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Kurzfassung’

Die atmosphirische CO,-Konzentration ist in den letzten Jahrzehnten aufgrund der vom Menschen
verursachten Emissionen dramatisch angestiegen, was den Anstieg der Erdtemperatur um mehrere
Grad zur Folge hat und das Klima signifikant verindert. Um die katastrophalen Folgen des
Klimawandels einzuddmmen, miissen CO,-Emissionen drastisch reduziert werden und zusétzlich
eine CO,-Okonomie aufgebaut werden. Diese kiinstliche CO,-Okonomie umfasst die CO,-
Riickgewinnung aus der Atmosphire, dessen Speicherung, den Transport und die Nutzung von
CO;. Die elektrochemische CO,-Reduktion ist in diesem Zusammenhang eine vielversprechende
Technologie, da sie das Recycling von CO, mithilfe von griinem Strom ermoglicht und mit CO,
als Ausgangsstoff fiir Synthesen einen Beitrag zur Defossilisierung der chemischen Industrie und
anderer Industriezweige leisten kann. Allerdings befindet sich die technische Umsetzung noch
stark im Forschungsstadium und nur wenige Beispiele haben bisher eine hohe Technologiereife
erreicht. Dies liegt unter anderem an den hohen Uberpotentialen, geringer Produktselektivitit und
einem unvollstdndigen Verstindnis der Wechselwirkungen zwischen den ablaufenden Prozessen
bei der Untersuchung von Katalysatormaterialien und Elektrolytauswahl, sowie beim Betrieb
und Design technischer Elektroden. All dies erschwert eine wissensbasierte Optimierung der
Technologie und deren Scale-Up.

Diese Dissertation untersucht den Einfluss von Betriebsbedingungen und Elektrodendesignpa-
rametern an planaren Elektroden und Gasdiffusionselektroden und liefert detaillierte Einblicke in
die lokalen Zustinde innerhalb dieser Systeme durch umfassende physikochemische, dynamische
Modellierung von Reaktionskinetik, Stoff- und Ladungstransport.

Zunichst werden die Unterschiede in der Leistung, d.h. im Elektrodenpotential und in der
Produktselektivitit, zwischen dynamischer und stationidrer Analyse an planaren Silberelektro-
den unter kontrollierten Transportbedingungen aufgeklidrt. Die Unterschiede resultieren aus
langsamem Transport und Karbonatreaktionen, die zu einer zeitabhiangigen CO,-Verarmung und
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Kurzfassung

Elektrolytpufferung fithren. Der dynamische Betrieb verbessert die faradaysche Effizienz, in-
dem er das Gleichgewicht der Karbonatreaktionen verschiebt und den elektrochemischen CO;-
Verbrauch gegeniiber dem chemischen Verbrauch begiinstigt. Durch die Aufkldrung der Unter-
schiede zwischen dynamischem und stationdrem Betrieb trigt diese Forschung zum Verstédndnis
der Prozesse wihrende der elektrochemischen CO,-Reduktion bei, bietet Methoden zur Identi-
fizierung von Transportlimitierungen durch dynamische Messungen und liefert wichtige Hinweise
fiir treffendere Leistungsbewertungen.

Der zweite Teil konzentriert sich auf die Optimierung der Leistung von planarer Silberelektro-
den durch Hinzufiigen einer UiO-67-Beschichtung, einer metallorganischen Geriistverbindung.
Die Faradaysche Effizienz fiir die CO-Produktion steigt durch die Beschichtung von 0% auf
67% bei —0.6V vs. RHE und von 48% auf 90% bei —1.2V vs. RHE, wobei eine Fara-
daysche CO-Stromdichte von —11.5 mA cm~2 erreicht wird. Simulationen decken auf, dass
diese Steigerung der Leistung hauptsichlich durch die Erhéhung der lokalen CO, Aktivitét resul-
tierend aus der hohen CO,-Speicherkapazitit des MOFs erreicht wird und zustétzlich durch die
selektive Verbesserung des CO, Transports in der pordosen UiO-67 Struktur.

Um die erreichbaren Stromdichten der elektrochemischen CO,-Reduktionin weiter zu erhGhen,
werden in technischen Setups in der Regel Gasdiffusionselektroden eingesetzt. Diese ermdglichen
durch die Schaffung eines Dreiphasensystems aus Katalysator, Gas- und Fliissigphase eine bessere
CO,-Versorgung, fithren aber auch zu einem komplexeren Gesamtsystem. Experimentelle Vari-
ationen des Elektrodendesigns und der Betriebsparameter in Kombination mit makrokinetischer
Modellierung identifizieren die kritischen Faktoren zur Optimierung der Faradayschen Effizienz
von CO. Dabei zeigen sich besonders grofle Gas-Fliissig-Grenzflichen, kurze Fliissigkeitstrans-
portwege und ein optimaler PTFE-Gehalt als entscheidend. So verdoppelt beispielsweise ein
Uberdruck von 40 mbar auf der Gasseite die CO-Faradaysche Effizienz bei 200 mA cm~2,
wihrend diinne Elektroden eine bessere Versorgung mit CO, und frischem Elektrolyt erméglichen.
Diese Erkenntnisse erlauben die gezielte Anpassung von Elektroden- und Betriebsparametern, um
Gas- und Fliissigkeitsverteilung zu optimieren und kohlenstofffreie Gasdiffusionselektroden fiir
CO,-Reduktion als wettbewerbsfihiges Design zu etablieren.

Diese Arbeit nutzt modellbasierte Ansitze, um limitierende Prozesse in verschiedenen Elektro-
denkonfigurationen aufzudecken und Optimierungsstrategien vorzuschlagen, um die Leistung der
elektrochemischen CO,-Reduktion an Silberkatalysatoren zu verbessern und damit einen Beitrag
zur Weiterentwicklung der Technologie zu leisten. Fiir zukiinftige Studien besteht die Moglichkeit,
die entwickelten Modelle um weitere Zellkomponenten zu erweitern und so Einfliisse, beispiel-
sweise der Gegenelektrode oder der Membran, zu untersuchen. Ebenso ist eine Ubertragung
der entwickelten Methoden auf andere Katalysator- und Elektrolytkombinationen denkbar. Zu-
dem wire die Untersuchung des Langzeitbetriebs der betrachteten Systeme im Hinblick auf eine
technische Umsetzung von gro3em Interesse.
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Abstract

Atmospheric CO, concentrations have dramatically increased in recent decades due to anthro-
pogenic emissions. Mitigating climate change requires not only reducing CO, emissions but
also establishing dedicated CO, infrastructures for carbon capture, storage, and utilization. Elec-
trochemical CO, reduction is a promising technology within this area, enabling CO, recycling
using green electricity and defossilizing the chemical and other industries by using CO, as a
feedstock for synthesis. However, its technical application is still pending. This is partly due
to the system’s high overpotentials, low product selectivity, and an incomplete understanding
of the interactions of key processes during the investigations of catalyst and electrolyte system.
Moreover, there is an incomplete understanding of the operation of technical electrodes and the
selection and effects of operating and electrode design parameters. All these aspects significantly
hinder knowledge-based optimization of the technology and its scale-up.

This thesis investigates the effects of operating conditions and electrode design parameters at
planar and gas diffusion electrodes, providing detailed insights into local states within these sys-
tems through comprehensive physicochemical modeling of reaction kinetics, species and charge
transport.

Firstly, the study explains performance discrepancies between dynamic and steady-state anal-
yses of planar silver electrodes under controlled transport conditions. These differences arise
from slow transport and carbonation processes, leading to time-dependent CO, depletion and
electrolyte buffering. Dynamic operation enhances Faradaic efficiency by the equilibrium shift
of carbonate reactions, favoring electrochemical CO, consumption over chemical consumption.
By clarifying the differences between dynamic and stationary operation, this research advances
the understanding of electrochemical CO, reduction processes, offers methods for identifying
transport limitations via dynamic measurements, and provides guidelines for more accurate per-
formance assessment.

The second part investigates the performance enhancement of planar silver electrodes using a
UiO-67 metal-organic framework coating. The Faradaic efficiency for CO increases from 0% to
67% at —0.6 V and from 48% to 90 % at —1.2 'V vs. RHE, reaching a partial CO current density
of —11.5mA cm 2. Simulations reveal that the improvement mainly arises from enhanced local
CO, activity due to CO, uptake within the MOF, while a secondary contribution results from a
selective improvement in CO, transport.
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Abstract

For an improvement of the system to reach higher absolute current densities, gas diffusion elec-
trodes are usually used in technical setups. They create a three-phase system consisting of the
catalyst, a gas and liquid phase, which results in a better CO, supply due to shortening of the CO,
pathway to the catalyst surface. However, this also introduces greater complexity to the overall
system. In the following, experimental variations in electrode design and operating parame-
ters, combined with physicochemical modeling, identify critical factors for optimizing Faradaic
efficiency toward CO at high current densities. Results highlight the importance of a distinct
gas/liquid interface and short liquid transport distances in carbon-free electrodes. Increasing
overpressure on the gas side by 40 mbar doubles the Faradaic efficiency for CO at high current
densities of 200 mA cm~2, attributed to elevated local CO, concentrations in electrolyte-flooded
regions. Furthermore, thin electrodes prove advantageous, yielding higher Faradaic efficiency for
CO compared to thicker electrodes due to shorter transport distances, enhanced CO, supply, and
improved fresh electrolyte transport, which reduces local pH. An optimal PTFE content minimizes
the blockage of active surface area while maintaining sufficient hydrophobicity to stabilize the
gas-liquid boundary. These insights enable tuning of electrode properties and operating conditions
to optimize gas and liquid distribution, accelerating the improvement of carbon-free gas diffusion
electrodes for CO, reduction and establishing competitive designs for future applications.

This work employs model-based approaches to uncover limiting processes in various electrode
configurations and propose optimization strategies to enhance the performance of electrochemi-
cal CO, reduction at silver catalysts, contributing to the development of an efficient and scalable
technology. The developed models can be further expanded to incorporate additional cell compo-
nents, allowing the study of interactions and influences of the counter electrode and membrane.
Furthermore, their application to other electrolyte and catalyst combinations is conceivable. In
addition, evaluating long-term operation and its impact on the investigated systems and operating
conditions would be highly valuable with respect to their technical implementation.
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1 Introduction

1.1 Motivation and purpose

The concentration of carbon dioxide has been increasing exponentially over the past decades due
to anthropocentric emissions, reaching 422 ppm in 2024 (Figure 1.1A).!"! This drastic increase
in CO, has dramatic consequences for the climate and the environment. Thus, 2024 is the first
calendar year that the average global temperature exceeded 1.5 °C above its pre-industrial level.
Global warming and the acidification of the oceans trigger rising sea levels, polar ice cap melting,
an increase in extreme weather events, desertification, and biodiversity loss. To mitigate the risks
and impacts of the climate crisis, the Paris Agreement set the goal of "holding the increase in the
global average temperature to well below 2 °C above pre-industrial levels and pursuing efforts to
limit it to 1.5 °C".?] Achieving this target requires a net-zero emissions strategy, which involves
balancing greenhouse gas emissions, primarily CO,, with their removal from the atmosphere by
2050. This goal can only be realized through a significant reduction in CO, emissions and the
development of a robust carbon dioxide infrastructure for carbon capture, storage, transportation,
and utilization, particularly to address hard-to-abate emissions.

Carbon capture and storage technologies enable the capture of CO, from exhaust gas streams or
directly from the atmosphere. This can be achieved through, e.g., chemical or physical adsorption
or membrane processes included in a pre- or post-combustion process.!*! Subsequently, the cap-
tured CO, is stored long-term in geological formations such as deep saline aquifers or depleted oil
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Figure 1.1: (A) Global atmospheric carbon dioxide concentration over time compared to annual CO; emissions [l and
(B) scheme of CO», life cycle via electrochemical CO» reduction.



1 Introduction

and gas reservoirs. However, the selection of storage sites remains controversial due to potential
environmental impacts and competition with other applications, such as geothermal energy. In
addition, the storage of CO; is not economically attractive.

CO; utilization complements the CO, economy by converting purified CO, into value-added prod-
ucts. These technologies are not strictly negative-emission technologies, as their effectiveness
depends on the lifetime of the product in which the CO, is stored. Nevertheless, CO, utilization
allows for the use of CO, as a carbon source, defossilizing the chemical industry, and closing
the CO,; life cycle. Target products can be synthesized using thermocatalytic, photochemical,
biochemical, electrochemical, and hybrid methods.* !

Electrochemical CO, reduction (CO,R), which employs electrocatalysis to convert CO, into
valuable chemicals (Figure 1.1B), is a promising approach in CO; utilization. Depending on the
catalyst material, reaction environment (e.g., pH or presence of ions), and process conditions, a
variety of products can be generated, including carbon monoxide, formic acid, ethanol, methane,
or ethylene. The advantages of electrochemical CO, reduction include moderate operating con-
ditions under ambient pressure and temperature, the direct use of electricity as an energy source,
and non-toxic solvents and by-products.

Despite its potential, this technology remains at the stage of fundamental research and pilot-scale
implementation. Electrocatalysts often operate at high overpotentials to achieve acceptable reac-
tion rates, while Faradaic efficiency and energy efficiency toward desired products remain low.
Electrochemical catalysis of CO;, to CO on silver is still one of the more promising reaction
systems, with a Faradaic efficiency of 60% to 90% and an energy efficiency of approx. 10% to
50%.16 71 The reason for the observation of low Faradaic efficiencies is that the CO,R constantly
competes with other side reactions and processes, such as the hydrogen evolution reaction (HER),
mass transport limitations, and the change in local conditions (e.g., pH fluctuation and concentra-
tion gradients). Advancing this technology requires the further development of improved catalyst
materials and electrode designs, along with the identification of optimal operating conditions, to
enable commercialization and scale-up.

The objective of this thesis is to investigate electrochemical CO,R on silver-based electrodes using
model-assisted methods. The aim is to understand the impact of transport and reaction processes
at and within the electrodes on performance and identify limiting factors under defined operating
conditions. This helps enhance both the energy efficiency and the Faradaic efficiency of the target
product in this system.



1.2 Scope and structure

1.2 Scope and structure

This thesis investigates electrochemical CO,R on silver-based electrodes in aqueous electrolytes
to convert CO, into CO with experimental and especially model-based methods.
The main research questions are:

* Which influence does potential, local pH value, and CO, concentration have on the current
density and product distribution of the CO,R?

¢ To what extent do intermediates and carbonation reactions influence the electrode behavior
and performance of CO,R?

» To what extent does dynamic analysis provide a deeper insight into the processes taking
place?

* How do the position of the phase boundary and the electrolyte distribution in gas diffusion
electrodes influence the local reaction state and electrode performance?

The following chapter introduces the fundamentals of electrochemical systems, including fun-
damental principles of describing electrochemical reaction kinetics, species transport, phase
interfaces, and key performance metrics used to evaluate system efficiency. This is followed by
insights into experimental methods for electrochemical analysis, which are used in this work for
the experimental characterization of CO,R. Fundamentals of CO,R are introduced by focusing on
the general reaction network. This is followed by a brief discussion of the impact of electrolytes
and an overview of existing electrode and cell designs. The latter part of the chapter provides a
review of the state-of-the-art deterministic modeling of electrochemical CO, reduction.

The third chapter compares dynamic and stationary analyses of CO, reduction on planar silver
electrodes under controlled mass transport conditions. The study includes the model-based anal-
ysis of cyclic voltammograms and polarization curves on silver rotating disk electrodes.

The fourth chapter demonstrates the potential for enhancing performance by modifying the
surfaces of planar silver electrodes with metal-organic framework coatings. Physico-chemical
simulations were employed to elucidate the underlying mechanisms responsible for the observed
improvements in Faradaic efficiency and current density.

The fifth chapter presents a study on silver gas diffusion electrodes with a focus on understanding
the effects of operating and electrode parameters on half-cell performance. Through systematic
variation of electrode thickness, gas-side overpressure, and PTFE content in the electrode, both
experimentally and via simulations, the main factors contributing to performance limitations are
identified.

The thesis concludes with a summary of the main findings from each chapter, deriving key insights
and offering an outlook on future research.






2 Fundamentals

2.1 Fundamentals of electrochemical systems

Electrochemical systems are fundamental to a wide range of technologies that convert chemical
energy into electrical or vice versa. They encompass diverse fields of applications such as
energy storage (batteries), energy conversion (electrolyzer, fuel cell), and the electrosynthesis of
value-added chemicals. What these systems have in common is the coupling of charge-transfer
reactions at electrode/electrolyte interfaces with ionic transport through the electrolyte and a
separate electron conduction within the electrodes.

The performance of an electrochemical system is often governed by the interplay between reaction
kinetics, transport effects, as well as the formation of phase interfaces and interfacial phenomena.
The following section explains the fundamentals used to describe these processes, which are
relevant to electrochemical systems in general and are applied in this work.

2.1.1 Reaction kinetics

The starting point for describing electron transfer processes is a one-step transfer reaction at the
electrode surface, where oxidized (Ox) and reduced species (Red) exchange z electrons according
to:

voxOx 4+ 267 —— vReaRed. 2.1

with the stoichiometric coefficients of the species vox and vreq. A central equation used to
describe electron transfer kinetics is the Butler-Volmer equation, which expresses the exponential
relationship between current density j and the overpotential 7. The Butler-Volmer equation is

F —(1 - a)zF
J=Jo {eXp [(ﬁrﬁ} — exp [(Rﬁ)zn} } . (2.2)

given as:

The current density is an expression for the reaction rate of the electrochemical reaction, driven
by n as the driving force. The first term of Equation 2.2 corresponds to the anodic current density
Ja and the second term to the cathodic current density j. (Figure 2.1A). The degree of increase
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of each branch of the current density depends on the exchange current density jy and the charge
transfer coefficient a. Butler-Volmer kinetics normally only apply to elementary reactions that
involve a single step and one electron transfer with z = 1.

Different forms of the Butler-Volmer equation are used. A comprehensive overview is provided
by Dickinson et al.!®/ One expression, which makes the concentration dependence of the exchange
current density conceptually clear and uses the heterogeneous rate constant kg to describe the rate
of electron transfer, is:

. azF Vhed (1—a)zF Vo
j=Fz {k‘oﬁexp [RT”} HaRed — ko cexp [ } Ha 0 } 2.3)

where the product of activities of the reduced and oxidized reactants areq and aox, along with

their stoichiometric coefficients vgr.q and Vo, following the rate law of chemical reactions.

At equilibrium, when the anodic and cathodic currents are equal, the net current is zero. In

this state, the Butler-Volmer equation reduces to the Nernst equation by setting ng) = 0 and
oq = Beq — BV

[[aly RT

- (2.4)

E.,=E’+1n
A T

At the turn of large absolute values of 7, either the anodic or cathodic terms become negligible.
This simplifies Equation 2.2 for anodic term to:

azF
= 2.5
J = Joexp { RT } (2.5
and for cathodic term to: i oF
— )z
= —3 —nl. 2.6
J Joexp { RT 77] (2.6)

By taking the logarithm of these expressions, the Tafel equation is obtained:

azF
lg|j| = lgjo + 5 3RT77 (2.7
and (1 ) -
— )z
lolj| = lgjo — ~———2""p, .
glil = lgjo 53rT " (2.8)

This form is used to generate a Tafel plot, where j is plotted semilogarithmically against n. From
this plot, o can be easily determined from the linear slope, and j, from the y-axis intercept
(Figure 2.1B).
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Figure 2.1: (A) Current density-overpotential curve of electron-transfer reaction with o = 0.5 as a sum of cathodic
and anodic current density according to Butler-Volmer equation and current density-overpotential curve for
a = 0.3. (B) Tafel plot for electron-transfer reaction (o« = 0.5) with Tafel equation as the linear slope at
high values of |7|. Adapted from Hamann et al.l'l.

2.1.2 Species transport

However, many electrochemical systems deviate from Butler-Volmer behavior at high overpoten-
tials due to the influence of mass transport. This makes considering mass transport essential for
most systems. The following section describes the transport of charged and uncharged species
in dilute electrolyte solutions. The restriction to dilute solutions allows the neglect of species
interactions and the use of transport properties of the species independent of the local system
state.

The transport can be calculated by the Nernst-Planck equation. It describes the flux of the species
¢ N; by Fickian diffusion due to concentration gradient V¢;, by migration due to impact of an
electric field resulting in a potential gradient in the electrolyte —V ¢g, and by a convective term
due to the motion of liquid phase with the velocity v:

N, = —-D;Ve¢; —zu;Fe;Vor +cv 2.9)
~— e
flux diffusion migration convection

with the diffusion coefficient D; and the mobility u; as transport properties of the species <. In
dilute solutions, the mobility of the species can be estimated from the diffusion coefficients using
the Nernst-Einstein equation:

' 2.10
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2.1.2.1 Fickian diffusion

In general, diffusion is the transport of species due to a gradient in the chemical potential /.
N;aig = —LiV; 2.1

where L; is the coefficient of proportionality.'!! With the restriction that the gradient of the
chemical potential is only due to a concentration gradient, i.e., with ideal behavior and the
exclusion of e.g., temperature gradients, pressure gradients, or electrical potential gradients, the
chemical potential can be expressed by concentration in term of 1; = 9 +RTIn(~;¢;) and setting
activity coefficients y; to 1. This results in the most common form of the concentration-dependent

Fick’s law:
RTL;

i

Niaif = — Vei = —-D;Ve; (2.12)

where RT'L; /¢; can be replaced by diffusion coefficient D;. In addition to the spatial description
of the first law, Fick’s second law enables the temporal resolution of the transport process with
861' 8201'

5 =D (2.13)

Equation 2.13 represents the dynamic species balance including diffusive transport.

As an approximation, the ideal behavior of species, isothermal, and isobaric conditions can be
well assumed for most electrochemical systems, including CO,R, which supports the use of
concentration-dependent Fickian diffusion (Eq. 2.12).

2.1.2.2 Migration and electrolyte potential

In addition to diffusive transport, an electric field exists between the electrodes in the electrochem-
ical system, influencing the movement of charged species. Consequently, the transport equation
must be extended to account for this effect. The shown Nernst-Planck equation (Eq. 2.9) extends
the Fickian diffusion with a term for migrative transport expressed by an electric field E or by the
spatial gradient of potential V¢, applying electrostatics E = —V ¢.

Ni,mig == ziutiiE - —ziutiiV@; (214)
This describes the transport of ionic species in the electrolyte. The sum of ionic flux results in an

ionic current, which is equal to the electric current density j.

§=F> z(Niaier + Nimig) (2.15)

i=1
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Convective flow does not matter for the ionic current because convection transports positive and
negative charged species in the same way, resulting in zero net current. The species balance can
also be extended by a migrative term leading to

aCi
ot

= —V(—D,-Vci - ZZU,FQVQZ/)E) (216)

Besides the concentrations of each species, the gradient of potential in the electrolyte is unknown.
With n species balances and n+ 1 unknown state variables, there is an additional equation required
to close the equation system. There are some possibilities to create such a closing condition.

* Poisson The most straightforward and fundamental approach for calculating the potential
gradient is applying Poisson’s equation, which describes the potential generated by electric

charge density pe
12 F
V25 = _f — —;Zzici (2.17)
1

with € as the permittivity valid for a medium with constant permittivity.'?! This approach
enables the description of the charge separation in the electrical double layer next to the
electrode surface. In turn, this requires the local resolution of the EDL, which has a
total thickness of between 1 and 10 nm. Most macroscopic models do forgo such a low
local resolution for computational time reasons, which is why other closing conditions are
common.

* Electroneutrality Charge separation in the electrolyte is only present in the small area
of the EDL. In the diffusion layer and electrolyte bulk, electroneutrality is given. This
is because any spatial separation of charge carriers generates strong electrostatic forces
that counteract further separation. Consequently, charge separation can only persist at the
electrode/electrolyte interface, where the approach of charged species to the electrode is
limited by their hydrated molecular radius. Therefore, relevant charge separation exists
only within the EDL, justifying the common assumption that the electrolyte solution is
locally electroneutral:

pe=FY ¢z =0, (2.18)

valid for electrolyte bulk, membranes, and the diffusion layer, but not for the EDL. The
EDL in these models is considered as a rapid potential drop without spatial resolution. In
the case of Equation 2.18 as a closing condition, V¢g is not explicitly mentioned. To do
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so, electroneutrality can be included in the Nernst-Planck equation (Eq. 2.9), leading to a
differential-algebraic system:

> zFVN; = -V #EDi Ve — Y zFD;Ve;| =0 (2.19)
izz i - RT (& E izz iVCi| = .

which can be used as a so-called hidden constrain.!!?!

* Charge conservation Charge neutrality can also be enforced by setting the divergence of
7 to zero:
V-.j=0. (2.20)

This means that there are no sinks or sources of net current in the electrolyte resulting in
equal transport of negative and positive ions. This closing condition is often referred to as
charge conservation. Combining this with the equation of ionic current (Eq. 2.15) leads to

V ] == V - | F Zzi(Ni’diﬂr + Ni,mig) =0. (221)

This can be reformulated to an equation to calculate V ¢g explicitly

V- (oVee) + F > 2V(DiVe;) =0 (2.22)

zi2 D;
i RT
obviously identical to the hidden constraint of electroneutrality (Eq. 2.19). This means that

with the local ionic conductivity of the electrolyte o = F2 ¢;. This equation is

the condition derived from electroneutrality is also accompanied by conservation of charge.

2.1.2.3 Stefan flow

The last term in the Nernst-Planck equation (Eq. 2.9) describes convective transport, which results
from gradients in density or an external flow field. Given its relevance in the gas diffusion models
of CO, reduction, the fundamentals and assumptions of Stefan flow as a form of convective
transport are described.

The phenomenon of general two-sided diffusion, or one-sided diffusion in a particular case,
occurs at interfaces that are semi-permeable allowing only specific species from a mixture to pass
through. Examples include gas/liquid phase boundaries where species have very different vapor
pressures or interfaces with sink or source terms due to chemical or electrochemical reactions.
Anillustrative example is a gas/liquid interface in a binary mixture where component A evaporates

10
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and an inert component B exists solely in the gas phase, unable to condense (Figure 2.2). This
example represents one-sided diffusion, where the phase transition occurs in only one direction.
As component A evaporates, a stationary diffusion flux, Ny gifr, occurs due to the gradient between
the partial pressure of A at the phase boundary p} and the partial pressure in the gas bulk pIk.
Assuming constant total pressure p along the local coordinate x, a diffusion flux Np gi towards
the phase boundary also forms for the inert component B. However, since no sink term for B
exists here and accumulation of B is not expected, a convective flux Np cony is introduced that
cancels the diffusion flux of B:

NB,ditf + NB,ConV =0. (223)

Since the convective flux also transports component A in the same way, the total flux of A is
increased by this convective part. The total fluxes of both components can be calculated by
accounting for diffusive and convective terms by

D dpa DA
Ny=——2Pa DA 2.24
AZTRT 4 T Vemgyp (2.24)
and D d
DB PB
Ng = ———-=2 v 2.25
B= TRT dz | U™RT (2.25)

with v,y representing the velocity of the convective Stefan flow. This velocity can be determined

using Equation 2.23 resulting in
D dpg
pp da

UCOHV -

(2.26)

Using this expression and assuming constant total pressure p = pa + pg, the flux of A can be

reformulated as
D _p dpa

(2.27)

NA,diff NA,conv NB,diff NB,conv

———————
-

T SO v
Liquid

partial pressure

p(x) = pp(x)+p(x) = const.

Figure 2.2: Stationary one-sided diffusion at a gas/liquid phase boundary with convective Stefan flow. Partial pressure
profiles in the diffusion layer with and without convective flux are shown. Adapted from Kogl et al.['4].

11
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This formulation highlights that the flux of A is increased by the factor ﬁ due to the Stefan flow.

The impact of the convective flux becomes negligible if the proportion of the inert component B
p
pP—pa
This one-sided diffusion approach can be extended to general two-sided diffusion, in which the

is large, such that

approaches 1.

different diffusion fluxes of the components are balanced to an equimolar flux by a convective
term. In this work, this method was applied to describe the liquid/gas phase boundary in the gas
diffusion electrode model (Chapter 5).

2.1.3 Phase interfaces and phase transitions

Some electrochemical systems exhibit the coexistence of gas and liquid phases, such as elec-
trochemical CO; reduction when using gas diffusion electrodes. The presence of the gas-liquid
interface is critical to electrode and overall cell performance. The following section briefly dis-
cusses the fundamentals of describing phase transition processes and calculating the composition
of the liquid and gaseous phases at the interface.

An ideal mixture of substances is considered. The partial pressure of the individual components
in the gas phase, which is in equilibrium with the liquid phase, is proportional to the mole fraction
x; of these components in the liquid, with the equilibrium pressure of the pure substance p5**,
also known as the saturation vapor pressure, serving as the proportionality constant:

pi = x;p. (2.28)

This relationship corresponds to Raoult’s law and is valid if the components of the system are
very similar in their interactions with each other or if the species under consideration, ¢, is present
in a high concentration/mole fraction and the interaction with the other components can therefore
be neglected. In this case, the partial pressure of a nonideal solution approaches that of an
ideal solution (Figure 2.3). For the purpose of this work, Raoult’s law is applied to describe the
evaporation of water as a solvent in the context of electrochemical CO, reduction.
Henry’s law is used to describe the solubility of gases in a liquid. It states that the mole fraction
of the component ¢ in the liquid phase is proportional to the partial pressure of 7 in the gas phase,
with Henry’s law constant H,":

z; = H p;. (2.29)

Henry’s law constant varies as a function of temperature, total pressure, and solvent. The

12
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Figure 2.3: Positive nonideal behavior of the vapor pressure of a component ¢ in a solution follows Henry’s law at low
mole fraction and Raoult’s law at high mole fractions at constant temperature. Adapted from Czeslik et al.['3).

upper index delineates the methodology employed in the calculation. Calculations based on
concentrations are also common, resulting in:

Equation 2.1.3 is used to calculate the CO; solubility in the aqueous electrolyte in all models
developed and applied in this work. In addition, the decrease in solubility caused by the presence
of the electrolyte salt is taken into account, as described in section 3.2.

