sites
and its intermediate *H is involved in several products of the CO,RR. Thus, the HER during the

experiment is counted to the overall Faradaic efficiency.

Potential Dependency on the Product Selectivity

The formation of products under CO;RR conditions depends on the various processes in the mi-
croenvironment around the catalytic active electrode. Charge and electron transfers occur from the
electrode site to the interface of the catalyst with the electrolyte. Upon potential polarization be-
tween the working electrode (WE) and the counter electrode (CE), a double layer of adsorbed ions is

formed at the catalyst interface with different binding energies of the adsorbates. Thus, the CO>2RR

8



Table 2.1: Electrochemical Reactions in CO,RR with corresponding equilibrium potentials. The
equilibrium potentials are Gibbs free standard energies, given vs. RHE in pH 7, at 25°C.

Product Half Cell Reaction E / V vs. RHE
co COp +2HT +2e” —— CO +Hy0 -0.10V
Formate COy +2HT +2e” —— HCOOH -0.20V
Methane CO, +8HT +8e” —— CH4 +2H,0 0.17V
Acetic acid 2C0O, +8HT + 8e- —— CH3COOH + 2H,0 0.11V
Acetadehyde 2C0O, + 10HT +10e” —— CH3CHO + 3H,0 0.06V
Ethanol 2C0O, +12HT +12e —— CyH50OH + 3H,0 0.00V
Ethylene 2C0O, + 12HT +12e” —— CyHy +2H,0 0.08V
Ethane 2C0, + 14H" +14e~ —— CyHg +4H,0 0.14V
Propionaldehyde 3CO, + 16H" +16e~ —— C,yH5CHO 0.00V
Allylalcohol 3C0O, +16H" +16e” —— C3HsOH 0.11V
Acetone 3C0O, +16HT +16e” —— C3HgO -0.14V
Propanol 3CO, +18HT +18e” —— C3H;OH +5H,0 0.10V
Hydrogen 2HT + 2e” — H» oV

is very sensitive to the applied potential and the product distribution varies significantly with it. The
Faradaic Efficiency (FE) of different products can be displayed as a function of the potential, where
the products for one catalyst are analyzed at steady state conditions at each potential. The curves
for potential dependent product analysis of synthesized CuO NCs in Figure 2.1 have been set as a
benchmark in this work for well performing nanoshaped catalysts. Here, a) the current transients, b)
the potential dependent FEs and c) the potential dependent partial current densities are plotted.[31]
Hydrogen reaches a minimum in FE at -1.0V vs. the reversible hydrogen electrode (RHE), while at
-1.05V vs. RHE all alcohols, CoH,4 and acetaldehydes achieve a maximum. CO is the main product
at low overpotentials and reaches its minimum at the maximal measured overpotential. The same
transient shape is shown for HCOO™. The CH, transient grows exponentially with increasing over-
potential. The partial current densities are shown here in the same plots to illustrate the importance
of this data representation. Since the current transient increases exponentially with overpotential,
the activities of the individual products, displayed as partial current densities, increase respectively.
For example, a relatively high selectivity at lower overpotentials is given by CO, H, and HCOO™

compared to higher overpotentials, but only low amounts of these products are actually produced.

Mechanistic Understanding

The mechanism of the CO>RR has been a matter of research ever since CO>RR was studied and

thorough understanding is critical to improve and steer the selectivity. For the development of active
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Figure 2.1: Potential dependency of the CO2RR of CuxO nanocubes (NC) in 0.1 M KHCO3. a)
Transient of the total current density, Faradaic efficiencies and partial current densities of b) Hy, c)
CO, d) CHg, €) CoHg and f) Ethanol. The data were also published in [31].

and selective catalysts, a fundamental understanding of the mechanisms is essential and new insights
are yet continuously gained. Several articles focus on comprehensive summaries on the mechanistic
pathways to each product, which will not be repeated here.[2732-39 |nstead, an overview is presented

in Figure 2.2, which shows a simplified flowchart comprising the most important intermediates.

The reduction and adsorption of CO, to *CO is the rate limiting step. The *CO intermediate is key
to form Co. products in CO2RR. The optimal binding energy on Cu prevents fast desorption and
poisoning of the catalyst. If *CO does not desorb directly, it can react further to C; products or via
C-C coupling to Gy or Cs products. Possible steps from CO, to CO are the formation of *COOH
or *OCOH. It is widely accepted that the other intermediate, *OCOH, leads to the formation of
formate with further protonation to Formic Acid as a terminal step. Methane is simply produced by
a step-by-step protonation of the *CO. Ethylene can be formed via two pathways which differ in the
adsorption sites after the C-C coupling. On one hand, a bridge bond *OC*C is formed, while on the
other hand both C adsorb to the metal surface. From there, acetaldehyde can be formed, which itself
has been also shown to be produced from the methane pathway, by insertion of a CO.[3 It has been
suggested that CO is continuously produced, but remains in the local reaction environment until it
is further reduced.3%! Acetaldehyde is a direct precursor of ethanol.*°l With ethanol or ethylene as
products, some traces of ethane are found in the product mixture. C3 products are mainly formed
by an additional CO insertion, with propionaldehyde being the precursor for propanol.[3%371 A prior
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branch leads to the formation of allylalcohol.l33] Aceton and Acetic Acid are often found as traces

products and are formed via the glyoxal pathway.[34:35:38]

CO2RR is a complex reaction with many parameters affecting the reaction. Numerous studies focus
on the influence of certain effects on the CO2RR. All these effects can be assigned to the following

categories:

= Catalyst Design: size effect,[*142] facet and morphology effect,[*345] oxidation state, 4346l

[45] [49,50] [51,52]

roughness, 4] defects,!4”! grain boundaries,[*8 interparticle distances, loading

[53,54] t [45,55,56] [57-59]

= Support and Co-Catalysts: bimetallics, support effec spillover effect,

stability!®°]

62,63]

= Electrolyte Design: electrolyte anions,[60'61] additional anions,[ cations,[64] pH,[65] solu-

bility of CO5,166:67] electrolyte concentration!63!
= External Conditions: temperature,[%8 pressure, %9 cell geometryl™!

Operating Conditions: choice of electrochemical technique,[27] potential profilel’!]

This thesis presents studies about selected effects regarding the catalyst and operating conditions,
and kept all other effects as steady as possible. Therefore, summarized descriptions will be given for
these in the following sections. Detailed descriptions and summmaries of the other possible effects
can be found in the many comprehensive and informative review articles available, as for example
[27, 72-75].

2.2 Surface Facets and Single Crystal Studies

The catalytic activity as well as the product distribution depend highly on the atomic structure of the
active sites, implying a significant structure sensitivity of CO2RR with regard to the catalyst surface.
Every catalyst exhibits planar areas or facets as well as undercoordinated steps, kink edges or defect
sites, whose individual contributions are challenging to deconvolute. Investigating atomically flat
or well-structured stepped single crystal electrodes are the choice in order to understand structure-
activity relationships on the atomic level. Low index model catalysts are single crystals exposing
a certain orientation such as Cu(100), Cu(110) or Cu(111), which is illustrated in Figure 2.3a-c.
High-index surfaces can be derived from the low-index surfaces with a certain step site density. Step-
edges with (100) terraces and (111) or (110) steps can be modelled as Cu(S)-[n(100)x(111)] or
Cu(S)-[n(100)x(110)] with a n = 2-8 terrace width. Figure 2.3d depicts a Cu(310) stepped surface.

Advantages of investigating well-ordered surfaces are the direct comparability to theoretical calcu-

lations since they model perfect surface structures as pre-catalyst substrates. Moreover, structure-
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b) (111) ¢) (110) d)  (310)

Figure 2.3: Top view schemes of the low index facets a) (100), b) (111) and c) (110). d) Scheme
of the high-index surface (310). The white boxes indicate the respective unit cells.

unrelated effects can be explored with the use of reproducible well-defined surface structures.

[21] 3nd

Low-index facets have been a matter of investigation since the pioneering work of Hori
form different main products dependent on the structure type. In the order Cu(100) > Cu(110)
> Cu(111), CaHg is produced the most on Cu(100), while CHy is produced the least at -1.0V vs.
RHE.[?1:23.25,76-78] A|ong with CoH,, alcohols are produced the most on Cu(100).[2278] [t is suggested
that the lower CO dimerization barrier on Cu(100)[! and the high surface coverage of adsorbed CO
are essential for the favored CoHy4 formation on Cu(100).78] Nonetheless, recent work has shown
that flat (100) surfaces only produce Hy, and that defects are needed for CO,RR.[8 The latter had

been achieved in prior work through electropolishing pre-treatments.

It is widely accepted that complex atomic structures and uncoordinated sites play a major role in the
structure-activity relationships. High-index facets were therefore studied complementary to the low
index facets.[2325] Figure 2.4 shows the FEs of CoHa4, CHa and ethanol of stepped single crystals as a
function of the crystal orientation, with Cu(100) as reference and a termination in the low-index facets
Cu(111) and Cu(110). The numerous high-index facets in between are sorted by increasing number
of step sites compared to terrace sites in both directions. An increase of ethylene is observed starting
from Cu(100) in both directions, while only the (110) steps increase ethanol production.[2543:81]
For the methane production, the trends are opposite to ethylene production. Thus, these results
indicate that short (100) terraces with steps vary the FEs significantly and an optimal selection of
the terrace/step ratio can significantly enhance Cy, product formation. However, the mechanistic

role of the individual facets, steps and edges for CO2RR is not fully understood.

The thorough investigation of single crystals is overshadowed by challenges in reproducibility and the

[23] For example, the transfer between the surface preparation to the

actual structure of the surface.
electrocatalytic measurement often leads to a gap, where the surface is exposed to air. Due to partial
surface oxidation upon air exposure, the surface homogeneity might be disrupted since Cu is a metal
with high atomic mobility at room temperature. Additionally, most electrocatalytic studies on Cu
single crystals have been performed after electropolishing, which usually results in a surface textured

with uncontrolled defect sites. As mentioned before, a recent study from my departement revealed
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Figure 2.4: Faradaic Efficiencies of stepped Cu single crystals for Methane, Ethylene and Ethanol
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that the product distribution of Ultra high Vacuum (UHV) clean, flat and atomically ordered Cu(100)
and Cu(111) surfaces favored mostly parasitic Hy evolution.!8 In contrast, by introducing controlled
roughness and defects through sputtering, electropolishing or plasma treatments, a significant amount
of hydrocarbons could be formed.[8% These experiments confirm that steps and defect sites might
be involved as active sites for CO dimerization and formation of hydrocarbons. Furthermore, it was
found that the CO binding strength correlates with the hydrocarbon selectivity, which implies that
stronger CO binding sites favor C-C coupling.[8%82] Alcohols were found in trace amounts only. These
results suggest that large terrace sites favor HER, while steps, edges, defects and high index facets
favor C-C coupling.

It is worth to note that Cu alters its surface structure not only due exposure to air, but also upon
insertion into the electrolyte and potential modification.[83] For example, the immersion of an elec-
tropolished Cu(100) into 0.1 M KHCO3 at open circuit potential (OCP) led to a surface coverage
with spherical particles or platelet-shaped crystallites with macro-steps. Increasing the overpotential
towards CO2RR relevant conditions led to further increase of undercoordinated Cu sites and changes

in the atomically structured surface indicating high sensitivity on the experimental conditions.[83l

Therefore, single crystals provide model catalysts to study individual structures and structural alter-
ations in a systematic way.
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Figure 2.5: lllustration of shaped nanoparticles a) cube for (100) surfaces, b) octahedra for (111)
surfaces and c¢) rhombododecahedra for (110) surfaces.

2.3 Shaped Nanoparticles

Catalysts that might be suitable for industrial application, need to offer high current densities,
enhanced stability and low material costs. A high surface area to volume ratio on small particles
leads to improved utilization of material per mass unit. Thus, the investigation of nanoparticles are
the logical consequence to transfer the more fundamental understanding of facet effects to industrial
relevance. Nanostructured copper, in particular nanoparticles, exhibit much higher surface to bulk
ratios and can thus provide higher current densities per geometric area compared to single crystals.
Moreover, nanoparticles can be engineered to fit the current mechanistic and structural understanding
of optimal active sites. Preferential faceting of (100) surfaces on face centered cubic (fcc) Cu and
Cu20 results in cubic shaped particles, while octahedra or rombododecahedra expose shapes of only
(111) or (110) surfaces, respectively, as illustrated in Figure 2.5. These nanoparticles can also be
varied in size, which modifies the ratio of facets to edges and kinks and therefore also the density of

uncoordinated sites. Thus, a change in binding energies can be induced.!?”]

Efforts have been made on the synthesis and characterization of shaped Cu nanoparticles confirming
the preservation of product trends up to catalysts in nanoscale.[*28485] Similar to the results for
single crystals, it has been discussed that metallic Cu cubes dominated by (100) surfaces are highly
selective for ethylene, while (111) shaped octahedra provide mostly CHs and Cu spheres do not
provide any preferential product.[4-86] Size effects have been investigated on spherical, but also
on cubic particles.[*142 Spherical Cu nanoparticles below 15nm produce mainly CO and Hy, with
significant increase in the production rate for particles below 5nm.[*1 Cubic catalysts between 20
and 65nm, however, were discussed to display higher selectivity for ethylene than spherical ones,
with ethylene selectivity peaking at particle size of 44 nm.[*2] Nonetheless, the role of residual surface

ligands used for the synthesis of the distinct nanoparticle (NP) sizes is yet to be clarified.

It has to be noted that the chemical state of the synthesized catalyst is important, as oxide derived
catalysts provide enhancement in Co, product formation.[*987] The motives for this phenomenon may

include the increase of surface roughness, defects and grain boundaries upon progressive reduction
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Figure 2.6: CV of Cu NCs showing the oxidation from Cu® to Cu' and to Cu" at 0.6V and 0.8V,
respectively.

of the oxides, the presence of residual subsurface oxygen, or the chemical state of the active Cu
species.[88-901 Additionally, by using nanoparticles, a support must be selected providing good disper-
sion and mechanical stability. The catalyst loading on the support can be varied, which also results in

altered electrocatalytic properties by more frequent readsorption of intermediates and products.[4991]

2.4 Pulsed Electrolysis - Tuning the Potential Profile

The manipulation of the applied potential profile is an additional option to establish a more cat-
alytically active surface and optimize the the composition of the double layer, while modulating the
electron transfer processes from the catalyst to the educt. In particular, potential pulses towards
potentials, which oxidize the catalysts are of interest. Such pulses can however not only modify the
chemical state, but also the surface structure. The Cyclic Voltammetry (CV) of Cu in Figure 2.6
depicts the potentials that can lead to an oxidation of the material. For example, the application of
0.6V vs. RHE oxidizes the surface from Cu® to Cu', while the oxidation to Cu'"" appears at 0.8V vs.
RHE.

The sole application of different static potentials usually leads to very different product selectivities.
However, fast changes in the potential result in non-equilibium of the numerous processes during
the CO2RR, such as the electron transfer processes, the surface composition of the catalyst or the
microenvironment of the electrolyte, including the double layer. Thus, these variations result in
a different interplay between the processes, resulting in a variation of the product selectivity. Key
parameters here are the choice of the upper and lower potentials and their respective pulse durations.

The main advantages of pulsed electrolysis are that the catalytic processes and selectivites can be
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influenced during the electrocatalytic measurements by changing the applied potential. Thus, the
modification of the pulse profile benefits from the immediate response of the current and the catalytic
processes and thus to possible instantaneous switches to different selectivites. Additionally, the
reaction can temporarily be set "off", when external conditions are not favorable, such as an instable

energy input from renewable energy or a short-term shortage of CO, resources.[9]

Selectivity changes due to pulsed potential application have been studied since the 1990s.99 The
catalyst deactivation was reversed and its catalytic activity was restored by stripping off any poisoning
species, for instance graphitic carbon, on the surface.[93.94] Thus, pulsing leads to an increase in the
lifetime and performance of the catalyst, but also to an alteration in product selectivity towards im-
proved ethylene formation and Hy suppression. It was furthermore suggested that restoring potential
pulses may cause roughening and oxidation of the catalyst.[9:9] A surface reconstruction as a result
of the oxidation during the anodic pulses was proposed to improve Co: products and simultaneously
suppress HER.I97] However, an enhanced CO and carbonate coverage due to pulsing could as well

result in the observed selectivity trends.[98!

More recently, it was found that a mixed chemical composition on copper with Cu® and Cu' on
the surface contributes to a more selective ethanol production. The carbonyl intermediates are
thus stabilized on the surface while protonation is prevented.l%] By investigation of the temporal
evolution during a pulse it was found that the CO, concentration at the vicinity of the surface was
restored during the anodic pulse and that the local pH was decreased.[1%% Additionally, multiple pulse
repetitions lead to an enhancement of the surface concentrations of adsorbed CO and H, resulting
in improved Cp: and suppressed HER.[1%1] When pulses in the millisecond regime are applied, the

[102]

product distribution adjusts to favor mostly Ho and CO, or promote CO and CH,4 formation.

These results highlight the significant selectivity dependence on pulse duration, where the product

selectivity may be switched between C; and Cs products by tuning the potential profile.[193]

The investigation of potential pulses requires the consideration of several fundamental physicochemi-
cal transformation processes that occur in different time scales from the ms-range for charge processes
to the s-range for the CO2RR. This dynamic variation in responses results in new microenvironments
in the electrolyte that could be beneficial for certain selectivities. Figure 2.7 illustrates the main pro-
cesses categorized in charging, catalyst composition and CO>RR and divided in its primary location.
The changes are exemplified for a lower potential (purple, 1.0V vs. RHE), where CO2RR is occurring
and an upper potential (green, 0.6V vs. RHE), which oxidizes a Cu catalyst to CuO.

A change of the applied potential in the catalyst is the fastest process, as it is the base for any
other change. This catalyst charging directly affects the electrical field, which resonates through the
double layer region. As a result, the ions at the vicinity of the catalyst are replaced with ions of the
opposite charge of the catalyst interface. The adjustment between OH™ and H™ results in a change

in the local pH as well [100.101]
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Figure 2.7: lllustration of the physicochemical transformation processes during the application of
potential pulses.

Upon the application of an upper pulse of at least 0.6 V vs. RHE, the metallic catalyst surface changes
promptly to Cu', as shown in the CV in Figure 2.6. As it will be seen in chapter 7, small amounts
of Cu" are always simultaneously formed, which could result in Cu' ions in the electrolyte. Surface
roughening is a direct consequence of this material loss, while the catalyst might also restructure
dependent on the applied potential. At the same time, any oxidic structure gets reduced during a

lower pulse.

During the application of potential pulses, the electrocatalytic CO2RR occurs only when CO2RR
relevant conditions are applied. At this point, the Cu catalyst reduces to Cu® and available electrons
get transferred to adsorbates and intermediates for further reduction. Upon the catalytic reaction,
the educt CO5 is consumed and its amount, which is limited by the relatively low solubility of CO5 in
the electrolyte, diminishes close to the catalytic surface. The bulk electrolyte is usually continuously
saturated with CO,, while the CO, close to the surface is consumed during CO,RR. Thus, mass
transport of dissolved CO, from the bulk electrolyte to the vicinity of the electrode depends on
diffusion, migration and convection. Furthermore, adsorbates that do not react further and are
irreversibly bound to the surface are expected to deactivate and poison the catalyst. During an
anodic pulse, CO2RR is stopped, resulting in the recovery of the CO; in the double layer region, and
adsorbates, intermediates but also poisoning impurities are expected to desorb. A single electron
transfer is a fast process, but multiple-electron transfers are estimated to take some more time. Note
here, that the optimal ethanol production found during potential pulses in chapter 7 occurs with a

cathodic potential time of about 4s.
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The interplay between all those sub-processes is complex and any small variation of one process
parameter might lead to an altered interaction and thus to different selectivity trends. For the inves-
tigation of pulsed CO2RR it is therefore imperative to carefully characterize the different components
of the overall pulsing process. In summary, the pulse conditions have to be chosen such that most
of the electron transfer is Faradaic, while having a minimal amount of non-Faradaic processes like
surface oxidation or charging. At the same time, the microenvironment of the electrolyte and the
interface to the catalytic surface should be optimal for certain selectivity trends, including the CO»
concentration at the vicinity to the surface, the modulation of the adsorbates, the local pH, the
optimal surface reconstruction and the right quantity of Cu™ species with the appropriate structure.
Thus, the correlation between the pulse conditions and the resulting product distributions with the

particular structure of the catalyst surface and the double layer is yet unclear.

2.5 Bimetallic Catalysts

Bimetallic catalysts merging the Cu metal with a secondary material is a large field of investigation
because the combination of two metals can vary the structural, chemical and electronic properties of
Cu and thus alter the product selectivity. For instance, more CO can be created with the secondary
catalyst at the vicinity of the catalytically active surface, which promotes C-C coupling, and thus
enhances the formation of Co. products. A classification of the secondary metals according to their
main products has been well established.[19:27:28.104] Metals that promote the HER, HCOO™ or CO are
suitable to be added to Cu as a co-catalyst because they can create intermediates that can facilitate
rate limiting steps of the CO2RR on Cu. In particular, Au, Ag and Zn show decreased CO binding
strengths(® in this order compared to Cu, while their onset potentials and correspondingly their
partial current densities for CO follow a slightly different order with -0.25V (vs. RHE) for Au, -0.4V
for Cu, -0.52V for Ag and 0.6V for Zn.[29.105.106] Synergistic effects promoting higher activities for
CO, but also improved Cj: products have been demonstrated between these CO-producing metals
and Cu.1107.108] The atomic structural arrangement of these co-catalysts with Cu are essential to
drive activity and selectivity in certain directions. The underlying effects are electronic and strain

effects, bifunctional mechanisms, tandem or sequential mechanisms or CO spillover.

In the following, structure-selectivity relationships towards CO and Co. products are described on the
example of Cu-Au bimetallic catalysts. The reader is referred to comprehensive literature to learn

about other Cu-M catalysts.[27:109.110]

Several Cu-Au catalysts have demonstrated increased activity for CO production compared to pure
Au or Cu, when an optimal Cu:Au composition is satisfied. These pre-catalysts usually show a
homogeneous alloyed structure in the as-prepared state and the optimized CO formation can be
attributed to (i) dipole repulsion between adsorbed CO on Cu and on Au,l”l (ii) to a bifunctional
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mechanism, where the intermediates on Au are stabilized by Cul'™] and (jii) to an electronic effect,
where the Au surface is compressively strained.[>3] These efforts to study bimetallic catalysts serve
to find better catalysts for the production of CO/H, mixtures, which can be further processed to
valuable chemicals. Nonetheless, operando studies during CO2RR on such bimetallic catalysts are

still missing, since the as-prepared state of these materials is not likely preserved during operation.

Gold as co-catalyst is used as a local CO generator that increases the CO local pressure at the vicinity
of a Cu surface and such increases the *CO coverage on Cu.['12113] CO is also understood to provide

facilitated surface diffusion over short distances.[27]

Moreover, it is suggested that the overpotential
for Co4 products is reduced by the presence of Au NPs on Cu material.[1?2] Thus, it is expected, that

small amounts of Au may improve the CO2RR of Cu towards Coy products.

2.6 Conclusion

CO2RR is a promising technology that can help to close the carbon cycle and provide valuable
chemicals and fuels in a climate-neutral fashion by using CO» and energy from renewable resources.
This complex reaction has been investigated from different perspectives, while a multitude of effects
are found to be relevant. Major focus has been set to create catalysts improving the product
distribution towards high valuable chemicals. However, the structures favoring specific products
have not yet been well understood during operation. Thus, thorough understanding of morphological
and compositional changes during the CO;RR is pivotal. The projects in this work concerning the
CO2RR focus emphasize the role of undercoordinated Cu atoms as active sites, the role of bimetallic

Cu-Au catalysts and the role of potential pulses on the selectivity.
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The Formic Acid Oxidation Reaction (FAOR)

A fuel cell (FC) is a power generating device with low carbon emission that is defined by high ther-
modynamic efficiency, versatility and modularity. In near future, FCs may play a key technology for
stationary and portable electronic devices. Proton exchange membrane fuel cells, fed with molec-
ular hydrogen, serve as a benchmark for the FC technology with high power density, a reasonable
weight-to-power ratio and low operating temperature. However, the low volumetric energy density
of hydrogen leads to storage problems. Thus, formic acid (FA) forms an attractive alternative as
it is not flammable and can be stored and transported as salt or dissolved in water. Moreover, FA
is a hydrogen carrier with higher volumetric energy density than molecular Hy. The theoretical cell
voltage is higher for FA (1.45V vs. standard hydrogen Electrode (SHE)) compared to Hy (1.23V)
or even methanol (1.23V) or ethanol (1.14 V), resulting in high theoretical power density. Moreover,
ionized FA has a low crossover through the membrane in the FC and thus high concentrations of FA

can be used, which compensates for its low volumetric energy density.[114]

The overall reaction for FAOR in Direct Formic Acid Fuel Cells (DFAFCs) is described by the equations
3.1, where FA is used as fuel in the anode and O /air at the cathode.

anodic: HCOOH — COy + 2HT + 26~ E' = -0.25V vs. SHE
cathodic: 150, + 2HT + 27 — H,0 EY = 1.23V vs. SHE (3.1)
overall: ~ HCOOH + 1205 — CO, + Hy0 E® = 1.48Vvs. SHE

At the anode, HCOOH gets oxidized to CO», generating 2e~ and 2H™. The latter ones cross through
the membrane and reduce oxygen to water in the Oxygen Reduction Reaction (ORR). Typical ORR
catalysts are Pt- or Pd-based.

However, the reaction suffers from severe deactivation originating from the production of poisoning

species such as CO,qs at the catalyst’s surface during FAOR. Moreover, although the FA is considered
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Figure 3.1: Proposed Mechanisms of the Electrocatalytic Oxidation of Formic Acid.

as small organic molecule, the oxidation process is more complicated than Hydrogen Oxidation
Reaction (HOR) and not entirely understood. Thus, it is imperative to understand the reaction
mechanism and to control the catalyst's surface to impede deactivation. With this, it could be
possible to design catalysts rationally in order to achieve high activities with good durability and
stability. Further, FAOR is considered as model reaction for other small organic molecules and

mechanistic understanding may be transferred to other oxidation reactions, e.g. methanol oxidation.

3.1 Reaction Mechanism of FAOR

In the following section a brief overview of the current status of the mechanistic knowledge is
presented. Please refer to the literature for deeper insight.[114‘118] Note that the actual mechanism
and the reactive intermediates are still under debate and are still investigated with improved operando

techniques.119 The commonly employed reaction pathways are described in Figure 3.1.

Since 1973, a dual-pathway mechanism is proposed containing a direct pathway, where HCOOH is
oxidized by an active intermediate via dehydrogenation. Possible active intermediates are COOH 4
or CHO,4s.2% In the indirect pathway, poisonous species are produced via dehydration.[120.121]
The poisonous species was later identified to be COadS[uz] and can be further oxidized to CO, by
the Langmuir-Hinshelwood mechanism.['23] A third pathway, the formate pathway, was proposed
with bidentate HCOO,gs as active intermediate species.[124125] However, it was also suggested that
bidentate adsorbed HCOOy, .45 is a site-blocking spectator site, [126] and/or forms a neighboring site

for monodentate adsorbed HCOO*,, and facilitates its further oxidation.[227]

Commonly, Pt- or Pd-based materials are used as catalysts for FAOR because they combine optimal
conditions for both dehydrogenation steps to oxidize FA to CO,. Other metals enable only one
dehydrogenation step, while they hamper the other one. For example, the first dehydrogenation step
is facilitated on under-coordinated sites (e.g. on Ru, Re, Os), while highly coordinated sites (e.g. Cu,
Ag, Au) facilitate the second dehydrogenation step to CO,.[115] The major difference of Pt and Pd
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as catalysts is the abilitiy of Pd to regenerate itself by releasing the poisoning species CO,4s. On the
other hand, Pt shows higher catalytic activities than Pd.[128]

Poisoning intermediates can be removed by catalysts with high CO oxidation activity. For Pt, it is pro-
posed that adjacent Pt atoms are responsible for the CO,4s formation and thus, single Pt sites might
eliminate poisoning.[129130] For Pd, the catalyst deactivation through poisoning is mainly attributed
to particle agglomeration, oxidation state changes or other CO-like toxic species. Additionally, CO
may be produced by reduction of the produced CO, at low oxidation potentials.[116:131.132] Geperal
mitigation strategies for the deactivation are the introduction of oxyphilic active sites that facilitate

CO oxidation or the elimination of certain surface sites that lead to CO,qs.

3.2 Synthesis of Electrocatalysts by Rational Design

Rational design of catalysts is key for establishing catalysts with optimal activity, stability and thus
a high tolerance to deactivation. The optimal catalyst exhibits optimal activity and stability, but
at the same time requires low material costs, high electrical conductivity and a good physical and
electrochemical stability without agglomeration. By the choice of the surface structure and composi-
tion, e.g. by adding secondary metals, several effects can be distinguished. Due to the high structure
sensitivity of this reaction, facet-, shape- and size effects are of outermost importance. But also by
adding additional ligands or metals, several effects like bifunctional mechanism, ligand-, ensemble-,
third-body-, electronic- or synergistic effects can be studied. This also involves the regulation of
the electronic and surface structure by defining the atom arrangement and chemical structure. The

effects that are of relevance for this thesis, are discussed in the following sections.

3.3 Monometallic Catalysts: Facet, Shape and Size Effects

The structure sensitivity of FAOR has been well studied on single crystals of Pd and Pt, since it
has been found that the binding energy of FA and adsorbed intermediates depend on the surface
atomic structure for these elements. The catalytic activity follows the order Pd(100) > Pd(111)
> Pd(110), with Pd(100), showing four times higher catalytic activity than Pd(110).133] The high
catalytic performance of the (100) facets has been explained through its ability to stabilize two types
of bridge formate species on its surface.}3% The translation of these facet planes to nanoparticles
for fcc-structured materials is the same as explained for Cu materials in chapter 2. Shaped Pd NPs
have been shown to exhibit a similar behavior compared to the single crystal work, with nanocubic

nanoparticles displaying the highest catalytic activity compared to the other shapes.[13%]

The size of a shaped catalyst influences the catalytic activity due to the ratio between edges and

corners with low coordinated atoms and the facets with high coordination numbers, possibly affecting
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the reaction- and poisoning mechanisms. Thus, the proportions of different surface atom types change
with particle size3%] and therefore the catalytic activity.[13%1 Moreover, a high surface-to-volume ratio
is favored for electrochemical reactions due to the increased surface area. However, contrary to the
CO2RR, it has been suggested that size factors are less relevant to the FAOR than the structure

sensitivity of the planar facets on nanoparticles.[11]

3.4 Bimetallic Catalysts

Bimetallic catalysts combining Pd or Pt with a secondary metal have been widely employed in order
to improve the catalytic activity and to mitigate deactivation through poisoning. In this regard,

possible effects of bimetallic catalysts for FA can be defined in the following categories:
» Blockage of CO adsorption sites

— Geometric Effect: The secondary metal sits on specific sites on the catalytically active
material and blocks certain other facets. Thus, only the appropriate facets for adsorp-
tion of active intermediates are exposed and allows adsorption of reactants in particular

orientations.[137]

— Third Body Effect: The secondary metals block CO,qs sites and thus inhibit the possible
adsorption of CO. In addition, a steric effect might facilitate the adsorption of active

intermediates. [138.139]

» Electronic Effect: The electronic structure on the catalyst’ surface and thus the binding
strength of adsorbed molecules can be modified through alloying. Thus, by adjusting the d-
band center of the active catalyst, the binding of the educt can be optimized.['*% Two subforms

are the ligand- and the strain effects.[13]

— Ligand Effect: Partial charge transfer of the two metals due to their difference in elec-

tronegativity leads to a change in the d-band center.[141.142]

— Strain Effect: A metal overlayer over an alloyed NP core shifts the d-band center of the

metal overlayer towards the due to lattice mismatch.[141]

— Ensemble Effect: The composition of the local atomic structure around the active sites

may alter the catalytic activity.[141:143]

» Bifunctional Mechanism / Synergistic Effect: The secondary metal acts as a cocatalyst
and participates actively as an independent catalyst. For example, the second metal may
provide oxygen containing species that performs water dissociation at lower overpotentials for

CO removal.[144]
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It should be noted that these effects overlap in their functions and are seldom studied independently
of the others. Thus, the described effects are usually present in combined forms and the secondary

metal can act through two or more effects.

3.5 Conclusion

The electrocatalytic FAOR has attracted great attention to be used in DFAFC. This reaction is very
sensitive to surface material and structure and many effects have already been explored to identify
the role of the material composition on the activity. These known structure-activity relationships
can be utilized to prepare new catalysts by rational design and thus further understand the relevant
parameters. As the goals are high catalytic activities and good stabilities, the optimal morphology and
structural architecture can be chosen accordingly. Since bimetallic catalysts show higher catalytic
activites, one has to evaluate if an alloyed structure or a discrete structure is prefered. Alloyed
structures may be obtained in an ordered or an unordered form. In a discrete structure, a secondary
metal ideally functions as a cocatalyst in order not to destroy the structure sensitivity of the main

catalyst.

The design of novel electrocatalysts towards high-performance catalysts is essential to bridge research
towards the realization of commercialization of DFAFCs, which also includes safety, activity, durability

and low material cost.
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Scientific Objective

This work addresses some of the main challenges for the CO,RR and the FAOR. The low selectivities
towards high-valuable products of the CO2RR as well as the low performance of the FAOR due
to catalyst deactivation are studied and promising options for improvements are investigated. In
particular, catalyst structures and shapes, bimetallic catalysts and the manipulation of the applied
potential for selected electrocatalytic reactions are explored. The main scientific questions for this

work are:
A What is the role of under-coordinated Cu atoms in the CO;RR?
B What is the role of oxide species on the selectivity in the CO2RR?

C How do shaped NPs, combined with a secondary metal, improve catalysis,
specifically the CO2RR and the FAOR?

D How do shaped, bimetallic catalysts behave during an oxidation reaction
compared to a reduction reaction?

These objectives involve several different catalysts, characterization methods under reaction condi-
tions and different electrocatalytic reactions. In particular, the following tasks are inevitable for a

full scientific approach of the above mentioned objectives:

1. Synthesis and Characterization: |Initially, nanoparticle catalysts for the objectives B, C
and D are synthesized and characterized with X-ray Diffraction (XRD), Transmission Electron
Microscopy (TEM), Scanning Electron Microscopy (SEM), X-ray Photoelectron Spectroscopy
(XPS) and Inductively Coupled Plasma - Mass Spectrometry (ICP-MS) in order to get a full
picture on the shape, composition, chemical structure and its concentration. A single crystal
that is used to answer objective A, was sputtered and annealed several times and its surface
structure characterized with Low-Energy Electron Diffraction (LEED) and XPS.

2. Electrocatalytic Characterization: In the next step, the catalysts were studied and analyzed
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Figure 4.1: Projects categorized in catalyst structure and electrocatalytic reaction.

for the electrocatalytic reactions and conditions of interest. The electrocatalytic character-
ization involves the analysis of the current transients under applied potential, the product

selectivity and electrochemical surface area determination.

3. Spectroscopic Analysis under Reaction Conditions: Afterwards, the catalytic conditions
of interest were studied spectroscopically under reaction conditions with the goal to gain in-
sights into the dynamic behavior of the nanosized electrocatalysts under operation and unveil
structure-activity or structure-selectivity relationships. These correlations provide thorough un-
derstanding on the role of the chemical state of the catalyst in its activity, the effect of the

secondary metal or the role of the catalytic active sites.

These scientific questions are answered in four projects, which are summarized and categorized in
Figure 4.1. Each of the four projects is linked with at least two other projects in terms of catalyst
structure and reaction. Below, it is further discussed how these projects address the above mentioned

aspects:

Objective A addresses the role of under-coordinated Cu atoms under CO>RR. This fundamental
work is conceptualized with a well defined Cu(310) single crystal consisting of periodically appearing
atomic steps partitioning well-defined atomic terraces. Because of the well-defined surface structure
of the crystal and the high affinity to impurities, structure-selectivity relationships are investigated

by characterizing the surface before and after the catalytic reaction under UHV conditions.
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Objective B, which is dedicated to the role of oxide species on the selectivity, was approached by
periodically generating oxides during CO2RR conditions using potential pulses. Cu;O NCs that
have been pre-reduced, are used as state of the art catalyst. By repeated pulsing between CO2RR
conditions and copper oxide-generating potentials, oxides are created on the catalyst surface and
correlated to the changes in selectivity. Furthermore, by changing the potential pulse lengths, the
amount of oxide on the surface is controlled and further analyzed with in situ and operando time-
resolved spectroscopic and diffraction methods. It was found that small amounts of oxides nearly

double the ethanol production compared to static potentials.

To address objectives C and D on how shaped and bimetallic catalysts can improve the catalysis,
two sets of nanocubic catalysts decorated with a secondary metal were synthesized and characterized
in order to study the role of the secondary metal on shaped nanoparticles for two different reactions.
Secondly, CupO NCs decorated with Au were used to investigate the role of CO-producing Au on
the selectivity of the CusO nanocubes under CO2RR. Thus, a correlating effect of the produced CO,
the alloying between Cu an Au and the selectivity was detected. Both systems were investigated
under their respective reaction conditions with several operando and in situ spectroscopic methods

to understand their structure-activity relationships.

In summary, all four objectives require correlations of the catalyst structure and its activity, for which
the incorporation of different techniques are required. Operando and in situ methods are key to
investigate the working catalysts regardless of the type of the electrocatalytic reaction. When well
defined catalytic systems such as single crystals, are used, a more simplistic approach of correlating

the surface structure before and after reaction with its selectivities can be performed.
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Methods and Instrumentation

This chapter concerns the methods and instrumentation that are used for the scientific studies
throughout this thesis. A short description about synthesis procedures is followed by the instru-
mentation and methods used in electrocatalysis. Then, a description of the methods used in Ultra
high Vacuum (UHV) follows with a short depiction of Scanning Tunneling Microscopy (STM), Low-
Energy Electron Diffraction (LEED) and X-ray Photoelectron Spectroscopy (XPS) techniques. X-ray
Absorption Spectroscopy (XAS) and Fourier-transformed Infrared Spectroscopy (FTIR) techniques
complete the operando methods section before a very short depiction of other used techniques is

compiled in the end.

5.1 Synthesis of Shaped Nanoparticles

Nanocatalysts with particles of uniform size and shape are of special interest for the use in catalysis, as
their exposed surfaces can determine the catalytic activity. Their high surface-to-volume ratio leads
to low material consumption and allows specific operando studies using sample-averaging methods.
Among the "bottom-up" chemical synthesis methods, surfactant-free methods as well as the use
of capping agents control the growth direction and dimension. Hard templating methods on the
other hand confine the size and shape of the particles physically. The former method works with
common surfactants such as hexadecyltrimethylammonium bromide (CTAB) or anions such as Br, |
or CN~.[145] These allow the capping of the initial nuclei through strong adsorption on specific sites,

thus letting a crystal grow in selected directions.

CTAB is a cationic surfactant with a quaternary ammonium head group and a Cy¢ alkyl tail. It forms
a bilayer of surfactant on metal nanoparticles (typically Au, Ag and Pd).[147] On Pd, it preferably
binds on (100) facets and thus assists in the formation of cubic shapes.!**8l The main challenge by
using this type of capping agents are their complete removal after the synthesis without destroying the
well-defined morphology, which is critical for catalysis. It is suggested that residues of CTAB would

block active sites for catalytic measurements.[149] In this work, a previously reported method[5%! was
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Figure 5.1: Schemes of the synthesis procedures for a) Pd NCs (with Sn) and b) CuxO NCs (with Au
NPs). The TEM images and corresponding Energy Dispersive X-ray Spectroscopy (EDX) mapping
show c) Pd NCs and d) SnOj-decorated Pd NCs as well as the e) CupO NCs and f) Au decorated
Cuz0 NCs. Microscopy data are taken from [146] and chapter 8.
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adapted to prepare the Pd NCs via a hydrothermal synthesis route, which is illustrated in Figure
5.1a. First, the Pd Salt H,PdCl; was added to a solution with ascorbic acid and CTAB. The cubic
Pd crystals grow by reducing the Pd salt with ascorbic acid and by shaping them with the cationic
surfactant at 95°C.

Bimetallic catalysts were achieved by adding SnO; right before the end of the synthesis to ensure
a shell-like formation around the Pd NCs. The pure Pd NC and the shell-like SnO>,@Pd NC were
then centrifuged and washed with an ethanol:water mixture and stored in water. The catalysts
were dispersed on a carbon powder support (Vulcan Carbon XC72R) to ensure the separation of
each nanocrystal and to avoid agglomeration. Afterwards, the CTAB was washed off by an alkaline
treatment. Particularly, the catalyst was stored in 0.25M NaOH media until precipitation and then
washed with water. The catalysts were stored as powder. Examples of the resulting Pd NCs and

SnO,-decorated Pd NCs are shown as TEM images and EDX mappings in Figure 5.1c and d.

In contrast to the Pd NC, where CTAB is used as capping agent, the Cu,O NCs were prepared by
a surfactant-free wet chemical method. The particle size is tuned by the amount of inserted NaOH.
After its addition to the CuSOy solution, a blue Cu(OH), precipitate is formed.['*1] The reduction is
performed with ascorbic acid inducing the initial crystallization, where the growth of the crystallites
can be followed by their colors from light yellow to orange in the solution. The length of the cube
edges can be adjusted by increasing the volume of the NaOH solution.!®!] The addition of HAuCl4
at the end of the CuyO NCs synthesis leads to the formation of small Au NPs directly attached to
the CupO NCs. The catalysts were centrifuged and washed with a ethanol:water mixture and stored
in ethanol or as a powder. The synthesis is illustrated in Figure 5.1b and examples of the resulting
Cuz0 NCs and Au-decorated CupO NCs are shown as TEM images and EDX mappings in Figure
5.1e and f.

5.2 Electrocatalysis

Electrocatalysts are a subcategory of chemical catalysts which accelerate electrochemical processes
by assisting in the electron transfer from the electrode to the reactant and thus by facilitating the
chemical transformation process. Specifically, electrocatalysts may permit certain redox reactions,
increase the stability or lower the overpotential for certain reactions. Electrocatalytic reactions are
generally performed in an electrochemical cell with a three-electrode setup. This section illustrates
a few important parameters to be considered for electrocatalytic experiments, including cell design,
electrochemical methods, Ohmic Drop evaluation and the analysis of the Electrochemical Surface
Area (ECSA).
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Figure 5.2: Schemes and images of a) a typical single compartment cell used for Formic Acid
Oxidation Reaction (FAOR) and for electrochemical characterization and of b) an H-type cell used
for the electrocatalytic CO, reduction reaction. Both cells include a WE, a CE and a reference
electrode. However, in the H-type Cell, the compartement with the CE is separated from the
comparement with other two electrodes by an ion-selective membrane.

