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Abstract

Abstract

For the chemical industry, the transformation towards a climate-neutral society demands for the imple-
mentation of novel production technologies based on non-fossil resources. An attractive solution to pro-
duce carbon-based chemicals is to utilize CO, as raw material and renewable electricity as energy source
for its activation. One such process which is investigated in this work is the electrochemical reduction
of CO; (CO2RR) into formate salts. The scope of this work is to develop and investigate the gas-diffu-
sion electrode (GDE) for this reaction with the aim of deriving a better understanding of the complex
interplay of the GDE production parameters, the resulting properties and its electrochemical behavior.

The GDEs are produced using a dry deposition technique. A carbon black supplies the porous matrix
and skeleton of the GDE. It is covered by tin oxide as electrocatalyst — mechanically mixed or finely
dispersed via a homogeneous precipitation method. The hydrophobic PTFE (10 to 50 wt.-%) is used as
binding agent and supplies mechanical integrity. A thermal treatment step at 340 °C ensures its homo-
geneous distribution over the carbon matrix as physical characterization of the electrode texture shows.
The tin-based GDEs favor formate production with a Faradaic Efficiency > 80% over the whole potential
region studied with lower polarization slightly shifting the product distribution towards CO (< 20%).
Hydrogen evolution (HER) is largely suppressed but becomes dominating at high current densities when
mass transport limitation sets in. Optimizing reaction conditions and production parameters of the GDE,

this type of electrode facilitates current densities up to 500 mA/cm?2 before HER takes over.

The achievable current density is strongly affected by wettability and structure of the GDE. Compre-
hensive characterization of the latter shows the characteristic bimodal electrode structure that is at-
tributed to a primary and secondary pore system that forms inside and between the carbon agglomerates,
respectively. Whereas the primary porosity is largely determined by the type of carbon, the secondary
pore system is a result of the manufacturing method, thus, affected by PTFE and compacting pressure.
Correlating electrochemical behavior with electrode properties showed the importance of an open pri-
mary porosity which is why the highly macroporous Acetylene Black (AB) has been determined to be
the most suitable substrate for maximizing current density. Essential for the operation of the GDE, the
wetting of the hydrophobic pore system by the aqueous KHCO3 electrolyte is thoroughly investigated.
It is initiated by polarization of the electrode, a process called electro-wetting that leads to penetration
of the electrolyte into the carbon agglomerates by capillary forces. A combination of post-mortem ele-
ment mapping and cyclic voltammetry revealed that during electrolysis an electrolyte front traverses the
GDE. Inside the macroscopically wetted volume, only a small portion of the electrode surface is in
contact with electrolyte (~20% for AB at 500 mA/cm?) due to the high hydrophobicity of the studied
carbon blacks. While the activity is directly correlated to the wetted catalyst surface, the pronounced
hydrophobicity was shown to be essential for facilitating efficient gas supply to the triple-phase bound-

ary throughout the electrode volume. Accordingly, oxidizing the carbon substrate to increase wettability
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leads to a decrease of the limiting current density. The benefits of the macroporous primary porosity
together with the negative effect of pore forming agents (increase of tortuosity for liquid-phase diffu-
sion) and the influence of the operating mode (CSTR vs. semi-batch, which affects the degree of product
accumulation) points towards a limitation by product diffusion. This hypothesis, however, could not be
unambiguously validated as the actual electrode behavior is heavily masked by catalyst degradation. In
all experiments, a constantly rising HER can be observed. Post-mortem analysis of the GDE points
towards a reductive dissolution of the tin oxide and partial redeposition of metallic tin favoring HER
over CO2RR. This loss of active catalyst phase is caused by the high alkalinity (OH™ accumulation)
adjacent to the active sites and the highly negative electrode potentials. This suggests that in this system,
tin oxide is not a suitable catalyst in contrary to what is commonly proposed in literature. Evidently, this

observation becomes apparent when working at industrially-relevant conditions as done in this work.

Finally, an analysis on the effect of the operating point on total electrolysis cost is performed to derive
performance targets for formic acid production. Using an alkaline electrolyzer as basis for a rough cost
estimation, it can be clearly shown that current densities on the order of 100 mA/cm? and, thus, the use
of optimized GDEs as developed in this work are essential to minimize the contribution of the invest-
ment cost to the electrolyzer stack. This is because for the same amount of product, the electrolyzer can
be build more compact. However, beyond a certain threshold, the beneficial effect of increasing current
density becomes marginal. In contrary when a realistic U-I curve is assumed, the curve undergoes an
optimum — with the assumptions used herein at 200-300 mA/cm?2 — and higher currents lead to the oper-
ating cost to dominate due to the ohmic losses which scale linearly with current density. Production cost

then rises almost linearly.

Kurzfassung

Fir die chemische Industrie erfordert die Transformation der Gesellschaft hin zu Klimaneutralitét die
Entwicklung und groRflachige Einfiihrung neuartiger Produktionstechnologien auf der Grundlage nicht-
fossiler Ressourcen. Eine attraktive Losung fir die Herstellung kohlenstoffbasierter Chemikalien ist die
Nutzung von CO; als Rohstoff und erneuerbarem Strom als Energiequelle. Ein solcher Prozess, der in
dieser Arbeit untersucht wird, ist die elektrochemische Reduktion von CO, (CO2RR) zu Formiatsalzen.
Die vorliegende Arbeit befasst sich mit der Entwicklung der Gasdiffusionselektrode (GDE) und deren
tiefgehende Untersuchung fir diese Reaktion, mit dem Ziel ein besseres Verstdndnis des komplexen
Zusammenspiels der Herstellungsparameter, der resultierenden Eigenschaften und des elektrochemi-

schen Verhaltens der GDE zu erhalten.

Die GDEs werden mit Hilfe eines Trockenabscheidungsverfahrens hergestellt. Ein Ruf bildet die portse

Matrix und das Gertist der GDE. Dieser wird mit Zinnoxid als Elektrokatalysator beladen — mechanisch
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vermischt oder fein dispergiert tber eine homogene Féallungsmethode. Das hydrophobe PTFE (10 bis
50 Gew.-%) dient als Bindemittel und sorgt flir mechanische Stabilitét. Ein thermischer Behandlungs-
schritt bei 340 °C sorgt fiir eine homogene Verteilung Uber der Kohlenstoffmatrix, wie die physikalische
Charakterisierung der Elektrodenstruktur zeigt. Die auf Zinn basierenden GDES beglnstigen die Formi-
atproduktion mit einer Faraday-Effizienz von > 80% (ber den gesamten untersuchten Potenzialbereich,
wobei sich die Produktverteilung bei geringerer Polarisierung leicht in Richtung CO (< 20%) verschiebt.
Die Wasserstoffentwicklung (HER) ist weitgehend unterdriickt, dominiert jedoch bei hohen Stromdich-
ten sobald Stofftransportlimitierung einsetzt. Durch Optimierung der Reaktionsbedingungen und der
Produktionsparameter der GDE kénnen Stromdichten bis zu 500 mA/cm? erreicht werden, bevor es ver-

mehrt zu HER kommit.

