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Abstract

The electrochemical reduction of carbon dioxide, ECR, fueled by renewable energy
sources, holds promise for addressing escalating greenhouse emissions and closing the
carbon cycle. This thesis focuses on developing cost-effective catalysts to facilitate the
electrochemical conversion of CO> to CO. Utilizing low-temperature wet-chemical
synthesis, zinc oxide, ZnO, based materials were synthesized and extensively
characterized. The electrochemical characteristics and ECR performance of these
materials were investigated in various electrolyzers, including H-cells, flow-cells, and
zero-gap cells. Employing analytical techniques such as gas and ionic chromatography,
we systematically mapped the product selectivity of different materials, offering
detailed insights into the functions of the catalysts during ECR.

To maximize the ZnO CO»-to-CO ECR capability, various ZnO allotropes were
synthesized, revealing distinct differences in morphology and surface constitution. ZnO
nanorods emerged as the most promising, exhibiting high ECR performance with a
Faradaic Efficiency for CO FEco of over 80% in a current density range of 50-160 mA
cm?, in both flow-cell and membrane-electrode-assembly (MEA) electrolyzers.
Despite an initial stability challenge attributed to the depletion of the ECR-active ZnO
phase, an in-situ regeneration strategy was developed, demonstrating stable CO2-to-CO
conversion for over 100 hours at 160 mA cm.

To enhance direct and stable electrolysis, ZnO-based heterostructures decorated with
d-block metal oxides of: Cu, Ni, Co, Fe, were explored. Among these, Cu/ZnO binary
oxide showed the highest partial current density for CO jco and exceptional stability of
30 hours with a FEco of 77% at 100 mA ¢cm2. The stabilizing effect of Cu on the ZnO
phase enhanced overall ECR performance. Expanding our investigation, ternary Zn-
Ce-Ag oxide catalysts were fabricated, achieving a FEco of 80% for 100 hours at 200
mA cm?. Further addition of a small amount of silver, less than 10 wt. %, led to a
structured core-shell morphology, resulting in a remarkable FEco of 90% at 200 mA
cm2, with exceptional stability for 200 hours in the MEA.

This research offers critical insights into the design of efficient ECR catalysts,
displaying their potential for real-world application in large-scale, of 100 cm? active
area, MEA electrolyzers. The catalysts developed not only advance fundamental
understanding but also pave the way for the practical implementation of ECR
technology.

Keywords: Zinc Oxide, CO»-to-CO, electrochemical CO: reduction, membrane
electrode assembly, stability, heterostructures, large-scale



Zusammenfassung

Die elektrochemische Reduktion von Kohlendioxid, ECR, die mit erneuerbaren
Energiequellen betrieben wird, ist ein vielversprechender Weg, um die eskalierenden
Treibhausgasemissionen zu bekdmpfen und den Kohlenstoffkreislauf zu schlieSen.
Diese Arbeit konzentriert sich auf die Entwicklung kostengiinstiger Katalysatoren, die
die elektrochemische Umwandlung von CO; in CO erleichtern. Mittels nasschemischer
Niedertemperatursynthese wurden Materialien auf der Basis von Zinkoxid, ZnO,
synthetisiert und eingehend charakterisiert. Die elektrochemischen Eigenschaften und
die ECR-Leistung dieser Materialien wurden in verschiedenen Elektrolyseuren
untersucht, darunter H-Zellen, Durchflusszellen und Zero-Gap-Zellen. Mit Hilfe von
Analysetechniken wie der Gas- und Ionenchromatographie haben wir die
Produktselektivitdt der verschiedenen Materialien systematisch Kkartiert und so
detaillierte Einblicke in die Funktionen der Katalysatoren wéhrend der ECR erhalten.
Um die CO2-zu-CO-ECR-Féhigkeit von ZnO zu maximieren, wurden verschiedene
ZnO-Allotrope synthetisiert, die deutliche Unterschiede in Morphologie und
Oberflachenbeschaffenheit aufwiesen. ZnO-Nanostédbchen erwiesen sich als die
vielversprechendsten und zeigten eine hohe ECR-Leistung mit einer Faradaischen
Wirkungsgrad fiir CO FEco von iiber 80% in einem Stromdichtebereich von 50-160
mA cm?, sowohl in Durchflusszellen als auch in Membran-Elektroden-Einheit-
Elektrolyseure (MEA). Trotz anfanglicher Stabilitétsprobleme, die auf die Erschdpfung
der ECR-aktiven ZnO-Phase zuriickzufiihren waren, wurde eine In-situ-
Regenerationsstrategie entwickelt, die eine stabile CO2-zu-CO-Umwandlung iiber 100
Stunden bei 160 mA cm? zeigte.

Um die direkte und stabile Elektrolyse zu verbessern, wurden Heterostrukturen auf
ZnO-Basis untersucht, die mit d-Block-Metalloxiden von: Cu, Ni, Co, Fe, dekoriert
sind. Unter diesen zeigte das binidre Cu/ZnO-Oxid die hochste Teilstromdichte fiir CO
jco und eine auflergewdhnliche Stabilitdt von 30 Stunden, mit einer FEco von 77 % bei
100 mA cm™. Die stabilisierende Wirkung von Cu auf die ZnO-Phase verbesserte die
gesamte ECR-Leistung. In Erweiterung unserer Untersuchung wurden ternédre Zn-Ce-
Ag-Oxid-Katalysatoren hergestellt, die 100 Stunden lang bei 200 mA cm™ eine FEco
von 80 % erreichten. Die weitere Zugabe einer kleinen Menge Silber, weniger als 10%,
fihrte zu einer strukturierten Kern-Schale-Morphologie, was zu einem
bemerkenswerten FEco von 90% bei 200 mA cm fiihrte, mit einer auBergewdhnlichen
Stabilitét fiir 200 Stunden in der MEA.

Diese Forschungsarbeit bietet entscheidende Einblicke in die Entwicklung effizienter
ECR-Katalysatoren und zeigt ihr Potential fiir die praktische Anwendung in
groBangelegten, mit 100 cm? aktiver Flache, MEA-Elektrolyseuren. Die entwickelten
Katalysatoren foérdern nicht nur das grundlegende Verstindnis, sondern eben auch den
Weg fiir die praktische Umsetzung der ECR-Technologie.
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Chapter 1:

Introduction



1.1 Motivation

The escalating atmospheric concentration of CO» has triggered global concerns due to
its direct impact on the greenhouse effect and the Earth's temperature. To address the
increasing emissions, captured CO; is typically pressurized and stored underground.
However, effectively utilizing CO» remains a substantial challenge, necessitating
rigorous scientific research and practical industrial applications. Essentially, the
conversion of CO; into valuable fuels or chemicals is commonly achieved through
hydrogenation and electrochemical or photochemical reduction. The electrochemical
CO; reduction, ECR, can follow diverse reduction pathways, ranging from 2- to 18-
electron transfers, resulting in generating various gaseous and liquid products, as seen
in Figure 1. The selectivity of products is intricately linked to the catalyst material
chosen for the ECR. In recent years, ECR powered by renewable energy sources has
garnered significant attention due to its remarkable energy efficiency of more than 30%
at low operational temperatures between 25°C and 60°C. !

© cHon ¢ HCOOH
.
C, products ¢-@ Sai o B
KA ¢
CO C, products %
2 2 CH
2''a
CH,CH,OH
C,, products vt T
C;Hg CHg

Figure 1.1. Graphical representation of the possible products that are possible to be
formed through the electrochemical CO; reduction, ECR.

The plethora of products formed by the ECR leads to a complex reaction mechanism.
The reaction pathway includes intermediate species, like *CO2", with high activation
energies of about ~ 1 eV, introducing sluggish kinetics and high overpotentials 1.
Various techno-economic studies suggested that carbon monoxide, CO, and formic
acid, HCOOH, are the most viable products of the ECR. > Specifically, CO has a net
present value of over 50 million $ and can be utilized as a useful intermediate for
various products from the chemical industry. While CO, requiring 2 ¢” for its formation,
stands out as one of the most advantageous outputs attainable from the ECR. Due to the
favorable ratio of its molecular weight, of 28.01 g mol™!, per electron transferred for its
formation. >® CO generation through the ECR opens the door to a more decentralized
CO production system, eliminating transportation risks and expenses. Nonetheless, to
make the CO»-to-CO commercially viable, three performance indicators should be
sought after for the ECR electrolyzer: high current densities of j > 0.5 A cm™, low cell
potential of 3 V or below ideally, and high Faradaic efficiency, FEco, higher than 80%.
In the early 1990s, Hori et al. ? classified the product selectivity of the different metals,
namely group IVB-IVA for the ECR. His finding indicated that mainly platinum-group
metals (PGM) like Ag, Au, Pd, Pt, tend to form CO. Despite the inherent CO selectivity
of these metals, with FEco of about 87%, Hori et al. managed to record current densities
below 10 mA cm™, owning to severe mass-transport limitations, stemming from the H-
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cell electrolyzer’s architecture. To overcome this, the implementation of PGM catalysts
on gas-diffusion electrodes (GDEs) in flow-cell and membrane electrode assembly
(MEA) electrolyzers effectively countering the CO2 mass-transfer limitations. Giving
rise to high CO»-to-CO reaction rates, with partial current densities for CO, jco, over
120 mA cm2.'0!

Despite their promising performance, PGM catalysts are known to introduce high
Capital Expenditure (CAPEX) into the electrolyzer.!? The efficient development of
ECR electrolyzers requires the implementation of low-cost materials. PGM-free
catalysts such as zinc, Zn, have exhibited promising performance in catalyzing the ECR
to CO while maintaining low material cost.!* Tuning properties like heteroatoms, grain-
boundaries, oxygen vacancies of Zn and zinc oxide, ZnO, based materials have proven
a successful way of actively converting CO2-to-CO. The development of such materials
does not only aspire to illustrate the practical application of the ECR but also elucidate
vital mechanistic aspects of this process. '4!3

1.2 Objective of this dissertation
This PhD thesis aims to advance the field of electrochemical CO; reduction, ECR, by
developing innovative Zn-based catalysts in membrane electrode assemblies (MEAs)
electrolyzers. By recognizing the potential of Zn-based materials as cost-effective
catalysts for ECR, the objective is to harness their potential while addressing their
limited stability of about ~40 h, for the electrocatalytic CO»-to-CO conversion.
Feasible wet-chemical methods were employed to craft different catalysts, including
structured ZnO, and to investigate the impact of morphology and the function of ZnO
in ECR performance. By proposing a new operational strategy for the MEA, the aim
was to prolong system durability without compromising CO selectivity, being held
above 80%.
Heterostructured ZnO combined with various transition metal-oxides were fabricated
to further improve ECR performance and gain insights into the role of ZnO and identify
key parameters affecting catalyst durability.
Based on these findings, the structure and composition of the composite Zn-based oxide
were optimized, and the new catalyst was applied in MEA electrolyzers. This led to a
stable ECR, of more than 200 h, with high CO selectivity of 90%. The integration of
the material in a large-scale MEA electrolyzer, with an active area of 100 cm?,
demonstrated equally stable and selective ECR.
In conclusion, this dissertation not only expands our understanding of efficient ECR
catalysts but also lays the groundwork for sustainable and transformative
electrochemical processes. Through meticulous exploration and innovation, this
research contributes to advancing carbon-neutral chemical synthesis.
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Figure 1.2. Graphical representation of the development process of the ECR
electrolyzer in this dissertation.

1.3 Dissertation Overview
In Chapter 2, an introduction to the fundamental aspects of the ECR is given. This
chapter provides an overview of the thermodynamics that govern this process, along
with vital aspects of the reaction kinetics that steer the reaction’s selectivity.
Additionally, this chapter provides a thorough literature review of the state-of-the-art
PGM-free catalysts and electrolyzer setup.
Chapter 3 provides an experimental insight into the different cell setups that have been
used for the assessment of the ECR performance and the electrochemical
characterization of the different catalysts. Insights into the experimental setup and the
analytical techniques used are also provided. Details for the fabrication of the different
catalysts and electrodes are also included.
Chapter 4 discusses the optimization of the ZnO properties by investigating the ECR
performance of various ZnO-allotropes. This section introduces a novel way of
efficiently tackling the initially limited stability of ZnO in the MEA.
Chapter 5 investigates the electrochemical behavior of various ZnO-metal
heterostructures. The inter-phasal interactions of the binary Zn-metal oxides illuminate
the potential of Zn-based heterostructures in augmenting material stability.
Chapter 6 forwards the concept with the creation and optimization of engineering
metal/metal-oxide interfaces by fabricating a ternary Zn-Ce-Ag oxide. Showcasing the
real application potential of the ECR.
Chapter 7 is a summary and discussion of the main results achieved in this dissertation.
In Chapter 8, the overall conclusions and outcomes of the thesis are laid out.



Chapter 2:
Fundamentals of CO; Electroreduction



In recent decades, there has been a surging interest in both the investigation and

practical application of novel electrochemical processes, owing to their unique ability
to convert electrical energy into chemical feedstock through electrolysis cells. Such
processes become a valuable tool for harnessing surplus electrical energy to drive non-
spontaneous reactions and as a means of electricity storage and supply. Furthermore,
electrochemical procedures often offer notable advantages when compared to
traditional thermochemical and thermo-catalytic reactions, particularly concerning their
ability to provide relatively mild reaction conditions, typically at ambient pressure and
temperature. '¢
One prominent example of the potential applications of electrochemical processes is
the electrochemical reduction of CO», ECR, which holds great promise for efficiently
converting atmospheric carbon into valuable products.
Despite its promising potential, the practical implementation of ECR presents
significant challenges. The intricacy of the underlying reaction mechanisms, coupled
with the high activation energies required for the involved reaction species, results in
heightened energy demands. Additionally, the physicochemical properties of CO2 and
its interaction within the electrolyzer have a profound impact on the reaction kinetics
and, consequently, product selectivity. Therefore, an overall understanding of the
thermodynamic and kinetic principles governing ECR is imperative for addressing and
overcoming the challenges it poses.!’

2.1 Basic concepts of electrochemistry
Thermodynamics: In an electrolysis system, consisting of chemical species S,
separated oxidation and reduction reactions take place under the application of external
overpotential 1. The reduction half-reaction eq. 2.1 always takes place in the cathode,
while the oxidation half-cell reaction eq. 2.2 is always in the anode. The total reaction
of the electrolyzer eq. 2.3 is the sum of the half-reactions eq. 2.1 and eq. 2.2.

Cathode: Sox,c T z€ > Sred, ¢ eq. 2.1
Anode: sred, a > Sox, a + ze eq. 2.2
Cell Reaction: Sox. ¢+ Sred, 2 <> Sox,a + Sred, c eq. 2.3

Electrolysis is an endergonic process, with AG>0, meaning that the application of an
external load is necessary for the reaction eq. 2.3 to happen. If no external potential is
applied, the system is at equilibrium conditions, where AG=0. The free enthalpy AG is
composed of the sum of the chemical potentials p; multiplied by the respective
stoichiometric factors of the species vi, described in eq. 2.4. The change of the Gibbs
free energy G. concerning the number of moles of a chemical species n, describes its
chemical potential pi. The p; also depends on the activity ai, of the system’s species.
This is described in eq. 2.5. For the total reaction, the effect of each species a; to the
reaction direction can be assessed with the expression eq. 2.6, depicting the equilibrium
constant K. If the Faraday Law is solved for AG and equated with the initial eq. 2.4, we
have eq. 2.7, describing the relation of the AG with the induced potential E, of an
electrochemical process. Multiplying eq. 2.5 with the vi we result in eq. 2.8, which can
also be expressed as eq. 2.9 considering the eq. 2.7. The eq. 2.9 equation is the Nernst
equation, describing the shifting of the equilibrium potential due to the influence of the
activity of the chemical species.



AG =Y Vi eq. 2.4

G

Wi === W + RTlna;, where R=8.314 J K mol! eq. 2.5
K= % =I1a;", where v; is the stoichiometric factor eq. 2.6
AG = -zFE = ¥; vii;, where F= 96485 C mol’! eq. 2.7
AG = AG® + RT*Z(vilna;) eq. 2.8
Ex = Eeq = E° - = In(TTa;") eq. 2.9
Eeq, tot. = Eeq, anode - Eeq, cathode eq. 2.10

For all variants that represent thermodynamic properties, the notation ‘°* depicts the
pre-defined thermodynamic property in STP conditions. The eq. 2.9 applies both to the
anodic and cathodic reaction of the electrolyzer and in extension to the total cell
reaction, as dictated by the law of Hess eq. 2.10.

Kinetics: The finite velocity at which these individual elementary steps occur results
in an electrode surface polarization that extends beyond the equilibrium point of the
reaction. This polarization serves as the driving force required to overcome the reaction-
specific resistances, thereby initiating a net flow of electrons. A critical parameter,
known as the overpotential 1, is defined as the disparity between the electrode potential
when a current is flowing and its equilibrium value eq. 2.11. Overpotential n, is
contingent on various factors, including the specific species involved in the reaction,
the prevailing reaction conditions, and the characteristics of the electrode material.

N=E —Eg eq. 2.11

Atlow polarization, the 1 is primarily dictated by the electron transfer process occurring
during the rate-determining elementary step of an electrochemical reaction. This
phenomenon is closely associated with the kinetic barriers that either hinder or facilitate
this crucial step. It is fundamentally a consequence of the finite speed at which charge
is transferred to a redox species. In situations where the rate-determining step of the
reaction involves a one-electron transfer and other contributions are negligibly small,
with 1~0, the current-voltage relationship can be effectively described by the well-
known Butler-Volmer equation eq. 2.12. This equation is significant in the realm of
electrochemical kinetics and serves as a pivotal phenomenological tool, as it connects
the m, thermodynamics, with the reaction rate and kinetics, through current j. It
characterizes the extent of oxidative and reductive charge-transfer reactions, jetox and
Jetred TEspectively, as defined in eq. 2.1 and eq. 2.2. 1t also illustrates the net flow of
electrons e across the electrode surface, contingent on the charge-transfer overpotential
Net, Which represents the polarization solely attributed to the charge transfer. This
equation is grounded in the theory of the activated complex, which examines changes
in the AG along the reaction pathway for both forward and backward reactions. It
reaches a peak when the activated complex, serving as the transitional state between
reactants and products according to the theory, forms. In the context of electrochemical
reactions, it considers alterations in the energy landscape for both forward and
backward reactions, especially regarding shifts in potential differences between the

7



electrode and electrolyte during electrode polarization. Consequently, it influences the

modifications in the AG for the forward and backward reactions to varying degrees,

leading to a preference for one direction over the other, with negative polarization

favoring reduction and vice versa. '$1°

(1-a)zF
RT

Jet = Jetox T jredox = Jo [exp(%nct) - exp(- MNet)], where 0>a<1 eq. 2.12
For eq. 2.12, the exchange current density jo,, represents the current density at
equilibrium, where n=0, being a tangible characteristic of the electrocatalysis system.
The charge transfer coefficient or symmetry factor a, is derived from quantum
mechanics %, reflecting the extent to which the galvanic potential difference between
the electrode and electrolyte, as described earlier, influences the change in activation
energy. It essentially signifies how substantial electrode polarization impacts the
reaction in either direction.

_ 2303RT , .  2.303RT
(1-a)zF °" (1-a)zF

logjet = a — blogjct eq. 2.13

Net

When the ne: magnitude is significantly large, [N >> %, equal to 25.6/z mV at T=298

K, in the cathodic scenario, the oxidative current can be disregarded, and vice versa. In
this case, the relationship simplifies to an exponential one. By rearranging the equation
eq. 2.12, replacing In with log and solving for 1, we obtain what is commonly referred
to as the Tafel equation eq. 2.13. This equation incorporates the Tafel slope denoted as
b, measured in mV/decade, and an additional constant a. For a rapid process, the
movement of electroactive species to and from the electrode surface cannot keep pace
with their consumption or generation, the reactants start to diminish, and the product
accumulates within the double layer. Consequently, the actual concentration at the
electrode surface, denoted as csur, deviates from the initial concentration co, to which
E, corresponds. Both concentrations are in equilibrium and, therefore the activities,
given that there is no chemical gradient. However, with an increasing current density,
this equilibrium would be disturbed, causing the activity to differ, leading to a change
in the concentration equilibrium. This deviation results in the development of a
concentration gradient between the bulk electrolyte and the electrode surface. To
address this, the disparity in concentration must be considered in the electrode potential
and is described by the concentration overpotential, represented as Mcone. Taking into
account the concentration dependence of the standard potential using the Nernst
equation, eq. 2.9, we result into the eq. 2.14 for cathodic currents. By solving the egq.
2.14 for the overpotential, implicating the eq. 2.13, we end up in eq. 2.15 describing the
concentration overpotential.

surf (1—a)zF

. . C

Jred = Jo—~ exp[ o7 7] eq. 2.14
_ RT Csurf

Ncone = = (-a)zF 31 Co eq. 2.15

In technical electrode systems, especially when aiming for high current densities, the
interplay between mass transport and its associated limitations assumes a crucial role.
These concentration gradients, on the one hand, lead to substantial electrode
polarization at elevated conversion levels and introduce a limiting current density,
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denoted as ji, beyond which further polarization fails to augment the reaction rate.
Additionally, in specific scenarios where various reactions compete for active sites
influenced by distinct degrees of transport constraints, a shift in product distribution
towards unwanted by-products, such as electrolyte decomposition, as seen through
hydrogen production in aqueous CO; reduction, can be induced even before reaching
this limiting current.