2.2 Experimental analysis methods

Building on the fundamental principles of reaction kinetics, species transport, and interfacial phe-
nomena outlined above, the following section introduces the experimental methods used in this
work to analyze electrochemical systems. These techniques enable the systematic investigation of
the processes previously described and provide the basis for evaluating electrode and cell behavior.

Experimental analysis of electrochemical systems is primarily based on analyzing the potential-
current relationship. Measurements can be conducted under either potential or current control,
with various input signal options depending on the scope of the investigation, available equipment,
and the specific electrochemical systems. In the following section, the techniques of stationary
current-potential measurements and cyclic voltammetry are introduced as common measurement

13
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methods, which were also applied in this work. Additionally, the concept of rotating disk
electrodes, a setup for kinetic investigations in electrochemistry, is described.

2.2.1 Stationary current-potential measurement

The most basic method for measuring the relationship between current and potential involves
applying a constant input signal and extracting the stationary response of the system. Stationary
means that current and potential are no longer varying with time. Typically, the system response
becomes stable after several seconds to minutes, depending on the reaction rate and diffusion
layer formation.!'”! Using stationary methods has the advantage of excluding the effects of charge
and discharge phenomena in the electrical double layer. Current-potential value pairs can be
recorded either by controlling potential (potentiostatic mode) or by controlling current (galvano-
static mode).

In potentiostatic measurements, the potential between the working and reference electrodes is con-
trolled, and the resulting current density between the working and counter electrodes is measured.
This control is analogous to chemical kinetic measurements, where concentration or temperature
is varied as an input parameter and the reaction rate is determined. Additionally, controlling
the potential more precisely defines which reactions are taking place, as individual oxidation
or reduction reactions occur at specific potential values.['®! This precision makes potentiostatic
measurements a preferred choice in fundamental electrochemistry. However, potentiostatic setups
are more complex and costly than galvanostatic setups, as they require a feedback loop to maintain
potential control between the working and reference electrodes by adjusting the current density.”’
In contrast, galvanostatic measurements control the current density directly. By setting the current
density, the reaction rate and conversion are directly controlled, as they are proportional to the
current density. This simplicity in setup and operation makes galvanostatic control attractive for
technical and large-scale applications.

2.2.2 Cyclic voltammetry

In addition to stationary measurements, techniques capable of capturing the transient behavior
of electrochemical systems are available and are particularly valuable for investigating complex
reaction mechanisms and differentiating between diffusion-controlled and charge-transfer limited
reactions. A common transient technique is cyclic voltammetry. It is characterized by a triangular
voltage wave over time within a defined potential range between the potentials £y and E5. The
slope of the linear sweep is referred to as the scanrate v = %. During cyclic voltammetry, forward

14
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and backward sweeps are repeated multiple times until the system reaches a quasi-stationary state,
in which the potential-current curve becomes independent of the cycle number n. The potential
input over time, focusing on reduction, can be expressed mathematically for a given cycle (starting
atn =1)as

Ey—v(t—(2n — 2)tswiten) , for 0 <t — 2ntswiteh < tswite
E(t): 1 ( ( ) th) tch tch 231)
Er +v(t— (2n — Dtowicn) ,  for towien <t — 2ntswitch < 2tswitch

where tswich 1S the time required for a single potential sweep and marks the point at which the
sweep direction changes (Figure 2.4A). For a reversible electrochemical reduction, the current-
potential curve, also called the cyclic voltammogram (CV), exhibits a characteristic shape, as
shown in Figure 2.4B. In terms of concentration profiles, it is assumed that only the oxidized
species Ox is present in the bulk and under initial conditions.

During the forward scan, as the potential is decreased, the cathodic current density (denoted
by a negative sign according to IUPAC!3]) increases (point a, Figure 2.4B). Consequently, the
concentration of Ox decreases in the electrolyte adjacent to the electrode surface (z = 0), while the
concentration of reduced species Red increases. At the point of maximum absolute current density
(point b, Figure 2.4B), the concentration of Ox is close to zero and a sharp concentration gradient
in the electrolyte of both species was built up. As the potential further decreases and time passes
from point b to ¢, the diffusion layer thickness expands according to § = /7Dt in a quiescent
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Figure 2.4: (A) Potential input over time for cyclic voltammetry as multiple linear sweep between £ and E> with the
scan rate v and (B) characteristic cyclic voltammogram for reversible reduction process with corresponding
normalized concentration profiles (a-e) of oxidized species (blue) and reduced species (orange) with ¢ =
¢/coxpulk along the distance to the electrode surface x for the first cycle and cyclic voltammogram for the
subsequent cycle (grey) with peak current densities jp, ¢ and jp,a. Assumptions: Diffusion coefficients of
re(?}lf]ed and oxidized species are equal Dox = Dgeq and reduction is reversible. Adapted from Compton et
al.lt
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electrolyte solution. This expansion causes a decrease in current density j = zFDS—; |z=0. In this
potential region, the reaction rate is significantly faster than the mass transport rate of reactive
species, resulting in a diffusion-controlled reaction.

During the subsequent backward scan, the reduction reaction proceeds, albeit to a decreasing
extent due to the increasing potential. Additionally oxidation of the reduced species begins to
occur at more positive potentials. At point d, the anodic current reaches its maximum; a further
increase in potential leads to a decrease in current density due to diffusion limitation, analogous
to that observed in the forward sweep.

The cyclic voltammogram and the corresponding concentration profiles discussed specifically
refer to the first cycle. In subsequent cycles, the CV differs from the first cycle (shown in gray in
Figure 2.4B), as concentration profiles exhibit slight deviations. Here, the oxidation occurring in
parallel reduces the cathodic currents during the forward sweep.

For reversible one-electron reactions, the distance between oxidation and reduction peaks, known
as the peak-to-peak separation, serves as a key indicator of fast or slow charge-transfer kinetics.
In cases of fast charge transfer, the diffusion of reactive species is limiting, and the voltammogram
follows the Nernstian expression outlined above. This results in a peak-to-peak separation of
59 mV, independent of the scan rate, and a linear relationship between peak current j;, and v1/?
described by Randles-Servcik expression (at 25 °C):

jp = 2.686€5 [C mol~* V=1/2] n®/2 Ao DV/211/2, (2.32)

This expression can be used to determine the diffusion coefficient D.

Conversely, when charge transfer is slow and limits the system, the peak-to-peak separation in-
creases with higher scan rates, and deviations from linearity appear in the plot of j,, versus vi/2,
The degree of reversibility can be determined by comparing anodic and cathodic peak current
densities. For fully reversible reactions, the absolute values of j, , and j;, . are equal. In contrast,
irreversible reactions, such as the electrochemical CO,R, lack a reverse peak. A decrease in
reversibility can also indicate a prior or subsequent chemical reaction (EC or CE), which usually
leads to a high scan rate dependence of the CV.[!8!

Cyclic voltammetry thus enables the determination of standard potentials, transport coefficients,
and the degree of reversibility. Additionally, by observing peak shifts with varying scan rates,
charge-transfer limitations can be identified in simple systems. However, for systems involving
multiple-electron transfer reactions, competing reactions, additional chemical processes, or migra-
tion effects, interpreting CVs becomes significantly more complex and often requires simulative
assistance.

Additionally, cyclic voltammetry can be used to investigate the electrical double layer by recording
charge and discharge currents. This technique allows the determination of the double-layer
capacitance at the electrolyte/electrode interface. To achieve this, the scan rates of the applied
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potential sweeps are varied. When selecting the potential range of the sweep, it is essential to
choose a region where only capacitive currents flow, avoiding any Faradaic currents. A potential
difference of 100 mV between the upper and lower potentials is typically sufficient. To calculate
the capacitance of a planar double layer Cpy, the charge equation for a plate capacitor can be
applied. In the context of the EDL, the galvani potential A¢ can be described with the potential
difference between the metal electrode and electrolyte ¢y — ¢g. Under the assumption of ideal
electric and ionic conductivity, the potential E can be approximated as F =~ A¢ — A¢r with
At as the potential drop at the reference electrode.

Q = CprLA¢ = CpL(édm — ¢8) = CpL(E + Adrer) (2.33)

The definition of current as the change in charge over time, [ = %, leads to a linear relationship

between current density and the scan rate, with the capacitance of the double layer as the slope by

dCpL
dt

assuming a constant capacitance over time = 0 and a constant potential drop at the reference

electrode dft“f = 0 (current-free reference electrode in a three-electrode configuration).
0 0
d@ dC dE doyef dE
I=—=(F+ ¢ Cp— + C =Cp— =C 2.34
a (B + ret) 4 T OpLgy o DL g DLV (2.34)

The capacitance of the electrical double layer can be used to determine the electrochemically active
surface area (ECSA) of non-planar electrodes, as the ECSA is assumed to be proportional to the
double-layer capacitance. The proportionality factor is commonly referred to as the roughness
factor RF', which is the ratio of the capacitance of the electrode under investigation to that of a
planar electrode used as a reference.

In summary, cyclic voltammetry offers the ability to investigate electrochemical systems in a
transient manner and in dependence on the scan rate. This enables in-depth analysis of reaction
mechanisms!'® 2%/ impact of mass transport effects?! 2>, or processes in the electrical double
layer!?3!.

2.2.3 Rotating disk electrode

In kinetic studies on a laboratory scale, controlling transport effects within the electrolyte is often
desired to enable investigations of species transport. The rotating disk electrode setup enables
this control. It consists of a disk of electrode material embedded into an insulating shaft, which is
rotated at a defined frequency/rotation rate f in the electrolyte. The rotation creates a characteristic
flow profile, the velocity profile of which was determined by Karmann and Cochran by solving
the hydrodynamic equations under steady-state conditions. Qualitatively, the RDE entrains the
adjacent electrolyte. At the same time, the centrifugal forces cause a radial flow outward from
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1 A
rdlSk

Figure 2.5: (A) Schematic streamlines of flow next to the rotating disk electrode and (B) concentration profile of the
stagnant diffusion layer where a fourfold increase in rotation rate reduces the diffusion layer thickness by half.
Aadapted from Bard et al.””) and Compton et al.[7],

the center, while an axial flow towards the electrode compensates for the displaced electrolyte
(Figure 2.5A). As a result, a stagnant hydrodynamic layer of constant thickness dy forms at the
electrode surface:

Sy = 3.6 (”5“)1/2 , (2.35)

where v, 1s the kinematic viscosity and w the angular velocity. By combining this with the Nernst-
Planck equation - including both convective and diffusive terms - in this boundary layer, Levich
demonstrated that a constant mass transport rate occurs at the electrode surface, independent of
the radial position. This characteristic is referred to as a uniformly accessible surface.!'®! This
creates a stagnant Nernst diffusion layer. The diffusion layer thickness can be calculated using
Equation 2.36 and is easily adjustable by varying the rotation rate:(*!

§ = 1.61D" 3 /5w=1/2, (2.36)

w is related to the rotation rate f by w = 27 f (Figure 2.5B).
The equations for the RDE are applicable within a range of w values that maintain a stable,
laminar boundary layer. If w is too low, the thickness of the hydrodynamic layer may exceed the
radius of the disk electrode 74k, causing the assumption of a uniform layer to collapse. This
results in a lower limit for w, defined by the assumption that the g need to be larger than oy
Tdisk > 3.6 (%)1/2. This combined with Eq. 2.35 results in

w > 10K (2.37)
dmk

The upper limit is determined by maintaining a laminar flow profile, set with a Reynolds number

below approximately 10°.
wrdlsk

Re = < 10° (2.38)

Viin
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2571 and an electrode radius of 745, = 2.5 mm,

Assuming a kinematic viscosity of 1 x 10~ m
the theoretical minimum rotation rate is around 15 rpm and maximum rotation rate around
1.5 x 10° rpm. However, roughness in the electrode surface or small bends in the RDE shaft
cause turbulent flow to develop at lower rotation rates than calculated. Consequently, in practice,

the rotation rate is often limited to 3000 rpm.

2.2.4 Performance characteristics

The analysis of electrochemical systems reveals distinct performance characteristics that are
optimized during the investigation of, e.g., catalyst materials, cell design, or operating conditions.
Key targets include high activity, efficiency, and stability.

Current density and electrode potential

A high activity is typically characterized by high current densities, i.e., high turnover rates of
the reactant at a given potential. Current density generally correlates linearly with the total
electrochemical reaction rate per electrochemically active surface area (ECSA) of the electrode.
The ECSA rarely equals the geometric surface area of electrodes and depends strongly on the
surface roughness, surface morphology, or pore structure. However, current densities are often
normalized to the geometric surface area for simplicity. This implies that current density can be
increased by elevating the activity of a given catalyst site, but also by increasing catalyst loading
or enhancing the roughness of the electrode surface.!>¥

The current density in an electrochemical system cannot be analyzed in isolation; it is intrinsically
linked to the electrode potential or the overall cell voltage. This interdependence is fundamental,
as the applied potential drives the electrochemical reactions, governing the charge transfer rate
and thus influencing the observed current density as is described in section 2.1.1 and 2.2.1.

Faradaic efficiency

Faradaic efficiency FE; describes the percentage of the total consumed or produced charge that is
used to produce a given product 4:

i Zi

i -F
T A AT (2.39)
Qtotal total

FE,;

with the charge @); stored in the product i, the total consumed charge Q:ota1, the amount n;
of product ¢ in mole, the number of electrons z; transferred to form product ¢, and the Faraday
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constant F. Thus, the FE; serves as a measure of charge selectivity of a catalyst to produce
the desired product. A high FE also minimizes separation and purification costs in downstream
processes. >

Energy efficiency

Energy efficiency (EE) of a cell is defined as the ratio between the energy stored in the desired
product and the total energy input needed to produce it.”?>! It can be calculated by
B AH? E° E°

= -FE;, = — -FE;, = —— -
AGi Eext EO_"W

EE; FE,; (2.40)
where AHY is the theoretical enthalpy change associated with the formation of product i,, AG;
is the corresponding Gibbs free energy change, E° is the standard potential of the reaction, and
Foxt the applied potential, which differs from the standard potential due to overpotentials 7. 7
generally arises from activation barriers associated with sluggish reaction kinetics, concentration
overpotentials caused by mass transport limitations, and ohmic losses within the cell.

Stability

Catalyst and cell stability are essential to ensure sustained performance over hundreds of hours,
with operational lifetimes of several thousand hours being desirable for industrial applications.
This requirement implies that current density, cell voltage, FE, and, EE must be preserved under
process conditions without a significant decline over operation time. Instability may arise from
changes in the catalyst surface!?®!, dissolution of the catalyst®’!, poisoning effects® 2!, the in-
troduction of impurities’** 3!, flooding of porous electrode structures'*?!, or degradation of other
cell components33,

2.3 Electrochemical CO, reduction

In this work, the electrochemical CO, reduction was investigated as the electrochemical system of
interest. The electrochemical reduction of CO, enables the conversion of CO, into value-added
chemicals. The reaction products and overall cell performance depend on several factors, s,
including the catalyst material, electrolyte composition, electrode structure, cell configuration,
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and process conditions. The following section provides an overview of the reaction system, the
role of the electrolyte, and commonly used electrode and cell configurations in CO,R.

2.3.1 Reaction system

In electrochemical CO, reduction, various catalyst materials are known, leading to multiple possi-
ble reaction pathways and products. In aqueous electrolytes, catalysts can be broadly categorized
based on their primary products: 1) CO, 2) formic acid/formate (HCOOH/HCOQO™), or 3) hy-
drocarbons or alcohols, such as methane (CHy), methanol (CH3OH), ethanol (C,HsOH), and
ethylene (C,H,) (Figure 2.6).13* 351 The corresponding reaction equations in acidic electrolytes

are

COy +2HT +2e~ — CO + H,0 (2.41)
COy+2H" +2¢~ — HCOOH + 2H,0 (2.42)
nCOs + mH™ +me™ — C,,02p4p—mHop—m + pH20 (2.43)

and in alkaline electrolytes
CO3 + HyO+2¢~ — CO+20H™ (2.44)
CO3 +2H50 +2e~ — HCOOH + 20H™ (2.45)
nCO2 + pH20 4+ me™ —— C, 024 p—mHop—p + mOH™. (2.46)

The reaction mechanism of the multi-reduction sequences in CO,R is not fully understood and
contradictory opinions persist. For example, either an electron transfer (ET) to a CO, radical anion
or a proton-coupled electron transfer (PCET) to *COOH is assumed to be the rate-determining
step for CO,R at Au, Ag, and Ni catalysts.**38) In this thesis, and in agreement with a widely
accepted view, ET - forming the radical anion CO,~*® - is considered the rate-determining step at
bulk metal electrodes in neutral and alkaline aqueous electrolytes for C; products.[33 3]

Au and Ag as a catalyst exhibit high Faradaic efficiency for CO production, along with excellent
stability and activity. This is attributed to the weak binding of protons and CO at surface sites,

which prevents further reduction of CO and suppresses the hydrogen evolution reaction (HER).34!
2HT +2e7 — Hy (2.47)

2H20 +2¢” — Hy +20H™ (2.48)

The HER occurs in the same potential window as CO,R, making it a competing parasitic reaction.
Therefore, it is crucial to suppress this reaction through the careful selection of catalysts and
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Figure 2.6: Schematic mechanism of electrochemical CO; reduction at different metal catalysts in aqueous, alkaline
electrolyte solution. Adapted from Ahsaine et al.[*! licensed under CC BY 4.0.

electrolytes. Certain metals, such as Fe, Ni, Pd, and Pt, predominantly produce H, due to their
strong hydrogen adsorption affinity and lack of CO, adsorption under negative potentials.3#!
Metals like Sn, Bi, and In mainly produce formic acid (HCOOH) in a 2 e™ -reduction, or more
precisely formate (HCOO ™), which predominates at pH values above 3.75.14!) Small quantities of
formate are also detected on Ag electrodes at more negative potentials.[> 43

So far, copper is the only metal catalyst known to produce multi-carbon (C,+) products and alcohols
via CO, reduction (Eq. 2.46). This makes copper an outstanding catalyst with a high potential
for valuable chemical production. However, its low Faradaic efficiency to a single product, the
instability of single facets on the Cu-catalyst surface resulting in a change in selectivity, and a
complex reaction mechanism make it a challenging catalyst for CO,R.[4+43]

In addition to bulk metal catalysts, a wide range of materials has been explored for CO;R,
including metal nanoparticles® 471, metal oxides!*?!, single atoms!*°!, carbon-based materials®®"!,
porphyrins®®!, and metal organic frameworks!>?!. The various strategies for incorporating these

catalyst materials into electrochemical cells as electrode structures are discussed in section 2.3.3.1.
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2.3 Electrochemical CO; reduction

2.3.2 Aqueous electrolyte for CO,R

In addition to the choice of catalyst material, the selection of the electrolyte is crucial in CO;R.
It provides ion exchange between electrodes to complete the current circuit. Therefore, the
electrolyte must exhibit high ionic conductivity, good solubility for reactants, and ease of handling.
Electrochemical CO, reduction is conducted in various solvents, including aqueous, organic!>> 34,
and ionic liquid electrolytes®!, each offering distinct advantages and disadvantages. Water-
based systems with inorganic salts are commonly used in CO,R due to good availability and
environmental friendliness of water. However, water is not electrochemically inert in the applied
potential window because the HER occurs concurrently, potentially decreasing the Faradaic
efficiency. Nevertheless, the benefits of water as a solvent motivatecontinued investigation and
optimization. Early studies of water-based electrolytes have shown that the electrolyte plays a
significant and complex role in CO,R .5% 57 The electrolyte affects local pH through buffering
and chemical reactions, and both anions and cations may modify reaction kinetics and the electric
field near the electrode. These aspects are discussed in the following sections.

Dependency on pH

The pH dependency of electrochemical CO,R is significant because pH alters system perfor-
mance strongly. This arises from the involvement of protons and hydroxide ions in both the CO,
reduction and hydrogen evolution reaction, as well as the carbonate reactions when CO, dissolves
in water. The dependency of HER and CO5R kinetics on pH is not entirely straightforward due
to overlapping effects.

It is widely assumed that higher pH values kinetically suppress HER.!38! Bondue et al.’8! suggest
that the pH dependency of HER arises from the transition from proton reduction (Eq. 2.47)
to water reduction (Eq. 2.48) as pH increases. At low pH, HER proceeds predominantly via
proton reduction, while at higher pH, proton depletion suppresses this pathway.[>*! Beyond this
point, water reduction dominates HER, requiring higher overpotentials and exhibiting slower
kinetics, which explains the decrease in HER activity at higher pH. Ooka et al.[®"! reported that
above pH 2.5, proton reduction is already transport-limited and negligible, with water reduction
becoming the primary pathway. Compared to proton reduction, water reduction shows weaker
pH dependence. Although the equilibrium potential shifts with pH on the SHE scale according
to the Nernst equation, H,O concentration as proton donor remains effectively constant across the
pH range. Combined with sluggish kinetics, this results in weak overall pH dependency of water
reduction, and consequently of HER under neutral and alkaline conditions.®!]
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The CO production pathway of CO,R exhibits pH-invariant kinetics on the SHE scale in most
studies. This supports the assumption that the rate-limiting step is CO, adsorption, which does
not involve a proton donor (H*/H,0).19% 931 However, pH affects the availability of CO, in aqueous
electrolytes through water dissociation (Eq. 2.49) and carbonation reactions (Eq. 2.50 and 2.51):

H,0 —— Ht + OH™ (2.49)
COy + OH™ —= HCO3~ (2.50)
HCO3~ + OH™ —= C03%~ + HyO 2.51)

At higher pH, CO, converts to bicarbonate and carbonate, reducing its availability in solution
(Figure 2.7). However, carbonate electrolytes can potentially release CO, because the carbon-
ation reactions are reversible. The equilibrium position of the carbonate species depends on
temperature and salt content, both of which decrease the CO, concentration at higher values
(Figure 2.7).1%41 The reaction rate constants for carbonation reactions are commonly derived
from seawater analyses.%> %] In CO,R, the carbonate reactions are strongly influenced by the

T=25°C, S=35g kg’
= = =T=25°C,S=0gkg’
I T=0°C, S= 3sgkg1

-15+¢

log[concentration / mol kg'1]

12

pH/-

Figure 2.7: Concentrations of CO», HCO3 ~, and CO32~ at reaction equilibrium in seawater as a function of temperature
and salinity S. The decrease in CO> solubility due to the higher salt content is neglected here. Adapted from
Konig et al.[o4].
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production of hydroxide ions and contribute to the local pH. A characteristic measure that sets
electrochemical against chemical consumption of CO; is the so-called carbon efficiency CE:

hCOg,elchem
hCOQ ,elchem + hCOg ,chem

CE = (2.52)
CE quantifies the proportion of CO, consumed electrochemically, relative to the total CO, con-
sumption (electrochemical and chemical).

Thus, the pH dependency of CO;R and HER is a complex interplay of reactions and transport
involving protons, hydroxide ions, and carbonate species, where higher pH generally suppresses
hydrogen evolution reactions while decreasing CO, availability through carbonation reactions.
Additionally, the apparent pH-dependencies also vary with the applied potential because more
negative potentials accelerate reaction rates, induce mass-transport limitations, and lead to an
increase of the local pH near the electrode surface. Building on this understanding, anions
introduced by the electrolyte salt further impact the reaction system, as discussed in the following
section.

Anion effects

Changing the anion or its concentration in the electrolyte affects CO,R through several mech-
anisms: (1) by buffering and local pH regulation, (2) by proton donation for HER, and (3) by
specific anion adsorption that alters reaction kinetics of CO,R and HER.

The effect of anions on CO production appears to arise mainly from the buffering capacity of the
electrolyte. Buffering anions such as bicarbonate neutralize hydroxide generated at the electrode
surface, thereby suppressing the chemical conversion of CO, to carbonate and maintaining a
higher local CO, concentration available for the electrochemical reaction.®”!

A stronger influence of the anion is observed for H, and CH,4 production when non-buffering
electrolytes such as K,SO,4 and KCl are compared with buffering electrolytes such as KHCO5; and
K,HPO,.[%-7% While the current density of these reactions remains constant in non-buffering
electrolytes, the reaction rate in buffering electrolytes was found to increase with stronger buffers,
achieved either through higher concentration or a higher buffer strength (HCO3;~ < H3BOs;
< HPO,4>7).1%8] This is attributed to HPO,>~ and HCO;~ donating protons, which promote
HER_[69. 701

HCO3~ = HT +CO03%~, pK,=10.33 (2.53)
B(OH)3 + HoO = H" 4+ B(OH)4~, pK, =9.23 (2.54)
HoPO4~ = HT + HPO,%™, pK, =721 (2.55)
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However, the role of anions as a significant proton source is only relevant at more positive potentials
(= —0.4 'V vs. reversible hydrogen electrode, RHE) or higher electrolyte concentrations (>0.1 M).
There are also indications that a stronger physisorption of anions at the catalyst surface is associated
with more favorable CO,R kinetics by modifying the local electric field and stabilizing reaction
intermediates.’!!

Overall, anion identity and concentration influence CO,R through buffering, proton donation,
and specific adsorption. In addition to the effects of the anions, the cations of the electrolyte salt
also significantly influence the product distribution of the CO,R.

Cation effects

Electrolyte cations influence current density and product distribution. Although the exact mecha-
nisms remain under investigation, cation effects are commonly attributed to cation hydrolysis and
intermediate stabilization.

Studies show that increasing the size of alkali metal cations (Li* < Na* < K* < Rb* < Cs")
leads to higher current density of CO,R at a fixed potential on metal electrodes and an increased
Faradaic efficiency for C, products at copper electrodes.’”- 72 Early hypotheses suggested cation
adsorption at the electrode surface, thereby altering the potential profile in the electrical double
layer according to Frumkin’s theory.®”) However, this hypothesis is now considered unlikely, as
Mills et al..’? showed that the adsorption potential of alkali cations on transition metal electrodes
is around —2.4 V vs. NHE.U"> 73] Instead, Singh et al.l”3! matched the observation of cation impact
with a simulation study suggesting the hydrolysis of cations as a reason for the effect. Hydrolysis
of a metal cation refers to the deprotonation of a water molecule coordinated to the metal ion M*
due to solvation, releasing a proton into solution (Eq. 2.56).

[MT(H0),] = [MOH(H20),,—1] + HT (2.56)

Larger cations have lower pK, of this reaction. This implies that larger cations can provide
protons through dehydration at the electrode, which then react with electrochemically produced
hydroxide ions near the electrode. This buffering effect decreases the local pH value and increases
the CO, concentration near the electrode by preventing the shift of carbonation reactions towards
HCO;~ and CO;*".[73!

Another hypothesis is that larger cations may stabilize intermediates of CO,R through stronger
electric fields!”*! or stronger electrostatic interactions!’!, This stabilization reduces the adsorption
energy of adsorbed CO, species, thereby increasing the reaction rate of CO;R.
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2.3 Electrochemical CO; reduction

2.3.2.1 Salt precipitation

Another effect that is strongly governed by the choice of electrolyte is salt precipitation. At
higher current densities, carbonate concentrations rise due to reaction of CO, with hydroxide
ions, while local cation concentrations increase via migration. If solubility limits are exceeded,
salts precipitate, especially at the gas-liquid interface within porous electrodes:

HCO3” ™ (aq) + M) = MHCO3s) 2.57)
CO3% (aq) +2M{) = MaCOss) (2.58)

Salt precipitation blocks gas-transport pathways and covers electrochemically active catalyst sur-
faces, all of which result in a decline of performance during operation time.

Strategies to mitigate salt deposition aim to minimize the (local) concentrations of cations, anions,
and the precipitating salt itself.”%! In addition to active strategies such as dynamic electrolyte
pulsing!”” 78 or potential pulsing!”' during operation (not discussed further here), the electrolyte
composition itself can exert a major influence on salt precipitation. This includes both the
electrolyte salt concentration and the identity of the cation. Lower electrolyte concentrations
have been found to improve the long-term stability of CO,R, but they also cause significantly
higher ohmic losses due to reduced ionic conductivity.®” 8! Thus, the choice of electrolyte salt
concentration involves a trade-off between cell potential and cell lifetime.

With respect to the cation identity, the solubility of the corresponding carbonates and bicarbonates
is decisive. Solubility increases with cation size: Na* < K* < Cs*.[76- 811 This makes Cs*, together
with observations of enhancements in reaction rate of CO,R through hydrolysis, increasingly
attractive as an electrolyte cation. Nevertheless, K* in the form of KOH or KHCO3 remains the
most widely used electrolyte salt in CO,R owing to its good solubility, far greater availability
compared to cesium salts, and ease of handling.

Overall, the microenvironment is strongly influenced by the electrolyte system. The choice of
electrolyte affects performance due to the impact on local pH, CO, availability, and kinetic
barriers of both CO,R and HER. This highlights the importance of electrode and cell design,
which together define the actual reaction conditions.