Die erreichbare Stromdichte wird stark von der Benetzbarkeit und der Struktur der GDE beeinflusst.
Eine umfassende Charakterisierung zeigt die charakteristische bimodale Elektrodenstruktur, die auf ein
primares und sekundéres Porensystem zuriickzufiihren ist, das sich innerhalb bzw. zwischen den Koh-
lenstoffagglomeraten bildet. Wéhrend die primédre Porositat weitgehend von der Art des Kohlenstoffs
bestimmt wird, ist das sekundére Porensystem ein Ergebnis des Herstellungsverfahrens und wird somit
von PTFE und dem Verdichtungsdruck bei der Herstellung beeinflusst. Die Korrelation des elektroche-
mischen Verhaltens mit den Elektrodeneigenschaften demonstriert die Bedeutung einer offenen Primér-
porositat. Dies erklart neben der hohen Hydrophobizitat, weshalb das makropordse Acetylene Black
(AB) als das am besten geeignete Substrat zur Maximierung der Stromdichte ermittelt wurde. Die Be-
netzung des hydrophoben Porensystems durch den wassrigen KHCOs-Elektrolyten ist fur den Betrieb
der GDE von entscheidender Bedeutung und wird umfassend untersucht. Eine Kombination aus post-
mortem Element-Mapping und zyklischer Voltammetrie zeigt, dass wéahrend der Elektrolyse eine Elekt-
rolytfront die GDE durchquert. Innerhalb des makroskopisch benetzten Volumens ist aufgrund der ho-
hen Hydrophobizitdt der untersuchten RulRe nur ein kleiner Teil der Elektrodenoberflache in Kontakt
mit dem Elektrolyten (~20% fiir AB bei 500 mA/cm?). Wahrend die Aktivitat direkt mit der benetzten
Katalysatoroberflache korreliert, ist die ausgepragte Hydrophobizitat der GDE essentiell fir die effi-
zienten Gaszufuhr zur Dreiphasengrenze entlang des gesamten Elektrodenvolumen. Dementsprechend
fuhrt die Oxidation des Kohlenstoffsubstrats zwar zur Erhthung der Benetzbarkeit aber zu einer Ver-
ringerung der Grenzstromdichte. Die Vorteile der makroporésen Primérporositat zusammen mit dem
negativen Effekt der Porenbildner (Erhéhung der Tortuositét fir die Flussigphasendiffusion) und dem
Einfluss der Betriebsweise (CSTR vs. Semi-Batch, was Ausmal der Produktakkumulation im Poren-
system beeinflusst) deuten auf eine Begrenzung durch Produktdiffusion hin. Diese Hypothese konnte
jedoch nicht eindeutig validiert werden, da das tatséchliche Elektrodenverhalten durch die Degradation
des Katalysators (iberlagert ist: in allen Experimenten ist ein konstant steigende HER zu beobachten.
Post-mortem Analyse d deutet auf eine reduktive Auflésung des Zinnoxids und eine teilweise Wieder-

abscheidung von metallischem Zinn hin, was HER gegeniiber CO2RR begunstigt. Dieser Prozess wird
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durch den hohen pH (OH- Akkumulation) an der Dreiphasengrenze und die stark negativen Elektroden-
potentiale verursacht. Dies deutet darauf hin, dass Zinnoxid in diesem System kein geeigneter Kataly-
sator ist, was im Gegensatz zur wissenschaftlichen Literatur steht. Die Diskrepanz lasst sich héchst-
wahrscheinlich mit den hier vorhandenen industriell-relevanten Bedingungen erklaren, welche diesen
Effekt deutlich verstarken.

SchlieBlich wird anhand der Kennzahlen und wirtschaftlichen Abschétzungen eines alkalischen Elekt-
rolyseurs der Einfluss des Betriebspunktes auf die Gesamtelektrolysekosten untersucht, um ZielgroRen
fiir die Ameisensaureproduktion zu ermitteln. Durch eine grobe Kostenabschéatzung kann gezeigt wer-
den, dass Stromdichten in der GréBenordnung von 100 mA/cm?2 und damit die Verwendung optimierter
GDEs, wie sie in dieser Arbeit entwickelt wurden, notwendig sind, um den Anteil der Investitionskosten
am Elektrolyseur-Stack zu minimieren. Der Elektrolyseur kann dadurch bei gleicher Produktmenge
kompakter gebaut werden. Jenseits eines bestimmten Schwellenwerts wird dieser Effekt jedoch margi-
nal und eine weitere Erh6hung der Stromdichte fiihrt zu steigenden Kosten: sofern eine realistische U-
I-Kurve angenommen wird, durchlduft die Kostenkurve ein Minimum - bei den hier verwendeten An-
nahmen bei 200-300 mA/cm2. Hohere Strome flihren dann dazu, dass die Betriebskosten aufgrund der
ohmschen Verluste, die linear mit der Stromdichte skalieren, dominieren und die Elektrolysekosten in
die Hohe treiben.
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Chapter 1

Introduction

1.1 Motivation

The availability of abundant and inexpensive fossil resources has ensured a seemingly never-ending
source of cheap energy and versatile feedstock for the production of a variety of carbon-based chemicals.
Thereby, it enabled the enormous growth of the worldwide economy and standard of living witnessed
over the last century, particularly in the nowadays wealthy industrialized countries. However, in light
of the climate crisis induced by anthropogenic greenhouse-gas emissions (GHG, mainly CO,, CH4 and
N20) and environmental breakdown that parallel this development, it has become increasingly evident
that this reliance comes with a high price for the environment, public health and could threaten modern
civilization if no effective counteractive measures are initiated [1,2]. As this problem has been discerned,
the international community has pledged to increase their efforts to drastically reduce GHG emissions
under the frame of the Paris Agreement in order to mitigate the most severe outcomes and to stabilize
the global temperature increase in 2100 to well below 2 °C with regard to the pre-industrial baseline [3].
To achieve that, according to the most recent scenarios by the Intergovernmental Panel on Climate
Change (IPCC) and estimated carbon budgets, GHG emissions have to fall drastically in the upcoming
decades [4]. Figure 1.1 depicts the allocation of greenhouse gas emissions (in CO; equivalents) to the
specific sectors and according to their end use, in a so-called Sankey chart. Since more than 70% of the
worldwide GHG emissions (85% in Germany [5]) are energy-induced, i.e. directly coupled to the com-
bustion of fossil resources, the development of alternatives and subsequent large-scale deployment is of
utmost importance. The chemical sector in particular accounts for around 6% of greenhouse gas emis-
sions associated with the use of fossil resources for the supply of energy, heat and as chemical feedstock
[6]. Without paradigm shift, this share is expected to rise in case decarbonization of electricity genera-
tion and transport prevails as expected. It is commonly suggested that electrification will become a key
element for the defossilation of chemical production processes facilitating the integration of renewable
electricity to drive chemical conversion [7]. This can be done either directly or indirectly, the latter via
the use of green hydrogen (derived from water electrolysis) as reactant in chemical processes. In con-
trary, simply relying on process improvements and the energy transition in the energy sector will only
result in a moderate decrease of GHG emissions, as e.g. shown by the German association of the chem-
ical industry (VCI) in the recently published Roadmap Chemie 2050 [8].
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World Greenhouse Gas Emissions in 2018
Total: 48.9 GtCO,e