2.2 Thermodynamics of the CO: Electroreduction

During the ECR, CO; is reduced to produce valuable products, with the parallel
reduction of H>O, materialized through the Ha evolution, HER. On the other hand, the
anode is where the oxidation of H>O occurs. The formation of various ECR products,
as illustrated in Table 2.1, and their associated intermediates involves the transfer of
differing numbers of electrons in each case. This results in a range of half-reaction
potentials Eo. The CO2 molecule's stable linear structure O=C=0, with a strong C=0
bond of 750 kJ mol!, poses a significant barrier to its electrochemical conversion,
leading to increased activation energy. 2' The formation of diverse ECR products
involves several steps involving proton-electron transfers, which significantly influence
E, and energy demand. This is followed by a series of stepwise proton and/or electron
transfers that lead to the creation of various end products, to be discussed in part 2.3.
The presence of protons H, and the high E, values associated with ECR product
formation introduce the HER as a parasitic reaction in the system. This is due to the low
potential for HER, 0 V vs. SHE, and the rapid kinetics of H, formation. ?22* To mitigate
the impact of HER, ECR is often conducted in an alkaline environment. 2*

Table 2.1. Half-reaction potentials of possible products of the ECR in aqueous
solutions. 2

Product Equation Eo (V vs SHE, 25°C)
Hydrogen 2H"+2e — Hs 0
ECR-Intermediate CO>+e — «COy -1.9
Carbon monoxide CO, +2H" +2¢— CO + H,0 -0.104
Formic acid CO; +2H" + 2¢ > HCOOH -0.171
Methanol CO, + 6H" + 6e" — CH3;0H + H.O 0.016
Methane CO; + 8H" + 8¢ — CH4 + 2H,0 0.169
Ethylene 2CO, + 12H" + 12¢” — C,H4 + 4H,0 0.085

In alkaline systems, the proton donor for the ECR is the H>O molecules present. The
mechanism of HER and OER also complies with the existing alkaline environment. The
standard potential E, and the reaction pathway of the reactions are dictated by the
alkaline. The focus of this thesis remains the CO formation. The eq. 2.16—2.18 describe
the half-reactions that take place in an alkaline CO: electrolyzer at ambient
conditions.?*?® In the cathode, the ECR eq. 2.16 takes place in parallel with the parasitic
HER, eq. 2.17. The anode reaction is the OER, eq. 2.18, under alkaline conditions, fed
by the crossing OH". Overall, the reaction that takes place in the electrolyzer is
described by the eq. 2.19.



Cathode: CO2+H,0+2e — CO+20H,E;=-0.93 (Vvs SHE) eq. 2.16

2H>0 + 2¢” — H> + 20H", E, = -0.83 (V vs SHE) eq. 2.17
Anode: 20H — % 02 + H20 +2¢7, E, = -0.4 (V vs SHE) eq.2.18
Cell: CO; > CO+2 05, Eo=133V eq. 2.19

The catalyst efficiency is assessed by its activation overpotential nac, facilitating the
formation of ECR intermediates, as seen in Figure 2.1a. The I-V response of the reaction
consists of a standard polarization curve, expressing the rate of the reaction.
Implementing the previously introduced term of overpotential m, bridging the
thermodynamic foundations of the reaction with its rate. A standard polarization curve
of the full-cell reduction reaction, eq. 2.19, seen in Figure 2.1b, assumes no voltage
losses from the cell components. The standard potential E° of 1.33 V, for the reaction is

derived from the eq. 2.7. The thermoneutral potential Ex° of 1.48 V, is calculated from

AHo

the relation: Eg® = - — for the standard enthalpy AH,, of the eq. 2.19. The difference

between the E° and En° is a result of the entropy change, denoted through the term
TAS®, within the overall process and necessitates the introduction or removal of heat
from the system. As described by the fundamental relation: AG = AH-TAS. When the
entirety of the required heat is provided by Joule heating stemming from the flow of
electric and ionic currents through internal resistances, this heat demand can be directly
attributed to the supplied electrical energy. If an electrolyzer operates at 100%
efficiency, denoted by an operational voltage of 1.46 V under standard conditions, the
heat generated by the electrolyzer equals the heat required for the electrolysis process
to proceed. Consequently, this scenario for the ECR achieves thermoneutrality, meaning
the electrolyzer neither emits heat into the surroundings nor absorbs heat from the
surroundings.?” illustrates how the thermodynamic background of the reaction sets the
guidelines for the kinetics.

a) b)
CO,— CO+ %0,
o S
nno cat.

; ; Ey°=1.46V, E,° = - AHY/zF
o~~~ o N’
H '_I‘ —
= ] CO+% 0, B X
> s =
1 z 3 g
5 g 2 -
= ? a
= . o= N

co, | o | E° =133 V, E° = - AGY/zF
Reaction Coordinate ——— Current (mA)

Figure 2.1. Thermodynamic breakdown of the ECR. a) Energy levels of the reaction
species, b) Thermodynamic characteristics of the polarization curve for the full-cell
reaction.
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2.3 Kinetics of the CO: Electroreduction
Electroreduction is a complex, multi-stage process that encompasses the transfer of
multiple electrons.?®>3° It involves several crucial steps, including CO, adsorption,
electron transfer, and product desorption occurring at the electrode's surface. Extensive
research has revealed that the current density, the specific electrochemical species
involved, and the selectivity of the ECR are predominantly influenced by the choice of
electrode material and the reduction potential applied. The initial step of the ECR is the
diffusion of COx(g) over the catalyst layer, followed by one e-transfer for the formation
of the *C0O;(44s) intermediate, eq. 2.20. The following protonation of the *CO; 445 €4
2.21, aided from the water molecule, is proposed to happen rapidly, forming the
transition *COOH species. 3! A subsequent step involves both an electron and a proton
transfer eq. 2.22, forming the adsorbed *COqags). Finally, the *COags) desorbs from the

catalyst’s surface, yielding the COg) eq. 2.23. 32734

COxg) +* + ¢ > *CO0;(gas) eq. 2.20
*CO3(aas) + H200) <> *COOHuas) + OH eq. 2.21
*COOH g + H' + & > *COpuasy + H200) eq. 2.22
*CO(ads) <> CO(g) + * eq. 2.23

The electrochemical CO; reduction, ECR, process follows the Eley-Rideal mechanism,
where only one species undergoes adsorption.>*¢ Initial Tafel analysis data suggested
that eq. 2.20 and eq. 2.21, could be the possible rate-determining steps (RDS) for ECR.
However, recent work by Deng et al.3” has shown that the RDS for CO formation is
equation eq. 2.20, while the RDS is independent of the pH. The eq. 2.20 is a composite
step that encompasses the crucial processes of COx(y) diffusion over the catalyst layer
and electron transfer. At lower current densities, the rate of electron transfer in eq. 2.20
is the critical factor influencing the rate of ECR. At higher levels of polarization, of
more than 200 mA cm?, the diffusion of COx), as seen in eq. 2.20, toward the active
surface of the catalyst becomes the limiting factor for the ECR rate. Given the strong
correlation between the catalyst’s properties and the ECR performance, the Sabatier
principle emerges as a crucial tool for predicting a catalyst’s activity and product
selectivity.3® It asserts that for high catalytic activity, the interactions between the
catalyst and the reaction species should exhibit an intermediate intensity, for the
reaction to be favored. Figure 2.2a depicts a common volcano plot illustrating the
activity versus the binding strength of CO, providing a useful visualization of the
Sabatier principle for the ECR.>**’ Where an optimal catalyst exhibits properties that
reside at the peak of the volcano plot.

The parasitic hydrogen evolution reaction, HER, progresses at the cathode in parallel
with the ECR. The generally accepted HER mechanism in alkaline and neutral media
is exhibited below:

H>20 + ¢ <> Hags + OH", (Volmer step) eq. 2.24
Hags + H2O + ¢ < Hy + OH', (Heyrovsky step) eq. 2.25
2Hads <> Ha, (Tafel step) eq. 2.26
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The splitting of a water molecule and the adsorption of hydrogen on the surface of the
electrode or catalyst is described by the Volmer step, eq. 2.24, which always consists of
the initial step of the HER. This is then followed by the production of hydrogen through
either an electrochemical process, Heyrovsky step, eq. 2.25, or a chemical process as in
a Tafel step, eq. 2.26. Numerous studies have exhibited that at low 1, lower than -0.15
V, the HER goes through the Heyrovsky step, while the Tafel step follows in parallel.
However, at high n, of more than -0.25 V, the electrode is considered overwhelmed by
Hags. The Tafel step becomes negligible, with the HER progressing through the
Heyrovsky step, owing to its high rate constant.*'® Figure 2.2b summarizes in a
volcano plot the tendency of various materials in catalyzing the ECR. The low
thermodynamic potential of the HER, summarized in Table 2.1, and its faster overall
kinetics, seen in Figure 2.2 a&b, strongly favor the reaction at the expense of ECR.

At lower polarization, the reactions’ kinetics are majorly determined by the e-transfer.
The function of a selective and efficient catalyst for the ECR is to successfully redirect
the majority of the total current of the electrolyzer toward the ECR instead of the HER.
It is worth noting that at a high current density of more than 300 mA cm™, both the
ECR, eq. 2.23, and HER, eq. 2.25, rates are primarily governed by species desorption,
with additional limitations imposed by mass transfer of the reactants. Considering the
significantly higher diffusion coefficient of Ha, Dn2, compared to the CO2 one, Dcoz,
and CO one, Dco*, the faster mass transfer of the Hy will inevitably favor the HER at
high current densities. The polarization curves in Figure 2.2¢ provide a qualitative
representation of the theoretical behavior of the parallel reactions. At lower reaction
rates, ECR is favored by the catalyst’s active centers so that the partial current density
for the ECR, jco, is always larger than that for HER, ju>. While at higher currents due
to the effect of mass-transfer limitations on the reactions’ species, HER takes over
imposing the opposite condition.*

12



a) 109 A i b) 2
[@ -0.80£0.05 Vvs RHE] _“47u
=
3.. L . 4= -
= 14 e - . Ag 1
§ -7 o g k=
= T 01y e 4 8 s J
é = Pl. -t - z\‘\ é
3% o01] .- Ni "l S et ]
e i 2
3]
w o 0.0019 1 -0pk 3
10,0001 4 . i . ; ] 4 e e s vy ey ey
2.0 A8 1.2 08 0.4 0.0 50 100 150 200 250 300 350 400
CO Binding Strength [eV] Eperi/ kd mol”
) T
o~ *
z P
s "
R~ .
w» 2
> 2
2 L
= =
5 8
N =
=] B0
n" =) —— i

Current (mA)

Figure 2.2. Catalyst properties and kinetic brake-down of the cathode reaction. a)
Volcano plot of various materials for their ECR affinity, adopted from *°, b) Volcano
plot of various materials for their HER affinity, adopted from *!, ¢) Qualitative
deconvolution of the total cathodic polarization curve into the ECR and HER.

In examining the two cathodic reactions, ECR eq. 2.16 and the parasitic HER eq. 2.17,
three key figures of merit determine the preference for either ECR or HER. The
Faradaic Efficiency, FE, described in eq. 2.27, quantifies the ratio of the theoretically
calculated charge spent on product formation Qu, calculated by the total charge passed,
to the actual amount Q,r, quantified by analytical techniques, see Chapter 3. The partial
current density j; signifies the rate of product formation, derived from the total current
density flowing through the electrolyzer j and the FE for the specific product formation,
described in eq. 2.28. Evaluating the viability of the reaction, the energy efficiency, EE,
of the electrolyzer for a specific product, eq. 2.29, offers valuable insights. It articulates
the thermodynamic efficiency of product formation, as expressed through the relation

%, relative to its kinetic efficiency FE.

o= % eq. 2.27
JITEE eq. 2.28
RO = ESZ“ e eq. 2.29
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2.4 State-of-the-art Catalysts

The techno-economic advantages of the electrochemical CO»-to-CO reduction have
driven significant research into catalyst development for selective CO production.*®
Platinum-group metals (PGMs), known for their inherent selectivity in CO generation,
have played a pivotal role in advancing the understanding of electrochemical reduction
(ECR) understanding.**->* Chen et al.>* achieved FEco of 96% at -0.35 Vrug over 8 h,
using Au in an H-cell. Their work illustrated how Au can facilitate the initial e-transfer
by stabilizing the *COOH intermediate. Follow-up works exhibited similarly good ECR
performance CO formation overpotential for Ag®> and Pd*® based materials. However,
H-cell architecture introduced mass-transfer limitations, restricting partial current
density for CO jco, of about ~50 mA cm. 3-8 Using gas-diffusion electrodes (GDEs)
in flow cells and membrane-electrode-assemblies (MEAs) electrolyzers, jco was
recorded in the range of several hundreds of milliamperes.>®!' The early work of
Yamamoto et al.%? exhibited the advantages of integrating Ag catalyst in such a system,
recording a maximum partial jco of 100 mA cm™. Dinh et al.% incorporated an Ag layer
over a PTFE membrane creating a stable GDE that delivered jco of 150 mA cm™ for
100 h. Exhibiting the potential for stable electrolysis upon modulating the properties of
the GDE. Monteiro et al.* recorded similar ECR performance using Au in low pH
electrolytes, addressing the challenging aspect of acidic ECR. Oden et al.'! exploited
the synergistic effects of Ag and Au in a composite catalyst, recording a high rate of CO
formation at jco of 180 mA cm™.

In light of the exceptional properties of noble metals, their scarcity and high cost have
spurred the exploration of alternative materials. '%*1% Molecular and single-atom
catalysts (SACs) have recently emerged as promising ECR catalysts.® Robert et al.
first exhibited the application potential of Co-based molecular catalyst recording high
jco of 160 mA cm™.” In the same context, Nam et al.®® developed Ni-SACs recording
an equally high jco.® Despite the promising performance of these materials, their
tedious synthesis procedure and limited stability, less than 10 h of ECR, pose challenges
for their practical implementation. 7°

Zinc, Zn, a low-cost material, holds promise as a viable alternative to noble metals due
to its widespread availability and inherent inclination for CO production.”! However,
the efficiency and selectivity of Zn in CO generation lag behind those observed with
Au and Ag catalysts.”” Various strategies have emerged to address these limitations,
including creating high surface area >4, selective facets, and favorable morphology >~
77 all of which enhance the performance of Zn and ZnO-based materials in ECR.”
Nanostructured metallic Zn demonstrates elevated catalytic activity and enhanced CO
selectivity.!>7>% As shown by Luo et al.3! demonstrated that highly porous Zn
electrodes fabricated via electrochemical methods, integrated into a flow cell
electrolyzer, achieved a jco of 160 mA cm™ from the GDEs.*” The same group
developed oxide-derived Zn, OD-Zn, gas diffusion electrodes (GDEs), regulating the
morphology and oxidation state of the catalyst to achieve a high jco of 180 mA cm™
while enhancing catalytic activity.3%* Despite the promising performance of metallic
Zn, studies indicate that ECR activity primarily originates from Zn*? oxidation in the
zinc oxide, ZnO, phase.®>37 ZnO has proven to be a selective ECR catalyst in flow cell
electrolyzers, exhibiting a CO faradaic efficiency FEco of over 80% and a jco of 100
mA cm2.583% Optimizing the structure and properties of ZnO further enhances FEco
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and jco, as demonstrated by late work by Zong et al.”” The morphology of ZnO
significantly influences its hydrophobicity '°, a critical attribute for gas diffusion
electrodes employed in ECR.?*® Modulating and stabilizing the Zn'? state is crucial
173 for electrocatalytic functions of ZnO-catalysts and promoting their activity for the
ECR.%786 Despite the high reduction overpotential of ECR leading to partial reduction
of ZnO to metallic Zn, °%°7 numerous studies underscore the potential of ZnO as an
ECR catalyst. *% As demonstrated by Stamatelos et.al °°, elaborated in Chapter 4.,
ZnO with an optimized morphology was integrated into a MEA, achieving FEco above
80% for over 100 h at high current densities, facilitated by a developed in-situ ZnO-
phase regeneration protocol. Highlight the potential of ZnO-based materials as efficient
catalysts across a wide range of ECR electrolyzers.'%038758!

Engineering Zn-based metal/metal-oxide heterostructures is a promising
strategy for developing catalysts with higher ECR activity.!**'% Oxide-based materials
are known to promote the ECR through the ‘direct-effect mechanism’ by lowering the
activation potential for the formation of the intermediates.!?”-'% Such heterostructures
are known to exhibit varied electrocatalytic properties'®*!'°, dependent on the nature
and properties of the different phases'!!'!!3 of the composite catalyst material. 4122 As
shown by Luo et al.'?* a composite Cu-Zn catalyst could selectively catalyze the ECR
with a FEco of 94% by lowering the activation barrier for the *COOH intermediate.'?*
Moving beyond metallic heterostructures, Chen et al.'?>!2¢ ytilized various metal/ZnO
interfaces that achieved equally high FEco in MEA electrolyzers. Their catalyst
architecture induced e-delocalization, energetically favoring the CO formation path.
Metal/metal-oxide heterostructures '2”'28 provide a larger surface area for the ECR,
with various interactions among the phases'?’, that as shown by Stamatelos et.al'* in
Chapter 5., favor the catalyst’s activity and stability during continuous electrolysis.
With the stability and selectivity creating a major ‘bottleneck’ towards applicable ECR,
oxide-based catalyst substrates’*’ 23! hold potential for further enhancing the ECR
activity by stabilizing the reaction’s intermediates and providing stable catalyst
structures.'>!13® As such, heterostructures containing cerium oxide, CeQ,!¥-140:141,142
have exhibited significant ECR activity, with electrocatalytic properties directly
stemming from the various interactions of the heterostructure’s interphase.'*'** Such
inter-phasal interactions were illustrated by Zong et al.'*’, using a heterostructured
Zn0O/Ce0Os catalyst that achieved an FEco of 90%. Proposing a Zn-O-Ce model of
interactions, that stabilized the oxidation state for Zn*2, favoring its ECR activity and
suppressing HER. In the latest work of Stamatelos et.al'*, illustrated in Chapter 6.,
ternary oxide Zn—Ce—Ag catalysts were developed for practical CO.-to-CO conversion,
achieving a FEco of 90% at 200 mA cm™ for 200 hours in a large-scale MEA
electrolyzer with a 100 cm? active area. With the enhanced performance being attributed
to CeO: stabilizing the ZnO phase, preventing agglomeration of the ECR-active sites.
Addressing the challenges in Zn-based catalysts for the ECR involves several key
aspects regarding the catalysts’ robustness.'*”'¥® Catalyst stability is crucial for
commercial applications, but current Zn-based catalysts often have a short lifespan, less
than 40 h, for industrially relevant jco of more than 120 mA cm™, as exhibited in Figure
2.3. Investigating degradation mechanisms and exploring solutions, such as anchoring
on specific substrates, is essential for improving stability. Lastly, the practical
application of ECR faces hurdles like complex electron transfer, multiple pathways, and

101,102,103
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low CO- diffusion rates. Rational electrocatalyst design is necessary to overcome these
challenges and enhance the efficiency of ECR while promoting a rational catalyst
lifespan of more than 100 h.
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Figure 2.3. Graphical depiction illustrating the ECR efficiency, with a focus on jco and
stability for both PGM and Zn-based catalysts. These catalysts were implemented in
flow cells and MEA electrolyzers. The chart incorporates the latest performance data
extracted from the literature, as referenced in sub-chapter 2.4.

2.5 Membrane Electrode Assembly

Membrane-electrode assemblies (MEAs), alternatively referred to as "zero-gap,"
"catholyte-free," or "gas-phase electrolysis," offers an effective approach to tackle the
challenges associated with aqueous Gas Diffusion Electrode (GDE). The MEA design,
commonly employed in fuel cells and water electrolyzers, has proven to be a widely
utilized solution in electrochemical cells.'* In a typical MEA system, gaseous
humidified, at room temperature, COz is directly supplied to the cathode. Usually, the
oxygen evolution reaction OER, serves as the counterpart oxidation reaction at the
anode.™® The cathode and anode are tightly pressed to the two sides of a polymer
electrolyte membrane, facilitating ion transfer while preventing product crossover. The
cathode, membrane, and anode constitute the core components of the MEA electrolyzer
architecture, as seen in Figure 2.4."5!
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Figure 2.4. Schematic of the architecture and the components of an MEA electrolyzer.
The drawings are representative of the MEA cell used for this work, as well as
corresponding to the generally accepted MEA architecture.

End-Plates: The MEA's end-plates not only function as the cell's housing but also serve
as the current collector. Constructed from Ti due to its favorable mechanical properties
and stability at high overpotential, these end-plates play a crucial role.!>? For both the
anode and cathode end plates, the distribution of the reagent stream is guided by the
flow pattern engraved on the current collectors. While different flow patterns are viable,
the meander pattern is the most prevalent. This design ensures the uniform distribution
of streams over the electrodes, promoting consistent performance. 33154
Gas-Diffusion Electrodes (GDEs): GDEs present advantages over conventional
planar electrodes, facilitating higher local concentrations of CO> and mitigating mass
transport resistances. This leads to an accelerated reaction rate and an enhanced current
density in Efficient Carbon Reduction, ECR, processes.'> Typically, a GDE consists of
a gas diffusion layer (GDL), a microporous layer (MPL), and the catalyst layer (CL) on
top. The GDE operates by allowing CO: gas to diffuse through the GDL and MPL to
reach the CL, where ECR occurs. Studies show that electrolysis using GDEs markedly
improves reaction rates compared to traditional porous electrodes, effectively reducing
the diffusion length of CO,.!%¢ The GDL is commonly crafted from carbon fibers, while
the MPL comprises of small carbon nanoparticles, of about ~20 nm diameter, that
provoke a more even distribution of the CO; stream to the CL. Both the GDL and MPL
undergo polytetrafluoroethylene (PTFE) treatment during manufacturing, ensuring
crucial hydrophobicity'®” for optimal ECR performance. 3715 The catalyst layer is
prepared by depositing the catalytically active phase onto the MPL.'>* Among various
commercial GDE types, the Freudenberg H23C6 stands out as one of the most effective
and is utilized for this thesis.!*

Ion exchange membrane: The membrane plays a crucial role as the ionic bridge
between the anode and cathode, ensuring ionic contact and preventing the migration of
ECR products to the anode, thus avoiding their re-oxidation in CO». There are three
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main types of membranes: anion exchange membrane (AEM), cation exchange
membrane (CEM), and bipolar membrane (BPM). The choice of membrane type allows
for the modulation of the local reaction microenvironment, influencing factors such as
pH and reactant concentration, as mass transfer characteristics differ among
membranes.'®! CEMs introduce an acidic environment, due to H' crossover, potentially
promoting the HER. BPMs, composed of a laminated CEM and AEM, show promise
for utilizing low-cost anode catalysts but introduce high overpotential due to their
thickness of 250 pm.!®?> AEMs exclusively permit the passage of anions like OH",
COs2, effectively impeding the transport of other species and promoting an alkaline
environment that suppresses the HER.'®>!'%* Consequently, AEMs are the most
commonly used membranes in ECR electrolyzers. Among various membranes,
Sustainion has emerged as the most commonly used and commercially available
option.'®® Despite the growing research and development in AEMs, Sustainion is the
membrane adopted by the majority of research groups.'63166:167 Therefore, for this
thesis, the Sustainion AEM, Sustainion® X37-50, was selected.