2.3.3 Electrode and cell design

Electrode structure and cell design play a critical role in overall system performance, as they
govern key parameters such as catalyst accessibility, transport processes, and effective electrical
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and ionic conductivity. Depending on the research focus, various electrode and cell configurations
are employed in studies and scale-up of electrochemical CO, reduction.

2.3.3.1 Electrode structures

Beyond the choice of catalyst material, the way it is incorporation into the cell - namely, the
electrode structure - has a decisive impact on performance. Common electrode types in CO,R
can be categorized into three main classes: planar electrodes, porous electrodes, and gas diffusion
electrodes.!%?!

Planar electrodes These electrodes are most commonly used in CO;R, primarily for catalyst
screening and fundamental kinetic studies.[”-3% 341 They are typically made of bulk catalyst
materials, such as metal foils, which makes them simple in design and easy to integrate into
electrochemical cells (Figure 2.8A). Introduced in either batch or flow cells, planar electrodes
are entirely immersed in a CO;-saturated liquid electrolyte. The simplicity of planar electrodes
makes them suitable for investigating catalyst-electrolyte interactions and for the initial evaluation
of catalyst activity, product selectivity, and stability. However, their current densities are limited
due to significant mass transport constraints and the relatively low ECSA.

Porous electrodes Porous electrodes are designed to increase the ECSA and thereby en-
hance total current density (Figure 2.8B).18%-8 The three-dimensional pore structure allows for
higher electrochemical production rates and facilitates the detection of trace products. However,
this added complexity due to new transport and reaction phenomena, including elevated local
current densities, concentration and potential gradients within the electrode, and multiphase flow
involving pores, product gas bubbles, and electrolyte. While this makes the electrode more rep-
resentative of technically relevant designs, it also renders its interpretation more complex and
causes performance to become highly sensitive to structural parameters such as electrode thick-
ness, porosity, and pore diameter. Furthermore, these electrodes are stronger affected by transport
limitations due to high reaction rates combined with poor CO; availability.

Gas diffusion electrodes! To further improve CO, availability, gas diffusion electrodes
(GDEs) are incorporated into CO;R cells. In GDEs, gaseous CO, is supplied from one side
of the electrode, while the electrolyte is delivered from the opposite side. This configuration
creates a high three-phase boundary between gas, electrolyte, and catalyst within the porous

I Parts of this section have been published in Dorner et al., J. CO2 Util., 2025 [87]
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Figure 2.8: Electrode structures for electrochemical CO» reduction: (A) planar electrode, (B) porous electrode, and (C)
carbon-based and (D) carbon-free gas diffusion electrode. Adapted from Ampelli et al.[%2],

electrode structure. This design significantly shortens the diffusion distance of CO,, allowing for
high current densities exceeding 200 mA cm~2, while maintaining high Faradaic efficiencies for
targeted products.

Commonly studied GDEs in CO,R comprise a carbon-based gas diffusion layer (GDL), optionally
coated with a hydrophobic microporous layer (MPL), and an overlying porous catalyst layer
(CL) that is in contact with the electrolyte (Figure 2.8C).[8> 8] The catalyst layer, normally just
a few nanometers thick, provides the ECSA. The MPL, typically made of carbon black and
polytetrafluoroethylene (PTFE) particles, minimizes electrical contact resistance between GDL
and catalyst layer, and creates a hydrophobic barrier to prevent complete electrode flooding by the
electrolyte. The GDL supplies mechanical support and a macroporous structure for gas transport,
while its hydrophobic PTFE coating prevents flooding by the liquid electrolyte.

However, these carbon-based electrodes face significant stability issues for CO,R applications
due to susceptibility to flooding.!®”! Moreover, studies in literature were carried out with many
different GDLs, which differ in terms of the carbon structure, thickness, porosity, etc. This makes
a systematic comparison difficult.[3®

Besides using GDLs based on metal,®® °!! PTFE,®?! or membranes,®*! carbon-free silver GDEs
without a separate GDL can be used for CO, reduction. The latter electrodes are known from
commercial use for the oxygen reduction reaction (ORR) in chlor-alkali electrolysis. They consist
of a porous structure made from a mixture of Ag catalyst particles and PTFE binder coated on
a metal mesh, which serves as a current collector and mechanical support (Figure 2.8D). PTFE,
with a typical mass content ranging from 1wt% to 10 wt%, serves to adjust hydrophobicity.
The catalyst loading ranges between 140 mg cm 2 and 250 mg cm 2 for electrode thicknesses of
around 200 pm to 400 pm. These carbon-free Ag-GDE:s are slightly more expensive due to higher
catalyst loading but offer a high electrochemically active surface area and demonstrate excellent
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lifetime in ORR® and in CO,R!% %% %], They are used in the GDE study presented in this thesis
(Chapter 5).

2.3.3.2 Cell configurations

Beside variations in electrode structures, a range of cell setups can be used for CO,R. The choice
depends on various factors, including feasibility, scale, energy efficiency, and process conditions.
To complete the cell setup, an anode and a suitable counter reaction are required. The most
commonly used anodic reaction in CO;,R studies is the oxygen evolution reaction (OER), typically
catalyzed by platinum, iridium oxide, or dimensionally stable anodes (e.g., IrRuOx on Ti). The
spatial arrangement of the anode and cathode is also a critical design consideration in the cell
design, as it influences transport processes, potential distribution, and overall cell efficiency.
Cell configurations can be broadly classified into four main types, each with distinct characteristics:
batch cell, liquid-phase flow cell, membrane electrode assembly (MEA) cell, and solid oxide
electrolyzer cell (SOECs) (Figure 2.9). In this work, batch and flow cells are employed, while
MEA and SOEC configurations are included here for completeness.

Batch cell The batch cell is one of the most commonly used laboratory-scale configurations
for electrochemical CO;. Its popularity stems from its simple and rapid setup, making it highly
suitable for catalyst screening. Both undivided and divided setups exist. The catalyst is generally
provided as bulk material or deposited on supports such as carbon paper or glassy carbon (planar
or porous electrode). The electrolyte is continuously purged with CO, gas to maintain saturation
(Figure 2.9A). In some cases, GDEs are integrated into batch cells.®!

In the divided cell setup or H-cell, a porous glass frit or ion exchange membrane separates the an-
odic and cathodic compartments, preventing the reoxidation of reduction products (Figure 2.9A2).
A key limitation of batch cells is the low solubility of CO, in aqueous electrolytes (/=233 mM)
combined with long diffusion paths, which restricts current densities to less than 100 mA cm 2,
Additionally, the large electrode spacing typical of classical H-cells contributes to high overpo-
tentials and reduced energy efficiency.

In summary, batch cells are well-suited for catalyst characterization and product analysis on a
laboratory scale. For industrial applications and large-scale processes, different cell concepts

with a focus on higher current densities and better energy efficiency are required.

Liquid-phase flow cell The liquid-phase flow cell is characterized by the continuous convec-
tive flow of liquid electrolyte within the cell, facilitating the transport of reactants and products
to and from the catalyst surface.”®! In this configuration, CO, is supplied to the cathode via
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Figure 2.9: Cell configurations for electrochemical CO, reduction: (A1) undivided batch cell (A2) divided batch cell
(H-cell), (B1) liquid-electrolyte flow cell where CO» is provided dissolved in liquid catholyte, (B2) liquid-
electrolyte flow cell with anodic and cathodic gas diffusion electrode, where CO> is fed by CO; gas flow,
(C1) full-MEA setup with humidified gas feeds, (C2) exchange-MEA setup with liquid anolyte side, and (D)

solid-oxide electrolyzer cell. Adapted from Kibria et al.[7].

dissolution in the catholyte (Figure 2.9B1).!'%! The reaction and transport processes are therefore
similar to those in an H-cell, as CO; is introduced through the liquid phase. However, the flow cell
provides the additional benefit of forced convection, which reduces the hydrodynamic diffusion
layer at the electrode surface. This enhanced mass transport of CO, results in improved Faradaic

efficiency.

For technical applications, gas diffusion electrodes are integrated into the flow cell (Figure 2.9B2).
Here, gas and liquid electrolyte streams are supplied separately from opposite sides of the elec-
trode. Differential pressure between catholyte and CO, gas side must be carefully controlled to
avoid flooding and electrolyte intrusion, which can significantly impact cell performance.!'°!!
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Membrane electrode assembly cell MEA cells, also called electrolyte-less or zero-gap
cells, replace liquid electrolyte reservoirs with a polymer membrane, minimizing overpotentials
associated with ionic conductivity. Depending on the design, liquid electrolyte compartments
may still be present.[!9?]

In full-MEA setups, liquid electrolytes are completely omitted (Figure 2.9C1).193-1051 [proper
humidification of the polymer membrane is essential to maintain ionic conductivity and perfor-
mance. Additionally, cations play a critical role in stabilizing reaction intermediates, enhancing
catalytic activity. These requirements make the full-MEA design particularly challenging.
TExchange-MEA designs retain a liquid anolyte while removing the catholyte (Figure 2.9C2) or
vice versa.[?3! This results in a wide range of possibilities for the design of MEA setups, all of
which try to combine low cell voltages and compact cell designs with a suitable microenvironment
for CO,R.

Solid oxide electrolyzer cell SOECs operate at high temperatures of 600-800 °C, where
the solid oxide membrane conducts oxygen ions (O°~) generated by the cathodic CO, reduction
reaction [1%/:

COz +2e¢~ — CO+0*". (2.59)

These ions migrate through the membrane to the anode, where they combine and react to form
molecular oxygen (Figure 2.9D). The elevated temperatures in SOECs enable high reaction rates
and substantial current densities, offering promising performance in CO, electroreduction.!'?!
However, the SOEC setup faces significant challenges, namely high capital costs, cell degradation
over time, and the limitation to C; products, primarily CO.1%8]

In the field of high-temperature SOECs, co-electrolysis is an approach in which water and CO,
are simultaneously reduced to produce syngas, most commonly using nickel-based catalysts.!'*!
At these high temperatures, the chemical reverse water-gas shift reaction (RWGS) contributes to

the CO formation.
RWGS
Hy + COy —— H0 + CO (2.60)
WGS

The balance between electrochemical CO, reduction and RWGS depends strongly on catalyst,
temperature, cell potential, electrode thickness, and other parameters, and remains under active
investigation.[!1!

Overall, simple setups such as batch and liquid-phase flow cells remain indispensable for the
laboratory-scale characterization of catalyst-electrolyte systems of CO,R typically operating at

2

current densities up to 100mA cm ™ <. Industrial benchmarks require current densities above

200 mA cm ™2, long-term stability up to 10,000 h, and consistently high Faradaic efficiency.
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Flow cells with integrated GDEs and silver catalysts already achieve 300 mA cm ™2, 95% FE, and
1500 h operation in individual cases.®> "'l MEA configurations are particularly promising for
reducing ohmic losses and improving energy efficiency, with demonstrated stability of 4380 h at

intermediate current densities of 50 up to 200 mA cm 2,180 1121,

2.3.4 Modeling of CO, reduction

Given the complexity of reaction mechanisms, their interplay with species transport and local
conditions, and the diversity of electrode and cell configurations, modeling CO, reduction is an
invaluable tool. It enables reproducing system behavior, gaining a deeper understanding, and
identifying both limitations and opportunities of CO,R systems.

Depending on the specific focus, existing models vary in the processes implemented and the
modeling domains they represent. The primary model types on macroscopic scale and some
representative studies are summarized below (Table 2.1). Note that this overview is not intended
to be exhaustive.

The first model for CO,R was developed by Gupta et al.!'!3], who simulated planar silver and
copper electrodes.!' '3 This reaction-diffusion model incorporates electrochemical reactions, the
carbonate reaction system, and diffusive transport within the liquid diffusion layer. These macroki-
netic models are widely used and often adapted to explore specific research aspects, such as
electrode morphology!! 4 5] or buffering capacity'®’!. To accurately simulate the distribution of
carbonate species in the liquid diffusion layer and assess electrolyte buffering effects, it becomes
essential to include the migration of charged species to account for electric field impacts and to
ensure electroneutrality. All these models have in common that they treat the electrical double
layer as a simple potential drop at the electrolyte/electrode interface, without resolving local
details within this region. They also generally use lumped reaction equations to describe the
electrochemical reactions, prioritizing transport and its limitations over detailed reaction mecha-
nisms.

Microkinetic models also play a significant role in CO,R research, as they include intermediates
in the reaction mechanism of CO,R. These models enable the identification of most plausible
reaction pathways for CO,R at bulk electrodes!!!'® "7l and nanostructured electrodes!!'8!, as well
as the characterization of adsorbed species interactions in relation to surface coverage'*”!. Kinetic
parameters for these models, i.e., Gibbs free energies of adsorption and activation, are often
derived from density functional theory (DFT) calculations, which constitute a separate, huge
field of CO, reduction modeling.!''’! However, DFT models generally do not account for mass
transport processes, so they are not included in this overview in detail.

Another class of models considers the electrical double layer (EDL) by locally resolving ion
concentration profiles. The electric potential generated by the electric field in this region can be
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2 Fundamentals

described by Poisson’s equation (detailed information in section 2.1.2.2). This equation captures
charge separation in the EDL, which typically has a thickness of around 1 to 10 nm. When coupled
with the Nernst-Planck equation for ion transport, these approaches are known as Poisson-Nernst-
Planck models. A prominent modification is the Generalized Modified Poisson-Nernst-Planck
approach, which considers the steric effect of ions.[?> 6> 1201 These EDL-models provide insights
into double-layer charging and discharging behavior!?}!, the local reaction environment!®% 1201,
and the impact of cation concentration and interactions at the electrode/electrolyte interface!'?!l.
However, because these models have the smallest length and time scales of continuum-transport
models, they are computationally demanding.

All the models discussed so far simulate processes at relatively planar electrodes. However, similar
modeling approaches are also applied to porous and gas diffusion electrodes. The first simulation
model was introduced by Li et al.'221) who modeled CO,R in a trickle-bed reactor, already includ-
ing mass transport effects along the reactor height. Despite this, the model remained crude, as it
did not account for the spatial distribution of current or potential.l'??! Additionally, early models
assumed that electrochemical reactions occur solely at the triple-phase boundary.!!16 122 1231 How-
ever, this assumption does not hold in CO;R systems, as experimentally observed, high current
densities cannot be simulated under this condition.!'**! A prominent and comprehensive model
for GDEs in CO,R was developed by Weng et al.l'?>!. This model simulates a carbon-based GDE,
incorporating a microporous and macroporous gas diffusion layer alongside a catalyst layer, and
includes gaseous and liquid transport at a macroscopic scale.['>>! The fraction of flooded pores in
the catalyst layer is described by the saturation S, where the dependence between saturation and
capillary-pressure (saturation curve) is adapted from fuel-cell GDEs.!'?®! The effective thickness
of the resulting thin-film dy¢ is calculated by geometrical derivation according to

dys = rp.oL(1 — 11— 5) 2.61)

with 7, cr, as the pore radius in the catalyst layer. This results in an approximate liquid transport
distance for CO, of around 10 nm for ideally wetted GDEs.

Modifying the electrode structure of a GDE also alters mass transport and local conditions
within the electrode, necessitating further model development for alternative GDE designs, such
as carbon-free GDEs. A stationary model based on the thin-film flooded agglomerate (TFFA)
approach was developed by Loffelholz et al.l'?”!, adapted from application in oxygen depolarized
cathodes.!'?”- 1281 In this model, the reaction zone consists of cylindrically shaped, flooded ag-
glomerates surrounded by a thin-film and gas pores of a defined radius. Using this approach, the
impact of electrolyte concentration and gas feed concentration are evaluated. Findings show that
these electrodes face significant limitations due to CO, mass transport at high current densities
and from chemical consumption of CO,. A dynamic model including the effect of electrowetting
on these electrodes was also developed.!'?°! This model calculates the local saturation of the GDE
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2.3 Electrochemical CO; reduction

using the Leverett approach!!3% 1311 taking into account the potential-dependent contact angle of
silver, which influences the amount of electrolyte in the GDE.

Beyond the diversity of electrode materials and designs, differences in cell configurations also
play a critical role in determining transport processes within the system. Models for these sys-
tems are often extended to include transport through the membrane and the anode reaction. This
enables, e.g., the comparison of potential losses in the full cell, which significantly determines
the cell’s overall energy efficiency.!'3?! The development of membrane-electrode assemblies has
made understanding the transport of charged species within the membrane and cross-flow effects
essential. Weng et al.l'%?! simulated and compared full-MEA and exchange-MEA configurations
(liquid anode feed; see Figure 2.9C1 and C2) revealing distinct limitations for each setup: full-
MEA configurations suffer from membrane dehydration, while exchange-MEA configurations
are more affected by salt deposition and flooding issues.!!%%]

Bree et al.'33] further developed a modular model that allows different cell components to be
combined to create various cell configurations, such as a flow cell with planar electrodes, a flow

cell with a GDE, or a full MEA setup, to enable direct comparisons across cell configurations. 3%
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2.4 Concluding remarks

2.4 Concluding remarks

Electrochemical systems can generally be described by their reaction kinetics, charge and species
transport, and interfacial effects. Using stationary and transient analysis methods, these processes
can be resolved by analyzing the current-potential behavior under defined reaction conditions.
Performance characteristics such as current density, Faradaic efficiency, energy efficiency, and
stability further enable the evaluation and comparison of, for example, catalyst materials, operat-
ing conditions, and cell configurations.

Electrochemical CO; reduction represents a promising yet challenging system in these respects.
The choice of catalyst material, electrolyte, electrode structure, and cell configuration strongly
affects electrode and cell performance, while identifying the underlying causes is often compli-
cated by the interaction of the individual processes within the system.

This complexity makes the development and application of physical models essential, as they
can reproduce and analyze the system and its relevant processes. Depending on the scope of
investigation, these models differ in their modeling domain, implemented reaction mechanisms,
mass transport descriptions, and calculation of the electrolyte potential. Model-based analysis
enables, for example, valuable insights into the reaction mechanism, the influence of local reaction
conditions on cell performance, and the limitations of specific cell configurations.

Two dynamic models were developed as part of this thesis to analyze electrochemical CO,R at
a silver catalyst in an aqueous electrolyte. The first model of a planar silver electrode enables
investigation of the transient behavior of CO,R under controlled mass transport conditions and
the enhancement by metal-organic framework coating, while the second model examines the
impact of operation and electrode parameters on performance-limiting processes in carbon-free
gas diffusion electrodes.

The modeling approaches used to describe the relevant processes are summarized in Table 2.1
(bold entries) and include:

e The kinetics of electrochemical CO; reduction and the hydrogen evolution reaction were
represented by a lumped two-step mechanism for each reaction (for more information, see
section 3.2), modeled using the activity-dependent Butler-Volmer equation (Eq. 2.3).

¢ Jonic and dissolved species transport in the electrolyte was described by the Nernst-Planck
equation, incorporating Fickian diffusion and migration, while the electrolyte potential
gradient was calculated using charge conservation as a closing condition. For the GDE
model, convective Stefan flow in the gas phase was also considered alongside Fickian
diffusion and migration.
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2 Fundamentals

e CO; solubility in both models was calculated based on Henry’s law, accounting for salt
concentration and partial pressure. Due to the high gas/liquid interface in the GDE, water
evaporation and product gas outgassing were also implemented via Raoult’s law and ideal
gas law.

The fully derived and detailed equations are also presented in the respective chapters of the model
description (section 3.2, 4.3, and 5.3).

For validation and analysis, cyclic voltammetry measurements were conducted at a planar rotating
disk electrode with low rotation rates to investigate the dynamic versus stationary operation of
CO;R under controlled mass transport conditions. In the GDE study, the differential pressure
between the gas and liquid sides of the electrode, electrode thickness, and PTFE content in the
electrode were varied. For each variation, galvanostatic steady-state current-potential curves and
gas analysis for Faradaic efficiency were measured.
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3 CO; Reduction at Planar Ag
Electrodes’

3.1 Introduction

Research on electrochemical CO,R covers a huge range of development aspects: catalyst
development!!33-138]electrode structure optimization!! 14%1 and cell and process design!®’- 1411,
Electrochemical analysis methods are widely used for characterization and performance eval-
uation in all three aspects. Experimental stationary analysis and models are widely used to
determine kinetic parameters such as exchange current density and catalytic activity from Tafel
plots and polarization curves.!'*>-1441 A prerequisite for comparing catalyst materials is estab-
lishing uniform and well-defined mass transport conditions. For example, high rotation rates
in rotating disk electrode setups avoid diffusion limitations.!'"*>) However, studies show that the
local reaction conditions of CO,R in aqueous bicarbonate electrolytes are strongly controlled by
mass transport. The interplay between the electrochemical reactions, transport processes, and
the chemical carbonate equilibrium leads to high complexity. Previous studies on air-operated
alkaline membrane fuel cells showed that carbonation in the electrolyte is a slow process in a
similar time range as migration or diffusion, leading to complex concentration profiles and pH
changes near and at the electrodes.!'*®! This makes catalyst characterization and performance
prediction challenging.!'#”! Thus, due to the strong influence of mass transport, it is essential to
identify the hydrodynamic conditions of the cell setup. For steady-state measurements on silver

electrodes, this has already been established.!!*]

Steady-state polarization curves lack the ability to separate processes with similar time constants.!48]
Additionally, they take a long time and the potential signal is disturbed by gas bubble formation
for most gas-evolving reactions, such as oxygen and hydrogen evolution reactions!'*’!, chlorine
evolution%!, or CO, reduction!!- 1521,

Dynamic analysis of the system provides a remedy for all these challenges. Dynamic analysis
of mass transport is often carried out by chronoamperometry. Experimental observations of the

current change during the applied potential steps can be analyzed, for example, by the simple

I Parts of this chapter have been published in Dorner et al., ChemElectroChem, 2023 [134]
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3 CO> Reduction at Planar Ag Electrodes

Cottrell equation'® 133! or by a physicochemical model when complex interactions such as phase

(1541551 Gupta et al.''3! reported on a

change and diffusion of multiple species are involved
dynamic model including the diffusion of dissolved species for the electrochemical CO, reduction
on a copper electrode. The transient state analysis via potential step and pulsed potentials showed
a strong dependency of the local CO, concentration and pH on the diffusion layer thickness and
on time.!""3 The work emphasizes the importance of considering mass transport but needs to
explain the reasons in detail. In-depth investigations of pulsed electrochemical reduction of CO,
on copper have revealed the strong influence of pulsed potentials and their duration times on
Faradaic efficiency for CO;R and C2+ products. These studies highlight the significant impact on
the dynamic behavior of interacting processes within this reaction system, which mainly defines
the local state at the electrode.[!>% 157!

Dynamic methods such as cyclic voltammetry or electrochemical impedance spectroscopy (ELS)
are well-known analysis techniques. But they are rarely used for quantifying mass transport
or kinetic parameters in the electrochemical CO, reduction.!'*8] Their transient nature requires
calculations and modeling effort when electrochemical reaction, mass transport processes, and
electrolyte effects are superimposed and interact. Nevertheless, these techniques, in combination
with dynamic modeling, offer the possibility of separating and analyzing reaction kinetics and
mass transport phenomena individually.*”! Impedance spectroscopy allows reaction and mass
transport to be separated at a defined operating point; the reaction typically yields in a semicircle
within a high-frequency range, while at low frequencies, a Warburg-type arc or straight line
is observed.!"”® Physicochemical models can provide insights into these processes and help to
understand reaction and transport phenomena. For instance, they identify and explain inductive
behavior at low frequencies caused by complex kinetics with adsorbed intermediates,'> or

11601 For

heterogeneously flooded electrodes, which lead to a broad distribution of time constants
CO; reduction, Bienen et al. performed a comprehensive EIS analysis of electrochemical carbon
dioxide reduction at tin electrodes.* 1611 Both, CO, reduction and competing HER, result in a
combined, mixed time constant. A low-frequency process may be attributed to ionic transport
but cannot be reliably identified.

Cyclic voltammograms allow better identification of reaction kinetic constants for multi-step
reactions, including electrochemically coupled chemical reaction steps on the surface!'®?], as
reactions occur at specific potentials. They have also been used to identify reaction kinetics
and parameters for multi-step reactions where homogeneous reactions occur in the electrolyte
and where mass transport affects the measurement.!””! In addition, cyclic voltammetry provides
rapid system analysis and is less affected by the perturbation of the current-potential-curve caused
by gas evolution. Besides the electrochemical reaction and mass transport processes, the pH-
dependent carbonate equilibrium in the electrolyte plays an important role (Egs. 2.49-2.51). It
significantly determines the local reaction conditions, such as CO; availability and pH value. It
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3.2 Dynamic macrokinetic modeling approach for planar electrode

is concluded that knowledge about the kinetics of the buffer reactions is required because equilib-
rium conditions are not achieved in steady-state operation./%”! Dynamic analysis using differential
electrochemical mass spectrometry confirms that the carbonate buffer reaction is an additional
pathway of CO, consumption. It is observed experimentally only at slow scan rates <20 mV s~ !
and is suppressed at high scan rates. It is supposed that the occurrence of CO, consumption by
carbonation at slow scan rates only results from the slow rate of the carbonate buffer reaction.!!%%!
In addition, time-resolved pH measurements at gold electrodes in acidic 0.1 M Li,SOy4 observed
a slow dynamic adaptation of the local pH value after potential steps.!*% 14l A simulative study
that clarifies the detailed interactions between reaction rates of carbonation, transport, and local
reaction conditions has been lacking.

This study will show how to adjust conditions for dynamic operation for rapid and almost gas
bubble-unaffected characterization of catalysts in electrochemical CO, reduction. Mass transport
limitations can be easily revealed by varying the scan rate. Furthermore, the reasons for the dis-
crepancy between the steady-state polarization curve and the cyclic voltammogram are explained
using a dynamic physicochemical, experimentally validated model for CO, reduction on planar
silver electrodes. By varying the rotation rates in rotating disk electrode setups, which imitates
the effect of diffusion layers of real flow cell setups, it is shown that the hydrodynamic conditions
strongly affect dynamic and steady-state performance. Insightful conclusions are derived for
the interaction of transport processes, electrochemical reaction, electrolyte reaction, and their
influence on current densities and Faradaic efficiency.

3.2 Dynamic macrokinetic modeling approach for
planar electrode

In this section, the mathematical model is presented, and a detailed explanation of the individual
model equations and underlying assumptions is given. All constant model parameters can be
found in Table 3.1.

The model includes the description of a planar silver electrode, as well as the diffusion layer in front
of the electrode and the adjacent bulk electrolyte phase (see Figure 3.1). The concentration of the
bulk electrolyte is assumed to be constant due to its large electrolyte volume and the low total CO,
consumption relative to its overall concentration in the bulk solution. The bulk concentrations
are used as boundary conditions for the model at the interface between the diffusion layer and the
bulk. The electrochemical reaction system is assumed as a two-step mechanism for the CO,R and
the alkaline HER, respectively.[''® The latter is described by the Volmer-Heyrovsky mechanism.
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Bulk Diffusion layer Electrode
d
Cco, (o]0)
H.,0 H, buffer
HCO3 reactions
CO% \/
OH- R ° > ® >
" diffusion
H migration
K+
Ax
—

Figure 3.1: Model representation for the CO9R at planar silver electrode with all involved species, transport mechanisms
in the diffusion layer, carbonatization, and competing hydrogen evolution reaction.

This leads to the following reaction equations and allows the description of competitive adsorption
and surface blockage (Eq. 3.1-3.4).

rCOZR 1

CO2(diss) + € +[] ——= CO2*~ (3.1)
COs*™ + HyO + e —> CO+ 20H + ] (3.2)
H2O +e™ + ] oo Hipqs) + OH™ (3.3)

HE e + Ha0 + e~ = Hy + OH™ + ] (3.4)

[ ] denotes a free catalyst surface site. The surface specific electrochemical reaction rate r; of each
surface reaction j is calculated by a Butler-Volmer-equation approach following Equations 3.5-3.8:

—(1 - aco,r)F

TCO2R,1 = Ko f,1 - €xp < 771) “surf,CO, " 01

RT
3.5)
aco,rF
— ko,b,1 - €Xp —Rpr M) 0co,-
& —(1—aco,r)F
rco2R,2 = Kof2exp | ——pm— M2 | 0co, * Gsurf,H,0
(3.6)
aco,rF
— k07b72 - exp <RTT)2) * Gsurf,CO * Ggurf,OH™ ° 9[]
—(1 — aper)F
THER,1 = ko,f,3 - eXp((R—T)ns) “asurf, 1,0 " 0]
3.7
agerF .7

— ko,b,3 * €xp ( 773) O Qgurt,0H

RT
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3.2 Dynamic macrokinetic modeling approach for planar electrode

Table 3.1: Model parameters of planar model

Parameter Symbol Value Unit Source
Operating conditions

Concentration of electrolyte Celyt 0.1 mol L—1

Pressure of gas side for CO» PCO, 1 atm

Temperature T 298.15 K a
Geometrical surface area of electrode Ageom 1.9635 x 10~° m?