Sector End Use/Activity Gas

Residential Buildings 114%

Commercial Buildings 67%
i Energy Use_ 19%.

Unallocated Fuel Combustion 8%

€02 74.5%

CH4

F-Gases  2.3%

Source: Greenhouse gas emissions on Climate Watch. Available at: https://www.climatewatchdata.org A WORLD RESOURCES INSTITUTE

Figure 1.1. Sankey chart of worldwide greenhouse gas emissions in 2016 divided by sectors,
end use and type of GHG [9]

Substituting fossil feedstock is challenging as the supply chain has been specialized over decades around
an array of platform chemicals that are mostly derived from petroleum, natural gas and coal. In 2013,
this share constituted 87%, the remainder being mostly biomass [10]. Only very recently, this distribu-
tion is slowly shifting. Efforts to valorize CO; as chemical feedstock are steadily increasing, both in
academia and in industry [11,12]. Its use is largely inevitable in the long-term as, besides biomass, it is
the only viable, non-fossil carbon source for the production of carbon-based chemicals. CO- can be
derived from waste streams in conventional power plants and chemical production sites such as in am-
monia or ethylene oxide synthesis, thereby aiding in decreasing the carbon footprint of existing facilities.
In a fully decarbonized world, CO, can be derived e.g. from highly integrated bio-refineries where it is
produced as by-product in fermentation and other biotechnological processes or from direct air capture
(DAC) [13].

Coupling both developments — electrification and feedstock change —, the direct electrochemical reduc-
tion of CO; on the cathode of an electrochemical cell, has emerged as highly promising solution for
direct integration of renewable electricity into chemical production and utilization of CO.. Despite the
significant advances that have been made in recent years with regard to improving and understanding
the reaction, commercialization of this process is still elusive as simultaneous demonstration of high
current densities, high enough energetic efficiency and long-term stability has not been achieved so far
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[14-16]. Accordingly, the scientific community has only recently begun to close the gap between fun-
damental, mostly catalyst-related investigations of the reaction, and more applied studies [17,18]. Be-
sides the design and investigation of flow-cell configuration and optimization of reaction conditions, the
latter comprises most importantly the development and investigation of electrode systems that are capa-
ble of fulfilling the requirements for technical processes [19]. Amongst others, this entails their produc-
tion via industrially scalable methods and the ability of working at industrially relevant current densities
on the order of several 100 mA/cmz2. For this purpose, the use of so-called gas-diffusion electrodes
(GDEs) is suggested to be inevitable. Such porous electrodes partially wetted by electrolyte allow for
the use of gaseous CO,, thereby shifting transport limitations induced by the low solubility of CO; in
aqueous electrolyte to significantly higher current densities [20]. To allow for a thorough understanding
of how the manufacturing process determines the electrode properties and how the properties influence
the electrochemical performance — that is activity, product distribution and stability — elaborate and
systematic studies are needed. However, at the time this study has been commenced, such electrodes
were mostly regarded as black box in this specific reaction with only a few studies particularly devoted
towards understanding and optimization of the GDE itself. Only in recent years more profound studies
were conducted in order to shed light into how such electrodes operate, what limits their performance
and how they can be further optimized to step towards technical implementation [21-23]. The work at
hand is part of these efforts, ultimately, aiming at establishing the relationship between GDE prepara-
tion, properties and electrochemical performance.

1.2 Scope and Aim of Research

The lack of systematic and elaborate studies on GDE development as well its targeted optimization is
the starting point of the study at hand. In the frame of this work, it became increasingly evident that
treating the GDE as “black-box” that can be optimized simply according to the variables employed in
its preparation, might yield satisfactory results with regard to an improvement in their performance.
However, it will necessarily fail to generate a more detailed understanding of the phenomena involved
in the reaction and the complex interplay between preparation parameters, electrode properties and elec-
trochemical performance. Thus, in order to establish a solid basis for the continuing work in this field
and to allow for a more targeted optimization in the future, the goal was to derive a clear understanding
on the governing parameters for the electrochemical performance of the GDE. To this end, the objective
entails the following steps:

i) to thoroughly examine the properties of the GDE as function of preparation conditions and

its composition,
i) reveal, how the GDE works and what the governing properties are to achieve the desired

performance,



Introduction

iii) establish the relationship between preparation, properties and performance by separately
evaluating the influence of the different contributions and to
iv) ultimately, evolve from an empirical trial-and-error approach to a more sophisticated and

knowledge based optimization strategy for the GDE.

It is important to note, that throughout this work, high priority was placed on maintaining within the
boundaries of an industrial environment. This includes, amongst others, the choice of ambient tempera-
ture and pressure, the use of an aqueous electrolyte and inexpensive conductive salt, the development
of a simple and scalable electrode preparation as well as the use of tin as an inexpensive and abundant

electrocatalyst produced by a simple synthesis method.

Finally, assessing the relationship between the achievable key performance indicators of the electrolysis
and the resulting electrolysis cost was aimed for. To this end, a cost model was implemented which
describes the interplay between the electrolysis parameters, namely, cell voltage and current density,
and cost of formate production from CO2RR which is comprised of the investment and operating cost
of the electrolyzer. As current density and energetic efficiency at which the electrolysis is operated is
directly reflected in the above, the model can be employed to derive a rational and quantitative evalua-
tion of how the electrode development should be advanced in the future to achieve the most efficient
outcome for technical application.
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Chapter 2

Basics of Electrochemical Engineering

The interest in the development and technical realization of novel electrochemical processes has gained
increased attention in the last decades, since their use allows the interconversion of electrical into chem-
ical energy (electrolysis cell), and vice versa (galvanic cell), as well as integration of renewable elec-
tricity into chemical production. Such processes can thereby be used to utilize excess electricity to drive
“non-spontaneous” reactions Or in other cases store and provide electricity. Besides that, many electro-
chemical processes have certain advantages over classic thermochemical and thermocatalytic reactions,
that can (but do not necessarily) include mild reaction conditions (often at ambient pressure and slightly
elevated temperatures), more direct production of the desired product (i.e. less involved reactants, aux-
iliary substances and solvent) and less side reactions. This commonly leads to less environmental impact
and higher energetic efficiency. In principle, it is therefore often considered a green alternative to con-
ventional means of production [24]; an appraisal that obviously only holds true, when the electricity is
derived from renewable energy. On the other hand, electrons are considered rather expensive reactants,
which is why minimizing specific electrical power input is one of the key aspects for technical realiza-

tion of an electrochemical process.