5.2.1 Cell Designs

The design of the electrochemical cell is important as it can potentially affect the electrochemical
reaction e.g. through contaminants or insufficient reaction performance. Material, shape and type
of the cell and the electrodes may influence the reaction significantly. A proper design is there-
fore essential and each reaction requires different specifications. The single- as well as the H-type
compartment cells used for the electrochemical and electrocatalytic measurements are illustrated in
Figure 5.2.

The single compartment cell in Figure 5.2a contains the WE, the CE and the reference electrode in one
compartment and are used for electrochemical characterization methods such as CV, characterizing
the oxidation state potentials of the CO,RR or the oxidative behavior of the formic acid during
the FAOR. The single compartment cells were equipped with several inlets, as shown in Figure
5.2a. As WE, a glassy carbon rod was used for the FAOR on which the catalyst material was
deposited and introduced into the cell. The CE, an Au wire, and the reference electrode (RE), a
3 M Ag/AgCl reference electrode, were immersed into the electrolyte. A gas flow system (not shown
in the scheme) enabled Ar/N> bubbling for saturation and flow over instead of into the electrolyte
during a measurement. This cell was also used for electrochemical characterization in CO2RR. In

this case, the electrodes, electrolyte and gas inlets were chosen accordingly.

To study the electrocatalysis of the CO>RR, a gas-tight cell with two compartments is required.
Figure 5.2b shows a scheme and an image of the H-type cell. This cell design was adapted from
early water splitting experiments with a "Hofmann voltameter", which avoids the mixing of gaseous
products.['52] For the CO,RR, this design is typically optimized with product detection capabilities
and a semipermeable membrane (Selemion, AMV, AGC Inc.) at the middle part of the cell prohibiting
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poisoning ions to pass towards the investigated electrode. These membrane types usually consist
of an aliphatic or aromatic polymer backbone with positive charged groups e.g. imidazolium or
tertiary amines, allow crossing of the anions in the electrolyte, e.g. CO32~ and OH™ and inhibit
cation crossing. The cathode compartment comprises the WE and the reference electrode, while
an inlet allows COs bubbling and an outlet leads the excess CO» and the gas products to the Gas
Chromatograph (GC). The anode compartment contains a Pt gauze (MaTecK, 3600 mesh cm™)
and an inlet for CO, bubbling. The outlet is open, as the produced oxygen is harmless. The used
electrolyte was 0.1 M KHCOs3, purified with a cation exchange resin (Chelex 100 Resin, Bio—Rad)[153]
and presaturated with CO».

The choice and position of the electrodes in the cell influences the performance of the reactions
because it influences the Ohmic resistance through the electrolyte. The counter electrode’s surface
area has to be large enough to ensure a good reaction performance on the investigated WE. Certain
working electrodes, e.g. single crystals, require shielding of the edges, corners and sides of the crystal.
Used electrode configurations for single crystals are therefore the hanging meniscus configuration or
shielding the crystal with an inert material. Nanoparticles can be immersed into the electrolyte,
when they are supported on a conductive material, e.g. carbon paper, vulcan carbon powder or

glassy carbon.

Different reference electrodes can be used to control the absolute potential at the working elec-
trode.5% In this work, two commercial reference electrodes, the reversible hydrogen electrode (RHE)
(HydroFlex, Gaskatel) and the Ag/AgCl electrode (LF-1, Innovative Instruments Inc., 3.4 M KCl),
were used. The RE should be placed at an optimal distance from the WE to minimize the electrolyte-
induced resistance between the RE and the WE, while a distortion of the electric field formed in the
vicinity of the WE should be avoided.

Electrochemical cells were also used to perform in situ and operando methods, while each spectro-
scopic method requires a certain type of access to the working electrode for proper investigation of
the catalyst changes. Precisely, with the standard H-type cell, the incoming radiation would have to
go through the electrolyte before it reaches the catalyst. However, in most of these analytic methods,
the signal is damped through the electrolyte. This issue can be avoided by redesigning the cells.
Spectroscopic measurements can be performed i) through a very thin electrolyte layer or ii) from the
backside of the electrode (ideally with a non-absorbing support). Additionally, some methods require
UHV conditions, which is incompatible with liquids and thus with electrochemical measurements.
The used cells for the specific in situ and operando methods, such as XPS, X-ray Absorption Fine
Structure (XAFS) or Fourier-transformed Infrared Reflection Absorption Spectroscopy (FT-IRRAS)

are discussed in the respective Methods and Instrumentation sections.
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Figure 5.3: Electrochemical methods showing typical current responses on the respective applied
potentials: a) Chronoamperometry of Pd NCs at 0.45V vs. RHE for the FAOR in 0.1 M HCIO,4 and
0.5M HCOOH, adapted from [146]. The current decrease over time is attributed to deactivation.
b) Cyclic Voltammetry (CV) of CusO NC from -0.1V to 1.08V vs. RHE at 5mV/s in Ar-saturated
0.1 M KHCOj3 and c) Pulsed Voltammetry of Cu,O NCs pulsing between E; =0.6V and E. =-1.0V
with t; = 0.5s and t. = 4s in CO, saturated 0.1 M KHCOs3. The resulting currents go back in
direction of a steady state current quickly after the application of a potential pulse. The main effects
driving the currents are the CO;RR at negative potentials and the catalyst oxidation at positive
potentials.

5.2.2 Electrochemical Methods

Several electrochemical techniques were applied during this work. The most important ones are
presented in the following section, showing the similarities and differences of the chronoamperometry,
the Cyclic Voltammetry (CV) and the pulsed voltammetry. Further sections are dedicated to the
Ohmic Drop evaluation and the determination of the Electrochemical Surface Area (ECSA).

Chronoamperometry

In this technique, the current response is measured as a function of a constantly applied potential.
An example is depicted in Figure 5.3a showing the current transient of Pd NCs at an applied potential
of 0.45V vs. RHE in 0.1 M HCIO4 and 0.5M HCOOH. Considering a chronoamperometry with a
potential step from OCP to Epaor with diffusion limitation of the reactant towards the electrode, a

superposition of two types of currents build up the total current transient iotal:
itotal = iC"'iF- (5.1)

The capacitive current ic represents an exponential decay and resembles the charge accumulation

due to a change in the polarization of the electrodes. The diffusion controlled Faradaic current if
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reflects the continuously transferred charge to the reactants and is given by the Cottrell equation[t5°]

D
ir = zFAcy| —, 5.2
IF = ZFAC Tt ( )

with z being the number of the transferred electrons, ¢ the bulk concentration of the reactant, D
the diffusion current of the reacting species. F the Faraday constant, t the time and A the area of

the electrode.

The equations describe the different parts of the current transient, which can be simplified by sepa-
rating the first few seconds, where capacitive currents dominate the total current and the rest of the
transient is controlled by the Faradaic current. In the shown example, an additional effect takes place,
which is considered as the deactivation of the catalyst e.g. due to poisoning species. More detailed
explanations of the deactivation mechanism on these type of catalysts can be found in chapter 3 and

chapter 9.

Cyclic Voltammetry (CV)

The Cyclic Voltammetry (CV) technique serves to survey the properties of materials such as the
characterization of redox potentials, the number of electrons involved, the rate of electron transfer
and adsorption effects. Furthermore, catalytic reactions can be explored by analyzing the chemical

processes associated with electron transfers.

Here, the current response is measured as a function of a linearly in- or decreasing potential with
time.[1%5] An example of a cyclic voltammogram of Cu,O NCs in 0.1 M KHCOs3 is shown in Figure
5.3b. First, the potential is swept towards more positive potentials (cathodic sweep), where in the
shown case, two oxidation events take place. The first peak at 0.6V is attributed to the oxidation
from metallic Cu to Cu*, while the second at 0.8V is assigned to further oxidation to Cu?*. The
anodic sweep towards more negative potentials shows two peaks towards negative currents indicating
electron transfers from i) the oxidized Cu?* state towards Cu* and then ii) further reduction to
metallic Cu. Additional peaks appear due to the chosen limiting potentials and the initial state of

the material. A more detailed description of the CV of CuyO NCs can be found in chapter 7.

In this work, both, Chronoamperometry and Cyclic Voltammetry (CV) measurements were used for
the FAOR in chapter 9 and for the CO2RR in chapters 6, 7 and 8.

Pulsed Voltammetry

Pulsed Voltammetry is an electrochemical technique that was applied for CO2RR to control the

reaction and therefore the product selectivity. An example of the applied potential and response
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current transients are shown Figure 5.3c. It is based on a periodic application of two sequential
chronoamperometric measurements with different potentials E./, and times t./,. Here, the negative
potential refers to the cathodic potential (E.), where the Faradaic CO2RR occurs, while the positive

potential is referred to the anodic potential (E,).

Since the catalyst structure and its surroundings are quite sensitive to the applied potential, the
responsive system allows adjustments to the reaction environment, such as a switch of the reaction,
chemical state, electrode restructuring, roughening, mass transport, interfacial pH control or control
of the chemical state.[156-159] Quick changes, for example pulses, can induce a non-equilibrium of all
of these parameters and a different interplay between them. In this work, the application of oxidizing
(anodic) pulse potentials leads to the oxidation of the catalyst surface as well as its restructuring.

The oxidized surface in turn has consequences on the product distribution.

Figure 5.3c shows a square wave potential profile and its current response. Variations can be induced
by changing the potentials or the pulse times. In this work (see chapter 7), the E, and E. were mainly

kept constant, while the pulse times t. and t, were varied in order to study pulse time asymmetry.

The current transient of pulsed potentials contains a sequence of chronoamperometries, each includ-
ing capacitive, Faradaic or non-Faradaic components. The analysis of the obtained current is however
more complex compared to a simple chronoamperometry. In the latter one, a stepped potential takes
place once, where non-Faradaic contributions to the current are ignored considering a much longer
time period with exclusive Faradaic contributions to the current. Periodically repetitive potential
steps, however, lead to i) times without Faradaic contribution at the anodic potentials and ii) an
increase in the total amount of non-Faradaic contributions. In detail, currents of the total cathodic

icathodic and the total anodic iznedic pulses can be deconvoluted into the following components:

ianodic = iC + iox + ides (5 3)

icathodic = IC + lred * lads * IF-
These components are categorized and described in the following:

1. Capacitive current (ic): During a potential step, the ions in the electrochemical double layer
reorganize as a response to the change in charge in the catalyst. The equilibration of this
process is described by an exponential decay with a characteristic time, the RC time constant
(in seconds). The RC time constant is the product of the resistance R and the capacitance C
and is the time required to charge the catalyst electrode to 1/e of the maximal capacity, which
itself is considered as a capacitor. It is furthermore dependent on the catalysts surface area,

the applied potential difference and the ionic concentration.

2. Redox currents (ired/ox): If the potentials of the pulses are chosen to pass an oxidation state

of the investigated material, then the current contribution of the respective oxidation/reduction
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has to be considered.

3. Ad/Desorption currents (i,gs/des): Intermediates that are bound to the surface during a
potential step will eventually desorb and/or react further. Up to now, there is no evidence that

this contribution to the current (or to the product selectivity) is significant.

4. Faradaic currents (ig): Faradaic contributions can be deconvoluted by subtracting all non-

Faradaic contributions from the total current.

The study in chapter 7 investigated the role of periodically regenerated oxide species on the CO>RR.
Moreover, an overview over the chemical aspects of pulses on the catalyst and its activity is given in

chapter 2.

Ohmic Drop Evaluation

The Ohmic drop is an electrical potential difference between the working and the reference electrode
caused by an uncompensated Ohmic resistance of transport of ions through the electrolyte. As this

leads to a discrepancy between the normal and the actually applied potential,

Ecorrected = Eapplied'iRv (5.4)

one must i) minimize R by placing the reference electrode close to the working electrode and to ii)
carefully measure the residual R. Typical R values in this work were determined to be 62 for NCs

and 100 Q for the single crystals.

Current-(I-)interrupt and impedance spectroscopy measurements were used to estimate the Ohmic
drop before a measurement. To obtain R from the l-interrupt measurement, a potential is applied
for a short time and subsequently interrupted. The immediate loss of potential is attributed to the

Ohmic drop with

Ey-E
R=="2"1 (5.5)

1

Electrochemical Impedance Spectroscopy on the other hand was used before and after each electro-
catalytic measurement. An electrochemical system can be described well with the Randles circuit
model, where the Ohmic resistance of the electrolyte is set in series to the electrodes, which are sim-
plified described as a capacitor paralleled to a charge-transfer resistor. By applying high frequencies,
the contributions of the electrodes can be eliminated and the Ohmic resistance can be read out from

the first zero crossing in the Nyquist plot.[1%9]
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Electrochemical Surface Area (ECSA) Estimation

Catalysts are materials with a complex atomic structure, where certain sites are electrochemically
active while others are not. The estimation of the amount of active sites that participate in the
catalytic reaction is of utmost importance in order to compare the obtained catalytic performance.
However, the main challenge is the determination of the actual active sites. A rough evaluation can
be done by directly calculating the mass of the catalyst or by using the geometric surface area of
the catalyst and/or the support. These basic methods are upgraded with advanced methods, trying
to obtain the real ECSA by "counting" the active sites through capacitive or ad- and desorption
methods. Thus, aside from the two basic methods, two advanced methods were used during this
work to obtain a more realistic ECSA of the catalysts. In particular, the ECSA of Cu was determined
by the double layer capacitance Cp method, while the ECSA of Pd was determined by the hydrogen
underpotential deposition method and by CO stripping. All methods however comprise advantages

and drawbacks.

= Mass of the Catalyst: The mass of a catalyst can be determined e.g. by ICP-MS and does
technically not evaluate the surface area. The bulk material of the catalyst does not partake in
the reaction and this estimation leads to an indespensable overestimation of the active surface
area. But, with the high surface-to-volume ratio of nanoparticular catalysts, it can be helpful

to normalize nanoparticles with similar sizes.

» The geometric surface area Ay, refers to the area of the catalyst coating the supporting
material. In the case of single crystals, the catalyst is expected to be extremely flat and
the active surface area is well defined. However, due to the small amount of active catalytic
material, even small amounts of roughened structure can make significant differences in the
actual active surface area.l89 In the case of the CO,RR projects with CuO NCs and Au-
decorated CupO NCs, the geometric area of the carbon paper support was used, and thus, the

1160] |t normalizes

amount of Cu material on the support was determined as loading (Masscu/Ag,)
the amount of catalyst material on the support. The use of Age, on NPs is very fast in its

evaluation, but again does not account for the actual electrochemical surface area of the NPs.

= Double Layer Capacitance Cp : The Electrochemical Surface Area (ECSA) can be deter-
mined by the double layer capacitance Cp| (pF). The normalization by a specific capacitance
of the investigated material Cs (uF cm™) leads to an estimation of the roughness R of the

catalyst compared to the reference material. Thus, Rgcsa is described by

G
Recsa = %SL- (5.6)

To obtain Cp for Cu catalysts, CVs are measured in a non-Faradaic region such that the

only process is capacitive charging of the double layer. The capacitive current ic is directly
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correlated to the capacitance Cp and the scan rate v (V/s) by
ic
CoL = —. 5.7
oL = (57)
Thus, by using various scan rates, the slope of the resulting function ic(v) estimates the
CpL. This method was used for CO2RR, where the Cp_ was usually normalized with Cg
of an electropolished Cu foil, which is 27 pF cm™2.131.161] However, this method gives only a

comparison to a reference material.

» Hydrogen Underpotential Deposition and CO Stripping: The ECSA of Pd catalysts was
determined by hydrogen underpotential deposition and CO stripping.[®? In both methods, the
respective adsorbate is adsorbed by applying a specific potential. Hydrogen was adsorbed on the
Pd catalysts by applying a potential right above the onset of the HER, which is characteristic
for the adsorption of hydrogen on Pd. CO was adsorbed by saturating the electrolyte with
CO holding a potential of 0.15V vs. RHE in 0.1 M HCIO4. The desorption peaks can be
observed by CVs towards higher potentials. For both methods, the areas of the respective peaks
were integrated and normalized by the theoretical charges of Qq =210puCcm™ and Qco =
420 pCcm™2 [163.164] \yhich account for a one-electron and a two-electron transfer, respectively.
These methods consider the active sites that are electrochemically available, but an error of
the real active area for the investigated reaction could still exist since these active sites do not

need to be the same.

5.2.3 Chromatography

Gas chromatography was utilized to separate the gaseous and liquid products of the CO>RR and
to quantify them. The gas products were determined by taking an aliquot of the produced gaseous
products from the gas-tight two-compartment cell every 13min during the CO2RR. The liquid
products were measured after finishing the reaction in a liquid-gas chromatograph and with High

Pressure Liquid Chromatrography (HPLC).

Several components comprise a gas chromatograph: The carrier gas supply provides continuous flow
of the mobile phase. In the injector, the sample is introduced into the head of the column by a syringe.
The column is a packed, or mostly a capillary column, in which the volatile analytes are separated, and
which is surrounded by an oven. The increase in column temperature results in decreased retention
times for all analytes and can go up to 350°C. The analysis of the separated gases is performed with
a Flame lonization Detector (FID) or a Thermal Conductivity Detector (TCD) detector.

The separation takes place in a column by distributing the analyte between the mobile phase and
the stationary phase and is determined by the adsorption on the solid stationary phase and solution

processes in the liquid stationary phase. The series of discontinuous equilibrium steps allows a
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multiplicative distribution of the analyte in the mobile and stationary phases. In a small part of the
column, an equilibrium between stationary and mobile phases is achieved, which is defined by the
distribution constant K

K = ¢s/cm, (5.8)

with ¢ being the concentration of analyte in the solid phase, and ¢, being the concentration of
analyte in the mobile phase. The portion in the mobile phase is transported to the next segment
with a new establishment of an equilibrium. A separation of two analytes is established, when they

have different values of K.

Advantages of a FID are the low detection limits, the large dynamic linear range and the suitability for
many organic compounds. A hydrogen/air flame is produced which reacts with the carbon-containing
analyte through hydrogenation and C-C-bond-splitting to methane. At a higher oxidizing point in
the flame, the methane reacts to CO;. One in a million C atoms will end up in an ion, which can
be then detected through a potential difference of several hundred volts between the metal tip at
the base of the flame and a collector electrode. The recorded current is in the pA-nA range. The

background current is low because of the low efficiency in ion production.

In principle, the TCD is sensing the difference in heat loss of an electrically heated wire between the
carrier gas on the one bypass and the carrier gas with the analyte on the second bypass. A filament is
heated by an electric current and cooled by the continuous carrier gas. The electrical current is then
adjusted to keep the temperature of the filament constant in a thermal equilibrium. The addition
of analyte in the carrier gas changes the thermal conductivity and the specific heat of the gas. The
efficiency of heat transportation in the gas is therefore different. The following temperature change
in the filament changes its resistance, and the current is adjusted. The current change is recorded as
the signal. The thermal conductivity between the carrier gas and the analyte should be high enough.

The detection limit reaches 1-10 ppm.

In the liquid GC, the injection of liquid into the GC is performed by evaporation of the compounds
during injection. The products identified with an FID detector are alcohols and aldehydes.

The High Pressure Liquid Chromatrography (HPLC) is determined by a liquid mobile phase and a
significantly higher operational pressures. The interaction of the liquid compounds with the mo-
bile/stationary phase through polarity. Other differences from a GC are the smaller column dimen-
sions, leading to a high resolving power. The here determined products for my studies are carboxylates

and n-propanol.
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Figure 5.4: Image of the UHV system used during the work of this thesis. This system includes
several analytical methods, such as LEED, XPS, TPD and an STM. Additionally it has a preparation
chamber to clean single crystal samples by sputtering and annealing. An electrochemistry (EC) cell
is attached to the loadlock for sample transfer under controlled ambient conditions.

5.3 Ultra high Vacuum (UHV) Methods

Vacuum is the complete absence of matter and is impossible to achieve experimentally. UHV is

0712 mbar, where the mean free path of a gas molecule

defined as pressure regime of 107 7- 1x1
lies between 1km and 1x 10°km. This implies that collisions of molecules with the walls of the
system are much more frequent than between each other and the remaining gas is in molecular flow.
Surface science utilizes UHV systems to study well-defined model samples. However, they are not
only used to prepare and mantain clean and well controlled sample surfaces, but are also utilized
for the application of surface analytical techniques, such as Scanning Tunneling Microscopy (STM),
X-ray Photoelectron Spectroscopy (XPS) or Low-Energy Electron Diffraction (LEED).[16%] These will
be described in more detail in the next sections. Figure 5.4 shows a typical UHV system that was
used during the course of this thesis. It is equipped with different chambers, which are connected by
sample transfer rods. The chambers hold different analytic techniques, sample preparation tools or
are used as loadlock. The electrochemical cell is attached to a loadlock. To obtain the low pressure,

different pumps are used. A scroll pump is a positive displacement pump, where gas is trapped,
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isolated and moved, and it reaches pressures down to 1x10~! mbar. Lower pressures are achieved
by a turbomolecular pump, where gas molecules are given a momentum to be directed in a certain
direction. This kinetic pump reaches down to 1x 10~ mbar. Even lower pressures can be obtained by
capture pumps, such as ion getter and titanium sublimation pumps. Here, the gas gets immobilized

at the surfaces within the system, reaching down to 1x10719 mbar.

5.3.1 Scanning Tunneling Microscopy (STM)

STM is a method to mimic the surface structure by mapping the topography of the electronic states
near the Fermi level of a flat surface and is based on the quantum mechanical tunneling effect. A
tip approaching a conductive surface will lead to a tunneling current at close proximity, when their
electron wave functions overlap. The electron wave functions are non-zero outside of the surface
and the tip.[166.167] A bias voltage can be then set between the tip and the surface, which leads to a
closed circuit, where the electrons tunnel through the barrier. The current depends exponentially on
the barrier width; thus two operation modes with constant current and variable width or constant
width and variable current are applicable. A feedback loop controls the distance between the surface
and the tip by comparing the actual tunneling current with the applied current. The implementation
of the piezoelectric effect allows the tip to be controlled perpendicular to the surface and scan over
the surface in x- and y-directions. It allows a resolution of 0.01 nm.[1%8] This method was used under
UHV conditions to understand structure-property relations on Cu single crystal materials by providing

micrographs of the surface structure with atomic resolution, e.g. in chapter 6.

5.3.2 Low-Energy Electron Diffraction (LEED)

LEED is a common technique to study crystalline surface structures. Electrons with kinetic energies
between 20V and 200€V hit the surface perpendicular and enter about 10 A deep. Upon their
scattering at the atoms, the diffraction follows Bragg's law as illustrated in Figure 5.5a, with A being
the wavelength of the incident beam, d the atomic spacing, 8 the angle between A and the reflected
beam and n an integer. Constructive interference implies a path length difference to be an integral
multiple of the wavelength:

n\ = dsinf. (5.9)

The elastically back-scattered diffraction from the low-energy electrons on the surface is then di-
rected to a luminsecent screen resulting in highly surface sensitive structural information. Since this
technique is thus sensitive to impurities, it is applied under UHV conditions to avoid surface con-
tamination. The advantages of LEED are the simple handling of the measurements and the rapid

overview over the diffraction pattern in the reciprocal space and thus the surface quality.[169'170]

By Fourier Transformation of the diffraction pattern, the size, shape and atomic structure of the
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Figure 5.5: a) lllustration of the incident beam with wavelength A diffracted on the crystallite surface
with an angle 6 and an atomic distance d. b) Ball model of a Cu(310) stepped single crystal and
its primitive unit cell c) a LEED diffraction pattern of a Cu(310) single crystal at 111.7 eV and the
construction of the diffraction pattern of a Cu(310) surface, adapted from [171].

unit cell in real space can be extracted from the diffraction pattern in the reciprocal space. It is
furthermore possible to obtain information on atomic positions by analyzing spot intensities. The
translational symmetry of crystallite structures can be observed in the form of the reciprocal lattice
of the unit cell. This implies that information on the extended surface morphology is included in
the reciprocal lattice. For instance, point defects result in a decrease in the spot intensity without
modifying the spot width. Then again, size and shape of the crystalline islands can be viewed as
superposition of a sharp spot and a broad component from the island with finite size. A vicinal
stepped surface is made of terraces of the nearest low-index facet separated by regular steps. These
terraces are observed as elongated spots in the diffraction pattern due to the finite terrace sites on
the surface. The combination of these terraces widths with the periodic repeating atomic results in
a superposition of these two components in the reciprocal space and thus in split spots, as shown in

Figure 5.5¢.[170.172]

The Cu(310) surface is shown here as example for the construction of a LEED pattern on a stepped
vicinal surface, shown in Figure 5.5c. This surface comprises (100)-faceted terraces with three atomic
rows per terrace, which results in a primitive rectangular unit cell, as shown in Figure 5.5b. Both
components can be viewed individually, while the superposition of both results in the final pattern.
A single terrace is like an extended (100) surface, illustrated as crosses in Figure 5.5¢, which is finite
in the direction of the steps and is assumed to be infinite in the parallel direction. The broadened
diffraction spots are the effect of the narrow terraces. However, the step-edge atoms construct a

row of atoms with identical sites, leading to an one-dimensional periodicity of infinite extend. Its
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Operando and in situ Methods
(XAS, Raman, XRD, FT-IRRAS)

Pre-Catalyst Evolving Catalyst Post-Catalyst

Electrocatalysis: current response, product detection

Quasi in situ Methods (XPS)

Ex situ Methods (UHV-Methods, TEM, AFM, ICP-MS, XRD)

Figure 5.6: lllustration of the evolution of the catalyst from a pre-catalyst, the active catalyst during
electrocatalytic reaction and the post-catalyst. In situ and Operando methods track the catalyst
evolution during the reaction, while quasi /in situ and ex situ methods characterize the catalyst at
certain stages in form of a snapshot.

reciprocal pattern is observed as horizontal, perfectly sharp and infinitely long streaks, gray lines in
Figure 5.5c. The product of the one-dimensional periodicity of the step-edge atoms and the elongated

spots due to the finite terraces lead to split spots, which are directly correlated to the average terrace
width.[171.172]

5.4 In situ and Operando Methods

Tracking the morphology, chemical composition and overall evolution of the catalyst with spectro-
scopic methods during an electrocatalytic reaction is essential to fundamentally understand the role
of the catalyst on the reaction. However, it is very complicated to apply spectroscopic methods
during electrocatalytic reaction. Figure 5.6 illustrates the different characterization types, which are

described in more detail in the following.

The term Operando Methods appeared at first in 2002 under Miguel Bafiares and is defined as the
utilization of in situ spectroscopy during catalytic operation with simultaneous on-line activity mea-
surements.173] The combination of spectroscopic techniques during activity measurements facilitates
the direct link between the catalyst structure and its activity and optimizes time and costs for the
scientific output. In practice, this term is softened by assuming the same product formation during

product measurements as well as during an operando measurement.

The term in situ differentiates from operando as the catalyst is spectroscopically analyzed under
relevant reaction conditions but products are not detected simultaneously. This is justified as the

development of electrochemical cells combined with certain spectroscopic techniques, e.g. in UHV,
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is tedious and product detection adds an additional difficulty to the system.

A more modest approach is the quasi in situ methodology. Here, the catalyst is stabilized in an
intermediate reaction state, while spectroscopy is performed ex situ. The stabilization implies the
isolation of the catalyst from parameters that could modify the catalyst such as oxidation through

air or the removal of the applied potential.

The following sections describe methods that were applied as operando, in situ or quasi in situ

conditions on the catalysts.

5.4.1 X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) allows the identification of the elemental composition, the
chemical state and the electronic structure of the near surface of the investigated material. The
technique is surface sensitive with a few nm probing depth of the emitted photoelectrons. The
kinetic energy of the emitted photoelectrons results in spectra of electron population as a function of
their energy. It is based on the photoelectric effect, which was first discovered by Hertz in 1887 and
explained theoretically by Einstein in 1905.1174175] The photoelectric process is shown in a schematic
in Figure 5.7a, describes the emission of photoelectrons from core shells to the vacuum level upon
electromagnetic radiation. The incoming energy, X-ray photons hv, originates from an Al or Mg K|,
source with 1486.3 eV and 1253.6 eV, respectively.

The resulting kinetic energy Ey of the photoelectron is determined by hv, which has overcome its
binding energy Eg and the work function ¢sample of the material, and which correlates to the minimal

required energy to eject an electron. Thus, the parameter of interest, Eg, can be calculated as

Eg = hV'Ek,spec_Qbsample- (5'10)

However, in practice, ¢sample and the real Ey is not known. Figure 5.7b shows, how the measured

Ey spec and the known work function of the spectrometer ¢s,ec compensate the uncertainties.

The formed inner shell core hole can now be filled by relaxation of the electrons. For a certain
probability, the Auger effect occurs and the hole is filled with an electron of a higher shell. The excess
energy is then taken by an electron of the same shell, which is then released as Auger electron, as
shown in Figure 5.7c. Unlike the Ey of the photoelectron, the kinetic energy Ey auger Of the emitted
Auger electron is independent of the incoming X-ray radiation and its Ey ayger is calculated from the

energy levels of the respective shells, e.g.
Ex auger = E(K)-E(L2)-E(Ls). (5.11)
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Figure 5.7: Energy level diagrams and schematics of a) the photoelectric effect, b) the Auger effect
and c) the shift and compensation of the work functions of the sample and the spectrometer. d)
Typical XPS spectrum of CupO NCs showing the XPS and Auger peaks of copper, oxygen and

carbon.
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Figure 5.8: a) Scheme of the quasi in situ EC cell placed in a vessel, which is filled with Argon.
The box is directly attached to the loadlock interconnecting the EC cell with the UHV chamber. b)
Image of the used UHV chamber equipped with an XPS system, the EC cell and the loadlock.

A typical XPS spectrum from CusO NCs supported on a carbon paper is shown in Figure 5.7d,
presenting the XPS and Auger peaks of copper, oxygen and carbon.

The simultaneous use of an electrochemical cell with XPS is not trivial to realize as the spectroscopic
detector has to be under UHV conditions, while the electrochemistry is performed in liquid. A
suitable interconnection is therefore to apply quasi in situ technology and to set an electrochemical
cell directly next to the loadlock of the UHV system. After the electrocatalytic reaction, the cell
can be disassembled under Argon atmosphere, the catalyst may be washed with ultrapure H,O and
finally transferred into UHV conditions. This method benefits from the exclosure of air and possible
oxidizing agents, which could change the chemical structure of the catalyst. Also, the cell was
designed such that the electrochemistry can be performed on a sample holder that fits into the UHV
system, which allows a fast sample transfer within seconds. However, this method does not allow to
keep the applied potential until the catalyst is under UHV conditions. Thus, the potential loss could
already alter the chemical structure. In summary, the quasi in situ XPS is a technique that makes
XPS compatible with electrochemistry by removing the biggest risk factors that alter the surface

structure.

Figure 5.8a shows a scheme of the electrochemical cell in Argon atmosphere, directly connected to
the UHV system. The catalyst is placed on a UHV holder and can be transferred directly into the
XPS chamber, which is illustrated in Figure 5.8b.
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5.4.2 X-ray Absorption Spectroscopy (XAS)

X-ray Absorption Spectroscopy (XAS) enables the analysis of the local atomic and electronic structure
of the investigated material. It is a complementary method to XPS to study the chemical composition
and distribution of mixed materials and can, in addition, provide information about interatomic bond
lengths, the neighboring atoms and sometimes also the types of ligands. XAS is bulk sensitive,
however, some special geometries permit the detection of surface species. Moreover, this technique is
applicable under true operando conditions, where the changes in morphology and structural evolution

of a working catalyst can be probed while performing electrocatalysis.[160]

The main principle is the interaction of the incident X-rays with the investigated material leading
to material specific absorption and fluorescence. In a classic transmission mode experiment, the
transmitted intensity |t of incident X-rays Iy is measured as a function of the energy of the X-ray
photons and described by the Beer-Lambert law

It = lge B, (5.12)

which includes the exponential loss of the incoming X-ray intensity Iy dependent on the linear absorp-
tion coefficient p(E), the energy E, and the material thickness d.[1761 An absorption edge emerges
when the photon energy is high enough to excite core electrons of an atom, shown in Figure 5.9a.
Here, upon excitation of the core electrons to the unoccupied states of the valence band, information
about the electronic structure, the chemical state of the absorbing atom, the local symmetry and
the chemical bonding can be extracted from the X-ray Absorption Near Edge Structure (XANES)
region.[177]

The XANES region consists of three main parts. in the pre-edge region, the electrons transition to
bound states following the selection rules (Al =+1,Aj = +1, As=0). The rising edge and the
white line comprise the second part representing more probable transitions to discrete unoccupied
valence states. This sharp increase in the absorption is defined as the absorption jump Apg(Ep).
The post-edge, right after the white line, is dominated by multiple scattering events and is due to the
electron excitations to delocalized states. The features of the XANES region due to the absorption of
the X-rays are related to the unoccupied localized and delocalized states and the electron transition
probability ;(E) and can be illustrated by Fermi’s Golden Rule:[17¢l

w(E) Y [(FITIi) 26 (es-ei-E). (5.13)
f

The Dirac function 0(ef-€;-E) depicts the conservation of energy, while the Hamiltonian-operator T
describes interaction of the entire atom with the electromagnetic field. The function describes the
initial state |i) of the absorbing atom modulated by T towards the final state (|, where one electron

was excited and the surrounding electrons rearranged to screen the generated positively charged hole.
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Figure 5.9: a) Copper oxide K-edge XAS data of the normalized absorption coefficient u(E) as a
function of incident X-ray energy. b) Scheme of the photoelectron scattering process. c) lllustration
of the electrochemical cell, which is also shown in d) as an image during measurements at a beamline
with a fluorescence detector.
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The absorption edge shows a distinct feature and is described by transitions to unoccupied localized
states, in particular transitions from s states to p states, and the position of the main absorption
edge is sensitive to the oxidation state. However, due to orbital hybridization, the p-states of
ligands (oxygen) mix with d-states of Cu, allowing pre-edge transitions. Nonetheless, symmetry
considerations allow this to happen only in non-centrosymmetric symmetries of absorbing atoms, thus
octahedral symmetry of the six O atoms around Cu?* typically result in pre-edges of low intensity
because they are distorted, also called Jahn-Teller effect. The pre-peak is shown as an example
for Cu®* in Figure 5.9a. The post-edge region is, similarly to the Extended X-ray Absorption Fine
Structure (EXAFS) region, characterized by the interaction of the photoelectron with the neighboring

atoms, but it is principally dominated by multiple scattering effects.[179]

The analysis of XANES spectra is mostly qualitative, although recent advances in XANES evaluation
enabled the extraction of quantitative structural information from it.[18% Semi-quantitative evaluation

may be obtained by direct comparison to reference spectra and linear combination fitting.[177]

The EXAFS region is prevailed by photons with higher energy than the absorption edge and provides
information about the spatial arrangement of the nearest atomic neighbors around the absorbing
atom. The EXAFS region shown in Figure 5.9a, is defined by the interaction of the excited pho-
toelectron with the electrostatic potentials of neighboring atoms. The local atomic structure, in
particular, the type of atoms closest to the absorbing atom, can be quantitatively analyzed. The
absorption probability is perturbed upon the interference of the electron wave with the sample, which
results in an overall oscillatory structure of the absorption coefficient p(E), Figure 5.9b. The EXAFS
component x(E) is defined as the difference between the experimentally obtained p(E) and the
smooth background function 1o(E) normalized by the absorption jump Apg(Ep) :

p(E)-po(E)

x(E)= Apio(Eo)

(5.14)

Here, Ey is the minimal necessary energy to excite photoelectrons to the continuum.[181] The EXAFS

signal can be converted from the energy space to the photoelectron wavenumber (k) space with

k= \/%(E—Eo), (5.15)

with me being the mass of an electron and A the Planck’s constant.

In order to receive geometric structure descriptors, such as the coordination number C,, the av-

erage interatomic distance R, and the structural disorder factor (or Debye-Waller factor) aﬁ, the

experimental signal of the contributions to the scattering paths x(k) can be described aslt7]
Cpsg “2Rp /A (k) =202 k2
X(k)zz R2 Fo(k,Rp)e e 7" sin(2kRp+¢p(k, Rp)). (5.16)
p P
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This equation contains the following material specific terms
= (C,: coordination number

= S2: reduction of EXAFS amplitude due to too many electronic excitations, typically between
0.7 and 1.

* R,: the average interatomic distance

» F,(k,R): changes in the photoelectron wave amplitude as a function of the radial distance R

and wavenumber k
» \(k): inelastic mean-free path for the excited electron
= o7 structural disorder factor (or Debye-Waller factor)

= ¢p(k, R): phase upon scattering from a neighboring atom as a function of the radial distance

R and wavenumber k

The analysis of the EXAFS data follows the above mentioned steps converting x(E) to x(k) and
to x(k)k? or x(k)k? and least-square-fitting them with the mathematical model using the IFEFFIT
code.l'8 The graphical representation of the analyzed EXAFS data as the total Fourier transform
EXAFS signal x(k)k? allows the direct observation of the interatomic distances of the neighboring

atoms.

The catalysts were measured under electrochemical conditions with an one-compartement cell, Fig-
ures 5.9c and d, where the incident X-ray beam hit the catalyst from the backside of the cell and

either the transmitted photons were detected and the absorption coefficient calculated as
/
w(E) =-log A (5.17)
0
or the energy of the emitted fluorescence electrons was detected in fluorescence model107:146.159] \yith

p(E) (2;) (5.18)
The intensity of the fluorescence signal Ir is proportional to the absorption coefficient and thus
represents an indirect measure of the absorption probability. Since the electrolyte in the cell also
absorbs the X-ray intensity, most measurements shown in this work are in fluorescence mode, with
the data acquired from the back side of the catalyst. Here, the fluorescence detector is set in a
90°C geometry to the incident X-ray beam, while the sample is positioned with 45°C to both, the
detector and the X-ray beam. In this work, a PIPS (passivated implanted planar silicon) detector

was usually used, counting the incoming X-rays by creating electron-hole pairs in the semiconductor
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material. Measurements in the fluorescence mode are sensitive to the thickness and concentration
of the sample due to the self-absorption effect. Although there exist options for correcting self-
absorption after measuring, it is preferable to avoid it in general. Thus, fluorescence measurements
in XAS should be performed on thin or diluted samples.

5.4.3 Fourier-transformed Infrared Reflection Absorption
Spectroscopy (FT-IRRAS)

Infrared spectroscopy was used to understand adsorbed molecules, such as CO, on the catalytic
surface under reaction conditions. This technique is characterized by the interaction of photons in
the infrared region with matter, which may result in absorption, emission or reflection. In particular,
when the radiation is absorbed by a molecule, energy is transferred to vibrational and rotational
modes in the bond. The resulting vibration could be modeled by a harmonic oscillator, where the

vibrational frequency v is defined by

1 |k
S 5.1
V=g " (5.19)

with the force constant k being directly correlated to the bond strength and p the reduced mass of the
atoms my (pn = Mm2/my+m,).[182] In general, v increases with the bond strength and decreases with
the atom mass. The allowed transitions by an absorbed photon are explained by the change of the
vibrational quantum number by 7 (A £1). In reality, overtones may be observed, yielding A > 1.
Moreover, the selection rule allows the observation in the IR spectrum only, when a change in the
dipole moment occurs perpendicular to the surface upon adsorption. The four types of vibrations,
i) stretching, ii) in-plane bending, iii) out-of-plane bending and iv) torsion can appear symmetric or
asymmetric and decrease in frequency in this order. Infrared spectroscopy is a differential method,
where the absorbance a is calculated by the normalization of the measured spectrum / by a reference

spectrum /y and defined as

a=-log </> (5.20)

lo
The FT-IRRAS evolved for the investigation of (sub)monolayer adsorbates on metal surfaces with
low area. In particular, the signal-to-noise ratio and its sensitivity to low concentrations are improved
compared to conventional infrared spectroscopy. As combined form of transmission and reflection,
the incident radiation is reflected by the substrate and thus passes through the sample twice, shown
in Figure 5.10a. The sensitivity is further increased by using a grazing incident angle 8 of 80°. The
contribution of the reflecting substrate is small, as the electric fields in both directions are almost
equal with different signs and are therefore nearly canceled. However, the molecules in the vicinity
of the reflecting surface experience a combination of the electric fields and are thus constructively

amplified.[183]

A typical FT-IRRAS differential spectrum of Pd is shown in Figure 5.10b, showing bands of the
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Figure 5.10: a) Geometry of the FT-IRRAS experiment considering a solid sample attached to a
reflecting substrate. b) Typical FT-IRRAS differential spectrum of a CO stripping experiment adapted
from [146] between 4000cm™ and 1000cm™ with a spectral resolution of 4cm™. c) Scheme of
the electrochemical cell attached to a CaF, window. The working electrode consists of the sample
attached to a Au foil substrate or a glassy carbon and pushed towards the window. d) Image of the
top of the electrochemical cell connected to the spectrometer.
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asymmetric C-O band at 2345cm™ indicating CO, evolution, a bridge-bonded C-O stretch band

around 1945cm™ and the bending mode of water around 1650 cm™.

Upon the application of a potential on the WE, an external electric field is applied on the catalytic
surface and the adsorbed molecule experiences energy-level shifts of the vibrational mode and thus
induces a change in the transition dipole moment. The so-called vibrational Stark effect shifts the

peak intensities as a function of the intensity of the electric field.

FT-IRRAS was used as an in situ method for electrocatalytic measurements by building an electro-
chemical cell on top of an IR-transparent CaF, hemispherical window, shown in Figures 5.10c and
d. A gold foil was used as WE and reflecting substrate, and the catalyst was attached on its surface
and pushed towards the CaF, window. A glassy carbon was used to study the CO, evolution of
the FAOR despite its low reflectivity to avoid a simultaneous reaction of Au. lIdeally, a thin film
of liquid is left between the catalyst and the window. Reference spectra were acquired in liquid in

non-catalytic conditions.

5.4.4 Other operando Techniques

Other spectroscopic techniques functionalized with an electrochemical cell were utilized, but shown

here only briefly as they were not the focus of this work.

Surface enhanced Raman Spectroscopy (SERS) was used as operando method by immersing the
Raman objective into the electrochemical cell.197] On rough metal surfaces, in particular on Cu, Ag or
Au materials, high surface sensitiveness through an enhancement of the Raman scattering is achieved.
Thus, the here investigated CuxO nanocubes and Au-decorated CuyO nanocubes constituted perfect
materials for the investigation of the vibration of the adsorbed molecules on the surface. The surface
enhancement originates either from the excitation of surface plasmons or from the formation of
charge-transfer complexes consisting of resonance of the incoming electromagnetic radiation and
the electron transition. In this technique, the scatter of the incoming electromagnetic radiation is
detected, and also molecular vibrations are Raman active upon a change in the polarization of the
molecule. With this operando technique it was possible to analyze the adsorbed intermediate species,

e.g. CO or carbonates, on the catalytic active surface during the catalytic reaction.