Internal ohmic resistance Rint 130 Q b
Diffusion layer thickness for 50 rpm d50rpm 103.0 x 10—6 m ¢
Diffusion layer thickness for 150 rpm d150rpm 50.3 x 106 m ¢
Diffusion layer thickness for 300 rpm d300rpm 44.7x 106 m ¢

Electrochemical surface reaction
Reaction rate constant for forward reaction of electrochemical kg f co2r,1 8-076 X 1076 molm—2s~1 d
CO; adsorption

Reaction rate constant for forward reaction of electrochemical kg ¢ co2r,2 7-708 X 1074 molm—2s~ 1 d
CO desorption
Reaction rate constant for forward reaction of electrochemical ko f ggr,1 7.550 X 1010 molm—2s—1 d
H,O adsorption (Volmer step)
Reaction rate constant for forward reaction of electrochemical ko f HER,2 8.532 X 108 molm—2s~1! d
Hj desorption (Heyrovsky step)
Charge transfer coefficient for CO; reduction aQco,R 0.661 - d
Charge transfer coefficient for hydrogen evolution reaction QHER 0.687 - d
Standard redox potential of CO,R E%%LR -0.11 A% 7
Standard redox potential of HER EI(-)I(%ER 0 \Y% (17
Specific capacitance of electrical double layer Cb1, 100 pnFcem—2 b
Concentration of surface adsorption sites r 7.04 x 106 molm—2 (17
Electrolyte conditions
Activity coefficient of dissolved species 7 Yi 1 - a
Standard concentration of dissolved species @ ci6 1 kmol m—3 a
Diffusion coefficient of dissolved CO, Dco, 1.91 x 1079 m2s—1 [165]
Diffusion coefficient of H,O Du.o 2.57 x 1079 m2s—1 [166]
Diffusion coefficient of OH~ Dow- 5.273 x 109 m2s—1 [e7]
Diffusion coefficient of H* D+ 9.311 x 10~° m?s~! (1671
Diffusion coefficient of HCO3 ~ Dyco; 1.185 x 10~9 m2s—1 [167]
Diffusion coefficient of CO32~ DCng 0.923 x 109 m2s—1 [167]
Diffusion coefficient of K* Dg- 1.957 x 10~9 m?s~! (1671
®assumption, " measured, € estimated close to the Levich equation (see Supporting Information),
4 model parametrization to experiments.
—(1 — appr)F
THER,2 = Ko,f,4 - €xp — Ry 4 GswiHO - O
(3.8)

(0%
- k07b74 - €Xp vnll * Gsurf H, " Agurf, OH™ * 6[}

with kg ; being the reaction rate constants of forward (f) and backward (b) reaction j, the
overpotential 7;, « the anodic charge transfer coefficient of CO,R or HER, the activity of
dissolved species agy,r,; Withi € Q = {CO2; CO; OH™; Ha; HoO; HCO3 ; CO3 s HF K} at
the catalyst surface and coverage of adsorbed species and free adsorption sites 6, with k € 2 =
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3 CO> Reduction at Planar Ag Electrodes

{C ;(_a ds)’ (ads) []}. The backward reaction rate constants turned out to be insensitive in the
simulated potential range because the investigated potential range is far away from the open circuit
potential and the anodic potential range. Hence, the values of backward reaction rate constants

0~25 molm—2s 1.

ko1, ; were set to a value of 1 x 1
The activities of dissolved species were calculated assuming ideal behavior of a diluted solution.
Thus, I set activity coefficient ; to 1 and standard concentration to cie = lkmol m—3 (Eq. 3.9).
c:
a; = %‘% (3.9
o
7
The activity of water as a solvent is set to ap,0 = 1 and the concentrations of dissolved product
gases CO and H, were neglected due to their low solubility in water.
The shift of the overpotential 1 due to pH using RHE reference electrode is calculated via the

Nernst equation:

RT
nj=FE— <EJ~00 — 2'303FPH‘°‘1“‘) (3.10)

with B0 as the standard potential of reaction j. E3 are set equal for single steps of CO,
reduction with E2Y) ;; and for HER to E}}y as it is done for lumped reaction kinetics.!'!”!
Differences in E?O or free energies of reaction AG; are included in the reaction rate constants.
The electrical double layer is related to a potential drop at the electrode to electrolyte boundary.
It is not locally resolved. Thus, the charge balance results in

%:C%L j—FZj:rj (3.11)
where Cpy, is the specific electrical double layer capacitance of the electrode and j the total
current. The electrode potential is calculated by correcting the external potential Feyt, Which is
the measured potential vs. RHE, with the potential drop due to uncompensated resistance with
the current density 7, the geometrical surface of the electrode Ageom, and the internal resistance
Rint:

E = Foxt — jAgeomRint (312)

Molar transport fluxes N of all dissolved species ¢ are described by the Nernst-Planck equation
with Fickian diffusion and migration (Eq. 2.9) and the mobility of the species is approximated
with the Nernst-Einstein equation for diluted systems (Eq. 2.10).

To establish electroneutrality and to calculate the potential gradient in the electrolyte, conservation
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3.2 Dynamic macrokinetic modeling approach for planar electrode

of charge as a closing condition is applied as it is described in section 2.1.2.2.
Applying conservation of mass, the adsorbed species at the surface can be balanced as

a@
Tk Zy,wr], (3.13)

where Oy is the surface coverage of the adsorbed species k and I is the concentration of surface
adsorption sites at the catalyst surface.
For the species in the electrolyte, the respective species balance is:
oc; .
- = VN +5; (3.14)
ot
S is the source term of species ¢ in the electrolyte due to consumption or production in reactions at
the electrode surface K and homogeneous chemical reactions in the electrolyte L, where species
1 is consumed or produced (Eq. 3.15).

L
Z ’JTJ +3 i (3.15)
j=1

with Az as the width of the volume element next to the electrode. To account for carbonation or
decarbonation reactions occurring in the electrolyte, the homogeneous chemical reactions in the
electrolyte phase under alkaline and neutral conditions are considered (Eq. 2.49 - 2.51).[6% 6]
The values of the forward reaction rate constants kg ; and equilibrium constants K; are shown in
Table 3.2 for electrolyte concentration of 0.1 M KHCO;. The backward reaction rate constants
ky, ; are calculated by

Ki = ke i /kpi- (3.16)

Table 3.2: Values of reaction rate constants and equilibrium constants for the carbonate reaction system for a concentration
of 0. M KHCO3 and 7" = 298.15 K.

Parameter Value Unit Source
ket w 2.4x1072 molm™3s™! 166]
Ky 1x107% mol?m~" 165]
kg c1 5.93 m®mol tgt 0]
Ke 4.44 x 10* m?® mol ~* 163]
ks c2 1x10° m®mol~ts™ 1t 160
Kea 4.66 m>mol ! 165]
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3 CO> Reduction at Planar Ag Electrodes

The volumetric chemical reaction rates for water dissociation (w), CO, carbonation (c1), and
HCO3 ™ carbonation (c2) are thus given by

rw = ki w — kpw - e - con- (3.17)
Te1 = kf,c1 - €CO, - Con — kb.c1 * CrcO, (3.18)
Teco = kf7C2 . CHCOJ’ *COH — kb,CQ . Ccodkf (319)

This takes into account that the ionic species of the carbonate reaction system are not necessarily
in equilibrium.
The concentration of dissolved CO; cco, (diss) 18 calculated by Henry’s law

o, (aiss) = Hdo, - Pco. (3.20)

with the Henry coefficient H co, and partial pressure of CO, pco,. The partial pressure is
assumed to be 1 atm. The Henry coefficient H co. for pure water, depending on temperature, is
calculated by Equation 3.21 assuming isothermal conditions with a temperature of 298.15 K (Eq.
3.21).

100 T
In Hépo = 93. 4517— —60.2409 + 23.3585In 100 (3.21)

The decrease of solubility with increasing salt concentration in the electrolyte by the “salting-out”
effect is considered by Sechenov equation (Eq. 3.22 and Table 3.3).118]

log €COum _ Z hco, + hum (3.22)

It requires the consideration of all dissolved ionic species m € @ = {OH™; HCO5; CO‘%* s HT KT}
by their substance specific parameter h,, and their concentrations ¢,,. The values of parameters
can be found in Table 3. Thus, the concentration of dissolved CO, in pure water C%OZ( diss) is
corrected to yield the concentration of dissolved CO; in electrolyte solution ¢co, (qiss) Which is
used in the model.

The model was implemented in MATLAB R2020b, and differential equations were solved with
the odel5s solver. Spatial discretization was done with an equidistant grid and by applying the
finite volume method and central differential quotients. Grid size was set to a value of Az =1 pm
and convergence of the solution regarding grid parameters was confirmed as refining the param-
eters led to no visual changes of the CVs and concentration profiles. The system was initialized
by holding the starting potential of —0.5 V, where no significant electrochemical reactions take
place, until a stationary state was reached. Initial surface coverages y —o and Ey—q were adapted
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3.3 Experimental characterization

Table 3.3: Model parameters for the consideration of “salting-out” effect for the solubility of CO; in ionic solutions.

Constant ~ Value Unit Source
hco,o  -0.0172 m? kmol ~? [168]
hr.co, -0.000338 m®kmol K~ 8
ha 0 m3kmol ™! U168l
hic+ 0.0922 m?3 kmol ™} [168]
howu- 0.0839 m?® kmol ~* [168]
huco.  0.0967 m? kmol ™! [168]
hco:- 0.1423 m? kmol ™! [168]

from the stationary state. Initial concentrations were set to electrolyte bulk concentrations, where
the equilibrium of carbonate species and dissolved CO, is adjusted.

The reaction rate constants for the forward reaction of the electrochemical reactions kg ¢ 1, ko £ 2,
ko.£,3, ko.f,4 and the charge transfer coefficient of COR aco,r and HER apgr were iden-
tified by optimizing the model output on experimental CV curves for the scan rates of 50 and
200mV s~ ! at a rotation rate of 50 rpm. For higher rotation rates of 150 and 300 rpm, only the
diffusion layer thickness was adapted. The kinetic parameters were retained from the parameter
identification at 50 rpm.

3.3 Experimental characterization

All electrochemical measurements were conducted in a three-electrode setup using a PTFE
cell with an electrolyte volume of 250 mL. As a working electrode, a planar silver rotating
disk electrode (surface area Ageom = 0.1963 cm?) with PEEK shroud from PINE Research
Instrumentation Inc., and as counter electrode, a spiral platinum wire was used. All potentials were
measured and plotted against a reference electrode, the HydroFlex reversible hydrogen electrode
from Gaskatel mbH. The potentials were corrected for uncompensated resistance afterward. For
variation of rotation rates, a rotating disk electrode setup from PINE Research Instrumentation Inc.
was connected with a Gamry Interface 1010E potentiostat. Before each measurement, the silver
electrode was polished with diamond compound with a particle size of 0.25 pm from Kemet. As
a solvent and for rinsing, deionized water (16 M{2cm) was used. Aqueous potassium bicarbonate
solution (0.1 M, BioUltra >99.5%, Sigma Aldrich) was used as electrolyte. The electrolyte was
purged with CO, for 15 min before starting the experiment to ensure saturation with CO,. During
the experiment, a CO, atmosphere was realized in the gas volume above the solution.
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3 CO> Reduction at Planar Ag Electrodes

Cyclic voltammetry was performed in a potential window of —0.5V to —2.0V vs. RHE with
rotation speeds between 50 and 150 rpm and between —0.5V to —2.5V vs. RHE for 300 rpm.
The scan rate of the potential sweep was set to values of v = {50; 100; 200; 300 mV s™1 }. The
number of cycles was eight for each scan rate to guarantee a quasi-steady state. In the figures,
only the last cycle is displayed.

Electrochemical impedance spectra were recorded for each scan rate after a CV measurement.
It was used to determine the uncompensated resistance for iR-drop correction of the reference
electrode potential. Therefore, an AC voltage amplitude of 10 mV,,,s was applied at an underlying
DC voltage of -0.5 V vs. RHE in a frequency range between 1 MHz and 1 Hz.

The stationary polarisation curve was measured by holding a constant potential for 200 s. The step
size of the applied potential was 0.1 V. It was observed that the current density was decreasing
with time for measured current densities above 10 mA cm™2. This was induced by the bubble
accumulation at the electrode and resulted in an increase in the uncompensated resistance with
time. The uncompensated resistance was measured after each holding time. Figures show the
corrected mean potential and mean error, determined from the last 20 s of each measured potential.
Due to the bubble formation, the minimal applied potential of the polarization curve was limited
to values around -1.3 V vs. RHE at rotation rates of 150 and 300 rpm.

3.4 Results and discussion

3.4.1 Dynamic vs. steady-state behavior

In the following, differences between the dynamic and steady-state performance will be revealed,
quantified, and analyzed. The underlying differences in concentrations at the electrode that cause
the performance differences will be explained. The current evolution vs. potential during steady-
state and cyclic voltammetry for different scan rates is given in Figure 3.2a for the experiments and
in Figure 3.2b for the simulation. Progression of the steady-state and dynamic current curves is
similar for experiment and simulation, whereas some quantitative trends between experiment and
simulation are slightly different, in particular for the polarisation curve. Lower current densities
for this curve compared to dynamic measurement in the intermediate potential range can be
caused by stronger limitation than expected in simulations or slightly overcorrected CV curves by
iR-correction for experimental results.

The total current density for the forward sweep of the CV and the polarization curve shows a
similar behavior, namely an exponential decrease between —0.8 V to —1.2'V, with a plateau
in the potential range of —1.2V to —1.4'V, followed by a consecutive exponential decrease in
current. No limiting current is observed in the potential window. The simulations in Figure 3.2¢
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Figure 3.2: (a) Experimental and (b) simulated cyclic voltammograms for different scan rates and steady-state polarization
curve for a rotation rate of 50 rpm. (c) Corresponding simulated Faradaic current densities for CO2R and
HER as a function of potential. Forward sweeps are shown in solid lines and backward sweep in dashed lines.
Conditions: CO> saturated 0.1 M KHCO3 solution, room temperature, rotation rate of 50 rpm (corresponding
to a diffusion layer thickness of 103 pm). Potentials are corrected for iR-drop.

show that the potential at which the plateau occurs coincides with a maximum in the Faradaic
current for the CO,R. A similar observation was made experimentally by Hatsukade et al.[**! in
a flow cell setup and confirmed by product analysis.[**! Furthermore, my results show that, as
the peak in Faradaic current density of CO, shifts to higher potentials for faster scan rates, the
plateau in current density also shifts in the same direction. The CO, reduction is the prevalent
electrochemical reaction at potentials between —0.8V to —1.2' V. At more negative potentials,
the CO;R is suppressed mainly due to the depletion of CO, at the electrode surface, as shown in
the simulation results, Figure 3.3a. The HER thus becomes the dominant reaction in the potential
range below —1.4 V. A large amount of electrolyte available for the HER reaction explains the
absence of a limiting current. While the trend of exponential behavior with an intermediate
plateau is identical for all scan rates, a strong dependency of current density on the scan rate is
observable in the experiments. The higher the scan rate, the higher the current density is measured
at the same potential. This trend is well reproduced by the simulation. Further, experiment and
simulation show similar trends in the backward sweep: In contrast to the clear plateau while
decreasing potential, there is only a very weak plateau, which is rather a slight decrease in current
slope. This correlates well with the lower CO; reduction rate and maximum in this region.

There is also a hysteresis between forward and backward sweep, which becomes more significant
athigher scanrates. All these observations result in a discrepancy between stationary and dynamic
current-potential curves. Simulation in Figure 3.2¢ shows that the scan rate dependence is very
strong for CO,R, whereas HER is not affected. The strong influence of the scan rate can be partly
explained by the difference in the CO, concentration at the electrode (see Figure 3.3a): (1) At the
upper potential of —0.5V, the CO, concentration decreases with increasing scan rate. (2) In the
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Figure 3.3: (a) Predicted CO> concentration at the electrode during the potential sweep for dynamic and steady-state
simulation in dependency of the scan rate and (b) corresponding pH value at the electrode. Forward sweeps
are shown in solid lines and backward sweeps in dashed lines. Conditions: CO; saturated 0.1 M KHCO3
solution, room temperature, rotation rate of 50 rpm.

intermediate potential range of —0.5V to —1.0V, the CO, concentrations during the potential
sweep are significantly lower than for steady state and increase with decreasing potential for higher
scan rates. (3) In all cases, CO, concentration drops to O in the low potential range of —1.0V
to —1.6 V. This decline occurs earlier at slower scan rates. Additionally, the CO, concentration
is much lower for the backward sweep than for the forward sweep at the same potential. The
difference increases with scan rates, which explains the observed increasing current hysteresis
with scan rate in Figure 3.2.

The curves for pH value at the electrode surface in Figure 3.3b show similar, but opposite trends
compared to the CO, concentration as the scan rate changes. In the high potential region, pH
values increase with increasing scan rate. In the intermediate range, pH is reaching a plateau
value, which is the highest for the stationary case. With further decreasing potentials, pH in-
creases nearly linearly again with the highest values for stationary operation compared to dynamic
operation. The pH value is a measure of hydrogen and CO, production, as OH™ is produced
in both reactions. In addition, OH™ is consumed by carbonation in the electrolyte according
to Equation 2.50 and 2.51. Therefore, most processes strongly change the pH near and at the
electrode. The observed trend in the pH and CO, surface concentrations can be explained as
follows:

(1) The concentration differences in the upper potential region originate from the reaction
history. For analysis of cyclic voltammograms, the 8' cycle is selected for accurate process
analysis. It ensures that experimental and simulative current-potential curves are stable and
reproducible regardless of the cycle number. However, this also means that the processes
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2

3)

and state during the previous cycle influence the concentrations at the beginning of the next
cycle. From about —0.8 V, the current of the backward sweep drops to almost zero, allowing
more CO, to diffuse to the surface than is consumed. As a result, the CO, concentration
at the electrode has time to recover during the backward sweep. This recovery time is
longer for lower scan rates. For example, at —0.5V, the CO, concentration for the sweep
of 50mV s~ is almost fully recovered and similar to that of the steady-state curve. In
contrast, recovery time and thus CO, concentration decreases with increasing scan rate.
Analogous to the CO, concentration, the pH is the highest for high scan rates, as OH™
has not yet been transported away or reacted further to form carbonates. This effect also
causes the hysteresis in current density, CO, reduction, and the concentrations of CO, and
hydroxide ions (pH) for the forward and backward sweep. Higher pH values and lower CO,
concentrations during the backward sweep for higher scan rates reduce the current density.

The increase in CO, concentration with decreasing potential up to approx. —1V for fast
sweep rates is directly related to the recovery process. The diffusive transport of CO, from
the bulk to the electrode and only small consumption rates of CO, cause the concentration
to increase with time. Similarly, pH decreases due to the transport of OH™ to the bulk and
carbonation.

The smaller decline in CO, concentration in the low potential range with increasing scan
rate is caused by the fact that the CO, consumption time in this potential range is much
lower for higher scan rates. This results in higher CO, concentrations and a later depletion
of CO; at the electrode during the sweep. It leads to a shift of the plateau value to higher
absolute total current and higher absolute Faradaic current densities of CO,R. The pH
increases earlier due to longer reaction time for lower scan rates. The stationary curve
shows the highest pH value in this potential region. At a potential of around —1.3V, a
slight stagnation of the increase can be seen for all curves. This is due to the limitation
of CO; reduction and the HER becoming the dominant reaction, and corresponds to the
plateau in current.

After the reversal point from forward to backward sweep, an increase in pH is observed, especially

for high scan rates, although the current density decreases. This phenomenon will be discussed

later in the section “Impact of carbonation reactions”. The observed behavior is not changed

qualitatively with increasing electrolyte concentration of 0.5 or 1.0 M KHCO3, which is shown

in Figure A.5 of the Supporting Information.
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Concluding, I have shown that the conditions at the electrode differ significantly between steady-
state and dynamic operation. One reason for this is that the transport of CO, and OH" is slower
than the potential change during the sweep for high scan rates. In addition, the reaction time, , the
time over which a potential is held, determines the extent of consumption and thus concentration
change. This means that in cyclic voltammetry, species transport and carbonation impact on the
measurements can be easily detected by varying the scan rate. A fast CV scan can only replace a
steady state if there is no transport effect and no change in local conditions at the electrode. This
is not possible for electrochemical CO, reduction under the investigated conditions. It has been
shown that fast species transport has an essential impact under given conditions, so the influence
of changing the hydrodynamic conditions will be investigated in the following.

3.4.2 Impact of species transport

Adjusting a suitable diffusion layer thickness is essential for preventing transport limitations at
planar electrodes in batch and flow cells. A thick layer will cause transport limitations, leading to
reduced reactant transport and thus reduced performance during stationary or dynamic operation.
Consequently, the diffusion layer thickness strongly impacts the steady-state behavior and the
dynamic response of the system to a change in current or — as here — in potential.

As shown in the previous section, variation in scan rate changes the impact that species transport
through the diffusion layer has on performance and local concentrations at the electrode. This, in
turn, means that changing the diffusion layer thickness should also lead to significant qualitative
and quantitative changes in species transport and hence in performance. This finding will have
practical implications for designing and adjusting cell configurations for CO;R.

For the investigation of transport effects, the impact of diffusion layer thicknesses was studied
through variation of the rotation rate of the electrode between 50 and 300 rpm. Figure 3.4 shows
the current densities during dynamic and stationary operation for 300 rpm. Current densities at
a medium speed of 150 rpm are shown in Figure A.1 in the Supporting Information. The current
densities increase significantly with rotation rate from a maximum of —16 mA cm ™2 at 50 rpm
to —27mA cm ™2 at 300 rpm, when operating at —1.4 V. As expected, smaller diffusion layer
thicknesses and faster species transport lead to significantly higher absolute current densities at
intermediate and low potentials. With more CO, being available over a wide potential range, the
limitation of CO,R due to low CO, concentrations at the electrode (see Figure 3.4c) is shifted
to lower potentials, apparent in the shift of the current plateau in Figure 3.4b to more negative
potentials and current densities.

The experimental and simulative results agree well; both show that the dependency of current
on the scan rate and the difference between steady-state and dynamic currents, as well as the
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Figure 3.4: (a) Experimental and (b) simulated cyclic voltammograms for different scan rates and steady-state polarization
curve for a rotation rate of 300 rpm (d = 45 um). (c) Predicted CO, concentration at the electrode during
the potential sweep for dynamic (scan rate of 300 mV s~1) and steady state simulation and corresponding
pH value at the electrode. Forward sweeps are shown in solid lines and backward sweeps in dashed lines.
Conditions: CO2 saturated 0.1 M KHCO3 solution, room temperature. Potentials are corrected for iR-drop.

hysteresis during CV becomes smaller for higher rotation rates. At 300 rpm, there is almost no
dependence on the scan rate. Thus, a small diffusion layer thickness allows to get similar results
for steady-state and dynamic operation. Comparing the time constants of the diffusive transport
Taig With the time it takes for a potential sweep from —0.5V to —2.0 V makes this dependence
clear. The time constant can be calculated from

d2

Tdiff ~ 7Dco (3.23)

with the diffusion layer thickness d and the diffusion coefficient of CO, Dco,. Increasing the
rotation rate from 50 rpm to 300 rpm decreases 74 from 5.6 s to 1.0 s. The time constant is now
5 times smaller than the time it takes for an unidirectional potential sweep of 5 s for a scan rate of
300mV s~ 1, whereas for 50 rpm, the times are similar. This means that at 300 rpm, sufficient
CO, can diffuse to the electrode and can partly be replenished during the sweeps. The CO,
concentration at the electrode is very similar for stationary and 300 mV s~! operation, and there
is no maximum anymore for 300 rpm. Also, the differences between steady-state and dynamic
pH for a higher rotation have significantly decreased, resulting in a pH difference at —0.5V of 1
for 300 rpm compared to a pH difference of 2.5 for 50 rpm.

Still, the pH recovery takes much longer and is not fully completed under the conditions shown
here, as can be seen in the still visible pH minimum for dynamic operation. The readers should
notice the logarithmic scale of pH, which emphasizes differences in low absolute concentrations
of hydroxide ions much more.

In comparison to 300 rpm, the results at 150 rpm, which corresponds to a diffusion layer thickness
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of 50 pm, still has visible, although small hysteresis for the here investigated conditions of room
temperature and 0.1 M KHCOs3, shown in FigureA.1. Thus, diffusion layer thicknesses > 45 pm
lead to non-negligible differences in the dynamic and steady-state current response.

It is known from other simulative studies that the diffusion layer thickness in cell setups can
vary in a wide range of 40 and 200 pm.[!!3: 125 155. 1691 Therefore, to see if the cell suffers from
thick diffusion layers and thus transport losses, CVs can be used in the investigated cell setup at
different scan rates. If they are equal, then there is no significant transport limitation. Besides
increasing the electrolyte flow rate, the integration of turbulence promoters is possible to decrease
the diffusion layer thickness in cells.

For the dynamic operation, the situation changes. For the strongly negative potential region,
OH"™ consumption by c2 is much higher than for the c1 reaction. This is caused by the different
time constants of these reactions. The c2 reaction is much faster due to a higher reaction rate
constant and good availability of bicarbonate ions. This results in a domination of the c2 reac-
tion in dynamic operation and a large deviation from equilibrium concentrations of carbonate
species. In the backward sweep after the reversal point, the consumption of hydroxide ions by
c2 is decreasing strongly in the diffusion layer and becomes positive at a potential of —1.2'V, so
hydroxide ions are produced by c2. This effect is created by equilibration, i.e., the thrive to restore
equilibrium concentrations of the carbonate system. At these conditions (referring to the local
pH and CO, concentration), the equilibrium predominantly favors the formation of bicarbonate
ions, so carbonate ions react to bicarbonate, and CO, reacts with released OH™ to bicarbonate.

3.4.3 Impact of carbonation reaction

The local pH is known to strongly influence the reaction conditions for CO, reduction at the
electrode.l'®-!'711 Due to the production of OH™ during CO,R and HER (Eq. 3.1 — 3.4), the
pH at the electrode increases, especially when high current densities are reached. The change in
pH can be mitigated by the consumption of OH™ via the carbonation reaction with CO, to form
CO;27, as given in Equation 2.50 and 2.51. Furthermore, molar transport of OH™ into the bulk
may reduce the accumulation of OH™ at the surface, and thus a fast pH increase. It is still unclear
how strong the interaction of carbonation reactions and species transport is, resulting in a local
pH change, and how it influences the stationary and dynamic behavior of the reaction system. In
the following, I analyze this interplay and its effect on cell performance.

The changes in hydroxide ion concentration within the diffusion layer due to electrochemical
and chemical reactions and due to transport from the bulk are shown for stationary operation in
Figure 3.5a and for dynamic operation in Figure 3.5b. The main production of OH™ for both,
stationary and dynamic operation, is due to the electrochemical reactions. It is equal to the
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Figure 3.5: Molar transport or reaction rates of hydroxide ions in the diffusion layer caused by water dissociation (w),
by CO»-to-bicarbonate reaction (c1) and by bicarbonate-to-carbonate reaction (c2), by transport of hydroxide
ions from the bulk and by the electrochemical reactions HER and CO2R for a rotation rate of 50 rpm for (a)
stationary and (b) dynamic operation. Forward sweeps at 300 mV s~ are shown in solid lines and backward
sweeps in dashed lines. Conditions: CO» saturated 0.1 M KHCOj3 solution, rotation rate of 50 rpm, room
temperature. Potentials are corrected for iR-drop.

current response, as both HER and CO,R produce one OH™ per e™. It thus also increases with
more negative potential. Most of these hydroxide ions are consumed by the chemical carbonation
reactions (cl and c2 in Figure 3.5). Their combined consumption curves resemble a mirror
image of the electrochemical production rate. In contrast, the rates of hydroxide ions leaving
the diffusion layer to the bulk or being produced or consumed by water dissociation are much
lower; these OH™ sources/sinks are thus negligible. At potentials between —1.1V and —0.7V,
the CO,-to-bicarbonate reaction (c1) is slightly higher than the bicarbonate-to-carbonate reaction
(c2) for stationary operation. This is caused by the good availability of CO, in the diffusion layer
for this potential range. For more negative potentials, the cl reaction becomes slower than c2:
Here, CO, is depleted in the entire diffusion layer, and bicarbonate, which is produced by c1 and
which is anyway present in the supplied electrolyte, can consume more of the ions.

For the dynamic operation, the situation changes. For the strongly negative potential region,
OH"™ consumption by c2 is much higher than for the c1 reaction. This is caused by the different
time constants of these reactions. The c2 reaction is much faster due to a higher reaction rate
constant and good availability of bicarbonate ions. This results in a domination of c2 reaction in
dynamic operation and a large deviation from equilibrium concentrations of carbonate species.
In the backward sweep after the reversal point, the consumption of hydroxide ions by c2 is de-
creasing strongly in the diffusion layer and becomes positive at a potential of 1.2V, so hydroxide
ions are produced by c2. This effect is created by equilibration, i. e. the thrive to restore
equilibrium concentrations of the carbonate system. At these conditions (referring to the local
pH and CO; concentration), the equilibrium predominantly favors the formation of bicarbonate
ions, so carbonate ions react to bicarbonate, and CO, reacts with released OH™ to bicarbonate.
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In summary, due to a good availability of bicarbonate and a fast bicarbonate-carbonate buffer
reaction, bicarbonate consumes most of the OH™ at low potentials, whereas it releases them at
higher potentials again, when less OH™ is produced in dynamic operation.
In summary, due to a good availability of bicarbonate and a fast bicarbonate-carbonate buffer
reaction, bicarbonate consumes most of the OH™ at low potentials, whereas it releases them at
higher potentials again, when less OH™ is produced in dynamic operation.