In the following the basics of electrochemistry are described, from general terminology to thermody-
namics and the situation under electrical current, to the aim of designing an electrochemical cell with its
various components. The description is mostly based on [25-27]. Due to its relevance in this work, the

last section will deal with the gas-diffusion electrode in more detail.

2.1 General

In an electrochemical cell, reduction and oxidation reaction of two species takes place spatially separated
on two electrodes, commonly immersed in a solution, with the electrons traveling through an external
circuit from one electrode to the other. The electrode where the reduction proceeds, i.e. where electrons
are passed from the electrode over the electrode/electrolyte interface to the species being reduced, is
termed the cathode while on the anode another species is oxidized supplying electrons for the reduction

in the other half-cell. To compensate for the external flux of electrons and to close the electrical circuit,
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ions have to transport the charge inside of the cell, as shown in Figure 2.1 along a sketch of the cell and

the important terminology.

Current |

Separator/Membrane

Electrolyte

Cathode: Anode:
Ox +ze — Red Red2 - Ox2 +ze

Figure 2.1. Sketch of an electrochemical cell with its various components (A" anions, C* cations)

Whereas in a galvanic element, such as a battery or a fuel cell, the reaction proceeds spontaneously with
net generation of electrical energy, electric work has to be supplied from an external source in an elec-
trolysis process to drive the conversion of substrates. In the first case, chemical energy is converted into
electrical energy and vice versa in the latter. The direction of the overall reaction depends on the change
of the Gibb’s free energy AG of the reaction and is determined by thermodynamics as it will be discussed
in the next chapter [26].

The basis for the discussion of electrochemical reactions is the Faraday Law which relates the turnover
of an electrochemical reaction and the charge Q passed for the conversion, in case of current flow and
when the system is not in equilibrium. Introducing the Faraday constant F as proportionality factor for
this relation together with the valence number z, the number of electrons per turnover of one molecule,

it is one of the most important equations in electrochemistry and is summarized in the form of

Q=n-z-F 21

F can be regarded as comprising the charge of one mole of electrons according to F' = e - Na., with e
being the charge of an electron and Na the Avogadro constant. Thereby, the current, i.e. the charge per
time (I = Q/t) or the current density, i.e. current normalized on the geometric area of the electrode

(i =1/A), is defined as the electrochemical reaction rate r;:
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In case that more than one product is formed on the electrode, it further introduces an important key
figure for the evaluation of efficiency and the yield of an electrochemical cell: the Faradaic Efficiency
(FE), which can be regarded as the current selectivity. In contrast to the conventional selectivity of a
chemical reaction it is normalized to charge instead of converted reactant, according to:

ng-z-F 2.3

FE; =
¢ It

2.2 Electrochemistry and Thermodynamics

When no current is passed through an external circuit and no net turnover of substance is observed, the
electrochemical cell is in equilibrium and the reversible cell voltage Uy is established between the elec-
trodes (see [25,26] for a more detailed derivations of the following explanations). This voltage is deter-
mined by the potential differences of the electrode reactions, the concentrations of involved species and
the external variables temperature and pressure. It is related to the thermodynamic quantity, the Gibbs

free reaction energy AG of the overall reaction, according to

AG 2.4

zF

For an exergonic reaction in which AG < 0, the reaction proceeds spontaneously under generation of
electrical energy under given pressure and temperature. The maximum work (that decreases with the
current, as will be discussed in 2.3) that can be drawn from such a cell is equal to AG = AH - T4S. In an
electrolysis cell for which AG > 0, in contrary to the galvani element before, the minimum work equal
to AG has to be delivered externally to drive the reaction.

The reversible cell voltage can be derived by establishing the equilibrium conditions between the phase
boundaries and the involved species. In chemical equilibrium between two phases | and Il in direct
contact, the condition for phase equilibrium must be fulfilled for all involved species i, which means

that the chemical potentials x; must be equal in both phases for all i.

w (D = i (1) 25

Depending on the type of electrochemical system, involved species can for example mean ions in solu-
tion and the corresponding species deposited on the surface of the electrode in the case of metal elec-
trodes in a solution of metal cations (equation 2.6). For redox reactions (equation 2.7) on the other hand,
for which the electrode species is not directly involved but responsible for the passage of charge, elec-

trons instead of ions are exchanged between electrode and a redox-couple dissolved in the electrolyte.

Me = Me?t + ze- 2.6
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Sox & Srecatze 2.7

In either case, for an electrode immersed in a solution, this means that on the interface between surface
and solution, the phase boundary, chemical reactions involving the exchange of species and/or electrons
from both phases takes place which leads to the establishment of the electrolytic double layer and the
orientation of the charge carriers and reactants according to the energetic conditions. During this course,
the electrode becomes either negatively or positively charged, depending on the direction of the chemi-
cal reaction and the passage of current over the electrode/electrolyte interface. This is again determined
by the energetics of the system, leaving either an excess or shortage of electrons on the surface. This
process continues until equilibrium conditions are met. Because the force equilibrium between the two
phases in this case now also involves an electrostatic contribution, due to the arrangement of the elec-
trons on the electrode surface and ions in the double layer, the electrostatic potential difference has to

be included into the equilibrium condition in addition to the chemical potential.

w (D + ziFo(l) = w; (D + zFe(D) 2.8

Both terms on each side together constitute the electrochemical potential 4" of the respective phase,
where ¢ is the so-called electric Galvani potential of each phase and a; the activity of the species in the
corresponding phase. For standard conditions it follows:

2.
Ui = pi+ ziFo = u? +RTIna; + z;Fp ?

Accordingly, for the difference of the Galvani potential between electrode (1) and solution (l1), it is

= — = 2.10
DD — pd RT  a;(II

Abbreviating the first term on the right side as 4¢o which corresponds to the standard potential difference
of species i between both phases (electrode and electrolyte) for ai(l) = ai(ll) = 1, gives the influence of
the activity on the electrochemical potential known as the Nernst equation. Similarly, for a redox reac-
tion the potential of the electron in both phases is decisive and the activity of the reduced and oxidized

species has to be accounted for. In this case, the Nernst equation at standard conditions is defined as