X-ray Diffraction (XRD) is a technique to characterize the crystallographic structure and polimorphic
phases and changes of a material in a non-destructive manner. The diffraction behavior is similar to
LEED, but X-rays are used, making the detected reflections bulk sensitive and providing data with
higher resolution. This technique was used for initial characterization of the crystalline phases in the
as-prepared nanocatalysts, CupO NCs and Pd NCs. Furthermore, a variant using high energy X-rays,
termed High Energy X-ray Diffraction (HE-XRD), was used under operando conditions to further

characterize the structural evolution of the CuAu-catalysts.
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5.4.5 Conclusion: Overview over the used techniques

Each presented technique identifies specific properties of the catalyst. An overview over the most
important results that can be obtained by each technique is depicted in Table 5.1. Note that this
chapter only described some techniques, while others were omitted as they were not within the
main scope of this work. Each technique was used to study the catalysts before, after or during an

electrocatalytic reaction.

Table 5.1: Overview over the most important results that were obtained by each technique.

Method Application in this work

XPS elemental composition, chemical state and electronic structure at the surface
XAS local atomic and electronic structure of the bulk

FT-IRRAS  adsorbates on the surface

SERS adsorbed molecules on the surface

XRD lattice spacing in crystals, crystalline domains

TEM, EDX morphology of nanoparticles, atomic ordering and elemental mapping

ICP-MS concentration of elements
LEED crystalline surface structures
STM topography of electronic states, morphology and structure of well-defined surfaces
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Publications

This part provides the publications that were prepared to answer the objectives of this
work. First, a publication under preparation tries to resolve the role of undercoordinated
sites on the CO,RR, while the second publications identifies descriptors to enhance the
production of ethanol during CO,RR. Finally Bimetallic, shaped nanoparticles were used
to understand the role of Au as co-catalysts on Cu during the CO2RR and the role of
SnQO; as co-catalyst on Pd during the FAOR.
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6.1 Preliminary Remarks

This chapter addresses the role of undercoordinated atoms on the selectivity of the CO>RR.
It gives in-depth understanding into well-ordered atomically flat high-index surfaces that have
been barely explored. The hypothesis of this study proposes that undercoordinated atoms are
significantly involved as active sites of the CO dimerization processes.

This project was designed and supervised by Arno Bergmann and Beatriz Roldan Cuenya.
Experiments were performed in collaboration with Fabian Scholten.

6.2 Introduction

Cu is unique in converting CO2 to highly valuable hydrocarbons in the CO2RR. However,
the low selectivities towards valuable products are a critical drawback for commercialization.
Despite the major efforts to understand the structure pertaining the actives sites of certain
product formation, clear structure-selectivity relationships have not yet been established under
operation. Well-ordered atomic surfaces constitute model pre-catalyst systems, which allow
the investigation of the performance as a function structure sensitivity.

The role of low-index facets on the CO;RR has been studied recently indicating low per-
formance to Co4 products, while the parasitic Hy evolution dominates on flat Cu(100) and
Cu(111).18 These results are controversially discussed with previous results obtained with
electropolished single crystals, which make significant amounts of Co products. It was shown
that atomically ordered Cu(100) facets themselves are not the active sites for COoRR.[8¥]
Thus, it was unveiled that the sample preparation by electropolishing can induce significant
amounts of terrace disruptions through defects or step sites, leaving behind undercoordinated
Cu atoms on the surface as potential catalytic active sites for CO2RR. A good proxy for these
sites could be well-defined high-index crystals comprising defined terraces as well as steps. For
example, the Cu(310) terminated surface includes (100) terraces with a defined terrace width,
which are interrupted by (110) steps.

Besides the studies on low-index facets, Hori et al's work also comprises systematic experi-
mental studies on electropolished high-index facets, suggesting facet-specific results according
to prior work on rough electropolished surfaces:[23-2]

1. Ethylene formation is highest for stepped surfaces with relatively wide (100) terraces of
a width of at least 5 atoms. The steps may show a (110) or a (111) termination.

2. Ethanol formation is highest for (100) terraces with a width between 3 and 8 atoms,
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featuring the Cu(310) vicinal surface structure with 30% FE for the ethanol formation.

These findings suggest that the product selectivities are dependent on the ratio of terrace sites
versus the type of step sites.[27:104] Since the (100) terraces are, at present, expected to form
mostly hydrogen,[80] it is suggested that either the steps or a combination of the steps with
terrace atoms comprise the active site towards Coy products or, in particular, ethanol.

Unfortunately, further investigations on stepped Cu single crystals have barely been resumed.
Some theoretical work on Cu(711) and Cu(211) indicate improved stabilized intermediates
compared to low-index facets and thus, higher probabilities of C-C coupling events resulting
in Ca, products.[184185] Experimental work on Cu(511) has suggested an onset of ethanol
formation at -1.06V vs. SHE without co-generation of other hydrocarbons. Furthermore, the

relevance of terrace-bound CO adsorbates for the ethanol production has been proposed.[18°]

The preparation of an atomically flat Cu(310) single crystal surface and its careful charac-
terization for CO2RR has yet not been done and presents a novelty for the investigation of
well-defined high-index surface studies in this field.

In this chapter, sample preparation and characterization of the morphology, the CO binding
energy and the defect sites before and after CO2RR have been performed in order to correlate
structural properties to the catalyst activity. This study aims to close the gap of understanding
between atomically flat and electropolished surfaces for high-index facets. It also provides
further insight on the conceptualization of roughness and defect sites e.g. undercoordinated
surface atoms, and their role on the CO>RR.

6.3 Results

The UHV-Cu(310) single crystal was prepared under UHV conditions via sputtering with Ar
(10min at p=2.0 x 10">mbar) and annealing (T = 850K) for several times. The cleanliness
of the surface was verified by LEED and XPS data. The atomic structure and shape of the
stepped single crystal was studied with LEED. Figure 6.1 shows the results of the LEED at
different energies to visualize the differently sized unit cells of parts of the surface, e.g. the
unit cell of the (100) terrace or of the (110) steps. At 95.2¢eV, Figure 6.1a, a rectangular
structure is observed, indicating the presence of low-index (100) facets, with (110) steps. The
LEED spots are a bit elongated, indicating a narrow (100) terrace width in one direction and
an infinite extension into the perpendicular orientation. A superposition of the periodically
repeated step-edge atoms and the (100) spots is demonstrated in Figure 6.1b at 111.7eV.
The step-edge atoms, theoretically constructed as one-dimensional periodic and infinite lines,
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are observed only within the superposition with the (100) terrace sites, leading to a peak
doubling. At high energies of 139.9¢eV, the rectangular unit cell from the step-edge atoms of
one terrace to the next one is shown in Figure 6.1c, while the Cu(310) unit cell is presented
in Figure 6.1d with a ball model of the vicinal steps of the single crystal.

139.9 eV

— @ Incident electron beam
— X Extended (100) surface
—————— Narrow (100) terraces
- . the step-edge atoms
- Resulting split spots

Figure 6.1: LEED patterns of the atomically cleaned UHV-Cu(310) vicinal surface at different
incident electron energies a) 95.2€V, b) 111.7€V, and c) 139.9eV. A ball model of the stepped
Cu(310) vicinal surface is shown in d) together with the primitive unit cell of the surface.e) Scheme
of the construction of the LEED pattern.

XPS was measured on the UHV prepared single crystal to confirm a clean chemical composi-
tion. It is evident from Figure 6.2a and b that the surface is metallic, without oxygen or carbon
observed, as indicated in Figure 6.2c and d, respectively. Moreover, the survey spectrum in
Figure 6.2e does not show any peaks, which are not coming from the Cu.
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Figure 6.2: XPS data of the Cu(310) vicinal surface after UHV preparation; a) the metallic Cu LMM
spectrum, b) Cu 2p XPS peaks, measurements around the expected c) O 1s and d) C 1s regions
indicating the absence of oxygen and carbon and e) survey XPS spectrum.
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Figure 6.3: a) Room temperature UHV-STM image a) from a 50 nm wide terrace comprising 33
single-atom steps corresponding to the Cu(310) vicinal surface with b) a line profile over the whole
surface. c) Atomically resolved region and d) a line profile indicating the atomic distances of Cu.
The color scales range a) from 0-932nm and b) from 0-242pm from dark to bright.

The morphology of the UHV-prepared Cu(310) single crystal was monitored with STM under
UHV conditions at room temperature. Figure 6.3a presents three terraces, on which the (310)
structure was resolved, demonstrated as brighter lines on the terrace, while the step bunches
are observed only in a diffuse way. The line profile in Figure 6.3b over all three terraces indicates
a terrace width of about 22 nm, while the step bunches are ca. 0.3 nm high. The middle terrace
comprises 33 (310) steps, indicating a unit cell length of 0.67 nm per (310) step. Note that,
in the presented image, the step bunches divide the terraces in the same orientation as the
(310) steps, which is not imperative for all acquired STM images. Thus, it indicates that the
whole crystal might feature one orientation of the (310) steps and several orientations of the
terraces. Figure 6.3c shows an atomically resolved image of the (310) terrace. The paired
rows indicate the (100) surfaces within the (310) steps, which show brighter upper rows and a
bit darker lower rows of atoms, followed by black rows of the steps. The line profile in Figure
6.3d shows the atomic distances of the brighter rows to be 0.26 nm, which resembles Cu-Cu
atomic distances.[180] Thus, these results indicate that the single crystal is well prepared and
resembles a (310) vicinal surface.
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Figure 6.4: a) Gaseous product distributions of CO2RR in CO, sat. 0.1 M KHCO3 at -1.0V vs.
RHE and the corresponding currents normalized to the respective geometric surface area of an
electropolished (Ep)-Cu(310) and a UHV-Cu(310) single crystal resolved over the reaction time. b)
Accumulated liquid products acquired during the CO2RR for both catalysts.

CO2RR was performed by taking the single crystal out of the UHV conditions, placing it in a
sample holder, which leaves solely the inner part of the vicinal surface released, and setting it
up a H-type cell with CO5 sat. 0.1 M KHCOj3 and measuring the product distribution at -1.0V
vs. RHE. The results are shown in Figure 6.4a and compared with an electropolished Cu(310)
single crystal, Figure 6.4b. The UHV-Cu(310) produces up to 70% FE hydrogen, with small
amounts below 1% FE of CO, CoH,4 and below 5% FE for CHy. Interestingly, the production of
CoHy4 and CHy4 was majorly increased within the first few minutes after initiating the reaction.
In the presented case, the measurement was restarted after 65 min, showing a return of the
increased CH4 formation for the UHV-Cu(310). It should also be noted, that the Hy formation
lies around 42% FE in the first minutes and arranging in the area of 70% FE afterwards. The
product distribution was compared with an electropolished Cu(310) single crystal. Here, the
formation of Hy is much lower than in the UHV-Cu(310) single crystal with about 35% FE,
while CH4 and CyHy4 show more pronounced results with 12% FE and 20% FE, respectively.
The CO stays at an insignificantly low level below 2% FE. These results fit into the studies
made with UHV prepared and electropolished Cu(100) and Cu(111) low-index facets.[89 |n
this study, the electropolished catalysts show significantly less Ho for electropolished single
crystals compared to the UHV-prepared single crystals. Moreover, the production of CH4 and
CoHy is significantly enhanced, while the formation of ethanol was not reported.

Figure 6.4c shows the acquired liquid products, showing 0.62% FE acetaldehyde and 1% FE
of ethanol together with roughly 4% FE formate for the UHV-Cu(310) single crystal, while
up to 4% FE ethanol and 2% FE formate were observed for the Ep-Cu(310) catalyst. The
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CO2RR results of an electropolished Cu(310) single crystal were only described by Hori et al.

presenting the formation of 30% FE of ethanol.[%]

a) before CO,RR | o0

Figure 6.5: Ex situ Atomic Force Microscopy (AFM) images of the UHV prepared Cu(310) vicinal
surface a) as an overview and b) as a close-up. The line profile in the inset indicates terraces of
50-80 nm width. Ex situ images of the Cu(310) single crystal after CO,RR for 100 min in CO; sat.
0.1M KHCOs3 c) as overview and d) as a close-up. The line profile in the inset demonstrates an
increase in the terrace widths to 80-150 nm. The color scales of the images range a) from 0-7 nm,
b) 0-8 nm, c) 0-38 nm and 0-30 nm from dark to bright.

The morphology of the UHV-Cu(310) was studied before and after CO,RR with AFM. Figure
6.5a depicts an overview over the structure of periodically distributed terraces. Note here that
these terraces comprise the (310) stepped surface within the terrace. Moreover, the overall
impression shows a wavy terrace structure. A more detailed picture is given by Figure 6.5b.
Herein, several terraces are shown, demonstrating terrace widths of 50-80 nm, with a height
of 0.5-0.8 nm. Additionally, the AFM figure indicates that there are some smaller features of
about 30 nm on each terrace, which all have the same orientation. It is thus suggested that
these comprise the (310) terraces that have been observed in Figure 6.3. The terrace width
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are quite narrow as compared to the Cu(100) and Cu(111) low index crystals show terrace

widths of 150 nm and 250 nm, respectively.[SO]

The morphology after CO>RR in Figures 6.5c and d presents a quite noteworthy behavior.
Next to the holes and protrusions, the terraces display widths of 80-150 nm, which are 3nm
high, which could indicate a coalescence of 2-3 of the initial terraces. Moreover, the terraces
seem to show step-bunches which are more straight than before CO2RR. Furthermore, small
protrusions cover the terraces and the small terraces in the images before reaction are not
visible anymore. Thus, these results indicate a major restructuring during the reaction.

a) before CO,RR b) after CO,RR

HV cu mag O HFW WD det | temp s HV mag O HFW WD det temp
5.00kV 0.20nA 20000x 20.7pm 9.5552mm ETD --- ————— I3 10.00 kV 0.20nA 20000 x  20.7 ym 10.7299 mm ETD ---

Figure 6.6: Ex situ SEM images of the Cu(310) vicinal surface a) after UHV preparation and b)
after CO,RR for 100 min in CO5 sat. 0.1 M KHCOs3.

SEM images were performed to study the microscopic structure of the UHV-Cu(310) single
crystal. Figure 6.6 presents the micrographs of the surface before and after CO2RR. The low
contrast indicates the flatness of the crystal, both, before and after reaction, while no major
impurities, such as KHCO3 crystallites, were observed. However, it can be seen in Figure 6.6b
that the surface is covered with small holes and some bigger protrusions. These results may
also indicate structural changes such as defect formation.
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Figure 6.7: Cyclic voltammograms for a) the UHV-Cu(310) in the pristine state and after CO2RR
for 100 min in CO3 sat. 0.1 M KHCO3; b) shows the CVs for the Ep-Cu(310) before CO2RR (black)
and after CO2RR for 65 min in CO, sat. 0.1 M KHCO3 (red). Data were acquired in Ar sat. 0.1 M
KOH at 50 mV/s.

An established method to analyze the fine-structure of the vicinal Cu surface is the OH ad-
sorption in alkaline media. Although, low-index facets have been intensively studied, the
electrochemical fingerprints of defect sites and stepped surfaces are less known. Thus, these

CVs were performed for the Ep-Cu(310) and for the UHV-Cu(310) before and after CO2RR,
which is shown in Figure 6.7.

Both single crystals present the peaks A, which is considered specific for Cu(310) steps,,[150]

C, for OH adsorption on unspecific defect sites,[187] and E, which is a broad feature around
-0.13V vs. RHE for the OH de- and adsorption on Cu(100) terrace sites. At B, a peak pair
is shown for the UHV-Cu(310) crystal after CO2RR and is not observed for the Ep-Cu(310)
CVs, indicating OH adsorption at an atomic site that is only available in the UHV-prepared
single crystal. Remarkably, this peak is also not observed for the pristine UHV-Cu(310).

Further, a broad elevation is observed for the pristine UHV-Cu(310) and the Ep-Cu(310) in the
as prepared states, denoted as peak D. This feature disappears after CO2RR and is sometimes
observed on polycristalline Cu surfaces.

Comparing the Ep-Cu(310) before and after CO2RR, both CVs show the same features, while
the (100) terraces (peak E) are less and the (310) specific sites, peak A, are more pronounced

after CO,RR. These results are similar to the results in literature. [156]
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6.4 Conclusion

In summary,the surface of a UHV prepared Cu(310) was characterized, then CO2RR was
conducted and compared to an electropolished Cu(310) single crystal. Unlike presented in the
literature, the performances towards ethanol production was only 1% FE and 4% FE ethanol
for the UHV-Cu(310) and the Ep-Cu(310), respectively. The morphology was characterized
before and after CO2RR for the UHV-Cu(310) and changes in the terrace width were observed.
Particularly, two or three terraces coalesced towards a bigger terrace, which additionally show a
different finestructure than in the as-prepared state. SEM analysis indicate a lack in micrometer
large step bunches before and after CO2RR.

The presented results provide first insights into this project. It is however indispensable to
perform further in-depth studies to find the differences in treatment and structure to under-
stand how such a high ethanol performance could be reached. For instance, the history of the
single crystal and overall roughness, as well as the presence of minimizing subsurface species
(e.g. O or C) could play a major role. Nevertheless, the here presented work already indicates
that high-index facets comprise an interesting field to study structure-activity relationships.

6.5 Methods

Sample Preparation and Characterization under UHV conditions

A fresh Cu(310) single crystal (MaTecK, purity 99.9999%, orientation accuracy < 0.4°C has
been prepared under UHV conditions by sputtering and annealing, which was repeated until the
surface was free of C and O. Sputtering was performed at p = 2.0 x 107> mbar of Ar, having
a base pressure pg = 4.3 x 10719 mbar for 10 min and an lon energy of Eio, = 2.5keV using a
IQE-11 A ion source (Specs GmbH). In the last three cycles, the sample was sputtered at an
lon energy of Ej,, = 1.5keV. Annealing was performed at T = 850K for 10 min and the sample
was subsequently cooled down step-wise. Low-Energy Electron Diffraction (LEED) was con-
ducted using a LEED. Scanning Tunneling Microscopy (STM) measurements were performed
with a NAP-STM microscope and a Nanonis controller (SPECS GmbH). X-ray Photoelectron
Spectroscopy (XPS) measurements were conducted with a monochromatic XRM X-ray source
(SPECS GmbH) using a Al anode (E = 1486.7€V). The pass energy was 15€V and the X-ray
source power was set to P = 300W. Photoelectrons were detected with a hemispherical ana-
lyzer (Phoibos 150 and a MCD-9 Detector).
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Atomic Force Microscopy (AFM)

Ex situ AFM measurements were conducted with a Bruker Multimode AFM and Conical AFM
tips (Aspire CT 300R, fy = 300kHz, k =40N/m) in tapping mode.

Electrochemical Characterization

Fingerprint CVs were performed with a polyetheretherketone (PEEK) H-type cell with an Ar
sat. 0.1M KOH solution with 50mV/s. A Pt-mesh (MaTecK, 3600 meshcm™2) served as
counter electrode and a leak-free Ag/AgCl (3.4 M, LF-1, Alvatek) as a reference electrode.
The electrolyte handling was conducted without contact with glass to avoid Si contamination.
A Biologic SP-300 and a Gamry (Interface 1010E) were used as potentiostats.

CO2RR was performed in H-type cells, a glass cell for the Ep-Cu(310) measurement and
a PEEK cell for the UHV-Cu(310) with a three-electrode setup. A Pt mesh (MaTecK,
3600 meshcm™) and a leak-free Ag/AgCl (3.4 M, LF-1, Alvatek) were used as counter- and
reference electrodes. The used electrolyte 0.1 M KHCO3 was first purified with Chelex (Bio-
Rad Laboratories Inc.) before it was used. The electrolyte was furthermore saturated with CO»
(4.5N) for at least 20 min before each measurement. CO2RR was conducted with an Autolab
(PGSTAT 302N, Metrohm) potentiostat for the Ep-Cu(310) and a Gamry (COMPANY) for
the UHV-Cu(310) and prior to each reaction an evaluation of the Ohmic drop was conducted
via an i-interrupt protocol. Gas products were detected on-line with a gas chromatograph (GC,
Agilent Technologies 7890B), equipped with a TCD and a FID. A high-performance liquid
chromatograph (HPLC, Shimadzu Prominence), equipped with a NUCLEOGEL SUGAR 810
column and a refractive index detector (RID), and a liquid GC (L-GC, Shimadzu 2010plus),
equipped with a fused silica capillary column and a FID detector were used to detect liquid
products. The FEs were analyzed following several published reports of our group.[31'71'80]
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7.1 Preliminary Remarks

This chapter explores the role of oxide species on the CO2RR by repetitive regeneration.
Preliminary work on the role of Cu(l), morphological motifs and structural reconstruction on
a Cu(100) single crystal and on CupO NC in a gas-fed flow cell had been performed in our
group.[156'159] These works have set the basis to design the presented electrocatalytic system,
as well as the development and application of the operando XRD and quick XAS techniques.
The article highlights the enormous possibilities of pulsed conditions on varying selectivities in
situ and without replacing the catalyst. Furthermore, it shows how techniques, such as XAS,
have evolved to be able to track the local atomic arrangement in ms-range.

Janis Timoshenko, Arno Bergmann and | contributed equally to this work. In particular, Janis
Timoshenko was responsible for the operando quick XAS studies and Arno Bergmann guided
the operando XRD investigations, while | led the sample synthesis, the characterization and
the catalytic activity studies. The project was designed and supervised by Janis Timoshenko
and Beatriz Roldan Cuenya. Other authors participated in synthesis, sample characterization
and the synchrotron experiments.

This chapter is reproduced from Janis Timoshenko!, Arno Bergmannl, Clara Rettenmaier?,

Antonia Herzog, Rosa M. Aran-Ais, Hyo Sang Jeon, Felix T. Haase, Uta Hejral, Philipp Grosse,
Stefanie Kiihl, Earl M. Davis, Jing Tian, Olaf Magnussen, Beatriz Roldan Cuenya Steering
the Structure and Selectivity of CO, Electroreduction Catalysts by Potential Pulses. Nature
Catalysis (2022) 5, 259-267, DOI: 10.1038/s41929-022-00760-z. Open Access is given via
the Creative Commons CC-BY agreement. Format, figure numbering and bibliography were
adapted to fit to this thesis and possible spelling mistakes in the original article were corrected
without further mentioning.

7.2 Abstract

Convoluted selectivity trends and a missing link between reaction product distribution and
catalyst properties hinder practical applications of the electrochemical CO5 reduction reaction
(CO2RR) for multicarbon product generation. Here we employ operando X-ray absorption and
X-ray diffraction methods with subsecond time resolution to unveil the surprising complexity
of catalysts exposed to dynamic reaction conditions. We show that by using a pulsed reaction
protocol consisting of alternating working and oxidizing potential periods that dynamically
perturb catalysts derived from CuO nanocubes, one can decouple the effect of the ensemble
of coexisting copper species on the product distribution. In particular, an optimized dynamic
balance between oxidized and reduced copper surface species achieved within a narrow range
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of cathodic and anodic pulse durations resulted in a twofold increase in ethanol production
compared with static CO2RR conditions. This work thus prepares the ground for steering
catalyst selectivity through dynamically controlled structural and chemical transformations.

7.3 Introduction

Electrochemical energy conversion driven by renewable energy is a cost-effective, environmen-
tally friendly route to convert undesired substances (such as CO;) into valuable chemicals
and fuels. A challenge for the practical application of complex electrochemical processes,
such as the COgpreduction reaction (CO2RR) over copper-based catalysts, is control of se-
lectivity.[38:49.72.188.189] Qne of the critical parameters affecting the catalyst's properties and
function - its oxidation statel4®190 - can be conveniently manipulated in situ by choosing
appropriate applied potentials. In particular, under pulsed reaction conditions the desired

structural motifs and preferred oxidation state can be (re)generated.[93:97:99.156]

Previous investigations have provided conflicting explanations for the enhancement of cat-
alytic properties under pulsed CO,RR conditions. Studies employing polycrystalline copper
electrodes,

[68,93,97,98,101,157,191-193] single crystals[156] and preoxidized copper nanocubes[99159 revealed
enhanced Cy product formation, suppression of the competing Hydrogen Evolution Reac-
tion (HER) and increased stability of catalytic activity under pulsed CO2RR. These findings
were attributed either to the formation of oxidized copper speciesl0899156] to catalyst sur-
face morphology changes,[156'159'194] to the removal of poisoning hydrogen and carbon species
from the catalyst’s surfacel®3101 to an enhanced adsorption of OH species and stabilization
of CO2RR intermediates[*®7] or to the local modulation of the electrolyte pH and CO; con-
centration.[100.101,158,159] The dominant mechanism depends on the parameters of the applied
potential (for example, its value, pulse shape and duration of the working and anodic pulses).

In this article we focus on the regime in which the selected anodic potential (E; =+0.6V versus
the reversible hydrogen electrode (RHE)) and the duration of the restoring pulse (At,>0.5
s) are sufficient for the generation of copper oxides. Thus, changes in the catalyst surface
structure and composition could play a decisive role in the reaction pathway and selectiv-
ity. By controlling the type and amount of copper oxide formed during the restoring pulses
we steer the CO2RR selectivity of a CupO nanocubes (NC)-derived catalyst. In particular,
ethanol formation is doubled (compared with that under stationary conditions) within a nar-
row range of pulse durations, where a balance between metallic copper and distorted copper
oxide species on the catalyst surface is achieved, as revealed by time-resolved operando X-
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ray Absorption Spectroscopy (XAS) and X-ray Diffraction (XRD), and supported by quasi in
situ X-ray Photoelectron Spectroscopy (XPS). Our study demonstrates the great potential of
pulsed electrolysis for tailoring the catalyst performance and highlights the role of operando
investigations for the mechanistic understanding of next-generation catalysts operating under
dynamically changing reaction conditions.

7.4 Results

7.4.1 Selectivity under static and pulsed reaction conditions

The size-selected (~ 30nm) and shape-selected CupO NCs employed in this study (Fig. 7.1a)
were shown to be catalytically active and selective for CO>RR to Cy4 products under poten-
tiostatic conditions,[107:159.195] byt are also well-suited for synchrotron-based operando inves-
tigations. Details of the sample preparation and characterization are given in Supplementary
Note 7.6.1 and Supplementary Fig. 7.5.

Under static CO2RR in COj-saturated 0.1 M KHCO3 at -1.0V, a transformation of the crys-
talline CuO phase to metallic copper was observed by XRD, while XAS showed nearly complete
copper reduction at 1.0V (Supplementary Figs. 7.6 to 7.11 ).1107:195] This process is relatively
slow: even after 60 min under CO>RR, peaks of the CuyO phase were still present in the XRD
pattern (Supplementary Fig. 7.8), and several hours were required until no further changes
were visible in the XAS data (Supplementary Fig. 7.7 and Supplementary Note 7.6.2). The
reduction under static CO2RR also resulted in changes in the catalyst morphology, namely, a
partial loss of the cubic shape (Fig. 7.1b and Supplementary Fig. 7.5). The selectivity of the
reduced catalyst under static conditions was in line with previous reports.[#5:5519] Ethylene
(C2Hs), methane (CH4) and ethanol (EtOH) were detected as the main CO2RR products,
with Faradaic Efficiencys (FEs) of 40%, 20% and 10%, respectively. The FE of Hy from the
competing HER was only 17% (Supplementary Note 7.6.3 and Supplementary Table 7.1).

To the pre-reduced catalyst, we applied a series of oxidizing (anodic) pulses and working
(cathodic) pulses with durations At, and At,, respectively. Figure 7.1d-g shows the difference
in the FEs of the products measured under pulsed CO2RR with varied At, and At., with
respect to the FEs obtained under a static cathodic potential (-1.0V). The potential values
for cathodic and anodic pulses in all cases were Ec =-1.0V and E; =+0.6V, respectively. The
latter is a potential that is expected to oxidize Cu(0) to Cu(l) (Supplementary Note 7.6.4 and
Supplementary Fig. 7.12).[156] The striking feature in Fig. 7.1 is the distinct dependency of
the ethanol FE on the pulse duration. At At, > 2s and At. < 2s, the formation of ethanol
is suppressed. Furthermore, an enhancement in the ethanol FE is observed for At, < 2s and
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Figure 7.1: Evolution of the catalyst morphology and selectivity under static and pulsed
CO2RR. a-c, Ex situ TEM images of as-prepared CuyO NCs (a), NCs after CO2RR for 60 min
under static -1.0V (RHE) potential (b) and NCs after pulsed CO2RR for 60 min (At. = At, = 10s,
E.=-1.0V and E; =+0.6V) (c). Scale bars correspond to 20 nm. d-g, Changes in the FE under
pulsed CO2RR with respect to that under a static -1.0 V potential: excess FE for ethanol (EtOH) (d),
CoHa (e), CO (f) and CH4 (g) under pulsed CO2RR with different lengths of anodic and cathodic
pulses (At, and At., respectively). Regions A-D correspond to distinct regimes with different catalyst
surface composition, as explained in the text.
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At values between approximately 1s and 10s, with a maximum at At, =0.5s and At. =4s,
where the ethanol FE is 1.7 times higher than that under static CO2RR (Fig. 7.1d). At the
same time, the CoHa formation (Fig. 7.1e) is suppressed under pulsed CO2RR at all At, and
At.. The latter is accompanied by a boost in the C; product formation (CO, Fig. 7.1f and
CHg, Fig. 7.1g), and the suppression of the Hy (Supplementary Fig. 7.13a).

Supplementary Note 7.6.3, Supplementary Tables 7.2 and 7.3 and Supplementary Figs. 7.13-
7.19 provide additional details on pulse-length dependencies of the catalyst selectivity. In
particular, Supplementary Fig. 7.13a shows a remarkable independency of the Hy selectivity on
the pulse duration. This indicates that the enhanced ethanol formation observed for At, < 2s
and 1s < At. < 10s cannot be attributed to changes in the hydrogen coverage or local pH.
These effects are considered in the prior literaturel93:100.101,159] t4 explain the changes in
CO2RR under pulsed conditions, but should also affect the HER. While we recognize their
importance for pulsed CO2RR in general, they do not play a decisive role in the ethanol
selectivity for the pulse lengths and oxidative potential values used here. We also note here that
an oxidation of reaction products and intermediates by anodic pulses cannot be ruled out, but is
expected to have only a minor impact (Supplementary Note 7.6.1). The FE changes observed in
our system thus must stem from two different effects: periodic dynamic changes induced in the
catalyst by potential pulses, and the irreversible evolution of the catalyst morphology. Indeed,
the ex situ transmission electron microscopy (TEM) images in Fig. 7.1c and Supplementary
Fig. 7.5 show that exposure of the catalyst to pulsed CO2RR conditions for 1h results in a
partial loss of the cubic morphology and the formation of a peculiar granular structure, not
observed under static CO2RR. We attribute these to the dispersion/dissolution- redeposition
processes that we recently revealed for cubic copper nanostructures under potentiodynamic

CO,RR-related conditions using electrochemical electron microscopy.[196-198]

To distinguish the relative contribution to the selectivity of dynamic transformations from the
concomitant irreversible structural changes also induced by the pulses, the pulse sequence
was interrupted after 1h and the catalyst selectivity was subsequently measured under static
CO2RR conditions after another hour. As shown in Supplementary Figs. 7.13 and 7.14,
under these conditions the high FE for CHy is preserved, while the FE for CoHg remains
low. Thus, the enhancement in CH4 formation and suppression of CoHs must stem from the
irreversibly increased surface roughness and granular morphology. Nonetheless, such morpho-
logical changes cannot explain the increase in the CO FE, the suppression of HER and the
pulse-length-dependent ethanol FE. In fact, when the pulses are interrupted, the FEs of CO
and Hy mostly return to the level observed for a fresh sample under static CO2RR conditions.
Moreover, the ethanol FE under pulsed CO>RR appears to be a result of two competing mech-
anisms: irreversible morphological transformations and dynamic processes. The former have
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a detrimental effect, similarly to the case of CoHs (Supplementary Fig. 7.13¢,f). The latter,
within a narrow range of At, and At. values, results in enhanced ethanol formation, and are
probably associated with changes in the copper chemical state. Their transient nature requires
us to apply operando methods for their investigation.

7.4.2 Catalyst evolution under pulsed reaction conditions

Periodic reversible changes in the catalyst structure and composition under pulsed CO,RR
with At,=At. = 10s and E; = 0.6V are evidenced by both XAS (Fig. 7.2a,b) and XRD
(Fig. 7.2c). In particular, linear combination analysis (LCA) of X-ray Absorption Near Edge
Structure (XANES) data (Fig. 7.2d) shows that the Cu(l) fraction increases upon applying
the anodic pulse, and decreases during the cathodic pulse. An opposite trend is observed in
the Cu(0) concentration, while the Cu(ll) concentration varies much less (Supplementary Fig.
7.20). The variations in the fraction of the metallic copper phase and the size of the crystalline
copper domains are captured also by the changes in the metallic Cu(311) Bragg peak area and
width, respectively. In particular, the amount of metallic copper and the size of the copper
domains are smaller under pulsed CO>RR with respect to those during the static CO2RR at
-1.0V. Similar variations in the catalyst composition and structure were observed for longer
(At, = At. = 30s) and shorter (At,=At. = 1s) pulses (Supplementary Figs. 7.20 to 7.22).

Furthermore, for all pulse durations with At,=At,, the periodic variations of the Cu(l) and
Cu(0) concentrations were not accompanied by accumulation of oxide: all oxide species gen-
erated during the anodic potential pulse were removed during the subsequent cathodic pulse.
The removal of the electrochemically grown oxide species is quick, which contrasts with the
sluggish initial reduction of the CuO phase under the static CO2RR. This implies that only the
near-surface layers of the catalyst (up to 0.5nm, as estimated from the changes in coherence
length) are reoxidized during the anodic pulse, while the metallic core structure is maintained.
The structure and properties of this electrochemically formed surface oxide probably differ
noticeably from the properties of the bulk-like CusO phase in the as-prepared NCs, making
it easier to reduce. The formation of a thicker oxide layer can be achieved by increasing the
anodic potential value (Supplementary Fig. 7.23e and Supplementary Note 7.6.5).[159] The
catalyst properties in this regime of higher Ea values might differ strongly from those of the
system exposed to E; = 0.6V pulses, and are beyond the scope of this paper.

79



w g it
w FT-EXAFS o 0 mA
z
> -
8 | w058 LCA-XANES Cu(0) .
8,980 9,000 9,020 0 2 4 w, = 0.38 cu() _
Efev) R(A)
0.05
C
9.80 -
: Cu(311) XRD

Relative peak intensity

Cu
(311)
0.1

A-XRD intensity

Cu
(311)

0 100 200
20(%) t(s)

Figure 7.2: Evolution of the operando Cu K-edge XAS and XRD data under pulsed CO2RR.
a-c, Changes in XANES (a), EXAFS (b) and XRD (c) data under an anodic pulse. Data corre-
sponding to different times since the onset of the anodic pulse are shown (see colour bar). Panels a
and b show raw spectra and the differential data, where the XANES or the magnitude of the fourier
transformed (FT))-EXAFS corresponding to the onset of the anodic pulse (t =0) were subtracted.
Panel ¢ shows differential XRD patterns, where the XRD intensities corresponding to t =0 were
also subtracted. Inset: zoomed-in region corresponding to the (311) Bragg peak for metallic copper.
d, Time dependencies of the concentrations of Cu(0) and Cu(l) species from XANES analysis, and
changes in the area of the Cu(311) Bragg peak as a measure of the amount of metallic copper, and in
the coherence length of the metallic copper domains estimated using the Scherrer equation from the
width of the Cu(311) Bragg peak. Time dependencies of the applied potential E(t) and measured
current /(t) are also shown. wy and CLy are the concentration and coherence length, respectively,
of metallic copper species at t = 0. Pulse parameters: At. = At, =10s, E.=-1.0V, E; =+0.6V.
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7.4.3 Characteristic time scales of catalyst transformations

To better understand the periodic changes in the catalyst structure, we averaged the XAS and
XRD data points collected at the same times after the onset of each pulse cycle (Fig. 7.3 and
Supplementary Figs. 7.24 to 7.28). The LCA-XANES method and Extended X-ray Absorption
Fine Structure (EXAFS) data fitting for the averaged data (Supplementary Fig. 7.24) both
revealed the oxidation of copper species and Cu-O bond formation during the anodic pulse,
and are in excellent quantitative agreement (Fig. 7.3a and Supplementary Fig. 7.26). The
periodic reoxidation of the catalyst is also observed in XRD, as evidenced by the changes in
the metallic copper phase (Fig. 7.3b and Supplementary Fig. 7.27), but also by the appearance
of Bragg peaks from a CuyO-like phase (Fig. 7.3c).

Although the spike in the current /(t) detected upon changing the applied potential and mostly
related to double-layer charging is relatively short (< 1s, Fig. 7.3a), the transformations of the
catalyst structure and composition are much slower. Moreover, a strong asymmetry between
the oxidation and reduction processes was observed, with the latter being significantly faster.
Indeed, although 10-20's of the anodic potential with E; = 0.6V are required for the oxidation
to reach its stationary value, the complete removal of the oxide species generated is achieved
within 1-2s of the cathodic pulse. Similarly, the intensity of the XRD peaks corresponding
to the metallic copper lattice decreases within 10-20s upon application of the anodic pulse,
and increases back rapidly, within 1-2s, upon the onset of the cathodic pulse (Fig. 7.3b and
Supplementary Fig. 7.27). When comparing the results for different pulse lengths, we observe
that the characteristic reduction and oxidation times are independent of the pulse length
(Supplementary Fig. 7.28), and thus can be used as descriptors of a particular sample under a
given oxidizing potential (E;). The XAS and XRD results are also confirmed by quasi in situ
XPS measurements (Supplementary Fig. 7.29 and Supplementary Note 7.6.6). In particular,
at all pulse lengths, the surface-sensitive XPS method shows much higher variations in the
cationic copper concentration due to the potential pulse than the bulk-sensitive XAS, providing
important evidence that catalyst oxidation is limited to its surface.

Moreover, even at E; = 0.6V, not only Cu(l) species but also some Cu(ll) is created during the
anodic pulse, as evident from XANES, but also confirmed by observed variations in the Cu—O
bond length in the EXAFS data (Supplementary Fig. 7.30). The presence of these Cu(ll)
species is attributed to the unique surface morphology adopted by the NCs under the harsh
pulsed reaction conditions. Cu(ll) species are likely to be unstable, as noted in cyclic voltam-
metry experiments where different Cu oxidation states were tracked by XAS (Supplementary
Note 7.6.4) and the generation of Cu(ll) coincided with the loss of copper fluorescence inten-
sity. Indeed, Inductively Coupled Plasma - Mass Spectrometry (ICP-MS) analysis of the copper

81



E, =06V
E(t)

@ 2 Peak area )

8 2 e

: : ICZEN

& 5 U 5

5 8 T

3 ¥ o

° @ Coherence length w

S g‘ 12% 3 Coherence 10_3 am
Il C BN e s o length
< = X

S T 0,

2]
8 WI =1 Strai S
| o rain
n i 'U 1 rll“fu
f m l|| LW L#u; ll'!ﬂ lls f \
i I 107
2 X Cu(II)+Cu l
0 10 20 30 0 10 20 30

t(s) t(s) t(s)

Figure 7.3: Variations in catalyst structure and composition during potential pulse. a, LCA-
XANES analysis results (grey open circles) for averaged data for NCs under CO2RR with pulse lengths
At, = At. =10s, Ec =-1.0V and E; =0.6V. Results of EXAFS data fitting (filled black and red
circles show the Cu(0) and total Cu(l) and Cu(ll) concentrations extracted from Cu—Cu and Cu-O
coordination numbers, respectively). Solid lines display the result of fitting concentration profiles
for Cu(l) (red line) and Cu(ll) (green line) with an analytical model. The concentration profile for
Cu(Il) is multiplied by 2 for clarity and to account for the twofold larger Cu—O coordination number
in CuO than in the CuyO bulk structure. Depicted error bars reflect the standard errors of LCA-
XANES fitting results. The time dependencies of the potential E(t) and the current /(t) are also
shown (vertical bars show the scale for different datasets). b, Evolution of the Cu(311) Bragg peak
parameters. The relative changes in the Bragg peak area, the copper coherence length and the lattice
strain are depicted. ¢, Evolution of the CuyO-like Bragg peak parameters during the anodic pulse.
The total area of the (111) and (220) Bragg peaks, average coherence length extracted from the
(111) and (220) peak broadenings, and the lattice strain for the (111) and (220) lattice spacings are
shown. The solid lines in b and c are guides for the eye (exponential fits).
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concentration in electrolyte after CO2RR shows partial catalyst dissolution under all pulsed
regimes investigated (Supplementary Note 7.6.7 and Supplementary Table 7.4), signalling the
appearance of unstable species during the anodic pulse. Due to their continuous regeneration,
the importance of these species for catalytic activity cannot be excluded. We observe no delay
between the formation of Cu(l) and Cu(ll) species. In fact, it appears that the generation of
Cu(ll) species starts slightly before that of Cu(l) species. This suggests that instead of the
gradual oxidation [Cu(0) — Cu(l) — Cu(ll)], the generation of Cu(ll) species is a separate,
independent process [Cu(0) — Cu(ll)]. The independence of the Cu(0) — Cu(ll) and Cu(0)
— Cu(l) processes is also observed in the cyclic voltammetry experiments (Supplementary
Note 7.6.4). This leads to a situation that during the short anodic pulse, the concentrations
of the Cu(l) and Cu(ll) species are comparable, although at large At, values the concentra-
tion of Cu(l) is much higher than that of Cu(ll). Indeed, in the dataset corresponding to 1s
pulses (Supplementary Fig. 7.26a) the variations in Cu(ll) species concentrations seem to be
as pronounced as those in the Cu(l) concentration. With increasing E,, the contribution of
Cu(Il) species increases strongly (Supplementary Fig. 7.26d). The generation of Cu(ll) species
at E; = 1.0V is clearly faster than that of Cu(l) species at E;, = 0.6V, resulting in a steeper
drop in the Cu(0) concentration when an anodic pulse is applied (Supplementary Note 7.6.5).