Anode: In this context, the predominant anodic reaction is the oxygen evolution
reaction OER, facilitated by the Ir/IrOx catalyst. The acknowledged mechanism and
stability of both the OER and Ir-catalyst strategically position it as a favorable counter-
reaction, allowing us to focus specifically on the challenging aspects of ECR.!8-170
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Chapter 3:
Experimental Methods
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3.1 Introduction
The electrochemical reduction of CO2, ECR, stands as a promising avenue for
generating valuable products. However, the intricate nature of this process poses
significant experimental challenges, demanding the utmost precision. The successful
development and optimization of novel ECR catalysts rely not only on their accurate
synthesis and characterization but also on the meticulous assessment of their
performance in CO: reduction. This chapter elucidates the synthesis methodologies
employed for crafting various catalyst materials and offers a comprehensive breakdown
of the electrochemical techniques utilized for catalyst characterization.
At the heart of evaluating catalyst electrochemical traits lies the utilization of
fundamental electrolyzer systems, such as the H-cell configuration. In contrast to
extensively studied electrolysis mechanisms like the hydrogen evolution reaction, HER,
or oxygen evolution reaction, OER, ECR leads to a diverse array of carbon C, oxygen
02, and hydrogen H; containing products. Addressing mass-transport limitations and
striving for enhanced reaction rates, gas-diffusion electrodes (GDEs) are harnessed and
integrated into Flow-Cell or Membrane Electrode Assembly (MEA) electrolyzers.
Significantly, the selectivity of the products heavily depends on reaction rates,
rendering the assessment of ECR performance beyond the scope of a conventional
cyclic voltammogram (CV).!"! For this reason, the ECR performance of each material
is determined at each current density separately. Product quantification is carried out
using in-line gas chromatography (GC) and liquid chromatography (LC).!">!73
The subsequent sections will delve into the specificities of each synthesis method,
providing insights into their intricacies. The chapter will also meticulously detail the
application of diverse electrochemical methods and their significance in unraveling the
characteristics of the catalysts under scrutiny. Through this rigorous approach, the true
potential of novel ECR catalysts emerges, contributing to the advancements in
sustainable electrochemical processes.

3.2 Catalyst Synthesis
The synthesis of the different Zn-oxides was performed through facile wet-chemical
techniques, at room temperature. The fabrication of the heterostructures binary and
ternary Zn-based oxides followed the same synthesis path, employing a common
precipitation method for the attachment of the add-phase.

3.2.1 Materials & Chemicals
Zinc nitrate hexahydrate Zn(NO3)»:6H>O grade 99.99%, copper nitrate
Cu(NO3)2:3H20, grade 99.99%, nickel nitrate Ni(NO3)2-6H20 grade 99.99%, cobalt
nitrate Co(NO3)2-6H20 grade 99.99%, iron nitrate Fe(NO3)2-:6H20 grade 99.99%,
potassium hydroxide KOH grade 99%, zinc acetate Zn(OCH3). grade 99.99%, ethanol
anhydrous, sodium perchlorate NaClO4 grade 99.999%, potassium bicarbonate KHCO3
grade 99%, silver nitrate AgNO3 grade 99.99% and cerium sulfate anhydrous Ce(SO4)2
grade 99.99% were purchased from Sigma-Aldrich and used without further
purification. Urea CH4N2O grade 99.99%, Iridium/Iridium Oxide nano-powder IrOx,
nanopowder grade 99.99%, silver nanopowder grade 99.99%, 20-40 nm were
purchased from Alfa-Aesar and used without any purification. Demineralized MiliQ
water. Carbon Paper Freudenberg H23C6, titanium fibers porous transport layer, Ti-
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PTL, 500 pum thickness, Nafion dispersion 5 % wt/wt, alcohol-based, Ni-foam of 500
pum thickness, and Carbon Black Cabot Vulcan XC-72 were purchased from Fuel-Cell
Store. Sustainion Membrane X37-50 grade RT, of 50 pm thickness was purchased from
Dioxide Materials.

3.2.2 ZnO Allotropes
ZnO nanoparticles, NP. A 50 ml solution of 0.2 M Zn(NO3), was prepared. To that
solution, 50 ml of 0.4 M KOH was added dropwise, under a stirring condition until the
end of the process. The precipitant was collected via centrifugation and washed 3 times
with MilliQ water and 1 time with ethanol. The obtained product was dried overnight
at 70 °C, and calcined for 3 h at 500 °C, to form the crystalline phase of ZnO. The ZnO
with random shape RS, was prepared using a similar procedure except for the addition
of 50 ml of 1 M KOH instead of 0.4 M KOH. '™
ZnO nanosheets, NS. Typically, 50 ml of 0.2 M zinc acetate Zn(OCH3)2 were added
dropwise in a 50 ml solution of 0.4 M CH4N>O. The mixture was then refluxed at 90
°C for 2 h. The precipitant was washed collected and washed 3 times with water and 1
time with ethanol. The obtained product was dried overnight at 70 °C, and afterward
calcined for 2 h at 400 °C, to form the crystalline phase of ZnO in the nanosheet
morphology. 17
ZnO nanorods, NR. In a typical synthesis, 0.89 g of Zn(NO3) and 0.54 g of urea
CH4N>O were dissolved in a 100 ml mixture of water and ethanol, 80 m1/20 ml. To this
mixture, 0.1 M of HNO3z was added, until the pH was adjusted between 2.0-3.0. The
resulting solution was boiled and refluxed for 8 h in a round-bottom flask. The resulting
precipitant was collected and washed 3 times with water and 1 time with ethanol. The
powder was dried overnight at 70 °C. High-temperature calcination is not needed since
the allotrope powder is already crystalline. 17

3.2.3 ZnO@Transition Metal Oxides

The polymeric precursor method was used to synthesize the ZnO samples. Briefly,
Zn(NO3)2 was dissolved under constant stirring, followed by the formation of a
polymer resin at 80°C. The polymeric resin formation occurs due to the addition of
ethylene glycol and citric acid, 3:2 mass ratio, to the solution containing the metal ion
Zn*2, After polymeric precursor preparation, it was pre-calcined at 300°C for 2 hours.
The material formed was ground in an agate mortar for particle homogenization and re-
calcined at 500°C for 2 hours. The heterostructures were synthesized from the method
described above. However, during the polymeric precursor formation step, a certain
amount of Cu(NO3)2, Cu(NO3)2, Co(NO3)2 and Fe(NOs), precursor was added to form
Zn/Cu, Zn/Ni, Zn/Co and Zn/Fe heterostructures in the 80/20 molar ratio of Zn:M,
where Zn represents the zinc and Cu, Ni, Co, Fe, represents the presence of the
respective transition metals.

3.2.4 ZnCeAg Ternary Oxide
CeO:2 nanoparticles, CeOz-np. A 50 ml aqueous solution of 0.2 M Ce(SO4)2 was
prepared, to which a solution of 0.5 M KOH was added dropwise, with a rate of 1 ml
min!, under stirring conditions, until a pH value of 9 was reached. The precipitate was
then collected via centrifugation and washed three times with MilliQ water and once
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with ethanol. The obtained product was then dried overnight at 70 °C, and calcined for
3 h at 500 °C under a static air atmosphere to form crystalline CeO».

cpZnCeX nanoparticles. A 50 ml aqueous solution with the appropriate molar ratios
of Ce(S04)2 and Zn(NO3)2 was prepared. The total molar amount of the precursors was
constant at 0.1 moles. X refers to the content of Ce. We varied the amount of Ce [X= 5,
10, and 20 (%)]. To that mixture, a solution of 0.5 M KOH was added dropwise with a
1 ml min! rate, under stirring conditions, until a pH value of 9 was achieved. The
precipitant was then collected via centrifugation and washed three times with MilliQ
water and once with ethanol. The obtained product was dried overnight at 70 °C, and
calcined for 3 h at 500 °C under a static air atmosphere to form the crystalline phases
of the material.

csZnCeX nanoparticles. A 50 ml aqueous solution with the appropriate amount of core
CeOr—np and Zn(NOs)2 was prepared. This was then placed in a sonication bath for 60
min to form a uniform dispersion. The total molar amount of the precursors was
constant at 0.1 moles. X refers to the content of Ce. We varied the amount of Ce [X= 5,
10, and 20 (%)]. To that dispersion, a solution of 0.5 M KOH was added dropwise with
a rate of 1 ml min™', under stirring conditions, until a pH value of 9-10 was reached.
The precipitant was collected via centrifugation and washed three times with MilliQ
water and once with ethanol. The obtained product was dried overnight at 70 °C and
calcined for 3 h at 500 °C under a static air atmosphere to form the crystalline phases
of ZnO.

Ag@cpZnCel0 nanoparticles. A 50 ml aqueous solution with 100 mg of cpZnCel0
nanoparticles and 40 mg of AgNO3z was prepared. For the material optimization, we
varied the Ag quantity by altering the amount of AgNO3 precursor. The dispersion was
then placed in a sonication bath for 60 min to form a uniform dispersion. To this, a
solution of 0.25 M KOH was added dropwise, with a rate of 1 ml min™!, under stirring
conditions, until a pH value of 9-10 was achieved. The precipitant was collected via
centrifugation and washed three times with MilliQ water and once with ethanol. The
obtained product was dried overnight at 70 °C, and afterwards calcined for 2 h at 250
°C under a static air atmosphere.

Ag@csZnCel0 nanoparticles. The synthesis of this material followed the same
process as outlined above for the synthesis of the Ag@cpZnCeX nanoparticles. Instead
of the precursor solution, cpZnCeX nanoparticles were used as the core material.
Ag@ZnO. In a typical synthesis, 100 mg of ZnO—np and AgNO; were dispersed in 50
ml of water, for 60 min in a sonication bath. In the dispersion, 0.25 M of KOH was
added dropwise,at a rate of 1 ml min™!, under stirring conditions, until a pH value of 9—
10 was reached. We varied the AgNO3; amount to achieve an Ag-doping of: 5, 10, and
15%. The precipitant was collected via centrifugation and washed three times with
MilliQ water and once with ethanol. The obtained product was dried overnight at 70
°C, and calcined for 2 h at 250 °C under a static air atmosphere.
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3.3 Catalyst Characterization
X-ray Diffractogram (XRD)
The crystalline phase of the pristine catalysts and the prepared GDEs were characterized
by X-ray diffraction (XRD) using CuKa radiation in the 26 range from 25 to 100°,
employing a Shimadzu XRD-6000 diffractometer. 86188

X-ray Photoelectron Spectroscopy (XPS)

The surface compositions of the prepared catalysts were analyzed using X-ray
photoelectron spectroscopy (XPS) Phi5S000 VersaProbell, ULVAC-Phi Inc., USA. The
radiation source was Al K-alpha, monochromatic 1.486 keV, with X-ray setting: SOW,
15kV, 200um spot. The survey spectra were obtained by applying 187.5 eV pass energy,
0.8 eV step, 100 ms/step, and the detailed spectra by applying 23.5 eV pass energy, 0.1
eV step, 100 ms/step. 7’

Electron Microscopy

The morphology of the catalyst powders and GDEs was observed with a scanning
electron microscope (SEM). For this purpose, the Zeiss 1550 VP SEM was used with a
Gemini column, at up to 30 keV. TEM and HRTEM measurements were conducted with
a Philips CM 200 field emission gun. The accelerating voltage was 200 kV. To achieve
“Z-contrast” conditions, a probe semi-angle of 25 mrad was used, with the detector
having a 70 mrad inner collection angle.

Hydrophobicity
The inherent hydrophobicity of the catalyst layer was assessed with a Kruss DSA25
Drop Shape Analyzer. For the measurement 10 pl of MilliQ water was dropped on the
catalyst layer. The measurement of the contact angle was done under static conditions
(Cassie-Baxter).

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)

The elemental composition of every catalyst material was investigated using
inductively coupled plasma with optical emission spectroscopy (ICP-OES). The probes
were dissolved in dilute nitric, HNO3, acid and analyzed via ICP-OES iCAP 7600.

Raman spectroscopy

More details regarding the coordination and structure of the materials were
provided by Raman spectroscopy. 882 For that purpose, an iXR Raman Spectrometer
(Thermo-Fisher Scientific) was used. The technique was applied to the powder form of
the catalysts. The excitation wavelength of the laser was 600 nm. 223227

Brunauer-Emmett-Teller (BET)

The nitrogen (Nz) adsorption-desorption isotherm and the specific surface area (SSA)
values calculated according to the Brunauer-Emmett-Teller (BET) method, were
obtained at -196°C with a Micromeritics ASAP-2020 system. Before the analysis, the
samples were thermally treated, degassed, at 80°C under a vacuum.

127,178,179

3.4 Electrodes Fabrication
All of the cathode gas diffusion electrodes (GDEs) were prepared on a Freudenberg
H23C6 carbon paper with a microporous layer using an automatic spray-coating
machine Sono-Tek, ExactaCoat. The ink was composed of 120 mg of catalyst powder,

23



30 mg of carbon black, 12 ml of isopropanol, 7.5 ml of Milli-Q water, and 158.3 ul of
Nafion solution of 5% wt/wt. The ink was placed under Ultra-Turex at 33,000 rpm for
10 min and subsequently into a sonication ice bath for 60 min. The same ink recipe, in
terms of the content of the solids and solvents ratio, was also used for the preparation
of every other catalyst ink cited in this work. All of the catalyst-loaded cathode GDEs
featured a loading of 1 mg cm™. After preparation, all of the different GDEs prepared
were dried at 70 °C for 3 h. This mild heat treatment was intended to evaporate the
residual surfactants from the ionomer suspension and dispersive media.

For all electrochemical measurements, both ECR performance in the MEAs and Tafel
slopes, the GDEs used had a loading of 1 mg cm™ of the catalyst material.

For the MEA anode, a Bekaert Ti fiber mesh was used as the porous transport layer
(PTL). The original Ti-PTL was etched in concentrated boiling HC1 of 1 M to break
down the initial passivating TiOx layer. The etched PTL was sprayed with IrOx
nanoparticles provided from Alfa-Aesar, to form the anode catalyst layer. The ink
composition used for the anode was: 160 mg of IrOx and 800 mg of Nafion ionomer, in
ethanolic 5% w/w solution, dispersed in 60 ml of methanol. The ink was placed under
Ultra-Turex at 33,000 rpm for 10 min and then placed in a sonication ice bath for 60
min. The loading of pure IrOx was at 1 mg cm™.

For the Flow-Cell experiments, the counter electrode used, anode, was Ni-foam. The
original Ni-foam was sequentially treated and cleaned in the following solutions: 10%
HCI, Milli-Q water, and acetone anhydrous. The treated Ni-foam was dried at ambient
temperature and placed in the flow-cell, during assembly.

3.5 Electrolyzers Set-Up

The CO> electrolyzer, operated through electrical energy, serves as a device for
executing the electrochemical CO» reduction reaction, ECR. This reaction aims to
convert incoming CO; into valuable chemicals. Despite notable progress witnessed in
recent years concerning the evolution of advanced cell designs, the fundamental
functions of the electrolyzer remain largely consistent. Structurally, the CO>
electrolyzer comprises two distinct compartments: 1. the cathode and 2. the anode.
These components are electrically interconnected to enable the flow of electrons, while
an electrolyte layer is interposed between the electrodes to facilitate the movement of
ions. To focus on the tedious ECR, we employ the well-studied and established oxygen
evolution reaction, OER, as the anodic reaction of the electrolyzer.
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Figure 3.1 The different electrolyzer setups used for the investigation of the ECR. a)
H-cell configuration, adopted from'33, b) flow-cell configuration, adopted from!'83, c)
photo of MEA cells used for this thesis, with active areas of 2 cm? and 100 cm?
respectively, d) MEA cell configuration, adopted from'®?, () experimental set-up used
for evaluating the ECR performance of catalyst’s using ECR electrolyzers, adopted
from!34,

3.5.1 H-Cell

The electrolyzer set-up of Figure 3.1a, is widely used in the study of ECR, due to its
simplicity. The working electrode (WE) consists of the cathode GDE. The reference
electrode (RE) used is Ag/AgCl, providing direct measurements of the cathode
overpotential 1. This electrolyzer is considered a half-cell since the potential is
moderated by the RE. The counter electrode (CE) used is a Pt wire, where the anodic
OER takes place. In this thesis, this electrolyzer is only used for certain electrochemical
characterization methods, like impedance spectroscopy and ECSA measurement. This
cell can provide more steady conditions, meaning no bubble interference, during these
measurements. The ECR is not studied in this cell because of the great mass-transfer
limitations of this system. Additionally, the exposure of the backside of the working
electrode to the electrolyte can induce voltage variations across the electrode's surface
due to differing distances to the counter electrode at various points.'®’
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3.5.2 Flow-Cell

The setup presented in Figure 3.1b, has the advantage of meandering the mass-transport
limitations of COz to the catalyst layer. The continuous circulation of electrolytes within
the cell contributes further to providing CO» in the form of HCOj;". Employing a flow
cell configuration offers the benefit of effective mass transport, yet the incessant flow
induces considerable dilution of any liquid phase products generated, rendering their
detection challenging unless they are present in substantial quantities. The cathodic
working electrode (WE) consists of a catalyst-coated carbon paper gas-diffusion
electrode (GDE). The reference electrode (RE) used is Ag/AgCl, providing direct
measurements of the cathode overpotential . The reference electrode was Ag/AgCl and
the applied potentials were related with an RHE using the equation: Erue = Eagagct +
0.059PH + 0.1976. The electrolyte used was 1 M KOH. This electrolyzer is still
considered a half-cell since the potential is moderated concerning the RE. The counter
electrode (CE) used is a Ni-foam piece, where the anodic OER in 1 M KOH takes place.
An anion exchange membrane (AEM) is used to separate the anodic and cathodic
compartments of the cell. The AEM ensures minimum product cross-over and re-
oxidation, towards CO; in the anode compartment.'®® We used a commercially available
flow-cell, purchased from Electro-Cell. The CO> was fluxed at a rate of 30 sccm and
the electrolyte was circulated at a rate of 5 ml min'. The current collectors of the cell
were made of Ti, owing to its stability at high redox potentials.

3.5.3 Membrane Electrode Assembly (MEA) Electrolyzer

The architecture of the MEA, zero-gap electrolyzers, seen in Figure 3.1c&d, is a direct
translation of the fuel cell or the classic acidic or alkaline water electrolyzers. The direct
contact of the cathode with the membrane and the anode reduces the ohmic drop,
ensuring high CO; mass-transport rates at the cathode GDE. The cathodic working
electrode (WE) consists of a catalyst-coated carbon paper gas-diffusion electrode
(GDE). The cathode is fed with a gas stream of humidified CO2 at room temperature.
The anode consists of a Ti-substrate coated with IrOx, catalyzing the OER in 0.1 M
KHCO;. The anode and cathode compartments are separated again by an AEM
Sustainion X37-50 RT, to avoid product crossover. The end-plates and current collectors
of the MEA are made of Ti, owning to its redox stability at higher cell potentials. The
potential is directly measured between the cathode and anode plate, operating the ECR
at single-cell conditions.!®” The CO» was humidified at room temperature before
entering the cell. The PTFE gasket used had 400 pm thickness and the cell was
assembled by applying three Nm torque to each of the electrolyzer’s screws. The small
MEA was bounded by four screws and the large one by eight. For the large MEA, a
customized cell with an active area of 100 cm?, 10x10 cm?, was used. The assembly
process was kept the same and the cathode, anode, anolyte, and membrane were the
same as those used for the 2 cm?> MEA. The PTFE gasket used had a thickness of 400
um, maintaining same compression percentage for both cells, and the cell was
assembled by applying 5 Nm of torque. The CO», fluxed at 1500 sccm, was humidified
at room temperature before entering the cell. The large cell was heated to 40 °C and 60
°C, successively by inserting heating rods into its housing. The cathode materials were,
in each case, the catalyst-loaded GDE that we sought to investigate. The catalyst layer
of the anode and cathode faced the AEM membrane during the assembly of the cell.
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3.5.4 Mechanical Pressure Distribution in the MEA

For a single MEA cell, the distribution of the mechanical pressure was determined by
pressure-sensitive films that were obtained from Fujifilm Europa GmbH. The cells were
assembled using PTFE foils of the same thickness as those used during the
electrochemical experiments. The cells contained the electrode substrates of the anode
and cathode, without any catalyst layer. The Fujifilm was placed in between the anode
and cathode electrode substrates without adding any AEM. The original data were
deconvoluted using the ‘FPD-8010E’ software.

3.6 Determination of GDE’s Reaction Performance
The performance of an electrocatalytic process is commonly characterized by four main
figures of merit including current density, Faradaic efficiency, energy efficiency, and
stability. The determination of the above requires the precise quantification of the
different products of the ECR.

3.6.1 Gas Chromatography (GC)

In both the flow-cell and MEA reactors, the analysis of CO> reduction products to
determine the ECR efficiency of the catalyst materials.'®®!® The process involved
inline gas chromatography PerkinElmer equipped with a thermal conductivity detector
(TCD). The carrier gas, argon, grade 99.999%, propelled the gas mixture from the
electrolyzer outlet through the GC capillary column. Packed with molecular sieves, the
column effectively separated the gas mixture based on the varying interactions of gas
molecules with the column filler. The distinct thermal conductivity of each gas
molecule compared to the carrier gases generated an electrical signal, detected by the
TCD. After calibration, this signal was translated into the concentration of the
component in the gas mixture. The flow rate for each point on the polarization curve
was measured at the gas outlet of the cell.

3.6.2 High-Performance Liquid Chromatography (HPLC)
Sample aliquot was collected in the cathode compartment of the flow cell following 30
minutes of stable ECR at selected current density and/or potential. The sample was
injected into the chromatograph HPLC-LC-20AD, Shimadzu with an Aminex HPX-
87H column, with dimensions 300 x 7.8 mm, capable of analyzing carboxylic acids and
alcohols. A diluted solution of H2SO4 of 3.3 mmol L' was used as the mobile phase
with a flow rate of 0.6 mL min—1. A sample volume of 20 pL was injected into the
column loop. The column and detectors were kept at 40 °C. The HPLC separates the
mixture’s components, based on the same principles as discussed for the GC in 3.6.1.
The chromatograph was equipped with a differential refractive index detector RID-10A
that is suitable for the detection of alcohols, and a UV-Vis detector SPD-20A,
deuterium lamp, A =210 nm, which is suitable for the analysis of carboxylic acids.
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3.6.3 Faradaic Efficiency (FE) & Energy Efficiency (EE)

The Faradaic efficiency for gas products was calculated using the following formula:

z-c-v-F-P

FE (0) ==y

z = number of e” needed for the product formation, 2 e for CO formation.
c= concentration of the product in the gas-outlet stream, determined by GC.
v=flow rate of the gas-outlet stream, measured in sccm.