Ap = A +RT1 Gox A
@ = Ay ZFnared

Ultimately, at standard conditions, the equilibrium cell voltage U, can be calculated by the difference of

the Galvani potentials of the half-cell reactions 1 and 2 according to

2.12
Uocen = Apo(1) — Apy(2)

When both electrodes are immersed in the same solution, the potential difference of the electrolytes is
zero and the equation reduces to the difference of the standard electrode potentials, usually presented as
E°.
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UO,cell = Eo(l) - EO(Z) 2.13

If electrolytes of different composition or activity are used (e.g. separated by a membrane or diaphragm),
an additional phase-boundary and potential difference is created between the electrolytes, which has to
be accounted for. As the Galvani potential at a phase-boundary, and by that, also the standard electrode
potential of a given half-cell reaction, is experimentally not accessible (as absolute value), it is measured
against a common reference electrode, which is usually the standard hydrogen electrode (SHE, defined
as zero reference point E° (SHE) = 0 V) and tabulated for many half-cell reactions. Besides SHE, many
different reference electrodes with constant electrode potential exist which are used to measure the elec-
trode potential (in equilibrium or away from it) in a three-electrode configuration.

2.3 Electrochemical Kinetics and Electrocatalysis

The Kinetics of an electrochemical reaction describe the turnover of the electrochemically active sub-
stance on the electrode/electrolyte interface and the according current flow as a function of the electrode
potential. Besides the simple charge-transfer steps, the kinetics of the reaction are governed by all the
other precedent and subsequent steps such as chemical reactions, the involved chemical equilibria, ad-
sorption as well as transport to and from the electrode surface, as depicted in Figure 2.2.

adsorption | Chem. reaction diffusion

«— el
OXaq —— Ox ——» OXpui
desorption

ve I || electroch.
reaction

Redad <:—> Red 4:__> Redbu]k

electrode

double layer | reaction layer | diffusion layer

Figure 2.2 Steps involved in electrolyte and on electrode surface before and after
electrochemical reaction (adapted from [27])

As in classical catalysis, the slowest step, which depends on the reaction conditions, the electrode po-
larization and the involved materials, determines the macroscopically observable reaction rate. If a com-
prehensive description of the kinetics is required, the contribution of each part of the reaction sequence
to the current-potential relation has to be included into the overall rate expression. The finite velocity of
these elementary steps entails the polarization of the electrode surface beyond the equilibrium value of
the reaction as driving force to overcome the reaction-specific resistances and to initiate a net flux of
electrons over the solid/liquid interface. As an important parameter in electrochemistry, the difference

between the electrode potential under current flow and its equilibrium value is termed the overpotential
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n which is a function of the involved species of the reaction, reaction conditions and the electrode ma-

terial:
n(i)= E(i)— E° 2.14

It depends on the current density (as compared to the ohmic resistance which is independent of the
current) and can be separated into different contributions, which will be introduced in the following.

In many cases, at low polarization, the overpotential is mostly governed by the electron transfer of the
rate-determining elementary step, and the kinetic inhibition or activation barrier of this step. It is at-
tributed to the finite velocity of the charge-transfer over the electrode/electrolyte interface to or from the
redox species. When the rate-determining step of the reaction is a one-electron transfer and other con-
tributions are negligible (e.g. for —0), the current-voltage curve can be described by the so-called
Butler-Volmer equation which is a phenomenological equation of pivotal importance in electrochemical
kinetics. It describes the magnitude of the oxidative and reductive charge-transfer reaction (ictox and
ictred), as for example given in the reaction equation 2.7, and, the according net flux of electrons over the
electrode surface as function of the charge-transfer overpotential 7, i.€. the polarization solely attributed
to the charge-transfer. It can be derived from the theory of the activated complex in which the change
of the Gibbs free energy along the reaction coordinate for the forward and backward reaction is exam-
ined. It goes through a maximum when the so-called activated complex (the transition state between
reactant and product, according to the theory) is formed. For an electrochemical reaction, the change in
the energetic situation for forward and backward reaction is accounted for, as the potential difference
between electrode and electrolyte is changed when the electrode is polarized. As a result, the change of
the Gibbs free energy of forward and backward reaction is affected to different degrees and, thus, either
one of the directions is favored or impeded (negative polarization favors reduction, and vice versa) [26].
For a derivation and treatment, it is referred to [28] as a profound discussion on the theory behind this

equation would go beyond the scope of this work. This derivation gives

ict(nct) = ict,ox(nct) + ict,red(nct)

. a~zF Q1-a)-z-F
- o (S 1) e (00T )

2.15

In this equation, important variables of electrochemical kinetics are introduced: the exchange current
density io is @ measure of the current density of the material at the equilibrium potential (7 = 0) and is
thus, a (palpable) property of the electrocatalyst while charge transfer coefficient or symmetry factor «
(0 > < 1) is derived from quantum mechanics [25] and expresses how strongly the galvani-potential
difference between electrode and electrolyte (see above) impacts the activation energy change; thus,
how severe polarization of the electrode affects the reaction in either direction.

When the magnitude of 7 is sufficiently high, i.e. |7« | >> RT/zF (= 25.6/z mV at T=298 K), in the

cathodic case the oxidative current can be neglected, and vice versa, and the relationship becomes a
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simple exponential relationship. Rearranging the equation (including /n — log) and solving for 7 the
gives the so-called Tafel equation with the Tafel slope b (given in mV/decade) and the constant a, which

includes i, according to

2303 RT 2.303 RT

T login —
(1—a)zF B¢

= logi =a-— ] 2.16
1—a)zFlOglCt a—blogi, .

Net =

Plotting the overpotential of this semi-logarithmic relation over the logarithm of the current density
yields the Tafel-plot, a common form to compare different electrocatalysts and assess their macroscopic
activity as well as to derive information on the rate-determining step and how it changes with potential.
The latter can be observed for example by a change of the Tafel-slope at given overpotential or as func-
tion of the reaction conditions and catalyst.

When the reaction is fast and the transport of the electroactive species to and from the electrode surface
cannot keep up with their consumption/generation, the reactants start to be depleted and product accu-
mulates in the double layer. As a consequence, the actual concentration csr deviates from the initial
concentration ¢o to which E° corresponds to and a concentration gradient develops between bulk elec-
trolyte and the surface. This necessitates that the difference in the concentration has to be accounted for
in the electrode potential. It is described by the concentration overpotential 7conc. Accounting for the

concentration dependence of the standard potential according to the Nernst equation (eq 2.11) gives

Eurf o <_M ,,>, 2.17

for the cathodic current at moderate to high overpotential (neglecting oxidative contribution). Solving

for the overpotential and comparing with eq. 2.16 gives

RT Csurf
= — | 2.18
Nconc (1—a) zF n o

for the concentration overpotential.