We conclude that under CO2RR pulses with E; = 0.6V, a layer of oxide with mixed valence
state (Cu(1)/Cu(ll)) is formed on the surface of the copper NCs. Further insights into the
structure of this oxide can be extracted from the XRD measurements. The area of the Bragg
peaks attributed to CupO shows similar kinetics (with opposite sign) to that of metallic copper
(Fig. 7.3b,c). The coherence length of the CuOx phase increases within the entire 10s anodic
pulse, reaching ~ 3nm at the end of the pulse. At the same time we observe a gradual
expansion of the oxide lattice, as determined from the position of the CuyO(111)-like Bragg
peak. Importantly, the CupO(220)-like Bragg peak position follows a different trend: the (220)
lattice expands during the first 2-3 s upon the application of the anodic pulse, and then slightly
shrinks. This suggests a distortion of the CuyO-like phase in the early stages of the anodic
pulse, which we associate with the growth of (111)-oriented CuyO on the metallic Cu(100)
surfaces.[83199] The lattice mismatch between Cu(100) and CupO(111) induces the in-plane
expansion and a relatively larger CupO-like (220) lattice spacing. The reduced (111) lattice
spacing in the early stages of the anodic pulse might, in turn be a consequence of a tilted
growth axis which differs slightly from the surface normal and leads to anisotropic compressive
strain in the oxide lattice.[83199.200] Ag the oxide layer grows thicker, the distortion gradually
diminishes, leading to a rather bulk-like CuyO after 10-20s Changes in the lattice spacing in
metallic copper under pulsed CO>RR are also observed, but are quite different from those in
the oxide phase. In particular, the copper lattice expansion upon the application of the anodic
pulse is faster than the changes in the CupO(111) Bragg peak position (Fig. 7.3b,c), and the
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expansion magnitude practically does not depend on the anodic pulse length (Supplementary
Fig. 7.28). This expansion appears to be independent from the copper oxidation process and
reflects the charging of the Cu/CuOx interface.

7.4.4 Linking the catalyst’s structural evolution to its selectivity

Considering that the oxidation and reduction rates do not depend on the pulse length, we
estimate them from the XAS data collected during pulsed CO2RR with the largest At, and
At values (30s), and propose a simple kinetic model to predict the time dependencies of the
concentrations of Cu(0), Cu(l) and Cu(ll) species at arbitrary At, and At. (Supplementary
Note 7.6.8, Supplementary Fig. 7.31 and Supplementary Table 7.5). Knowing the latter,
we can now focus on: (1) the average concentration of copper oxide species present during
the cathodic pulse, (2) the ratio of the Cu(ll) and Cu(l) content during the cathodic pulse
and (3) the concentration of oxide species remaining after the cathodic pulse is completed
(Fig. 7.4a—c). Based on these results and the catalytic selectivity data in Fig. 7.1d—g, we
identify four regimes (A-D, Fig. 7.4a—c) with distinct catalytic properties, which stem from
distinct catalyst surface compositions. The latter are schematically depicted in Fig. 7.4d. In
particular, the enhanced ethanol production at low At, and intermediate At. values (region
B) is attributed to an optimal balancebetween oxidized and reduced copper species on the
catalyst surface, and the presence of a distorted copper oxide phase.

At larger At. (region A), in the absence of the effect of an irreversible morphology change, the
FEs for all CO>RR products become similar to those observed under static COoRR. Here the
catalyst is on average completely metallic, and dynamic changes associated with the pulsed
protocol take place for proportionally shorter times and cannot affect the catalyst performance
noticeably. However, at shorter At., the oxide species created on the catalyst surface during
the anodic pulse have a pronounced impact. Note that the formation of a complete monolayer
of surface oxide on cubic nanoparticles ~ 30nm in size is equivalent to an increase in the oxide
concentration by ~3%, which is in good agreement with the maximal increase in the oxide
fraction observed in Fig. 7.4a for pulses with At, < At, suggesting that the catalyst surface
is completely oxidized during the anodic pulse in this case. During the subsequent cathodic
pulse, the surface is completely (region C) or partially (region D) re-reduced, recovering the
metallic copper sites active for CO2RR. The presence of metallic islands on the catalyst surface
in direct contact to copper-oxide-rich surface regions during the working pulse has a beneficial
effect for CO formation. In particular, the pulse-duration dependency of the excess FE for
CO (Fig. 7.1f) has a similar profile as the pulse-duration dependency of the oxide fraction
present during the working pulse (Fig. 7.4a), where an increase in the oxide fraction results in
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Figure 7.4: Effect of the durations of the anodic (At,) and cathodic (At.) pulses. a-c, Results
obtained from the analysis of XAS data for copper NCs during pulses with E; = 0.6V, showing the
average concentration of the oxide species present during the cathodic pulse (a), the ratio of Cu(ll)
and Cu(l) concentrations during the cathodic pulse (b) and the concentration of oxide species that
remains after the nth cathodic pulse is completed (c). d, Schematic depiction of the catalyst structure
and composition during a cathodic pulse extracted from XAS and XRD data. The ranges of At,
and At, values corresponding to each regime are indicated in a-c.
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an enhanced CO formation. The latter observation is in agreement with the results obtained
under pulsed CO2RR for a copper foil, where the CO production was favoured over HER when
significant accumulation of oxides was observed.[192 While the pulse parameters in ref. [102]
differ from those in our work, this study provides additional evidence that strongly oxidized
copper surfaces can lead to efficient CO2 conversion to CO.

The coexistence of metallic and oxidized Cu species is also the key factor for enhanced ethanol
formation. As predicted by density functional theory modelling[99201.202] and corroborated also
by recent experimental infrared spectroscopy and in situ XAS data,[203] the asymmetry between
CO adsorption energies on metallic and oxidized copper sites facilitates CO dimerization and
is essential for Co product formation.l201 Nevertheless, the more complex shape of the pulse
duration dependency for ethanol production as compared with CO suggests that not only the
amount but also the type of copper oxide formed during the anodic regime play a role in
the increased ethanol yield. The enhancement in ethanol is observed only for the shortest
anodic pulses (At, < 1s, region B), where the distorted oxide structure (as seen from our
XRD and XAS data) is formed, featuring also some contribution of Cu(ll) species (oxides
or hydroxides, Fig. 7.4b). We consider these distorted oxide or hydroxide species, in close
contact with metallic copper, to be the crucial sites for the ethanol production. Importantly,
an increase of At, results in an increased thickness of the oxide layer that adopts a structure
that increasingly resembles the structure of bulk CupyO (region C). The latter results in the
loss of the enhanced ethanol production. Similarly, the reduction of At. below ~ 1s leads to
an incomplete reduction of the oxide layer during the cathodic pulse (Fig. 7.4c), resulting in
the gradual accumulation of the oxide and the formation of a thicker CusO shell with bulk-
like structure (region D). As a consequence, the enhancement in the ethanol production is
not pronounced for At. < 1s. The observed peak of the ethanol formation at At. ~ 4s and
At, < 1s corresponds to the optimal ratio between distorted oxidic and metallic copper sites.

Our advanced operando X-ray studies thus revealed the complex interplay between a (re-
versible) oxide formation and the catalytic function of oxide-derived cubic copper nanocata-
lysts. We show the crucial role of the catalyst’s surface repopulation with distorted multivalent
copper oxide species that boost ethanol production. In contrast, extensive bulk-like copper-
oxide formation prevents CO dimerization and rather facilitates CO formation. The observed
dependency of the catalyst selectivity on the parameters of the applied pulsed CO>RR protocol
provides opportunities for steerig the catalyst’s selectivity on demand.
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7.5 Methods

Catalyst synthesis CuyO NCs were prepared by adapting a synthesis recipe described in a
previous work.!'%1 Briefy, 4ml 0.1 M CuSQ, (Sigma-Aldrich, >98%) was diluted in 366 ml
H2O and stirred vigorously. Then 14ml 1M NaOH (Alfa Aesar, >97%) was added to start
the nucleation process, while the reduction and NC growth were initialized by adding 16 ml
of 0.25M l-ascorbic acid (Sigma-Aldrich, reagent grade) after 10s. The solution was stirred
further for 13 min. The obtained sample was washed two times with an EtOH:H20 mixture
(1:1) and once with EtOH. The clean sample, with a copper concentration of 1.2mg ml1,
as determined by ICP-MS, was stored in 20 ml of EtOH. The electrodes were prepared by
drop-casting 42 pl of the former solution on both sides of 1cm? carbon paper (Alfa Aesar,
Toray Carbon Paper, GGP-H-60). The total copper loading was 50 pg.

Electrocatalytic measurements Electrocatalytic measurements were performed with an Au-
tolab (Metrohm) potentiostat in a H-type cell equipped with an anion-exchange membrane
(Selemion AMV, AGC) separating the cathodic and the anodic compartments. A leak-free
Ag/AgCl reference electrode (LF-1, Alvatek) was set close to the working electrode in the
cathodic compartment. A platinum gauze electrode (MaTecK, 3.600 mesh cm™2 ) served as
the counter-electrode in the anodic compartment. As electrolyte, 0.1 M KHCO3 (Alfa Ae-
sar, 99.7-100.5%) was purified with a cation-exchange resin (Chelex 100 Resin, Bio-Rad) and
saturated with CO3 (99.995%) for at least 20 min. Online products were determined for the
static CO2RR conditions by taking an aliquot of the electrolyte every 15 min. After applying a
linear sweep voltammogram from the open circuit potential to -1.0V at 20mVs™!, a poten-
tial pulse protocol was carried out with fixed cathodic potential E. = -1.0V, anodic potential
E, =+0.6V and different lengths of cathodic and anodic pulses. The linear sweep step was
omitted for the data points with low At. and At, values, since in this case it contributed
non-negligibly to the final yields of reaction products. The pulse sequence was repeated for
4.000s.

For comparison, after pulsing, another chronoamperometric measurement at constant -1.0V
was performed for 4.000s. Gas products were detected and quantified after 1 minand every
15 min by online gas chromatography (GC, Agilent 7890B), equipped with a thermal conduc-
tivity detector and a flame ionization detector. Liquid products were analysed after each mea-
surement 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 2010 plus), equipped with a fused silica capillary column and a flame ionization
detector. Each presented data point was measured at least three times, and we report the
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average values.

All catalytic results in this study are shown in terms of FE. The FE of the gas products was
calculated as:

V.G ze F

FEx = : -
A+ WM Jrotal - At + Aty

-100% (7.1)

The FE for liquid products (which cannot be measured online, but only after a certain time
under pulsed CO2RR) was calculated as FE, = %62”': -100%. The factor ﬁ is used
in the FE expression for the gas products to weight jioia1 according to the total time spent by
the catalyst in the Faradaic (cathodic) potential regime. In contrast, for liquid products AQ
already contains the contribution of the pulse times by integrating the cathodic charge. Here
FE, is the FE of product x, V is the COxgas flow rate (I s'l), C is the volume fraction of the
product x detected by GC, z is the number of electrons transferred for reduction to product
x, F is the Faraday constant (Cmol™), A is the geometric area of the electrode (cm?), Vy is
the molar volume (22.41mol™), jiotal is the total current density during CO» bulk electrolysis
(Acm™), ﬁ is a factor to account for the effective CO2RR time of jiota1 While pulsing,
AG is the accumulated concentration of product x detected by HPLC or liquid GC (mol I'),
AQ is the total charge transfer during the electrolysis at constant potential or current (C)
and V is the volume of the electrolyte (1).

The electrochemical surface area after 1h reduction at -1.0V was obtained by double-layer
capacitance with cyclic voltammetry in the non-Faradaic region with variable scan rates. The
resulting capacitance of 0.23(2) mF cm™ corresponds to a 8.5-fold higher surface area com-
pared to the copper foil (0.027 mF). Cyclic voltammetry was carried out between +0.3 and
+0.45 Vversus RHE, with scan rates of 20, 40, 60, 80, 100, 120 and 140 mVs . The amount
of dissolved copper in the electrolyte after CO2RR was determined by ICP-MS (iCAP RQ,
Thermo Fisher Scientific). See Supplementary Note 7.6.1 for more details on the analysis of
electrocatalytic measurement data.

Characterization of catalyst morphology and composition.  The morphology of the catalysts
before and after CO2RR was characterized by Transmission Electron Microscopy (TEM). TEM
measurements were performed using a Thermo Fisher 300 kV Titan microscope. The catalysts
after CO2RR were sonicated in 200 pl isopropanol to detach the sample and drop-cast on a
nickel lacey carbon grid.

The surface composition of the copper catalysts was determined by quasi in situ XPS in the
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as-prepared state of the catalyst, after 1 h reduction under static CO2RR and after 1 h under
pulsed CO,RR. Following the approach established in our previous work to determine the
oxidation state at the cathodic and anodic pulse,[97] the catalytic procedure was interrupted
at the respective potential, the sample was washed with water at open circuit potential and
directly transferred into an ultra-high-vacuum system for XPS measurements without exposure
to air. The ultra-high-vacuum system system was equipped with an X-ray source (XR 50,
SPECS) and a hemispherical electron analyser (Phoibos 100, SPECS, Epass = 15€V) and an
aluminium anode (Al K., hv = 1486.6¢eV, 300 W)

Operando XAS measurements and data analysis To collect X-ray Absorption Fine Struc-
ture (XAFS) data, operando time-resolved XAS experiments at the Cu K-edge (8979 €V) were
carried out in Quick X-ray Absorption Fine Structure (QXAFS) mode at the SuperXAS beam-
line at the SLS synchrotron (Switzerland). Additional experiments were carried out at the P64
beamline of the PETRA 11l synchrotron (Germany). In both cases the experiments were carried
out in fluorescence mode using a home-made in situ cell for electrochemical measurements.
A schematic of the cell is shown in ref. [160]. A platinum mesh and leak-free Ag/AgCl elec-
trode were used as counter-electrode and reference electrode, respectively. The sample was
deposited on carbon paper (Sigracet 29 BC, SGL Carbon), with the other side of the substrate
covered with Kapton tape. The sample loading used in our operando XAS experiments was
500 pg cm™2: this is the maximal loading of the sample that allows us to collect data of good
quality, but is still sufficiently low to avoid self-absorption effects in fluorescence XAS data.
The sample was mounted in the electrochemical cell with its Kapton-covered side acting as
a window for incident and fluorescent radiation, while the side coated with the catalyst was
in contact with the electrolyte. As electrolyte we used COj-saturated 0.1 M KHCO3, which
was continuously circulated through the cell using a peristaltic pump. COxflow (20 mlmin™1)
was ensured through the cell. The applied potential was controlled with a BioLogic (in the
experiments at SuperXAS) or an Autolab (in experiments at DESY) potentiostat.

In the SuperXAS set-up, the super-bending magnet was used as X-ray source. A silicon-coated
collimating mirror and platinum-coated toroidal refocusing mirror were used to remove higher-
order harmonics, control the beam size and reduce heat load on the monochromator. A Si(111)
channel-cut monochromator designed for high-speed scans was used for energy selection. The
monochromator oscillated with a 5 Hz frequency, resulting in five XAFS spectra being collected
every second. The beam size was 30 pm x 2.5mm. At P64, a tapered undulator was used as
the X-ray source, a Si(111) channel-cut monochromator was used for fast energy selection,
and the beam size was less than 2mm x 2mm. The monochromator oscillation frequency
was 1Hz in this case. In both cases a PIPS detector was used for fluorescence intensity
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measurements. The intensity of the incident radiation was monitored by a gas chamber filled
with nitrogen.

For measurements in QXAFS mode, calibration of the acquired data is essential. For this
purpose, we mounted on the surface of our cell a thin CuQO pellet, the fluorescence signal from
which was used as a reference. Each scan began with the pellet being in the beam, then the
sample stage was moved to bring our sample into the beam. To align the spectra, the energy
scale for the collected QXAFS spectra was then shifted so that the maximum of the first
derivative for the first QXAFS spectrum, which corresponds to the signal from the CuQ pellet,
is at the same energy as the maximum of the first derivative for the standard CuO spectrum,
collected independently at the same beamline. Data calibration was performed using dedicated
beamline-specific software (Pro-QEXAFS at SuperXAS, and JAQ at P64).[204] Further data
alignment, background subtraction, normalization, averaging and linear combination fitting of
XANES spectra were performed using a set of Wolfram Mathematica scripts. EXAFS data
extraction from averaged data was performed using Athena software.[181]

EXAFS data fitting for the first coordination shell was performed using the FEFFIT code.[181]
Theoretical phases and amplitudes were obtained in self-consistent ab initio calculations with
FEFF8.529] for bulk copper, CupO and CuO materials. The complex exchange-correlation
Hedin-Lundqvist potential and default values of muffin-tin radii as provided within the FEFF8.5
code were employed.

We started with single-shell fitting of the copper foil and CuyO data to obtain the values of
the amplitude reduction factors S3. The obtained values were used later for the fitting of the
experimental EXAFS data for nanocatalysts. Fitting of spectra for reference materials was
carried out in the same ranges in k- and R-spaces as the ones later used for the nanocatalysts,
to partially compensate for systematic errors due to the limited signal length in k-space. Fitting
of EXAFS spectra X(k)k2 thus was carried out in R-space in the range from Rpi, = 1.1A up
to Rmax = 2.8 A. Fourier transform was carried out in the k range from 2.0 Al up to 11.5 A1
Fitting parameters were the coordination numbers N and interatomic distances R and disorder
factors o2 for Cu-O and Cu-Cu bonds, and the corrections to photoelectron reference energies
AE.

Operando high-energy XRD measurements and data analysis Operando time-resolved high-
energy XRD experiments were conducted at the Swedish Materials Science Beamline (P21.2)
at Petra Ill. P21.2 is an undulator beamline equipped with a cryogenically cooled double Laue
Si(111) monochromator. The X-ray energy was set to 67 keV (A =0.18505A) and a working
distance of 0.895m was calibrated using the diffraction pattern of a CeO, standard. The
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diffraction patterns were recorded using a Dectris Pilatus X CdTe 2M, which is a large-area
detector especially suitable for time-resolved high-energy XRD experiments. The acquisition
time of the individual detector images was set to 10s 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.[200]

A home-made electrochemical cell based on a three-electrode configuration using a leak-free
miniature Ag/AgCl reference electrode (3.4 M KCI, eDAQ ET072) and a platinum counter-
electrode.207] A depiction of the operando XRD set-up can be found in Supplementary Fig. 7.6.
The electrode potentials were controlled using a Biologic SP-240 potentiostat. The electrode
potential and current were recorded together with XRD data to allow precise synchronization
of the collected images and the electrode potential. The copper NCs were deposited on the
microporous layer of the gas diffusion electrode (Sigracet 29 BC, SGL Carbon) with a loading
of 0.3 mgc, cm™2. For the operando high-energy XRD experiments, the sample was mounted
and, subsequently, the operando X-ray cell was filled with the electrolyte. For alignment, the
cell was centred and the gas diffusion electrode was aligned parallel to the X-ray beam using
the beam stop diode. Subsequently, the incident X-ray angle was tuned between 0° and 1°
to ensure an optimal CuO to graphite Bragg peak ratio, and to ensure a sufficiently small
spread of the X-rays on the sample, thus avoiding parasitic peak broadening.

After acquisition of the diffraction pattern under open-circuit conditions, a CO>RR potential
(-1V versus RHE) was applied for at least 90 min to ensure the reduction of the catalyst. CO»
was continuously bubbled through the electrolyte to ensure a stable pH. The electrolyte was
frequently exchanged to avoid product accumulation.

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. In the latter case, the averaging of the XRD data was conducted after correcting the
peak profiles for low frequency variations due to, for example, bubble formation.

We limited the analysis to Cu(311), CupO(111) and Cup0O(220) Bragg peaks due to their
sufficient intensity and minimal overlap with other Bragg peaks. The coherence length (size)
of the crystalline domains was estimated from the individual Bragg peaks using the Scherrer
equation based on the full width half maximum (FWHM) with a shape factor of 0.89. The
lattice strain was calculated as 9 - do/d,, where dj is the corresponding lattice spacing deter-

mined for the catalyst under the cathodic pulse from the Bragg peak position. The lattice
parameter a of copper was calculated as vV h? + k2 + [2d.
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For comparison of pulsed CO2RR conditions realized in different electrochemical cell set-ups, it
is critical to ensure that the resistor-capacitor (RC) time constant is shorter than the duration
of the studied pulses. In all our cells, we confirmed that this condition if fulfilled and does not
limit the studied processes. The RC constants were determined by measuring the double-layer
capacitance and the ohmic cell resistance in each cell used upon catalyst pre-reduction. In
the H-type cell used for the selectivity measurements, an RC time constant of 38.7 ms (with
C =2.87mF and R = 13.582) was determined for catalysts with the highest catalyst loading
considered in our study (500 ug/cm?). This value is much shorter than the shortest pulse
length applied (0.5s). Lower catalyst loadings led to similar time constants. In our operando
XAS cell, the electrode area is twice as large, and the typical resistance is 20 2. For our XRD
cell, the resistance is 40-50 Q. The latter was used with a lower catalyst loading (300 pg/cm?)
with an electrode area of 6% of the one used for the XAS measurements.
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7.6 Supporting Information

7.6.1 Supplementary Note 1. Analysis of electrocatalytic measurements data

During pulsed conditions, the real COsRR-related charge in the cathodic regime overlaps with
a variety of additional dynamic electrochemical processes, such as electrode charging, Cu
reduction and parasitic reductive reactions. The anodic current, in turn, comprises charging,
Cu oxidation and the oxidation of products and intermediates. A detailed determination
and quantification of each specific contribution to the current transient is challenging, in
particular, due to the heterogeneity of the high-surface area electrode, and would require
extensive fast timeresolved product and metal ion detection (e.g., by mass-spectrometry),
which goes beyond the scope of this work. Nevertheless, Supplementary Figure 7.16 shows
the [-t-profiles in a pulsed CO2RR regime and demonstrates that the time required for the
current to equilibrate during a cathodic pulse constitutes only a small fraction of the applied
pulse length, even compared to the shortest pulse length used in this work (0.5s). As a result,
the total charge transferred due to these additional electrochemical processes that have not
been taken into consideration here is also small with respect to the total CO;RR-related charge.
This allows us to use a simplified approach, where for the FE calculations for gaseous products
we assumed the CO2RR-related current to be equal to the current achieved upon equilibration.
To determine the COsRR-related charge for the liquid product FE calculation, the /-t-profiles
were integrated over the total reaction time, thereby assuming that the dynamic anodic and
cathodic processes mostly cancel out and the CO,RRrelated charge is approximately equal
to the total transferred net charge. This is a valid approximation because currents in the
Qa and Qg regions (see Supplementary Figure 7.16) should only reflect processes that are
likely reversible, such as charging of the electrode, reduction and oxidation of the catalysts.
The mathematical integration of the whole current transient, including the anodic charge
(AQ = AQcathodic — A Qanodic) is therefore equivalent to the integration of each pulse with
correction for the non-Faradaic contributions included.

Indeed, Supplementary Figure 7.16 shows that the total transferred net charge per pulse (e.g.,
ca. 44mC for pulses with At. =4s and At, = 0.5s), is significantly larger than the unbal-
anced anodic charge per pulse (2.6 mC). We attribute this uncompensated anodic charge to
the dissolution of Cu during CuOx reduction as well as oxidation of reaction products and
intermediates. Regardless of their origin, however, it is clear that for the pulse durations ex-
plored in this study, the electrochemical processes that are not related to CO2RR can induce
only a relatively minor uncertainty of the charge transferred into liquid CO>RR product for-
mation. The maximal resulting error in FEs, for example for the quantification of ethanol,
is ca. 0.7 percentage points, which is significantly lower than the overall uncertainty of our
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measurements (ca. 2 percentage points for EtOH, as estimated by repeating measurements
and comparing results at each condition at least three times). We note in other regimes
(different pulse durations) this systematic uncertainty could be larger, but this concerns the
regimes of long anodic pulse durations and short cathodic pulses, i.e., the region with short
effective CO5RR times and, as will be shown below, where worse Faradaic efficiencies with
respect to Co4 products were obtained. We note here that in this region we do not observe
any abrupt changes in the FEs for any or the reaction products, suggesting that the possible
systematic errors of our FE calculations still remain lower than random errors and do not affect
significantly the accuracy of our results.

7.6.2 Supplementary Note 2. Reduction of nanocubes under static potential

Supplementary Figure 7.7 shows normalized X-ray Absorption Near Edge Structure (XANES),
Supplementary Figure 7.7a) and extended X-ray absorption fine structure (EXAFS, Supple-
mentary Figure 7.7b) data for Cu NCs in as-prepared state and under static CO2RR conditions
(in COy-saturated 0.1 M KHCOj3 electrolyte and under constant applied negative potential
(-1.0V (RHE)). Fourier-transforms of the EXAFS spectra are shown in Supplementary Figure
7.7c.By comparing the spectra with those for reference materials, we can identify the initial
local structure and long-range order in Cu NCs to be very similar to that of bulk CusO oxide.
Significant fraction of Cu(l) oxide is present also in the Cu NP sample (due to exposure to
air). High-energy X-ray diffraction (Supplementary Figure 7.8) data confirm the presence of
the crystalline CuyO phase in the as-prepared catalyst.

Under applied potential, XAS spectra and XRD patterns experience significant transformations:
XRD peaks corresponding to the CuyO phase decrease in the intensity, while the reflections
corresponding to metallic Cu appear immediately in the X-ray diffractogram, Supplementary
Figure 7.8. However, the CupO(111) reflection is visible up to 60 min after applying the CO2RR
potential, suggesting a rather slow transformation of the crystalline CuO. Similarly, a shift
of the absorption edge to lower energies and changes in the post-edge XANES 4 feature are
observed in Supplementary Figure 7.7a, and suggest Cu reduction. This is confirmed also by
insights from EXAFS data, where in Fourier-transformed EXAFS, Supplementary Figure 7.7c,
the peak at ca. 1.5A (phase uncorrected) corresponding to the Cu-O bond decreases, and a
new feature (corresponding to a Cu-Cu bond) appears at ca. 2.2 A,

We note here that the fact that the features of oxide species after a few hours under CO>,RR
conditions are much more obvious in the XAS data than in the XRD data, is a result of
the different sensitivities of these techniques. XAS probes the composition of the sample,
regardless of the degree of crystallinity, structural disorder, particle sizes, etc. On the other
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hand, the XRD signal is strongly dominated by the contribution of well-ordered phases, and
the particles, grains or highly disordered oxide inclusions with sizes less than a few nanometers
are extremely hard to detect in XRD. The results obtained under static CO2RR conditions
suggest thus that the majority of the well-ordered, crystalline CuO phase is gone relatively
quickly. Nonetheless, smaller inclusions (with the size of a few nanometers or less) of oxide
phase and disordered oxide species are still present even after one hour under applied potential,
as evidenced by the XAS data and weak features of the CuyO-phase also visible in the XRD
data.

To track the reduction of the catalyst by XAS in a quantitative manner, we use two different
approaches: linear combination analysis (LCA) of the XANES spectra, and analysis of the co-
ordination numbers extracted from EXAFS data fitting. In the former case, the experimentally
acquired Cu K-edge XANES spectra are fitted with a linear combination of reference XANES
spectra of metallic Cu (Cu foil), CupO and CuO. Examples of LCA fits are shown in Supple-
mentary Figure 7.9a-b, and the full concentration profiles for Cu(0), Cu(l) and Cu(ll) species
are provided in Supplementary Figure 7.9c. From EXAFS data fitting (Supplementary Figures
7.10, 7.11) we extract the Cu-Cu coordination number Nc,_cy, and the fraction of metallic
Cu, which is estimated as Nc,_c,/12, where 12 is the number of Cu neighbors in pure bulk
metallic Cu with fcc structure. As shown in Supplementary Figure 7.9c and Supplementary
Figure 7.11a, XANES and EXAFS provide very similar results, with minor discrepancies at
higher metallic Cu concentrations attributed to disorder effects in the EXAFS data, which
result in an underestimation of the coordination’s numbers.[190:208-211] Note that the EXAFS
and XANES results agree not only in terms of Cu-Cu, but also in terms of the Cu-O con-
tribution. As shown in Supplementary Figure 7.9¢c, a small Cu(ll) contribution is initially
present in the Cu NCs. The expected Cu-O coordination numbers thus can be estimated as
Ncu_o = 4wcyo + 2wey,0, Where 4 and 2 are the numbers of the nearest oxygen atoms in
bulk CuO and CupO structures, respectively, andwcyo and wcy,o are the weights of Cu(ll)
and Cu(l) species, respectively, as estimated from LCA-XANES. As shown in Supplementary
Figure 7.11b, the /VCU,O, estimated from XANES analysis, is in an excellent agreement with
the actual Cu-O coordination number obtained from EXAFS fitting. Moreover, the observed
small decrease in Cu-O bond length (Supplementary Figure 7.11d) and disorder factor (Sup-
plementary Figure 7.11e) can be attributed to the fact that the Cu-O bond length in CuO is
longer than that in CupO (1.937 A and 1.836 A, respectively). Thus, the replacement of CuO
with CusO results in shorter average Cu-O bond length and narrower bond length distribution.
Another interesting trend that can be seen in Supplementary Figure 7.11c is an apparent in-
crease in Cu-Cu distance upon reduction. On one hand this can be attributed to an increasing
size or ordered regions of the metallic Cu phase, and the known relationship between their size
and interatomic distances.15[212] However, it cannot be excluded that this result is an artifact
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due to the aforementioned disorder effect and overlap of Cu-Cu contributions from metallic
Cu and that of longer Cu-Cu bonds in gradually disappearing CuO-like phase.

XANES, EXAFS and XRD thus provide internally consistent results and can be used with
confidence to follow the evolution of the structure of Cu NCs under CO>RR conditions. From
XAS, we observe that under static CO,RR conditions, the reduction of the catalyst is slow
and takes several hours, and even after such extended time, ca. 20% of Cu remains in Cu(l)
state. This sluggish reduction of the Cu NCs is in agreement with recently published data for
similar systems.[45:55.107.195] \We should note here, however, that the exact reduction rate for
Cu NGs, can change from sample to sample due to different sample loadings and distributions
over the electrode surface. The contribution of Cu(ll) species in the as-prepared sample, in
turn, is affected by sample ageing, and also by prolonged exposure to the X-ray beam in air.
Beam damage effects for the samples immersed in the electrolyte can be considered negligible.

The trends observed here in the experimental data during a relatively well understood process
- CusO reduction under static potential -, and methods established and validated will be useful
in interpreting the changes in the catalysts under pulsed CO,RR conditions, as discussed in
the main text.

7.6.3 Supplementary Note 3. Catalyst selectivity

Supplementary Table 7.1 shows the Faradaic Efficiency (FE) for the main CO2RR products, as
yielded by a typical chronoamperometric measurement at -1.0V vs. RHE. At this potential,
the highest selectivity for Co products is observed, as already reported for differently prepared
Cu0 derived cubes.17-19 The reported results were obtained after 4000 s under CO,RR. The
lack of further significant changes in the CO2RR product distribution after 4000's under static
conditions is demonstrated in Supplementary Figure 7.17, where the static CO,RR conditions
were reapplied in a fresh, COj-saturated electrolyte. After reapplying the CO2RR conditions,
the FEs for the CO2RR products did not change with time.

FEs observed under pulsed CO,RR with different pulse durations are summarized in Supple-
mentary Table 7.2. Figure 7.1d-g in the main text and Supplementary Figures 7.13-7.15 show
the difference between the FEs observed under pulsed CO,RR with different pulse lengths, and
that under static potential. The excess FEs for the CO2RR products that are most affected
by changes from static to pulsed conditions are shown in Figure 7.1d-g in the main text. The
results for Hy and other significant CO2RR products are shown Supplementary Figures 7.13-
7.15. All results reported were obtained after 4000s under the respective reaction condition.
In all cases, the measured current slightly decreased (from -17 mA) with time under pulsed
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CO2RR, reaching the value between -3 and -20 mA after 4000s, Supplementary Figure 7.18.
For the selected pulse length values, we performed also additional experiments, where the pulse
sequence was interrupted after 4000s, and the catalyst exposed again to static CO>RR condi-
tions with —=1.0V potential applied. These additional experiments were aimed to disentangle
the effect of irreversible changes in the catalyst morphology and that of dynamic changes in
the surface oxidation state under pulsed CO,RR. The FEs obtained after the static CO,RR
conditions were reapplied are summarized in Supplementary Table 7.3.

We first note that in comparison to the CO,RR under static potential, the pulsed CO>,RR
results in a suppression of hydrogen production (Supplementary Figure 7.13a). Importantly,
after the pulses are interrupted and a static -1.0V potential is applied for 4000s, the FE of
hydrogen increases again, and matches that observed under static potential for a fresh sample
(Supplementary Figure 7.13d), suggesting that the observed suppression of HER is a dynamic
effect that can be attributed to the changes in the adsorbed H coverage, local changes in the
pH level or CO» concentration, as observed, for instance, in previous studies using hydrophobic
polytetrafluoroethylene (PTFE) to prevent the supply of protons to the catalyst?13] and by
applying high electric fields to increase the concentration of the cations, and therefore also
that of CO,.[2*4]

One should expect that the importance of these factors should decrease at longer cathodic
pulse durations (longer At.). However, our experiments suggest that HER remains suppressed
event at the highest At. accessible. Thus, regardless of the exact mechanism of the HER
suppression, its characteristic time scale exceeds the range investigated in our study, and,
thus, it cannot be unambiguously identified. One can note, however, that at the longer pulse
length there are some indications of irreversible changes in HER selectivity (Supplementary
Figure 7.13d), which may contribute to the HER suppression at large At..

The fact that HER selectivity practically does not depend on the pulse lengths applied, suggests
that the intriguing pulse length-dependent enhancement in ethanol selectivity, as observed in
Supplementary Figure 7.13c, cannot be attributed to the local changes in adsorbate and/or
CO, concentrations, as suggested in some previous reports on pulsed CO2RR (for low anodic
potential pulses).[93'98'100'101'159'192'193] The effect of an irreversible change in the catalyst
structure induced by the pulse treatments, which appears to be the main reason for the
suppressed CoHy formation (since the FE for CoHa remains suppressed after the pulses are
interrupted, compare Supplementary Figure 7.13b and Supplementary Figure 7.13¢) and en-
hanced CH4 formation (Supplementary Figure 7.14a,d), also cannot explain the enhancement
of the EtOH selectivity. The latter is evident from the comparison of EtOH selectivity during
the pulsed CO2RR (Supplementary Figure 7.13c) and after the pulsed CO2RR (Supplementary
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Figure 7.13f): in the latter case, the EtOH selectivity is the same or lower than that under
static CO2RR conditions for all At, (sic!) and At. values. Similarly, the very strong enhance-
ment in CO production (FE increases five times, from 5% to ca. 25%) observed under pulsed
CO2RR (Supplementary Figure 7.14b) at all pulse lengths, is also reversible: after the pulse
sequence was interrupted, the CO FE returned to the level observed for a fresh catalyst under
static CO2RR (Supplementary Figure 7.14e).

Despite the fact that the mechanisms underlying CH4 and CO production enhancement are
thus different (irreversible changes in the catalyst morphology in the former case and the dy-
namic changes in catalyst structure and composition in the latter case), for both products
we observe that the enhancement in the selectivity under pulsed CO>RR is less pronounced
for the region with At. ca. 4s and At, < 2s. This region corresponds also to the enhanced
ethanol production. This observation thus allows us to conclude that the production of CHy
and CO is competing with the EtOH production, thus, these reaction pathways share common
intermediate species. Interestingly, unlike the case of the other major C; products, the forma-
tion of formate (Supplementary Figure 7.14c and Supplementary Figure 7.14f) is practically
unaffected by the pulsed CO>RR, suggesting that CO» conversion to formate is a separate
process, decoupled from the CH4, CO, EtOH and CyHy4 formation.

Regarding the less significant CO2RR products, it is interesting to note that the dependency
of the FEs for more complex alcohols (propanol and allylalcohol, see Supplementary Figure
7.15) on the length of the applied pulses is qualitatively similar to that observed for ethanol,
suggesting the presence of common intermediates and similar reaction pathways. In all of
these cases we observe irreversible suppression of the corresponding alcohol production in the
region where the At, values exceed the At. values, and an enhancement (at least for EtOH
and PrOH) in alcohol selectivity at At, < 2s and At. ca. 4s. In the region where the
At, values exceed the At. values, we observe also a suppression of the FE for acetaldehyde
(Supplementary Figure 7.15b). However, unlike it was for alcohols, for this CO2RR product
this effect is reversible (Supplementary Figure 7.15d). As will be shown below, in this region
of At, and At values we expect strong reversible oxidation of our catalysts, which appears to
be detrimental for acetaldehyde production. This is in line with the At, and At. dependence
of the main Cy products (ethanol, ethylene) as well as that of C; products (CH4, CO), which
show a lower and higher FE in this range of At, and At values, respectively. Thus, the strong
Cu oxidation observed in this regime does not facilitate C-C coupling. At the same time, at
higher At. values, where the oxide created during the anodic pulse is fully reduced during the
cathodic pulse, the acetaldehyde production under pulsed CO2RR is enhanced in comparison to
that under static CO2RR, which we link to the irreversible changes in the catalyst morphology
and highly defective catalyst surface created.
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We have tested whether the differences in the effective CO2RR times (total time during which
the catalyst is exposed to working cathodic potential) under different pulse regimes could play
a direct role in determining the reaction product distribution. The effective CO>RR time,
calculated as teff = Ai?goAstaAtC' where 4000s is the total duration of the pulse experiment,
varies in our study between 62 seconds (for At. =0.5s and At, = 32s) and 3936s (for At. =
32s and At, =0.5s). However, Supplementary Figure 7.17 shows that that the duration of the

CO2RR experiment under static (continuous-hold) has very little impact on the distribution

of the reaction products. The maximum change was observed for the Faradaic efficiency of
ethylene, which in the 15 min static CO,RR experiment was by ca. 4 percentage points lower
than in 66 min experiment. For other reaction products no variations in the Faradaic efficiencies
were observed when the duration of the stationary CO2RR experiment was varied. For the
main reaction products, Supplementary Figure 7.19 shows the difference between the FEs under
pulsed conditions and the FEs under static reaction conditions, where the duration of the static
experiment was chosen to match the effective CO2RR time under pulsed conditions. Here, the
reference values for the FEs for different reaction products were obtained by interpolating the
FEs shown in Supplementary Figure 7.17. For pulsed conditions where the effective CO2RR
time was less than 15 min, we used as the reference value the FEs obtained in the static 15 min
CO2RR experiment. The latter was the shortest time for which we could carry out reliable
product determination.

As one can see, Supplementary Figure 7.19a-d and Figure 7.1d-g in the main text are practically
visually indistinguishable, confirming that the differences in the effective CO>RR times under
pulsed conditions themselves play a very minor role in the dependency of the CO>RR product
distribution on the duration of the applied pulses.

7.6.4 Supplementary Note 4. Identification of the oxidation potentials for Cu
nanocubes

During auxiliary XAS experiment carried out at P64 beamline at PETRA-III, we collected
insitu QXAFS data during cyclic voltammetry experiments for reduced CupO nanocubes. The
potential, applied to the sample, was changed between -1 and + 1V (without IR correction),
with the rate of 1.75mV/s. A full Cu K-edge XAS spectrum was collected every second, and
results of XANES linear combination analysis are shown in Supplementary Figure 7.12. The
predominantly metallic state of the reduced catalyst was preserved until the first ca. 1120s
of experiment, where the potential reached ca. 0.56 V. After that, a significant part of Cu(0)
was converted into Cu(l) species (see line A in Supplementary Figure 7.12c). In the Cyclic
Voltammetry (CV), the onset of Cu(l) formation coincides with a significant increase in the
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measured current (Supplementary Figure 7.12d). When the potential is further increased up
toca. 0.75V (line B in Supplementary Figure 7.12c), the formation of Cu(l) species stops, and
we observe the formation of Cu(ll) species instead. Importantly, the formation of Cu(ll) does
not decrease the fraction of Cu(l) species, demonstrating that instead of the further oxidation
of Cu(l) species, the formation of Cu(ll) occurs via direct oxidation of Cu(0). However, the
formation of Cu(ll) blocks a further increase in the concentration of Cu(l) species. In the CV,
the feature associated with the Cu oxidation to Cu(ll) overlaps with that of Cu oxidation to
Cu(l). The appearance of Cu(ll) species is paralleled by a decrease in the Cu fluorescence signal
(Supplementary Figure 7.12a), suggesting that Cu(ll) is not stable under reaction conditions
and is gradually leached out. When the potential is further increased to 1.0 V and then reduced
to below ca. 0.72V, Cu(ll) species are reduced (line C in Supplementary Figure 7.12c) to
Cu(l). The reduction of Cu(ll) is paralleled by a significant increase in Cu(l) concentration,
while the Cu(0) concentration continues to decrease. The latter observation highlights the
asymmetry between the oxidation and reduction processes: during the oxidation at potentials
larger than 0.75Vgpe, Cu(0) is directly oxidized to Cu(ll), with no changes in Cu(l) species
concentrations. During the reduction, however, Cu(ll) is first reduced to Cu(l). Only upon
further reduction of the applied potential to ca. 0.59V, the reduction of Cu(l) species to
metallic Cu is observed in the LCA-XANES data, paralleled by the appearance of a small peak
in the CV.

The obtained results allow us to identify the potential value of ca. 0.6 VRyg as the lowest
value where Cu(0) to Cu(l) oxidation is possible in our pre-reduced Cu NCs, while a potential
of at least 0.8 Vgryg is needed to oxidize copper to the Cu(ll) state. These values are in a
good agreement with those reported for Cu single crystal surfaces, including Cu(lOO),[156]
and provide important clues about relevant potentials for our pulsed experiments. They also
highlight the role of time-resolved in situ XAS for the interpretation of experiments in an

electrochemical environment.

7.6.5 Supplementary Note 5. Catalyst under CO2RR pulses with E; = 0.0V and
1.0v

As discussed in the main text and illustrated also in Supplementary Figure 7.23c-d, anodic
potential pulses with an E, value of 0.6V result in the formation of predominantly Cu(l)
species. As an important check, Supplementary Figure 7.23a-b shows that no oxidation of
copper is observed at anodic pulses with lower E; value, as, for example, at 0.0 V. Pulses with
higher E, value, in turn, result in significant fluctuations in Cu(ll) species concentrations, as
shown in Supplementary Figure 7.23e-f. In this regime, the amount of Cu(l) species generated
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during the anodic pulse is low. However, rather surprisingly, we observe an increase in the
Cu(l) species concentration during the cathodic pulse. This can be explained by the fact
that the reduction of Cu(ll) species is a two-step process, where at least some of the Cu(ll)
species are first reduced to Cu(l) upon the cathodic potential pulse, and then the latter are
reduced to metallic Cu(0). For sufficiently short lengths of the cathodic pulse, this results in an
accumulation of Cu(l) species, as observed in Supplementary Figure 7.23e. The accumulation
of Cu(l) species also means that under the anodic potential pulse the concentration of Cu(l)
species is already higher than thermodynamically favorable, leading to the lack of Cu(0) —
Cu(l) oxidation during the anodic pulse in this case. In fact, closer examination shows that the
concentration of Cu(l) is actually slightly decreasing during the anodic pulse. Previous reports
suggest that Cu oxidized to Cu(ll) state can be leached in an electrochemical environment,2[219]
and this is confirmed also by our cyclic voltammetry experiment (see Supplementary Note
7.6.4). By analyzing the changes in the Cu fluorescence signal, we indeed observe some loss of

the sample during the pulses with E; = 1.0V (ca. 14% during the 30 min of pulsed CO2RR).