Figure 3.6 compares the carbon efficiency, i.e., the ratio of the total electrochemical CO, con-
sumption to the total CO, consumption over the entire diffusion layer thickness (Eq. 2.52). The
absolute values of the consumption rates can be found in Figure A.4. CE is in the order of 0.5,
i.e., chemical and electrochemical consumption are in the same order of magnitude. All values
are further positive, which means that there is no release or source of CO, from decarbonisation
of the KHCOj; electrolyte. This effect has also been observed in gas diffusion electrodes!'?”! and
is acutely exacerbated in planar electrodes due to low CO, concentrations. For the stationary
case, in the high potential region >—1V, CE is slightly less than 0.5 and nearly constant. In this
potential region, the reaction rate of CO,R is low and chemical CO, consumption takes place
to consume these hydroxide ions from CO,R and HER. With decreasing potential, CE reaches a
maximum of 50% at a potential of —1.3 V. At this potential, the electrochemical CO, reduction
has its maximum, and a value of 50% indicates that for each CO molecule produced, two CO,
molecules are converted in the diffusion layer — one by electrochemical reduction and one by
chemical reaction with a hydroxide ion. At low potentials, CE decreases further due to the lim-
itation of CO, reduction and HER dominance. In this potential range, CO; is mainly consumed
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Figure 3.6: Carbon efficiency, i.e., ratio of electrochemical CO> consumption to chemical CO; consumption, in the
diffusion layer along the potential for steady-state and for dynamic operation at different scan rates for (a)
50 rpm and (b) 300 rpm. Forward sweeps are shown in solid lines and backward sweeps in dashed lines.
Conditions: CO» saturated 0.1 M KHCO3 Potentials are corrected for iR-drop.
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3.4 Results and discussion

by the chemical reaction using the hydroxide ions released by HER, which further suppresses the
electrochemical CO;R.

The situation under dynamic operation is significantly different compared to stationary operation.
For the forward sweep, electrochemical consumption exceeds that of chemical consumption in the
medium potential range. Here, the Faradaic current of the CO,R is strong as most of the OH™ ions
are more rapidly consumed by the bicarbonate-to-carbonate reaction than the CO,-to-bicarbonate
reaction (see discussion above). The chemical consumption exceeds the electrochemical reaction
for very negative potentials — similarly as for the stationary case — due to high HER and thus
hydroxide production, which consumes fresh CO, entering the diffusion layer.

During the backward sweep, this accumulation of OH™ leads to high carbonation rates, thus
CE drops to almost zero. This history and the ongoing balancing of the buffer also explain the
very low values of CE at the beginning of the forward sweep. At low potentials <—1.4V, CE
decreases and continues to decrease further in the backward sweep at high scan rates, resulting in
a significant hysteresis. The reason for the hysteresis effect is the readjustment of the carbonate
equilibrium. This results in low values of the carbon efficiency for the backward sweep and a
strong hysteresis in dynamic operation.

Interestingly, electrochemical CO, reduction is significantly more favored than carbonation when
increasing rotation to 300 rpm, as shown in Figure 3.6b. CE is also higher for steady state, with a
value of about 65%. This is because the buffering is mainly done by the bicarbonate-to-carbonate
reaction in this case. A thinner diffusion layer ensures high availability of bicarbonate ions and
low concentrations of carbonate species which promotes high reaction rates of reaction c2 (see
Figure A.4 in SI). For dynamic operation, the potential range where chemical CO, consumption
is higher than the electrochemical one becomes smaller because the diffusion layer recovers much
faster. For scans at 50mV s, during the full scan, electrochemical CO, consumption is higher
than the chemical one. In addition, for all scan rates, the maximum is shifted to more posi-
tive potentials. At high potentials, the CO, reduction is not transport-limited, and due to better
transport, the local pH is not high, which prevents carbonation. These points strongly favor the
electrochemical CO, reduction over the chemical consumption. Thus, either at low potentials,
where high current densities can be achieved, higher values of the CE are reached due to better
species transport.

I conclude that with higher scan and rotation rates, the efficiency of the CO, consumption can be
pushed in favor of electrochemical CO, reduction. This can be reached due to a better transport
of CO, and bicarbonate species and a fast reaction rate of the bicarbonate-to-carbonate reaction.
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3 CO; Reduction at Planar Ag Electrodes

3.4.4 Faradaic efficiency

In the following, I discuss the practical impact of the complex influence of carbonation and species
transport on electrochemical CO, reduction. The focus is on impact on catalyst characterization
and performance assessment. The questions answered are whether dynamic operation or opera-
tion at thin vs. thick diffusion layers should be targeted.

The Faradaic efficiency characterizes the selectivity for the electrochemical CO,R over HER.
Figure 3.7 shows the simulated Faradaic efficiencies for 50 rpm and 300 rpm in stationary and
dynamic operation. At high potentials, in all cases, high FEgo, g near 1 is reached for dynamic
and stationary operation at low and higher rotation rates. This is maintained by high CO, con-
centrations and low reaction rates. At lower potentials, the Faradaic efficiencies decrease due to
the transport-controlled limitation of CO,R and the strong onset of HER. For low rotation rates
and low potentials below —1.4 V, the Faradaic efficiency is higher for the dynamic vs. stationary
operation. For dynamic operation at —1.4 V (forward sweep), it is 10% higher. This is due to the
slower depletion of CO, at the electrode, slightly lower pH values, and a higher carbon-efficiency
of electrochemical over chemical CO, consumption. The FEco,r in the backward sweep is
slightly lower than that for stationary operation, caused by higher pH values shifting the CO,
consumption towards chemical consumption. This results in lower CO, concentrations at higher
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Figure 3.7: Simulated Faradaic efficiencies of electrochemical CO» reduction for stationary and dynamic operation for 50
and 300 rpm. Values for forward sweeps at 300 mV s ™ L are shown without a pattern and values for backward
sweep with a striped pattern. Conditions: CO; saturated 0.1 M KHCO3 room temperature. Potentials are
corrected for iR-drop.
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potentials in the backward sweep. Increasing the rotation rate to 300 rpm further increases
the FEco,r. Improving the species transport increases the local CO, concentration and the
efficiency of CO, consumption towards electrochemical consumption. However, at this rotation
rate, the FEco, R for the dynamic and stationary analyses are almost the same. The differences in
local conditions in this potential region are minor, and the transport processes are faster than the
potential sweep. This reduces the impact of the scan rate and is reflected in very similar Faradaic
efficiencies.

These observations show that the differences in the local state between the dynamic and the
stationary operation result in a significant shift in the Faradic efficiency, if species transport is
insufficient. It shows that from catalyst material characterization with high rotation rates, no
conclusion for performance under mass transport influence can be made. For systems without
transport limitation, dynamic characterization can be used to infer steady-state performance.
Additionally, I showed that if species transport effects cannot be excluded, dynamic operation
can help to shift the FEco,r to higher values. The improvement is strongly dependent on the
time constants of transport processes compared to the time constants of the potential sweep and
is only a snapshot of performance. The performance under steady-state conditions can differ
significantly from this. Whether a permanent improvement of performance can be made with
dynamic operation techniques has to be investigated in further studies.

3.5 Concluding remarks

This chapter used a dynamic model for electrochemical CO, reduction at silver electrodes to
analyze the difference between steady-state and transient behavior systematically, and to unravel
the impact of transport and carbonation on the performance of the silver electrode. The model
was able to reproduce polarization curves and cyclic voltammograms with different scan rates
and rotation rates, i.e., species transport influences. A high scan rate dependence on the current
response was observed for low rotation rates. Such conditions can easily occur under real operating
conditions, e.g., in flow cell setups. This sensitivity to scan rate results from species transport
affecting several aspects of the system, namely CO, depletion, carbonate buffer reaction, and local
pH evolution.

Under transport limitation, stationary operation suffers most from depletion of CO; at the electrode
due to slow transport and increased chemical consumption of CO, by carbonation reaction.
Applying high scan rates, Faradaic efficiency for CO,R can be increased for the forward sweep.
This is reached due to several effects: The holding times at low potential are much shorter and
the CO, concentration at the electrode surface partially recovered by species transport during the
backward sweep in dynamic operation. Thus, the concentration profile across the diffusion layer
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3 CO> Reduction at Planar Ag Electrodes

is mainly influenced by the reaction history and the scan rate. Additionally, it is shown that the
effect of carbonation is highly time-dependent. The reaction HCO3~ +OH™ — CO;>~ +H,0 is
much faster than the reaction CO, + OH™ ——= HCOj3 " due to the good availability of bicarbonate
compared to CO; in the electrolyte and a higher reaction rate constant of the former reaction.
This results in a domination of this reaction in the buffer process and less consumption of CO, by
the chemical reaction in dynamic operation. The carbon efficiency is increased significantly from
50rpm to 300 rpm. This is caused by better CO, transport to the electrode, a better transport
of bicarbonate and carbonate ions which promotes the bicarbonate-to-carbonate reaction in the
diffusion layer.

As species transport and carbonation effects can be easily detected by varying the scan rate, [
propose such a test for catalyst research to ensure that the results contain negligible transport
effects. Transport effects can easily be removed by increasing rotation rates in RDE setups. In
contrast, when it is of interest to understand how the catalyst behaves during realistic conditions,
where carbonation and species transport will lead to strongly different pH and local concentrations,
the proposed low rotation rates and a variation in scan rate can be applied. I recommend replacing
steady-state analysis with the dynamic analysis for RDE studies - with the choice of the appropriate
rotation rate - because it is faster and less prone to failure in gas evolution reactions. Concluding,
the CO, reduction in alkaline electrolyte has been shown as a system where electrolyte conditions
may easily change and deviate from nominal conditions; these in turn can strongly impact
performance and analysis results. This requires countermeasures as suggested here for adjusting
proper analysis conditions.
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4 CO; Reduction Enhancement with
Metal-Organic Framework Coating’

In the previous chapter, it became evident that CO,R at flooded planar electrodes suffers signif-
icantly from a depletion of CO; at the catalyst surface, caused by transport limitations and the
chemical consumption of CO,. The following section demonstrates how the coating of planar
silver electrodes with the metal-organic framework UiO-67 (Universitetet i Oslo type 67) can
enhance the local CO, concentration at the electrode and thereby increases the Faradaic efficiency
for CO formation. A systematic modeling study discusses potential factors by which the MOF
layer influences local reaction conditions, thereby revealing the main causes of the performance
enhancement of the electrode with UiO-67 coating.

4.1 Introduction

Improving electrode performance and FE requires ongoing catalyst optimization, focusing on new,
highly active materials. Among them metal oxides!'’?!, metal alloys!'”3), single-atom catalysts/*’],
or metal-organic frameworks (MOFs)!!7#! are being studied. Metal-organic frameworks offer
particular promise due to their large surface area, well-defined porous structure, and versatile
tailoring options. They consist of an inorganic metal building block combined with an organic
linker, forming highly crystalline two- or three-dimensional structures.!!74 1751

Several metal-organic frameworks have been investigated for electrochemical CO; reduction. The
nature of active sites and their product selectivity is diverse. For instance, MOFs that exhibit
high selectivity for CO production include Co-PMOF (polyoxometalate-metalloporphyrin organic
framework), which has a FEco of over 94% across a wide potential range between —0.8 and
—1.0V vs. RHE, with a partial current density of —17 down to —29mA cm~2.[76 Other
examples include Re-SURFMOF (surface-grafted metal-organic frameworks with incorporated
ReL(CO),ClI (L=2,2’-bipyridine-5,5’-dicarboxylic acid), which demonstrates an FEco of 93%

1" The work in this chapter was done in close collaboration with the Institute of Functional Interfaces, Department of

Chemistry of Oxidic and Organic Interfaces, Karlsruhe Institute of Technology.
Results that do not correspond to my own work are marked accordingly
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2 in acetonitrile!'””! or the one-dimensional Ag-NIM-MOF (2-Nitroimidazole-

at —2mA cm™
based) that improves FEco from 79.4 to 94.5% compared to Ag nanoparticles, with a current
density of —28 mA cm ™2 versus —16.6 mA cm~2 at —1.4V vs. RHE!'78],

To enhance selectivity towards more valuable products such as formate, methane, alcohols or
C2+ products, Cu- or Cu,O-MOFs are frequently employed.3% 1791821 Cu, 0O incorporated into
Cu-MOF (Cu3(BTC),) showed higher selectivity for methane from 3% for bare Cu,O to 63.2% for
Cu,O@Cu-MOF at —1.71 V vs. RHE. This improvement is attributed to the high CO, adsorption
capacity and a lower charge-transfer resistance of the Cu;O@Cu-MOF during CO,R.!"7°! Copper
naphthalenedicarboxylate, a 2D metal-organic framework, offers high selectivity for ethanol due
to the high surface concentration of Cu+ species and provides beneficial electron density at the
active sites, primarily influenced by the 7-conjugated ligand of the organic linker.['8]

However, while metal sites within MOFs can contribute to electrochemical activity, the insulating
nature of most pristine MOFs hinders effective electron transfer, limiting the amount of active
sites and current density.l'* !> Consequently, the current density is relatively low compared to
the inner surface of the MOF in most of the available studies.

Many MOFs also show a high CO, uptake capacity at room temperature, attributed to the interac-
tion between the large quadrupole moment of carbon dioxide and the framework and their well-
suited pore sizes.!'$3! For example, MOF-200 exhibited a CO, adsorption of 55.4 mmolco, gy;65
at 50 bar and ambient temperature.''®* Even at low pressures, MOFs are able to store significant
amounts of CO,, as shown by mesoporous MIL-101(Cr), which adsorbed 10 mmolco, gl\_Alc)F
at ambient pressure.['8] The adsorption capacity is 300 times greater than that of water. This
elevated CO, uptake increases the local CO, concentration at the catalyst’s active sites, which
should increase selectivity for CO,R over the competing HER.

Mukhopadhyay et al.l'8] reported a 27-fold increase in CO, concentration compared to the bulk
electrolyte when using a nitrile-modified UiO-66 MOF (Universitetet i Oslo type 66) coated on
a Bi catalyst. This enhanced the partial current density for formic acid formation from —0.9 to
—2.4mA cm~? in an H-cell setup and from —26 to —166 mA cm ™2 in a GDE setup at —0.9 V
vs. RHE, with a Faradaic efficiency of approximately 90%.86!

It is striking that most of the potential ranges analyzed are far more positive than the electrode
potentials that are typically reached in GDEs operating at technically relevant current densities
and where CO, transport limitations dominate.

In this study, an isoreticular series of Zr-based UiO-type framework was investigated due to its
stability in acidic and basic environments. Preliminary tests showed that UiO-67 with zirconium
as the metal node and biphenyl-4,4’-dicarboxylic acid (BPDC) as the linker gave the best results
in terms of synthesis on silver plates used as substrate.

The preparation of the UiO-67 coatings on silver plates was carried out by the Institute of Func-
tional Interfaces using a modified version of the process for producing oriented thin MOF films
by the Vapor Assisted Conversion method.!'87)
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UiO-67 metal-organic framework is employed to enhance electrochemical CO, reduction at silver
electrodes. The UiO-67 shows a larger surface area and pore volume compared to UiO-66 and is
chemically and thermally stable in the same way.!'8%] Previous studies have shown that UiO-67
has high CO, uptake capacity of 1.17 mmolco, gy;6p at 100kPal'®! and can achieve high
activity and selectivity for photocatalytical CO, reduction "%°!, making it a promising candidate
for electrochemical CO, reduction.

In this study, UiO-67 will be investigated as a coating on planar Ag electrodes under CO,-
transport-limited conditions. Model-assisted analysis will clarify the effects of the MOF coating
and assess the underlying causes of performance improvement. To the best of my knowledge, no
study has yet investigated the impact of MOF layers on CO, reduction through simulation.

4.2 Experimental details

4.2.1 Synthesis of UiO-67/Ag system via Vapor Assisted
Conversion?

The synthesis and coating preparation of UiO-67 MOF on the silver substrate was conducted by
the Institute of Functional Interfaces, Department of Chemistry of Oxidic and Organic Interfaces,
Karlsruhe Institute of Technology using Vapor Assisted Conversion, originally described by
Virmani et al."8”! The concentrations of the building units were varied to investigate the influence
of the MOF coating structure on electrode behavior. These concentrations are listed in Table 4.1
and serve as numerical identifiers for the corresponding sample names.

Table 4.1: Composition of precursor solution of different samples for the synthesis of UiO-67 via Vapor Assisted
Conversion

Sample name Concentration Concentration BPDC Concentration acetic

appendix ZrOCl, - 8 H,O / / mmol L =1 acid / mmol L~ !
mmol L~ !

-07 0.7 0.7 142

-22 22 22 427

-66 6.6 6.6 1281

2 Synthesis of UiO-67/Ag system was done by the Institute of Functional Interfaces, Department of Chemistry of

Oxidic and Organic Interfaces, Karlsruhe Institute of Technology
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4.2.2 Electrochemical characterization

Polarization curves, cyclic voltammetry, and double-layer capacitance measurements were con-
ducted. A three-electrode configuration in a beaker-type cell with an electrolyte volume of 150 mL
was used. A 1cm? silver plate (99.995% Ag, ChemPur) was used as the working electrode as a
bare silver sample and the same silver plates with UiO-67 coating as described above. A platinum
wire served as the counter electrode, and an Ag/AgCl electrode in saturated KCl,q was used as the
reference electrode. A Gamry Interface 1010E potentiostat was employed to apply the potential
and measure the current density response. All potentials were corrected for uncompensated
resistance after each run. Aqueous potassium bicarbonate solution (KHCO3, BioUltra >99.5%,
Sigma Aldrich and deionized water, Merck MilliQ, 16 M) cm_l) was used as electrolyte.
Before measurements, the electrolyte was purged with CO, (>99.995%, Air Liquide Deutschland
GmbH) for 15 min, and a CO, atmosphere was maintained in the cell gas volume during the
experiment. The electrode potentials were converted to the RHE scale according to Equation 4.1,
with a pH value of 6.8 for the electrolyte bulk.

EruE = Epg/agcr +0.059V - pH +0.1976 V 4.1

Electrochemical double-layer capacitances were determined by conducting cyclic voltammetry in
the non-Faradaic potential region between —0.37V and —0.27V for Ag/UiO-67 samples and
from —0.025V to —0.125V vs. Ag/AgCl for bare silver electrodes (Appendix, Figure A.8). Scan
rates of v = {10, 20, 30, 40, 50, 60, 70, 80, 100, 120, 140, 160, 180, 200 mV s’l} were applied
for five cycles each.

Chronoamperometry for product analysis was conducted in a low-volume H-type cell (Pine
Research) with a catholyte chamber volume of 16 mL at potentials of —0.6 V, —0.8V, —1.0V,
—1.2V,and —1.4 'V vs. RHE. The anolyte and catholyte compartments were separated by a glass
frit with a porosity of 4 pm to 8pm. A platinum mesh served as the counter electrode, and a
reversible hydrogen electrode (Mini-HydroFlex, Gaskatel) was used as the reference electrode.
Before measurements, the 0.1 M KHCOj electrolyte in the catholyte chamber was purged with

CO; for 15 min, and during measurements, a CO, gas flow of 6.7 mL min~?

was continuously
bubbled into the electrolyte through a glass frit at the cathode side. Product gases were quantified
by online gas chromatography, with samples analyzed every 6.5 min (Figure A.7, Supporting
Information). A GC-2023 (Shimadzu) with a BID detector and Hayesep N 100/80 and Hayesep
Q 80/100 columns was used to detect CO, H,, and CHy. The columns were maintained at a
constant temperature of 50 °C, and helium was used as the carrier gas. The Faradaic efficiency

of the product gas j was calculated by Equation 4.2:

FE; = ~L = 42
J I-R-T 4.2)
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where z; is the volume fraction of the gaseous product j, z; is the number of electrons per mole
needed to form product j, F is the Faraday constant (96 485 C mol 1), V is the volumetric flow
rate, p is the ambient pressure, I is the average current calculated by the mean value over the last
100s before each sample loop injection, R is the universal gas constant (8.314 J mol 1 K1),
and T is the ambient temperature.

After holding the potential for 1h, the chronoamperometry measurement was stopped, and
samples from the anolyte and catholyte compartments were collected for analysis. These samples
were analyzed using high-performance liquid chromatography (Vanquish HPLC, ThermoFisher)
equipped with a HyperREZ ™ XP carbohydrate-H* LC column. A 10 L aliquot of each sample
was injected into the column, and 5 mM H,SOy in water was used as eluent. The flow rate was set
t0 0.6 mL min_l, with the column maintained at 55 °C, and UV-Vis detection at a wavelength of
210nm. The Faradaic efficiency for the liquid products ¢ was determined by Equation 4.3:

FE, — Ni ©Zg -F
’ Qtotal

where Qiota1 is the total charge transferred during the measurement, N; is the number of moles

(4.3)

of the liquid product 7, and z; is the number of electrons per mole needed to form product <.
Electrochemical impedance spectroscopy measurements were conducted for each cyclic voltam-
metry experiment before each scan rate variation and after each chronoamperometry measurement
to determine the uncompensated resistance of the i R-drop correction of the reference electrode
potential. An AC voltage amplitude of 7 mV,,5 was applied at an underlying DC voltage of 0 V
vs. RHE over a frequency range from 100 kHz to 0.5 kHz.

4.3 Model details

The model presented in Chapter 3 was modified to evaluate the influence of the UiO-67 layer on
CO; reduction. For this, a porous layer was incorporated in front of the electrode to represent
the MOF coating on its surface (Figure 4.1). In this modified framework, adjustments were made
to the transport processes as well as to the chemical and electrochemical reactions, as outlined
below and listed in Table 4.2.

Within the porous UiO-67 layer, reversible chemical adsorption and desorption of CO, are
assumed to occur, in order to describe the storage capacity within the inner structure of the MOF:

CO2(aiss) + [IMoF == COz2(ads),MOF- 4.4)

The reaction rate of CO, adsorption and desorption r\jor Was calculated according to Eq. 4.5.
The rate constants for adsorption was assumed to be sufficiently fast to maintain equilibrium.
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Figure 4.1: Model representation for the CO2R at planar silver electrode coated with MOF layer.

The position of this equilibrium was defined by the equilibrium constant Kyior (Eq. 4.6). The
parameter Kyror was adjusted such that the initial surface coverage of adsorbed CO, fco,
matched the activity of dissolved CO, in the electrolyte (Table 4.3). This enables a direct
comparison between the CO, availability at the MOF-coated and uncoated electrodes. The area-
specific surface area of the MOF apjor was estimated based on the BET surface areal'®8) and
crystallographic density of UiO-67.

The transport of the dissolved species was described analogously to that in the diffusion layer of
the electrolyte, including diffusion and migration while incorporating the effect of porosity and
effective diffusion coefficients for the porous medium (Egs. 4.9 and 4.11). It should be noted
that the assumption of the same effect of porosity on the transport for all species represents a
simplification in the context of MOF structures. In reality, the impact of the pore structure on
transport and accessibility of pores depends strongly on the molecular size of the individual
species and their interactions with the pore environment.['°!! In this model, this effect was explic-
itly considered only for CO,, by introducing an adjustment parameter fp, to adjust the effective
diffusion coefficient (Eq. 4.10).

In addition to the CO, storage and impact on transport, the MOF layer may also affect the electro-
chemically active surface area and modulate the kinetics of HER. These effects were incorporated
via the adjustment parameters frcsa and figpr (Eq. 4.12-4.15).

In the first stage of parameter identification, the kinetic parameters of the electrochemical reac-
tions, along with the diffusion layer thickness, were optimized using the experimentally obtained
polarization curve and the FEco-potential curve for the bare silver electrode. The optimization
procedure followed the methodology described in section 3.2.

In the second stage, the adjustment parameters representing the influence of the MOF layer were
calibrated through parameter optimization based on the polarization and FEp-potential curves
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Table 4.2: Model equations for MOF model

MOF layer
Reaction rate for chemical CO; adsorp- 7mvor = kfMOF * GMOF - €CO, 9[ Mo — kb MOF * amoF - Oco, 4.5)
tion in MOF layer
k- .
Reaction rate constant for chemical CO2» Kyior = ZEMOE o (4.6)
adsorption and desorption in MOF layer ko mor
. dco, 1
Balance of adsorbed CO; in MOF layer o = WTMOF 4.7
—(1 — aco,r)F
rCo,R,1 = KfCO,R,1 * €XP (TzﬂCOZR Ocoysurf 01
Reaction rate for first step of electro- (4.8)
chemical CO; reduction into CO aco,rF
— kb,cor1 - €XP [ —=—=—"co,R | * Oco,*
RT

. ) lig_1.5

Molar transport flux of species 4 N; = — pha 61'5V0i — 2 i Fe; Vo (4.9)
v RT
Molar transport flux of CO2 Nco, = /b, Dlgo El'BVCCOZ (4.10)
L
L dc;

Balance of species ¢ with transport and e — = —VN, + ZW jTj Vi MOFTMOF 4.11)
sources by chemical reactions L and ad- Ot i1 ’ ’
sorption in MOF
Reaction rate for first step of electro- rcoor 1. MOF = "CO2R.1 * JECSA (4.12)
chemical CO; reduction ” ’
Reaction rate for first step of electro- rcoor 2. MOF = "CO2R.2 * JECSA (4.13)
chemical CO, reduction - ’
Reaction rate for Volmer step of HER  rggR 1 MOF = "HER,1 - fJHER * fECSA (4.14)
Reaction rate for Heyrovsky step of HER rgER 2 MOF = THER,2 - fECSA (4.15)

measured for the UiO-67-22 coating.

The identification of these parameters, followed by an evaluation of their individual impacts on
electrode performance by a systematic variation of each single parameter (Figure A.10 in the SI),
enables a detailed interpretation of the UiO-67 coating’s role and elucidates its contribution to
the overall electrochemical CO,R performance.

4.4 Results and discussion

The electrochemical activity of the UiO-67 coated silver electrode for electrochemical CO,
reduction was investigated by cyclic voltammetry, polarization curves, and product analysis with
GC and HPLC. This analysis evaluates the coating’s effect on current density, overpotentials, and
Faradaic efficiency.

Figure 4.2a compares the cyclic voltammograms for a scan rate of 200 mV s~!. The bare silver
electrode exhibits a slightly earlier onset potential but a less pronounced increase in cathodic
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Table 4.3: Model parameters and variables of planar model coated with MOF layer

Parameter/Variable Symbol Value Unit Source
Geometrical surface area of electrode Ageom 1x10% m?

Internal ohmic resistance Rint 20 Q b
Liquid diffusion layer thickness d 72.6 x 10~6 m ¢
MOF layer thickness dMOF 15 x 10~ m b
Reaction rate constant for forward reaction of electrochemical kg f coor,1 5-443 X 1076 molm=2s—1 ¢
CO> adsorption

Reaction rate constant for forward reaction of electrochemical kot co2r,2 9-966 X 1072 molm—2s—1 ¢

CO desorption

Reaction rate constant for forward reaction of electrochemical kg f HER,1 5-550 X 107 molm—2s ¢
H>O adsorption (Volmer step)

Reaction rate constant for forward reaction of electrochemical kg f gER,2 9-975 X 104 molm—2s~1 ¢
H; desorption (Heyrovsky step)

Charge transfer coefficient for CO; reduction aco,R 0.504 - ¢
Charge transfer coefficient for hydrogen evolution reaction QHER 0.700 - ¢
Concentration of surface adsorption sites in MOF ['MOF 0.704 molm—3 a
Area specific surface area of MOF AMOF 1.5 x 104 m2m—2 1188]
Feaction rate constant of chemical COy adsorption in MOF ktMOF 1 x 10° s—1 a
ayer

Equilibrium constant of chemical CO; adsorption/desoption in Kmor 1.035 x 1073 m3 mol ! a
MOF layer

Parameter for the increase in the diffusion coefficient of CO; fsz 2.829 - ¢
Parameter for the increase in ECSA JECSA 1.508 - ¢
Parameter for the increase/decrease in HER JHER 1.085 - ¢
Parameter for the increase/decrease of Equilibrium constant of fKoyor 8.010 - ¢

chemical CO; adsorption

b

& assumption, measured,  ©model parametrization to experiments.

current density at potentials between —0.5 and —1.0 V compared to the MOF-coated samples.
The electrochemical CO, reduction is known to have its highest activity in this potential range due
to high CO, availability.l*”#3] At more negative potentials, CO, reduction is limited by the mass
transport of CO, to the electrode surface, visible in the small plateau at approximately —1.12'V
for the bare silver electrode. At this point, HER dominates.['**! For the UiO-67-22 coating,
this plateau is less pronounced, and the absolute current density in the CO, reduction potential
regime is highest for the UiO-67-06 and UiO-67-22 samples prepared with low and intermediate
precursor concentrations. This may indicate that the coated electrodes exhibit higher selectivity
for electrochemical CO, reduction. This hypothesis will be examined below through product
analysis. The CVs also suggest that MOF does not contribute significantly to a higher ECSA,
because the observed current densities are only slightly higher than those of the silver electrode.
The same trend is observed for the stationary polarization curves shown in Figure 4.2b. Comparing
the polarization curves of the different samples, most curves are nearly identical, reaching similar
total current densities. Only UiO-67-07 exhibits an earlier onset potential, indicating a greater
catalytic activity in the intermediate potential range between —0.4 and —1.0 V vs. RHE.
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Figure 4.2: (a) Cyclic voltammogram with scan rate of 200 mV s~ ! with zoom inset and (b) polarization curve of a bare
silver electrode (Ag) and UiO-67 coated silver electrodes with different precursor concentrations in 0.1 M
KHCO3. All potentials were corrected for iR-drop. (c) Electrical double-layer capacitance for different
electrode samples extracted from cyclic voltammetry measurements in the non-Faradaic potential region.