F= 96485 C mol’!, P=101325 Pa, R=8.314 J mol! K'!, T=298 K

I = total current passed through the cathode

The FE was calculated based on the gas flow rate measured at the outlet of the flow cell
for the selected points of the polarization curve.

The Energy Efficiency (EE) for CO of the MEA set-up was calculated according to the
following formula:
1.3
EEco = Eeell FEco
Where 1.3 V is the thermodynamically required potential for the electrolysis of CO2 to
CO, cathode, and the OER, anode.
Ecen = the full cell potential in the MEA set-up.
FEco = The Faradaic Efficiency towards CO for each point of operation.

The Faradaic efficiency for liquid products was calculated using the following formula:
z-c-V-F

FE (%) =

z = number of ¢ needed for the product formation, 2 ¢ for HCOO" formation.
c= concentration of the product in catholyte, determined by HPLC.
V= Volume of the catholyte & Q = total charge passed through the cathode

The FE was calculated based on the gas flow rate measured at the outlet of the flow cell
for the selected points of the polarization curve.

3.6.4 Polarization Curve
In the flow-cell and MEA electrolyzer, the performance of the cathode GDE was
recorded through a polarization curve. Before any polarization curve, in both cell
setups, the GDE was activated by performing a cyclic voltammetry (CV). The CV
window was: [-0.2 V, -2.2 V] vs Ag/AgCl for the flow cell & [0.5V, 2.5 V] for the
MEA. The polarization curve represents the current/voltage response of the GDE. For
the flow cell, a different overpotential was applied to the GDE for 40 minutes. The
average current density was recorded during this time. In the thesis, all values of the
cathode overpotential are pristine, without iR correction. The product analysis, from
both the gas sample and electrolyte aliquot, was performed after 35 minutes of ECR. In
the MEA different current densities were applied to the GDE for 40 minutes. The
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average cell voltage was recorded during this time. In the thesis, all values of the MEA
cell voltage are pristine, without iR correction. The product analysis of a gas sample
was performed after 35 minutes of ECR. All electrochemical experiments were
controlled through a Metrohm AUTOLAB potentiostat PGSTAT302N coupled with
Nova software. The measurements for the 100 cm®> MEA were controlled through a
Metrohm AUTOLAB potentiostat PGSTAT302N coupled with a 20 A booster.

3.6.5 Stability Determination

The development of efficient ECR materials requires the determination of their
performance under stable ECR conditions. The stability of the catalyst is associated
with its ability to maintain a stable and high value of Faradaic efficiency (FE) during
electrolysis time. The stability of each catalyst-coated GDE was assessed
galvanostatically. A fixed current density value was applied to the cell and the voltage
response was recorded. The products were collected and characterized in 1 h intervals.
Metrohm AUTOLAB potentiostat PGSTAT302N that utilized Nova software.

3.7 Electrochemical Characterization of the Catalyst-Coated GDE
The electrochemical characteristics of the different catalyst-coated GDEs are strongly
associated with their ECR performance. Namely, the characteristics analyzed were: the
Electrochemically Active Surface Area (ECSA), Electrochemical Impedance
Spectroscopy (EIS), and Tafel-Slopes. For the correct evaluation of the different
properties, different electrolyzer setups were used. All electrochemical experiments
were controlled through a Metrohm AUTOLAB potentiostat PGSTAT302N coupled
with Nova software. For all electrochemical measurements for determining the ECR
performance in the MEAs and Tafel slopes, the GDEs used had a loading of 1 mg cm™
of the catalyst material.

3.7.1 Electrochemically Active Surface Area (ECSA)

The ECSA is strongly related to the intrinsic electrocatalytic activity of a catalyst. The
measurement of the ECSA was performed in the H-cell, to avoid interference from
electrolyte flux and/or bubble formation on the catalyst layer.!”“! The cell
compartments were filled with 0.1 M NaClO4 being Ar saturated, as an electrolyte. This
electrolyte was used to minimize any ion-characteristic adsorption and be able to
eliminate the effect of the carbon paper, substrate.!°?> The ECSA was measured after the
catalyst-layer activation, with scan rates among 7.5-100 mV sec™'. the measure of the
ECSA was estimated through the double-layer capacitance Cqi. The survey CVs were
obtained from -0.2 to 0.2 V vs Ag/AgCl, while the potential window selected for the
Cdl calculation was —0.1 to 0.1 V vs Ag/AgCl. In that way, we ensured that the current
recorded was only due to diffusion and not from any Faradaic process.

3.7.2 Electrochemical Impedance Spectroscopy (EIS)
In the flow cell, the EIS was performed on the GDEs' on-set potential (PEIS), to
evaluate the catalyst’s charge transfer resistance Re:. In the cell, CO, was fluxed at 15
sccm and 1 M KOH circulated at 2 ml min™'. The Nyquist plot was interpreted according
to the fitting equivalent circuit of the process. The PEIS was measured in the frequency
range of 10°- 4-10” Hz. In the MEA the EIS was measured at fixed current (GEIS), to
assess the high-frequency resistance, HFR, introduced by the set-up. In the cell at
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humidified at RT CO; was fluxed at 15 sccm and 0.1 M KHCO; circulated in the anode
at 3 ml min'1. The GEIS was measured in a frequency range of 10 kHz-10 mHz.

3.7.3 Tafel-Slopes

The Tafel slope of a GDE can provide valuable information regarding the ECR
conversion path toward a specific product.!® In this thesis the target product was CO.
The Tafel analysis for the different catalyst-coated GDEs was performed in the flow, to
have more controlled ECR conditions and avoid the interference of the membrane and
anode parts. '°* In the cell, CO, was fluxed at 15 sccm and 1 M KOH circulated at 2 ml
min’'. The Tafel slopes were evaluated around the kinetic region of the catalysts from
-5 to -15 mA cm™. For each point, represented by a selected current density, of the Tafel
analysis, the cell was left running for 40 minutes, and the product characterization,
performed by GC sampling of the gas stream, was performed after 35 minutes of ECR.
The partial current densities for CO jco were associated with the GDE’s overpotential
1 to obtain the Tafel-Slopes.
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Chapter 4:

ZnO Allotropes for the efficient CO,-to-CO
conversion
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4.1 Abstract

The practical advancement of electrochemical CO:2 reduction, ECR, requires the
creation of stable and selective catalysts, based on cost-effective and abundant materials
is indispensable. In the course of this study, we have focused on the formulation of ECR
catalysts specifically, based on ZnO, of diverse morphologies such as nanoparticles,
nanorods, nanosheets, and irregular structures. Our findings indicate that ZnO nanorods
distinctly exhibit the highest efficiency in transforming CO: into CO, displaying a
substantial CO Faradaic efficiency, FEco, surpassing 80% across a current density span
of 50-160 mA cm™, both in flow-cell and membrane electrode assembly (MEA) setups.
However, the CO selectivity of ZnO-based catalysts gradually degrades over time,
particularly under high current densities, exceeding 100 mA cm™, due to the gradual
depletion of the ZnO phase. Addressing this, we devised an in-situ regeneration
technique for the ZnO-catalyst, involving cyclic oxidations of the cathode during ECR.
Employing this strategy, we have successfully demonstrated the conversion of CO> into
CO, attaining a stable FEco exceeding 80% for a continuous period of 100 hours, at an
elevated current density of 160 mA cm™.

4.2 Introduction

Zinc oxide, ZnO, is a versatile and cost-effective material renowned for its various
applications, owing to its isotropic nature found in diverse allotropic structures.”>’*
These structures exhibit modified morphological and structural properties, such as
shape, lattice defects, and oxygen vacancies.””””’ As demonstrated by Yashimitsu et
al.'”> The morphology of ZnO significantly influences its hydrophobicity, a critical
attribute for Gas Diffusion Electrodes (GDEs) employed in the Electrochemical CO2
Reduction, ECR.**?° Despite the ECR's high reduction overpotential causing partial
reduction of ZnO to Zn metallic®>°%%7, as a non-Faradaic process’®, numerous studies
emphasize the potential of ZnO as an ECR catalyst.*> As exhibited in the work of
Nguyen et al.” modulating and stabilizing the Zn™? state is vital for the CO»-to-CO
conversion.*

While much research has been devoted to improving the performance of such Zn-based
catalysts, most of these studies performed ECR in aqueous H-cell systems where the
current densities are limited to below 50 mA cm™.!% Recently, ZnO has also been
employed as an electrocatalyst for the CO»-to-CO conversion ® exhibiting promising
ECR performance, owing to its crystalline structure and active sites.>® Further
information on the ZnO activity was provided by the work of Zong et al.”®, identifying
the oxygen vacancies, in the ZnO structure, to be responsible for enhancing the ECR
activity of the material. Nonetheless, only a handful of works demonstrated the
performance of ZnO catalysts at industrial-relevant current densities of more than 150
mA cm? 387381 while omitting any reference to catalyst stability at high current
densities. The current research on Zn-based catalysts indicates that these materials
exhibit limited stability for current density above 80 mA cm™2.®!

This study concentrates on crafting ZnO-based catalysts of various morphologies, for
the CO»-to-CO conversion. By evaluating the materials’ performance in flow-cell and
membrane electrode assembly (MEA) electrolyzers, we recorded impressive CO
selectivity exceeding 80%, at a current density of 200 mA cm™. Our material
maintained high CO selectivity for around 10 hours before the ZnO phase was depleted.
To extend lifespan, an innovative in-situ catalyst regeneration method was devised,
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ensuring consistent high CO Faradaic Efficiency of over 80% for more than 100 hours
at 160 mA cm?,

4.3 Catalysts Characterization

Scanning electron microscopy (SEM) was used to investigate the morphologies of the
prepared catalysts and confirm the successful synthesis of ZnO allotropes with different
morphologies. The wet-chemical synthetic approach leads to the formation of ZnO with
morphologies of nanoparticles NP, random-shape RS, nanosheets NS, and nanorods
NR, as exhibited in Figure 4.1 A-D respectively. The NR exhibits a small diameter of
80 nm and a large aspect ratio of 20:1, length: diameter, and the NS exhibits an average
thickness of 20 nm. The NP exhibits a small diameter of 20 nm, while the RS is formed
in larger agglomerates, seen in Figure Al of App. A. The X-ray diffraction results
(XRD) in Figure 4.1E, reveal a well-defined crystallographic pattern that can be
indexed to ZnO hexagonal wurtzite structure, according to JCPDS #75-576, without
impurities, for all samples. As observed in Figure 4.1E, the XRD pattern of NS exhibits
broader peaks compared to those of other allotropes. This characteristic is attributed to
the 2D morphology of the NSs, as explained also by Scherer’s equation and observed
in other studies.”
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Figure 4.1. SEM and XRD characterization of the synthesized ZnO-based catalyst materials.
A.) SEM image of ZnO-NP, B.) SEM image of ZnO-RS, C.) SEM image of ZnO-NS, D.) SEM
image of ZnO-NR, E.) XRD diffractogram of all the ZnO powders with different morphology.

X-ray photoelectron spectroscopy (XPS) was used to study the chemical state of the
ZnO catalysts at the surface, presented in Figure 4.2. All survey XPS spectra, found in
Figure 4.2A, show characteristic peaks in the binding energy range of 1200-100 eV,
confirming the presence of Zn and O and the absence of impurities. Additional peaks
KLMM, K2s, K2p observed in the spectrum of ZnO NP, are due to the presence of
potassium left over from the synthesis. As seen in Figure 4.2A, quantification of the
elemental composition reveals differences in the amount of Zn and O atoms on the
surface of each allotrope. The ZnO NR presents the highest ratio of Zn:O of 1.24:1,
while the Zn:O ratio in the NS is calculated at 1.2:1. These two allotropes exhibit the
highest percentage of Zn-atoms on their surface in comparison with the rest of the
materials. The difference in the surface ratio of Zn:O can be attributed to the lattice
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vacancies, O-defects, and O-vacancies, different for each allotrope material.”®”’
Therefore, it can be concluded that the ZnO-NR presents more O-vacancies than the
other ZnO-based catalysts.’”> The high-resolution Zn2p3 XPS in Figure 4.2B, also show
differences in the binding energies of the characteristic Zn peaks. A difference of 0.7
eV in the position of the Zn-peaks can be observed among our materials. This can be
attributed to the distinct difference in morphology, crystallinity, and oxygen vacancies
in the materials’ lattice, as observed in previous studies.” %!’ The high-resolution
Ols XPS spectra of all allotropes show two deconvoluted peaks at 530 eV and 531.6
eV, which are attributed to the lattice oxygen and oxygen in the form of surface
hydroxyl -OH, respectively. The deconvolution of the O-1s peaks, reveals a different
ratio between lattice oxygen and surface —OH. From the high-resolution spectra, found
in Figure A2 of App. A, the ZnO NR presents the highest amount of lattice-oxygen,
revealing a clear crystalline structure on the surface.
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Figure 4.2. XPS characterization of the catalyst powders’ surface A.) Survey spectra of all the
ZnO-based materials, B.) High-resolution spectra for Zn2p3 of all the ZnO-based materials.

4.4 Performance in the Flow-Cell & Electrochemical Characterization
To evaluate the catalytic performance of ZnO with different morphologies, we first used
a flow cell reactor and an alkaline catholyte and anolyte. Carbon monoxide, CO,
Faradaic efficiency, FEco, and partial current density jco were measured in the potential
range of —0.4 to —1.2 Vrue. For comparison, the performance of commercial silver
nanoparticles, Ag NP, which have been demonstrated as excellent catalysts for CO»
reduction to CO, was also evaluated in the same testing conditions.
All ZnO samples show good CO selectivity at applied potential more positive than -
0.8VRrHE, exhibiting FEco of around 80%, as summarized in Figure 4.3A. At more
negative applied potentials of -1 and -1.2 Vrug, the Zn NR and NS show the highest
FEco of 90 %, which is comparable to the performance of Ag NPs. As observed in
Figure 4.3B, ZnO NR shows the highest jco among all allotropes and at all tested
applied potentials. At an applied potential of -1.2 V, ZnO NR exhibits a jco of -150mA
cm, while maintaining a good FEco of 83%. To further compare the intrinsic activity
of ZnO allotropes, we measured the Tafel-Slopes for the three best ZnO morphologies
NR, NP, and NS. For these measurements, the dependence of jco on the potentials was
studied at a very low applied potential range of —0.4 to -0.6 Vrue to avoid the effect of
mass transport. As seen in Figure 4.3C, we observed similar Tafel-Slope values for the

34



three allotropes, indicating similar reaction kinetics. However, ZnO NR shows the
highest current exchange density of 8 mA cm?, implying its highest intrinsic activity
and lower onset potential among the allotropes for the ECR.!**

To understand the effect of the morphologies on ECR performance of ZnO allotropes,
we measured the electrochemical surface area (ECSA) of the samples, after GDE
activation. Among the allotropes, the NR exhibits the highest value of Cai and hence
ECSA, as indicated in Figure 4.3D. The ECSA characterization for other allotropes
follows the performance trend observed in the polarization curves, previously
encountered in Figure 4.3B, samples with the higher ECSA exhibit higher jco.

We performed Potentiostatic Impedance Spectroscopy (PEIS) measurement to study the
charge transfer resistance, Rct, induced by different ZnO allotropes, exhibited in App.
A Figure A3. The ZnO-nanorod presents the lowest Rec and overall resistivity towards
the ECR, indicating a more favorable mass-transfer kinetics over the GDE, and a higher
ECR activity of this allotrope. This result can be associated with the more active sites
available on the nanorods, in agreement with the tendency exhibited by the rest of the
electrochemical characterizations.

For ECR in the gas phase, GDE hydrophobicity can affect CO2 and water transport and
thus catalytic performance. The hydrophobicity of GDE from different ZnO allotropes
was characterized by measuring the contact angles, seen in App. A Figure A4. The
nanorod GDE exhibits a sharp increase in its inherent hydrophobicity and shows the
most significant contact angles compared to the other ZnO GDEs. This property can be
attributed to the different ionomer distributions in the allotropes due to the different
ECSA of each GDE. Furthermore, this behavior can also be related to the different
morphology itself, as this is a feature that alone can affect the wettability under static
conditions.’’'*> Increased hydrophobicity in the catalyst layer has been shown to
increase the ECR in flow cell systems by balancing the gas/liquid microenvironment
above the catalyst layer.”

The physical and chemical changes of the ZnO catalyst during ECR were characterized
after the ECR reaction at -160 mA cm, for 10 hours. The post-mortem XRD spectra
of ZnO NR after continuous operation showed a much lower intensity of ZnO peaks
compared to pristine ZnO, found in App. A Figure A5. Additional peaks attributed to
metallic Zn and Zn(OH), were observed indicating the reduction of ZnO to metallic Zn
during ECR. The presence of Zn(OH)> could be attributed to the oxidation of metallic
Zn to the electrolyte, KOHaq,), after the reaction. As illustrated in Figure A6 of the App.
A, the morphology of the ZnO allotropes changed significantly after the ECR reaction.
This is attributed to the simultaneous reduction of ZnO to Zn during the ECR reaction,
resulting in this difference in morphology.3® The conversion of the oxide phase into
metallic, is a non-faradaic process proven to be responsible for alteration on the surface
catalyst.5>%
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Figure 4.3. ECR performance of the different ZnO-based GDEs in flow-cell and
electrochemical characterization. A.) Selectivity of the GDEs towards CO FEco in the potential
window operated in the flow cell, B.) Partial current density jco of the catalyst-loaded GDEs in
the flow cell, C.) Tafel-Slopes of the catalyst loaded GDEs, measured in the flow-cell set-up,
D.) The Cgy of the different catalyst-loaded GDEs, measured in H-cell using 0.1 M NaClOs, Ar
saturated.

4.5 Performance & Stability in the MEA Cell

MEA electrolyzers have proven to be a promising platform for ECR technology because
they reduce ohmic losses and provide high-energy efficiency. The cell architecture
enables realistic operating conditions that are closer to a commercial application. To
evaluate the performance of ZnO allotropes in the MEA cell configuration, as described
in 3.5.3. The FEco was measured in a wide current density range of 30-200 mA cm™ of
the three allotropes that exhibited the best performance being the nanoparticles,
nanosheets, nanorods in the flow cell configuration. As shown in Figure 4.4A-C, all
three allotropes exhibited FEco above 80% in the current density range of 30-150 mA
cm. At higher current densities, an increase in FE for hydrogen was observed at NS
and NP, while NR exhibits FEs for H> below 20%. As a result, ZnO NR maintains FEco
above 80% at all tested current densities. Compared to NS and NP, ZnO NR also
exhibits the lowest cell voltages at all current densities, further confirming its highest
catalytic activity among the allotropes, displayed in Figure 4.4D. Due to its higher FEco
and lower cell voltage, ZnO NR shows the highest CO energy conversion. It should be
noted that as exhibited in Figures A7 & A8 of the App. A, ZnO NR also outperforms
Ag NPs in terms of jco and CO energy efficiency EEco, in MEA cell configuration. Zn-
based catalysts have not yet been used in an MEA system.
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Figure 4.4. Evaluation of the ECR performance for the ZnO-based GDEs in the MEA system.
A.) Selectivity FEco of the ZnO-NS GDE, B.) Selectivity FEco of the ZnO-NR GDE, C.)
Selectivity FEco of the ZnO-NP GDE, D.) Polarization curves, in terms of partial current

density towards CO jco, for the different catalyst-loaded GDEs.

To investigate the stability of the catalysts in the MEA cell configuration, we applied a
constant current density of 160 mA cm™ and measured the change in FEco and cell
voltage over time, as demonstrated in App. A Figure A8 & A9. From Figure 4.5A, it
can be seen that both NS and NP decrease by 50% of their initial FEco value after 10
hours of continuous reaction. In contrast, ZnO NR maintains its high CO of over 80%
for the first 10 hours before dropping to 40% after 20 hours of reaction. We performed
stability test at different current densities and found that the catalysts are more stable at
lower current densities, summarized in Figure 4.5B. This result suggests that high
operating current density, meaning high cell potential, induces physical and chemical
changes in ZnO catalysts that lead to a decrease in CO selectivity. High cathodic
overpotential is known to cause drastic depletion of ZnO, inducing its conversion into
metallic Zn.”? In addition, the overpotential is also related to the change in the properties
of the carbon black NPs in the catalyst layer of the GDE, inducing changes in surface
properties® and loss of hydrophobicity 7!, The degradation could also be associated
with these changes occurring to the carbon paper properties. Previous studies have
demonstrated that under ECR conditions, the GDE’s hydrophobicity is seriously
decreased and the electrolyte can penetrate through GDE and decrease the CO:
diffusion, leading to the reduction in CO selectivity.”*"

As discussed in the 4.4 section, the ZnO catalysts undergo significant changes in
morphology and oxidation state during ECR, due to the reduction of ZnO to metallic
Zn, which induces the change in the morphology, including aggregation as captured in
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Figure A6 at App. A. The same phenomenon can also be observed in the MEA system.
As seen in Figure 4.5A, ZnO-NR GDE exhibited the longest inherent stability for
continuous ECR operation. We performed SEM characterizations, displayed in Figure
4.5C&D, to investigate how the morphology of the ZnO-NR changes under the cathodic
overpotential of the ECR. The first morphology alterations can be observed in Figure
4.5C, after 2 h of operation. The catalyst exhibits a structure that resembles the initial
one, previously seen in Figure 4.1D. The longest operation time induces further changes
in the morphology. In Figure 4.5D the morphology of the catalyst layer is shown after
10 h of ECR, where the threshold of stability deterioration is recorded. The catalyst
layer exhibits a drastic change in its morphology, adopting a layered structure with
uniform distribution. We reason that the high crystallinity and high ECSA of the ZnO-
NR GDE are the main reasons for its high ECR stability because these two factors could
help slow down the ZnO reduction and aggregation process. To prove that high ECSA
is critical to ECR stability, we increased the catalyst loading of NR to 3 mg cm™ and
studied its stability at 160 mA cm™ current density. Indeed, as seen in Figure 4.5E, the
GDE maintains FEco over 80% for 50 h — a five-fold improvement compared to GDE
with 1 mg cm™ loading.
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Figure 4.5. Stability and characteristics of the different ZnO-based GDEs in the MEA system.
A.) Effect of the different morphology at the GDE stability at 160 mA cm™, B.) Effect of
applying different current densities at the ZnO-NR GDE, C.) & D.) SEM images of the ZnO-
NR GDE after 2 h and 10 h of continuous ECR respectively, at 160 mA cm, E.) Stability of
the ZnO-NR GDE at different catalyst loading, F.) Forward CV scans during continuous
operation at 160 mA cm? of the ZnO-NR GDE, tracking the ZnO shoulder.