7.6.6 Supplementary Note 6. Surface composition by quasi in-situ XPS

The surface chemical composition of the as-prepared samples and of samples exposed to static
and pulsed CO2RR was probed by Cu LMM Auger electron spectroscopy (Supplementary Figure
7.28. Spectral fitting revealed that the as-prepared sample consists of 85% Cu(l), with 15%
contribution of Cu(ll) species, in an excellent agreement with the XAS data (Supplementary
Figure 7.9¢).

Next, we performed quasi in-situ XPS measurements, where the sample was reduced for 1h
under static CO2RR conditions, with constant -1.0V potential applied, and XPS spectra
were then collected after transferring the reduced sample to the XPS UHV chamber, without
exposing the sample to air. Cu LMM Auger electron spectra fitting suggests that the catalyst
surface is completely reduced (the remaining concentration of Cu(l) species is 1%). A larger
degree of reduction is observed in the XPS data as compared to the XAS data, confirming the
formation of a core-shell like structure, where the catalyst core (probed by bulk-sensitive XAS)
remains partially oxidized, while the surface (probed by surface-sensitive XPS) is metallic.

Pulsed CO2RR was then conducted for the reduced sample, with At. = 4s/At, = 0.5s
and At. = 4s/At, = 32s. The values of the applied cathodic and anodic potentials were
E.=-1.0V and E; = 0.6V, respectively. Following the approach established in our previous
work,[15¢] we compared the surface compositions for the catalysts, where after 1 h of pulsed
CO2RR the pulse sequence was interrupted at the cathodic or anodic pulse, respectively.
For both sets of pulse durations, we observe a significant increase in the Cu(l) concentra-
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tion, in comparison with that for the sample reduced under static CO>RR conditions. With
At. =4s/At, = 0.5s pulses, for the sample where the pulse sequence was interrupted at the
cathodic pulse, a Cu(l) fraction of 7% was observed. If the pulse sequence was interrupted
at an anodic potential, the observed oxide fraction was 12%. With At. =4s/At, = 32s, the
obtained concentrations of Cu(l) species were 24% if the pulse sequence was interrupted at
the cathodic pulse, and 43% if the pulse sequence was interrupted at the anodic pulse.

The obtained results thus confirm that the Cu(l) species are regenerated during the anodic
pulse, since in both cases the oxide concentration for the sample where the pulse sequence was
interrupted during the anodic pulse, was noticeably higher than for the sample, where the pulse
sequence was interrupted at the cathodic pulse. Moreover, we observed that the oxide species
generated are not completely removed during the cathodic pulse, resulting in an accumulation
of oxide, especially at long At, values. We also highlight that the much higher amounts
of oxide detected in the surface-sensitive XPS data in comparison to that in bulk-sensitive
XAS data, confirms that the oxidation of the catalyst under the anodic pulse starts at the
surface. Finally, we note that the amount of Cu(l) species, observed in the XPS data at the
conditions corresponding to the enhanced ethanol formation (At. =4s/At, = 0.5s), namely,
7%, is similar to the value reported as the optimal for ethanol production in our previous work

on single crystal catalysts.[150]

7.6.7 Supplementary Note 7. Determination of Cu catalyst dissolution using
ICP-MS

The dissolution of Cu was monitored via ICP-MS by analyzing the electrolytes after the elec-
trochemical treatment. The initial loading of Cu on the carbon support was 50 pg and after
1 h of CO2RR at constant -1.0V, the loading reduced to 40(2) pg. The high initial sample loss
can be attributed to some catalyst particles that were only in loose contact with the carbon
support in the as-prepared sample.

When applying pulsed CO2RR with Ec =-1.0V, E; = 0.6V and different pulse lengths, the
additional dissolution of the sample was observed. The estimated remaining sample loading for
different pulse durations is summarized in Supplementary Table 7.4. In all cases the additional
dissolution of the sample during 1 h under pulsed CO2RR is below 13 pg Moreover, we observe
a correlation between the amount of sample dissolved and the ratio of the duration of the
anodic pulse and the total cycle duration (At,/(Ata+ Atc). In particular, the dissolution
is the highest if Aty > At., and is almost negligible if At. > At,. This confirms that the
dissolution of the catalyst takes place only during the anodic pulse.
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ICP-MS measurements were performed also for electrolytes from experiments under reapplied
static CORR after the treatment with pulsed reaction protocols. Under a static -1.0V
potential, ICP-MS revealed only minor further Cu dissolution on the sample (below 1 pg),
confirming that the dissolution of the Cu NCs (after the quick initial loss of some significant
sample fraction) under cathodic potential is not pronounced.

7.6.8 Supplementary Note 8. Extrapolation of Cu(0), Cu(l) and Cu(ll) species
concentrations to different pulse lengths

Guided by the observations from XAS and XRD data and simple analytical considerations, we
can propose a kinetic model for the changes in the Cu species concentrations. Denoting the
concentrations of Cu(l) and Cu(ll) species as wi(t) and wy(t), the rates for Cu(0) oxidation
to Cu(l) and Cu(ll) denoted as /-, and /7, the rates for Cu(ll) reduction to Cu(l) and
Cu(0) given as 1/n, and /n 0, and the rate for Cu(l) reduction as 1/5_,,, we obtain:

(Aw(Ea)—wy(t))

dv'gl(t) — (T)O—m " ' i<t
t wy (t wi(t i
TSl Tiso! flc>t>1 (7.2)
A Ea — ;0 1 .
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Here we use the fact that the equilibrium concentrations of Cu(0), Cu(l) and Cu(ll) depend
on the applied potential. If at time t =0 the system is in an equilibrium, when the potential is
suddenly increased during the anodic pulse, the system finds itself in a situation with an excess
of Cu(0) species, and deficiency in Cu(l) and Cu(ll) species. If the difference between the equi-
librium Cu(l) concentrations at E = E. and that at E = E, is Aw(E,), and the corresponding
value for Cu(ll) is Aw(E;), then in the simplest case of time-independent oxidation and re-
duction rates 1/7 we end up with the differential equation system (Supplementary equation
7.2). This equation system can be solved analytically, giving rise to a simple fitting formula,
which, as can be seen in Figure 7.3a in the main text and Supplementary Figure 7.25, provides
very good description of the actual time-dependencies of the Cu(l) and Cu(ll) concentrations.
The best-fit values of the oxidation/reduction characteristic times 7, and the equilibrium con-
centration values Awj(E;) and Aw(E,) are given in Supplementary Table 7.5. Importantly,
for fitting we only use the datasets obtained with 30s pulses applied, and then apply the
obtained model parameter values to describe the data collected with 10s and 1s pulse lengths
with a good accuracy. Note also that term max((Awj(Es) —w(t));0) accounts for the fact
that the formation of Cu(l) will not be efficient if the concentration of Cu(l) already available
is larger than the equilibrium value. We neglect here the small decrease of Cu(l) expected in
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this case. The term —:V””S()] describes the direct reduction of Cu(ll) to Cu(0) upon cathodic
pulse (in addition to a strong Cu(ll) — Cu(l) transition). We found that the inclusion of this
term is needed to describe the concentration profiles in the E; = 1.0V dataset (Supplementary
Figure 7.25d). However, for simplicity we do not include it for E; = 0.6V data, since a good

description of the concentration profiles can be obtained without it.

Equation system 7.2 is a convenient tool to describe the dependency of the catalyst composi-
tion on the applied pulse lengths: from a single experiment with pulse length 30's, which allows
us to establish the model parameters, we can determine the amounts of cationic Cu species
generated at different lengths of the anodic and cathodic pulses (At, and At.). The predicted
values are in a good agreement with direct experimental measurements (LCA-XANES analysis
of XAS data, collected under CO2RR with different pulse lengths, see Supplementary Figure
7.30).

It is convenient to summarize the results of such modeling in terms of three parameters:
(i) the average amount of oxide present during the working cathodic pulse (w + wy)c =
ﬁ ti"fma[m(t) + wy(t)]dt ii) the ratios of Cu(ll) and Cu(l) species present during the ca-
thodic pulse, (wj)c/(wj)c, and (iii) the excess of oxide species that is remaining after the n-th
cathodic pulse is completed w;(t,) + wj(t,). Note that t, = nx(At, + At.) refers to a point in
time corresponding to the end of n cycles of anodic and cathodic pulses. For calculations we
choose n to be sufficiently large to properly account for oxide accumulation effects (n = 100
is used in all cases presented). These three quantities are convenient because they describe
three important aspects of the system: amount of oxide that coexists with metallic Cu during
the working pulse, the nature of oxide present during the working pulse, and the accumulation
of oxide species. These calculated quantities are reported in Figure 7.4a-c in the main text.
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7.6.9 Supplementary Figures
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Supplementary Figure 7.5: TEM images of (a-c) as-prepared Cu NCs, (d-f) Cu NCs after
CO2RR for 60 min under static -1.0V (RHE), and (g-i) Cu NCs after pulsed CO2RR for
60 min (At. = At, =10s,E. =-1.0V and E; = +0.6V). The scale bars correspond to 40 nm.
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Supplementary Figure 7.6: Operando cell for surface X-ray diffraction measurements in an
electrochemical environment (see Ref.[207] for more details).
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Supplementary Figure 7.7: Time-dependent Cu K-edge XAS for Cu NCs reducing under
static CO2RR conditions. (a) XANES, (b) EXAFS and fourier transformed (FT) EXAFS (c) for
Cuz0 nanocubes in COj-saturated 0.1 M KHCO3 at -1.0V (RHE).
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Supplementary Figure 7.8: Time-resolved XRD pattern for Cu NCs under static CO2RR
conditions. (a) XRD pattern recorded before and during the initial 5 minutes of CO2RR in CO»-
saturated 0.1 M KHCO3. (b) XRD pattern subsequently recorded during the initial 80 min of CO2RR.
The reference peak positions of CupO (brown) and Cu (orange) phases are shown as bar plots. All
additional diffraction peaks, especially those below 6°, are caused by the graphite of the gas diffusion
electrode and the PEEK walls of the operando cell. The insets show the evolution of theCuyO(111)
Bragg peak during the initial reduction.
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Supplementary Figure 7.9: Linear combination analysis of XANES data for Cu NCs reducing
under static CO2RR conditions. LCA fits (a,b) for a sample in as-prepared state and in the reduced
state. Dashed lines show reference spectra used for fitting (Cu K-edge XANES for bulk Cu, CuyO
and CuO), scaled by their weight in the respective linear combination. Concentration of Cu(0), Cu(l)
and Cu(ll) species, as obtained from LCA fits (c). Filled black circles in (c) show the concentration
of metallic Cu(0), as estimated from Cu-Cu coordination numbers obtained in EXAFS data fitting.
Depicted error bars reflect the standard errors of LCA XANES and EXAFS fitting results.
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Supplementary Figure 7.10: EXAFS fitting results for Cu NCs under static CO>RR conditions.
Experimental (solid lines) and fitted (black dashed lines) Fourier-filtered EXAFS spectra (a) and
fitting results in R-space (b). Spectra are shifted vertically for clarity.

109



NCu-Cu

A O N A O @©

NCu-O

(A3

2.55F ' e
RS #@)GDC{D«ZOC[O
sle. | 1f
(Mﬁ&ﬁ L 250
¥ 3
65 o245}
B c
: ' 2.400- ' :
0 5000 10000 0 5000 10000
: . : 1.90 .
b
<L 1.85}
o 1.80}
0 5000 10000 7 0 5000 10000
Time t (s) Time t (s)

0.015}

=3
3 0.010}
3
O

1% 0,008}

0.000
0.010

g
1= 0.005}

1% 0.000

5.
'%0. B |
%#%@m@m E %&
1<-5¢ 1
g9
-10— : .
5000 10000 0 5000 10000
Time t (s)
0 5000 10000
Time t(s)

Supplementary Figure 7.11: Structure parameters extracted from EXAFS data fitting for
Cu NCs under static CO2RR. Time-dependent changes in Cu-Cu (a) and Cu-O (b) coordination
numbers (Ncy—cy and Ncy—0), Cu-Cu (c) and Cu-O (d) interatomic distances (Rcy—cy and Rcy—0),

Cu-Cu (e) and Cu-O (f) disorder factors (0, ¢, and 02, o

), and the correction to the photoelectron

reference energy AEy (g). Depicted error bars reflect the standard errors of EXAFS fitting results.
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Supplementary Figure 7.12: Oxidation and reduction of Cu NCs during the cyclic voltam-
metry experiment. (a) Changes in Cu species fluorescence intensity during the CV scan. (b)
Timedependency of Cu(0), Cu(l) and Cu(ll) concentrations, as observed by LCA analysis of timere-
solved XANES data. (c) Corresponding changes in the applied potential, with the potential values
corresponding to the onset of Cu oxidation to Cu(l) state (A) and Cu(ll) state (B), as well as to
reduction of Cu(ll) species (C) and Cu(l) species (D). (d) Corresponding cyclic voltammogram at
1.75mVs 1 scan rate.
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Supplementary Figure 7.13: Faradaic efficiencies for Cu NCs under pulsed CO,RR with varied
pulse lengths At, and At.. The values for the cathodic and anodic potentials are E. =-1.0V and
E, =0.6V vs. RHE, respectively. Depicted are changes in the FE under pulsed CO,;RR with respect
to that under static -1.0V potential. The excess FE for the Hy (a), CoHa (b) and EtOH (c), are
shown. Dashed green lines indicate the boundaries of regions with distinct catalyst surface structure
and composition, as discussed in the main text. (d,e,f) show the corresponding excess FEs under
static CO2RR after treatment for 1 h with pulses with different durations.
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Supplementary Figure 7.14: Faradaic efficiencies for Cu NCs under pulsed CO2RR with varied
pulse lengths At, and At.. The values for the cathodic and anodic potentials are E. =-1.0V and
E, =0.6V vs. RHE, respectively. Depicted are changes in the FE under pulsed CO2RR with respect
to that under static -1.0V (vs RHE) potential. The excess FE for the CH4 (a), CO (b) and formate
(c), are shown. Dashed green lines indicate the boundaries of regions with distinct catalyst surface
structure and composition, as discussed in the main text. Panels (d,e,f) show the corresponding
excess FEs under static CO>RR after treatment for 1 h with pulses with different durations.
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Supplementary Figure 7.15: Faradaic efficiencies for Cu NCs under pulsed CO>RR with varied
pulse lengths At, and At.. The values for the cathodic and anodic potentials are Ec =-1.0V and
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excess FEs under static CO2RR after treatment for 1 h with pulses with different durations.
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Supplementary Figure 7.16: Example of a current transient of pulsed CO2RR at At. =4s and
At, = 0.5s with the corresponding oxidative (Qa), reductive (Qg) and CO2RR charges (Qco2rr)-
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Supplementary Figure 7.17: Faradaic efficiencies of the gaseous and liquid CO2RR products
during 4000 s of reapplied stationary CO2RR conditions (after initial exposure to static CO,RR
for 1h) at -1.0V vs. RHE. Depicted error bars reflect the standard deviation of the values obtained
in at least three repeated measurements.
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Supplementary Figure 7.18: The dependency of the total current under pulsed CO;RR
conditions on the pulse lengths At, and At.. The values for the cathodic and anodic potentials
are E.=-1.0V and E; = 0.6V vs. RHE, respectively.
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Supplementary Figure 7.19: Changes in the FEs of the main CO2RR products under pulsed
CO2RR with respect to those observed in static CO;RR experiments at -1.0V with a duration
matching the effective CO2RR time in the respective pulsed regime. The excess FE for EtOH (a),
CoHa (b), CO (c) and CH4 (d) under pulsed CO2RR with different lengths of the anodic and cathodic
pulses are shown. Regions A, B, C and D correspond to distinct regimes with different catalyst surface
composition, as explained in the main text.
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Supplementary Figure 7.20: LCA-XANES analysis results for Cu NCs under pulsed CO>RR.
The anodic potential is E; = 0.6V (RHE), the lengths of the applied cathodic and anodic potential
pulses are At, = At. =1s (a,b), 10s (c,d) and 30s (e,f).
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Supplementary Figure 7.21: Differential diffraction pattern during the anodic pulse. Pulse
length At, =1s (a), 10s (b) and 30s (c). Anodic potential £, =0.6V (RHE). Diffraction patterns
show the variations in the Cu Bragg peaks and the evolution of a Cu20(111)-like peak at ~ 4.35°
as well as a peak at ~ 7.2° during the anodic pulse. The broad intensity difference between 2 and
10° reflects the variations in the background due to the water signal. 119
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Supplementary Figure 7.22: Changes in the area, width and position of the XRD peak
corresponding to Cu(311) reflection for Cu NCs under pulsed CO2RR. Anodic potential E; =0.6V
(RHE), lengths of applied cathodic and anodic potential pulses are At, = At. =1s (a), 10s (b) and
305 (c).
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Supplementary Figure 7.23: LCA-XANES analysis results for Cu NCs under pulsed CO;RR.
Anodic potential E; = 0.0V (a,b), E; =0.6V (c,d) and E; = 1.0V (e,f). In all cases the cathodic
potential value was E. = -1.0V, and the length of the applied cathodic and anodic potential pulses
At, = At. = 30s.
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Supplementary Figure 7.24: Evolution of the differential XANES (a) and XAS-EXAFS (b)
spectra for Cu NCs during the anodic pulse with different pulse lengths At = At, = At., and
different anodic potential values (E,). The spectrum corresponding to t = 0s (the onset of anodic
pulse) is subtracted from averaged time-dependent XAS collected under pulsed CO,RR conditions.
In the case of XAS-EXAFS, subtraction of the magnitudes of corresponding Fourier transforms is
performed.
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Supplementary Figure 7.25: Evolution of the differential XRD pattern of the reduced Cu NCs
during the anodic pulse with an anodic potential E; = 0.6V and for pulse lengths of At, = At. =1s
(a) and At, = At. = 30s (b). The diffraction pattern corresponding to t = 0s (the onset of anodic
pulse) is subtracted from the averaged time-dependent diffraction pattern collected under pulsed
CO2RR conditions. The broad feature between 2 and 4° in both panels is induced by the variations
in the water signal. Variations in line colors reflect the time passed since the onset of the anodic
pulse (dark blue/purple lines correspond to t = 0s, red lines correspond to t = At,).
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Supplementary Figure 7.26: Concentrations of Cu species in Cu NCs under pulsed CO2RR
conditions. LCA XANES analysis results (black circles) for averaged data collected under pulsed
CO2RR conditions with different pulse lengths: 1s (a), 10s (b) and 30s (c, d). The anodic potential
was E; = 0.6V in (a,b,c) and E; = 1.0V in (d).
comparison (red circles), as well as the time-dependencies of the applied potential E(t) and measured
current /(t). Dashed blue lines show the result of fitting concentration profiles for Cu(l) and Cu(ll)
species with a simple analytical model, with parameters obtained from the fit of the respective data
with 30s pulse length. Depicted error bars reflect the standard errors of LCA XANES and EXAFS

fitting results.
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Supplementary Figure 7.27: Evolution of Cu(311) Bragg peak measures obtained from indi-
vidual XRD patterns with an anodic potential E; = 0.6V and for pulse lengths of At, = At. =1s
(a) and At, = At. =30s (b). The relative changes of the peak area (the relative amount of Cu
domains, grey circles), relative peak broadening AFWHM/FwHM (the coherence length of Cu domains,
grey triangles) and in the lattice spacing (Ad/d, grey squares) are shown. The green, blue and black
solid lines the corresponding exponential fits.

125



—0— Area —A— FWHM

- R 120
“«— A

- 110
.%. M

L A _>-O

- °\ 1-10
<« o

. e 120
0 10 20 30

1:a/c (S)

Supplementary Figure 7.28: Amplitude of the periodic variations in Cu lattice contraction,
Cu restructuring and coherence length for three different pulse configurations. These results
were obtained by analyzing the positions, widths and areas for XRD Cu(311) peaks for Cu NCs under
pulsed CO,RR with At, = At. =1s, 10s and 30s. Anodic potential E, =0.6V.
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Supplementary Figure 7.29: Quasi in situ Cu LMM Auger spectra for Cu NCs. Spectra for as
prepared catalyst and for Cu NCs after 1 h reduction under static CO2RR conditions with constant
-1.0V potential applied (a) and for Cu NCs after 1 h of pulsed CO2RR with pulse lengths At. =4s
and At, =0.5s (b) and At. =4s and At, = 32s (c). We compare spectra for samples, where the
pulse sequence was interrupted at the cathodic or anodic pulse.
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Supplementary Figure 7.30: Changes in Cu-O distance as determined from XAS data for
Cu NCs under pulsed CO2RR conditions. Red circles show the results of EXAFS data fitting for
potential pulse lengths At, = At. = 10s (a) and 30s (b, c¢). Anodic potential E; = 0.6V in (a,b)
and £, =1.0V in (c). Black circles show the variation in average Cu-O bond length, as expected
from LCA-XANES analysis, assuming that these changes are solely due to changes in the relative
concentrations of Cu(l) and Cu(ll) species, and that the local environments around these species
are similar to that in their respective bulk oxides, i.e., that Cu(l) species have two Cu-O bonds with
length 1.836 A, and Cu(ll) species have 4 Cu-O bonds with length 1.937 A.
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Supplementary Figure 7.31: Effect of the durations of the anodic (At,) and cathodic (At.)
pulses on the average excess concentrations of Cu(l) (a) and Cu(ll) (b) species. Contour
lines show results obtained from the simple extrapolating model, as discussed in Supplementary Note
7.6.8. Circles show direct experimental results, obtained by LCA-XANES analysis of XAS data,
collected in auxiliary QEXAFS experiment at DESY P64 beamline for Cu NCs under pulsed CO2RR
with different At, and At values.
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7.6.10 Supplementary Tables

Supplementary Table 7.1: Faradaic efficiency (FE) for Cu NCs after 4000s of CO2RR at
static -1.0 V vs. RHE. Uncertainty (estimated as the standard deviation of the outcomes for at
least three measurements) of the last digit is given in parentheses.

Product FE (%)

Ho 17(5)
CoHy 40(2)
CHa 20(3)
EtOH 10(2)

Formate 5(1)

Cco 5(2)

1-PrOH 2.7(5)
Acetaldehyde 1.9(6)
Allylalcohol 1.2(2)
Propionaldehyde  0.6(3)
Acetate 0.13(2)
Acetone 0.07(3)
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Supplementary Table 7.2: FE for Cu NCs under pulsed CO>RR with different pulse lengths.
Uncertainty (estimated as the standard deviation of the outcomes of at least three measurements)

of the last digit is given in parentheses. The values for the cathodic and anodic potentials are
E.=-1.0V and E;, =0.6V vs. RHE, respectively.

At (s) ‘ Aty (s) ‘ Ha co CHg CoHg Ethanal Acetone Propanal EtOH 1-PrOH Allylalc. HCOO™ Acetate
0.5 05 12(5) 15(1) 30(6)  23(3)  3.7(5) 1(1) 0.5(3) 9(1) 15(2) 1.3(8) 3.2(7) 0.2(1)
0.5 1 25(5) 16(6) 376)  12(7) 2(1) 0(0) 0.4(3) 3(1) 0.4(6) 0.2(3) 2(2) 0.1(2)
0.5 2 14(3) 16(3)  44(11)  16(4)  1.9(7) 0(0) 0.3(2) 3.5(6) 0(0) 0.3(2) 2.5(8) 0.22(2)
0.5 4 12(2) 20(6) 43(9)  17(6)  1.8(7) 0.1(1) 0.1(2) 5(3) 0(0) 0(0) 1.8(9) 0.1(1)
0.5 8 16(5) 18(4) 43(6)  18(6)  0.9(8) 0(0) 0.2(2) 4(1) 0.1(2) 0.1(2) 1(1) 0.06(8)
0.5 10 10(3) 15(3) 46(8)  23(8)  1.6(3) 0.1(1) 0.2(3) 32(3)  0.11(9) 0.3(3) 1.4(9) 0.03(5)
0.5 16 17(4) 26(9) 32(1) 22(1) 0(0) 0(0) 0(0) 3(1) 0(0) 0(0) 2(9) 0.2(2)
0.5 32 22(5) 25(5) 24(8) 24(6) 0(0) 0(0) 0(0) 1.3(3) 0(0) 0(0) 2.9(2) 0.1(2)

1 05 14(2) 17(8) 29(8)  18(2) 3(2) 0(0) 0.5(1) 8.6(2) 2.2(5) 1.2(4) 6.5(6) 0.1(1)
1 1 8(2) 13(1) 26(3)  27(3)  4.1(8) 0(0) 0(0) 11(2) 2.3(6) 1.2(2) 5(1) 0.35(8)
1 2 15(4) 19(5) 20(8)  17(6) 2(2) 0(0) 0.4(4) ) 0(0) 0(0) 4.2(9) 0.1(1)
1 4 14(3) 22(5) 43(4)  13(4)  1.1(9) 0(0) 0.4(4) 3(1) 0(0) 0(0) 3.2(4) 0.16(5)
1 8 17(2) 23(6) 38(2)  15(6)  0.3(5) 0(0) 0.1(2) 2.5(9) 0(0) 0(0) 3(1) 0.2(3)
1 16 16(7) 21(3) 33(1) 21(8) 0.1(3) 0(0) 0(0) 5(1 0(0) 0(0) 4(3) 0.2(2)
1 32 14(2) 19(3) 27(4) 28(5) 0(0) 0(0) 0(0) 6(2) 0(0) 0(0) 5.2(5) 0.88(5)
2 05 7(2) 8(3) 27(4)  32(2)  4.2(3) 0.1(1) 0.75(8) 16(2) 2.9(3) 1.5(2) 3(1) 0.17(1)
2 1 11(3) 15(5) 25(3)  25(7)  3.2(7) 0(0) 0.9(2) 11(1) 2.2(8) 1.2(2) 5(1) 0.22(8)
2 2 8(2) 11(2) 38(8)  24(6)  3.8(6) 0.2(4) 0.7(2) 9.5(7) 1.7(4) 1(2) 3(1) 0.2(1)
2 4 8.1(5) 14(2) 30(3)  32(2) 4(2) 0(0) 0.61(8) 6(1) 1.1(1) 0.8(2) 3.5(4) 0.31(3)
2 8 13.7(8) 24(3) 36(1) 13(2) 3.7(5) 0.1(2) 0.6(2) 5(1) 0(0) 0(0) 3.9(1) 0.03(6)
2 16 11(1) 21(4) 30(4) 23(4) 3.5(6) 0(0) 0.2(3) 5.7(5) 0.4(6) 0(0) 5.8(3) 0.2(3)
2 32 12(3) 19(5) 29(3) 26(8) 3(1) 0(0) 0.3(6) 6(2) 2(4) 0.2(4) 5.8(4) 0.2(2)
4 05 7(1) 6(2) 25(9)  34(3) 5(2) 0.11(7) 0.7(2) 17(2) 3.3(9) 1.4(2) 3(1) 0.3(2)
4 1 9(3) 11(3)  15(10)  35(3) 5(3) 0.1(1) 1.2(6) 14(1) 3.1(5) 1.4(1) 6(2) 0.26(5)
4 2 7(1) 7.49)  27(6)  32(3)  4.2(8) 0.06(1) 0.8(3) 14.4(2)  27(5) 1.3(2) 4(1) 0.2(1)
4 4 7.3(8) 11(3) 27(4)  36(2) 7(3) 0.02(2) 0.8(1) 8(1) 1.4(5) 0.8(2) 4(1) 0.2(1)
4 8 8(3) 12(5) 35(6) 26(5) 3.8(7) 0.1(1) 0.7(2) 9(1) 1.2(6) 0.8(4) 4(3) 0.4(4)
4 16 9.4(6) 17(2) 33(4) 20(4) 5(2) 0(0) 1(4) 7(1) 0.06(1) 0.2(4) 6.8(8) 0.3(3)
4 32 12(5) 15(4) 24(4) 25(9) 5(3) 0(0) 1.6(9) 8(2) 0.4(7) 0.5(8) 9(3) 0.6(5)
6 05 | 8@ 5(2) 29(7)  35(6)  2.8(5) 0.11(6) 0.5(2) 14(2) 2.5(6) 1.2(4) 2(1) 0.1(1)
8 05 9(3) 7(3) 21(1)  41(3) 3(1) 0.12(9) 0.8(4) 16(2) 3.05(5) 1.4(2) 2.9(5) 0.19(9)
8 1 11.5(4) 9(4) 18(8)  37(4) 5(3) 0.03(3) 0.8(5) 11(3) 2.7(8) 1.2(2) 5(3) 0.1(1)
8 2 12(3) 9(3) 21(13) 34(3) 4(1) 0.19(4) 0.9(5) 11.7(8) 2.8(6) 1.3(2) 5(5) 0.05(5)
8 4 6.6(5) 9(3) 32(4) 35(5) 3.5(9) 0.2(3) 0.7(2) 10(4) 1.9(3) 1(3) 2.8(3) 0.14(8)
8 8 6.3(7)  83(1)  32(4)  35(2) 4(4) 0.04(6) 0.7(2) 11(1) 1.9(6) 1.1(2) 3(2) 0.13(3)
8 16 8(1) 13(1) 35(6) 27(3)  3.4(2) 0(0) 0.46(9) 8.3(6) 1.7(6) 1.2(3) 5(1) 0.2(1)
8 32 9(2) 10.4(7)  24(5)  33(2)  3.4(7) 0.02(4) 0.8(1) 10(2) 1.9(6) 1.3(5) 7(2) 0.27(7)
10 05 8.8(6) 8(1) 21(4)  40(4)  3.2(9) 0.08(2) 0.7(1) 12(1) 3(7) 1.3(1) 3.2(6) 0.15(9)
10 1 12(2) 13(2) 18(7) 32(1) 4(3) 0.05(4) 0.7(4) 8(1) 2.5(2) 1.2(2) 9(1) 0.1(1)
10 2 9(1) 12(1) 23(4)  33(5) 5(2) 0.12(8) 0.9(2) 10(2) 2.5(9) 13(2) 6(2) 0.16(4)
10 4 10(3) 11(3) 28(4) 30(6) 2.8(8) 0.03(3) 0.61(7) 9.5(8) 2.4(4) 1.17(5) 5.6(4) 0.17(8)
10 10 7(1) 8(3) 35(2)  33(2) 4(2) 0.1(2) 0.6(1) 10(2) 1.8(4) 0.94(9) 3(1) 0.09(3)
16 05 8.8(3) 7(1) 20(5)  41(3) 3(2) 0.13(3) 0.7(3) 12(2) 3.3(5) 1.4(2) 4(1) 0.06(1)
16 1 9(1) 7(3) 21(4)  40(3) 3(1) 0.06(4) 0.8(3) 11(2) 3(2) 1.3(2) 4(1) 0.07(7)
16 2 8(1) 13(3) 25(4)  35(3) 4(1) 0.03(3) 0.9(2) 9.3(3) 2.2(2) 1.21(8) 3.8(1) 0.14(4)
16 4 7(1) 12(1) 31(8) 30(5) 3.3(7) 0.03(3) 0.8(1) 8.3(6) 1.8(5) 1.1(1) 4(2) 0.1(5)
16 8 10(3) 11(4) 202)  27(7) 4(1) 0.04(6) 0.9(3) 8(2) 1.7(7) 1.1(1) 5(5) 0.11(7)
16 16 8(2) 13(3) 30(7) 31(6) 3.3(9) 0.02(3) 0.7(2) 7.6(8) 1.6(6) 0.9(2) 4.7(9) 0.3(2)
16 32 7.9(4) 9(1) 27(2)  35(4)  3.4(4) 0.05(9) 0.71(1) 11(1) 2.6(7) 1.2(4) 4.3(1) 0.16(8)
32 05 9(1) 7(1) 21(9)  40(5)  2.6(5) 0.08(2) 0.8(4) 11(2) 3.2(7) 1.5(2) 4(2) 0.11(9)
32 1 9(3) 6(4) 22(8)  41(4) 3(1) 0.09(2) 0.7(3) 12(2) 3(3) 1.31(5) 3.2(4) 0.07(7)
32 2 9(3) 6(3) 22(1)  40(2) 3(1) 0.13(4) 0.8(4) 12(1) 3.2(2) 1.33(9) 4(1) 0.09(2)
32 4 8(1) 8(3) 27(4) 37(3) 3(1) 0.04(2) 0.7(3) 10(2) 2.6(3) 1.24(8) 4(1) 0.09(9)
32 8 9(2) 10(2) 28(4)  33(1) 4(3) 0.02(4) 0.97(9) 8.8(6) 2.4(4) 1.21(1) 5(6) 0.09(9)
32 16 9(2) 9(8) 26(2)  36(2)  2.7(5) 0.04(7) 0.76(9) 10(1) 2.6(3) 1.1(1) 4(1) 0.1(5)
32 32 8(1) 10(1) 28(3)  33(2) 3(1) 0.2(2) 0.7(1) 9.8(9) 2.1(3) 1.1(2) 5(1) 0.1(1)




Supplementary Table 7.3: FE for Cu NCs under static CO2RR at E. =-1.0V after treatment
with pulses with different durations. Uncertainty (estimated as the standard deviation of the
outcomes of at least three measurements) of the last digit is given in parentheses. The values for
the cathodic and anodic potentials are Ec =-1.0V and E; = 0.6V vs. RHE, respectively

Atc (s) ‘ Aty (s) ‘ Ha co CHy CaHg Ethanal Acetone Propanal EtOH 1-PrOH Allylalc. HCOO™ Acetate
0.5 05 12.1(8)  8(1) 41(4) 27(2) 3.1(6) 0.01(3) 0.6(3) 4(8) 1.1(3) 0.9(2) 5.1(6) 0.1(1)
0.5 4 19(4) 5(2) 49(3) 19(5) 2.3(3) 0.03(2) 0.4(2) 41(1)  0.9(5) 0.8(2) 4(1) 0.17(8)
0.5 8 20(4) 4.7(1) 47(3) 19(2) 2(4) 0.01(1) 0.34(1) 3.6(3) 0.7(2) 0.56(6) 5(1) 0.1(1)
0.5 32 21(6) 7(1) 34(14) 23(6) 2.1(6) 0.05(8) 0.4(2) 4(2) 1.3(1) 0.8(5) 8(4) 0.07(3)
4 05 19(7)  5.1(8)  39(9)  27(11) 3(2) 0.03(2) 0.4(2) 5(2) 1.2(6 0.7(3) 4.5(6) 0.09(6)
4 4 13(3) 7(2) 34(5) 33(2) 5(2) 0.01(2) 0.7(3) 53(6)  1.3(3) 0.9(2) 4(1) 0.17(5)
4 8 21(4) 105)  32(15)  23(3) 2.5(9) 0.02(2) 0.5(1) 4.5(9) 1(6) 0.9(2) 6(3) 0.06(4)
8 05 13(3) 7(1) 31(5) 34(5) 3(1) 0.08(3) 1(6) 7(7) 2(7) 1.3(4) 4(1) 0.1(8)
8 4 15(8) 6.8(9) 38(4) 28(8) 4(2) 0.07(4) 0.6(3) 5(1) 1.1(7) 0.7(2) 4(1) 0.13(7)
8 8 12(4)  52(3)  36(5) 33(2) 3.9(4) 0.02(4) 0.7(2) 6.4(1) 1.3(3) 1.1(2) 2.7(2) 0.08(7)
32 05 12(3)  5.7(3) 24.6(8)  38(3) 2.4(7) 0.08(0) 0.8(3) 84(3)  3.1(2) 1.6(1) 4.7(4) 0.12(3)
32 32 15(2) 10(1) 31(2) 28(1) 2(1) 0(0) 0.4(3) 58(6)  1.2(3) 1.1(2) 4(6) 0.2(1)

Supplementary Table 7.4: Cu catalyst loading after pulsed CO2RR. Sample dissolution, deter-
mined by ICP-MS measurements of the electrolytes, was used to determine the remaining loading
of the Cu catalyst on the carbon paper support. The initial amount was 50 pg, after reducing at
constant -1.0V for 1 h the remaining sample amount was 40(2) pg. This value was used as reference
to calculate the percentage of sample dissolved. The values of cathodic and anodic potentials applied
during the pulses are Ec =-1.0V and E; =0.6V. Uncertainty of the last digit is given in parentheses.

At (s) At, =0.5s At,=4s At, =32s
Sample Dissolved Sample Dissolved Sample Dissolved
loading  sample loading  sample loading  sample

(ng) (%) (vg) (%) (vg) (%)

32 37(1) 8 31(2) 23 31(1) 23
After 1 h of
pulsed CO,RR 4 31(5) 23 30(2) 25 28(2) 30
05 32(3) 20 27(7) 33 27(1) 33
After 1 h of
pulsed CO2RR, 32 34(3) 15 30(3) 25

followed by 1h
of reapplied

CO2RR at 0.5 28(3) 30 26(3) 35
constant -1.0V
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Supplementary Table 7.5: Parameters of the model defined by Supplementary Equation
7.2. The parameters are obtained by best fitting the Cu(l) and Cu(ll) concentration profiles for Cu
NCs under pulsed CO2RR conditions with pulse length 30s. Uncertainty (estimated as the standard
deviation of outcomes for at least three measurements) of the last digit is given in parentheses

Aw, Aw To—1 (8) 70— () 7m0 (S) =i (8)  Tu—o (S)
E,—0.6V 0.0308(9) 00086(2) 10.8(6) 35(3) 0.59(5) 0.5(1) -
E.=1.0V ; 0.0884(7) - 41(2)  31(2) 13409)  1.3(1)
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8.1 Preliminary Remarks

This chapter answers the question how bimetallic catalysts improves the selectivity towards
Co+ products by systematically increasing the Au NP loading on the CupO NCs. It is set in
comparison with the SnO;-decorated Pd NCs for the FAOR. Both catalysts are cubic shaped,
each demonstrating (100) terminated facets that are beneficial for the respective reactions.
Furthermore, a co-catalyst was chosen that enhances the catalytic performance.

This project was designed and supervised by Arno Bergmann and Beatriz Roldan Cuenya. | led
the sample synthesis and the electrocatalytic characterization and the quasi in situ XPS mea-
surements. Antonia Herzog performed the operando Raman measurements, Martina Rischer
and Janis Timoshenko guided the operando XAS measurements with contributions from Hyo
Sang Jeon, Mauricio Lopez Luna and David Kordus. Stefanie Kiihl performed the ICP-MS
measurements and preliminary TEM measurements. See Wee Chee established the contact
to the collaborators Daniele Casari and Alexander Duncan, who performed further TEM mea-
surements and analysis.

8.2 Abstract

Electrochemical reduction of CO2 (COz reduction reaction (CO2RR)) is an attractive tech-
nology to reintegrate the anthropogenic CO, back into the carbon cycle driven by renewable
energy and a suitable catalyst. The combination of co-catalysts with copper boosts the se-
lectivity towards multi-carbon (Ca4) products. In this study, we employ highly efficient Co.
producing CupO NCs decorated with CO-selective Au NPs to investigate the correlation be-
tween a high CO surface concentration microenvironment and the catalytic performance.

We comprehensively studied the structure, morphology and near-surface composition upon
CO2RR and identified a complex heterogeneous tandem electrocatalysts with Au wetting the
Cu surface leading to pronounced Cu-Au alloy formation. Operando studies showed the con-
tinuous evolution of the local structure and chemical environment of our catalysts during the
first hour of the reaction, in particular, the rapid integration of the Au atoms into the Cu
lattice during CO2RR. Along with the alloy formation and with increasing Au decoration, by
means of selectivity measurements and operando Raman spectroscopy we detect a CO-rich
microenvironment as well as a weakening of the average CO binding to the catalyst surface
during CO2RR. Linking these findings to the catalytic function, we could reveal the complex
compositional interplay between Au and Cu in which higher Au loadings primarily facilitate
the CO formation due to the in situ formed Cu-Au alloys resulting in a weak CO binding.
Nonetheless, we show the strongest improvement in Co, formation, in particular, liquid prod-
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ucts, for the lowest Au loadings, suggesting a beneficial role of the Au-Cu atomic interaction
for a beneficial tandem catalytic function in CO>RR. This study highlights the importance of
site engineering and operando investigations to unveil the electrocatalyst’'s adaptations to the
reaction conditions, which is a prerequisite to understand its catalytic behavior.

8.3 Introduction

The electrochemical reduction of CO; (CO2RR) is an attractive technology for closing the
anthropogenic carbon cycle by using renewable energy such as solar- or wind-power to convert

the greenhouse gas CO3 into energy-dense feedstock chemicals or liquid fuels.[216.217]

The ideal electrocatalysts for this reaction require low overpotentials, high stability and ex-
cellent selectivity for Cos products while minimizing the parasitic Hydrogen Evolution Reac-
tion (HER). While various materials may reduce CO3 into C; products (CO, CHs, HCOOH),
copper-based materials are unique in producing Ca+ hydrocarbons (e.g. CoHa), alcohols (e.g.
CoHsOH) or carbonyls due to their ability to enable the C-C coupling reaction. CupO NCs are
reported as one of best catalysts for Co4 products.l'9%] The Cu-based catalysts owe their good
selectivities to an optimal binding and stabilization of the CO intermediates!?°] (e.g. *CO and
*COz‘);[m] yet these catalysts still suffer from low energy efficiency and low specific product

selectivity.[104]

Among the multitude approaches to improve the selectivity towards Co. products, sequen-
tial catalysis has been proposed to be beneficial with an optimized selectivity through com-
bining beneficial electronic effects via alloying and an increased CO coverage or concentra-
tion.[107.108,219-221] By adjusting the local electronic structure of the catalyst though the use
of bimetallic systems and alloys, the binding energies of the reaction intermediates such as
*CO might be altered and thus the reaction pathways might be modified.[222-225] Furthermore,
a higher local concentration and subsequently a higher coverage of adsorbed CO molecules
on Cu can be induced through CO-selective co-catalysts, such as Au, Ag or Zn. This may
lead to subsequent C-C coupling and thus enhanced selectivity for Co. products. [105:106.226]
Despite of the similar ability to efficiently reduce CO» to CO, Au, Ag and Zn differ from each
other in particular as the onset potential for CO production, which varies from -0.25V (vs.
RHE) for Au, -0.52V for Ag and -0.6V for Zn. Thus, Au has the lowest overpotential and
shows the highest CO partial current density, which can be explained by its weak *CO binding
strength.[2954.227] Fyrthermore, it has been proposed that the thus produced CO might follow

a CO spillover mechanism, which has been also reported for Ag.[228'229]

Moreover, Au is an attractive co-catalyst for CO2RR due to its particular alloying tendency
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with Cu, which allows to steer the electronic structure better than the less miscible Ag-Cu
catalysts.[227'230] In particular, Cu-Au can form three ordered phases with different composi-
tions (CuszAu, CuAu, CUAU3),[231] and CuAu superstructures[232] as well as unordered Cu-Au
phases, which present a wide variety of possible active species for CO,RR. Cu-Au alloyed
systems have been reported to lead to enhanced CO2RR performance, which was attributed
to different factors including a possible protection from the formation of Cu oxide,[230.233] j_
creased formation of CO, paralleled by the suppression of HER and CH, formation, [77:234:235]
a shift in the onset potential for COzRR,[23O'236] *COOH stabilization[111:223.237] 5 to syn-
ergistic geometric and electronic effects to boost Co+ production toward alcohols.[112:238-241]
However, the type and the influence of the alloyed structure under CO2RR conditions as well
as the high CO coverage on Cu through CO producing co-catalysts remains an open question.
Additionally, a systematic study of Cu-Au NP catalysts with a complex mixing pattern of the
constituent active elements, alloy formation and the interfaces of its multiple phases under

operando conditions has not yet been reported.