Especially in technical electrode systems, where high current densities are targeted, the different contri-
butions of mass transport and limitations induced by it play an important role. On the one hand, such
concentration gradients amount to a significant electrode polarization at high conversion and entail the
presence of a limiting current density i beyond which further polarization does not result in a further
increase of reaction rate anymore. Furthermore, for certain situations, where different reactions are com-
peting for active sites which are affected by transport limitations to different degrees, even before this
limiting current is achieved, a shift of the product distribution to undesired by-products such as the
decomposition of the electrolyte (e.g. yielding hydrogen in aqueous CO; reduction) can be provoked.
Also for other kinetic phenomena mathematical descriptions can be derived quantifying the extent of

their inhibition and their share to the total overpotential, such as the reaction overpotential when the
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reaction is limited by the rate of preceding or subsequent coupled chemical reactions or by ad-/desorp-

tion. For a more profound discussion it is again referred to the above mentioned textbooks.

Electrocatalysis

The type and morphology (e.g. crystal facet, presence of steps, kinks or defects on the surface) of the
electrode material strongly affect the activation energy of the elementary steps which is governed by the
strength of interaction between the electrode surface and the reaction intermediates. It thereby deter-
mines the extent of kinetic inhibition of a reaction, the magnitude of the charge-transfer overpotential
and, ultimately, the intrinsic activity of the material. Furthermore, the electrode material can favor cer-
tain reaction pathways while suppressing or inhibiting others, thereby, guiding the reaction towards the
desired product while minimizing side reactions.

For simple reactions, the activity of a catalyst can often be described by such properties as the binding
energy towards the intermediate involved in the rate-determining step which, in turn, can be correlated
fairly well with the reaction-rate. Two important examples are the hydrogen- or oxygen-metal bond
strength AGw for the hydrogen evolution reaction (HER) or AGo for the oxygen reduction reaction
(ORR), respectively. Also for CO; reduction such activity descriptors have been established as will be
discussed in 3.2. Plotting the experimental reaction rate over the values calculated from first principles
(e.g. DFT) for different metals yields so-called VVolcano plots which render the catalyst with optimum
properties at the top, in agreement with the Sabatier principle [29,30]. An example of this is shown in
Figure 2.3 for HER and ORR:
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Figure 2.3 VVolcano plots of HER (left) and ORR (right) describing activity of different metals as func-
tion of metal-hydrogen and -oxygen bond strength [29].

Increasing the activity of an electrocatalyst can either be approached by tuning the intrinsic activity of
the catalyst or by maximizing the number of active sites at which the reaction is performed. The first
comprises e.g. the derivation of novel catalysts, alloying, deposition of supported particles with high

share of undercoordinated kink or step atoms, grain boundaries or core-shell particles while the latter
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can be achieved by nanostructuring, deposition of highly dispersed nanoparticles on a high surface area
support or the use of three-dimensional electrode systems [29]. Ultimately, the goal of minimizing over-
potentials is supplemented by the requirement of high stability under reaction conditions, which are
often highly corrosive, and economic viability, i.e. the use of abundant and inexpensive materials if

possible.

2.4 The Electrochemical Cell

Besides the thermodynamically determined reversible cell voltage and the reaction specific overpoten-
tials, additional reactor dependent ohmic resistances have to be overcome which lead to ohmic voltage
losses, i.e. following Ohm’s Law (AU = R-I). These losses require additional input of electrical energy
into the system which is dissipated into heat. The significance of the different barriers and resistances
depends on the reaction, the cell geometry, reactor design and electrolyte properties but can basically be
found in every system and be classified in three categories [24]:

1) Electrical resistances:
- Contact and wiring resistances in the electrical circuit,
- limited electrical conductivity of the electrode material and interfacial contact resistances be-
tween the different components (current collector, electrode layers).
2) Transport-related resistances:
- Limited ionic conductivity in electrolyte,
- ionic conductivity of separator or membrane, and,
- if applicable, formation of gas bubbles between electrodes, displacing electrolyte and decreas-
ing its conductivity.
3) Overpotentials 1 directly related to electrochemical reaction (see above):
- Kinetic barriers of electrode reactions (activation polarization) and
- mass transport resistances.

Accordingly, the actual cell voltage to achieve a desirable current density is given by

Ecen = E((l)node - Egathode + Neei + Neonci T Nowm 2.20

With 7opm = 1 * Reeyp @nd Reen the sum of all the above mentioned ohmic resistances encountered in the
employed cell. Compared to the overpotentials, the ohmic resistances are independent of the current
density. The different contributions are illustrated in Figure 2.4 in the form of an equivalent circuit
diagram. Here, Rei, Rsep and Rt represent the resistances of the electrolyte, the separator and of the re-

spective electrodes, respectively, Ca denotes the double layer capacitance.
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Figure 2.4. Electronic equivalent circuit diagram of an electrochemical cell describing the different re-
sistances contributing to the reactor voltage (from [24], naming of variables adjusted for consistency).

Clearly, in order to optimize an electrochemical process, the scope of the engineer or chemist is to sep-
arate, understand and determine the different contributions, and eventually target and minimize them as
much as possible. This is because their magnitude (reflected in the cell voltage Ucen) directly affects the

energetic efficiency according to

e = (Et(z)node - Egathode) 100 %. 2.21

Uceltmeasured
From the above resistances, particularly the ohmic contributions by the electrolyte and the electrode, for
the latter, particularly, contact resistances between its components (current collector, gas diffusion and
catalytic layer, see below), play an important role. To ensure a sufficiently low resistance towards elec-
tron conduction, often a highly conductive carbon black or metal matrix is used, and a current collector
applied to the back of the electrode. The resistance of the electrolyte is determined by its specific con-
ductivity k, which in turn depends on type and concentration of the conducting salt, and the dimensions

of the gap d between anode and cathode, according to

1 2.22
K-d

Ry =

However, the choice of the electrolyte is not an independent variable, as it is directly involved in the
electrochemical reaction, by i) dissolving the reactants and products, ii) influencing the transport to and
from the electrode surface, iii) constituting the location for preceding or subsequent elementary steps
and iv) stabilization of reaction intermediates [25]. Furthermore, besides having high conductivity, re-
action-dependent requirements are posed on the electrolyte such as the electrochemical and chemical
stability, adequate solubility for the reactants and low viscosity. To avoid interference of species in-
volved in the respective counter reaction, anode and cathode chamber are often divided by a separator
or a selectively permeable membrane which has to be conductive to the available charge carriers to
maintain the charge balance between both chambers during reaction. Analogous to equation 2.22, high
conductivity and low thickness of few pum have to be aimed for as well as sufficient stability and low

cost.
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Figure 2.5 Current-voltage curve of electrolyzer with corresponding contribution towards cell voltage,
(from [20], naming of variables adjusted for consistency)

A typical current-voltage curve of an electrolyzer looks like the one shown in Figure 2.5. Therein one
can distinguish the different contributions, each being significant at specific operating conditions. At
low current, the reactor voltage is mainly determined by the thermodynamics and the charge-transfer
overpotential of the reactions. As the relation between current density and polarization is exponential,
its relative share becomes smaller in favor of the ohmic voltage losses which rise linearly with current
and lead to a largely linear slope in the current-voltage curve at intermediate to high current densities.
Finally, at high cell voltage characteristic of high conversion of reactants, transport-related overpoten-
tials become pronounced and the curve reaches the limiting current density, beyond which further po-

larization does not yield additional turnover of substance [24].