To confirm that the MOF coating does not lead to an increase in electrochemically active surface
area, measurements of the electrochemical double-layer capacitance were conducted. UiO-67
coated electrodes show an increase in their capacitance from 2.5 nF cm~2 for bare silver to
approximately 7 nF cm ™2 (Figure 4.2¢). In contrast, the BET surface area of UiO-67 is reported
to be approximately 2500 m? g~ 1.['88] Assuming a crystallographic density of 7.24 x 10° gm ™3,
this corresponds to a specific surface area of about 1.8 x 10* m? m~2 for a 10 pm-thick layer.
Consistent with this, MOFs containing electrochemically active metal sites typically exhibit

markedly higher double-layer capacitances on the order of 10 mF cm 2

as a consequence of their
high internal surface area.[!%% 193]

The comparatively low capacitance observed for UiO-67 coating in this study, therefore indicates
that, under the investigated conditions, the framework does not contribute significantly through

electrochemically active sites.

By reproducing the experimental data using the developed simulation model and performing
parameter identification, valuable insights can be gained into the mechanistic role of the MOF
layer and its contribution to the changes observed in the polarization curve and Faradaic efficiency.

Figure 4.3 shows the product distribution as a function of potential for the bare silver and the most
promising UiO-67 coatings UiO-67-07 and UiO-67-22. The Faradaic current jr was calculated by
multiplying the total current density at each potential by the Faradaic efficiency of each product.

The bare silver electrode shows high FE for the HER in both high and low potential ranges. At
high potentials, HER is dominant due to its higher standard potential. At a potential of —1.0V
vs. RHE, CO,; reduction reaches its maximum in FE, then decreases at lower potentials due to a
stronger decrease in Faradaic current for HER. At negative potentials, formic acid is also produced
in small amounts. This behavior is sometimes observed on planar electrodes at very negative
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Figure 4.3: Faradaic current density jp for hydrogen, carbon monoxide, formic acid and methane for (a) bare silver
electrode (Ag) and (b)-(c) UiO-67 coated silver electrodes with different precursor concentrations and Faradaic
efficiency for (d) bare silver electrode (Ag) and (e)-(f) UiO-67 coated silver electrodes with different precursor
concentrations.

potentials, where electrodes suffer from CO, depletion strongly. 3!

Integrating a UiO-67 coating significantly increases the FE for CO production across all inves-
tigated potentials, e.g., from 0% to around 60% at —0.6 V and from 50% to 90% at —1.2V
vs. RHE. At the same time, HER is suppressed across the entire potential range, showing lower
absolute Faradaic currents.

When comparing the UiO-67-07 and UiO-67-22 samples, it becomes evident that varying the
precursor concentration has little impact on the electrochemical performance, resulting in nearly
the same current densities and Faradaic efficiencies. UiO-67-07 exhibits a slightly higher FEq,
particularly at —1.4 V. As the differences among the coatings are small, they were not included
in the subsequent simulation study.

The parameter identification was performed based on steady-state simulations of the polarization
and potential-FE¢o curves and successfully reproduced the experimentally observed increase in
both absolute current density and FEc caused by the presence of the MOF layer, compared to the
bare silver electrode (Figure 4.4).To further elucidate and quantify the influence of the individual

70



4.4 Results and discussion

0 a
(\Il
£ -5
o
<
£ -10
- R
S .15 3
S w
E 20 —&— Ag Exp
S = = =AgSim
£ 25 —8— Ui0-67-22 Exp
o = = =Ui0-67-22 Sim
-30 0
14 12 -1 -0.8 -0.6 14 12 -1 -0.8 -0.6
potential vs. RHE / V potential vs. RHE / V

Figure 4.4: Experimental and simulative polarisation curve and FEcO of CO2R at bare Ag and UiO-67-22 sample.
Dotted lines show simulated curves.

parameters, a systematic variation of each single parameter was conducted, the results of which
are presented in Figure A.10 of the Supporting Information.

Figure 4.4 shows that the change in performance introduced by the MOF layer can be captured
reasonably well, at least in its fundamental features. The slight increase in current density across
the entire potential range is reproduced by the simulation (Figure 4.4 a). In addition, the Faradaic
efficiency exhibits a significant shift toward higher values, which is likewise reflected in the model
(Figure 4.4 b). The identified parameters indicate that the observed change in performance pre-
dominantly arises from an enhanced chemical CO, adsorption within the MOF layer by a factor of
8.01 (see Table 4.3). The enhancement particularly promotes FEcq in the potential region above
—0.9V, while the overall current density remains nearly unchanged at more negative potentials.
This trend is in good agreement with the experimental data. Furthermore, the effective transport
of dissolved CO, within the MOF layer is estimated to increase by a factor of approximately
2.83. This enhancement affects the regime of highly negative potentials (< —0.85 V), where mass
transport limitation of CO, becomes significant. Under these conditions, the facilitated CO,
transport results in higher FEco values and an increased total current density. The two additional
model parameters, fiygr and frcsa, appear to be only marginally affected by the presence of the
MOF layer. The simulation indicates an increase in the electrochemically active surface area by a
factor of 1.51, which is in the same order of magnitude as the experimentally determined values
of the double-layer capacitance. This finding supports the assumption that the inner surface of
the MOF does not exhibit significant electrochemical activity. Furthermore, the model suggests
that the MOF layer does not alter the intrinsic kinetics of the HER with a value of 1.08 for figR-
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4.5 Concluding remarks

The electrochemical activity of UiO-67-coated silver electrodes for CO, reduction was thoroughly
investigated using electrochemical polarization curves, cyclic voltammetry, and product analysis
combined with a macrokinetic model. The wide potential range applied between —0.6 and
—1.4V vs. RHE spans both the kinetically controlled and transport-limited regimes of CO,
reduction. The results demonstrated that the coating significantly enhances the performance of
silver electrodes by increasing the Faradaic efficiency for CO production in the whole investigated
potential range. The simulations showed, that the improvement of FEcq is predominantly based
on the increase in the CO, adsorption in the MOF layer, leading to higher CO, activity at the
electrode surface, which enhances the reaction rate for CO, reduction mostly in the kinetically
controlled potential region of CO,R. The simulation further suggests that CO, transport within
the MOF layer is enhanced. As a result, in the more negative potential regime where CO,
reduction is limited by mass transport, both the absolute cathodic current and FE¢( are increased.
Both experiments and simulations indicate that the MOF does not significantly contribute to the
ECSA.

This study highlights the potential of MOF-based systems for optimizing CO, availability at
the electrode surface, thereby enhancing CO, reduction performance through a combination of
experimental and simulation-based investigations. For future work, a more detailed physical
characterization of the MOF coating should be conducted to determine the properties of its
porous structure and to reduce the assumptions in the physico-chemical model. In addition,
future studies should address the long-term stability of the MOF layer under electrochemical
operating conditions.

This study also makes it clear that, even with high-performance coatings, the current density of
CO production is quickly limited by the planar structure and thick liquid diffusion layer in front
of the electrodes. The next chapter describes how gas diffusion electrodes can be optimized to
reach technically relevant current densities of CO;R.
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Electrodes’

In the research of catalyst and electrode material screening and optimization, as described in
Chapter 4, planar model electrodes are often used. These electrodes are typically characterized
by small geometric surface areas and their bulk characteristic. However, to develop a practical
technical process, technical electrodes are required. These electrodes offer significantly higher
electrochemical surface areas due to their larger geometric dimensions and porous structures. In
the context of CO;R, the use of gas diffusion electrodes holds great promise. They improve CO,
availability and by this achieve industrially relevant current densities of >200 mA cm ™2, [1%4
Although the basic electrochemical and chemical reactions and transport processes remain the
same when using an identical catalyst and electrolyte, the behavior of the GDE differs significantly
from that on planar electrodes. This is mainly due to the local potential and current distribution in
the porous electrode, the presence of the gas/liquid interface, and the varying transport distances
depending on the selected process and electrode parameters.

How exactly local states and electrolyte intrusion in GDEs influence their performance will be
clarified in the following chapter.

5.1 Introduction

In gas diffusion electrodes, the CO; gas is supplied from one side of the electrode, and electrolyte
is supplied from the other side as mentioned above (Figure 2.8C). Both phases converge at distinct
locations within the gas diffusion electrode, where they form the gas/electrolyte interface. This
ensures a high availability of CO, over a wide catalyst area in the GDE and mitigates the CO,
transport limitation in the electrolyte-flooded part of the GDE caused by the low CO, solubility
in the electrolyte. However, the quantitative description, adjustment, and prediction of GDE
performance become considerably more complex compared to a flat or flooded porous electrode

I Parts of this chapter have been published in Dorner et al., J. CO2 Util., 2025 [87]
Experimental investigations were conducted jointly with Jens Osiewacz during a research stay at Clausthal University
of Technology.
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due to the high sensitivity to the electrolyte intrusion state in the GDE, which also depends on
the porous electrode structure.!'#’! This motivates intensive research to understand and design
optimal GDE compositions and structures.!'?”)

Several studies investigated the impact of electrode structure of carbon-based electrodes on elec-
trolyte distribution, flooding behavior, and performance: A recent study found that thicker MPLs
reduced Faradaic efficiency for CO (FE¢o) at low current densities due to increased CO, transport
resistance, but that they improve performance at higher current densities by resisting flooding and
salt precipitation.['®>! Additionally, cracks in the MPL were shown to mitigate the decline in the
FEo at higher current densities by enhancing access to fresh electrolyte solution, allowing deeper
electrolyte penetration into the microporous layer of the electrode structure. This increased the
overall capacity to store salt precipitates and decreased the blockage of the electrochemically
active surface area.!'%]

The hydrophobicity of the electrode is adjusted by adding hydrophobic polymers like PTFE. Yet,
PTFE may cover the catalyst surface and is thus expected to reduce the ECSA.13?! However, oppos-
ing trends, such as an increase of ECSA with higher PTFE amounts, have also been observed.?”!
Both observations suggest a complex interplay among electrolyte intrusion, catalyst surface area,
surface roughness, PTFE coverage, and PTFE degradation, as all of them impact the effective
electrochemically active surface area. This interaction is not yet fully understood, hampering
knowledge-driven design of electrodes and operating conditions for a high and long-term stable
performance of CO,R.

HeBelmann et al.['?8!

proposed in a simulative study with a one-dimensional steady-state model
that increasing the porosity of a 3 pm thick catalyst layer and reducing the catalyst loading results
in a decrease in FEco.[' This implies that the decrease in surface area outweighs the benefits
gained from improved mass transport in their case.

All studies mentioned beforel*> 193198 provide insights into electrolyte intrusion-related pro-
cesses that influence Faradaic efficiency and current density at a given potential for carbon-based

electrodes.

For carbon-free silver electrodes, transport processes, electrolyte distribution, and reaction in-
teraction have been extensively investigated for these electrodes, both experimentally and via
simulations in the context of ORR. A critical challenge is the slow water transport in and close
to these relatively thick electrodes, resulting in elevated ion concentrations within the reaction
zone of the electrode.!'>%! Utilizing electrochemical impedance spectroscopy in combination with
kinetic modeling, Rohe et al."%"! were able to detect a strongly heterogeneous flooding behavior,
discernible as flattened semicircles in the Nyquist plot.!'%’! This behavior signifies the absence of
a straight electrolyte/gas front within the electrode, distinguishing it significantly from the state
in carbon-based electrodes. Instead, it displays a pore-selective, capillary force-driven intrusion
of the electrolyte, which is promising for high gas/liquid interfaces. Such strong inhomogeneity
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is also expected to prevail for CO,R; it remains unanswered so far how the inhomogeneity in
electrolyte distribution affects CO,R.

The characteristics of alkaline electrolyte intrusion into carbon-free GDEs were visualized exper-
imentally by Paulisch et al.l'®”! for ORR, and by Hoffmann et al.”%! for CO,R using operando
laboratory x-ray imaging. In the latter study, it was found that a GDE with 97 wt% Ag content
(3 wt% PTFE) was more beneficial for CO,R than one with 92 wt% Ag. This was attributed to a
larger triple-phase boundary during operation, resulting in better CO, availability.[?%!

Osiewacz et al.l'*’! developed a comprehensive model for analyzing these electrodes in CO,R.
They revealed that electrodes with 97 wt% Ag primarily suffer from slow CO, mass transport
and a strong carbonation reaction, resulting in low carbon efficiency and a low Faradaic efficiency

~2. They also predicted with their model that thinner
[129]

at high current densities >300 mA cm
electrodes may become more selective for CO production.
When comparing carbon-free with carbon-based electrodes, Baumgartner et al. deemed the
carbon-free electrode unsuitable for CO, reduction due to its significantly higher susceptibil-
ity to flooding.[>°!! However, a systematic investigation of the influence of electrode and operating
parameters on carbon-free GDEs is still pending. The impact of electrolyte intrusion and distri-
bution on electrode performance remains an open question so far. Yet, this aspect is crucial for
improving these electrodes to make them suitable for CO;R.

In this chapter, I reveal how operating and design parameters impact the performance by changing
the intrusion of the electrolyte into Ag-GDEs. Operating parameters and electrode composition
are systematically varied, and their effect is studied. The parameters include the differential pres-
sure between gas and electrolyte sides, electrode thickness, and PTFE content. These parameters
were selected based on their reported relevance to process performance in prior studies!!?!: 129 202]
and their practical adaptability. In these studies, their primary influence is attributed to effects on
the CO, availability in the electrode, transport distance for ions, and electrolyte distribution within
the electrode. To gain a comprehensive understanding of the relation between these parameters,
intrusion state, and performance, I utilize a physicochemical model that is parameterized and val-
idated by experiments (Figure 5.1). The model provides detailed insights into current-dependent
profiles of local species concentrations, pH gradients, Faradaic efficiencies, and their impact on
electrode potential. This investigation sheds light, mechanistically and quantitatively, on limiting
processes within these electrodes, offering valuable insights for optimization of electrode design
and operation. To the best of my knowledge, such a rigorous analysis of electrolyte intrusion and
distribution within such GDEs and its model-assisted interpretation is novel and has not yet been
addressed in the literature.

75



5 CO; Reduction in Ag Gas Diffusion Electrodes

5.2 Experimental section

5.2.1 Electrode preparation?

Carbon-free Ag-GDEs were produced according to the procedure described by Franzen et al.?0%]
by using the wet spraying method developed by Mousallem et al..[?%2-203] The PTFE content was
adjusted to values of 1, 2, and 3wt% PTFE in the electrode by varying PTFE proportion in
the suspension recipe. To change the electrode thickness of the GDEs, the number of coating
layers was changed from 80 layers as a standard thickness to values of 50 and 110. The resulting
thickness was determined with a thickness dial gauge (FD 50, Kifer GmbH) by averaging between
six measuring points. Electrode details can be found in Table 5.1.

5.2.2 Electrochemical characterization and product analysis?

The GDEs were characterized in a commercial flow cell (Micro Flow Cell V1_2017, ElectroCell)
with an active electrode area of 10 cm?. A new GDE was used for each polarization curve in order
to avoid changes due to ageing. A three-electrode setup was used, employing a flat IrO, coated
electrode as counter electrode and a micro-Ag/AgCl electrode (ET072-1, eDAQ) as reference.
Catholyte and anolyte chambers were separated by an anion exchange membrane (fumasep®FA A-
3-130-PK, fumatech), and were supplied with 1 M KHCO3; (>99 wt%, Carl Roth) electrolyte
at 960 mLmin~!. CO, (99.995%, Linde) was supplied to the gas side of the GDE at a flow
rate of 83.58 mL min ™.

pressure was varied between experiments from 1.02 to 1.1 bar. Both pressures were controlled by

Pressure in the electrolyte chambers was set to 1 bar, while the gas

control circuits, employing needle valves in the gas outlet stream and pressure sensors at the cell
inlets. The temperature was not externally controlled. Galvanostatic current was supplied by an
electrochemical workstation (ZenniumPro, Zahner) from 10 to 200 mA cm™~2; the polarization
curves used the cathode potential obtained after keeping a steady current for 40 min at each current
density. The cathode potential was measured continuously against the reference electrode, which
was placed at the catholyte side of the cell and time-averaged for each current density after being
iR-corrected using the high frequency response (>10 kHz).>*" Gas products were sampled from
the gas and electrolyte side of the cell and quantified using gas chromatography (Tracel310,
ThermoFisher) employing two thermal conductivity detectors (TCD) in a two column setup with

The electrodes were produced by B. Ellendorff, Institute of Chemical and Electrochemical Process Engineering, TU
Clausthal

Experimental investigations were conducted during a research stay at Clausthal University of Technology and in
collaboration with J. Osiewacz, Institute of Chemical and Electrochemical Process Engineering, TU Clausthal
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a Haysep Q column and a 5 A mole sieve with a temperature ramp from 50 to 120 °C within
9min. For FEcp-current density curves, the last GC injection sample of each current step was
evaluated.

5.3 Macrokinetic modeling approach for GDE

Ideveloped a ID-model to simulate the reaction and transport processes and states in the electrodes
including the electrolyte distribution for different operating conditions and designs of GDEs
(Figure 5.1). The kinetic description for the surface reactions and carbonation, as well as
diffusion coefficients and gas/liquid phase transition properties of the electrolyte were taken from
the previous model of CO,R at a silver rotating disc electrode.!'3*! These were integrated into
a GDE model, which was inspired by a GDE model for a cathode involved in oxygen reduction
reaction.! 134!

To reduce model complexity while retaining the essential physics, the following assumptions were
applied:

e Migration and diffusion, and Stefan flow in the gas phase are considered as the main
transport processes; capillary forces or gravity effects are neglected.

 Electrochemical reactions are assumed to take place in the flooded agglomerate, and car-
bonation reactions in the flooded agglomerate and the liquid diffusion layer.

* The model is one-dimensional; considering concentration and state changes only perpen-
dicular to the electrode surface, i.e., transport occurs only through-plane.

» Temperature and electrode properties are uniform and constant.

flooded agglomerate thinfilm gas phase
bulk diffusion ()
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Figure 5.1: Scheme of gas diffusion electrode model for CO, reduction.
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e The intrusion state and gas-liquid interface position are assumed constant over time and
independent of the applied current density.

* Precipitation of salt is neglected.

5.3.1 Model description

The GDE is partly flooded by electrolyte. It contains a porous Ag structure that facilitates the
reaction and transport of dissolved and gaseous reactants and products. It provides a two-phase
boundary between electrolyte and catalyst, which is the ECSA. The at least partially flooded area is
called flooded agglomerate (fa) in the following. It is the area where the electrochemical reactions
take place. These are the electrochemical CO, reduction into CO and hydrogen evolution reaction,
which I model using the same lumped microkinetic mechanisms as in the planar electrode model
(Eq. 3.1-3.4) and electrochemical reaction rates are calculated by a Butler-Volmer-type kinetic
equation (Eq. 5.1-5.4) analogue to planar electrode model.

The electrolyte is transported to the GDE through a liquid diffusion layer (Idl) adjacent to the
GDL (Eq. 5.14-5.16). Everywhere in the electrolyte phase, alkaline carbonation reactions were
considered as in the planar model using the concentration-dependent power law (Eq. 5.10-5.13).

Table 5.1: Electrode parameters and the respective identified parameters of electrolyte intrusion and electrochemically
active surface area for electrodes with different PTFE content, number of spray-coated layers and pressure
differences between gas and electrolyte side: electrode thickness dgpp (determined with a thickness dial
gauge by averaging between six measuring points), Ag catalyst loading, porosity ¢, thickness of flooded
agglomerate dy,, flooding degree, specific surface area of the gas/liquid interface Sy, volumetric surface area
of Ag catalyst acat, electrochemically active surface area ECSA, and thickness of the electrolyte layer between
gas and catalyst L.

Catalyst

: d
dgprY IO dg9  Flooding degree . aea ECSA, 4 ECSA, Y
" loading}  &Y- a £ 017 - 22, oY, D% LYpm
hmm mgem™? nm — . 100% m-m m-m m-m
dapp

i;”ﬂﬁ%ofﬂ&fo 2006 7064 04 19262 96.31% 573 105%10°  10.08X10° 2015 3.4
11;1;;2-0/?0%2 E80 a7s£7 12203 04 24665 89.69% 500 9.09x10°  8.15%10° 2242 5.0
1wt% PTEE;

110 layers; 100 390+7 18964 04 28937 74.20% 600 9.04x10°  671X10° 2616 48
mbar

f;y"é’rtsfygoplgi 80 391410 18341 0355 24761 63.17% 188 3I3%10° 198X 10° 775 132
BwtPiS0laers: 35045 16586 0355 277.03 70.67% 183 414X10°  292X10° 114.6 15.1
?0‘(’;’;@;80'”“‘ 3234£10 14930 0355 31744 98.28% 384 527x10°  518X10° 167.3 83
]20‘(’;’;([)7‘;;80 lyerst 200 +6 13038 037 22296 71.69% 309 9.07x10°  10.08x10° 202.4 72

% measured, b prior work, ¢ model parametrization to experiments, 4 calculated from other parameters.
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Table 5.2: Model equations for GDE model

Electrochemical reaction kinetics and charge balance

—(1- CVCOZR)F
TCOR,1 = KfCOyR,1 - € ———— TICOR | * Geat - ACO, * O[]
Reaction rate for first step of (5.1
electrochemical CO» reduction k Oécoz 0
into CO — Rb,COR,1 - €XP TICO3R | * Gcat * Uco,~*
—(1- aco2R)F
TCO,R2 = KfCO,R.2 * €XP NCO,R | * cat * Oco,—*
Reaction rate for second step (5.2)
of electrochemical CO; —k COZRF O )
reduction into CO bCOzR.2 * EXP TICOR | = @eat = O[] ACO * AOH™
(1— aHER F
1 = KfHER|I - €XD ( ) nH ER) “acat - 0
Reaction rate for Volmer step F (5.3)
QHER
of HER — kbHER,1 - €XP ( RT WHER) Qcat * O - aon~
1— aHER F
2 = ktner2 - € P( ( ) THER | * @cat - O
Reaction rate for Heyrovsky - (54)
QHER
step of HER — koHER2 - € ( RT VIHER) Geat - aH, - aoH™ - O[]
dE
Charge balance —_—= —F» r; (5.5)
dt ngli_t . dfa * Qcat Z J
. T
Nernst equation to calculate overpoten- 7, = F — (E;.)O — % ~pH) (5.6)
tial for reaction j F
Faradaic current density Jrco = F - (rcopra + 7cosr2) 5.7
JEH, = F - (THER1 + THER2) (5.8)
. . . JECO
Faradaic efficiency of carbon monoxide FEco = ————— (5.9)
JECO + JEH,
Chemical carbonation reaction Kinetics
Reaction rates Tw = Kw — Ko ey con- (.10)
rel = kfer - cco, - con™ — kel - cHCO;™ (5.11)
Te2 = Kiea - CHCO3 ™ - COH™ — Fbea - €2 (5.12)
S ke
Equilibrium constant K; =— (5.13)
k.
Mass balance, species and charge transport
Liquid diffusion layer:
. l.iq
Molar transport flux of species 4 N; = —D;'chi — 2 R% Fe;Vé (5.14)
N Oc; L
Balance of species ¢ with transport and 5t = —-VN, + Zum-rj (5.15)
a source by chemical reactions L j=1
liq
llq
z)=F) z; Ve; — zi—=Fc¢;V
Tonic charge transport ) zZ: ¢ < ‘ ¢ T ! ¢> (5.16)

with Vj = 0
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Flooded agglomerate:

llq 1.5

N; = —D}9e15V¢; Sint — 2, ——Fc; VSin
Molar transport flux of species 4 (5.17)

with S — Sg, ifi € {CO2,H2,CO},

nt 1, otherwise.
S Oc; X v, iTi L

Balance of species ¢ with transport and z—:a— =—-VN; + Z Ar =+ ZVi,jTj (5.18)
sources by electrochemical reactions K t j=1 =% i=1
and chemical reactions L

0 L k5T
Balance of adsorbed species with ot = hat . o Z Az (5.19)
k={[];CO2°;H*} “y

Dllq 81 5
Tonic charge transport = FZz hq L5, — 2 vF c; Vo (5.20)
Liquid thin-film:
Molar transport flux of species 4 N; = — D?qvci Sel (5.21)
Balance of species ¢ % = -VN; (5.22)
t
Gas phase:
; . . gas PiJ Pi
Molar transport flux of species j N; = Dz co, el VRT + RT — Vgas (5.23)
Balance of species i ZZ: =-VN; (5.24)
gl evap gl gl sol
Sum of molar flux due to phase transition ZNj - N +Neo + N — Neo (25
from liquid to gas or vice versa J
gl

Convective velocity of liquid phase (Ste- Vgas = M with % =0 (5.26)
fan flow) Dot dz
Phase transition
Gas/liquid equilibrium CO> (Henry’s péoz = Hco, - c’("jo2 (5.27
law)
Gas/liquid equilibrium H>O (Raoult’s pﬁzo =TH,0 .psﬁ‘zo (5.28)
law)
Ideal gas law with ¢ = {H2; CO} pf = cIRT (5.29)
Boundary conditions
KHCOs in electrolyte bulk CKHCO, (T = —6,1) = CKHCO; bulk = CONSL. (5.30)
COz in gas phase bulk PCo, (T = Tgas, t) = Pror = const. (5.31)
Partial pressure of species ¢ in gas bulk p; = c¢;RT (5.32)
with ¢ = {COg2; Ho; H2O}
Correction of internal resistance E = Eext — jextAgeom Rint (5.33)

On the opposing side of the electrode, CO, gas is introduced into the GDE. The gas/liquid interface

in the electrode is delineated by a liquid thin film (tf). In this thin film, only species transport takes

place (Eqgs. 5.21 and 5.22). At the gas/liquid interface, phase transition phenomena occur, i.e.,
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dissolution of gaseous CO; into the liquid phase described by Henry’s law (Eq. 5.27), evaporation
of water into the gas phase described by Raoult’s law (Eq. 5.28), and complete outgassing of
dissolved CO and H; is assumed at the gas/liquid interface due to low solubility of these gases
(Eq. 5.29).

Flooding of single pores leads to an increase in the gas/liquid interface Ay compared to the
geometrical area of the electrode Age,m, and thus to an increase in gas/liquid phase transition.
The increase in area is accounted for in the model by introducing the parameter Sy, the ratio
of the specific surface area of the interface per geometrical electrode area (details see Rohe et

al.[1541:
Agl

Ageom

S = (5.34)

This approach corresponds to a homogenization of heterogeneous electrolyte intrusion and, in
a simple manner, allows us to identify changes in the gas/liquid interphase from experiments
and assess the effect of electrolyte intrusion behavior on the polarization curve and Faradaic
efficiency. As different morphologies, compositions, and operating conditions lead to different
intrusion patterns, this parameter needs to be adjusted for each electrode (for more details, see
section 5.3.2) and operating parameter set individually to reproduce the measurements.

Kinetic and intrusion-specific model parameters are listed in Table 5.1 and Table 5.3. Species
transport in the gaseous phase is described by Fickian diffusion and convective Stefan flow
(Eq. 5.23) and in the liquid phase by the Nernst-Planck equation with Fickian diffusion and ion
migration (Eqgs. 5.14,5.17, and 5.21). The binary diffusion coefficients for the gaseous phase were
calculated with the Chapman-Enskog method (details are shown in SI). In the porous electrode,
effective diffusion coefficients of the species are calculated by considering the porosity of the
electrode € and the Bruggemann correlation for tortuosity 7 (Eqs. 5.17 and 5.23):

r=¢05 (5.35)

Table 5.3: Material, design, and kinetic parameters that were kept constant for all simulations.