4.6 Improvement of Stability Through Novel MEA Operational Strategy
To better understand the changes occurring on the catalyst layer, in the MEA, we
acquired the Cyclic-Voltammetries (CVs) of ZnO-NR GDE during the ECR in the
MEA cell. The survey CV of the MEA detects the presence of ZnO, locating a shoulder
peak at a voltage of 2.5 V, as indicated in Figure 4.5F and Figure A10 of App. A, which
corresponds to the reduction of the Zn0.°*°7 The initial CV and the CV after 3 hours of
operation, while the catalyst is still selectivity for CO, exhibit this distinct shoulder
owing to the presence of ZnO. Throughout continuous operation, the ZnO-reduction
shoulder exhibits a constant decrease in its intensity. While this shoulder disappeared
after 14 hours of reaction, as observed in Figure 4.5F. This result underlines that the
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reduction of the ZnO phase does not only co-exist with the ECR'$%!%? but also that the
ECR activity is closely related to the existence of the ZnO phase 3¢
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Figure 4.6. Stability and characteristics of the ZnO-NR by applying periodical in-situ electro-
oxidation, during the ECR at 160 mA c¢m™, in the MEA system: A.) Schematic representation
of the MEA operation strategy, B.) Recovery of the ZnO-NR GDE performance, by applying
oxidation-CV cycles, after FE deterioration caused by continuous ECR operation, C.-E.) SEM
images of the ZnO-NR GDE during our operation protocol in the MEA system after 5 h, 40 h,
and 100 h respectively, F.) Long-term stability of the ZnO-NR GDE by applying our periodical
CV oxidation strategy at different potential windows, CV treatment.

Inspired by the finding of the connection between the ZnO phase and GDE stability for
ECR discussed above, and summarized in Figure 4.5B and 4.5F, we hypothesize that
the ECR operation time can be extended if the ZnO phase can be maintained in the
GDE. While increasing the loading of the catalyst can improve the catalyst stability, the
FE for CO would decrease eventually because ZnO is inevitably reduced during the
ECR process, as we demonstrated for the 3 mg cm™ loading sample, as seen in Figure
4.5E. We sought to maintain the ZnO phase during ECR by employing an in-situ
oxidation strategy in which the catalysts are periodically oxidized electrochemically,
an operational strategy illustrated in Figure 4.6A. To test this concept, we first run ECR
continuously at -160 mA cm™ until the FE decreased from 83% to 40%, as described in
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Figure 4.6B. Next, we performed two CVs in the potential range of -2— 0.5 V, illustrated
in Figure A10 of App. A, to attempt to reconstruct the ZnO phase and recover the FEco.
The potential window was chosen to ensure the oxidation of the formed metallic Zn
into ZnO%72%_ while avoiding negative potentials that would favor the ECR. After the
two CVs, we ran the reaction for 20 min at the same current density of 160 mA cm?,
and found that the FEco was recovered, increasing from 40% to 65%. The FEco was
further improved by repeating the CVs step, reaching 78% after 5 repeating cycles, with
each cycle consisting of 2 CVs and 20 min of reaction at 160 mA cm?. Having
discovered that FEco can be recovered with in-situ oxidation CVs, we sought to
establish operational protocols that involve one oxidizing CV cycle followed by 1 h of
continuous operation at 160 mA cm™. The CV potential window was adjusted to extend
the operational time. When the oxidation window is -2— 0.5, CV1, FEco can be
maintained for over 40 hours. Further increase of the potential window to -2 and 1 V,
CV2, to increase oxidation current, the FEco was stable at over 80% for at least 100 h-
an order of magnitude longer than that of continuous operation without in-situ oxidation
step, as presented in Figure 4.6F. The SEM characterizations of the ZnO-NR GDE, seen
in Figure 4.6C-E, reveal more about the structural changes on the catalyst layer, during
our operation strategy. The ZnO-NR GDE can withhold for a longer time, of up to 40
h, a structure close to its original nano-rod-like morphology as captured in Figure 4.6C
and D, due to our in-situ regeneration strategy. For longer reaction time, a uniform
nano-layered structure is adopted, seen in Figure 4.6E, at 100 h of operation. Our in-
situ approach has a direct impact on the catalyst structure, promoting a uniform
distribution of the active Zn/ZnO phase and high surface area.

Our strategy enables our system to exhibit stability for more than 100 hours. Our results
show that stable ECR can be achieved by balancing the oxidation and reduction
conditions. The latest is associated with preserving both the existence and a high surface
area, of the ECR-active Zn/ZnO interface. The oxidation step recovers the ZnO phase,
which is present for more than 100 hours, as confirmed by the additional data presented
in Figure A5 & A1l of App. A, during the long-term ECR reaction, by applying the
periodical oxidation strategy.

4.7 Chapter Summary

In this section, we studied the catalytic performance of ZnO catalysts synthesized via
facile wet-chemical techniques in ECR using flow cell and MEA reactors. ZnO
catalysts with different morphologies achieve a high FEco of over 80% at current
densities below 150 mA cm™. Among them, ZnO-NR exhibits the highest FEco of over
80% in both reactor types at 150—200 mA cm? and maintains stability for 10 hours at
160 mA cm™2. FEco gradually declines due to ZnO phase depletion, but our in-situ
regeneration strategy extends catalyst lifetime. We achieved a stable FEco over 80%
for 100 hours at 160 mA cm2 in MEA, surpassing the durability of alternative
materials. This work highlights the potential of inexpensive ZnO-based catalysts for
large-scale ECR.
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5.1 Abstract

Feasible electrochemical CO; reduction, ECR, requires accessible and efficient catalyst
materials. Herein, we prepared ZnO-based catalysts, decorated with various d-block
metals like Cu, Ni, Co, Fe. Employing a Flow-Cell configuration, we assessed the ECR
performance of these heterostructured catalyst materials. Our findings indicate that ZnO
serves as an active catalyst substrate with tunable selectivity and stability, which are
dependent on the properties of the formed heterostructures. Notably, the Cu-ZnO
catalyst exhibited a 30-hour stability and a 77% CO selectivity at 100 mA cm™.
Recording a three-fold improvement of its ECR stability, compared to pure ZnO. This
study seeks to offer a foundational grasp of composite heterostructured materials'
properties and electrochemical behavior. We demonstrated that heterostructure
engineering presents a promising and cost-effective avenue for bolstering stability in
ECR catalyst development.

5.2 Introduction

Despite the promising performance of zinc oxide, ZnO, based materials, for the ECR,
stable and direct electrolysis at a current density j above 80 mA cm still poses a
challenge.’*% As demonstrated from our previous work, in Chapter 4, the depletion of
the ZnO phase is the main reason for the stability deterioration of the material. As such,
stabilizing the ZnO phase could prolong the stability of the material during ECR,
without compromising its selectivity towards CO.

A common strategy for either improving the stability or steering the selectivity of the
catalyst is the introduction of different phases.!%? Heterostructured catalysts may exhibit
altered properties according to their structure and composition, dictated by the different
phases. 1119201 7O is known to show a significant change in its electronic properties
and structure when coupled with materials such as Co'2" 2, Ni!22 or Fe!'*. Despite
these findings, ZnO-based heterostructures have not been investigated for ECR
applications leaving unexplored the ECR-application potential for this class of
materials. The latest work of Sikam et al.'%%, explored through a first-principal study the
electrochemical ECR behavior, of ZnO, coupled with d-block metal. Therefore, we
decorated the ZnO surface with different d-block metals: Fe, Co, Ni, and Cu. Thus
producing heterostructures of nanometric-scale, with potential application in the ECR.
The samples were prepared by the polymeric precursor method and had their catalytic
properties evaluated, for the ECR, in a continuous flow-cell electrolyzer. Our studies
illustrated that the electrocatalytic activity is modulated and correlated by the structural
and physical characteristics of the composite material. The -electrochemical
performance and characteristics of the composite materials for the ECR were
investigated, pointing out that the introduction of copper over the ZnO results in the
most ECR-active catalyst.

5.3 Catalysts Characterization
The X-ray diffractograms (XRD) of all synthesized materials are summarized in Figure
5.1A. The pure ZnO sample exhibits a highly crystalline structure, without any
impurities in its crystal planes. The crystallographic pattern suggests that the ZnO phase
is coordinated into a hexagonal wurtzite structure, according to JCPDS #75-576. The
rest of the ZnO-based samples were synthesized by introducing small amounts of the
selected transition metal ions. Thus, the samples Zn/Cu, Zn/Ni, Zn/Co, and Zn/Fe show
diffraction peaks that can be indexed to the structure monoclinic, tenorite phase as in
JCPDS #41-254, cubic-bunsenite phase like JCPDS #47-1049, cubic relevant to JCPDS
#65-3103, and cubic-magnetite phase correlated with JCPDS #79-419, respectively.
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These results indicate that the addition, constant 20%, of the d-block metals, to the zinc
precursor strains the ZnO crystalline lattice over the doping limit. It leads, after
calcination, to the formation of a secondary phase, thus suggesting the heterojunction
formation.

The segregation of the secondary phase and the impact of the introduced phases on the
vibrational properties of the ZnO were investigated by Raman scattering spectroscopy,
ass seen in Figure 5.1B. Pristine ZnO has narrow and well-defined peaks, with
symmetry described by the point group Cey. The strongest peaks at 99 cm™ and 437
cm! are associated with the E; vibration mode, Es 10w due to Zn sub-lattice vibration and
E> nigh due to oxygen atoms vibration, respectively,?? and the peak at 330 cm™! are
associated with E2 nigh - E2 10w vibration mode. These active Raman signals are sensitive
to crystal stress and the formation of defects. The Raman scattering for Fe*", Co*", Ni*",
and Cu?" containing ZnO shows a suppression of the characteristic active vibrational
modes for the hexagonal wurtzite ZnO and the appearance of signals for the vibrational
modes of the different oxides based on each transition metal ion. The spectra of the ZnO
samples coupled with Fe?" and Co*" ions show a more significant change in the shape
and intensity of the peak than with Ni>* and Cu®*. This behavior would also justify the
microstrain g, alterations caused in the ZnO crystal plane, summarized in Table B1 of
App. B. Higher ¢ is observed in the ZnO-plane of the Co- and Fe- composite materials,
than the rest of the composite materials. Indicating a higher degree of distortion in the
ZnO-plane caused by the Fe** and Co®' ions. It regards the higher permeability of
smaller ions in the structure, replacing more Zn>" sites and inducing disorder in the
crystalline lattice, which leads to the disruption of the translational periodicity.
Moreover, these deformations can be due to the formation of Fe2O3, C0304, NiO, and
CuO nanoparticles over the ZnO surface.?*
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Figure 5.1. Structural characterization of the synthesized composite heterostructured catalyst

materials. A.) XRD diffractograms of the catalyst materials, B.) Raman spectra of the of the

catalyst materials.
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X-ray photoelectron spectroscopy (XPS) was performed to study the oxidation state of
the heterostructured ZnO samples, confirming that all the d-block additives are in their
oxide form rather than metallic.!'® The high-resolution XPS of the d-block metals
indicate their existence in various oxidation-state pointing to heterostructures of distinct
phases. The high-resolution Ni spectrum, at Figure 5.2A, shows peaks in two distinct
regions. The first and most intense signal was well-fitted and revealed two
deconvolutions, a profile characteristic of the Ni=O bond of NiO. Similarly, the intense
signal in the second region, attributed to the signal from the metal satellite peak,
suggests that the sample is dominated by the Ni*' ions characteristic of the NiO
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product.'”” The Fe-XPS, Figure 5.2B, points out the presence of Fe mainly in the
oxidation state +3.!'® The magnetite Fe,Os phase, mainly constitutes the Fe-based phase
of the ZnO/Fe material. The high-resolution Co 2p XPS spectra of Figure 5.2C, display
two significant peaks at 779.6 and 789.3 eV, ascribed to the typical Co 2p3» and Co
2p12 orbitals. The signal at 779.6 could be deconvoluted in two different peaks that
indicate the presence of Co*" and Co?" cations. The other peak at 789.3 eV was well-
fitted and confirmed the satellite signal of the cobalt species. The presence of both Co’*
and Co*" ions in cobalt oxide is linked to the presence of the Co3O4 crystalline phase
considered the most stable phase for cobalt oxide.?”! The Cu XPS of Figure 5.2D,
reveals the Cu®" oxidation state.!!> 2% indicating the existence of CuO as the main
heterostructured phase of the ZnO/Cu catalyst.!!" The formation of Cu-hydroxide
species, as seen from the O-XPS spectra of the App. B Figure B1, partially contributes
to the dominance of the Cu™. The metal-hydroxide species observed in the High-
Resolution XPSs of all heterostructured catalysts, summarized in Figure 5.2, are
leftover species after calcination. The organic-derived oxygen observed in the O-XPS
originates from the metal-acetate precursors used during synthesis. The Zn-XPS, seen
in App. B Figure B1C, of the different samples shows no alterations in the electronic
state of ZnO. They indicate clear phase separation and no doping interaction between
the material's ZnO and the metal-oxide phase.
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Figure 5.2. XPS spectra of the as-prepared catalyst powders. A.) High-resolution spectra of the
Ni-ZnO, B.) High-resolution spectra of the Fe-ZnO, C.) High-resolution spectra of the Co-ZnO,
D.) High-resolution spectra of the Cu-ZnO.

The SEM micrographs, found in App. B Figure B1A, display the morphologies of the
unmodified ZnO and ZnO-based heterojunctions. There is no significant difference in
the morphology of ZnO with and without the d-block metals, indicating that there was
possibly the growth of a secondary phase with morphology similar to pure ZnO, an
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effect promoted by the polymeric precursors’ method, which makes its identification by
SEM difficult. Using STEM-EDX, seen in Figure 5.3, more details about the structure
of each sample could be revealed. It can be seen that the introduction of d-block metals,
leads to the formation of metal islands over the main ZnO substrate. The formation of
surface islands differs in terms of size and surface distribution, for the different metals
examined. The copper and nickel oxides tend to form larger particles, while cobalt and
iron oxides are more evenly dispersed over the ZnO surface. The latest may be related
to a higher tendency to Co and Fe diffusion in ZnO structure, increasing the surface
interaction.?®> Although the previous results confirm that the metals have segregated as
heterojunctions, the dispersion of these islands may affect the activity since the catalytic
sites are different.

10 nm 10 nm

20 nm

Figure 5.3. STEM elemental mapping analysis of the ZnO-heterostructured catalyst materials.
The ZnO coupled with CuxO, NiO, Fe203, and Co304 phases is presented from top to bottom.
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5.4 Performance in the Flow-Cell & Electrochemical Characterization
The detailed selectivity of the ECR of all catalyst materials is summarized in Figure
5.4. The differences observed in the product distribution are attributed to the effect of
the electrocatalytic activity, caused by the d-metal islands. As expected, the pure ZnO
nanoparticles, as seen in Figure 5.4A, exhibit high selectivity towards CO, FEco, while
their tendency to produce formate, HCOO", is moderate, owing to the strongly alkaline
environment used in the flow cell.3® The introduction of d-block metals enhances H,
production or favors the path of formate production, depending on the element. Co-
ZnO, illustrated in Figure 5.4B, exhibits decreased H> production, indicating stronger
activity towards the ECR. The presence of Co-islands enhances the formate production
while the CO production exhibits a slight decrease, in comparison with the pure ZnO.
On the other hand, Fe-ZnO and Ni-ZnO, depicted in Figure 5.4C and 5.4D respectively,
exhibit no selectivity towards HCOO" formation, indicating that the presence of these
d-metals suppresses this catalytic path, at alkaline pH, favoring only CO and H»
production. Nonetheless, both Fe-ZnO and Ni-ZnO exhibit low selectivity towards CO,
recording a higher production rate of H>. The composite Cu-ZnO catalyst, seen in
Figure 5.4E, is identified to primarily form CO with high selectivity, of about ~70%,
and secondarily HCCO . This catalyst exhibits noticeable ECR activity owing to its low
tendency of H» formation. Copper and Cu-based GDEs are reported to form C-
products.?**2%7 Nonetheless, previous studies have associated the selective formation of
CO and HCOO", with the presence of Cu'! phase over the catalyst surface.!!'™'!3 The
latest can be associated with the Cu-surface properties and the low amount of Cu, of
20%, at our Cu-ZnO catalyst. As seen in the XPS study, found in Figure 5.2A, the
surface Cu is in majority in the Cu'! state, coexisting with the Cu' as well. As seen in
Figure 5.4F, the pure ZnO presents the highest FEco while the rest of the
heterostructured materials, apart from the Fe-ZnO, present similar FEco. This can be
explained by recognizing ZnO as the main active catalyst phase for CO. ZnO is present
in all of the composite materials and dominant while consisting of 80% of their mass.
The lower FEco recorded was for the Fe-ZnO. The latest result is associated with the
known high activity of Fe for HER!'%*!'% and with the diminishment of active ZnO site
owing to the uniform distribution of Fe, as seen in Figure 5.3. The ECR performance
and selectivity of the catalysts were summarized in Figure 5.4F in terms of partial
current density for CO formation since this is the main product of the catalysts. The
polarization curves indicate that the Cu-ZnO and ZnO GDE:s are the most active for the
ECR and especially for CO formation. The Cu-ZnO catalyst records a maximum jco of
-120 mA cm, while the least performing catalyst for ECR is the Fe-ZnO with jco of -
60 mA cm™ at the same overpotential of -1.2 Vrue. The improved catalytic performance
of the composite materials is affected by factors such as catalyst dimensionality, surface
chemistry, electron transport pathway, and morphology.”
A similar trend in the electrocatalytic performance of the GDEs, as seen in Figure 5.4F,
can be also observed in App. B Figure B2. The polarization curves, under ECR and
HER conditions, were measured under the same gas flow rates, to simulate a similar
gas-dynamic environment. The ZnO-GDE presents higher current densities for ECR,
coming following its greater sensitivity towards ECR, seen in Figure 5.4A. While the
Fe- and Co- ZnO GDE:s are more active under HER-favoring conditions, owing to the
presence of the Fe- and Co- centers. The Ni-ZnO exhibits higher current densities for
the ECR than the HER. Despite that the Ni and NiO phases are known electrocatalysts
for the HER 2%, the low HER activity of this catalyst can be attributed to the formation
of the B-Ni(OH), phase.2®®?!® The XPS spectra for the Ni-ZnO material, shown in
Figure 5.2, clearly show the formation of Ni(OH)2, while the XRD peaks, presented in
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Figure 5.1, indicate the formation of the B-Ni(OH), phase with the characteristic (101)
and (111) plane orientations.

The hydrophobicity of the catalyst layer plays a major role in the performance of the
GDEs for the ECR."72!1212 Tn our GDEs the measurements of the contact angle,
presented in App. B Figure B3, reveal similar hydrophobic environments for all of the
electrodes. Hence, the differences in the catalytic performance are to be attributed only
to the properties of the catalyst materials and not to any differences in the physical
properties of the GDEs.
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Figure 5.4. Product selectivity and performance of the catalyst-loaded GDEs. The
measurements were conducted in the Flow-Cell, in alkaline 1 M KOH. A.) ZnO, B.) Co-ZnO,
C.) Ni-ZnO, D.) Fe-ZnO, E.) Cu-ZnO, F.) Polarization curves of the partial current densities
jco, for the catalyst loaded-GDEs.

A common factor for all of our materials is their tendency to form mainly CO, a feature
quantified through their selectivity, summarized in Figure 5.5A. We sought to explore
more this trend through the electrochemical characterization of the GDEs. The Tafel-
Slopes, presented in Figure 5.5B, provide more details about the materials’ ECR
kinetics towards CO since this is the main product of all prepared materials. The Cu-
ZnO GDE exhibits the fastest kinetics for the CO formation, with a slope of -61.76
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mV/dec, while the pure ZnO GDE exhibits -82.66 mV/dec. The rest of the d-block
metal ZnO GDEs present a higher kinetic barrier for the CO formation, following the
performance tendency observed in the polarization curves, shown in Figure 5.4F. The
Cu-ZnO presents even faster kinetics for the CO formation even though this catalyst
favors also the *OCHO formation path.?® The Cu-ZnO GDE exhibits the highest
internal exchange current density, which is associated with the lowest overpotential that
Cu-ZnO structures are reported to induce for the ECR?*3 and the contribution of Cu in
CO formation. For the rest of the heterostructured GDEs, the slower kinetics are
attributed to the enhanced HER rate, arising from the exposed d-block metallic centers.
For these materials, the lower exchange current density, hence ECR onset potential,
seems to be associated with the coverage of the ZnO active sites by the d-block metal
islands, as exhibited in Figure 5.3.

The electrochemical surface area (ECSA) shown in Figure 5.5C, of the catalyst-loaded
GDE:s follows a similar trend to the performance recorded in the polarization curves.
Even though most of the catalyst-loaded GDEs showed similar values of double-layer
capacitance Cqi, the Fe-ZnO GDE recorded the highest value of Ca.. The latest can be
associated with the structure of the composite Fe-ZnO material, previously shown in
Figure 5.3. Indicating a fine and uniform contribution of the Fe-centers over the ZnO
core. A similar trend with the ECSA can be also observed in the results of the BET
analysis, summarized in App. B Figure B4. The specific surface area of the catalysts,
determined by N physisorption, indicates that the structure and the distribution of the
d-block metals also affect the physical surface area. The influence of both the type and
quantity of exposed d-block phases on the catalyst's Electrocatalytic Reduction, ECR,
activity is evident in the active Turnover Frequency for CO, TOFco. The App. B Table
B2 provides a concise summary of the TOFco values for various materials. The ZnO
catalyst reveals an intermediate concentration of active sites p, of 9.83+1017 cm?,
yielding a TOFco value of 0.32 57!, which can be attributed to its selectivity and jco at -
1.2 Vrue. Composite materials, incorporating Fe-, Co-, and Ni-phases, exhibit a
heightened concentration of p due to their refined morphology and the extensive surface
area of the additional phases, encountered at Figure 5.3. Nonetheless, the lower
Faradaic Efficiency for CO, FEco, of these materials, as shown in Figure 5.4F, results
in significantly lower TOFco values: 0.142, 0.215, 0.176 s™! respectively, compared to
ZnO. This observation underscores that the ZnO phase is the sole active contributor to
CO formation. The Cu/ZnO catalyst boasts the highest TOFco value of 0.41 s,
indicating its exceptional intrinsic capability for CO formation. The slightly lower value
of p=8.77¢1017 cm?, in comparison to the ZnO catalyst, can be attributed to its
morphology and surface characteristics. This suggests that the Cu phase serves as a co-
catalyst in the formation of CO, working in conjunction with the active ZnO phase.
The analysis of the impedance spectra presented in Figure 5.5D of the GDEs, revealed
more about the resistance and activity of most of the catalyst-loaded GDEs. The charge
transfer resistance Ret, of the materials is relatable with their activity towards ECR. The
R¢ of the Cu-ZnO GDE stands out with a value of 6 Q, exhibiting a clear difference
from the rest of the materials. The pure ZnO GDE also exhibits a low Rt of 9 Q, with
the rest of the materials exhibiting higher R¢.. The latest is related to the catalytic
performance observed for these materials, as seen in Figure 4.4F, and the Tafel-Slopes
summarized in Figure 5.5B. These changes in the electronic properties of ZnO can be
attributed to the simultaneous thermal-oxidative crystallization of ZnO and TMO
(transition metal oxide). Smaller ions, like Fe and Co, permeate more easily and cause
less stress to the crystalline structure of ZnO, before forming metal oxide islands on the
ZnO surface, these ions can also be incorporated into the crystalline lattice. Affecting
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surface properties, catalytic activity, of the composite catalyst due to the HER favoring
nature of these block metals, and important materials properties like resistance.