2.5 Gas-diffusion electrodes

The electrodes, as location where the reaction takes place determine the non-ohmic share of the current-
voltage relationship. As discussed above, the optimization of the electrocatalyst is the key to minimize
the Kinetic overpotentials while the electrode structure governs the degree of transport limitations and
availability of active sites. The design of efficient electrode systems and their targeted optimization is

one of the key steps in the development of an electrochemical process.

An important type of electrode structure which is used to overcome transport limitations in multi-phase
reactions is the so-called gas-diffusion electrode (GDE). GDEs are commonly used in electrochemical
reactions where gas phase reactants are converted, and limited solubility of these species in the electro-
Iyte entail the need for an intensification of mass transport to achieve desired reaction rates [31]. Typical
examples from industrial application are hydrogen oxidation and oxygen reduction reaction in the dif-

ferent type of fuel cells [31], the latter also in metal-air batteries [32] or the chlor-alkali synthesis when
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oxygen-depolarized cathodes (ODC) are employed [33]. In this chapter, a short description of the im-
portant features of the GDE and their preparation is given with an emphasis on the similarities of the
GDE in these reactions without going in too much detail on the specific requirements for each applica-

tion. A more profound discussion on the use of GDEs for CO2RR is given in chapter 3.4.2.

2.5.1 Properties and Types of GDESs

A gas-diffusion electrode is a porous electrode which is typically comprised of a high surface area matrix
of an electrode support (often carbon material) and an organic binding agent into which the electrocat-
alyst is dispersed. The matrix can also be made up of the active material itself, such as porous silver or
N-doped carbon acting as both support and catalyst for ORR. The partial penetration of electrolyte into
the pore system allows the interfacial area between electrolyte and gas phase to be formed within the
material of the electrode and, thus, the triple-phase boundary (TPB) of gas, electrolyte and catalyst where
the reaction takes place is significantly enhanced. The electrolyte in this case does not necessarily have
to be a liquid but can also be an ionomer as in polymer electrolyte membrane fuel cells (PEMFC). In
both cases, solubility issues are reduced since the gas molecules only have to diffuse through a thin layer
of electrolyte in order to reach the active site. As the effective reaction zone is much larger than the
geometric area, the observable reaction rates are usually one or two orders of magnitude higher than on
conventional flat electrodes [20,34].

Over the decades, many different types of GDEs have been developed and optimized with regard to the
requirements of the respective reactions. Whereas, for example, for the development of PEMFC elec-
trodes, high priority is assigned to the maximization of catalyst utilization to decrease the use of precious
metal loading, the GDE-assembly also has to perpetuate water management on the cathode side (ORR)
where water is generated as product [35]. On the anode side, this does not constitute a challenge and the
requirements are less severe. In metal-air batteries, the GDE is designed as bifunctional electrode for
both OER and ORR necessitating the use of one bifunctional or two complementing catalysts. Besides,
facilitating gas evolution and its reduction, the electrode structure requires high stability in the highly
corrosive environment of OER [36]. In non-aqueous metal-air batteries, the generation of insoluble re-
action product, further complicates operation as micropores are quickly clogged during discharge lead-
ing to an abrupt end of lifetime [37]. Evidently, requirements and optimization targets of GDEs can be
substantially different with regard to the applications what makes a general discussion circumstantial.
On the other hand, drawing parallels and finding similarities is valuable, especially, since one has access
to decades of knowledge and experience concerning the optimization and understanding of GDEs. Thus,
it is possible to benefit from research in these applications that are already commercialized, thoroughly
studied and optimized. Having a liquid electrolyte and gaseous reactant, out of the above examples

especially the alkaline fuel cell (AFC) [31] and early work on fuel cells with acidic liquid electrolyte
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(e.g. phosphoric acid fuel cells (PAFC) [38,39]) are of interest for CO; reduction, because the reaction
proceeds in a similar manner.

In any case, the resistance towards transport of all reactants should be as low as possible, while the
concentration of gas dissolving sites and the surface area of active sites in the reaction zone needs to be
maximized. In many applications, it is deemed beneficial to choose a dual-layer approach, comprising
the catalytic layer and a gas diffusion backing, each with distinct function [31]. The catalytic layer con-
tains the active material, preferably at high dispersion and tailored according to established structure-
activity relationship so that both intrinsic activity and the number of active sites are high at reasonable
loading and manufacturing cost. Of particular importance when expensive materials are used, is that
catalyst utilization is close to 100% which introduces the target to deposit the catalyst where the reaction
takes place, i.e. in ionic and electronic contact [38,40]. The gas diffusion layer (GDL) often consists of
a macroporous substrate (e.g. carbon paper or fiber), and a so-called microporous layer (MPL), com-
monly made up of polytetrafluoroethylene (PTFE) and carbon black. Besides decreasing contact re-
sistance between catalyst layer (CL) and the macroporous substrate which is optimized for high gas
permeability and homogeneous delivery of reactant to the TPB, the main purpose of the water-repellent
MPL is to separate the wetted CL from the gas-phase by exhibiting tailored hydrophobicity while facil-
itating high flux of gases. In ORR in PEMFC, the GDL assembly is of pivotal importance as it is also
responsible for draining the catalyst layer from produced water while avoiding its condensation in the
pores which would lead to additional transport resistance [35,41]. Using this multi-layer approach allows
the separate optimization of their composition according to their function and the respective require-

ments.