Hence, in this work we used CupO NCs decorated with varying amounts of Au NPs to reveal
the role of alloying and of the CO coverage on the product selectivity by analyzing the alloy
formation and the influence of CO-richer micro-environments under CO,RR conditions. The
compositional restructuring was investigated with TEM and XPS, while the active phases under
reaction conditions were deconvoluted with operando HE-XRD, operando XAFS spectroscopy,
and quasi in situ XPS. The CO coverage on Cu was followed with operando surface-enhanced
Raman. Correlations between the alloy type, amount and its evolution during CO2RR as well
as the CO coverage and the product distributions were drawn, unveiling that optimized alloyed
phases and CO coverages result in increased Co. product selectivity.

8.4 Results and Discussion

We have prepared CupO NCs decorated with different Au NP loadings and TEM analysis
confirmed the cubic shape of the as-prepared CupO NCs with the lowest and the highest Au
loading (Aug.4Cu20O NC and Aup7Cu20 NCs), with well dispersed Au NPs primarily on the
edges, Figure 58.6. We determined the bulk compositions of Cu with varying Au loadings of
0.43at%, 0.77at%, 1.08at% and 2.69at% for Aug 4Cu>O NC, AuggCurO NC, Auj 1CurO NC
and Auz 7Cus0 NC, respectively, Table $8.6. XRD analysis of the as-prepared NCs demon-
strates the presence of CupO with its most intense reflections (111) at 36.4° and (200) at
42.3°, Figure 8.1a. The addition of the Au NPs induces broad and weak Au(111) reflections
at 37.34°, which are present for all catalysts, with increasing intensity as a function of the
Au loading. Low Au loadings resulted in a good distribution across the CupO sample surface,
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Figure 8.1: a) Ex situ XRD pattern of the as-prepared catalysts and their corresponding Rietveld
refinement fits. Scanning Transmission Electron Microscopy (STEM)-High-Angle Annular Dark Field
(HAADF) images of b) Au monocrystalline and polycrystalline NPs on the surface of Aug4CuO NC
in their as-prepared state and c) an example of Au wetting on the surface of the same Aug 4Cuz0 NCs
after 70 min CO2RR. STEM-HAADF images with corresponding EDX mappings of (d, e€) Aug4Cuz0
NCs and (f,g) Auz.7Cu20 NCs in as prepared state (d,f) and after 70 min CO2RR (e,g). The reaction
was carried out in COj-saturated 0.1 M KHCOj3 at -1.05V.

which is consistent with previously reported catalysts.[242] The coherence lengths obtained by
Rietveld refinement for the CupO NCs of all catalysts vary between 21 and 42 nm, Table S8.2.
These findings are in agreement with the CupO NC edge length and Au NP size distributions
displayed in Figure S8.12 andTable S8.4, revealing cube edge lengths of ca. 20 nm and Au NPs
sizes of 3-4nm. The Au NPs are evenly dispersed on the surface of the CupO NCs and attach
preferentially to the corners of the cubes. Interestingly, the Au NPs exhibit both, single grain
and multigrain structures, Figure 8.1b.

The electrocatalytic performance of the catalysts was evaluated by chronoamperometric mea-
surements at -1.07V for 1h in COz-saturated 0.1 M KHCOj3 for the different Au loadings.
Figures 8.2a,b shows the selectivity trends in form of FEs as a function of the Au loading
and the corresponding current densities (e). The potential dependent FEs and corresponding
currents for each catalyst are given in Figure S8.8. In Figure 8.2a, the increased formation
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Figure 8.2: Faradaic efficiencies at -1.07 V in 0.1 M KHCO3 as a function of the Au NP loading
for a) Hp, CO, CHy4, CoHy4 and ethanol; b) minor liquid products, c) Co. total products, Ca. liquid
products; d) current density, normalized by the Electrochemical Surface Area (ECSA).
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of CO with increasing Au loading up to a FE of 56% for Auz7CusO NC is most evident.
This high production of CO on Au suggests a high local CO concentration around the Au NP
perimeter in the proximity of Cu. In return, the CoH4 production is indirectly correlated to
the CO production, sacrificing the FE of CoHy for CO for large Au coverages on the CuO
NCs. Hydrogen production decreases for the lower Au loadings (<1%), while a slightly higher
CHy4 production is found. The FE of ethanol increases slightly by 2 percentage points for
Aug 4Cu0 NCs and AuggCusO NCs. Remarkably, the FEs of the minor liquid products such
as propionaldehyde, acetaldehyde and allylalcohol are also boosted for the lower Au loadings.
Acetaldehyde, which is considered as the direct precursor of ethanol, is improved for all Au
loadings investigated and is highest for Aug.gCusO NC, with 4.8% FE, 2.6 times higher than
for the pure CupO NCs. For this catalyst, the highest FE is also observed for propionaldehyde,
while allylalcohol has its peak FE for the three low Au loading catalysts and 1-propanol is the
highest for Aug 4CuO NC.

For the bimetallic catalysts, the increased ethanol production is typically linked to weaker
binding strength of *CO intermediates and to a CO spillover mechanism, which is described
well for Ag-Cu systems.[58:104.107.243] Although Au-Cu systems tend to alloy under reaction
conditions, the CO spillover mechanism for these systems is not clearly understood. In our
case, and in contrast to the similarly prepared Ag-CusO NCs,[207] the addition of Au as co-
catalyst does not improve the ethanol production significantly, despite the increased production
of acetaldehyde. Ethanol is understood to be produced either directly from the *CH,CHO
intermediate through protonation, or through readsorption of acetaldehyde (CH3CHO) with
subsequent protonation.[34] We explain the preferred production of acetaldehyde and the im-
peded production of ethanol by the high CO-richer environment that hinders the protonation
of the *CH3CHO intermediate and the re-adsorption of acetaldehyde on the catalyst. The
lowered hydrogen production, observed for our Cu-Au catalysts, is in agreement with impeded
*H coverage on the surface and OH™ formation.

Figure 8.2c displays the total Co:+ product FE, which is the highest for Aug 4CusO NC and
exceeds slightly the ones of CupO NC and AuggCu0O NCs. With increasing Au loading, the
Co+ product formation reduces drastically, which results mainly from the decreased FE of
ethylene and ethanol. The Ca4 liquid product formation for the two lowest Au loading exceeds
that of the CupO NCs by up to 5% FE. The Cos carbonyl formation, however, increases for
the low Au loadings and decreases drastically for the high Au loadings, demonstrating the
beneficial effect of low amounts of Au on CupO NCs for CO2RR. In a similar way, the liquid
Co+ products increases for the low Au loadings to a maximum of 21% FE and decrease for
the Aus 7CusO NCs, where the combined liquid products decrease by 4 percentage points to
17% FE. Thus, a switch in the selectivity for the gaseous products takes place, and for the
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Aus 7Cu20 NCs, the CO selectivity is so high that fewer liquid products are formed.

The total and partial current densities at -1.07 V vs. RHE, normalized by the geometric area of
the carbon paper support and roughness factor (RF) are shown as a function of the Au loading
in Figures 8.2d and S8.9 and represent the intrinsic catalytic turnover. The total catalyst
current density increases slightly with increasing Au loading, indicating a higher activity of
the Au compared to Cu, and consequently higher CO production rate, in accordance with
literature.[111] Furthermore, the partial current densities for Co4 products are again highest for
the low Au loadings, with decreasing activities for increasing Au loadings. Notably, the lowest
Au loading of 0.4 at% leads to a 2-fold increase in Cos current density and a 4-fold increase
for the Co4 liquid product current density. Thus, the turnover of CO to Cos products appears
to be sensitive to the presence of small amounts of Au (low loadings), leading to a slightly
CO-richer environment, while Au loadings and thus, increased CO formation, are detrimental.
Stability tests over 20 h on all catalysts confirm the stable product distributions after the initial
alloy formation during the first hour and are further described in Supplementary Note 8.6.2,
Figure 58.10c.

Furthermore, we studied the redox behavior of the catalysts and the influence of Au decoration
thereon using CV. Nonetheless, there are no major differences or trends with the Au loading
as compared to the Cu foil detectable in the CO»-saturated bicarbonate electrolyte beyond
variations in the electrochemical surface area. The results, further described in Supplementary
Note 8.6.2, Figure S8.7 and Table $8.3, display a lack of differences in the redox behavior
comparing the CVs of our Cu-Au catalysts with the ones of pure Cu, in contradiction to hte
literature, [239:233] which we assign to our generally low Au loadings.

The evolution and differences in the product distribution which we identified, suggest changes
and differences in the bulk and near-surface properties of the catalysts, which have to be tackled
to understand the catalyst function on the atomic level. Therefore, we carefully analyzed
STEM and EDX images before and after CO>RR to identify any irreversible morphological
restructuring and Au wetting effects of the Cu surface.

Figures 8.1 and S8.11-511 depict the TEM, HAADF-STEM images and their corresponding
binned EDX mappings of the catalysts before and after CO2RR. Two selected catalysts show
well-dispersed Au NPs on the surface of the CupO NC in the as-prepared state, Figures 8.1d,f,
and 58.16. After 70 min of CO2RR at -1.05V, strong morphological changes are observed for
the CupO NCs, losing their cubic shape and appearing porous, Figures S8.11 and S7. Note
here that the catalysts in the present TEM study have undergone exposure to air before the
microscopic analysis, Figure $8.16, but these results are in line with recent in situ TEM studies
in which the shape of the Cu,O NCs was investigated during CO2RR.[198] The NC edge lengths
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and the Au NP sizes did not change upon CO2RR compared to the as-prepared catalysts within
the experimental uncertainty. However, the number of Au NPs decreases and the Au became
incorporated into Cu as fine lines in between the retained Au NPs, Figures 8.1e,g and S8.16.
This Au wetting forms a skeleton-like structure in which Cu reshapes into a new frame. A more
detailed analysis on the wetting effect of the Aup 7CurO NCs was performed via high-resolution
TEM, Figure S8.11. The images clearly show separate phases in the as-prepared state and an
Au-wetted Cu surface after CO2RR framing around the nanostructures, Figure 8.1c. This Au
wetting phenomenon is more pronounced for the higher Au loadings, rearranging the catalyst
structure towards an Au-rich frame, Figures8.1le,g and S8.16. Indeed, significant changes in
the Cu morphology were found for the low Au loading catalysts, partially with coalescence
and dissolved Cu. On the other hand, when the higher Au loadings on the CuyO catalysts are
considered, the cubic-framed shape is more easily preserved, Figures S8.11 and S8.16. in this
case, the Au-wetted branch-like areas indicate an Cu-Au alloy formation, which is suggested
to improve the stabilization of the Cu NCs. However, for the Aupy 7CurO NC, ever after 1 h of
CO2RR, there are still Au NPs are preserved, suggesting that the Au is not completely alloyed
in this sample, which increases the compositional complexity of the catalysts with different Au
and Cu-rich phases being present during catalysis.

We also followed the changes in the surface composition from the EDX maps and as expected
found an increased Au:Cu ratio with increasing nominal Au loading, though with a slight offset
as compared to the results obtained by ICP-MS, Table S8.5. Note that EDX is a semiquan-
titative method without external standards and that, due to the low-Au loadings considered,
the Au ratios extracted here are all within the detection limits of this methods (1-2%). After
CO2RR we identified a relative increase of the Au:Cu ratio for the Aug4CuO NC, while it
remains mostly stable for the other catalysts. In combination with the morphological changes,
this can be explained with a stronger loss of Cu for the lowest Au loading. Supplementary
Note 8.6.2, Figure S8.17 and Table S8.6. The Au:Cu ratio was also locally mapped by binning
the EDX images, Figure 8.1d-g and S8.16. For the as-prepared catalysts, defined NPs are
observed, while after CO>RR, both distorted Au NPs and Au wetting of the Cu surfaces were
observed. The Au wetting and skeleton-like structures observed around the cubic shapes are

clearly visible.

To understand the irreversible changes of the surface composition, chemical state and alloy
formation of the bimetallic catalysts upon CO>RR, we employed quasi in situ X-ray Auger
Electron Spectroscopy (XAS) and X-ray Photoelectron Spectroscopy (XPS). Thereby, air
exposure of the catalysts after reaction was avoided to prevent surface re-oxidation and possible
restructuring. Figure 8.3 shows the Cu LMM X-ray Auger Electron Spectroscopy (XAS) (a)
and Au 4f and Cu 3p (b) core level XPS regions for the Aup 7CupO NCs before and after 1 h
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Figure 8.3: Quasi in situ XPS spectra for the Aup 7CuzO NCs: a) Cu LMM Auger and b) Au 4f
and Cu 3p in the as-prepared state and after 1h CO2RR at -1.05V vs. RHE in 0.1 M KHCOs3. )
Surface composition in at% Au compared to at% Cu as a function of the nominal Au loading in the
as-prepared state as well as after CO2RR. d) Binding Energies of the Au 4f;/, core level region in
the as prepared state and after 1h CO;RR.
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CO2RR at -1.05V as well as the surface composition (c) and the binding energy of the Au
4f7 /2 peak (d) as a function of the nominal Au loading. The Cu 2p, Au 4f, Cu 3p XPS and Cu
LMM XAS for all catalysts are shown in Figures S8.18 - $8.20. The Cu LMM Auger spectra in
Figure 8.3a show a combination of Cu’, Cu' and Cu' in the as-prepared state and a reduction
of Cu'" /Cu' to Cu® after CO2RR. In the as-prepared states, the catalysts present similar
ratios of CupO (80-90%) and CuO (10-20%), whereas, after 1 h under CO2RR at -1.05V, all
catalysts appear reduced to metallic Cu within the error margins, Figures S8.18, S14, Table
S8.7. The Au 4f spectra in Figure 8.3b show peaks at Egg 7/,=84.2eV and Egg 5/o=87.9¢€V,
resembling metallic Au, and the increased binding energy of +0.2€V can be assigned to a
nanoparticle size effect.[54

The surface composition of the catalysts was determined by comparing Cu 3p and Au 4f
spectra, Figure 8.3b,c and Table S8.8. In the as prepared state, the Au surface loadings
are with ~1 to ~6% significantly higher than the average bulk composition. The Au surface
composition increased after 1 h CO2RR for the higher Au loadings. This effect can be assigned
to a combination of dynamic redistribution, segregation and wetting of Au on the Cu surface.
These findings agree well with the STEM-EDX and ICP-MS data presented before.

Figure 8.3d demonstrates that the Au 4f binding energy does not vary strongly with Au loadings
in the as-prepared state. However, the Au 4f binding energy increased upon CO2RR by 0.2V,
suggesting a change in the electronic structure around the Au NPs and the possible formation
of an alloy formation between Au and Cu.[2**l This could however also be explained as a size
effect, with the higher binding energy shifts detected for the Au loadings in the as-prepared
state with the smallest Au NPs. Furthermore, depending on the Au loading, the binding energy
during CO2RR varies from 84.32¢€V to 84.41€V. An increasing Cu fraction in the CuAu alloy
leads to increased binding energies,[244] and thus, we conclude that the fraction of CuAu alloy
regions increases with the Au loading after the CO2RR.

Notably, this trend reflects the averaged surface chemistry of the Au atoms and shows an
increasing presence of the Cu-Au alloy with increasing Au loading. Additionally, it must be
considered that for the initially high Au loadings still a significant density of unalloyed Au
NPs have been observed, Figure 8.1g, suggesting that the surface also comprises Cu-rich
Cu-Au alloy regions. Thus, we conclude a significant decrease in the density of pristine Cu
sites. Remarkably, the AuggCu20 NCs show relatively high binding energies of the Au 4f7 5,
indicating higher alloy formation than for the other catalysts. This observation coincides with
the lower CO, Co. liquid products and Hy specific activities, Figure $8.9, as compared to the
Aug 4CurO NCs, and illustrates that a large fraction of Cu-Au alloy formation is detrimental
for Cos+ production from COsRR.
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To extract comprehensive information on the catalyst's bulk structure during CO2RR, we
employed operando HE-XRD to understand the formation of crystalline Cu;_xAuy alloy phases
during CO2RR. Note that highly disordered metallic or cationic phases cannot be detected
using XRD. We have previously shown that the bare CupO NCs mostly reduce to metallic Cu
using operando HE-XRD.["1] Figure S8.21 presents the XRD pattern of the Aup 7CuO NC
recorded at 67 keV at OCP and after 1 h at -1.05V. At OCP, the diffraction pattern agrees well
with the CuyO phase, in addition to the strong background caused by the electrolyte. During
CO2RR, the CupO Bragg peaks disappear almost completely, and a diffraction pattern of
metallic Cu developes. The broad feature at ~4.65° could be caused by a Cuj_,Auy phase(s).
Compared to the as-prepared CuyO NCs, the Bragg peaks of the metallic Cu during CO2RR
are significantly broader, suggesting a shorter structural coherence length. Rietveld refinement
reveals a coherence length of ~7 nm of the metallic Cu domains compared to ~17 nm for the
Au-free CupO at OCP. The structural properties of the potential Cuj_xAuyx minority phase
were not reliably resolvable using Rietveld refinement. The Cu lattice parameter of ~3.6499 A
did not show any evidence for Au incorporation into the main Cu phase during CO>RR. Thus,
operando HE-XRD shows the reduction of the Au 7Cua0O NCs during CO2RR, which consists
mainly of a bulk Cu phase with a potential highly disordered Cu;_xAuyx minority phase. Further
details are given in Table S8.9.

Further insights into the chemical composition, interatomic interactions and alloy formation
during CO2RR were extracted from operando X-ray Absorption Spectroscopy (XAS). This
technique is highly complementary to the XRD data presented above, since it unveils the
disordered phases present in these samples under the different environments and reaction
conditions. The analysis of the Cu K edge XANES and EXAFS data is shown in Supplementary
Note 8.6.2 and Figures 5S8.22-521 and Tables S8.11 and S11.

The temporal evolution of the Cu K-edge XANES profile during CO2RR conditions was followed
by QXAFS) and the chemical state components were quantified via LCA using reference
spectra, Figure 5$8.23. The initial states in the electrolyte show varying contributions of CusO
and CuO, which might be attributed to an aging effect of the catalysts and/or a beam damage
effect. Upon application of -1.0V, the majority of the Cuz0 reduces within 20 s to metallic Cu
and after 4 h of CO3RR, fractions of 10% Cu,O were observed, which indicates a robust Cu,O
phase in the core of the catalysts since quasi in situ XPS showed a purely metallic catalyst
surface after 1 h CO>RR. The coordination numbers during CO>RR suggest a bulk-like metallic
Cu as the dominant phase, which is in agreement with the insights from operando HE-XRD.
These remnant Cu oxide species even after prolonged exposure to CO;RR conditions were
also observed for analogous pure CusO and Ag-decorated CupO NCs.[107:244] |nterestingly, the
CuO of the Aup 7Cus0 catalysts first reduces to CuO as the CupO LCA weight first increases
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Figure 8.4: Normalized Au L3-edge a) XANES and FT-EXAFS spectra of the CupO NCs with varying
Au loadings b) in the as-prepared state and c) during CO2RR at -1.0V. Reference spectra of Au
foil and a CugAugg reference alloy are shown for comparison. Cug2Aug g reference was redrawn
from [245]. d) Au L3-edge XANES spectra and e) weight of the species as a function of time during
CO2RR at -1.0V unveiling the formation of a CuAu alloy.
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by about 5-10 percentage points before the catalysts reduce further, which is also in accord
with previous observations.["!]

The corresponding Au L3 edge XANES data in Figure 8.4a demonstrate that the Au NPs in
the as-prepared catalysts are in a metallic state, with a local environment similar to that in the
Au foil reference material. However, during CO,RR, a white line feature at 11 930¢€V appears,
reflecting a more cationic character of the Au atoms and thus, changes in the electronic
structure due to alloying with Cu and an accompanying charge transfer to the Cu.[244246]
Moreover, we observe significant changes in the post-edge features, suggesting significant
changes in the interatomic distances and/or changes in the types of nearest neighbors of the
absorbing Au atoms as compared to bulk Au. We note that the evolution of the Au L3-edge
XANES spectra proceeds similar for all our catalysts, regardless of the Au loading.

We obtained further insights into the local atomic structure of the Au atoms from the fitting
of the FT-EXAFS spectra, Figures 8.4b, c, Table S8.12. The as-prepared catalysts exhibit a
prominent peak at 2.3 A (phase uncorrected), resembling Au-Au bonds with a distance Ra,-aq
of 2.8A and a coordination number CN of around 12(2), matching the results obtained for
the Au foil (Rau-au 2.9A, CN = 12). This is analogous to the conclusions extracted from the
XANES spectra as well as with the TEM and XPS data showing Au NPs well dispersed and
attached to the CupO NC surfaces. During CO2RR, the Au-Au coordination number decreases
while a Au-Cu distance evolves with coordination numbers between 8 and 10. Interestingly,
we observe a significant mismatch between Au-Au and Au-Cu bond lengths, where the former
remains similar to that in the Au foil (2.86A), while the latter is ca. 2.62 A, which is clearly
larger than the Cu-Cu bond lengths in bulk metallic Cu (2.54 A).[247] These results suggest a
heterogeneous structural evolution in which Au-rich regions coexist with regions of a Cu-rich
Cu-Au alloy. The average interatomic distances for Au-Cu of 2.62 A agrees best for a AuCu-like
phase, following Vegard's rule. Furthermore, we have to note that the coordination number
ratio of the Au-Au and Au-Cu distances during CO2RR seems to decrease with increasing Au
content for loadings above 0.4 at%. Thus, our operando analysis shows that for all Au loadings
a Cu-Au alloy of low crystallinity and /or domain size forms during CO2RR and that the extent
of alloy formation increases not only irreversibly on the surface but also likely during CO>RR.

Additionally, we investigated the evolution of the Au,Cu, alloy formation from the Cu per-
spective, Figure $8.23, and the Au perspective over 60 min by collecting XAS spectra every
1s for Aup7Cup0O NC (QXAFS) and every 12min for Aug4Cu0 NC and AuggCu0O NC,
Figure 8.4d and $8.26. We then evaluated the weight of the different species as a function
of time with a final state of the CuAu alloy as reference, Figure8.4e. The local structure
around Au evolves much slower than the reduction of Cu, and about one hour is needed to

146



reach a stable alloy phase. Thus, these results might explain the slow product adaptation of
the Au-containing catalysts in the long-term CO,RR measurements over 20 h. Restructuring
of the catalyst during alloy formation represents significant atomic mobility and continuous
altering of the active sites which in turn continuously affects the product distribution.

We furthermore studied the role of the potential-dependent CO-related adsorbates with varying
Au loading by using operando SERS. Figures $8.27 and S23 show the SERS data recorded at
potentials between OCP and -1.1V vs. RHE for the Au-decorated CupO NCs. At OCP, the
Raman scattering of the CupO exhibits the typical bands at 415cm™ (multiphonon process),
527 cm™! (Raman active Fag vibrational mode), 623cm™ (IR active Fy, mode) and 220 cm™
(overtone 2E,). These bands were found to disappear at 0.2V for all catalysts, which reflects
the electrochemical reduction of surface CuyO to Cu.[?48] Between 0.2V and 0.1 V, bands
at 360 cm™! appear with corresponding bands at 706 cm™, 1050cm™ and 1074 cm™, which
have been assigned to surface copper carbonate species, Figure $8.28.131:249] Remarkably, a
CO stretching band at 0.2V around 2090 cm™! was observed for the three higher Au loadings
and may be linked to carbonates. The CO stretching bands around 2090 cm™ are significantly
stronger for the Aup 7Cur2O NCs compared to the AuggCur»O NCs and Au;.1CupO NCs. For
the Aus 7CuO NCs, two peaks at 2039 cm™! and 2090 cm™! overlap, while the former band
decreases in intensity until -0.4V.

At more cathodic potentials, new bands appear at 280cm™ and 366 cm™, which correspond
to the restricted rotation of *CO on Cu (COyot) and Cu-CO stretching (COstretch), respec-
tively. Following our previously established link of their intensity ratio (COgtretch/COrot) to
the formation of Ca. products,Y we determined COstretch/COyot ratios for the Au-decorated
CupO NC catalysts, which are lower those previously found for the pure CusO NCsB3 as well
as those for the Ag/CuyO NCs during CO2RR, suggesting a lower CO coverage on the Cu
surface in the case of the CupO NCs decorated with Au NPs.[197] We also did not detect
a potential-dependent correlation between the COgiretch ratios and the Co. product FE for
the Cu-Au samples as in the case of the bare CupO NCs or Ag/CusO NCs, Figures S8.29.
This result suggests a lower CO coverage on Cu for the Au-decorated CupO NC catalysts as
compared to the pure CuoO NCs3 and Ag/Cuy0 NCs[197] and indicates a more complicated
mechanism. Thus, the enhanced Ca. (liquid) product FE identified for low Au loadings on
the CurO does not appear to stem from differences in the CO coverage on the Cu surface
as it was the case for the Ag-decorated CupO NCs. Our new findings for the Au-Cu system
suggest a more complicated mechanism involving the presence of the more easily formed CuAu
alloy as compared to the Cu/Ag system. Notably, bands between 500 cm™ and 700 cm™ de-
velop during CO2RR, which has not yet been unambiguously assigned and might evolve from
Cu/Au-OH species.[2°0251] These bands display a shift towards higher Raman frequencies with
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increasing Au loading without a specific trend in the intensity and suggest a decreasing OH
binding energy with increasing Au loading.

Figure 8.5a shows the Raman spectra for the different Au loadings at -0.6V and verifies that
the C-O stretching bands have similar Raman shifts at 2078 cm™. At -1.0V, Figure S8.28,
the C-O stretching bands of the Auz 7CuO NC and the Auj 1CusO NC blue-shift potential-
dependent towards 2047 cm™. For these high Au loadings we can also identify two additional
bands at ~1900 and 2200 cm'l,[252] which stem from the C-O vibrations on Au sites and can be
linked to the significant increase of the FE of CO. For the Aug gCusO NC, the C-O stretching
band shifts only to 2058 cm™!, while no peak shift is observed for Aug4Cu,O NC and the
pure CupO NC with 2088 cm™1.[197.243] |nterestingly, the Aug.sCusO NC shows an additional
weak Raman band at ~2017cm™, suggesting the presence of multiple CO adsorption sites.
The position of the C-O stretching band is directly linked to the average CO binding energy
to the surfacel?®ll and thus, the observed variation in its position during CO2RR reflects a
weaker binding of the CO with increasing Au loading, which appears to stabilize for Au loadings
higher than 1.1 at%. This effect agrees with the increasing fraction of Cu-Au alloy with Au
loading which exhibits a weaker CO binding energy and can be explained with a downshift
of the d-band center from the Fermi level with increasing Au fraction.[253.254] Furthermore,
variations in the position of the C-O stretching band on pure Cu surfaces have been linked to
their defect density, suggesting a lower defect density at higher overpotentials with increasing
Au loading.?1 It has been discussed that adjacent OH adsorption to the CO.q4s Sites may
influence the C-O stretching band, but we did not detect a link between the C-O band position
and the intensity of the Cu/Au-OH band.[2%9] Thus, we attribute the variations in the C-O
band position to variations in the CO binding primarily induced by Cu-Au alloy formation
leading to a weaker bound CO on the catalyst surface for the higher Au loadings. For low Au
loadings, multiple e.g. Cu- and Au-like adsorption sites with clearly different binding energies

are present.

Additionally, the intensity of the C-O stretching bands at high overpotentials increases with
Au loading compared to the pure CupO NC, while the Cu-CO related bands do not vary
strongly in intensity. This suggest that a CO-richer surface and/or micro-environment forms
during CO2RR in the presence of Au-rich regions, while any increase in CO surface coverage
would be linked to Au-related sites as the Cu surface coverage does not increase following the
COstretch/COrot analysis.

Our comprehensive study of the active catalysts state and the catalytic function of Au-
decorated CupO NC suggest that there is a two-stage catalytic role of the Au decoration
within the complex mixed phase between the Cu host, CuAu alloy and Au-rich NPs. Clearly,
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our Au/Cuz0 catalysts easily form Cu-Au alloys in situ under CO2RR conditions which, for
higher Au loadings above 1at% Au, can be detected within minutes during CO2RR and even
after CO2RR in the near-surface. A higher Au loading leads to stronger alloy formation and
results in a weaker average CO binding to the catalyst surface during CO2RR. The weaker
(average) binding energy agrees with the d-band theory[?53] and enhances CO production.

This interpretation is in agreement with the current state of knowledge for the formation of
Co+ products over AuCu,[111'112'241'256] which has also been discussed in the literature for
CuAg systems,[107.228.247,.257,258] cee 3150 Table $8.13. Homogeneous Cu-rich Au-Cu alloys
have been proven to generate only very small fraction of Co. products, while Au-rich alloys
produce mostly CO.11Y] Thus, the Au-Cu alloy itself is not considered to improve the CO,RR
catalytic function and mixed systems with either an Au-Cu alloy or Au embedded in a Cu
matrix have been a focus of further studies with more success.[112:241.256] \While CO may be
produced in the Au-Cu regions of our catalysts, the actual CO dimerization occurs on the Cu
surface in a sequential fashion and an optimal ratio between both regions (Cu-Au interface
and Cu-Cu surface) is therefore crucial. The higher fraction of near-surface AuCu alloy likely
decreases the density of Cu-Cu sites which are better for Co4 product formation and thus, the
formed CO cannot be utilized for dimerization at high Au loadings. Therefore, the beneficial
effect of Au with respect to the formation of CO promotion is concurrent with the detrimental
effect of the Au-Cu alloy in the subsequent C-C coupling, for which Cu-Cu sites are sacrificed.

Nevertheless, the Au-decorated CuyO did not improve the ethanol performance with respect
to prior literature reports.[241:256] However, comparing CuAu and CuAg bimetallic systems for
improved Co. selectivity to pure Cu, we observe substantial differences between both systems
in the onset potential of CO, the CO production rate as well as their ability to form alloyed
structures. Table S8.13 displays the overall better performances towards Co. products of CuAg
systems, which are mainly attributed to CO spillover and/or to a good Ag/Cu miscibility
without pronounced alloy formation.[107:228] | contrast, CuAu systems, with its pronounced
alloy formation during reaction conditions, may benefit from synergistic effects between the

electronic structure and the morphology of the catalytic system.[259]

Unlike other studies in literature, we present here an Au-loading dependent study and found
optimal Au loadings <1 at% Au for improving the Co4 products. Only lower fractions of CuAu
alloy lead to an enhanced Cy: FE for low Au loadings on the CupO NC. Remarkably, the
specific activity for Co+ (liquid) product formation increased by up to 400%. In this case, a
significant fraction of the Cu domains remains unalloyed and the catalysts exhibit a stronger
average or even weaker and stronger CO binding sites during CO2RR. The latter ones can
act as active sites for CO dimerization, while the minority CuAu alloyed regions still facilitate
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CO» reduction to CO and the tandem catalytic function boosts the intrinsic Co:+ formation
significantly. Our findings suggest that low Au loadings, e.g. decoration on the atomic level
can be a promising approach to further enhance the Co; product formation. Here, we see a
striking similarity to our findings on Ag-decorated CusO NCs, which form disperse Ag sites on
the Cu surface at even higher Ag loadings.l'%”) Our findings strengthen the hypothesis that i)
optimal amounts of additionally formed CO are beneficial for Cos formation on Cu, ii) CuAu
alloys mainly contribute in CO formation but not C2 products and iii) the main species required
for CO dimerization are adjacent Cu sites. We therefore conclude that the CuAu systems are
worth to explore further for Co; product promotion when low amounts of Au are available in
the vicinity of Cu-Cu sites, such that the indispensable alloy formation during CO2RR is low
as compared to the pure Cu regions. This instance allows to display improved Cs.: selectivity
with CuAu bimetallic systems.

8.5 Conclusion

In summary, we demonstrated that the Au-decorated CuO NCs yield notably enhanced Co+
production due to high CO coverage on copper, which results from the highly CO producing Au
NPs, and due to significant restructuring towards CuAu alloy formation. Under CO>RR relevant
conditions, CupO NCs with large amounts of Au NPs demonstrate significant restructuring and
redistribution by forming CuAu alloyed frames with increased Au-to-Cu ratios on their surface,
which appear to stabilize their initial cubic shape.

Operando XAS served to follow the alloy formation and to observe structural changes between
Cu and Au within one hour, which led to a variation of the selectivity trends, in agreement
to the long-term reactivity measurements. Increasing Au loadings result in a proportional
increase of CO, while small Au loadings lead to a notable increase in Co4 liquid products such
as ethanol, acetaldehyde, 1-propanol, allylalcohol and propionaldehyde. Importantly, our low
Au loading catalysts show a 4-fold increase in the specific activity for liquid Cos production
formation and thus, an interesting starting point to design high surface area CO2RR catalysts.

With operando Raman spectroscopy, we could link the catalytic function, in particular the
strong CO formation to a weaker average CO binding to the catalyst surface in a CO-richer
microenvironment and/or higher coverage. The preferred Co. product formation is linked to
minority Cu-Au alloy species being formed in close proximity with the stronger CO binding Cu
regions. In contrast to our findings for pure CupO NCs we did not detect a clear correlation
between the Cu surface coverage with CO and the o4 product formation. Linking to the Ag-
Cuz0 system, we emphasize the importance of dispersed CO-producing sites on a Cu host in
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order to facilitate the CO>RR Faradaic efficiency, likely by interactions on the atomic level and
not CO spill-over through the electrolyte. Understanding the selectivity dependencies on the
restructuring of a Cu-Au system which undergoes continuous transformation under CO>RR

relevant conditions provides opportunities for a rational design of highly active and selective
bimetallic catalysts.
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8.6 Supporting Information

8.6.1 Methods
Synthesis of Cup0O NC and Au,Cu;0 NCs

The synthesis of CupO NC decorated with AuyCupO NCs was performed following previ-
ous reports.[31:159.195.242] 14 m| of 0.1 M CuSO4 (Alfa Aesar, >98%) was dispersed in 366 ml
H,O(18 MQ) under vigorous stirring at room temperature. 14ml of 1M NaOH (Alfa Aesar,
>97%) was added to initiate the nucleation process with Cu(OH),. After 10s, the metal
salt was reduced with 16 ml of 0.25M L-ascorbic acid (Sigma Aldrich, reagent grade). Af-
ter 12min, a defined amount (0.8 ml, 1.6 ml, 3.2ml, 8 ml) for the nominal loadings 0.4at%,
0.8at%, 1.1at%, 2.7at%) of 10 mM HAuCl, (Alfa Aesar, 99.99%) was added. After 13 min, the
solution was centrifuged and washed two times with a EtOH:H2O mixture and two times with
ethanol. The catalysts were stored in 20ml ethanol. The resulting Cu and Au concentrations
in each solution were determined by ICP-MS.

Electrode Preparation

The electrodes for H-type cell measurements were prepared on 2cm? carbon paper (Alfa Aesar,
Toray Carbon Paper, GGP-H-60). The stock solutions were drop-casted on each side of the
carbon paper to yield a Cu loading of 50 pg on the electrode for each catalyst. The electrodes
were dried over night to ensure complete evaporation of ethanol.

Electrochemical Characterization (CVs, Double Layer Capacitance (DLC))

The electrochemical characterization was performed in a H-type cell in CO, saturated 0.1 M
KHCO3 (Alfa Aesar, 99.7%-100.5%) and in a one compartment cell, equipped with a leak-free
Ag/AgCl (3.4 M, LF-1, Alvatek) and an Au wire as counter electrode in Ar saturated 0.1 M
NaOH. To control the potential, a Biologic SP-300 was used.

The Double Layer Capacitance (DLC) was measured after the CO2RR measurements in CO,
saturated 0.1 M KHCO3. The potential was cycled at increasing scan rates of 10, 20, 40, 80
and 160 mV /second in the non-faradaic region between -0.4V and -0.25V vs. RHE.

Electrocatalytic Characterization

A H-type cell with two compartments separated by an anion exchange membrane (Selemion,
AMV, AGC INC.) was equipped with a leak-free Ag/AgCl reference electrode (LF-1, Alvatek)
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near the working electrode in the cathodic compartment, while a platinum gauze (MaTecK,
3600 meshcm~-2) served as counter electrode. The cell was filled with a defined amount of
0.1 M KHCOj3 (Alfa Aesar, 99.7%) in each compartment, which was prior purified with a cation-
exchange resin (Chelex 100 Resin, Bio-Rad) and pre-saturated with CO2 (4.5N) for at least
20 min. The CO; flow was held constant at 20 ml/min during CO2RR. An Autolab (PGSTAT
302N, Metrohm) potentiostat was used for the electrocatalytic characterization. The Ohmic
drop was measured with the i-interrupt method prior to the electrocatalytic protocol and
with electrochemical impedance spectroscopy (EIS) afterwards. Double layer capacitance was
also applied after the previously described protocol. A linear sweep voltammogram from the
open circuit potential (ca. 0.5V) to the respective reduction potential at 20 mV /s was applied
followed by chronoamperometry for 4000s. The online gas product detection was started after
60's of chronoamperometry and repeated every 15 min with a gas chromatograph (GC, Agilent
7890B), which was geared with a TCD for Hy detection and a FID for carbon products. After
each electrocatalytic measurement, the liquid products were analyzed with high-performance
liquid chromatography (HPLC, Shimadzu Prominence), which was geared with a NUCLEOGEL
SUGAR 810 column and a refractive index detector, and with a liquid GC (L-GC, Shimadzu
2010plus), which was geared with a fused silica capillary column and a FID detector. All
potentials are referred to the RHE with the following equation:

ERHE = 0.059 * pHelectrolyte + Egg/Agc/ (81)

The pH of CO; satélectrolyte is pH 6.4, Eqy of the used Ag/AgCl electrode was 200 mV. The
Faradaic Efficiency of each gas product x (FEy) was calculated as

Vi Cexzok F

FE. — : x 100 (8.2)
T Ax VM * Jrotal * ﬁ
while liquid products were calculated as
Vs ACxzx F
FE, = AXQ X %100. (8.3)

with A: geometric area of the electrode (cm?), Cx: volume fraction of the product x detected
by the GC, F: Faradaic constant (C mol™!), jiotal: total current density during CO2RR (A
cm™2), AQ: total charge transfer (C), vi CO, gas flow rate (L s™'), V: Volume of the
electrolyte (L), Vjs: molar volume.
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Inductively Coupled Plasma — Mass Spectrometry (ICP-MS)

The catalyst concentration, as well as the atomic compositions of Cu and Au were determined
by ICP-MS (Thermo Fisher iCAP RQ). The samples were digested by adding a mixture of
acids (1:1:3 H2SO4:HNO3:HCI) into a known amount of the catalyst and heated to 180°C
for 30 min using the digestion Microwave Multiwave GO from Anton Paar. Samples from the
electrode were digested with the carbon paper, which was discarded afterwards. The stock
solutions, samples from the electrode and the electrolyte samples were diluted 3.33, 19 and 4
times in 3% HCI, respectively.

Transmission electron microscopy and energy-dispersive X-ray spectroscopy

The acquisition of Transmission Electron Microscopy (TEM)) and Energy Dispersive X-ray
Spectroscopy (EDX) images were performed with a FEI Talos F200X microscope geared with
a XFEG field emission gun and an acceleration voltage of 200 kV. The Scanning Transmission
Electron Microscopy (STEM) was equipped with a Bright-Field (BF), two Dark-Field (DF), a
High-Angle Annular Dark Field (HAADF) and a SuperX 4 SDD EDX detector. The as prepared
catalysts were drop-casted directly on a Ni lacey carbon grid, while the catalyst after CO2RR
was removed from the carbon paper by sonicating it for a short time in 200 pl isopropanol.
40 pl of the obtained solution was then drop casted on a Ni lacey carbon grid.

X-ray Diffraction

A Bruker AXS D8 Advance diffractometer in Bragg-Brentano geometry was used for X-ray
Diffraction (XRD) measurements with Cu Ko 9 radiation and a position sensitive energy dis-
persive LynxEye XE-T silicon strip detector. X-ray Diffraction (XRD) patterns were measured
in continuous scanning mode in the range between 20 and 100° 260, with an increment of 0.02°
and a counting time of 1s/step.

Operando High Energy X-ray Diffraction (HE-XRD) experiments were performed at beam-
line ID31 (ESRF, Grenoble). A home-made three electrode cell was based on the thin film
approach with continuous electrolyte used equipped with a leak-free Ag/AgCl reference elec-
trode and a Pt mesh counter electrode. COj-saturated 0.1 M KHCO3 was continuously flown
through the spectroelectrochemical cell. An X-ray energy of 67keV and the working dis-
tance of the Dectris Pilatus CdTe detector was calibrated using a CeO, reference material.
The 2D diffraction pattern were integrated using the pyFAl software package and Rietveld
refinement performed using TOPAS (Bruker-AXS, v6). The sample was deposited on highly-
oriented pyrolytic graphite electrodes with a loading of ~0.1 mg/cm?. The diffraction pattern
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were recorded in grazing-incidence configuration with the incidence angle optimized for best
sample to substrate signal ratio. Rietveld refinements using the software package TOPAS®
(Bruker-AXS) were performed for analysis considering the instrumental broadening of the lab
diffractometer, zero error and a sample displacement.