The catalytic performance of the composite materials is proven to be affected by factors
such as catalyst dimensionality, surface chemistry, electron transport pathway, and
morphology.”’ Concurring to the influence of the metal-oxide heterostructures in the

ECR activity.
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Figure 5.5. Comparison of the ECR activity and electrochemical characterization of the
catalyst-loaded GDEs. A.) Comparison of the FEco at -1.2 Vrug, B.) Tafel-Slopes for the CO
formation, C.) ECSA assessment, measured in an H-cell in 0.1 M NaClO4 Ar saturated, D.)
Potentiostatic impedance measurements of the catalyst-loaded GDEs, measured at on-set
potential.

5.5 Stability of Catalysts in the Flow-Cell
The electrocatalytic activity can be related to the coordination mode with which the
molecules interact on the material's surface. These materials preferentially induce the
coordination of CO2 by oxygen atoms in either a monodentate or bidentate mode. Under
these conditions, it is expected that ZnO exists in partly its metallic form and the form
of zincate, ZnOy2, species!!®?!>, making it favorable for two-electron transfer and
supporting the formation of the observed products CO, HCOOH, and Ha. As illustrated
by the excerpts' of Pourbaix , found in App. B Figure BS, the high ECR overpotential
induces the non-faradaic transition of both ZnO and the d-block metal-oxide phases into
their metallic. In the work of Sikam et al.'®, d-block metals of Cu and Co are expected
to contribute to a higher rate of H» and HCOO™ formation for that 20% of these phases,
while Ni and Fe have prone catalytic centers for HER?!42!. The ECR activity of the
materials, exhibited in Figure 5.4F, and the Tafel analysis, presented in Figure 5.5B,
concur with the correlation of CO selectivity and the availability of ZnO-catalytic
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centers regarding kinetics and onset potential. This indicates that the ZnO acts as an
active catalyst substrate, interacting with the introduced heterostructured phases.

To assess the stability of the catalyst materials, we performed ECR at 100 mA cm™.
High current densities are required for applicable ECR systems. In Figure 5.6A, the
stability of the different catalyst-coated GDEs is summarized. The electrochemical
response of the materials reveals that the addition of the d-block affects the lifetime of
the catalyst-loaded GDEs differently. The ZnO-GDE exhibits a stability of 20 h at a
FEco of 75%. The drop in the FEco can be associated with the eventual depletion
observed in the ZnO-phase, observed in Figure 6B, which is mainly responsible for the
CO selectivity.3335 The agglomerate formation, observed in Figure B7 of App. B, over
the ZnO-GDE during ECR is further deteriorating its activity. Introducing Co-, Ni- and
Fe-oxide phases worsens the catalyst stability towards CO. These GDEs were stable
only for 12 h of ECR, recording lower FEco of 65%, 55%, and 50 % respectively. These
heterostructured catalysts' lower FEco and stability are related to the influence of the
Co-, Ni- and Fe-phases that inhibit the CO formation, shown in Figure 5.4. The
depletion of the ZnO phase is also accompanied by the formation of Ni-, Co- & Fe-
metal and metal-hydroxides phases, as shown in Figure 5.6B, that promote the HER.
The Cu-ZnO GDE exhibited the most extended stability of 30 h, recording FEco of
77%. We reason that adding Cu promotes the CO formation path, as illustrated in Figure
5.4F&5.5B, along with the ZnO phase.'?*?!7 The post-mortem XRD in Figure 5.6B,
indicates that the Cu-Zn-O heterostructure retains the Cu-phase and partially the
catalytically active ZnO phase. The SEM/EDX characterization in Figure 5.6C&D
illustrates gradual formation aggregation and phase separation through the ECR. These
morphological alterations induce further the degradation of the GDE. The SEM/EDX
of'the initial Cu-ZnO GDE, in Figure B6 of App. B, reveals a uniform phase distribution
throughout the catalyst layer. After 15 h of ECR, partial separation of the Cu- and Zn-
phases is recorded, with the Cu-phase being coordinated in separate agglomerations, as
clearly shown in Figure 5.6C. After 30 h of electrolysis, shown in Figure 5.6D, phase
separation is strongly observed, with the Zn- and Cu-phase forming large agglomerates,
as depicted in Figures B6 & B7 of App. B.
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Figure 5.6. Effect of ECR stability at constant current of -100 mA cm™ ECR. A.) Stability of
the catalyst-loaded GDE:s in the Flow-Cell, B.) XRD diffractogram of the catalyst-coated GDEs
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after the stability experiment, C.) SEM and EDX images of the Cu-ZnO GDE after 15 h of
electrolysis, D.) SEM and EDX images of the Cu-ZnO GDE after 30 h of electrolysis.

5.6 Chapter Summary

This study focuses on investigating the ECR performance and electrochemical
characteristics of composite materials consisting of ZnO-d-block metal oxide
ZnO@MO, heterostructures. The ECR performance of the catalysts was correlated with
their structural and physicochemical characteristics, which resulted from the
interactions between the substrate and the different phases. Our results demonstrate that
ZnO is an efficient active catalyst substrate with tunable ECR properties depending on
the formed heterostructures. The Cu-ZnO catalyst exhibited a stability of 30 hours and
a selectivity of 77% for CO at a current density of 100 mA cm™ in a Flow-Cell
configuration, overshooting the durability of similar ECR materials. This study pioneers
the use of ZnO@MO structures as ECR catalysts, providing fundamental insights into
their functionality in ECR processes. Furthermore, by evaluating the stability and
performance of the catalysts in a Flow-Cell configuration, we demonstrate their
potential for practical and stable ECR in flow-by electrolyzer setups.

52



Chapter 6:

Ternary ZnCeAg Oxide for Stable & Selective CO»-
to-CO conversion
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6.1 Abstract

Catalyst materials with high stability and selectivity, based on inexpensive materials,
are vital for practical electrochemical carbon dioxide, COz, reduction, ECR. In this
study, we report ternary Zn-Ce-Ag catalysts for selective and stable CO»-to-CO
conversion at high current densities on a large scale. We found that ZnO catalysts are
relatively selective for CO2-to-CO conversion, but are only stable for less than 20 hours
at current densities over 100 mA cm due to the reduction of the Zn oxide phase, along
with the ECR. Combining ZnO with CeO> significantly improves the stability of the
catalysts, maintaining a CO Faradaic efficiency FEco, of 80% for 100 hours at the
current density of 200 mA ¢cm™. By introducing a small amount of silver, less than 10
wt.%, to form ternary Ag-Ce-Zn catalysts, both CO selectivity and stability are
significantly improved: the developed catalysts exhibit a high FEco of 90% at 200 mA
cm™ and are stable for 200 hours. We attribute the enhanced CO»-to-CO conversion
efficiency to the abundance of stable interfacial areas of various metal-oxide
interactions, which are critical for ECR. To demonstrate the potential for practical
application, we performed the ECR in a large electrochemical cell, with an active
surface area of 100 cm?. The system delivers an FEco of 90% at 200 mA c¢m™ for an
extended operation time of 200 hours.

6.2 Introduction

As seen in Chapter 5, an additional phase can synergistically catalyze the ECR and also
actively contribute to stabilizing the ZnO phase. Cerium oxide, CeO, has attracted a
lot of research interest as an active catalyst-supporting material, with applications for
the ECR."3!"13¥ CeO; actively contributes to the ECR by enhancing CO> adsorption!**
which is a major step for the overall ECR process.!3>13¢ CeO,-based ECR catalysts can
be used for the formation of a wide range of products, depending on their
constitution.!® 137 The role of the CeO»-phase was initially demonstrated by Hong et.
al.'*® using a copper-cerium oxide, Cu-CeO, catalyst. They demonstrated that the
Cu/CeO> interface stabilizes the Cu'' state during the ECR, promoting Ca+
selectivity.'* Zong et.al.'* further studied the role of the CeO-phase in a zinc-cerium
oxide, ZnO/CeOQ; catalyst. The strong Zn-O-Ce interactions stabilized the Zn'?
oxidation state during ECR. The ZnO/CeO; catalyst recorded a maximum partial
current density for the CO jco of -150 mA c¢m? with nonetheless limited stability.
Fabrication of silver—metal oxide, Ag-MO, interfaces is known to promote CO2—to—CO
conversion.'?* Bhalothia et al.'?” synthesized a ZnO/Ag catalyst of high CO selectivity.
The Ag—ZnO heterostructure promotes high ECR activity.!?® The function of the Ag—
MO heterostructure was highlighted by Fu et.al.!*® Using a Cr,O3/Ag catalyst, they
recorded high FEco of 90% and prolonged ECR stability of more than 25 h. The CO>—
to—CO turnover was promoted over the Ag—Cr,0s3 interphase. During ECR, the Cr203
substrate maintained the Cr'> state, eliminating structural degradation and favoring
prolonged ECR.

In this work, we developed selective and stable Zn-Ce-Ag oxide catalysts for the CO»-
to-CO conversion. Exploiting the ECR-active ZnO and Ag phases, we sought to
increase the CO selectivity. The stable CeO2-phase aided in stabilizing the oxidation
state of Zn'? and moderating the agglomeration rate of the ZnO- and Ag-phase. Our
materials were evaluated directly in a membrane electrode assembly (MEA)
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electrolyzer, allowing us to operate at high current densities. Initially, we optimized the
structure and composition of the ZnO-CeO; catalyst, which exhibited a CO Faradaic
Efficiency, FEco of 80% at 200 mA cm for 100 h. By adorning this material with a
low amount of about 5% of silver, Ag, we recorded 90% FEco at 200 mA cm™ for 200
h of continuous ECR operation. We exhibited the real application potential of our
material by showcasing its performance in a large MEA electrolyzer with a 100 cm?
active area recording equally high performance and stability.

6.3 ZnCe Oxide Characterization
As described in 6.2, the co-precipitation, cp, of the Zn and Ce precursors was used to
form a uniform material with a high contact area of the different Zn and Ce phases. The
materials resulting from this approach were cpZnCe(5-20), about their Ce content ,
exhibited in App. C at Figure C1. Sequential precipitation was used, aiming for the
formation of a core-shell, cs, structure of the Zn and Ce phases.
High-Resolution Transition Electron Microscopy (HRTEM) was used to characterize
the morphology and structure of Zn-Ce oxide catalysts synthesized using the two
different synthesis approaches, summarized in Figure 6.1a-d. With the gradual co-
precipitation approach, a composite oxide with two distinct phases of ZnO and CeO»
was obtained, as shown in Figure 6.1a, b. The distinct phases in the form of nanoclusters
of 5 nm radius were evenly distributed throughout the material’s structure, shown in
Figure C5 of App. C. This mixed-phase structure enabled a large interfacial area
between the ZnO and CeO; crystal planes. The catalyst synthesized via the sequential
precipitation approach results in a core-shell architecture, captured in Figure 6.1c, d.
The material consisted of CeO> nanoparticle cores covered with a thick layer of 12 nm
thickness, of ZnO. The HRTEM images, presented in Figure 5.1a-d, suggest that the
preparation of the different materials was successfully undertaken.
To confirm the crystalline structures of the catalysts, we performed X-ray diffraction
(XRD) on the catalyst materials, presented in Figure 6.1e. The ZnO phase was identified
as having a hexagonal wurtzite structure, as to the PDF No. 01-089-0510, whereas the
CeO: phase could be indexed into the fluorite-hexagonal structure, according to PDF
No. 34-0394 & 23-1048%'321 in both samples, regardless of the synthesis methods
used.
The Survey XPS of ¢sZnCel0 and cpZnCelO0, found in App. C Figure C2, reveals
differences in the surface constitution of each catalyst. The actual elemental
composition of all samples was determined using Inductively Coupled Plasma—Optical
Emission Spectroscopy (ICP-OES) and can be accurately seen in Table C1. The
cpZnCel0 surface exhibits a similar Zn/Ce ratio, with the elemental constitution
recorded for the material. This feature reveals a uniform phase distribution over the
material’s core and surface, adopted through the co-precipitation synthesis approach.
The Survey-XPS of the csZnCel0 reveals a much lower Ce concentration over the
catalyst’s surface. The different composition of the csZnCe10 surface relates to its core-
shell architecture, adopted through the sequential precipitation approach, majorly
exposing the ZnO phase. The comparison of the Zn-XPS, shown in Figure 6.1f, of the
two samples suggests that Zn remains in the same oxidation state. The Zn—XPS for the
cpZnCelO0 displays a shifting of 0.7 eV to the Zn—2p3 binding energy (BE). The close
contact of the ZnO and CeO: phases, at their interface, induces changes in the local
electronic structure of the catalyst.*®!*7"1% These interfacial interactions are mainly
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present in the cpZnCel0 material, owing to its architecture, illustrated in Figure 6.1a,
b. The sequential depletion of the electronic density around the Zn atoms is associated
with the positive shift in the BE. The O-XPS, found in Figure 6.1g, of the materials
displays a clear difference like the O-bonds over the materials’ surfaces. For the
cpZnCel0, the Ols-spectrum reveals a high concentration of oxygen disorders,
ascribed collectively to vacancies and lattice defects V,. The Ols-spectrum of the
csZnCel0 suggests a lower concentration of V,. The surface bonded-O was mainly
spent in the Zn-oxide phase, accounting for 34.3%, which was related to the observed
core-shell architecture of the sample, shown in Figure 6.1 ¢, d. The positive 0.3 eV shift
of the O-XPS for the cpZnCel0, indicates depletion of the e~ density around the O-
atoms. This behavior is associated with the strong interfacial interactions between the
ZnO and CeO, phases, which is favored in the cpZnCel0 morphology.'3%!%° The Ce—
XPS of Figure 6.1h, indicates that Ce exists in the Ce™ and Ce™ states at different
concentrations for each sample. The Ce-XPS of the cpZnCel0 records higher Ce™
concentrations of 21.3%, than in the csZnCe10, which correlates with the increased Vo
observed in the cpZnCel0, as seen in Figure 6.1g. The absence of a binding energy shift
implies that the Ce atoms experience a similar coordination environment, for the
different architectures. This suggests that the interactions between the ZnO and CeO:
phases primarily affect the Zn and O species, leading to detectable shifts in their XPS
signals. While the Ce atoms remain relatively unaffected. owning to the Ce redox
stability.'*1:14> The differences in the coordination environment and electronic state of
the surface atoms are majorly attributed to the different architectures of the materials,
promoting synergistic interactions among the ZnO and CeO> phases.'4>!34220
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Figure 6.1. Structural and physicochemical characterization of the Zn—Ce oxide catalyst
powders. (a, b) HRTEM images of the cpZnCel0 catalyst powder, (c, d) HRTEM images of
the csZnCel0 catalyst powder, (¢) XRD diffractogram of the catalyst materials, (f) high-
resolution zinc Zn2p3 XPS of the catalysts, (g) high-resolution oxygen Olsl XPS of the
catalysts, (h) high-resolution cerium Ce3d5 XPS of the catalysts.
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6.4 Performance & Stability of the ZnCe Oxide in the MEA
We evaluated the electrocatalytic activity of the prepared samples for the ECR using an
MEA cell. To evaluate the performance of the catalysts in the MEA cell configuration,
we constructed the MEA from catalyst-coated GDEs, an anion exchange membrane,
and an IrOx/Ti felt as the anode. First, we sought to study the effect of the Ce amount
on the ECR performance in both catalyst structures. In the cp samples, increasing the
amount of Ce led to an increase in the reaction overpotential 1, and a decrease in the
FE for CO, FEco, as summarized in App. C Figure C3. Among the cp samples,
cpZnCel0-GDE exhibited the highest partial current density for CO jco, of 140 mA
cm?, A similar trend was observed in cs samples, with csZnCel10-GDE exhibiting the
highest performance, as shown in App. C Figure C4, recording 150 mA cm™ of jco. The
effect of catalyst structure on the ECR performance is summarized in Figure 6.2a—d.
The introduction of Ce resulted in a partial reduction of the FEco in comparison to the
ZnO-GDE, found in Figure 6.2a—c. The csZnCel0-GDE records a higher jco of 150
mA cm” and lower overpotential, shown in Figure 6.2d.
To investigate the effect of the introduction of Ce on the stability of ZnO-based
catalysts, we applied a constant current density of 200 mA cm™ to the MEA electrolyzer
and monitored the changes in the products over time. As shown in Figure 6.2e, ZnO-
GDE was stable for less than 10 hours at a current density of 200 mA c¢cm™. The
introduction of Ce greatly improves the stability of the catalyst, effectively prolonging
the ECR’s lifetime in comparison to the pure ZnO-GDE. The cpZnCel0-GDE
maintained a stable FEco of over 70% for more than 90 hours.
Following the long-term ECR, the GDEs were analyzed using Scanning-Electron-
Microscopy (SEM) and HRTEM. The long-term ECR was halted for the csZnCelO-
GDE at 85 h and for the cpZnCel0-GDE at 105 h, when the FEco dropped below 70%.
As exhibited in App. C Figure C6, both the cpZnCel0 and csZnCel0 GDES form
agglomerates, of 50 nm diameter, comprising mainly small CeO; particles, of 10 nm
size, and the Zn/ZnO phase. Potassium carbonate salts are also a reason for the GDE’s
degradation, derived from the 0.1 M KHCO3 anolyte. The salt formation relates to the
potassium ions’, K*, crossover, through the AEM, towards the cathode GDE. The SEM
and HRTEM images of the post-mortem csZnCel0-GDEs, found in the App. C Figure
C6, reveals that the catalyst was severely agglomerated, forming large agglomerates of
~100 nm. The architecture appears to have had a direct impact on the stability of the
GDE:s. The post-mortem XRD analysis of the cpZnCe10 and csZnCe10 GDEs, revealed
that ZnO was partially converted into metallic-Zn, whereas the CeO, phase remained
practically stable.
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Figure 6.2. ECR performance in the MEA of the Zn—Ce oxide catalyst-loaded GDEs and of the
baseline ZnO-GDE. (a) Selectivity FEco of the csZnCel0-GDE, (b) selectivity FEco of the
cpZnCel0-GDE, (c) selectivity FEco of the ZnO-GDE, (d) polarization curves, in terms of the
partial current density for CO jco, of the different catalyst-loaded GDEs, (e) stability of the
catalyst-loaded GDEs in the MEA system at 200 mA cm™.

6.5 ZnCeAg Oxide Characterization

The results presented above suggest that adding Cerium oxide can stabilize ZnO
catalysts for ECR, but that this also decreases CO selectivity. To improve CO
selectivity, we doped Zn—Ce catalysts with silver, Ag, which is known for its selective
CO formation, and has also been used for that purpose in various metal/metal-oxide
catalysts.!*125:138 To form Ag NPs over the Zn—Ce surface, we employed an additional
precipitation step, explained in Chapter 3. The Ag introduced into the cpZnCel0 and
csZnCel0 samples resulted in the Ag@cpZnCel0 and Ag@csZnCel0 samples,
respectively.

The XRD patterns of the Ag@cpZnCel0 and Ag@csZnCel0 samples, presented in
Figure 6.3a, reveal that the ZnO phase remains coordinated in the wurtzite system,
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according to PDF No. 01-089-0510, and the CeO- is indexed into the fluorite-hexagonal
structure, as to PDF No. 34-0394 & 23-1048. As was also observed, in Figure 6.1e, for
the ¢pZnCel0 and csZnCel0 samples. The Ag introduced is in its metallic form,
coordinated in the face-centered cubic, fcc, system, according to PDF No. 04-0783. The
HRTEM images in Figure 6.3b—d of the Ag@cpZnCelO0 catalyst, confirm the presence
of Ag NPs smaller than 5 nm. The Ag@cpZnCel0 morphology induces the contact of
the phases in the ternary oxide. Figure 6.3e represents the final morphology of the
Ag@cpZnCel0, as observed from the HRTEM. This architecture favors the contact of
the Zn and Ce phases, consisting the core of the material, and with the Ag phase,
comprising the shell of the material.