Parameter Symbol Value Unit Source
Operating conditions

Concentration of electrolyte Celyt 1 molL.—1 -
Pressure of electrolyte side Plig 1 atm -
Pressure of gas side Prot Pliq + Ap atm -
Temperature T 298.15 K -
Geometrical surface area of electrode Ageom 10 cm? -
Internal ohmic resistance Rint 1 Q a
Liquid diffusion layer thickness 0 50 x 106 m b

Electrochemical surface reaction

Reaction rate constant of forward reaction for first step of

-8 —2.—1 b
electrochemical CO» reduction into CO koscoor.1 5325 x 10 molm™=s
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Reaction rate constant of forward reaction for second step

—4 —2,-1 b

of electrochemical CO; reduction into CO koscoora 2465 x 10 molm™=s
Reaction rate constant of forward reaction for Volmer step ko HER 1497 x 10~8  molm—2s—1 b
of HER PLEER
Reaction rate constant of forward reaction for Heyrovsky _5 _2 1 b
step of HER k)o,f,HERQ 6.937 x 10 mol m s
Reaction rate constant of backward reaction for first step _923 _2 1 b
of electrochemical CO; reduction into CO kop.coor.1 2.566 x 10 molm™*s
Reaction rate constant of backward reaction for second step _925 _2 1 b
of electrochemical CO; reduction into CO kop.coor2 1.079 > 10 molm™*s
Reaction rate constant of backward reaction for Volmer _21 9 1 b
step of HER kJO,b,HER,l 6.582 x 10 mol m S
Reaction rate constant of backward reaction for Heyrovsky _925 9 1 b
step of HER k:()’b,HER’Q 2.776 x 10 mol m S
Charge transfer coefficient for CO; reduction Qco,R 0.50 - b
Charge transfer coefficient for hydrogen evolution reaction QYHER 0.76 - b
Standard redox potential of CO2R E882R —0.11 \% [117]
Standard redox potential of HER EggR 0 \% (7
Specific capacitance of electrical double layer for flat sur- Cflat 0.5 Fm-—2 a
face DL
Concentration of surface adsorption sites for flat surface rflat 7.04-10~6 molm—2 {7
Electrolyte conditions
Activity coefficient of dissolved species j V4 1 - ¢
Standard concentration of dissolved species j cj6 1 kmol m—3 -
R_eaf:uon rate constant for forward reaction of water disso- . 9.4 % 10—2 molm—3s—1 [66]
ciation )
Equilibrium constant for water dissociation Kw 1x 108 mol2 m—6 [65]
Rez}ctlon rate constant of chemical CO»-to-bicarbonate re- Kt o1 5.03 m3mol—lg—1 [66]
action )
qul]lbrlum constant of chemical CO»-to-bicarbonate re- Koy 4.44 % 104 m3 mol—1 [65]
action
Reacti f chemical bi -to-

eaction rate constant of chemica bicarbonate-to: Kt o 1% 105 m3mol—Ls—1 63
carbonate reaction )
Equilibrium (fonstant for chemical bicarbonate-to- Koo 4.66 m3 mol—1 [65]
carbonate reaction
Transport parameters
Binary diffusion coefficient of dissolved CO in water DIC‘?O H.O 1.91 x 10~9 m2s—1 [165]
Self diffusion coefficient of liquid HoO Dlll{q‘ o 2.57 x 1079 m2s—1 [166]
Binary diffusion coefficient of dissolved CO in water D](]jqO H.O 1.99 x 10~? m2s! (2051
Binary diffusion coefficient of H, in water DlIi{q H.O 2.28 x 1079 m2s—1 [205]
Binary diffusion coefficient of OH™ in water Dl('DqH, H.O 5.27 x 109 m2s—1 (1671
Binary diffusion coefficient of H* in water Dgﬂ H.O 9.31 x 10~9 m2s—1 11671

9 2

ing SfFusi ; ~ i we liq -9 2.1 [167]
Binary diffusion coefficient of HCO3 ~ in water DH_C 0. 1,0 1.19 x 10 m“s
Binary diffusion coefficient of CO32~ in water Dlgo > H.O 0.92 x 10—9 m2s—1 11671
Binary diffusion coefficient of K* in water Dlliél+ H.O 1.96 x 10~2 m?s~! (o7l

2measured, P model parametrization to experiments,
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5.4 Results and discussion

The mobility of dissolved species is approximated by the Nernst-Einstein equation (Eq. 2.10).

5.3.2 Numerical simulation and parametrization

The model was implemented in MATLAB R2022b, and differential equations were solved with
the odel5s solver. Spatial, one-dimensional discretization from liquid to gas phase (coordinate x
in Figure 5.1) was done with an equidistant grid with a grid size of Az = 1 um. Lower grid sizes
do not lead to a visual change of simulated polarization and Faradaic efficiency-current density
curves. For spatial discretization, the finite volume method with central differential quotient was
implemented. Boundary conditions for the simulations can be found in Table 5.2, Eqgs. 5.30-5.33.
For parameter identification, the MATLAB-implemented optimizer patternsearch was used. The
kinetic parameters of CO,R and HER including reaction rate constants of forward and back-
ward reactions and charge transfer coefficients aco,r and apgr were identified by using the
polarization curve and FEcq-current density curve for the reference case 98 wt% Ag, 80 layers,
and 100 mbar. Additionally, the thickness of the liquid diffusion layer § was identified in this
optimization step. These parameters were held constant for all simulated electrode and operation
parameter variations.

For identifying flooding state and electrode parameters for the different operating conditions and
designs, the thickness of the flooded agglomerate dy,, the specific surface area of the gas/liquid
interface Sy, and the intrinsic, volume specific catalyst surface of the electrode ac, were iden-
tified by reproducing the polarization curve and Faradaic efficiency-current density curve of the
individual measurements by simulation. Identified parameters can be found in Table 5.1. Further
model, design, and operating parameters, which were kept constant for all simulations, can be
found in Table 5.3.

5.4 Results and discussion

The following analysis of the impact of flooding behavior on electrode performance employs a
combined approach of experimental and simulation methods. For the experiments, I varied the
differential pressure between the electrolyte and gas side of the GDE, the electrode thickness,
and the mass content of PTFE in the GDE. The GDEs were operated in a flow cell setup in a
three-electrode configuration with aqueous 1 M KHCOj; as an electrolyte (cf. section 4.2 and
Table 2). Performance assessment was based on polarization curves and FEcq, recorded with
current densities in the range of 10 mA cm ™2 to 200 mA cm ™2, a range in which stable operation
of the GDEs can be ensured. A 1D physicochemical model for CO;R in Ag-GDEs (cf. section 5

and Figure 5.1) was used to identify changes in electrolyte intrusion for the different electrodes
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5 CO; Reduction in Ag Gas Diffusion Electrodes

and operating conditions and their impact on local concentration and current distribution as well
as on electrode performance. Transport and reaction parameters of the model were parametrized
based on experimental polarization curves and Faradaic efficiency-current density relationships
obtained for the individual parameter sets (cf. section 5.3.2).

5.4.1 Current and concentration distribution along the GDE

First, I reveal the effects of concentration profiles and current distribution along the electrode
thickness on the electrode potential and Faradaic efficiency for different current densities. The
analysis was conducted at the example of a Ag-GDE with a thickness of 392 pm (equivalent to
80 layers of spray coating, cf. section 4.1), a PTFE mass fraction of 3 wt%, and an overpressure
of 60 mbar from the gas side to the electrolyte side. The catalyst loading was 166 mg cm 2.
The experimental polarization curve (Figure 5.2A) reveals a monotonic logarithmic decrease in
potential with increasing current density, with no apparent limiting current observed within the

2 and

investigated range. FEco reaches a peak of 70 % at a low current density of 20 mA cm™
decreases subsequently monotonically as current density increases (Figure 5.2B). The simulation
accurately reproduces both the current-potential and FEc-current density trends.

The peak in FEco can be attributed to the kinetic interplay between CO,R and HER: At high
potentials close to open circuit potential, i.e., at low current densities, HER significantly competes
with CO;R due to its more positive onset potential, reducing FEco (Figure A.11). As current
density increases, CO,R becomes the dominant process, resulting in an upsurge in FEco. A

similar observation is made in kinetic studies conducted on planar silver electrodes.[ 163!

Already, at a current density of 25 mA cm ™2, where FEcq reaches its maximum in the simulation,
a nonuniform current (Figure 5.3A) and concentration distribution (Figure 5.3C, dashed lines)
are present along the flooded agglomerate. Close to the liquid diffusion layer (z = 0), there is a
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T Simulation ! 80 e e Simulation !
5 - 2 ) LN |
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c =) ~._n |
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current density / mA cm-?

current density / mA cm-2

Figure 5.2: Experimental and simulated (A) polarization curves and (B) Faradaic efficiency of carbon monoxide (FEco)
for a GDE with 392 nm electrode thickness, 3 wt% PTFE, and a differential pressure of 60 mbar between
gas and electrolyte side. Two current densities are highlighted. Measurements were done in a flow cell with
1 M KHCO3, and potentials are iR-corrected.
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5.4 Results and discussion

slight increase in Faradaic current for CO due to an elevated CO, concentration at this boundary
provided by the equilibrium concentration of CO, in 1 M KHCOj3 electrolyte. In proximity to the
gas/liquid interface (z = dp,), the highest CO, concentration is present, resulting in the highest
FEco at this interface compared to the rest of the electrode. The high CO, concentration also
lowers the pH in this area. Thus, the lowest local currents and Faradaic efficiency are found in
the middle of the electrode.

The situation inside the flooded part of the electrode changes dramatically for higher current
densities: FEco decreases for higher current densities and is almost zero over a large part of the
flooded agglomerate at a current density of 200 mA cm ™2 (Figure 5.3B). Thus, a significant part
of the flooded GDE is not active for CO,R. This decline can be attributed to the increasing CO,
depletion within the electrode, evident in low local CO, concentrations in most of the electrode
(Figure 5.3C). At this current density, almost all incoming CO; is directly reduced adjacent to the
gas/liquid interface, and a huge part of the wetted catalyst surface lacks CO,. This phenomenon
is mainly induced by a thick electrolyte layer between the gas and the catalyst surface within the
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Figure 5.3: Simulated local profiles of Faradaic current densities for CO and Hj production, respectively, and FEco
along the flooded agglomerate (fa; boundary to liquid diffusion layer at z = 0, gas at x = 1) for operation
at (A) 25mA cm~2 and (B) 200mA cm—2. (C) Local CO; concentration and pH along the flooded
agglomerate for 25 mA cm ™2 and 200mA cm 2. (D) Chemical and electrochemical CO» consumption
rate and carbon efficiency CE along flooded agglomerate for 25 mA cm~2 and 200 mA cm~2. GDE and
operation parameters are: 350 um thickness, 3 wt% PTFE, and 60 mbar differential pressure in a flow cell
with 1 M KHCOs3.
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5 CO; Reduction in Ag Gas Diffusion Electrodes

electrolyte-flooded electrode. A high value leads to long diffusion distances for dissolved CO,
and strong transport limitations in most parts of the electrode, which in turn promotes HER.
Additionally, the local pH within the electrode increases from 10 to approximately 13 with
increasing current density (Figure 5.3C). At 200 mA cm~2, the pH profile displays a peak located
in the flooded agglomerate’s center. Close to the liquid diffusion layer and the electrolyte bulk,
OH"™ concentration diminishes due to OH™ diffusion out of the flooded electrode and fresh
electrolyte supply. Fresh electrolyte provides a high bicarbonate concentration, which promotes
its reaction with OH™ to carbonate. Near the gas/liquid interface, the low pH results from a high
carbonation reaction, facilitated by ample CO, availability. Both effects can be clearly seen in
the local distribution of the chemical consumption rate of CO, (Figure 5.3D). At the gas/liquid
interface (x/df, = 1), electrochemical CO, consumption increases similarly to the chemical
CO; consumption due to good CO, availability and a pronounced buffer effect by the CO,-to-
bicarbonate reaction. In contrast, at the electrolyte side (x:/dg = 0), although CO,R increases
due to higher CO, concentrations, chemical CO, consumption does not increase. The increasing
pH is buffered mostly by the bicarbonate-to-carbonate reaction due to the high supply of fresh
bicarbonate electrolyte.

These insights vividly illustrate that the local condition profile in the electrode determines overall
electrode performance. Not only does the CO, supply from the gas phase affect it, but also
the pH determines the distribution of CO,R and HER. As the FE(g is so sensitive to local pH
and thus to local transport conditions and CO, availability, this motivates improving FEco by
manipulating the transport and local conditions. It is thus reasonable to expect that by optimizing
operating and design parameters, a low Faradaic efficiency can be significantly increased. Hence,
in section 5.4.2, I will show how the operating and design variation impacts electrolyte intrusion,
and how this in turn impacts local conditions and performance. This allows knowledge-driven
design, i.e., to reveal ways in which the GDE properties and operational conditions can be tailored
to improve the CO;R performance and Faradaic efficiency.

5.4.2 Electrolyte intrusion behavior of the GDE

As revealed in the last section, electrolyte intrusion behavior has a crucial impact on the local
state and thus on the electrode performance. To gain insight into this aspect, I conducted a
comprehensive study on selected electrode and operational parameters. The varied parameters
include electrode thickness, PTFE mass fraction in the electrode, and differential pressure between
liquid and gas sides. Experimental polarization curves and FE-current density curves were
successfully reproduced through simulations. From the simulation, I extracted parameter values
for the volumetric electrochemically active surface area (ECSA,, m?m™2) and the apparent
thickness L of the electrolyte layer between the gas and the catalyst.!!?*! ECSA, characterized
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the catalytic activity provided by the wetted parts of the electrode. L depends on the electrolyte
arrangement in the electrode, i.e., electrolyte intrusion depth dy, and size of the gas/liquid interface
S,1, and defines at the same time the maximum transport distance of the dissolved CO; to the
catalyst surface (Figure 5.4, more information in section A.3.2 of the Supporting Information). In
the following, ECSA, and L are discussed, as they proved to be the most meaningful parameters
with regard to electrode behavior. These parameters were calculated using the following equations:

ECSA, = di, - Gear - dgpg (5.36)

L =dy- qul. (5.37)

Here, dgpg represents the thickness of the electrode, dy, is the thickness of the flooded agglomerate,
acq is the specific surface area of the Ag catalyst per electrode volume, and S, denotes the specific
surface area of the gas/liquid interface per geometrical electrode area (Eq. 5.34). dpa, dca, and Sy
were identified by parameter optimization. The specific surface area of the Ag catalyst a., was
identified in a narrow range to a value of 6.25 x 10° m? m~? for a PTFE content of 3wt%. A
similar value was determined by Neumann et al.”?*®! using tomographic reconstruction of a porous

electrode structure with the same PTFE content (for detailed information, see section 5.3.1).1200]

EXORE

Figure 5.4: Tllustration of possible electrolyte arrangement in porous GDE with (A) low gas/liquid interface Sy resulting
in a larger, apparent thickness L of electrolyte layer between the gas and the catalyst surface and with (B)
high S resulting in low values of L.

5.4.2.1 Influence of electrode thickness

To investigate the impact of electrode thickness, I adjusted the GDE thickness by varying the
number of layers between 50 and 110 during the spray coating process of electrode preparation.
The resulting electrode thickness was measured after sintering. The examined electrodes had
thicknesses of 200 pm, 275 pm, and 390 pm. The differential pressure and PTFE content were
kept constant at 100 mbar and 1 wt% PTFE, respectively. The corresponding current density-
potential and FEco-current density curves are presented in Figure 5.5A and B.

At low current densities, the thicker electrodes exhibit slightly more positive electrode potentials,
indicating better performance. However, at higher current densities, potentials are nearly iden-
tical for all thicknesses. FEco values are quite similar but slightly higher for thicker electrodes
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Figure 5.5: Impact of electrode thickness on GDE performance and state: Experimental and simulated (A) polarization
curves and (B) FEco (differential pressure: 100 mbar, PTFE content: 1 wt%). (C) Identified volumetric and
surface-specific electrochemically active surface area (ECSAy and ECSA, = df,acar) and apparent thickness
L of liquid electrolyte layer between catalyst and gas phase in flooded agglomerate as a function of the
electrode thickness. (D) Local CO> concentration and pH as well as (E) local profiles of Faradaic current
densities and FEco, and (F) absolute chemical and electrochemical CO, consumption rate and the carbon
efficiency CE along flooded agglomerate for 200 pm (solid lines) and 390 pm electrode thickness (dashed
lines) at 200 mA cm 2. Measurements were done in a flow cell with 1 M KHCO3, and potentials are
iR-corrected.

at low current densities (<50 mA cm~?2) and lower at higher current densities. Consequently,
thinner electrodes seem to be slightly more selective for CO, reduction compared to HER in
the technically relevant current density regime (>150 mA cm~?2). However, the performance is
relatively robust against variations in electrode thickness under the given operating conditions.
It can be further concluded that there is no simple relation between a change in thickness and
improvement across the total current range regarding both performance measures, i.e., electrode
potential and FEco. This again suggests a complex interplay of parameters and processes with
changes in limiting processes, which I analyzed in the following.

The model reproduced the trend, both for the polarization curve and FEco. The correspond-
ing simulation results suggest that for thick electrodes, smaller potential losses at low currents
(<50mA cm~?) can be attributed to their larger area-specific electrochemically active surface
area (ECSA,), provided by the larger amount of wetted catalyst material compared to thinner
electrodes (Figure 5.5C).

The slightly increased FEco for thinner electrodes at high current densities can be explained as
follows: Firstly, the CO, concentration in the electrode is higher for a thinner electrode thickness
(Figure 5.5D) as the molecules are spread over a smaller volume. This results in an increase of
FE(o in the whole electrode for thinner electrodes (Figure 5.5E). Secondly, the local pH is shifted
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to slightly lower values for thinner electrodes, which can be explained by the shorter distance
of transport for dissolved species to and from the electrolyte bulk. This distance depends on
electrolyte intrusion, characterized by the length of the flooded agglomerate (dg,). Thinner elec-
trodes experience significantly smaller dg,, leading to enhanced electrolyte transport, i.e., a better
removal of hydroxide ions and an improved supply of bicarbonate and carbonate species. This,
in turn, results in a stronger buffering effect by the bicarbonate-to-carbonate reaction and a lower
pH. The shift to the bicarbonate-to-carbonate reaction is reflected in a higher carbon efficiency
within the flooded agglomerate with a mean value of 52 % compared to 43 % at 200 mA cm 2
for the thick electrode (Figure 5.5F and Eq. 2.52).

The effect of slow electrolyte transport in the porous Ag electrode structure was also observed in
oxygen depolarized cathodes.!'>>! My observation of improved performance with better transport

1.[196]

of dissolved electrolyte species aligns with Kong et a , who reported enhanced electrode

performance when fresh electrolyte was introduced through cracks.!%°!

Consequently, the performance of CO,-consuming GDEs is not only limited by CO, transport
itself, but also by slow electrolyte transport in and out of the electrode, which diminishes FEco
and carbon efficiency for thick electrodes. This explains the downside of carbon-free silver
electrodes, which typically have relatively high electrode thicknesses and thus suffer more from

slow CO, and electrolyte transport.

5.4.2.2 Influence of differential pressure

One of the most critical operating parameters for gas diffusion electrodes is the differential pres-
sure between the gas and the electrolyte side. Maintaining an overpressure from the gas side is
essential to prevent complete flooding of the electrode pores with liquid electrolyte.!'?!- 207 The
differential pressure has a substantial influence on the intrusion of electrolyte into the electrode.
In this section, I delve into the detailed effects of differential pressure on local reaction conditions
and current density distribution. I aim to draw conclusions about electrolyte distribution and the
potential for performance enhancement through optimized operating conditions.

The overpressure from the gas side was varied between 20 and 100 mbar while keeping the
electrode properties constant (3 wt% PTFE and 80 layers of spray coating). Due to the electrode
preparation process, there are slight deviations in the electrode thickness dgpg in this series of
measurements (Table 5.1). Yet, they are shown to have a negligible impact compared to the effect
of pressure (Figure A.12 and Figure A.13). For this reason, larger differences in performance can
be attributed to the variation of the operating parameter, i.e., the differential pressure.

The experimental polarization curve in Figure 5.6A reveals a marginal improvement in poten-
tial with increasing differential pressure at all applied current densities. Using the model, the
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Figure 5.6: Impact of differential pressure on GDE performance and state: Experimental and simulated (A) polarization
curves and (B) FEco (electrode layers: 80, i.e. electrode thickness around 350 um, PTFE content: 3 wt%).
(C) Identified volumetric electrochemically active surface area (ECSAy) and apparent thickness L of liquid
electrolyte layer between catalyst and gas phase in flooded agglomerate as a function of the differential
pressure. (D) Local CO> concentration and pH as well as (E) local profiles of Faradaic current densities and
FEco along flooded agglomerate for 20 mbar (solid line) and 100 mbar differential pressure (dashed line)
at 200mA cm™2. (F) Illustration of the increase in the gas/liquid interface by increasing the differential
pressure. Measurements were done in a flow cell with 1 M KHCO3, and potentials are iR-corrected.

improvement can be attributed to an increase in ECSA (Figure 5.6C), which is caused mostly
by an increase in flooded agglomerate thickness: Changing the differential pressure from 20 to
100 mbar results in a change in the flooded agglomerate thickness dg, from 248 pm to 317 pm
(Table 5.1). The origin of this strong increase in wetting motivates future studies in this area.
The FEco is much more sensitive to changes in differential pressure than the electrode potential,
as evidenced by only a 10% improvement in potential vs. a 25% improvement in FEco when
increasing pressure from 20 to 100 mbar at 200 mA cm~? (Figure 5.6B). At low current densities
up to 30 mA cm 2, a high differential pressure of 100 mbar yields the lowest FEco. Conversely,
at higher current densities, the decline in FEcg with increasing current density is less pronounced
for the elevated differential pressure. Thus, the optimal differential pressure changes with the
current density applied.

The simulation replicates the increase of FEcg at high current densities for increasing differential
pressure primarily by a larger gas/liquid interface: The interfacial area ratio Sg1 doubles from 19
to 38 for an increase in the differential pressure from 20 to 100 mbar although the thickness of
flooded agglomerate increased (Table 5.1). This, in turn, shortens the apparent thickness of the
electrolyte layer between gas and catalyst L by 50%, reducing it to a value of around 8.28 pm for
a differential pressure of 100 mbar (Figure 5.6C). Although the thickness of flooded agglomerate
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increases, the increase in differential pressure promotes the selective flooding of pores in the
electrode resulting in a more dispersed distribution of electrolyte and thus increasing the size
of the gas/liquid interface (Figure 5.6F). This effect was also visible in the experiments by the
occurrence of electrolyte permeation on the gas-exposed side, even at high applied differential
pressures. Thus, the enlargement of S outweighs the enlargement of dy, with increasing differ-
ential pressure.

The concentration profile of CO, along the flooded agglomerate for high current densities shows
that higher differential pressures result in a locally higher CO, concentration close to the gas/lig-
uid interface (Figure 5.6D). This is, on the one hand, due to the larger gas-liquid boundary
available for the CO, phase transition. On the other hand, a higher differential pressure, and thus
higher partial pressure, leads, according to Henry’s law, to higher solubility of CO,. The higher
CO, availability is also reflected in significantly higher values for the FEco in the local profile
(Figure 5.6E).

In conclusion, higher differential pressures facilitate CO, dissolution on the gas side and create
a larger gas/liquid interface. This leads to an increased local CO, concentration throughout the
flooded agglomerate. Enhanced CO; availability, in turn, results in higher FEco and lower local
pH values. Higher pressures indeed have improved the CO,R-active region of the electrode from
20% to more than 50% of the flooded electrode at 200 mA cm 2.

5.4.2.3 Influence of PTFE mass fraction

PTFE plays a decisive role in imparting hydrophobic properties to the porous electrode, thereby
mitigating the risk of complete pore flooding by the electrolyte. Here, I study the impact of PTFE
content on electrolyte intrusion, local electrode states, and performance. The PTFE content
was varied between 1 and 3 wt% PTFE mass fractions for an overpressure of 100 mbar, using
electrodes with a thickness of approximately 300 pm.

Experimental and simulation results of polarization and FEcp-current density curves are shown
in Figure 5.7A and B. The experimental study shows that a lower PTFE content in the electrode
correlates with reduced potential losses across the entire current range (Figure 5.7A). Reproducing
the experiment with the model reveals a significant decrease of up to 36% in the electrochem-
ically active surface area with increasing PTFE content (Figure 5.7C). A reconstruction of the
microstructure from FIB-SEM experiments confirms the ECSA changes, as a small fraction of
only 62% of pore walls is not covered by PTFE for an electrode with a PTFE content of 3 wt%
(Table S2). Beyond catalyst surface coverage, excessively high PTFE content hinders catalyst
surface wetting, leading to a reduced effective ECSA (Figure 5.7F).

Apart from a higher ECSA, the electrode with lower PTFE content shows higher FE-o values
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Figure 5.7: Impact of PTFE mass fraction on GDE performance and state: Experimental and simulated (A) polarization
curves and (B) FEco (differential pressure: 100 mbar, electrode layers: 80, i.e. electrode thickness around
300 um). (C) Identified volumetric electrochemically active surface area (ECSAy) and apparent thickness L
of liquid electrolyte layer between catalyst and gas phase in flooded agglomerate as a function of the PTFE
mass fraction. (D) Local CO; concentration and pH as well as (E) local profiles of Faradaic current densities
and FEco along flooded agglomerate for 3 wt% (solid line) and 1 wt% differential pressure (dashed line)
at 200mA cm—2. (F) Illustration of the increase in PTFE proportion resulting in a decrease in ECSA.
Measurements were done in a flow cell with 1 M KHCO3, and potentials are iR-corrected.

for current densities above 20 mA cm ™2 (Figure 5.7B). The concentration profile of CO, at a
current density of 200 mA cm ™2 exhibits a higher dissolved CO, concentration for a lower PTFE
content (Figure 5.7D). This is caused by a decrease in the thickness of the flooded agglomerate
dy, for less PTFE from 317 to 289 nm in the electrodes (Table 5.1), resulting in a lower value of
L and in shorter transport distances of dissolved CO, as shown in Figure 5.7C. The observation
that a higher PTFE content leads to increased flooding of the electrode was also noted by Bienen

et al.[208]

. They observed an earlier electrolyte breakthrough with higher PTFE content with the
same kind of electrodes. Possible reasons for this unintuitive behavior could be increasing capil-
lary forces with decreasing pore size at a higher PTFE amount or a ‘slipping’ of electrolyte over
the less rough PTFE surface.!?*®! Nevertheless, having at least small amounts of PTFE is essential
for GDE operation. Pure Ag-GDEs without PTFE experienced strong electrolyte permeation on
the gas side and showed an FEq of around 0, even at low current densities (not shown here). This
indicates that the electrodes were completely flooded with electrolyte and lost their functionality.
The shorter diffusive transport distances of CO, observed with lower PTFE content result in a
lower local pH (Figure 5.7D) and an increase in local FEcg at 200 mA cm ™2 (Figure 5.7E).

Therefore, tuning PTFE content and distribution is essential to stabilize the gas/liquid boundary
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in the electrode. The goal is to adjust PTFE content to establish a stable phase boundary with a
good gas supply, and as little PTFE as possible to avoid blocking of the catalyst surface resulting
in higher potential losses.

Interestingly, electrode performances of the 2 and 3 wt% PTFE electrodes are nearly identical
although the values of ECSA, and apparent electrolyte layer thickness L are different. This is
caused by two aspects. Firstly, the higher ECSA, decreases FEco whereas the lower diffusion
length of CO, increases FEcp. Thus, a combination of both results in similar FEco. Both phe-
nomena do not contribute equally to the change in performance, which is why a further increase
in L and a decrease in FC'S A, leads to a change in FEcq, as is the case with the electrode with
1wt% PTFE.

5.4.3 Local sensitivity analysis

A local sensitivity analysis was performed to show clearly the impact of the single model param-
eters on electrode performance. Each parameter £ was varied by +5% from its original value
€9, and changes in electrode potential and FEco along the current density were evaluated using
relative sensitivities for electrode potential sg, ¢ and Faradaic efficiency spg_ ¢:

/= =¢9 £ 0.05¢°, (5.38)

5 oty = EO1 £°
YT 0 e y(in€0)
Loyt -y &
el ™ T e k)

(5.39)

(5.40)

withy = {E,FEco}.

The analysis revealed that all parameters £ reduce the overpotential when increasing their values
(negative value of sgg_ ¢), however, only to a very limited extent (Figure 5.8A). Parameters
affecting the ECSA, such as electrode thickness dgpg, volume specific surface area of the Ag
catalyst ag,, and thickness of flooded agglomerate dy,, exhibited relatively high sensitivity values.
This indicates that a large active catalyst area predominantly improves the electrode potential.
Additionally, increased porosity ¢ and area of the gas/liquid interface Sy enhance the potential
due to better transport, suppressing the HER. Yet, all effects are limited to a few millivolts.
FEco exhibited higher relative sensitivity to parameter variations than potential (Figure 5.8B).
Conversely, this means that the electrode structure parameters are most important for improving
FE, whereas they have less impact on potential. The highest relative sensitivity values were
observed at high current densities and for parameters directly influencing mass transport: For
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Figure 5.8: Local relative sensitivity of parameter £ to a 5% variation from its original value on the electrode potential
sg,¢ and Faradaic efficiency spg_ ¢ at 25 and 200mA cm 2. Negative values of SE,¢ indicate that
increasing parameter & increases electrode potential, while positive spg,, ¢ values indicate that increasing
parameter ¢ increases FEco. For the analysis, a GDE with 275 pm electrode thickness, 1 wt% PTFE, and a
differential pressure of 100 mbar between gas and electrolyte side with 1 M KHCO3 aqueous electrolyte was
used.

instance, higher electrode porosity significantly increased FEco at high current densities by im-
proving gaseous and dissolved CO, transport, enhancing CO, availability, and reducing transport
limitations. The gas/liquid interface Sy had a similar, though slightly lower impact compared
to porosity, as Sy primarily enhances dissolved CO, transport rather than gaseous or carbonate
species transport, which are critical for local pH and thus performance, as discussed in sec-
tion 5.4.2.2.

Increasing electrode thickness while maintaining constant relative electrolyte intrusion, reduced
FEco mostly at high current densities due to longer diffusion lengths of gaseous and dissolved
CO,. The deviation from the impact of dg,, which does not lower FEco at high current densities,
indicates that gas transport within the electrode becomes crucial at high current densities with
this electrode design.

An increase in specific catalyst surface area a.,, for instance through smaller catalyst particles,
improved potential but decreased FEco across the whole current range due to more severe CO,
transport limitations. This implies that electrode designs generating high local current densities,
such as those using nanoparticles, are more prone to transport constraints and necessitate short
diffusion paths to achieve a high Faradaic efficiency.