Quasi in situ X-ray photoelectron spectroscopy

Quasi in situ X-ray Photoelectron Spectroscopy (XPS) measurements were performed in an
Ultra high Vacuum (UHV) chamber, geared with a commercial Phoibos100 analyser (SPECS
GmbH, Epass = 15€V) and a XR50 (SPECS GmbH) X-ray source with an Aluminum anode
(Eka=1486.7 €V). The spectra were aligned using Cu® (932.67 eV) as reference and fitted us-
ing a Shirley-type or a linear background subtraction for X-ray or Auger electron spectroscopy,
respectively. Quasi in situ XPS experiments were performed in a one compartment cell, which
was directly attached to the UHV chamber. After CO2RR, the catalyst was washed with
Ar-sat. H>O to remove residual electrolyte and transferred quickly into UHV under Ar atmo-
sphere to avoid exposure to air and the possible subsequent reoxidation. The electrochemical
measurements were carried out using a potentiostat (Autolab PGSTAT 302N, Metrohm).

Operando X-ray absorption fine-structure spectroscopy

Operando X-ray Absorption Fine Structure (XAFS) measurements were performed at beam-
lines located at the synchrotron facilities ALBA (CLAESS beamline), SSRL (BL 2-2 beamline)
and SOLEIL (SAMBA beamline) as well as the X-ray Absorption Fine Structure (XAFS) beam-
line (SuperXAS) at SLS synchrotron facility of the Paul Scherrer Institute, respectively. All ex-
periments were conducted in fluorescence mode at the Cu K-edge (8978.9€V) and Au L3-edge
(11918.7eV) with corresponding fluorescence detectors (SI). The operando measurements
were performed in a three-electrode electrochemical cell (see Ref. [260] for the schematics of
the cell) matching the conditions of the selectivity studies. A leak-free Ag/AgCl was used as
a reference electrode, while an Pt mesh was used as a counter electrode. The samples were
prepared by drop casting 0.25 mg and 10 mg of catalyst on 0.5 cm? area of carbon paper with
a microporous layer (GDE, Sigracet 39b). Cu K-edge and Au Ls-edge data were collected
separately for identical fresh samples with different loadings to optimize the absorption edge
signal while avoiding self-absorption. The carbon paper with the deposited catalyst served as
a working electrode. It was mounted in the electrochemical cell and fixed with Kapton tape,
so that the Kapton-covered carbon paper could act as an X-ray window, while the side coated
with the catalyst was in contact with the electrolyte. The measurements for both samples
were performed ex-situ as well as under operando conditions. Energy calibration, background
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subtraction and normalization of the collected X-ray Absorption Near Edge Structure (XANES)
spectra were performed with a set of home-built Mathematica scripts. The Athena software
was used to extract the Extended X-ray Absorption Fine Structure (EXAFS).1181 The FEFFIT
code was used for EXAFS fitting.[201]

For Au L3-edge QXAFS species were tracked every 1s and every 100 spectra was averaged
to improve the signal quality for Auz7CusO NC, while for Aug4CuO NC and AuggCuy0
NCspectra were collected every 12 min and every two spectra were merged.

Operando surface-enhanced Raman spectroscopy

For operando surface enhanced Raman Spectroscopy (SERS) measurements, a Raman spec-
trometer (Renishaw, InVia Reflex) equipped with an optical microscope (Leica Microsystems,
DM2500M), a motorized stage for sample tracking (Renishaw, MS300 encoded stage), a near-
infrared laser (Renishaw, RL785, A = 785 nm, Py.x = 500 mW), a CCD detector (Renishaw,
Centrus) and a water immersion objective (Leica microsystems, 63x, numerical aperture of
0.9), was used. The water immersion objective was covered with a Teflon film (DuPont,
0.013 mm film thickness) to protect it from the electrolyte. A Si(100) wafer (520.5cm™) was
used for calibration. The Raman scattering of the Rayleigh-filtered backscattered light was

collected in between 100 — 3200cm™ with a grating of 1200 lines mm™.

Electrochemical
measurements were performed following a previous report.[107] The electrochemical cell was
equipped with a Pt counter electrode and a leak-free Ag/AgCl reference electrode; the catalyst
was drop-casted on a glassy carbon plate, connected from the back side to the circuit. Mea-
surements were performed with a Biologic SP240 potentiostat. CO»-saturated 0.1 M KHCO3
was used as electrolyte. Spectrum collection was performed with 10s exposure time. Focus
optimization was done by depth scans. Steady-state conditions at the catalyst surface was
ensured by waiting at least 10 min before collecting the spectra. Renishaw WIiRE 5.2 software
was used to baseline-subtract the data with the intelligent spline feature (8th polynomial order)

and to remove cosmic rays.

8.6.2 Supplementary Notes
Supplementary Note 1: Dissolution behavior studied by ICP-MS

The catalyst loading on the electrodes and in the electrolyte was studied with ICP-MS before
and after CO,RR. Figure S8.17 and Table S8.6 demonstrate a Cu loading between 48 and
56 pug in the as prepared state. After reaction, 3-5pg Cu was dissolved from the electrode.
Interestingly, the Au metal amount increases slightly by up to 0.2 pg after reaction, involving
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a compositional change towards higher Au:Cu ratios. Furthermore, only traces of Au in the ng
regime were found in the electrolyte after reaction. Cu, however, was detected with amounts
in between 0.2 pugand 1pg and culminates for the catalysts with intermediate loadings. In
relation to the morphological findings from TEM and EDX data, we suggest that most of
the dissolved Cu in the CupO NC and Aug.4CusO NC redeposits on the surface, while the Au
wetting and skeleton like structure of Au around Cu on AuggCusO NC and Auj 1CusO NC
hinders the Cu redeposition. Further, total alloy framing on Auy 7CusO NC might lead to
a hindrance of Cu dissolution. Thus, these results suggest a significant influence of alloyed
structure on the stability and the cuprous dissolution and redeposition mechanism.

Supplementary Note 2: Electrochemical characterization

The catalysts were characterized electrochemically by cyclic voltammetry in CO, sat. KHCO3
and Ar sat. NaOH ( Figure S8.7) after reduction of the catalyst for 1 h. All catalysts show
the characteristic peaks for Cu® — Cu' and Cu® — Cu'" oxidation as well as the Cu'' — Cu!
and Cu' to CuP reduction, respectively. Note that the untypical broad reduction peak from
Cu"" — Cu' overlaps with the thick oxide layer that was produced at high oxidizing potentials.
The upper limit was chosen to eventually oxidize Au, which we did not observed in our CVs.
In CO5 sat. KHCOj3, no difference in its redox behavior was found compared to Cu foil, which
is in contradiction to literature.[230:233] We assign this to the low amount of alloyed catalysts
and to the unordered type of alloy formation.

In Ar sat. NaOH, OH adsorption is observed at 0.63V vs. RHE for the catalysts and is lacking
in the CV for the electropolished Cu foil. Furthermore, the shape of the oxidation peaks shows
much broader shapes than the electropolished Cu foil.

Double layer capacitance was measured for the catalysts after 1 h of COoRR and compared to
the Cu foil to retrieve a roughness factor, Table $8.3. The catalysts with Au NPs show higher
capacitances and roughness factors than the CupO NCs, which suggests a higher surface are
due to the presence of Au. However, metallic Au species and CuAu alloys also contribute to
the capacitance, which impedes a clear assignment.

Supplementary Note 3: Electrocatalytic stability tests

To gain insight over the stability of the catalysts, we performed long-term measurements
over 20h at -1.03V and tracked the changes of the FEs, Figure $8.10. The initial product
distribution resembles the previously shown data that were determined after 1 h of CO,RR.
In all cases, after the initial activation and stabilization, the product distribution remains
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stable over the course of 20 h. Nevertheless, a slight decrease in CO formation is observed for
Aug 4Cus0 NC and AuggCuO NC ,while CO production remains stable for Au; 1CupO NC
and increases for Auz 7Cu>O NC , Figure S8.10c, suggesting a sluggish catalyst restructuring
for low Au loadings. The total liquid products, analyzed after 20h of CO2RR, displays a
decrease of the total amount of liquids. It is suggested to be observed due to the high volarity
of the oxygenates and alcohols during the whole measurement time.

Supplementary Note 4: Cu-K edge analysis

Figure S8.23 shows the Cu K edge X-ray Absorption Near Edge Structure (XANES) for the
samples in the as-prepared state and during CO>RR in steady state at 4h CO2RR at -1.0V.
The XANES spectra for as prepared catalysts demonstrate the presence of oxidized Cu species,
mostly in the Cu' state, as suggested by the characteristic pre-edge feature. Nonetheless
significant amounts of Cu are oxidized to Cu'". After 4h of CO,RR, all catalysts are mostly
reduced to Cu®. These results are in agreement with the previously discussed XPS data.

The evolution of local atomic structure around Cu under CO>RR was tracked by studying the
Extended X-ray Absorption Fine Structure (EXAFS) spectra of the Cu K-edge, Figure S8.26
and Table S8.12. In the as prepared state, Cu K-edge FT-EXAFS exhibit prominent peaks
at 1.85A and 2.8A (phase-uncorrected) corresponding to Cu-O and Cu-Cu bonds in bulk
CupO-like structure. EXAFS data fitting revealed that the coordination number of the Cu-O
bonds are 3-3.6, which is higher than the one for CupO (2), indicating significant amounts
of CuO in our catalysts. Under CO2RR, the FT-EXAFS features corresponding to Cu oxide
decrease while a new peak corresponding to the Cu-Cu bonds in metallic Cu appears at 2.5A.
EXAFS data fitting suggest that the corresponding Cu-Cu coordination number after reaching
the equilibrium state after 4 h is close to 12, which fits well to the Cu reference.[247] Note here
that no significant contribution of Cu-Au bonds to Cu K-edge EXAFS data are observed due
to the low Au-to-Cu ratio of the catalysts.
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8.6.3 Supplementary Figures

Supplementary Figure 8.6: Overview STEM-HAADF micrographs of the catalysts in the as prepared
state for a) CuzO NC ,Aug.4Cuz0 NC ,c) AuggCusO NC, d) Auz 1CusO NC and e) Auz7CuyO NC.
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Supplementary Figure 8.7: Cyclic Voltammetrys (CVs) of the catalysts and Cu foil in CO; sat.
0.1 M KHCO3 and in Ar sat. 0.1 M NaOH, scan rate: 20 mV/s.
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Supplementary Figure 8.9: Partial current densities, normalized by geometric area and roughness
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Aug 4Cu,0 NC Aug gCu,0 NC Au, ;Cu,0 NC Au, ;Cu,0 NC

Supplementary Figure 8.11: STEM-HAADF images with corresponding EDX mappings of a) Cu,0
NC ,b) Aug.4Cu0 NC ,c) AuggCus0 NC ,d) Aug.1Cuz0 NC and e) Aup 7Cu0O NC in the as prepared
state and the same catalysts after 70 min at -1.0V vs. RHE (f-)).
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Supplementary Figure 8.13: High resolution TEM micrographs of single grain and multigrain Au
NPs of Aus 7CusO NC.
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Supplementary Figure 8.12: Histograms showing the size distribution of the Cu NC edge lengths
and of the Au NP diameters for the catalysts in the as prepared state. The size distributions are
shown in Table S8.4.
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after 1h CO,RR

100 nm

Supplementary Figure 8.14: HAADF micrographs and high resolution TEM images of Auz 7Cu0
NC a) in the as prepared state and b) after 1h CO2RR at -1.0V vs. RHE.

a) Aug 4Cu,ONC

Supplementary Figure 8.15: HAADF micrographs and high resolution TEM images of Aug4Cu0
NC a) unreacted and b) reacted, c) for coalescence and d) dissolved Cu paralleled with €) Au wetting
and f) unreacted stable Au nanoparticles.
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Supplementary Figure 8.16: HAADF micrographs and their corresponding binned EDX maps for
Au, Cu and O as well as the Au/Cu ratio for all catalysts in the as prepared state and after CO2RR
conditions.
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Supplementary Figure 8.17: ICP-MS study of the metal amounts of Cu an Au on the carbon paper
support in the as prepared state and after 70 min of CO2RR.
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Supplementary Figure 8.19: Quasi in situ XPS Cu 2p core level regions of all catalysts a) as
prepared state and b) after CO2RR in 0.1 M KHCO3.
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Supplementary Figure 8.18: Quasi in situ Cu LMM Auger spectra of all catalysts Cu LMM Auger
spectra a) as prepared state and b) after CO2RR in 0.1 M KHCOs3.
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Supplementary Figure 8.20: Quasi in situ XPS Au 4f and Cu 3p level regions of all Au-containing
catalysts a) in the as prepared state and b) after CO,RR in 0.1 M KHCO3.
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Supplementary Figure 8.21: Rietveld Refinement of XRD pattern at OCP (black) and during
CO2RR (Red) as well as the fitted profiles (thin red and blue, respectively) of the Auz7Cu,O NC.
The difference between experimental data and the fitted profile are shown in grey below and above
the pattern recorded at OCP and during CO,RR, respectively. The X-ray energy was set to 67 keV.
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Supplementary Figure 8.24: FT EXAFS spectra of the Cu K-edge of all catalysts a) in the as

prepared state and b) during CO2RR at -1.0V vs. RHE. Spectra are shifted vertically for clarity.
Results of EXAFS data fitting are also shown.
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Supplementary Figure 8.22: Cu K-edge XANES spectra of all catalysts a) in the as prepared state
and b) during CO2RR at -1.0V vs. RHE. Reference spectra for Cu foil, CuzO and CuO are also
shown for comparison. Spectra are shifted vertically for clarity.
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Supplementary Figure 8.25: Fourier-filtered Cu K-edge EXAFS spectra in k-space of the Au,Cu0

NC in a) the as-prepared state and b) at -1.0V. Reference spectra of CupO and Cu are shown for
comparison.
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Supplementary Figure 8.23: Time dependent Cu K-edge XANES spectra of a) Aug.4CuzO NC ,b)
Au; 1Cu0 NC and ¢) Aup7CusO NC during CO2RR at -1.0V vs. RHE and their corresponding
time-resolved results of linear combination fitting of the XANES spectra, using spectra for Cu foil,
Cu0 and CuO as references.
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Supplementary Figure 8.26: Time dependent Au Ls-edge XANES spectra of a) Aug 4Cu0 NC ,b)
Aug.gCuz0 NC and c) Auz 7CusO NC during CO2RR at -1.0V vs. RHE.
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Supplementary Figure 8.27: Operando surface-enhanced Raman spectra of a) Cu,O NC, b)
AUO_4CU2O NC, C) AUO_8CU2O NC, d) AU1_1CU20 NC and e) AU2_7CU2O NC in C02 sat. 0.1M
KHCO3 with stepped potentials from open circuit potential to -1.1V vs. RHE.
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Supplementary Figure 8.28: Full Raman spectra of a) Aug4Cu0 NC, b) AugsgCusO NC, ¢)
Au1.1Cu20 NC ,d) Auz7Cux0 NC at increasing applied potentials vs. RHE in CO»-sat. 0.1 M KHCOs.
The region between 1000 cm™ and 1700 cm™ holds vibration peaks of HCO3™ (1005 cm™) and CO32"
(1072cm™), and from the glassy carbon support (1313cm™ and 1600 cm™).
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Supplementary Figure 8.29: COgetch/COyot ratios of the respective bands (277cm'1 and

360cm™) as a function of applied potential (iR corrected). The results for CupO were calculated
from Ref [233].

8.6.4 Supplementary Tables

Supplementary Table 8.1: Composition of Cu and Au of the presented catalyst dispersions, deter-
mined by ICP-MS.

Catalyst Cu [at%)] Au [at%]

Cup0 NC 100.00 £ 0.01 0.00 &+ 0.01
Aug 4CupO NC  99.57 £ 0.00 0.43 £+ 0.00
AuggCuO NC  99.23 £0.01 0.77 = 0.01
Aup1Cu20 NC 9892 £ 0.02 1.08 £ 0.02
Aup 7CupO NC  97.31 £ 0.04 2.69 £+ 0.04
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Supplementary Table 8.2: Coherence lengths, lattice parameters and atomic fractions of Cu;O and
Au extracted from Rietveld refinement of the ex situ XRD pattern of all catalysts in the as prepared
state.

Catalyst Structural coherence Lattice parameters Weight Fraction

lengths / nm / A Weight Fraction
CusO Au Cuy0 Au Cus0O Au

Cu0 NC 120(9) 4.2668(3) 100%

Aug4Cu0 NC 21.3(8) 1.8(2) 4.2670(5) 4.059(4) 93.5(4)% 6.5(4)%

AupgCupO NC 35.0(10) 1.78(11) 4.2669(3) 4.059(4) 92.4(2)% 7.6(2)%

Au; 1Cu0 NC  26.3(16) 1.8(2) 4.2668(7) 4.059(4) 90.5(5)% 9.5(5)%

Auy 7Cu0 NC  42(4) 1.40(10) 4.2680(7) 4.059(4) 84.7(5)% 15.3(5)%

Supplementary Table 8.3: Double Layer Capacitances (DLCs) and corresponding roughness factors
(normalized to Cu foil) of the catalysts with Nafion and of the reference Cu and Au foils measured
after 1h CO>RR at -1.0V vs. RHE.

Sample Capacitance / pFcm~2  Roughness factor (RF)
Cu Foil 29.3 1
Cup0 NC 101.3 3.45
Aug.4Cu0 NC 181.66 6.2
Aug gCuyO NC 161.0 + 3.3 55
Aui 1CuO NC 150.3 5.1
Auz 7Cu0 NC 122.7 + 6.65 4.2

Supplementary Table 8.4: Edge lengths of the Cu NCs and diameters of the Au NP in the as
prepared state and after 70 min CO2RR obtained from STEM-HAADF micrographs.

after 70 min CO32RR

Edge Length & particle sizes as prepared

Cu [at%] Au [at%] Cu [at%] Au [at%]

Cu0 NC 218 £ 7.1 - 305 £ 4.4 -
Aug.4CuO NC 162+34 41+12 214+54 38+£15
Aug gCuyO NC 214+ 46 36+10 254+£38 34+18
Auz.1Cu0 NC 1954+43 34+£10 196+42 38+14
Aup 7CuO NC 189+49 41+14 20255 36+£16
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Supplementary Table 8.5: EDX compositions comparing the Cu and Au ratios of the catalysts in

the as prepared state and after 70 min CORR. Evaluation based on L lines of the elements.

178

EDX Cu-Au composition

as prepared

after 70 min CO2RR

Cu [at%)] Au [at%)] Cu [at%] Au [at%)]

Cu0 NC 100.00 0.00 100.00 0.00
Aug 4CusO NC 99.82 + 0.02 0.18 + 0.02 99.55+0.14 0.45 £ 0.14
Aug.gCuO NC 9950 + 0.09 0.41 +0.09 99.45 £ 0.11 0.55 +0.11
Aup1CusO NC 99.41 + 0.06 0.59 + 0.06 99.43 £0.06 0.57 +0.11
Aus 7CusO NC 98.80 - 040 1.20 + 0.40 98.65 + 0.51 1.35 £ 0.51




Supplementary Table 8.6: Composition and mass of Cu and Au on the catalysts on 2 cm? carbon

paper electrode in the as-prepared state and after 1h of CO>2RR at -1.0V, and of the electrolyte

after reaction. Results were determined by ICP-MS.
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Supplementary Table 8.7: XPS composition between Cu, CupO and CuO obtained by linear com-
bination fitting of the Cu LMM spectra in the as prepared state and after 1 h CO,RR.

XPS composition

as prepared

after 70 min CO2RR

Cuz0 [%] CuO [%] Cu[%] Cuz0 [%]
CuyO-NC 80 20 99.5 0.5

Aug 4CusO NC 89 11 98 2

AuggCurO NC 83 17 100 0

Aui 1CuO NC 82 18 100 0

Aus 7CusO NC 89 11 96 4

Supplementary Table 8.8: XPS composition of Cu (all chemical states) and Au in the as prepared
state and after 1h COsRR.

XPS composition

as prepared

after 70 min CO2RR

Cu [%] Au[%] Cul[%] Au[%]
Cu0 NC 100 - 100 -
Aug.4Cu0 NC 99.07 0.93 98.25 1.75
Aug.gCuO NC 97.65 2.35 97.34 2.66
Au1.1CuO NC 97.27 2.73 97.12 3.88
Auz 7Cu0 NC 93.71 6.29 91.46 8.54

Supplementary Table 8.9: Coherence lengths, lattice parameters and atomic fractions of Cu,O and
Au extracted from Rietveld refinement of the operando XRD pattern of all catalysts in OCP and
under CO>RR conditions.

Catalyst Structural coherence Lattice parameters Weight Fraction
lengths / nm /A

oCcP Cuy0 Au Cuy0 Au Cuy0 Au

Aug.4Cup0 NC  9.2(4) 3(5) 4.2927(7) 3.98(9) 99.0(14) 1.0(14)

Au; 1Cu0 NC  12.35(16) 1.42(3) 4.30880(17) 4.060(2) 96.1(6) 3.9(6)

Aup 7Cu0 NC  10.7(6) 1.46(17) 4.2954(8) 4.061(11) 76.4(18) 23.6(18)
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Supplementary Table 8.10: Coherence lengths, lattice parameters and atomic fractions of Cu,O
and Au extracted from Rietveld refinement of the operando HE-XRD pattern of Auj 1 CuyO NC under
CO5RR conditions.

Catalyst Structural coherence Lattice parameters Weight Fraction
lengths / nm / A

CO32RR Cu0 Cu Au Cu,0 Cu Au CuO0 Cu Au

Au11CusO NC 12.5(15) 0.3(8) 4.2168(3) 3.6501(5) 4.0(18) 0.9(3) 96(6) 3(6)
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Supplementary Table 8.11: Structural parameters (coordination number N, interatomic distances

R, disorder factors o2) obtained from fitting the Cu K-edge EXAFS data acquired for Au-decorated

Cuz0 NGs in the as prepared state and during CO2RR at -1.0V vs. RHE. Correction to photoelec-

tron reference energy AE and the obtained R-factor that characterizes fit quality are also reported.

Uncertainty of the last digit is reported in parentheses.

%90 %10 %9°€ %0 %S0 %10 %b ¥ %S9 %200 % €0 101084 Y
(8)sc-  (2)90 (e (e1)ee (L)ee  (8)ey (@s  (91)oc (b)eT 1€°€ N/ av
(1)600°0 - (@)or00 - (2)9600°0 - (2)2000 - - (1)€6000 Y / "0
(6)6£5°C - (e1)Lese - (9)egs - (g1)885°C - - (p)svsT Y/ ™™y
(2)8°6 - (2)t1 - (6)6°TT - (¢)ot - 0 1 OO
- (1)€000 - (2)2000 - (1)2000 - (2)200°0- (5)8000°0 A AR
- (9)8s8'1 - (01)688T - (9)228'1 - (e1)288'T  (€)1¥8°T -y /9™y
- (L1)96'C - (¥)ve - (oee - (5)o€ z 0 0N
d4%0D doad  YY?0D *doad HY°0D doad  YY?0D *doad
Suunp se Suunp se Suunp se Suunp se
DN O¢n)tiny DN O¢n)liny DN 0¢nD80ny DN Q¢nD¥ony o) l'oy n) a|dweg
&
<



R, disorder factors Az) obtained from fitting the experimental Au Ls-edge EXAFS data acquired in
the as prepared state and during CO>RR at -1.0V vs. RHE. Correction to photoelectron reference

energy AE and the obtained R-factor that characterizes fit quality are also reported. Uncertainty of

Supplementary Table 8.12: Structural parameters (coordination number N, interatomic distances
the last digit is reported in parentheses.
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Supplementary Table 8.13: Register of the most important Au-Cu and Ag-Cu catalysts forming

Co4 products under CO2RR.
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9.1 Preliminary Remarks

This chapter can be set in comparison to the Au decorated CupO nanocubes (NC) with the
same scientific question on how co-catalysts can enhance the activity of the shaped main
catalyst. Furthermore, it was demonstrated that the already established in situ and operando
setups in our lab can also be used to analyze and characterize catalysts for oxidation reactions.
Here, SnO,-decorated Pd NC are compared with Pd NC for the Formic Acid Oxidation Reac-
tion (FAOR) and structure-activity relationships are set by in situ and operando spectrosopic
methods.

The project was designed and supervised by Rosa M. Aran-Ais and Beatriz Roldan Cuenya.
While | performed and analyzed the catalyst synthesis, electrocatalysis, and the spectrosopic
experiments, the development of the synthesis and electrochemical system was assisted by Rosa
M. Aran-Ais, while Janis Timoshenko led the operando X-ray Absorption Spectroscopy (XAS)
experiments with support from Hyo Sang Jeon and Rubén Rizo. Stefanie Kiihl and See Wee
Chee performed the Transmission Electron Microscopy (TEM) measurements, while Stefanie
Kiihl additionally conducted the Inductively Coupled Plasma - Mass Spectrometry (ICP-MS)
measurements. Arno Bergmann guided the X-ray Diffraction (XRD) experiments.

This chapter is reproduced with permission from Clara Rettenmaier, Rosa M. Aran-Ais, Janis

Timoshenko, Rubén Rizo, Hyo Sang Jeon, Stefanie Kiihl, Arno Bergmann, Beatriz Roldan
Cuenya Enhanced Formic Acid Oxidation over SnO;-decorated Pd Nanocubes. ACS Catalysis
2020, 10, 14540-14551, DOI: 10.1021/acscatal.0c03212. Copyright ACS Author Choice via
the Creative Commons CC-BY agreement. Format, figure numbering and bibliography were
adapted to fit to this thesis and possible spelling mistakes in the original article were corrected
without further mentioning.

9.2 Abstract

The Formic Acid Oxidation Reaction (FAOR) is one of the key reactions that can be used at
the anode of low-temperature liquid fuel cells. To allow the knowledge-driven development
of improved catalysts, it is necessary to deeply understand the fundamental aspects of the
FAOR, which can be ideally achieved by investigating highly active model catalysts. Here, we
studied SnOz-decorated Pd nanocubes (NC)s exhibiting excellent electrocatalytic performance
for formic acid oxidation in acidic medium with a SnO, promotion that boosts the catalytic
activity by a factor of 5.8, compared to pure Pd NCs, exhibiting values of 2.46 Amg~'py for
SnO>,@Pd NCs versus 0.42 Amg~'pq for the Pd NCs and a 100 mV lower peak potential. By
using ex situ, quasi in situ, and operando spectroscopic and microscopic methods (namely,
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transmission electron microscopy, X-ray photoelectron spectroscopy, and X-ray absorption fine-
structure spectroscopy), we identified that the initially well-defined SnO,-decorated Pd NCs
maintain their structure and composition throughout FAOR. In situ Fourier-transformed in-
frared spectroscopy revealed a weaker CO adsorption site in the case of the SnO,-decorated
Pd NCs, compared to the monometallic Pd NCs, enabling a bifunctional reaction mechanism.
Therein, SnO, provides oxygen species to the Pd surface at low overpotentials, promoting the
oxidation of the poisoning CO intermediate and, thus, improving the catalytic performance of
Pd. Our SnOx-decorated Pd nanocubes allowed deeper insight into the mechanism of FAOR
and hold promise for possible applications in direct formic acid fuel cells.

9.3 Introduction

Fuel cells are efficient power sources that generate electric energy from chemical reactions.[263]

Among the low-temperature fuel cells, the Direct Formic Acid Fuel Cell (DFAFC) has at-
tracted significant attention since the 1960s,1120.121.264] hecayse of the high electromotive
force (1.45V) and low fuel crossover.[?%] The benefit of formic acid as a fuel source is
based on its safety, low toxicity, and its straightforward synthesis from abundant natural
biomass.[?63] Moreover, the Formic Acid Oxidation Reaction (FAOR) serves as a model system
for a structure-sensitive, two-electron-transfer electrochemical reaction,[266] of which funda-
mental understanding can serve to elucidate more-complex processes.

FAOR proceeds through a widely accepted dual-path mechanism. In the direct pathway, CO»
is produced through an active intermediate of unclear nature, while in the indirect path-
way, the formation of the poisoning intermediate HCOO,4s/CO,q4s occurs through dehydra-
tion.[120,121,267,268] Eytensive studies have shown that the direct pathway is more favorable
on Pd than on Pt.[130.269.270] The |ess favorable poisoning by CO and lower FAOR onset
potential for Pd, compared to Pt, leads to an enhanced initial catalytic performance of Pd-
containing systems.[121:130.271] However, it is also widely accepted that Pd still suffers from

slow deactivation through the adsorption of poisoning CO,gs.[270:272]

The structure sensitivity of FAOR has been systematically explored using Pd single crys-
tals,133.273] 55 well as shape-controlled (and thus facet-oriented) Pd nanoparticles (NPs).[274:275]
Particularly, the {100} orientation exhibits the highest FAOR performance of all basal planes,
which was explained by its capacity to stabilize two bridge formate species as compared to
other facet.[134150.273-275] | this respect, cubic NPs are enclosed by six {100} facets in bulk
face centered cubic (fcc) structures, making these nanostructures perfect model systems for

studying FAOR. However, a limitation of the shaped NPs is their morphological instabil-

187



ity.[270.277] |t has been reported that monometallic Pd catalysts deactivate and degrade by
dissolution of Pd under acidic operation conditions,[272'278'279] and, thus, the preservation and
optimization of the activity and stability of the catalyst is of crucial interest. Therefore, the
addition of a second metal, such as Au,[278'279] Pt,[280] Ag,[281] Ti,[282] Pb,[283] Fe,[284] or
Sn,[127,263,265,285-290] -6yides a common strategy for enhancing the activity and stability of
Pd-based catalysts. Most known Pd-M catalysts form alloys, which not only lead to a variation

of the reaction mechanism, but also generally improve the stability.[291]

A few examples of the use of Pd—Sn systems for FAOR applications have been previously
reported, all demonstrating that CO oxidizes more easily on the Sn-containing samples, leading
to an improved catalytic activity for FAOR.[127:285-289] The particular interest in Sn arises
from its ability to oxidize potentially poisoning intermediates such as CO on Pd or Pt at low
overpotentials, through an electronic effect,[127:285.292] 3 pifunctional mechanism,[287:293] or 3
third-body effect.[130:138.294] Regarding the electronic effect, alloying Sn with Pd modifies the
electronic structure of the catalyst, lowering the adsorption energy of the intermediates. In
fact, the increased catalytic performance of alloyed PdSn/C NPs, prepared via a microwave-
assisted polyol method, was assigned to an expansion of the lattice parameter of Pd and, thus,
to a modified electronic structure.['27285] Regarding the bifunctional mechanism, the presence
of oxidized Sn species was found to facilitate the CO oxidation and, hence, increase the FAOR
activity,[287:293] while it also improved its stability.[2%%] In particular, PdSn-SnO catalysts with
different degrees of interfacial contact have demonstrated substantially lower CO poisoning
and higher catalytic activity, compared to alloyed PdSn catalysts.[286] The third-body effect,
in turn, is defined by the inhibition of possible COads adsorption sites through adatoms or
steric hindrance, thereby facilitating the adsorption of formic acid.[130,138,294]

Therefore, SnOx decoration is a promising approach to increase the catalytic activity, but it
is not yet clear how SnOx interacts with the most active Pd{100} surface, particularly under
FAOR conditions, and whether the reaction pathway is modified. Furthermore, FAOR on Pd
electrocatalysts has rarely been studied with spectroscopic methods under reaction conditions,
although the few existing in situ Fourier-transformed Infrared Spectroscopy (FTIR) studies
reveal interesting mechanistic aspects. For example, the dependence of the CO,q coverage on

the CO, concentration at the surface was observed, leading to the conclusion that the origin
of CO,q could be the reduction of the product CO» over the Pd surface.[130:131,295.296]

In the present study, we report a comparison of SnOy-decorated Pd (SnO,@Pd) NCs and
monometallic Pd NCs with a preferential Pd100 surface structure, prepared via a hydrother-
mal synthesis route and supported on carbon. Spectroscopic and microscopic characterization
of the SnO,@Pd catalysts revealed a cubic Pd core with an incomplete SnO5 outer shell, which
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remains in close contact with Pd during the reaction. Quasi in situ X-ray Photoelectron Spec-
troscopy (XPS) and operando X-ray Absorption Spectroscopy (XAS) data revealed that the
Sn** oxidation state is preserved under reaction conditions, while in situ Fourier-transformed
Infrared Spectroscopy (FTIR) spectroscopy suggested the presence of a weaker CO adsorption
site on Pd. We found that the addition of SnO, improves the catalytic activity of Pd NCs
toward FAOR in acidic media, because it leads to a decrease in the oxidizing potential of CO
intermediates, keeping the active Pd sites free of poisoning intermediates.

9.4 Experimental Section

Synthesis of Pd and SnO>,@Pd Nanocubes

Pd nanocubes were prepared through a hydrothermal synthesis route by modifying a previously
reported method.[15% Dihydrogen tetrachloropalladate (H2PdCls, 10 mM) was prepared from
10mM PdCly (99.9%, Sigma—Aldrich) and 20 mM HCI (ACS reagent, 37%, Sigma— Aldrich)
and reduced by l-ascorbic acid (99%, Alfa Aesar) under the presence of hexacetyltrimethy-
lammonium bromide (CTAB, >99%, Sigma-Aldrich) at 95°C. After 25min, the solution
was centrifuged, washed two times with 1:1 ethanol/water, and dispersed in ultrapure water
(resistance = 18.2MQ). The SnO2@Pd NCs were prepared by following the same method
and with further addition of 5at.% SnSO4 (>95%, Sigma—Aldrich) 15 min after the start of
the reaction. The NCs were supported on carbon by adding carbon Vulcan XC72R powder
to the nanocubes’ aqueous dispersion and sonicating the suspension thoroughly. The ligands
were removed by adding 0.25 M NaOH. After complete precipitation, the samples were washed
thoroughly with ultrapure water and dried at 105 °C overnight. The catalyst inks with a con-
centration of 4 mg/mL were prepared by sonicating the carbon-supported NCs in isopropanol
for 5min. From this, a 10 pL aliquot, corresponding to 40 pg of catalyst, was pipetted onto a
glassy carbon substrate and dried in air.

Electrochemical Measurements

Electrochemical characterization was performed in Ar-saturated 0.5 M HSO4 (95%, VWR).
FAOR was studied in an Ar-saturated 0.1 M HCIO4 (70%, 99.999% trace metal basis, Sigma—
Aldrich) containing 0.5 M HCOOH (96%, Sigma—Aldrich) in a three-electrode electrochemical
cell at 50mVs~! using a Biologic SP300 potentiostat. A reversible hydrogen electrode (RHE)
(HydroFlex, Gaskatel) and a leak-free Ag/AgCl (LF-1, Innovative Instruments Inc., 3.4 M KCl)
were used as reference electrodes. Au wire served as a counter electrode. The catalyst-covered
glassy carbon electrode was immersed into the solution with a hanging meniscus configuration.
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Before each experiment, the catalysts were activated by cycling 10 times in 0.1 M HCIO4
between 0.1 and 0.7V at 50mVs 1. The collected electrochemical data were IR-corrected,
and the ohmic drop was obtained based on i-interrupt or impedance measurements. In addition,
the data were normalized by the Pd mass of each catalyst obtained by Inductively Coupled
Plasma - Mass Spectrometry (ICP-MS). All potential scales were converted to RHE.

CO-stripping experiments were performed by dosing CO (Westfalen, 3.7) into the electrolyte
while holding the potential of the working electrode at 0.15V until total surface inhibition,
which was monitored by cyclic voltammetry between 0.1V and 0.4V through the disappear-
ance of the Hags/pes peaks. The residual CO in the electrolyte was removed by purging
with Ar for 15min. The adsorbed CO was completely stripped off the surface through a
cyclic voltammogram up to 1.0V at 20mVs™t. The second cycle shows the reappearance
of the H,,q adsorption and desorption peaks, which disappeared during the CO,qs blockage.
Chronoamperometric measurements were performed by holding the working potential at 0.1V
for 10s, where no reaction occurs, and at 0.45V for 180 min. Tafel slopes were calculated in
a quasi-steady state from forward linear sweep voltammograms at 1 mVs™L.

The Electrochemical Surface Area (ECSA) electrochemical surface area (ECSA) was evaluated
from the Hyes peak after CO-stripping experiments and by the area of the CO oxidation
features. For Hges, the values were calculated by integrating the CVs between 0.11V and
0.42V and normalizing by the theoretical charge (QH = 210 pCcm™2 for a one-electron transfer
per Pd atom.[193] The surface area through CO oxidation was obtained by integrating the
CVs between 0.75V and 1.0V with the blank CV as a baseline and normalizing by Qco =
420 pCcm™2 for a two-electron transfer per Pd atom.[164]

Inductively Coupled Plasma - Mass Spectrometry (ICP-MS)

The compositions of the catalysts, based on atomic percentage and weight percentage, were
determined by Inductively Coupled Plasma - Mass Spectrometry (ICP-MS) (Thermo Fisher
iCAP RQ). The digestion of the samples was performed by adding a mixture of acids (1:1:3
H2S04:HNO3:HCI) into a known amount of the catalyst and heating to 180°C for 30 min,
using the digestion Microwave Multiwave GO from Anton Paar. The solution was then filtered
to remove any remaining carbon residues and then diluted 100 times in 3% HCI. The electrolyte
was diluted 3.33 times in 3% HCI.
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Transmission Electron Microscopy (TEM) and Energy Dispersive X-ray
Spectroscopy (EDX)

Transmission Electron Microscopy (TEM) and Energy Dispersive X-ray Spectroscopy (EDX)
have been employed to investigate the morphology, size distribution, and local elemental com-
position of the catalysts. The measurements were performed with a FEI Talos F200X mi-
croscope equipped with a XFEG field-emission gun with an acceleration voltage of 200kV, a
Scanning Transmission Electron Microscopy (STEM) unit with a bright-field (BF) detector,
two Dark-Field (DF) detectors, and a High-Angle Annular Dark Field (HAADF) detector, as
well as SuperX 4 SDD EDX detector. The samples were prepared by placing a drop of a
4 mg/mL suspension in isopropanol on a Ni or Cu lacey carbon grid and allowing it to dry in
air. For each sample, more than 200 nanocubes located on different parts of the grid were
analysed to estimate the average size distribution. The composition of the NCs was ana-
lyzed via EDX, where maps were collected to analyze the elemental distribution. A schematic
visualization of the obtained structure was made with VESTA.1297]

X-ray Diffraction (XRD)

X-ray Diffraction (XRD) measurements were collected on a Bruker AXS D8 Advance diffrac-
tometer in Bragg—Brentano geometry. The setup employs Ni-filtered Cu Kaj42 radiation
and a position-sensitive energy-dispersive LynxEye silicon strip detector. XRD patterns were
measured in the range of 20°-100° 26 in continuous scanning mode, with an increment of
0.02° and a counting time of 1s/step, which resulted in 185s of total accumulation time per
data point. The analysis of the diffraction patterns was performed with Rietveld refinements

considering the instrumental broadening and sample displacement, using the software package
TOPAS (Bruker-AXS).

Quasi In Situ X-ray Photoelectron Spectroscopy (XPS)

XPS measurements were performed with a commercial Phoibos100 analyzer (SPECS GmbH,
Epass = 15€V) and a XR50 (SPECS GmbH) X-ray source with an Al anode (Ek,, = 1486.7 eV).
All spectra were aligned using Pd® (335.2eV) as reference and fitted using a Shirley-type or a
linear background subtraction for X-ray or Auger electron spectroscopy, respectively. Quasi in
situ XPS experiments were performed while avoiding the exposure of the sample to air after
the electrochemical treatment. In this setup, an electrochemical cell is directly attached to
the Ultra high Vacuum (UHV) system where the XPS chamber is located to allow the sample
transfer without air exposure. The samples were first cycled between 0.1V and 0.7V in
0.1 M HCIQg4, then the reaction was performed after adding 0.5 M HCOOH to the electrolyte.
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Afterward, the samples were rinsed with deaerated ultrapure water and transferred to an Ultra
high Vacuum (UHV) system in an Ar atmosphere. The electrochemical measurements were
performed using a potentiostat (Autolab PGSTAT 302N).

Operando X-ray Absorption Fine-Structure Spectroscopy (Operando XAFS)

XAFS measurements were performed at the undulator beamlines P64 and P65 of the PETRA
Il storage ring. A Si(311) double-crystal monochromator was used for energy selection, and
an Rh-coated collimating mirror was used for the removal of higher harmonics and the re-
duction of the power load density on the monochromator. All experiments were conducted
in fluorescence mode, using a passivated implanted planar silicon (PIPS) detector at the Pd
K-edge (24350 V) and Sn K-edge (29200eV). The operando measurements were performed
in a three-electrode electrochemical cell (see ref [260] for the schematics of the cell). A leak-
free Ag/AgCl component was used as a reference electrode, while an Au wire was used as a
counter electrode. The samples were prepared by drop casting 10 mg of catalyst on a 0.5cm?
area of carbon paper. Pd K-edge and Sn K-edge data were collected separately for identical
fresh samples, to optimize the signal absorption edge and to avoid self-absorption. Carbon
paper with the deposited catalyst served as a working electrode. It was mounted in the electro-
chemical cell and fixed with Kapton tape, so that the Kapton-covered carbon paper could act
as X-ray window, while the side coated with the catalyst was in contact with the electrolyte.
Measurements for both samples were performed in air as well as under operando conditions,
in Ar-saturated 0.1 M HCIO4 + 0.5M HCOOH solution. Energy calibration, background sub-
traction and normalization of the collected XAFS spectra were performed with the software
Athena.['8! Details regarding the Extended X-ray Absorption Fine Structure (EXAFS) fitting
are summarized in Supplementary Note 9.7 in the Supporting Information.

In situ Fourier-transformed Infrared Reflection Absorption
Spectroscopy (FT-IRRAS) Spectroscopy

In situ FT-IRRAS data were acquired with a Vertex 80v spectrometer (Bruker) that was
equipped with a MCT detector, using a thin layer configuration in the external reflection
mode. An electrochemical cell was home-built around a CaF, IR window with a Au counter
electrode and a leak-free Ag/AgCl reference electrode. A Au foil was chosen as the substrate
for CO-stripping experiments to enhance the reflectivity (no CO adsorption was observed on
the gold support in the potential range used). The electrode was transferred to the cell filled
with an Ar-saturated 0.1 M HCIO4 electrolyte, CO was adsorbed under potential control, the
remaining CO in the electrolyte was removed with Ar, and then the electrode was pressed
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against the CaF, window for the in situ FTIR measurements. For FAOR experiments, glassy
carbon was used as a support; the amount of formic acid was reduced to 25 mM for better
sensitivity of the onset potentials and to decrease the CO, bubble formation, which could
displace the electrolyte in the thin-layer configuration. IR spectra were collected between
4000cm™ and 1000cm™ with 100 interferograms per spectrum and a spectral resolution

of 4cm™1.