Raman spectroscopy was employed to provide more details regarding the metal/metal-
oxide interactions in the catalyst materials. The Raman spectra, presented in Figure
6.3f, of all of the samples reveal the main characteristic peaks of the Zn—O, attributed
to wurtzite-structured ZnO 22!, with a distinct peak even in the ternary oxide samples.
The broadening of the Zn—O peak in ternary oxides is attributed to interactions with
Ag—0, which results in Raman peaks occurring at closely neighboring wavenumbers.
The CeO; phase exhibits distinct excitation peaks, attributed to the Ce—O, fluorite
structure, vibrations.?>2%® However, in the Ag@csZncsl0 sample, the fluorite
excitation peak is attenuated due to the broad multi-phonon Raman peak. The Raman
spectra of the cpZnCel0 sample exhibited additional excitation peaks, corresponding
to a high concentration of V, and lattice defects in the material, observed at 650 and
1090 cm! respectively. The spectra of the Ag@csZnCel0 and Ag@cpZnCel0 samples
indicate strong Zn-Ag-O'?"!"817 interactions in both materials.!3*!82 The
Ag@cpZnCel0 spectrum records the additional D, peak at 900 cm!, ascribed to Ag—
Ce—O interactions, revealing a high contact area across all of its phases. 78227231

The high-resolution Ag-XPS in Figure 6.3g, exhibits a positive shift of 0.9 eV in the
Ag-3d5 binding energy (BE) attributed to the Ag@cpZnCelO catalyst. This behavior
suggests strong Ag—O between Ag and oxygen atoms from the ZnO-CeO; matrix. The
Ag—Ce—O Raman interactions in Figure 6.3h, also contribute further to the shifting of
the BE. These interactions could involve the formation of bonds of a similar nature or
surface coordination complexes, shifting the charge density around the Ag-atoms.'”’
The high-resolution O-XPS of the materials in Figure 6.3h, reveals higher
concentrations of V, than in the Ag@csZnCel0 spectra. This behavior agrees with the
high concentration of V, observed in the Raman spectra of the Ag@cpZnCel0 and the
cpZnCel0 matrix. The positive shift of the O-XPS signal for the Ag@cpZnCelO in
Figure 6.1g, is consistent with the shift observed for the O-XPS of the cpZnCel0
matrix. The larger 0.5 eV shift of the Ag@cpZnCel0, O-XPS in Figure 6.3h, is
associated with the additional interaction of the Ag-atoms with the O-species. The
interactions between the Ag and the ZnO-CeO:2 matrix led to the creation of additional
V., in the material. The presence of V, alters the electronic environment of neighboring
O-atoms, leading to the positive shift of the spectra.
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Figure 6.3. Structural and physicochemical characterization of the Zn—Ce—Ag oxide catalyst
powders. (a) XRD diffractogram of the different catalyst powders, (b—d) HRTEM images of
the Ag@cpZnCelO catalyst powder, (e) graphical illustration of the synthesis route for the
Ag@cpZnCelO catalyst, (f) Raman spectra for both the ternary and Zn—Ce oxide catalyst
powders, (g) high-resolution oxygen Olsl XPS of the Ag@cpZnCelO and Ag@csZnCel0
catalysts, (h) high-resolution silver Ag3d3 XPS of the Ag@cpZnCel0 and Ag@csZnCel0
catalysts.

6.6 Performance of the ZnCeAg Oxide in the MEA
Based on the results presented in section 6.4, we chose cpZnCel0-GDE, which exhibits
the highest stability, as the starting material for optimizing the amount of Ag loading in
the range of 5-30 wt.%. The addition of Ag over the initial catalyst material drastically
increases the FEco. The variation of the Ag content does not significantly affect the
FEco of the GDEs. On the other hand, Ag loading was found to affect the cell voltage,
as shown in the polarization curves, as summarized in App. C Figure C8. A sample with
Swt.% Ag loading shows the lowest overpotential 1, and reaches the highest jco. The
potentiostatic electrochemical impedance spectroscopy (PEIS) of these samples,
exhibited in App. C Figure C9, reveals that a Swt%Ag, as in the sample Ag@ZnCelO,
exhibits the lowest charge transfer resistance R¢. A higher Ag content increases the
catalyst’s R¢t by inhibiting the electrocatalytic functions of the created metal/metal—
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oxide interfaces of the material, seen in Figure 6.3c,f.!?*!3® For comparison, we also
performed the ECR test using the Ag@csZnCel0 sample derived from the csZnCel0
catalyst covered with Ag, with a Swt. % content. The PEIS results of our catalyst
materials are summarized in App. C Figure C9, illustrate that the function of the
metal/metal-oxide interfaces and the presence of Ag actively improves the Re of the
materials, especially that of the Ag@cpZnCelO.

Upon the introduction of Ag over the initial catalyst materials cpZnCel0, csZnCelO,
and ZnO, there is a significant improvement in the FEco, as summarized in Figure 6.4a—
c. The catalyst-loaded GDEs reach an FEco of 90% at a high current density of 200 mA
cm. The polarization curves shown in Figure 6.4d, indicate that the catalyst materials
reach a high jco of above 150 mA cm™. The Ag@cpZnCel0-GDE reaches the highest
jcoof 180 mA cm™, introducing at the same time the lowest overpotential for the CO»-
to-CO conversion. The stability of the ternary oxide catalysts, shown in Figure 6.4e,
was drastically improved after the introduction of Ag. Both the Ag@cpZnCel0 and
Ag@csZnCel0 exhibit drastically improved ECR stability. The Ag@cpZnCel0-GDE
recorded the longest ECR stability, of 200 h at 200 mA cm™, maintaining 90% FEco.
The improved ECR performance of the Ag@cpZnCelO compared to its cpZnCelO
precursor could be attributed to the effect of Ag in the ternary oxide. The Ag-
nanoparticles, formed in the ternary oxide, provide additional active sites, promoting
the ECR activity. The Ag@cpZnCel0 morphology favors the formation of additional
Zn-Ag-O and Ce-Ag-O interactions, as illustrated in Figure 6.3f, which provide
additional ECR active sites, making the Ag@cpZnCel0 the most active catalyst from
our ternary oxides.

The measured PEIS of the catalyst-loaded GDEs, summarized in App. C Figure C9,
reveals differences in the charge transfer resistance R introduced by each catalyst. The
Ag@cpZnCel0-GDE introduces the lower R¢ of 5.2 Q, implying a lower ECR
overpotential. The material’s ECSA, shown in App. C Figure C9, indicates that the Ag-
containing samples exhibit higher surface areas than the Ce—Zn oxide counterparts. The
Ag@cpZnCelO has the highest Cq, hence ECSA, implying higher concentrations of
catalytically active sites. The Tafel slope analysis of the catalyst-loaded GDEs,
presented in App. C Figure C9, suggests that the Ag@cpZnCelO exhibits the fastest
kinetics for the CO with a slope of -42 mV/dec and the highest exchange current density
of 473 mA cm? The Ag@csZnCel0 exhibits lower ECR kinetics than the
Ag@csZnCel0, with a slope of -46 mV/dec and Rt of 10.1 Q. These results indicate
that the morphology of the Ag@cpZnCelO favors the creation of additional Ag-ZnO
and Ag-Ce-O interactions as seen in Figure 6.3f, as opposed to the Ag@csZnCel0,
further enhancing the performance of the Ag@cpZnCel0. Both the cpZnCel0 and
¢sZnCel0 precursors exhibit lower ECR activity with Tafel-Slopes of -57 mV/dec and
-51 mV/dec respectively, and Ret of 22.3 Q and 18.4 Q respectively. The faster Tafel
kinetics and reduced R of the ternary oxide catalysts, support their higher ECR activity
shown in Figure 6.2d, e, as a result of the Ag-addition.
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Figure 6.4. ECR performance in the MEA electrolyzer of the Zn—Ce—Ag oxide catalyst-loaded
GDEs and of the baseline Ag@ZnO-GDE. (a) Selectivity FEco of the Ag@cpZnCel0-GDE,
(b) selectivity FEco of the Ag@csZnCel0-GDE, (¢) selectivity FEco of the Ag@ZnO-GDE, (d)
polarization curves, in terms of the partial current density of CO jco, of the different catalyst-
loaded GDEs, (e) stability of the catalyst-loaded GDEs in the MEA system at 200 mA cm™.

6.7 ZnCeAg Oxide Stability in the MEA
The increased Ag@cpZnCel0 ECR stability compelled us to understand the structural
changes of the catalysts during the ECR reaction. We characterized the catalysts before
and after the stability test. Initially, the Ag@cpZnCel0 exhibited a uniform elemental
distribution, as seen in App. C Figure C11, owing to the small particle size comprising
each of the catalyst’s phases, as seen in Figure 6.3d. After 100 h of ECR, the
Ag@cpZnCel0 adopts an altered morphology, shown in Figure 6.5a. Dark-field SEM
(DF-SEM) can only differentiate between Ce and Zn/Ag due to their large difference
in atomic weights. The DF-SEM reveals that the CeO phase begins separating from
the initially homogeneous ternary oxide structure, captured in Figure C11 of App. C.
Through the ECR, the Ag and ZnO phases merge into nano-plate structures, whereas
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the CeO: phase coordinates smaller, separated nano-particles. After 200 h of ECR
electrolysis, the CeO phase separation becomes more evident, with the CeO>
agglomerates increasing in size, depicted in Figure 6.5b, c. The ECR-active ZnO-Ag
phase retains a nano-plate structure after 200 h of ECR. The XRD diffractograms of the
Ag@cpZnCel0 GDEs after 200 h of ECR, shown in Figure 6.5d, indicate the formation
of metallic Zn, Zn(OH)>, and Ce(OH)s. These phase transitions, captured in Figure
6.5a—c are correlated with the altered morphology adopted by the Ag@cpZnCel0. The
post-ECR high-resolution O1s1-XPS of the Ag@cpZnCelO0, in Figure 6.5¢, shows that
surface oxygen is increasingly spent in bonds of a hydroxide nature. The concentration
of the O—Ce and O-Ag surface bonds remains constant, confirming that the Ag and
CeO; phases retain their stability during the ECR. To investigate the changes that occur
in the CeO; phase, we examined the effect of 100 h ECR, at 200 mA cm, on a CeOa—
GDE. The physicochemical changes of the CeO, were isolated on the partial Ce**-to-
Ce™ reduction, shown in Figure C12 of App. C, which took place as a non-Faradaic
process alongside the ECR.!*7148 These changes are associated with the CeO> phase
being coordinated in fine nano-particle structures, seen in App. C Figure C11. The CeO>
phase underwent the same structural changes in both the Ag@cpZnCel0—-GDE and
CeO>—GDE during the ECR.

Despite the Ag@cpZnCel0 and Ag@csZnCel0 catalysts having the same composition,
their different architectures appeared to affect their ECR stability significantly. The
long-term stability of the Ag@cpZnCel0—-GDE indicates that its architecture favors
ECR stability. The Ag@csZnCel0 morphology changes in a different aspect during
long-term ECR. While Figure C11 of App. C, reveals that the initially structured
architecture, coordinates the Ag—ZnO agglomerates after 160 h of ECR, covering the
CeOz cores. The co-precipitation synthesis approach of the Ag@cpZnCel0 induces the
uniform distribution of the phases, promoting the role of the CeO: in stabilizing the
ECR-active ZnO—Ag phase. It can therefore be illustrated that the ECR-inert CeO»
assumes the role of a spacer in the composite Ag@cpZnCel0 catalyst. In this respect,
the CeO:2 nano-particles withhold the aggregation of the ECR-active ZnO—Ag phase.
Observing the post-mortem characterization of the Ag@ZnO GDE shown in App. C
Figure C11 for after 30 h of ECR, we can see the formation of large agglomerates. The
absence of CeO: led to the quick aggregation of the ZnO and Ag phases. It becomes
clear that the prolonged stability of the Ag@cpZnCelO is not only based on the CeO>
stabilizing the ZnO oxidation state through the ECR, as seen through Figure 6.5d, but
also on the function of the CeO> nanoparticles as spacers, procrastinating agglomerates
formation. The stability of the CeO> phase and the associated interactions, previously
seen in Figure 6.3f, are responsible for the long-term stability of the Ag@cpZnCel0
catalyst. '77

The Ag@cpZnCel0 GDE exhibits much longer stability than its cpZnCel0 precursor.
As previously discussed, the degradation progress is similar for both materials. In the
Ag@cpZnCel0, the additional Ag-metallic and the resulting ZnO-Ag & Ag-Ce-O sites
provide additional ECR-active sites. These additional phases enhance the ECR during
long-time operation, mitigating the effect of the degradation process. Prolonged ECR
leads to phase migration, clearly illustrated in Figure 6.5a—c, making the role of CeO>
as a spacer become less effective. While, as seen in Figure 6.5d, the ZnO-Ag ECR-
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active phase becomes agglomerated, whereas the formation of Zn/Zn(OH). further
undermines the ECR activity of the Ag@cpZnCel0 GDE.

43 >

X

N

= dark-field

-

(@) ©

200 h_Ag@cpZnCelo) 200 h_Ag@cpZnCel0
« Zn(OH), (PDF No. 54-1268) Il 0-Ag & O-Ce
. I 0-zn
-on
100 h_Ag@cpZnCel0
w
.
—— Ag@epZnCel0
o1s1 100 h_Ag@epZnCel0
_ A I 0-Ag & O-Ce
gny €03 (PDF No.34-0394 & 23-1048) [ 0-zn
ooy A (PDF No.04-0783) |:|-OH
@ mm| @
@ en)
| [ ] 11
o ZnO (PDF No.01-089-0510)
T Zn (PDF No. 87-0713)
s |z aon
[ J oo | T
| 1 1 I il —
30 35 40 45 50 55 60 526 528 530 532 534 536 538
26 (degree) Binding Energy (eV)

Figure 6.5. Post-mortem characterization of the Ag@cpZnCel0-GDE at different times, after
ECR at 200 mA ¢cm™ in an MEA electrolyzer. (a) SEM/dark-field-SEM after 100 h of ECR, (b)
SEM/dark-field-SEM after 200 h of ECR, (c) HRTEM image of the catalyst after 200 h of ECR,
(d) XRD-diffractograms of the catalyst-loaded GDEs after 200 h and 100 h of ECR, (e) high-
resolution O-XPS after 200 h and 100 h of ECR, (f) EDX images of the Ag@cpZnCel0-GDE
after 200 h of ECR.

6.8 Performance & Stability in the 100 cm> MEA
Electrolysis at elevated temperatures, in the range 60-80 °C, is widely adopted in
various electrochemical systems, including PEM, AEM, and Fuel Cells. This practice
aims to expedite the reaction kinetics and lower overall cell potential, effectively
reducing the energy requirements of the electrochemical process. This renders the
process more feasible for real-world industrial applications. For these reasons, we
sought to evaluate the performance of our ECR catalysts at higher temperatures. We
performed the reaction in a 100 cm? electrolyzer to gauge their performance under
industrially-relevant conditions. As shown in Figure 6.6a, at room temperature, we
obtained similar performance as in the small MEA in terms of both jco and FEco. At 40
°C, the FEco was limited to around 80%, whereas at 60 °C the selectivity was stabilized
at 70% for CO, as illustrated in Figure 6.6b&c respectively. Although lower cell
potentials, as summarized in Figure 6.6d were obtained at higher temperatures, FEco
decreased due to the increase of HER kinetics along with the ECR. At 60 °C, the
maximum jco recorded was 150 mA cm? at a full-cell potential of 3.2 V, significantly
lower than the potential recorded at room temperature. The effect of the temperature on
the system’s overpotential was also evident from the galvanostatic impedance

65



spectroscopy (GEIS) performed, and illustrated in Figure C14 of App. C. The GEIS of
the MEA exhibited a decrease in the system’s electrical resistance, following the
temperature increase. We performed the ECR, at room temperature, applying 200 mA
cm™ for 200 h to investigate the stability of the scaled-up system. As seen in Figure
6.6e, throughout the electrolysis period, the system maintained a stable FEco of 90%
and an energy efficiency for CO, EEco, of 27%.

The distribution of the mechanical pressure over the active area of the MEA, illustrated
in Figure C14 of App. C, was further assessed. In the large MEA, both the imprints of
the cathode and anode flow-fields were visible, indicating a uniform distribution of
mechanical pressure, with the pressure in between the cathode’s channels being below
3 MPa. This analysis ensures that no mechanical overpressure was built into the 100
cm? active area, which could have been caused by the scaled-up cell architecture. The
low pressure in the cathode channels ensured no deformation of the soft carbon paper
that could prevent CO2 delivery to the cathode catalyst layer. The uniform pressure
distribution indicates that the anode and cathode electrodes were in contact and
electrochemically active in the entire active area of the MEA. After long-term ECR
electrolysis of 200 h, the resistance of the MEA increased, as exhibited in App. C at
Figure Cl14. This feature is associated with the catalyst’s agglomeration and
degradation processes, as previously seen in Figure 5.5b, c, along with carbonate
precipitants on the cathode catalyst layer, shown in Figure C15 at App. C, undermining
the MEA’s ECR activity.
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Figure 6.6. ECR performance of the Ag@cpZnCe10-GDE in the large MEA, of 100 cm? active
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Ag@cpZnCel0-GDE at 40 °C, (c) FEco of the Ag@cpZnCel0-GDE at 40 °C, (d) polarization
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6.9 Chapter Summary

We developed a stable and selective catalyst for CO»-to-CO conversion based on
ternary Zn—Ce—Ag components. We found a composite material of Ce— and Zn—oxide
could maintain the ZnO phase, leading to a stable CO»-to-CO conversion at 200 mA
cm? for 100 hours. However, the FEco of the Zn—Ce binary catalysts was relatively
low, below 80% in the tested current range of 100-200 mA cm™. To improve the CO
selectivity of Zn—Ce, we developed Zn—Ce—Ag ternary oxide catalysts that exhibited a
stable FEco of 90% at 200 mA cm for 200 hours. The strong interactions between the
different phases cooperatively enhanced the ECR performance, while our results
suggested that the enhanced stability of the catalyst mainly originated from the
contribution of the CeO; phase. The redox stability of CeO> aided in both maintaining
its structure and also stabilizing the ZnO, during ECR. Most importantly, CeO> acted
as a spacer moderating the agglomeration of the active Zn—O—Ag phase, prolonging the
catalyst’s lifetime. We further demonstrated the potential for the practical application
of our Zn—Ce—Ag catalysts by performing ECR using a large MEA electrolyzer with a
100 cm? active area. A similar trend was also observed with the large-scale electrolyzer
in which the catalysts were not only selective, recording FEco of 90%, but also stable
for 200 hours at the tested current density of 200 mA cm, significantly surpassing the
ECR performance of known catalysts. Our work represents a significant step towards
practical CO;-to-CO conversion utilizing inexpensive catalysts.
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Chapter 7:

Summary & Discussion of the Main Results
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This section summarizes and analyzes the main results from chapters 4-6 of the
thesis, aiming to clarify our research goals and achievements. The comparison of our
findings with the existing literature focuses on assessing our electrochemical carbon
dioxide reduction, ECR, methodology's robustness compared to the current state-of-
the-art. Comparing our results with existing literature helps gauge the novelty and
significance of our work. This contributes to our understanding of ECR and highlights
our methodology's advancements in the field.

7.1 Optimizing the ZnO ECR Activity.
The stability and activity of ZnO and its allotropes for the ECR were examined in this
study. The catalytic process of ZnO was ascribed to its diverse morphologies, including
nanoparticles, nanorods, nanosheets, and random shapes, with ZnO nanorods exhibiting
the highest activity. They emerged as the most efficient catalyst, boosting CO Faradaic
efficiency FEco to over 80%, in the current density range of 50-160 mA cm™, in both
flow-cell and membrane electrode assembly (MEA) reactors. Their high FEco was
attributed to their elevated surface area, crystallinity, and oxygen vacancies.
Nevertheless, a gradual decline in CO selectivity was noted over time, particularly at
high current densities, owing to the depletion of the ZnO phase. This feature is
associated with the gradual reduction of the ZnO phase into Zn metallic, due to the high
cathodic potential. To tackle this challenge, an innovative in-situ regeneration strategy
was devised.
The employed strategy encompassed initial continuous ECR operation until the FEco
dropped below 80%, signifying catalyst degradation. Subsequently, two Cyclic
Voltammetries (CV) were executed to oxidize metallic Zn to the ZnO phase. This
regenerated the catalytic activity, with stable FEco above 80% for 100 hours at a current
density of 160 mA cm™.
Overall, this in-situ regeneration strategy successfully countered the degradation of
ZnO catalysts, prolonging their structural integrity and catalytic activity during ECR.
Our strategy managed to record ECR performance that, as illustrated in Figure 7.1,
surpassed the durability of various alternative materials used for CO»-to-CO formation.
These findings hold promise for practical applications in sustainable fuel and chemical
traits production, contributing to the advancement of practical CO> utilization
technologies and fostering a more sustainable future.
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Figure 7.1. Comparison of the stability and partial current density for CO jco for state-of-the-
art materials and high-performance Zn-based catalysts, for the ECR. Performance recorded in
flow-cell and MEA electrolyzers.

7.2 ECR activity of ZnO-based heterostructures
Our previous research has highlighted the depletion of the ZnO phase as a key issue in
stability during ECR. To stabilize ZnO without compromising CO selectivity, we
investigated heterostructured catalysts with d-block metals: Cu, Ni, Co, Fe. We aimed
to stabilize the ZnO phase, achieving continuous electrolysis at high current densities,
without the need for in-situ regeneration, by reversing the cell bias.
These materials displayed varying electrochemical traits, influenced by the type and
distribution of the d-block metals oxides, and their interactions with the ZnO phase.
The ECR activity of each composite material greatly depended on the heterostructures
created. Affecting key parameters for the catalyst’s ECR performance, like product
distribution & selectivity, active surface area, and durability.
Compared to pure ZnO, the Cu-ZnO catalyst showed a three-fold improvement in
stability. The addition of d-block metals, like Cu, Ni, Co, and Fe, enhanced catalyst
stability by resisting degradation during ECR. The Cu-ZnO catalyst, lasting 30 hours at
100 mA cm™? in a flow cell, exhibited the longest stability versus other Zn-based
heterostructured catalysts, as depicted in Figure 7.2. This was attributed to synergistic
effects between added metals and ZnO, mitigating site degradation and preventing
phase separation.
Unlike prior studies that focused on single-component or binary metal catalysts, ours
explores composite heterostructures, offering tunable selectivity and improved stability.
It advances understanding of composite catalyst materials, promising for sustainable
energy conversion and environmental remediation.

71



180 1 @ Luo et al. 2020, OD-Zn
@ Luo et al. 2019, Zn-foam
150 1
@ Jeomg et al. 2019, Ni-SAC
N/‘\
'E 120 4
5]
E 90 1 This work
= @ Zheng et al. 2021, ZnO *)
I @ salvatore et al. 2018, A;
._HU 60 n [* ] Lourengo et al. 2021, ZnO/biochar €
@ Ren etal. 2019, CoPe
30 - @ Torbensen et al. 2020, FePc
T T T T T
5 10 15 20 25 30

time (hours)

Figure 7.2. Comparison of the stability and partial current density for CO jco for state-of-the-
art materials Zn-based heterostructured catalysts, for the ECR. Performance recorded in flow-
cell type electrolyzers.