Despite these dependencies, the local sensitivity analysis demonstrates that optimizing electrode
potential by increasing the ECSA through acy, dpa, or dgpg results in a performance decline in
FEco. The most promising strategy for performance enhancement is increasing electrode poros-
ity, although the effects on the gas/liquid interface and electrolyte intrusion length require further
clarification.
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5.5 Concluding remarks

This study revealed that a high Faradaic efficiency for CO, reduction in carbon-free Ag-GDEs
requires fast transport of dissolved CO, and liquid electrolyte. The former can be achieved by
increasing the pressure on the gas side by approx. 100 mbar to increase the gas/liquid interface.
An adequate gas-liquid interface is also enabled by adjusting a low fraction of approx. 1wt%
of PTFE in the GDE. Both insufficient and excessive PTFE contents were found to be disadvan-
tageous, as they promoted flooding and consequently enhanced the HER. Excessive PTFE also
led to a reduction in the ECSA. Moreover, thinner electrodes with a shorter transport distance
of liquid electrolyte enhance Faradaic efficiency and carbon efficiency for electrochemical CO,
reduction by better access to fresh electrolyte. These findings help to position carbon-free gas
diffusion electrodes as a competitive design for CO, reduction. I focused on three influential

2 in order to

operation and electrode parameters, as well as current densities <200 mA cm™
ensure stable operation of the given electrodes and to develop a mechanistic understanding of
how these parameters affect electrode performance. Furthermore, the presented method identifies
fundamental transport phenomena and design-performance relationships. These are qualitatively
transferable across a broad range of GDE architectures, further operation and electrode parame-
ters, the analysis of non-steady states, long-term durability, and higher current densities in future

research, enabling a deep understanding of the underlying processes.
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6 Conclusion and Perspective

6.1 Summary and conclusion

Advancing electrochemical CO, reduction for technical applications requires a fundamental un-
derstanding of the interaction between CO,R, HER, transport processes, carbonation reactions,
and local concentrations with their impact on system performance. This work provided model-
based analyses of planar silver electrodes, MOF-coated electrodes, and gas diffusion electrodes
to systematically dissect these interactions.

Through model-assisted, dynamic and steady-state investigations under well-defined mass trans-
port conditions at RDEs, this work uncovered the impact of the transient behavior of CO,R on
performance and local state at Ag planar model electrodes. Transient potential inputs significantly
influence local reaction conditions because mass transport of CO, and bicarbonate are overlapping
and occur at time constants similar to potential sweep rates. These dynamics enhance local CO,
concentration, improve carbon efficiency through bicarbonate buffering, and increase Faradaic
efficiency at high scan rates compared to steady-state analysis. These investigations elucidate
the origin of the discrepancy between dynamic and steady-state analyses and demonstrate that
dynamic measurements are advantageous, offering higher sensitivity to ongoing processes and
greater robustness.

Building on these findings, I explored the optimization of planar silver electrodes using UiO-67
MOF coatings. This modification significantly improves Faradaic efficiency across the potential
range. Physico-chemical modeling revealed that the performance enhancement originates pre-
dominantly from an increase in local CO, activity due to CO, storage within the UiO-67 layer.
A smaller contribution arises from a selective improvement in the effective CO, diffusion. In
contrast, both the HER and the ECSA remain largely unaffected by the porous MOF coating.
Furthermore, the developed model approach for planar electrodes could be successfully trans-
ferred to technical silver gas diffusion electrodes. This illustrates the similarities and differences
in the interaction of similar processes arising from different electrode designs: As with pla-
nar electrodes, the transport of CO, and carbonate species is a key factor influencing electrode
performance in gas diffusion electrodes. The transport distances in GDEs are determined by
the electrolyte distribution within the electrode and the shape of the gas/liquid interface. By
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systematically varying operating and design parameters and reproducing performance through
modeling, it was shown that electrode thickness primarily affects the liquid transport distance
for the electrolyte and dissolved CO,. Thin electrodes are identified as the most selective for
CO;R. Higher differential pressures between the gas and electrolyte sides of the electrodes en-
hance Faradaic efficiency for CO production by increasing the gas/liquid interface area within
the porous electrode structure. Additionally, an optimal, low PTFE content improves electrode
potential and FEco by minimizing the coverage of the electrochemically active surface area and
reducing electrolyte intrusion into the electrode. This study revealed the different key processes
that lead to performance limitations in the electrode and showed in detail how changes in electrode
design and operating parameters individually address these processes.

Overall, the model-assisted investigations of this thesis enable new, deep insights into the transient
and steady-state behavior of the electrochemical CO, reduction in aqueous electrolyte for planar
and gas diffusion electrodes. These were used for knowledge-driven advice for better performance
assessment, operating conditions, and electrode design.

6.2 Perspective

This work extensively investigated the interactions of fundamental processes on planar and gas
diffusion electrodes using silver as a catalyst in aqueous hydrogen carbonate electrolytes. It identi-
fied limiting processes and proposed approaches for optimizing these systems. However, it opens
up further interesting research questions for future studies.

For all the systems considered, the influence of other cell components and the impact of the anode
reaction on the overall system remains an open question. Future work could address ion crossover
effects and transport through the membrane, which are particularly relevant for applications in
promising MEA setups.

Regarding gas diffusion electrodes, the observed inhomogeneous electrolyte distribution suggests
extending the model to additional dimensions and, if feasible, integrating realistic electrode struc-
tures with pore size distributions. Furthermore, the potential-dependent flooding of the electrode,
or electrowetting, which significantly impacts system behavior and degradation, has not been
addressed yet.

While dynamic analysis of planar electrodes provided valuable insights into the interactions of
individual processes, a similar analysis for gas diffusion electrodes is still pending and is highly
promising. However, the complexity of the system introduces challenges such as transient flood-
ing behavior and significant bubble formation, complicating transient measurements and their
interpretation.

The modification of electrode surfaces with the MOF UiO-67 offers a promising approach for
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catalyst and performance optimization. However, its applicability to technical gas diffusion elec-
trodes, high current densities, and long operating times still needs to be verified. A comprehensive
characterization of the porous MOF coating, covering its structural properties and introducing
selective active sites created through targeted modification, would offer a deeper understanding of
the MOF’s influence and could further enhance the overall performance. In general, the developed
model structures can be applied to other electrochemical systems and serve as a starting point for
investigating other reactions in electrosynthesis or alternative electrolyte systems.
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List of acronyms and symbols

Lattin letters

A area m?

a; activity of species % —

Qcat specific surface area of Ag catalyst per electrode volume m?m~3

C capacitance F,Fm—2

c; molar concentration of species ¢ molm™3

ci9 molar, standard concentration of species ¢ molm ™3

CE carbon efficiency —

d thickness m
D binary diffusion coefficient of species i in j m?s~!

E potential A%
E electric field Vm~!

E° Nernst potential A%
E00 standard potential \Y
ECSA, area specific electrochemically active surface area m? m—2

ECSA, volumetric electrochemically active surface area m?m~3

EE; energy efficiency of product % %

Faraday constant Cmol ™!

f frequency Hz
FE; Faradaic efficiency of product ¢ %

G; Gibbs free energy kJmol !

H f P Henry’s law solubility constant defined via concentration ~molm™3 Pa~!

H Henry’s law solubility constant defined via mixing-ratio Pa !

hom specific parameter to consider salting out effect of CO, dissolution m? kmol ™ !
1 current A
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List of acronyms and symbols

=

S o

nCO,,chem
hCO2 ,elchem
N;

ng

p

T

Rint

tswitch
U

Uj

102

current density mA cm ™2
exchange current density m?s~!
reaction rate constant molm™2s~ !, molm3s~ 1!
equilibrium constant of reaction ¢ —
thickness of electrolyte layer between gas and catalyst within GDE m
coefficient of proportionality m?s~!
number of cycles -
chemical consumption rate of CO, mols™!
electrochemical consumption rate of CO, mols~!
molar flux of species i molcm ™25~ !
number of moles of species ¢ mol
total pressure Pa
partial pressure of species % Pa
saturation vapor pressure of species ¢ Pa
charge C
universal gas constant JK~1mol™?
radius m
reaction rate of reaction i molm™2s™ !, molm3s~!
internal resistance Q
roughness factor —
saturation of electrode with electrolyte —
specific surface area of gas/liquid interface per geometrical electrode area —
source term of species i molm 351
relative sensitivity of parameter £ according to variable y —
temperature K
time s
time of single linear sweep s
voltage A%

mobility of species ¢
velocity ms

volumetric flow rate



List of acronyms and symbols

T
Zq

Greek letters
«@

AHY?

Ap

Ax

1)

on

local coordinate
mole fraction of species ¢
number of electrons transferred

charge number of species ¢

charge transfer coefficient

theoretical enthalpy change of species ¢

differential pressure between gas and electrolyte side
thickness of discretization element

thickness of liquid diffusion layer

thickness of hydrodynamic layer

permitivity

porosity

overpotential

concentration of active surface sites
activity coefficient

chemical potential of species ¢

scan rate

kinematic viscosity

stoichometric coefficient of species ¢ in reaction j
angular velocity

potential

electric charge density

ionic conductivity of the electrolyte
tortuosity

time constant of diffusion

surface coverage by free surface sites
surface coverage by adsorbed species k

variation of parameter £

mol mol !

kJ mol !

bar

molm—2

Jmol ™!
mVs—!

m=s

rads—1!

diverse
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List of acronyms and symbols

50

Indices

k

cl

c2

CL
CO2R
conv
diff
disk
diss
DL

elyt
eq
evap

ext

fa
gas
GDE
geom
gl
HER
int

1d1

104

original value of parameter &

at interface
anodic
backward

cathodic

carbonate reaction of CO, to bicarbonate

carbonate reaction of bicarbonate to carbonate

catalyst layer

CO; reduction
convective

diffusion

disk electrode
dissolved

double layer
electrolyte
electrolyte
equilibrium
evaporation

external

faradaic

forward

flooded agglomerate
gas phase

gas diffusion electrode
geometric

gas/liquid interface
hydrogen evolution reaction
interface

liquid diffusion layer

diverse



List of acronyms and symbols

lig

mig

sol
surf
tf
tot

Abbreviations
BPDC
CL
COR
CV
DFT
DMF
ECSA
EDL
EIS
GDE
GDL
HER
HPLC
MEA
MOF
MPL
OER
ORR
PBT
PMOF

liquid
metal
migration
pore
dissolution
surface
thin film
total

water dissociation reaction

biphenyl-4,4’-dicarboxylic acid

catalyst layer

carbon dioxide reduction

cyclic voltammogram

density functional theory
N,N-dimethylformamide
electrochemically active surface area
electrical double layer

electrochemical impedance spectroscopy
gas diffusion electrode

gas diffusion layer

hydrogen evolution reaction
high-performance liquid chromatography
membrane electrode assembly
metal-organic framework

microporous layer

oxygen evolution reaction

oxygen reduction reaction

polybutylene terephthalate

polyoxometalate-metalloporphyrin organic framework
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List of acronyms and symbols

PTFE
RDE
RHE
RMSE
RWGS
SEM
SOEC
STL
SURFMOF
TCD
TFFA
Uio
WGS
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polytetrafluoroethylene
rotating disk electrode
reversible hydrogen electrode
root mean square error

reverse water gas shift reaction
scanning electron microscopy
solid oxide electrolyzer cell
stereolithography
surface-grafted metal-organic framework
thermal conductivity detector
thin-film flooded agglomerate
Universitetet i Oslo

water gas shift reaction
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A.1.1 Variation of rotation rate

Supporting information of Chapter 3

Besides 50 and 300 rpm, an intermediate rotation rate of 150 rpm was also simulated and

experimentally validated. Current density curves show still a significant scan rate dependency
(see Figure A.1).

Figure A.1:
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(a) Experimental and (b) simulated cyclic voltammograms for different scan rates and steady-state polar-

ization curve for a rotation rate of 150 rpm. (c) Corresponding simulated Faradaic current densities for
electrochemical CO; reduction (CO2R) and hydrogen evolution reaction (HER) as a function of potential.
Forward sweeps are shown in solid lines and backward sweep in dashed lines. Conditions: CO» saturated
0.1 M KHCO3 solution, room temperature, rotation rate of 150 rpm (corresponding to a diffusion layer
thickness of 50 pm). Potentials are corrected for iR-drop.
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A.1.2 Impact of carbonation reactions

The molar changes in hydroxide ions within the diffusion layer due to electrochemical and chemical
reactions and due to transport from bulk are shown for stationary operation in Figure A.2a and
for dynamic operation in Figure A.2b for a rotation rate of 300 rpm. It shows, that in contrast to
50 rpm, dynamic and stationary operation become very similar in the ratio of ¢l and c2. In both
cases, the hydroxide sink induced by c2 is clearly larger than by c1. This means that an improved
species transport leads to favored reaction of hydroxide ions via bicarbonate-to-carbonate reaction
(c2) than via CO,-to-bicarbonate reaction (c1). Thus, the reaction rate of c2 is largely determined
by the species transport of bicarbonate and carbonate species. It is also observed that the transport
of hydroxide ions out of the diffusion layer is increased by more than three-fold by increasing the
rotation rate from 50 to 300 rpm. This illustrates that with reducing diffusion layer thickness,
more hydroxide ions are transported out of the diffusion layer before reacting chemically in the
diffusion layer. Still, also for 300 rpm the effect is negligible.
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Figure A.2: Molar transport or reaction rates of hydroxide ions in the diffusion layer caused by water dissociation (w),
by CO»-to-bicarbonate reaction (c1)and by bicarbonate-to-carbonate reaction (c2), by transport of hydroxide
ions from the bulk and by the electrochemical reactions HER and CO2R for a rotation rate of 300 rpm for
(a) stationary and (b) dynamic operation. Forward sweeps at 300mV s~ 1 are shown in solid lines and
backward sweep in dashed lines. Conditions: CO» saturated 0.1 M KHCO3 solution, rotation rate of 50 rpm,
room temperature. Potentials are corrected for iR-drop.

The concentration profiles for dissolved species along the diffusion layer for stationary (left) and
dynamic (right) operation at 50 rpm for three operation potentials are shown in Figure A.3.

The deviation of the species profiles from a linear profile is due to consumption or production
processes in the electrolyte by the homogeneous carbonation reactions. This deviation is more
pronounced in the dynamic operation. It illustrates that the buffering zone in dynamic operation
is much more expand locally compared to stationary operation due to a better species transport.
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Figure A.3: Concentration profiles within the diffusion layer (bulk at x = 0) for dissolved species for stationary (left)
and dynamic (right) operation at 50 rpm for three selected potentials. Forward sweeps at 300 mV s~ 1

are
shown in solid lines and backward sweep in dashed lines. Conditions: CO» saturated 0.1 M KHCO3 solution,
rotation rate of 50 rpm, room temperature. Potentials are corrected for iR-drop.
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Figure A.4: CO> consumption via (a) electrochemical CO; reduction and via (b) chemical buffer reaction in the diffusion
layer along the potential for steady state and for dynamic operation at different scan rates.

A.1.3 Impact of electrolyte concentration

To investigate if the observations and phenomena explained in this paper are also relevant for
higher electrolyte concentration than 0.1 M KHCO3, simulations were done with concentrations of
0.5 and 1.0 M KHCOs. Figure A.5 shows the current density for these concentrations in dynamic
and stationary operation. It shows that for higher concentrations, the scan rate dependency and
the transport limitations of current and surface concentration are still there and qualitatively very
similar. Thus, the effects and time-dependent interactions described before are also relevant for
higher concentrations. The decrease of the current plateau to lower absolute current densities
with higher electrolyte concentration is mainly caused by the decrease of CO, solubility in
the electrolyte due to a “salting-out” effect. Higher electrolyte salt concentrations lead to a
lower solubility of CO; in the electrolyte solution.[168] It decreases from 32.8 molm™3 for
0.1 M to 23.9molm—3 CO, for 1.0 M KHCO5. Therefore, a higher concentration does not
necessarily result in a higher availability of CO,. Thus, the interaction between species transport,
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Figure A.5: (a) Simulated cyclic voltammogram for a scan rate of 300mV s—1 and steady state polarization curve for
electrolyte concentration of 0.5 and 1.0 M KHCO3 (b) Predicted CO; concentration at the electrode during
the potential sweep for dynamic and steady state simulation. Forward sweeps are shown in solid lines and
backward sweep in dashed lines. Conditions: rotation rate of 50 rpm, room temperature. Potentials are
corrected for iR-drop.

electrochemical and chemical reaction for higher potassium bicarbonate concentrations is quite
similar to the concentration of 0.1 M, how it is discussed in the main section.

Estimation of the diffusion layer thickness d was done by fitting potential-current curves. The
value bounds of this parameter were set in a narrow window calculated by Levich equation
(Eq. 2.36). The thus identified thicknesses show a good agreement to the theoretical approach
also for these relatively low rotation rates (see Figure A.6). Slight deviations from the linear trend
could result from a not fully developed flow profile at low rotation rates.
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Figure A.6: Theoretical diffusion layer thickness in dependence of angular velocity for a rotating disc electrode setup
calculated by Levich equation for different involved species, and parametrized diffusion layer thickness
used in the model approach (crosses). Kinematic viscosity was assumed as that of water at 25 °C with
0.893 x 10~ m2s~1.
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A.2 Supporting information of Chapter 4

A.2.1 Chronoamperometric measurements for product
analysis

Chronoamperometric measurements were conducted by holding the potential for 1 hour, with the
current response shown in Figure A.7. Gas samples were injected into an online-GC every 6.5
minutes for product analysis. At the end of the experiment, electrolyte samples from both the
cathode and anode sides were analyzed using HPLC.
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Figure A.7: Chronoamperometric measurements for applied potentials vs. RHE for (a) bare silver electrode, (b) UiO-67-
07 and (c) UiO-67-22. Vertical lines show time of GC injections and square at the end of the measurement
illustrated time of sampling for HPLC analysis.

A.2.2 Double-layer capacitance measurements

Electrical double-layer capacitance measurements were conducted by cyclic voltammetry mea-
surements in a potential region of no faradaic currents with varying the scan rate (Figure A.8). By
extracting the slope of the linear regression of double-layer current density jpi, as a function of
scan rate the capacitance was determined. The capacitance of the electrical double layer is used
to estimate the electrochemically active surface area. The UiO-67 coating does not significantly
increase the ECSA. This leads to the assumption that the UiO-67 itself does not contribute to the
electrochemical activity of the electrode.

A.2.3 Reproducibility of electrochemical measurements

Chronoamperometric measurements for recording polarization curve and cyclic voltammetry
measurements were repeated for bare silver electrodes and UiO-67 coated electrodes with standard
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Figure A.8: (a)-(d) Exemplary cyclic voltammograms with variation of the scan rates in the non-faradaic potential region
recorded for the determination of electrical double-layer capacitance by (e)-(f) extracting the slope of the
linear regression of double-layer current density jpy, as a function of scan rate. A bare silver electrode
sample and electrodes with variation of precursor concentrations for UiO-67 growth are shown.
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Figure A.9: Repeating measurements for (a) polarization curve and cyclic voltammetry with a scan rate of (b) 25 mV s —1
and () 200mV s~ 1. All potentials were corrected for iR-drop.

precursor concentration (Figure A.9). While silver shows very good reproducibility with almost
identical curves, MOF coated curves deviate slightly from each other, but the observed trend
remains largely the same.

A.2.4 Local sensitivity analysis

A local sensitivity analysis was carried out by varying the adjustment parameters describing the
MOF-related enhancement effects (Figure A.10). The parameter values were varied within a
range of 0.5 to 10. A value of 1 (black line) corresponds to the reference state of the uncoated
silver electrode.
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Figure A.10: Systematic variation of the adjustment parameters representing MOF-related enhancement effects: changes
in effective CO2 diffusion coefficient fp_,, in chemical CO2 adsorption equilibrium fi . in electro-
chemically active surface area frcga, and in HER reaction rate fiygg introduced by the UiO-67 coating.
The resulting impact on (A) the cyclic voltammogram at a scan rate of 200mV s~ 1, (B) the stationary
polarization curve, and (C) the stationary FEco is shown.

This analysis reveals that, although the individual parameters act within a similar order of mag-
nitude, they influence the cyclic voltammogram, polarization, and FE-potential curves in a highly
selective manner.

An increase in the effective CO, diffusion coefficient within the MOF layer enhances both the
absolute current density and FEcp only at very negative potentials (<—0.85V). At the same
time, the plateau in the cyclic voltammogram shifts toward lower current densities, indicating
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improved CO; transport. This observation is consistent with the fact that in this potential region,
CO; reduction is strongly limited by CO, mass transport.

In contrast, an increase in the chemical CO, adsorption by K45, leads to higher current densities
and FEs in the more positive and intermediate potential range. This can be attributed to an
increased local CO; activity at the electrode surface, while the overall transport limitation through
the liquid diffusion layer remains present.

An increase in the ECSA leads to a significant rise in the absolute current density across the
entire potential range for both cyclic voltammetry and steady-state measurements. However, this
also results in a faster depletion of CO, near the surface, thereby reducing FEco. Such behavior
was not observed experimentally for the MOF-coated electrodes, supporting the assumption that
the MOF layer contributes not or only marginally to the ECSA, or that any negative effects are
compensated by other mechanisms.

A selective suppression of the HER by the MOF layer leads to an increase in FEcg over the entire
potential range. However, this would simultaneously decrease the absolute current density at all
potentials, which is inconsistent with the experimentally observed trends.

Overall, the parameter optimization performed in the main part of this work (chapter 4) provides
valuable insights into the interplay and combined impact of the individual factors introduced by
the MOF layer on performance output.
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A.3 Supporting information of Chapter 5

A.3.1 Binary diffusion coefficients in the gas phase

Binary diffusion coefficients for gaseous species ¢ in species j are calculated using Eq. A.l

according to the Chapman-Enskog method(?%!:

gas

Di; 0.00266 - 7°/2

em2s—1 » M; 1/2 o1 2 '
= — (2L SQp
bar \ gmol A

Here, T' is the absolute temperature, and p is the gas pressure. The mean value of molecular

(A1)

weight M; ; is calculated using Equation A.2:

1 1\ !
M =2 — 4+ —) . A2
ser(h ) ~

The characteristic length for the Lennard-Jones potential o; ; is calculated using Equation A.3:

o; +0;
Oij =~ (A3)

The diffusion collision integral €2 is determined using the relation of Neufeld et al. as shown in
Equation A.4:

A C E G

On =
b (T*)B + exp(DT™) + exp(FT*) + exp(HT*)’

(A4)

where A = 1.06036, B = 0.15610, C' = 0.19300, D = 0.47635, £ = 1.03587, F' = 1.52996,
G =1.76474, and H = 3.89411.
The dimensionless temperature 7™ is expressed in Equation A.5 as:

kT

T* . (A.5)
€i,j
The Lennard-Jones potential €; ; is calculated using Equation A.6:
€i,5 = \/Ei€j- (A.6)

The values of the constants used for the pure substances are listed in Table A.1.
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Table A.1: Values for calculation of binary diffusion coefficients with Chapman-Enskog method taken from Polig et

a1.[205]
Species ol A e/ks /K
CO, 3.941 195.2
CcO 3.690 91.7
H,0 2.641 809.1
H, 2.827 59.7

A.3.2 Diffusion length of dissolved CO,

The apparent thickness of the electrolyte layer between the gas and catalyst surface in partly
flooded electrode conditions defines the maximum transport distance of dissolved CO, for this
electrolyte intrusion state. A higher Agy, as well as a shorter length of the flooded agglomerate d,,
leads to a faster transport of CO, in the flooded agglomerate according to the transport equation:

‘ ‘ A . 1
Nco, = —DléqOZ <€1'5»5'g1VCC()2 ~ —DléqOZ 61'5Sg1% = —DléqOZ 61‘SEACCON (A7)
a
with 4
Sy = —2 (A.8)
¢ Ageom
and
dfa
L=—. (A9)
Sl

A.3.3 Tafel plot

Figure A.11 shows the Faradaic current-potential curve as a Tafel plot for the exemplary gas-
diffusion electrode configuration of 392 um electrode thickness, 3 wt% PTFE, and a differential
pressure of 60 mbar. The curves were measured in a flow cell and are dependent on transport
limitation. This visualizes the change from the kinetically controlled regime of CO, reduction to
the transport-controlled regime at a potential of —1.2'V vs. SHE and lower.

A.3.4 Variation of electrode thickness

Spray coating used to produce the GDEs leads to slight variations in the electrode thickness in
individual experiments, which can be attributed to differences in the loading of the electrodes
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Figure A.11: Experimental and simulated Tafel plot for the Faradaic currents of CO and H» for a GDE with 392 pm
electrode thickness, 3 wt% PTFE, and a differential pressure of 60 mbar between gas and electrolyte side.
Measurements were done in a flow cell with aqueous 1 M KHCO3.

with catalyst and PTFE material. Nevertheless, the fluctuation in electrode thickness in the series
of measurements for differential pressure variation and in the series for PTFE content is 35% and
25% of the thickness change during the variation of thickness, respectively (Figure A.12). Since
the variation of the thickness is the parameter with the least influence on the electrode performance
(discussed in section 5.4.2.1), it can therefore be assumed that the changes in performance when
varying the pressure and PTFE content are mainly due to these parameters. In addition, the real
thickness of each GDE was considered in the model for simulation.

In connection with this, the simulation was repeated for the variation of the differential pressure
with constant electrode thicknesses. The electrode thickness for the measurement of Ap of 20 and
100 mbar was adjusted to a thickness of 350 pm. Cell performance in comparison to the original
data is shown in Figure A.13. It can be seen that there are still significant differences between
the various differential pressures, which can therefore be attributed to the different differential
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Figure A.12: Electrode loading with PTFE and Ag along the electrode thickness for the electrodes are used for measure-
ments series of differential pressure, PTFE variation and electrode thickness variation.
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pressures and less to the fluctuating electrode thicknesses. More precisely, the light variation in
electrode thickness has no visible influence on the electrode potential. In the case of Faradaic
efficiency, maintaining a constant electrode thickness, highlights a more pronounced difference
between the differential pressures of 20 and 60 mbar, thereby clarifying the trend in the impact of
the differential pressure.

20 mbar | 20 mbar
a1t 60 mbar | 75 == 60 mbar
100 mbar 100 mbar

FEco /%
3

— original — original Sea L T

potential vs. SHE / V
o
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Figure A.13: Simulated (A) polarization curves and (B) FEco for the variation of differential pressure with fluctuation
of electrode thickness (original) and with constant thickness of all electrodes of 350 pm with a constant
degree of flooding (dg, /dgpe) (PTFE content: 3 wt%).

A.3.5 3D FIB-SEM reconstruction of porous electrode
structure

Characteristic parameters for describing the porous media and the wettability were estimated
by microstructural reconstruction of FIB-SEM images (Figure A.14). The reconstruction was

Figure A.14: SEM reconstruction of (A) 97 wt% Ag gas diffusion electrode by (B) meshing the solid wall by the marching
cube algorithm from Lewiner et al.l20%],
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carried out for GDE with 97 wt% Ag. A total box volume of 8490 ym® was used to extract
integral metrics of the cleaned images with statistically relevant quantities. The wall fractions of
the different phases were determined by meshing the solid wall using the marching cube algorithm
from Lewiner et al.?*!. The solid matrix wall was reconstructed as a stereolithographic file (STL).
To distinguish the different solid phases, the mesh faces were colored as described: First, the value
of the vertices, which corresponds to the next solid phase in the neighborhood of the vertices, was
calculated. For faces with vertices both in PTFE and silver (4.74% of all faces), the face color
was assigned to that phase that occupies two vertices of the face. Extracted, electrode structure
parameters are listed in Table A.2.

Additional SEM analyses of these electrodes with varying PTFE contents are available in Franzen
et al.?92 and are shown in Figure A.15.

Table A.2: Electrode structure parameters for a carbon-free Ag gas diffusion electrode with a silver content of 97 wt%
by 3D SEM reconstruction and STL-method with the voxel volume V{y,1, volumetric pore wall surface area
Qporewall and volumetric silver surface area at the pore walls awan ag-

GDE 97 wt% Ag

Viotal 8490 pm?

porosity 35%

Aporewall 1.17 x 10° m? m—3
Avwall, Ag 7.30 x 10°m? m—3

wall fraction of Ag  62.6%

A.3.6 Experimental Faradaic efficiencies

Experimental Faradaic efficiencies over the current densities for H, and CO production of each
electrode and parameter variation are shown in Figure A.16. From the figure, the total Faradaic
efficiency can also be determined. No other products could be detected. Single deviations from
100% total Faradaic efficiency at low current densities are most likely due to incomplete detection
of Hy, caused by low production rates and its poor displacement properties.

A.3.7 Profile root mean square error analysis

To verify whether the parameters were sensitive to finding a local optimum during parameter
optimization, a profile root mean square error (RMSE) analysis was conducted analog to former
studies. For this purpose, the values of a single parameter were slightly varied to a value of £10%
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Figure A.15: FIB/SEM images of four silver electrodes with (a) 1 wt%, (b) 2 wt%, (c) 4 wt%, and (d) 9 wt% PTFE from
Franzen et al.20%!, 2019, licensed under CC BY 4.0 https://creativecommons.org/licenses/by/4.0/.

of the optimized value, and parameter optimization was performed again. The agreement with
the experimental data was determined by the calculation of the RMSE of electrode potential and
FEo for simulative and experimental data points n:

RMSE = \/Z(Esim(n) — Eep(n))? + \/ > " (FEco sim(n) — FECoep(n)2,  (A10)

In Figure A.17, the RMSE values for parameter identification of a single GDE are shown as
an example. The minimum RMSE at the final parameter value combination indicates that each
optimized parameter is identifiable.
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Figure A.16: Experimental Faradaic efficiencies over the current densities for H> and CO production across all variations
of electrode design and operating parameter.
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Figure A.17: Profile root mean square error analysis for parameter identification of GDE with 275 pm electrode thickness,
1 wt% PTFE, and a differential pressure of 100 mbar between gas and electrolyte side. The final parameter
set for the parameter optimization is marked in red. Highest, reasonable value for d¢, was set to 95% of

GDE thickness.
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