Background spectra were acquired at 0.06V for CO stripping and -0.04V for
the FAOR experiments. The spectra are represented as absorbance, A = —logR%, where R
and Ry are the sample and reference reflectances, respectively. For CO-stripping and FAOR
experiments, the background spectra were obtained after CO adsorption and after the addition
of HCOOH, respectively. Thus, oxidation of CO is indicated by negative peaks for CO-stripping

experiments, while CO» formation is indicated by a positive peak for both experiments.

0.5 Results and Discussion

9.5.1 Catalyst Morphology and Structure Characterization

The crystalline structure, morphology, chemical composition, and distribution of the carbon-
supported SnO,@Pd NCs and Pd NCs have been characterized by XRD (see Figure 9.1a,
as well as Figure S9.7 in the Supporting Information), high-resolution TEM (Figures 9.1b
and 9.1c), and STEM (see Figure 9.2, as well as Figures S9.8 and S9.9 in the Support-
ing Information). Moreover, the shape and the elemental distribution of both catalysts were
tracked by High-Angle Annular Dark Field (HAADF)-STEM and Energy Dispersive X-ray Spec-
troscopy (EDX) mapping in the as-prepared state, after cycling 20 times in the presence of
formic acid and after 3h of reaction at a constant working potential (see Figure 9.2, as well
as Figure S9.9). Cycling under oxidizing conditions was performed for testing the stability of
the NCs in terms of morphology and chemical changes in the working potential range, while
potentiostatic measurements were done to gain insight into the nanocubes’ activity, stability,
and resistance against CO poisoning. Figure 9.1a shows XRD patterns of the as-prepared
catalysts. Besides the broad (002) reflection of the hexagonal graphite structure of the carbon
support, all other diffraction peaks can be assigned to the typical fcc Pd bulk structure. In
the SnO,@Pd catalyst, the presence of crystalline Sn or a SnOx phase is not observed, which
indicates the absence of significant Sn agglomeration. Note here that the presence of small
amounts of Sn species on Pd cannot be ruled out by XRD. Rietveld refinement of the XRD
pattern revealed very similar Pd lattice parameters for both samples with 3.88959(12) A for
SnO,@Pd NCs and 3.88978(8) A for the Pd NCs, suggesting the absence of an alloyed PdSn
phase (see Figure S9.7). The volume-averaged coherence lengths of the Pd NCs and the
SnO2,@Pd NCs were determined to be 21.26(17) nm and 20.0(2) nm, respectively.
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Figure 9.1: (a) XRD pattern of the as-prepared SnO>,@Pd NC and Pd NC catalysts. High-resolution
TEM images of (b) SnO2@Pd NCs and (c) Pd NCs supported on carbon powder.

Figures S9.1b and S9.1c display high-resolution TEM images of a SnO,@Pd NC and a Pd NC
supported on carbon, respectively, showing a structural periodicity of 1.97 A for both catalysts,
which is in good agreement with the (200) of fcc Pd. The SnO,@Pd NC additionally shows
crystalline structures on top of the Pd NCs with 3.43 A periodicity, corresponding to the (110)
spacings of the rutile SnO5 structure. The SnO5 structures have a size of ~2nm. Figures 9.2a
and 9.2b show HAADF-STEM images of uniformly shaped NCs in both samples, suggesting
a high density of {100} facets in the as-prepared state. The EDX elemental mapping of the
SnO>,@Pd NCs in Figure 9.2c demonstrates that Sn covers the Pd NCs, forming an incomplete
shell. The average particle sizes (estimated edge length of the cubes) are 22(4) nm for the
Pd NCs and 21(7) nm for the SnO2@Pd NCs, and these values indicate a symmetric size
and shape distribution. The reported error is the standard deviation. The latter sample has
a SnO, shell ~2nm thick, which contributes to the overall cube size. The distributions of
the as-prepared NCs on the carbon support for both samples are shown in Figure S9.8. The
Pd loading on carbon determined by ICP-MS was 7.2wt% for the Pd NCs and 5.2wt% for
the SnO>,@Pd NCs, with 0.3wt% Sn. After 3h FAOR, neither Pd nor Sn from the catalysts
were detectable in the electrolyte, which indicates a stable ratio between Pd and Sn for the
SnO,@Pd NCs. The overall atomic ratio determined by EDX is 96:4 for Pd:Sn, which is
comparable to the Pd:Sn ratio of 94:6 determined by ICP-MS.

Prior to the electrocatalytic investigation, the catalysts were electrochemically activated by
running 10 cycles between 0.1V and 0.7V in 0.1 M HCIO4. The STEM images and EDX
mapping of the SnO,@Pd NCs after the activation process, shown in Figure S9.9, reveal
that the cubic structure is maintained, with a slightly smaller average size of 19(4) nm, and
only a negligible fraction of Sn lost (1%). Interestingly, the cubic morphology of Pd was also
mostly preserved after cycling in formic acid up to 0.95V for 20 cycles (see Figures 9.2d—f),
as well as after 3h of chronoamperometry at 0.45V (see Figures 9.2g—i). However, constant
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Figure 9.2: HAADF-STEM of Pd NCs (panels (a), (d), (g)) and SnO>@Pd NCs (panels (b), (e),
(h)) with EDX mapping of SnO,@Pd NCs (panels (c), (f), (i)). TEM data of the as-prepared state
of the samples are included in panels (a)—(c), those after cycling 10 times in formic acid (FA) are
shown in panels (d)—(f), and those obtained after 3h at 0.45V in FA are shown in panels (g)—(i).
The EDX maps of the SnO,@Pd NCs correspond to the same regions of the HAADF-STEM images
shown. An model depicting the evolution of the structure and surface composition of the SnO,@Pd
NC catalyst during FAOR is shown in panel (j). Sn atoms appear in green and Pd in red. The model
representation is only for visual purposes, and it does not reflect the actual crystallographic size or
atomic positions.
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reaction conditions for3 h seem to be less harmful (Figures 9.2g—i), while cycling the catalysts
in formic acid leads to a deterioration of the NC shape for both catalysts (Figures 9.2d—f).
The upper potential limit of 0.95V during cycling induced Pd oxide formation, leading to
the dissolution of Pd which can explain the morphological changes.[298-30%0] Remarkably, the
EDX maps show the growth of the uniformly distributed SnO, particles from ~2nm in size
to SnOx agglomerations of up to 8 nm after FAOR. The STEM/EDX data also indicate that
SnO» may dissolve, to some extent, from the Pd NC surface during the reaction. After 3h
of reaction at 0.45V, the EDX ratio for Pd:Sn is 98:2, which is similar to that obtained after
cycling in formic acid (99:1). A scheme in Figure 9.2j illustrates the evolution of the SnO,@Pd
nanocubes from a homogeneously distributed SnO> shell around the Pd NC to the formation
of SnO, agglomerates on Pd after reaction.

9.5.2 Quasi In Situ X-ray Photoelectron Spectroscopy (XPS) and Operando X-ray
Absorption Fine Structure (XAFS) Characterization

To further understand the role of the surface composition and chemical state of Pd and Sn,
quasi in situ XPS and operando XAFS measurements have been conducted. Figure 9.3a
displays the XPS spectra of the Pd 3d core level of both catalysts in the as-prepared state
and after 1 h of FAOR at 0.45V with a direct transfer from the electrochemical cell into UHV
without exposure to air. Note that our XPS data were not acquired in situ, but quasi in situ,
which is a terminology employed to signify that the samples were never exposed to air during
the transfer from the electrochemical cell to the UHV-XPS analysis system. Nevertheless, a
major limitation of this method must be considered, which is the fact that the XPS data are
not acquired under potential control. The spectra are deconvoluted in three doublets with
3d5/2 peaks at Eg = 335.2¢V, Eg = 336.3¢V, and Eg = 338.1¢V, corresponding to Pd,
PdO, and PdO,, respectively.391 Both catalysts show, besides the main Pd metal peak, small
amounts of PdO and PdO, in the as-prepared state.[302:393] Residues of the ligands and the
ligand-removing agent were not observed in our as-prepared samples, as demonstrated by the
absence of the Cl 2p, Br 3d, and Na 1s peaks in the XPS spectra (see Figure S9.10 in the
Supporting Information). After reaction, and without sample exposure to air, it is observed
that the Pd component of both catalysts, SnO,@Pd NCs and Pd NCs, remains partially
oxidized. Our XPS results do not indicate the intermixing of Pd and SnO> and the formation
of an interfacial PdSn alloy.

The Sn 3d spectra (see Figure 9.3b) were fitted with a spin-orbit doublet (3ds/» and 3d3)»),
corresponding to SnOx at Eg = 487.0eV (3d5/2).[304] Furthermore, the analysis of the Sn
MNN Auger spectra was used to verify the Sn*t oxidation state. Figure 9.3c depicts the
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Figure 9.3: Quasi in situ XPS spectra for (a) Pd 3d core level of the Pd NCs and SnO,@Pd NCs
in the as-prepared state and after 1h FAOR at 0.45V in 0.1 M HCIO4. (b) Sn 3d XPS peaks and
(c) Sn MNN AES peaks for the SnO,@Pd NCs in the as-prepared state and after FAOR.
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Auger spectra of the SnO,@Pd NCs in the as-prepared state and after FAOR at 0.45V. Both
spectra were fitted with a SnO; reference spectrum. The data reveal a 4+ oxidation state of
Sn in the as-prepared state, as well as after the activation process and after FAOR. The surface
Pd/Sn atomic ratio was quantified from the spectral area of the Pd and Sn 3d XPS peaks. The
estimated Pd:Sn atomic ratio for the SnO2@Pd catalyst is 75:25 (XPS). A comparison of the
Pd and Sn contents extracted from EDX and XPS data after the different sample treatments
is shown in Table S9.1 in the Supporting Information. After reaction, the Pd:Sn surface
ratio changes to 83:17, indicating an 8% loss of Sn at the surface. Thus, the distribution of
SnO> on the Pd NC surface changes significantly toward a lower surface area of Sn, which
indicates the formation of larger SnO, NP-like structures during the electrochemical reaction.
Furthermore, when comparing the Pd-3d signal intensity of the bimetallic and monometallic
samples, it is clear that the Pd NCs suffer from drastic material loss during the reaction,
which was not observed for the SnO,@Pd NCs that appear to be stabilized by the presence of
SnO,. Complementary to the surface-sensitive XPS data, operando XAFS measurements were
employed to probe the chemical state and structure in the bulk of the catalysts. The Pd K-edge
data shown in Figure 9.4b, as well as Figure $9.10 in the Supporting Information, demonstrate
that the Pd species are in a reduced state and with a local environment similar to that in
metallic fcc-Pd, both in the Pd NCs and in the SnO,@Pd NCs as-prepared catalysts. The Pd
oxidation state and local structure also do not change under the reaction conditions. X-ray
Absorption Near Edge Structure (XANES) analysis at the Sn K-edge (Figure 9.4a) confirms
that the oxidation state and local structure around Sn in the SnO,@Pd NC catalyst is similar
to that observed in the SnOy reference material, and does not change significantly during the
reaction.

Figure 9.4c depicts the Fourier-transform extended X-ray absorption fine structure (fourier
transformed (FT)-EXAFS) spectra for the Pd K-edge. In agreement with the XANES data
analysis, the EXAFS analysis shows that the as-prepared catalyst, as well as the catalyst during
reaction, are in the reduced state, with a local structure similar to that of pure metallic Pd.
The fitted EXAFS spectra and the structural parameters are shown in Figure S9.11 andTable
$9.2 in the Supporting Information.

9.5.3 Electrochemical Analysis

For the electrochemical characterization of the catalysts, a sulfuric acid containing electrolyte
was chosen since the specific adsorption of sulfates leads to a defined profile of the hydrogen
adsorption /desorption region.[26:395] The voltammetric profiles of the catalysts after 10 cycles
in Figure 59.12a in the Supporting Information show peaks at 0.22 and 0.29V for Pd NCs,
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Figure 9.4: XANES spectra at the (a) Sn K-edge of SnO,@Pd NCs and (b) Pd K-edge for the Pd
NCs, as well as SnO,@Pd NCs in the as-prepared state and operando spectra collected during 3 h
of the FAOR in 0.1 M HCIO4 4+ 0.5M HCOOH at 0.45V vs. RHE. (c) fourier transformed (FT) k2-
weighted Pd K-edge EXAFS spectra for both catalysts in the as-prepared state and during reaction.
Reference spectra for bulk Sn, SnO, SnO5, Pd, and PdO are shown for comparison.

which are associated with hydrogen adsorption/desorption on long {100} domains, [3%] con-
firming the cubic shape. The SnO,@Pd NC catalyst features a shifted hydrogen desorption
peak at 0.27V, indicating a distorted catalyst surface that is due to the presence of the sec-
ond metal. Prior to every FAOR reaction, an electrochemical pre-treatment was performed by
cycling the catalysts 10 times in the 0.1 M HCIO4 electrolyte. The FAOR measurements, as
well as the CO-stripping experiments, were performed in 0.1 M HCIO4 because higher current
densities are obtained, compared to the often-used 0.5 M H,S0,.[26:150.306,307] The specific
adsorption of bisulfate at oxidative potentials blocks the active sites on Pd, which, hence, are
not active for FAOR.[271:308.309] CO_stripping experiments were used to evaluate the CO toler-
ance of the catalysts. Under potential control, with the electrode at 0.1V, CO was adsorbed
on Pd such that the characteristic Hags/pes Peaks were suppressed as shown in Figure 9.5a.
The adsorbed CO was completely oxidized through a single cycle up to 1.0V and the Hags/pes
peaks reappeared subsequently in the second cycle. The similar peak potentials of both cat-
alysts (0.86 V) indicate a mainly constant CO binding strength for both catalysts and, hence,
no strain effect of the SnO, on the Pd lattice. However, the onset potential for CO oxidation
was found to be reduced from 0.73V for Pd NCs to 0.61V for SnO,@Pd NCs, as indicated
by the gray dashed line. This result is in accordance with reports for non-shape-selected Pd
and PdSn samples, where Sn-containing samples exhibited a 50-100 mV lower onset potential,
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Figure 9.5: (a) CO-stripping voltammograms (solid lines) and subsequent cyclic voltammetry (dot-
ted lines) of SnO,@Pd catalysts (red) and Pd catalysts (gray) in 0.1M HCIO4 at 20mVs 1. (b)
Voltammetric profiles of the SnO,@Pd NC (red) and Pd NC (gray) in 0.1 M HCIO4 + 0.5M HCOOH
at 50mVs . (c) Chronoamperometric curves of the SnO,@Pd NC (red) and Pd NC (gray) at 0.45 V.
(d) Tafel plots for SnO,@Pd NCs (red) and Pd NCs (gray).

because of the oxophilic sites providing oxygen at lower Sn oxidation potentials.[127,285-289]

The lower onset potential is accompanied by a slightly elevated oxidative current in a broad
potential range, suggesting a more facile CO oxidation on Pd during this potential span. The
broader CO oxidation peak of the SnO>,@Pd NCs suggests surface heterogeneity and a slower
CO surface diffusion toward the reactive Pd sites in the presence of Sn. Thus, the presence

of Sn atoms appears to facilitate the oxidative removal of CO.

The electrocatalytic activities of Pd NCs and SnO,@Pd NCs for FAOR were characterized by
cyclic voltammetry in 0.1 M HCIO4 + 0.5M HCOOH between 0.1V and 0.95V at 50 mVs™*
(Figure 9.5b). The currents were normalized to the amount of Pd obtained by ICP-MS, thus
reporting mass activities. The specific activities, where voltammetric profiles are normalized
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by the electrochemical surface area calculated by CO stripping, are reported in Table S9.3 and
Figures 59.12b and S9.12c in the Supporting Information. A comparison of the ECSA calcu-
lated from CO oxidation and the Hags/pes is displayed in Table 59.3, with larger CO-stripping
normalization, compared to the HAds/Des-[162] The FAOR peak potential for our Pd NCs occurs
at 0.65V, which agrees well with the finding of Vidal-Iglesias et al. for unsupported Pd NCs
under similar reaction conditions.[13] Remarkably, the peak potential for SnO,@Pd NCs shifts
by 100mV to a lower potential of 0.55V, and they show a 5.8-fold increase of the current
density at this potential, compared to the Pd NCs. A comparison of our catalysts with PdSn
systems from the literature is shown in Table S9.4 in the Supporting Information, demonstrat-
ing the excellent performance of our catalysts. The higher FAOR current and the lower onset
potential of our SnO,@Pd NCs highlight the beneficial effect of SnO, for the enhancement
of the catalytic activity. Chronoamperometric curves for FAOR at different potentials were
performed to test the CO poisoning rate and stability of the samples under reaction conditions
(see Figure 9.5¢, as well as Figure S9.12¢ in the Supporting Information). At 0.45V, the cur-
rent densities decrease slowly for both catalysts over a period of 3 h. However, the stationary
currents for SnO,@Pd NCs are 5.8 times higher, compared to Pd NCs. Thus, high catalytic
activity and stability of our materials is obtained for the SnO,@Pd NCs at 0.45V. Figure 9.5d
displays the Tafel plots for FAOR, which were obtained from linear sweep voltammograms
measured in quasi-steady state at 1mVst. The lower overpotential region between 0.1V
and 0.2V displays a linear Tafel relationship indicating a kinetically controlled regime of the
reaction. A lower Tafel slope was obtained for SnO,@Pd NCs (196(6) mVdec™), compared to
Pd NCs (247(15) mVdec™), suggesting faster electrokinetics of the SnO»-containing catalyst.
The high Tafel slopes indicate that mass-transfer kinetics must be involved in the reaction
process. Similar Tafel slopes have been reported for Pd catalysts for FAOR.B10I A second
Tafel slope at higher potentials, as shown in Figure S9.12d in the Supporting Information,
suggests strong mass-transfer limitations. The exchange current densities (jy) were further
calculated to demonstrate the particular portion of the electrode kinetics and the intrinsic
catalytic activity. As the standard potential for FAOR, an EY (HCOOH/CO,, H™) value of
-0.19V vs. RHE -(0.25V vs. SHE) at 298 K was used.!3' Promoting Pd cubes with Sn ap-
pears to be very effective for boosting the catalytic activity, since SnO,@Pd NCs resulted in
a jo value of 0.96 mAcm™2, compared to Pd NCs with 0.44 mAcm™2. The order of magnitude
is in a similar range to values for Pd reported in the literature, [144:312,313] Thus, this result
confirms the improved catalytic activity of SnO,@Pd NCs, mainly because of its enhanced
electrokinetics.
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9.5.4 Spectro-electrochemical Measurements

The effect of the SnO5 on the CO adsorption on SnO,@Pd NCs was studied in situ via CO
stripping by applying FTIR. For these experiments, the carbon-supported NCs were deposited
on an Au foil to enhance the reflectance of the IR light, while being inert for CO adsorp-
tion at room temperature. Hence, the electrode was pressed on the CaF, window after CO
adsorption under potential control. The background spectrum was recorded at 0.06 V, then
the potential was swept to positive values and held at the acquisition potential. With this
configuration, negative bands indicate a disappearance of adsorbed species, while the species
being formed appear as positive bands.1314 CO, g features on Pd and Pt are usually influenced
by an electrochemical Stark effect, leading to a potential-dependent wavenumber shift of the
adsorbates.[3147316] The position of the center of the CO band increases in wavenumber with
applied potential, because of the perturbation of the vibrational frequency in the static electric
field of the double layer. Potential-dependent peaks are shown at 1945 cm™! (see Figures 9.6a
and 9.6b and 2345cm™ (see Figures 59.13a and $9.13b). The first one can be assigned to
the bridge-bonded CO (C-O stretch; v(COg) = 1900-1955cm™), and the latter one can be
assigned to dissolved CO, (asymmetric C-O stretch; (CO,) = 2345 cm™).[267] The acquired
spectra show relatively weak CO bands, which can be attributed to the low catalyst loading on
the carbon support. For the Pd NCs (Figure 9.6a), a COg band appears at 1945 cm™, which
shifts from 1951cm™ (0.16V) to 1958cm™ (0.71V) and decreases starting from 0.71V.
Similar bands for SnO>@Pd NCs start to shift in the same manner at 0.16 V from 1951 cm™,
but the peak intensity decreases already at 0.66 V. A negative band remains at 1945cm™! at
higher potentials. These results are similar to the onset potentials observed in the electro-
chemical CO-stripping experiments and support the earlier CO oxidation of the SnO,@Pd NCs.

Figure S9.13 in the Supporting Information depicts the CO, evolution from the CO-stripping
experiments for Pd NC and SnO>,@Pd NC at 2345cm™!, respectively. The potential depen-
dence of the integrated band intensities of the CO, formation are displayed in Figure 9.6c.
While the onset potential for Pd NCs is observed at 0.71V, CO, evolution starts 100 mV
lower, at 0.66V, for the SnO,@Pd NCs. The results from the in situ FTIR measurements
are in good agreement with the CO, evolution of the CO-stripping experiments (0.73V for
Pd NCs and 0.61V for SnO,@Pd NCs). Thus, we could show a weaker bond of CO to Pd
when SnO is present. Furthermore, FAOR was followed using in situ FTIR by monitoring the
CO» evolution. Figures 9.6d and 9.6e show the respective potential-dependent CO» evolution
for Pd NCs and SnO,@Pd NCs, respectively. Glassy carbon was chosen as a substrate for
the catalysts in these measurements, for better comparison with the catalytic investigation.
No CO adsorption was observed in this experiment, which can be assigned to the low intrin-
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Figure 9.6: /n situ FTIR of the CO-stripping experiments in the CO regime of (a) Pd NCs and (b)
SnO,@Pd NCs; (c) depicts the integrated intensities of the corresponding CO, bands. Reference
spectra taken at 0.06V vs. RHE, spectra taken on Au foil in 0.1 M HCIO4. In situ FTIR of FAOR
show CO» bands during FAOR for (d) Pd NCs and (e) SnO,@Pd NCs, while panel (f) depicts the
integrated band intensities of the CO, bands during FAOR. Reference spectra taken at -0.04V vs.
RHE. Spectra taken on glassy carbon in 0.1 M HCIO4 and 25 mM HCOOH.
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sic adsorption of CO on Pd while sweeping the potential up. It is expected that significant
amounts of adsorbed CO and formate only form after exposure to the oxidizing potentials
for an extended period of time. The background was taken at -0.04V after the immersion
of the electrode into the 0.1 M HCIO4 + 25 mM HCOOH solution to avoid the spontaneous
FAOR and ensure that we have a metallic Pd surface. The low formic acid concentration was
chosen to reduce massive CO, bubble formation and to increase the sensitivity for the onset
potential of CO, formation. For Pd NCs, CO, generation by formic acid decomposition starts
to evolve at 0.21V, while for the SnO,@Pd NCs, small amounts of CO, are already seen
at 0.01V, Figure 9.6f. The onset potentials for the catalytic activities measured by CV are
0.35V (Pd NC) and 0.15V (SnO2@Pd NC), which are both 140 mV higher than the onset
potentials observed by FTIR, which again could be assigned to the higher sensitivity of the
latter technique and to the intrinsic decomposition of formic acid. These results demonstrate
a significant enhancement of the catalytic activity of SnO,@Pd NC already at low potentials.
The high catalytic performance of SnO,@Pd NCs, which exceeds that of the current catalysts
in the literature (Table S9.4 in the Supporting Information), originates from the presence of
SnO; close to the {100} facets of Pd NCs. CO-stripping experiments and their corresponding
in situ FTIR revealed a decreased oxidizing potential of adsorbed CO, because of the presence
of SnO7. The role of SnO3 on the removal of poisoning CO is demonstrated. In this study, the
enhanced FAOR performance is linked to the exclusive presence of SnO5 on Pd in a segregated
way, without the formation of a PdSn alloy. However, the role of the third-body effect and
the diminution of unfavorable COads formation through adatoms or steric hindrance cannot
be excluded. The calculation of the electrochemical surface areas revealed a lower amount of
active sites for SnO,@Pd NCs (see Table 59.3), which indicates a possible blockage of sites
on which CO could bound. The presence of SnO» results in weaker bound CO,qs, which, in
turn, can be oxidized at milder overpotentials, making Pd active sites available for catalytic
activity already at low overpotentials.

9.6 Conclusion

In the present “synthesis-by-design” approach, SnO,@Pd nanocubes and Pd nanocubes were
prepared via a hydrothermal chemical synthesis, supported on carbon powder, and studied for
the electrochemical oxidation of formic acid in an acidic medium. The system was chosen,
because Pd NCs are expected to exhibit high catalytic performance due to the presence of
{100} facets, while the existence of a second metal such as Sn is known to further enhance the
activity through a bifunctional mechanism. The SnO,@Pd NCs presented here are the first
non-alloyed Pd-Sn nanocube FAOR catalysts with an incomplete SnO2 shell. The presence
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of SnO5-like species on Pd was found to promote FAOR, which is linked to the oxidation of
adsorbed CO at lower potentials as compared to Pd NCs. Since slow CO poisoning of the Pd
surface leads to deactivation during FAOR, the presence of SnO; results in enhanced catalytic
performance of SnO,@Pd NCs compared to bare Pd NCs. In particular, the SnO,@Pd NCs
outperformed the Pd NCs, in terms of activity, with a 5.8-fold increase of current density
with 2.5 AmgPd™! and a 100 mV lower peak potential. The catalytic properties also exceeded
those of the known PdSn catalysts in the literature. However, the proposed catalyst is still
prone to deactivation, to some extent. STEM and EDX, as well as quasi in situ XPS and
operando XAS revealed that the shape, as well as the oxidation state, of the catalysts remained
stable during and after reaction at 0.45V. In situ FTIR studies confirmed the lower CO
desorption potentials and lower overpotentials, as well as higher FAOR catalytic activities for
SnO,@Pd NCs. In summary, our electrochemical and spectroscopic data suggest a bifunctional
reaction mechanism in which SnO, promotes the oxidation of CO residues close to the Pd
surface, improving the catalytic performance of Pd toward formic acid oxidation. Consequently,
the SnO>,@Pd NCs proposed here are promising candidates in order to achieve an optimum

performance of formic acid fuel cells.
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9.7 Supporting Information

Supplementary Figure 9.7: XRD data
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Supplementary Figure 9.8: STEM images (a,c) and corresponding histograms (b,d) of Pd NCs as
prepared (a,b), and SnO>,@Pd NC as prepared (c, d).
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Supplementary Figure 9.9: (a) STEM image, (b) EDX map, (c) low magnification STEM image
showing the particle distribution and the corresponding histogram (d) for SnO>,@Pd NCs after acti-
vation in 0.5 M HCIlOy4.

Supplementary Table 9.1: Pd and Sn content (%) in the SnO2@Pd NCs extracted from TEM-EDX
and XPS measurements of the as prepared NCs the same sample after activation in 0.5 M HCIOg4,
after cycling in 0.5 M HCIO4 4+ 0.5 M HCOOH and after chronoamperometric FAOR reaction for 3 h.

Content ratios (%) EDX XPS
Pd Sn Pd Sn

Sn0,@Pd NC as prepared 9% 4 75 25
Sn0,@Pd NC after activation 97 3 72 28
Sn0O,@Pd NC after FAOR (cycling) 99 1 75 25
Sn0,@Pd NC after FAOR (chrono) 98 2 84 16
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Supplementary Figure 9.10: XPS spectra of the (a) Na 1s, (b) Br 3d and (c) Cl 2p core levels of
as-prepared SnO2@Pd NCs (bottom) and Pd NCs (top).

Supplementary Note 9.7: EXAFS fitting details The Pd K-edge EXAFS data were aligned
and normalized using the Athena software.[81] Conventional least-square fitting was performed
using the FEFFIT code (Figure S5).[3171 We have found that the 1% shell contribution to the
experimental EXAFS data in all samples can be modeled with a single Pd-Pd contribution.
Theoretical phases and amplitudes were obtained in self-consistent ab-initio calculations with
the FEFF8.5 code for the bulk fcc-type Pd structure.205] The complex exchange-correlation
Hedin-Lundqvist potential and default values of muffin-tin radii as provided within the FEFF8.5

code were employed.

The amplitude reduction factor S§ = 0.77 was obtained from the fit of the Pd K-edge EXAFS
for the Pd foil. Fitting of the EXAFS spectra [y(k)k?] was carried out in R-space in the
range from Ruyin = 1.2 A up to Rmax= 3.0A. The Fourier transform was carried out in the k
range from 2.4 A™1 up to 12.0 A"1. Fitting parameters were the Pd-Pd coordination numbers
Npg.pd, Pd-Pd interatomic distance Rpg.pq, disorder factor op4.pq4, as well as a correction
to the photoelectron energy origin AEy. The values of the parameters obtained in the fit are
summarized in Table S2.
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Supplementary Figure 9.11: EXAFS fitting results for Pd foil, Pd NCs and Sn@Pd NCs in the as
prepared state and during FAOR.

Supplementary Table 9.2: Structure parameters (1% nearest neighbour Pd-Pd coordination num-
ber N, Pd-Pd interatomic distance (r), disorder factor o2, energy shifts AEy, and goodness of fit
parameters (“R-factor”)), obtained from the fit of experlmental EXAFS data of the Pd K-edge. Un-
certainties of the last digit are given in parentheses. The data were measured during FAOR.

Sample Npapd  (r)pd-pd 034 pa AEy (eV) R-factor
Pd foil 12 2734(2) 0.0052(4)  -93(5)  0.5%
Pd NC (air) 107 (8) 2.734(3) 0.0053(4)  -9.4(5)  0.8%
Pd NC (FAOR) 112 (7) 2.738(2) 0.0054(4)  -9.8(4)  0.5%
Sn0,@Pd NC (air)  11.0(6) 2.736(2) 0.0055(3)  -9.5(4)  0.4%
Sn0,@Pd NC (FAOR)  12(1) 2.731(5) 0.0052(4)  -9.8(8)  18%
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Supplementary Figure 9.12: (a) Cyclic voltammograms of SnO,@Pd NCs and Pd NCs in 0.5M
(b) Voltammetric profiles reported as specific activity of the SnO,@Pd NC
(red) and Pd NC (grey) in 0.5 M HCIO4 + 0.5 M HCOOH and at 50 mVs . (c) Chronoamperometric
curves of the SnO,@Pd NC (red) and Pd NC (grey) at 0.45V (line), reported as specific activities.
(d) Tafel plots for SnO,@Pd NC (red) and Pd (grey), with 196 mVdec™! and 470 mVdec™! for Pd
NCs, and 274 mVdec™! and 524 mVdec—! for SnO,@Pd NCs.

Supplementary Table 9.3: Electrochemical surface areas of the catalysts by CO stripping and the
hydrogen desorption (Hges) in 0.5M HCIO4.

ECSA CO stripping Hges
Pd NCs 0.263cm?  0.207 cm?
Sn0,@Pd NCs 0.185cm?  0.173cm?
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Supplementary Table 9.4: Electrocatalytic activities of FAOR on PdSn systems and their cor-

responding Pd electrocatalysts, including the peak current densities normalized by the mass, the

corresponding peak potential, which were converted to RHE, and the ratio of the current densities

reported for PdSn bimetallic systems versus pure Pd.
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Supplementary Figure 9.13: (a) Cyclic voltammograms of SnO,@Pd NCs and Pd NCs in 0.5M
H2SO4 at 50mVs~t. (b) Voltammetric profiles reported as specific activity of the SnO,@Pd NC
(red) and Pd NC (grey) in 0.5 M HCIO4 + 0.5 M HCOOH and at 50 mVs~. (c) Chronoamperometric
curves of the SnO>,@Pd NC (red) and Pd NC (grey) at 0.45V (line), reported as specific activities.
(d) Tafel plots for SnO,@Pd NC (red) and Pd (grey), with 196 mVdec™! and 470 mVdec™! for Pd
NCs, and 274 mVdec™! and 524 mVdec™! for SnO,@Pd NCs.
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Summary

This work addresses the relation of catalyst design and potential variations with pulses to its
electrocatalytic performance. Primarily, shaped nanoparticles and their exposed facets were
studied as catalysts for the Formic Acid Oxidation Reaction (FAOR) and the CO reduction
reaction (CO2RR). The fundamental understanding of the role of specifically designed catalysts
for these reactions are motivated by their huge potential of creating a closed carbon cycle.
In particular, the CO2RR has the capability to produce synthetic fuels and valuable chemicals
out of CO; and renewable energy. Moreover, the FAOR can be used in fuel cells as alternative
to proton exchange membrane fuel cells with the main advantage of avoiding storage and
transportation problems that comes hand in hand using hydrogen has as direct fuel.

Although catalysts are not consumed during a catalytic reaction, they behave dynamically and
adapt to the electrocatalytic reaction conditions. Thus, general questions arise on how these
catalysts alter during an electrocatalytic reaction and how this changes affect the catalyst per-
formance. This work focuses on studying the catalyst evolution during both reactions with in
situ and operando spectroscopic methods. In doing so, structure-composition-activity correla-
tions have been established. These correlations involve not only the preparation of the catalysts
and their catalytic performance, but also the study of structural and compositional properties
during the catalytic reaction both at static potentials as well as under pulsed conditions.

One scientific objective, objective A, questioning the role of undercoordinated Cu atoms has
been addressed by studying the behavior of a Cu(310) surface with well defined (100) terraces
and (110) steps. Upon the measurements performed, comparing a UHV-prepared sample with
an electropolished one, we have found that the ethanol production is increased by electropol-
ishing the sample, while only 1% ethanol was found for the pristine crystal. Thus, these results
suggest that this type of step edges alone, combined with finite (100) terraces are not the main
driver for ethanol formation as it has been suggested in prior literature from studies comparing
rough electropolished single crystals with different orientations.
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In objective B, the question was raised whether and how surface oxide species influence the
catalytic selectivity. This challenge has been addressed by repetitive regeneration of oxide
species on a Cu surface by the application of potential pulses with different pulse duration.
Precisely, the catalytic activity depending on the potential pulse lengths was systematically
studied and correlated to the results of operando Quick X-ray Absorption Fine Structure
(QXAFS) and operando XRD measurements. Remarkably, a complex interplay between the
reversible oxide formation and the catalytic function has been found. In particular, the product
formation is partially improved when a highly disordered mix of Cu oxides is created on the
surface. For instance, ethanol formation doubled with small amounts of disordered oxides are
created and coexist with metallic Cu, while CO and CH4 products are facilitated by extended
bulk-like oxide phases. Further, the creation of Cu(ll) species parallel to the formation of Cu(l),
was demonstrated, revealing that non-equilibrium phases can be produced by the alternating
potential pulses. The formation of both oxide types leads to high ratios of Cu(Il)/Cu(l) species
for short anodic pulses and this resulted in a boost of ethanol production. Complementary,
operando XRD revealed the population of a distorted multivalent Cu oxide phase for the short
anodic pulse lengths, which also plays a crucial role in the ethanol production.

This project highlights that, in addition to conventional methods, the catalytic activity of
Cu catalysts for CO2RR can be steered simply by the application of pulsed potential profiles.
Furthermore, in order to understand the structure-activity relationships, the investigation of the
observed catalytic changes by operando spectroscopic methods is essential. It is expected, that
potential pulsing the CO2RR will provide further understanding on the underlying structural
dependencies on the catalytic activity.

Objectives C and D query how shaped NP pre-catalysts combined with a secondary metal
enhance the catalysis. To answer this question, studies on cubic shaped CupO NC decorated
with Au NPs for the CO,RR and cubic shaped Pd NCs decorated with a SnO» shell for the
FAOR have been performed.

The catalytic improvement, in particular the selectivity trends towards Cp; products for the
former catalytic system, was studied as a function of Au loading. The role of Cu-Au alloying
and the CO coverage on the catalytic surface was investigated and their synergistic effects
on the product selectivity were investigated. The compositional changes were studied under
reaction conditions with operando high-energy XRD, operando XAFS and quasi in situ XPS,
while CO coverages were assessed by operando surface enhanced Raman Spectroscopy (SERS).
We have determined that increasing amounts of Au NPs on the CusO NC leads to significant
surface restructuring and the formation of CuAu alloys. Additionally, the *CO coverage on the
surface is guided in a positive trend with increasing Au loading. These results of alloy type
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and amount, the temporal changes under reaction conditions and the CO coverages were then
correlated to the product selectivities. The CO formation is enhanced significantly with Au
loading, but we observed that only small amounts of CO producing Au on a Cu surface are
needed to boost the Coy products. We attribute the low Cu-Au alloy formation due to small
Au loadings to the formation of CO, while the formation of Cy products is mainly performed
on the pure Cu phase.

To study Objectives C and D for the FAOR, SnO,@Pd NC were synthesized to enhance
the catalytic performance of Pd(100), which is considered the best Pd facet to promote
this reaction. The additional improvement was done by adding SnO-like species, which
reactivate the catalytic active Pd species through the removal of poisoning CO from the
surface. Combining electrocatalytic methods with microscopic characterization and in situ as
well as operando spectroscopy reveals the beneficial effect of the secondary metal with a stable
catalyst structure during the reaction. The lower CO desorption potentials are correlated to
the lower overpotentials and the 5.8-fold higher catalytic activity compared to bare Pd NCs.
We attribute these results to a bifunctional mechanism, where SnO> in the vicinity of the
catalytically active Pd species promotes the oxidation of the poisoning CO intermediates.

All addressed objectives highlight the requirement of in situ and operando spectroscopic meth-
ods to understand structure-composition-activity correlations during reaction conditions. We
observe structural and compositional changes, as well as alterations of the intermediates at the
catalytic surface that are affecting the catalytic properties during the reactions. Furthermore,
the careful selection of the type and amount of a co-catalyst is crucial to improve catalytic
reactions through a "synthesis-by-design" approach. Both catalysts are examples for a deeper
comprehension of combining several well-known effects together, such as shaping the catalyst,
adding a co-catalyst or performing in situ and operando studies.
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Future Challenges and Objectives

Research goals in CO2RR

Research and development in CO2RR has attracted great attention due to its high potential
to innovate the synthesis of CO5 neutral fuels and valuable chemicals. It is as well considered
as storage solution for renewable electricity. Despite the huge efforts in advancing the overall
mechanistic comprehension of this reaction, many challenges remain:

» Fundamental Research: Full understanding of the fundamental mechanism(s) under-
lying this reaction is indispensable to design catalysts, which generate the desired prod-
ucts. Here, significant progress can be made by studying well defined model catalysts,
e.g. single crystals. Although, studies on copper single crystals have been performed
from early on, 23 different preparation methods have led to varying starting surfaces and
thus varying results. Thus, it is a current research question to study the CO>RR with
close-to-perfect facetted Cu surfaces. Not only low-index surfaces, but also high-index
surfaces should be considered, the latter to understand the role of specific step edge
structures. The goal is to create a picture on the role of each unique surface structure
and extract mechanistic insight of the possible pathways to the wanted products.

Furthermore, new fundamental research questions arise from the needs of lab-scale re-
actions or industrial scale up. Among the mentioned challenges below, this involves
fundamental studies on well-defined bimetallic systems or the effect of variations in the
reaction conditions, e.g. potential pulses on well-defined surfaces.

It is further necessary to investigate the micro-environment around the catalyst, involving
the electrolyte, and thus the local pH or the local concentrations of ions, as well as
potential variatios.

» Lab-scale Reactions: The found fundamental insights have to be transferred to the
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device level with more applicability. Moreover, several structural effects can only be
found by preparing catalysts with higher surface areas and higher surface-to-volume
ratios and thus with increased currents and optimized material utilization. Here, a
focus is set on screening nanoparticular catalysts, applying currents >100 mA cm™ and
deducing structure-activity correlations. In order to really understand structural effects
and parameters, experimental techniques that can be applied under realistic operando
conditions, are needed.

Cu20 NCs have been studied in this thesis towards understanding the role of oxides
on the product distribution by applying pulsed potentials. Although, this work sets a
fundamental basis, the parameter range is not yet exhausted. It is expected that different
chosen cathodic and anodic potentials, galvanostatic pulses, different catalysts or a
variation in the catalyst loading may lead to other interesting product distributions with
different mechanisms. Current research questions involve the role of adsorbed hydroxide
through potential pulses and the influence on particle dissolution and readsorption on
the product distribution.

Further research questions for Au-CusO NCs include the minimization of the Au-loading
towards a more beneficial effect of the CO-producing Au at the vicinity of pure Cu
sites to increase the Cpy product yield. Moreover, pulsed potentials and bimetallic
catalytic systems could be combined to study the reversibility of the alloyed structure
during potential pulses and investigate this effect through the a wide parameter range
(potentials, time lengths, Au loading).

» Industrial Scale-Up: The development of reactor systems and catalysts for industrial
scale-up and commercialization is yet in its early stage. Key parameters comprise the
operation time, stability, product selectivity and scalability of the chosen catalysts. More-
over, the energy efficiency including product separation and single pass consumption of
CO5 has to be established from a techno-economic perspective. Many challenges will
still arise during the development of industrially-scaled systems, such as the tolerance to
realistic gas feeds as well as the variation or interruption of the power inputs.[39 Finally,
the integration of the CO2RR into the processes of chemical industry, will probably lead
to new and unforeseen challenges.

Research goals in the FAOR

Formic acid (FA) is considered as power source in fuel cells for portable devices due to its
superior properties than other fuels (methanol or hydrogen), which are, amongst others, its
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relatively easy handling in storage and transportation.[114 However, commercialization has not
been achieved inter alia due to its fast catalyst deactivation, the high overpotentials required,
the high catalyst costs and high production costs of the fuel FA:[115]

» Fundamental Research: The knowledge about the catalytic mechanism has come far in
the past years, however, several issues remain regarding the degradation and deactivation
mechanism of the catalysts. In particular, SnO,@Pd NCs is a promising catalyst system,
which circumvents the rapid deactivation. However, it is still prone to deactivation,
which raises the question, whether structural or compositional rearrangements, such
as a more homogeneous distribution of Sn** on the Pd(100) surface, other chemical
states of Sn or even (partial) alloy formation, would further improve the performance.
Furthermore, it is necessary to continue the studies of the structural evolution of the
catalysts during reaction conditions. Moreover, a step towards commercially applicable
devices is to investigate the catalyst response on varying reaction conditions, such as
turning the device on or off, a decreasing input of the fuel or decreasing cell voltage.
Thus, further in situ and operando studies to understand structural changes as well as
dissolution or particle agglomeration with different high-performance catalytic systems
and under different reaction conditions are needed.

» Industrial Scale-Up: The development of commercially available DFAFCs has been
pursued since about 15 years, but so far without official statement on the results.[320]
Not only the above mentioned challenges, but also the realistic dynamic power demands
of portable devices might have challenged the development. However, the potential
benefits of DFAFCs and the recent research and development in catalysts and fuel cells
should motivate to achieve commercialization.
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