7.3 Stable ternary Zn-based oxide
In this study, CeO> was found to play a crucial role in stabilizing the ZnO interface,
thereby maintaining the ZnO phase and leading to a stable CO»-to-CO conversion.
Strong Zn-O-Ce interactions were observed to stabilize the Zn?" oxidation state during
the electrochemical CO; reduction process, ECR, contributing to the stability and
selectivity of the catalyst for CO2-to-CO conversion. Additionally, the chemical
stability of CeO2 was noted to allow it to maintain its structure during ECR, which in
turn contributed to the stability and selectivity of the catalyst. The morphology of the
composite materials was found to favor a strong contact among the ZnO and CeO>
phases. CeO; contributed to enhancing CO; adsorption, which is a major step for the
overall ECR process.
The different phases in the catalyst, such as CeOz, ZnO, and Ag, were observed to play
a role in prolonging the lifetime of the catalyst. The redox stability of CeO2 was found
to aid in maintaining its electrochemical performance, contributing to the stability and
selectivity of the catalyst. Additionally, the strong interactions between the different
phases were noted to cooperatively enhance the ECR performance, leading to prolonged
stability and improved faradaic efficiency for CO2-to-CO conversion. The performance
and stability of ternary oxide catalysts were drastically improved after the introduction
of Ag. The ZnO/Ag heterostructure provided a higher concentration of ECR active sites,
promoting the CO»-to-CO conversion. The observed interactions of the CeO» with the
Ag and ZnO phases, hindered the agglomerate formation, improving the stability of the
catalyst.
In conclusion, the study demonstrated that the interactions of the different CeO2, ZnO,
and Ag phases in the catalyst significantly enhanced the stability, selectivity, and
efficiency of the ECR process. Our recent findings, capture in Figure 7.3, represent a
remarkable leap forward from the current state-of-the-art in the sustainable conversion
of CO»-to-CO conversion. This is evidenced by its successful integration into a 100 cm?
MEA, demonstrating its potential for real-world application.
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Figure 7.3. Comparison of the stability and partial current density for CO jco for state-of-the-
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Overall, this work stemmed from the urgent need to develop efficient and stable
catalysts for the electrochemical CO> reduction, ECR, a critical step in addressing
global climate change. The choice to work with Zn-based materials was driven by their
abundance, low cost, and promising catalytic properties, making them an attractive
candidate for CO; reduction applications.

Throughout this work, highly efficient catalysts for the CO2-to-CO conversion were
engineered. By initially optimizing the ECR activity of plain ZnO, in Chapter 4, the
groundwork for subsequent progress was laid, with significant advancements in the
ECR performance being recorded in the process. Heterostructured ZnO with d-block
metals was crafted in Chapter 5, yielding valuable insights into the function and
properties of such materials and providing crucial insights into their tunable properties.
Ultimately, the robust and stable ternary ZnCeAg-oxide was developed in Chapter 6,
marking a significant milestone in the pursuit of selective and stable ECR and a
breakthrough in the development of stable and efficient catalysts for CO: reduction.
Throughout this work, the transition was consistently made from fundamental
optimization and exploration of novel heterostructures to the ultimate development of
a highly stable and functioning ECR system. The scaled-up MEA of 100 cm? showcased
in Chapter 6, represents a critical step towards practical application. This demonstration
underscores the potential for large-scale implementation of our catalyst, highlighting its
significance in real-world ECR systems.

The overall significance of our work lies in its contribution to addressing the main
challenges in the field of ECR. By developing efficient and stable catalysts, we have
made significant progress in overcoming the crucial bottlenecks of selectivity &
stability, toward more sustainable and economically viable ECR systems.

In summary, this research has not only yielded valuable scientific insights but has also
made significant strides in addressing the pressing challenges in the field of CO;
reduction. The development of efficient Zn-based catalysts and the successful
demonstration of their practical utility marks a pivotal advancement in the quest for
sustainable CO; conversion technologies.
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Appendix A includes additional figures and data corresponding to
the experimental work presented in Chapter 4.

Figure Al: SEM images of all of the ZnO-based powder catalyst materials A.) ZnO-
NP, B.) ZnO-RS, C.) ZnO-NS, D.) ZnO-NR.
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Figure A2: XPS high-resolution spectra of O1s2, for the surface of all of the catalyst
materials.
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Figure A3: PEIS of the catalyst-loaded GDEs at ECR conditions, A.) At open-circuit
potential, OCV, B.) At the onset-potential of each catalyst, presenting the equivalent
circuit used for fitting.
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Figure A4: Contact angle of the as-prepared GDEs with the different morphology of
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Figure A5: XRD diffractograms of the ZnO-NR GDE after different ECR operation
conditions, exhibiting differences induced in the structure ZnO and Zn-metallic phase.
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Figure A6: SEM images and contact angle measurements of the ZnO-based GDEs after
ECR. Highlighted in blue, are the formed agglomerations of Zn/ZnO over the catalyst
layer, A.) SEM image of the ZnO-NR, B.) SEM image of the ZnO-NP, C.) SEM image
of the ZnO-NS, D.) SEM image of a blank GDE covered only with carbon black ink,
E.) contact angle measurements of the ZnO-based GDEs after ECR.

The changes over the surface morphology are attributed to ZnO agglomerations and
reconstruction during the ECR. Even though all the GDE exhibit ZnO agglomerations,
the ZnO-NR GDE has a more uniform catalyst surface. To assess how the different ZnO

98



initial morphology affects the agglomerate formation, the ECR was conducted at -160
mA cm? for 10 h. In the case of ZnO-NR GDE, the altered morphology exhibits an
even catalyst layer with no agglomerations. The SEM images of Figure A6B&C, for
the ZnO-NP and ZnO-NS GDEs respectively, exhibit large agglomerations, highlighted
in blue, that undermine the performance. These agglomerations are attributed to
formations of the Zn-metallic and Zn(OH). phase, correlated to the data presented in
Figure AS.
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Figure A7: Energy Efficiency for CO production EEco, comparison of the ZnO-NR
GDE and the Ag-GDE, each of the same 1 mg cm™ loading, in the MEA cell.
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Figure A8: Performance comparison of the ZnO-NR GDE and the Ag-GDE, with the
same 1 mg cm? loading each, in the MEA cell: A.) FE towards CO at different current
densities, B.) Polarization curves, exhibiting the partial current density towards CO, jco
of these GDEs.
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Figure A10: Cyclic-Voltammetry profile for the ZnO-NR and Ag-NP GDE:s in the
MEA system. A.) initial CVs of the Ag-GDE and the ZnO-NR GDE, B.) Cyclic-
Voltammetries on the ZnO-NR GDE, at different oxidation potential windows,
representing the different parameters for the periodical oxidation operation, CV1 and

Cv2.
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Figure All: Post-mortem Cyclic-Voltammetry of the ZnO-NR by applying our

oxidation strategy during long-term ECR. And comparison with the initial Cyclic-
Voltammetry of the ZnO-NR GDE.

Figure A12: SEM images of the as-prepared catalyst-loaded GDEs, A.) ZnO-NP GDE,
B.) ZnO-RS GDE, C.) ZnO-NS GDE, D.) ZnO-NR GDE.
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Figure A13: The Cyclic-Voltammetries for the assessment of the Cqi for each of the
catalyst-loaded GDE with scan rates among 7.5-100 mV sec™': A.) ZnO-NP, B.) ZnO-
NR, C.) ZnO-NS, D.) ZnO-RS.
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Appendix B includes additional figures and data corresponding to
the experimental work presented in Chapter 5.
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Figure B1: Physical characterizations of the d-block metals heterostructured ZnO-
based catalyst materials, A.) SEM images of the different powders, B.) High-resolution
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A)

j (mA cm?)

oxygen-XPS of the pristine catalyst powders, C.) High-resolution Zn-2p3 XPS of the

pristine catalyst powders.
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Figure B2: Polarization curves of the catalyst-loaded GDEs. The measurements were

conducted in the flow cell in 1 M KOH. A.) Performance at CO; feed 20 sccm creating

ECR favoring environment, B.) Performance at N> feed 20 sccm creating HER favoring

environment.
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Figure B3: Contact angle of catalyst-coated GDEs. Measured under static conditions,

at room temperature using DI water droplet.
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The contact angle of the GDEs’ reveals similar hydrophobic environments for
all the different catalyst materials. The catalyst-loaded GDEs present a lower contact
angle in contrast with the blank sample, of a GDE coated with carbon black ink, the
latest is related to a stronger affinity of ZnO and the d-block metals with the H>O.
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Figure B4: N physisorption isotherms and specific surface area (SSAs) of the prepared

materials.
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Figure B5: Pourbaix diagrams of the catalyst materials at room temperature A.) Fe-

Zn0, B.) Co-ZnO, C.) Ni-ZnO, D.) Cu-ZnO, E.) ZnO.
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Figure B6: SEM-EDX images of the cross-section of the ZnO and Cu-ZnO GDEs
before and after long-term ECR. A.) Zn mapping of the pristine ZnO GDE, B.) Zn
mapping of the ZnO GDE after the test, C.) Zn mapping of the pristine Cu-ZnO GDE,
D.) Cu mapping of the pristine Cu-ZnO GDE, E.) Zn mapping of the Cu-ZnO GDE
after the test, F.) Cu mapping of the Cu-ZnO GDE after the test, G.) SEM and EDX of
the catalyst layer of the as-prepared Cu-ZnO GDE.
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Figure B7: The SEM images of the catalyst-loaded GDEs, after the long-term, LT,
testing at -1.4 Vrug. The experiments were conducted under our usual ECR conditions

in Flow-Cell configuration, in I M KOH.

109



The SEM images of the GDEs after the long-term run show more details about
the decay process of the catalyst layer. Marked in the blue lines the observed aggregates
and precipitants formed over the GDE’s catalyst layer. The ZnO-GDEs exhibit
aggregates of the ZnO material that undermine its active surface. The diffused and
extended agglomeration of the catalyst material is more evident in the case of the Ni-,
Fe-, and Co-doped ZnO-GDEs. The uneven and degraded morphology of the final
surface shows that the performance of the GDE has degraded. Finally, rod-like
structures can be seen penetrating the surface of the Cu-ZnO GDE. This is attributed to
the formation of potassium carbonate precipitates on the catalyst layer. The impaired
hydrophobicity of the surface is responsible for the extensive formation and deep

penetration of the precipitates.
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Figure B8: The SEM images of the pristine catalyst-loaded GDEs. The contrast
indicates the uniform distribution among the oxide-based and the carbon-black

particles.
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The SEM images of the initial GDEs, in Figure B8, show a uniform catalyst
layer. Only in the case of Fe-ZnO GDEs, the formation of Fe-ZnO agglomerates is

observed. The higher magnification shows a good distribution of the ZnO-based
nanoparticles for all of the catalyst-loaded GDEs.
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Figure B9: The Cyclic Voltammetries obtained for scan ranges of 20-100 mV sec™..
Measurements were conducted in 0.1 NaClO4 Ar saturated in H-Cell configuration. a.)

ZnO GDE, b.) Ni-ZnO GDE, c.) Co-ZnO GDE, d.) Cu-ZnO GDE, e.) Fe-ZnO GDE.
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Figure B10: Response of total current density j and faradaic efficiency FEco during the
stress test of constant potentiostatic conditions of -1.4 Vrue. A.) Stability of the ZnO
GDE, B.) Stability of the Co-ZnO GDE, C.) Stability of the Ni-ZnO GDE, D.) Stability
of the Fe-ZnO GDE, E.) Stability of the Cu-ZnO GDE.

A practical approach of the available active sites and the TOF for CO, TOFco, of the

catalysts was calculated using the following formulas:

Nxm
S Mcat

H=A
1L = concentration of active sites [cm™].

_ Cdlcat

= Cdlzno” where Cqi is the double layer capacitance as calculated by the ECSA.

S
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The Asratio describes the total available catalytic centers over the materials surface, in
relation with the standard ZnO catalyst.

N = Na the Avogadro number, 6.023+10% [atoms moles™'].

m = the loading of the catalyst material over the GDE, 0.8 mg cm™.

Mcat = the molecular weight (MW) of the catalyst [g mol™'].

For the composite materials composed of ZnO and metal-oxide, MO), phases, their

molecular weight is calculated: Mcat= 0.8MWzy0 + 0.2MWno.

Jco

TOFco=

nxexu
TOFco = turnover frequency (TOF) for CO [s].

Jco = partial current density for CO at -1.2 Vrue overpotential.
1L = concentration of active sites [cm™].

n = the number of e required for the CO formation, 2¢".

e = the elementary charge, 1.602:107° C.

Information about the microstrain was provided through the following formula:

B

c=
4xtanf

€ = micro strain value (%) in the crystalline field of the ZnO phase.
B = is the line broadening at FWHM in radians, Gaussian fitted peak.
0 = the Bragg’s angle in degrees, half of 26.

The diameter of the crystallites was calculated using the Bragg’s law:

_ K#*A
B*cosO

D = crystalline diameter (nm).

B = is the line broadening at FWHM in radians.
6 = the Bragg’s angle in degrees, half of 26.

K = diffraction order, 0.94

A = radiation wavelength, 1.5406 A.

The effect of the different phases on the € of the ZnO phase was assessed over the ZnO-
wurtzite peak of 56.8°. The diffractogram’s peak overlap of the different phases with
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the ZnO and the altering of the crystalline grain size, D, made the e estimation

inaccurate at different 20 values.

Table B1: Values of the catalysts’ microstrain for the ZnO peak of 56.8°.

Catalyst 20 B D £(1073)
ZnO 56.8 0.32351 29.15 2.61
Cu/ZnO 56.74 0.35082 26.88 2.83
Co/ZnO 56.64 0.46172 22.61 3.37
Ni/ZnO 56.72 0.37285 25.29 3.01
Fe/ZnO 56.84 0.87233 20.81 6.03

Table B2: Values of the catalysts’ intrinsic catalytic properties.

Catalyst MW Jco p TOFco
ZnO 81.38 -101 9.83+10" 0.32
Cuw/ZnO 81.01 -120 8.77+10" 0.41
Co/ZnO 113.26 -81 6.59+10" 0.215
Ni/ZnO 80.09 -64 11.41 «10" 0.176
Fe/ZnO 97.04 -60 13.51 107 0.142
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Appendix C

The content of the Appendix C is a product of an already published scientific work. The
content of which is reproduced for the purposes of this Thesis and under permission of
the corresponding Journal.

Ilias Stamatelos, Fabian Scheepers, Joachim Pasel, Cao-Thang Dinh, Detlef Stolten,
Applied Catalysis B: Environment and Energy,Volume 353,2024,124062,
ISSN 0926-3373
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Appendix C includes additional figures and data corresponding to
the experimental work presented in Chapter 6.
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Figure C1. Graphical representation of the two different synthesis approaches of the
Zn-Ce oxide catalysts. (a) Gradual co-precipitation of the precursor salts results in the
ZnO and CeOs nanoparticles of 5 nm being closely packed; (b) sequential precipitation
results in a structured architecture, cs, with ZnO as the outer layer.
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Figure C2. Survey XP specters of the c¢sZnCel0, cpZnCelO catalysts, and the
Ag@csZnCel0 and Ag@cpZnCel0 catalyst powders.
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Figure C3. Performance of the ECR of the catalyst-loaded GDEs with CP samples for
different Ce contents in the MEA system. (a) Faradaic efficiency of the cpZnCe5-GDE;
(b) Faradaic Efficiency of the cpZnCe20-GDE; (c) Faradaic Efficiency of the
cpZnCel0-GDE; (d) polarization curve, exhibiting the partial current density for the
CO jco of the different catalyst-loaded GDEs.
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Figure C4. Performance of the ECR of the catalyst-loaded GDEs with CS samples for
different Ce contents in the MEA system: (a) Faradaic efficiency of the csZnCe5-GDE;
(b) Faradaic efficiency of the c¢sZnCe20-GDE; (c) Faradaic efficiency of the
¢sZnCel0-GDE; (d) polarization curve, exhibiting the partial current density for CO
jco of the different catalyst-loaded GDEs.
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Figure C5. SEM and EDX characterization of the Zn—Ce oxide catalyst. (a) SEM image
of the cpZnCel0 powder; (b) EDX of the O-spectra of the cpZnCel0 powder; (c) EDX
of the Zn-spectra of the cpZnCel0 powder; (d) EDX of the Ce-spectra of the cpZnCel0
powder; (¢) SEM image of the csZnCel0O powder; (f) EDX of the O-spectra of
thecsZnCe10 powder; (g) EDX of the Zn-spectra of the csZnCe10 powder; (h) EDX of
the Ce-spectra of the csZnCe10 powder.
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Figure C6. Structural and optical characterization of the catalyst-loaded GDEs after the
long-term ECR electrolysis, csZnCel0 LT and cpZnCel0 LT respectively. (a) SEM
image of the cpZnCel0_LT-GDE; (b) EDX image of the csZnCel0 LT-GDE; (c) high
magnification SEM image of the cpZnCel0 LT-GDE; (d—f) HRTEM images of the
catalyst from cpZnCel0_LT-GDE; (g) SEM image of the csZnCel0 LT-GDE; (h)
HRTEM images of the catalyst from csZnCel0 _LT-GDE; (i) XRD diffractogram of
the catalyst-loaded GDEs post-mortem.
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Figure C7. Structural and morphological characterization of the synthesized catalyst
powders. (a) SEM image of the Ag@csZnCe10 catalyst powder; (b) EDX image of the
Ag@csZnCel0 catalyst powder; (¢) SEM image of the Ag@cpZnCelO catalyst
powder; (d) EDX image of the Ag@csZnCel0 catalyst powder.
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Figure C8. Performance for the ECR for the Zn—Ce—Ag ternary oxide with different
Ag quantities. The CP catalyst was covered with a different amount of Ag. The catalyst
was loaded on the GDEs and tested in the MEA system. (a) Faradaic efficiency of the
Ag@cpZnCel0 GDE; (b) Faradaic efficiency of the 10%Ag@cpZnCel0 GDE; (c)
Faradaic efficiency of the 20%Ag@cpZnCel0 GDE; (d) Faradaic efficiency of the
30%Ag@cpZnCel0 GDE; (e) polarization curve exhibiting the partial current density
for the CO jco of the different catalyst-loaded GDEs.
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Figure C9. Electrochemical characterizations of catalyst-loaded GDEs. The
experiments were conducted in a flow cell electrolyzer in order to focus on the
characteristics of the catalyst (cathode). (a) PEIS of the cpZnCe10 catalyst covered with
different amounts of Ag; (b) PEIS of the optimized cpZnCel0 and csZnCe10 catalysts
and of the optimized Ag@cpZnCel0 and Ag@csZnCel0 GDEs; (c) electrochemically-
active surface area (ECSA) of the optimized binary- and ternary-oxide catalyst-loaded
GDEs; (d) Tafel slopes of the optimized binary- and ternary-oxide catalyst-loaded
GDEs.
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Figure C10. ECR performance of catalyst-loaded GDEs of 1 mg cm™, in an MEA
electrolyzer. (a) FEco of the Ag@ZnO nanoparticles with 2 % Ag; (b) FEco of the
Ag@ZnO nanoparticles with 5 % Ag; (c) FEco of the Ag@ZnO nanoparticles with 10
% Ag; (d) FEco of the Ag@CeO: nanoparticles with 5 % Ag; (e) polarization of the
catalyst loaded GDEs in terms of partial current density for CO jco.

126



Figure C11. Morphological characterization of the catalyst powders. (a) SEM image
of the Ag@csZnCel0 catalyst powder; (b) EDX images of the Ag@csZnCel0 catalyst
powder; (c) SEM image of the Ag@cpZnCelO catalyst powder; (d) EDX images of the
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Ag@cpZnCel0 catalyst powder; () SEM image of the CeO> powder; (f) post-mortem
SEM image of the CeO»~GDE after 100 h at 200 mA c¢m™ in the MEA, used to observe
the morphology alteration of the CeO; phase; (g) post-mortem SEM image of the
Ag@csZnCel0—GDE after 100 h of ECR in the MEA; (h) post-mortem EDX images
of the Ag@csZnCel0—GDE after 100 h of ECR in the MEA; (i) post-mortem SEM
image of the Ag@ZnO-GDE after 30 h of ECR in the MEA; (j) post-mortem EDX
images of the Ag@ZnO-GDE after 30 h of ECR in the MEA.
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Figure C12. Structural characterization of the CeO»- and ZnO-loaded GDEs after long-
term ECR electrolysis in the MEA. The samples were used to observe the structural
alteration of each phase without them interacting. (a) XRD diffractograms of the
catalyst-loaded GDEs after long-term ECR electrolysis; (b) high-resolution cerium
Ce3d5 XPS of the CeO2—GDE after 200 h of electrolysis.
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Figure C13. Illustration of the experimental set-up. (a) Image of the small-scale MEA
of 2 cm? active area and large-scale MEA (100 cm? active area); (b) image of the
catalyst deposition process, spray-coating, of the GDE in the automated spray-coater;
(c) cell architecture of the large-scale MEA with 100 cm? active area.
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Figure C14. Electrochemical characteristics of the large-scale MEA. (a) Polarization
curves of the cell at different temperatures; (b) Galvanostatic Impedance Spectroscopy
(GEIS) of the MEA at 20 mA cm™ at different temperatures; (c) GEIS of the large-scale
MEA before and after the 200 h ECR, at room-temperature; (d) mechanical pressure
distribution over the active area of the 100 cm?* MEA.
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(b)

Figure C15. Post-mortem SEM and EDX images of the Ag@cpZnCel0 GDE after 200
h of ECR electrolysis in the large-scale MEA. (a) SEM image of the catalyst layer; (b)
EDX images of the catalyst layer; (c) EDX image of potassium over the catalyst layer.
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Figure C16. Cyclic Voltammetries (CVs) of the optimized binary- and ternary-oxide
catalyst materials. The CVs were measured in a half-cell set-up. (a) csZnCel0 catalyst;
(b) cpZnCel0 catalyst; (c) Ag@csZnCel0 catalyst; and (d) Ag@cpZnCelO catalyst.
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Table C1. Elemental composition of all of the catalyst powders synthesized. The
concentration (%) of each element was determined using ICP-OES.
Sample Zn (%) Ce (%) Ag (%)
cpZnCe5 70.8 6.7 -
cpZnCel0 64.7 13.8 -
cpZnCe20 54.1 19.9 -
csZnCe5 71.4 6.5 -
csZnCel0 65.4 10.1 -
csZnCe20 54.8 19.5 -
Ag@cpZnCel0 61.3 9.7 6.5
10Ag@cpZnCel0 549 10.8 12.7
20Ag@cpZnCel0 47.2 15.8 21.8
30Ag@cpZnCel0 36.2 20.4 31.1
Ag@csZnCel0 64.8 6.9 6.5
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