Catalyst
Gas Diffusion | ayer (CL)

Layer (GDL)

L. Hydrophilic CL I1. Hydrophobic CL

Gas-Phase
Reactant

Electrolyte

Three-Phase
Boundary (TPB)

Figure 2.6 Sketch of the GDE assembly and schematic drawing of the two different types of catalytic
layers and how the TPB is constituted
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In general, two different state-of-the-art catalyst layer types have emerged over time, which are mainly

distinguished by the kind of binding agent and resulting water uptake:

i) Hydrophilic thin-film catalytic layers:

In acidic electrolyte which is nowadays almost exclusively employed in the form of an acidic pol-
ymer-electrolyte such as Nafion, a thin film of ionomer-bonded catalytic layer, is deposited on a
hydrophobic substrate. The use of Nafion as ionomer ensures the wetting of the whole catalyst layer
due to its high water uptake in case a liquid electrolyte is used, (e.g. in PAFC or in direct liquid fuel
cells where accessibility of the liquid fuel is essential [42]). Its primary function as ionomer is to
provide proton-conduction in polymer-electrolyte systems, thereby extending the triple-phase
boundary from the membrane into the CL. Similarly, the same approach is also investigated for
alkaline conditions in which hydroxyl-conducting ionomers are used for the same purpose [43].
The deposition of a very thin film of a few pm is pivotal in both cases for fully-wetted layers, as
only catalyst close to the gas-liquid interface participates in the reaction at high current densities
where diffusion of the dissolved species becomes rate-determining.

ii) Hydrophobic GDEs:
Partial hydrophobicity of the CL, in turn, allows the extension of the TPB throughout the whole

catalyst layer, instead of limitation of the reaction zone to a thin film close to CL/GDL interface as
above. As binding agent hydrophobic PTFE is used to form hydrophobic channels for gas passage
while other parts of the pore system are in contact with electrolyte wetted by capillary forces. This
approach is more common in alkaline systems where proton-conduction by Nafion is not required
[31,44] owing to the presence of liquid electrolyte. This is the case in in PAFC, AFC or in aqueous
metal-air batteries [44,45]. Besides carbon-based GDEs, also carbon-free GDEs have been developed
with a hydrophobic pore system, such as those based on porous Raney-Silver [46] for AFC or with
Ag in oxygen-depolarized cathodes [47].

Naturally, also alternatives, modifications and combinations of these exist. The discussion in the fol-
lowing will focus on hydrophobic GDEs with liquid electrolyte as it is the approach chosen in this work.
A comparison between both strategies for CO2RR is discussed in chapter 3.4.2 in which the literature

is reviewed.

2.5.2  Properties and way of operation of carbon black-based GDEs

The effectiveness of a hydrophobic carbon black-based GDE in triple-phase reactions can be attributed
to its bimodal pore structure which is governed by the structure of the employed carbon material, the
carbon particle size and agglomerate morphology, as well as the preparation method. On the smallest

scale, carbon black is composed of crystalline domains of aromatic systems which resemble the
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graphene planes found in graphite but with low spatial extension [48]. These domains are connected in
an unsystematically ordered layered arrangement to the near-spherical particles, illustrated in the center
of the Figure 2.7. A transmission electron microscopy (TEM) image of a carbon black aggregate is
depicted on the left, showing how the near-spherical primary particles of the carbon black coalesce or
fuse together during their synthesis (pyrolysis or incomplete combustion of hydrocarbons) to small and
rigid, colloidal aggregates, the smallest dispersible unit in the carbon black [31,49]. In turn, these aggre-
gates build agglomerates, as schematically drawn on the right, spanning a large three-dimensional net-
work. This is essential for the effectiveness of the carbon black as support in the GDE as it constitutes
the skeleton of the structure. Depending on the type, the carbon black is composed of more than 98% of
carbon, with oxygen and hydrogen containing functional groups, exemplary shown in the background
of the figure, determining the surface chemistry and thereby hydrophobicity of the material [48,49]. As
a model for describing how carbon black-based GDEs operate, their pore system is commonly described
in literature [31,50-52] to be made up of the so-called primary and secondary pore system.
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Figure 2.7. left: TEM-image of Vulcan XC72-R (bar implies 0.1 um) [52], center: structure and as-
sembly of primary particle with graphitic planes [48], background: exemplary chemical composition
of surface with defect chemistry [53], right: Schematic drawing of the typical assembly of the primary
particles formed by graphitic planes of aromatic systems to large three-dimensional powder agglomer-
ates forming the porous backbone in the electrode structure [54]

Although this model which will be elaborated in the following is very helpful to get a better idea of the
GDE assembly and its mode of operation, naturally, it is a simplification of the highly complex nature
of the GDE with its continuous, three-dimensional pore network, heterogeneous surface chemistry and
wetting properties. According to the model perception, the primary pore structure is formed inside of
the carbon agglomerates, between the aggregates and, if porous, within the primary particles. The space
between the agglomerates constitutes the secondary pore system forming the skeleton of the matrix.
During the electrode manufacturing process, the secondary pores are coated by a PTFE-film or filaments

which renders the GDE with mechanical stability. Also, it gives additional hydrophobicity to the pore
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system and prevents the excessive flooding with electrolyte. The structure can be adjusted during elec-
trode preparation, e.g. by the PTFE/carbon ratio. In contrast, the primary pore system — or “agglomerate-
porosity” as it is often called — is directly linked to the employed carbon material and its manufacturing
process. As the primary porosity in the GDE is still hydrophilic to a certain degree or can be wetted
when a potential is applied and surface tension decreased sufficiently (see electrowetting below), the
pores are penetrated by the liquid electrolyte via capillary forces [31,55]. According to this model per-
ception, when reaching the wetted agglomerates, the gas molecules are dissolved and transported by
diffusion to the active sites. Especially at high reaction rates the diffusion of the dissolved reactant to
the catalyst as well as the products out of the pore system become the limiting factors [31,56]. Hence,
the design of an optimal porous structure and the area where the gas can dissolve into the electrolyte is
the crucial target to enhance the electrode performance [51]. In order to minimize diffusion length
through the electrolyte layer to the catalytic particles the carbon needs to facilitate a high dispersion of
the catalyst. The important properties of the employed carbon type which have to be evaluated and
balanced for the respective reaction and process conditions are surface area, pore size distribution and
electric conductivity [36]. At this point it should be noted that while the primary porosity is often referred
to as “agglomerate porosity”, this is not ideal and unambiguous as in the final electrode structure distin-
guishing between agglomerates and aggregates is not possible anymore. Similarly, the notion that the
secondary porosity resides between these agglomerates is only meaningful if one is referring to the
agglomerates in the powder form before the manufacturing process and assumes they remain largely
intact when the GDE is produced. The balance between hydrophobic and hydrophilic nature of the pore
system plays an important role in maintaining a stable and extended triple-phase zone, facilitating the
wetting of electrocatalyst, without flooding the pore system extensively. On the pore-level, this balance
is determined by the force equilibrium acting on the gas-liquid interface inside the pore at the TPB, as
shown in Figure 2.8. At stationary conditions, the capillary pressure Pc equals the difference between
gas and liquid pressure, Pc and Py:

PC:PG_PL' 223

The capillary pressure over the interface as function of the surface tension y between the phases is de-
scribed by the Young-Laplace equation which accounts for contact angle 6 between pore wall and fluid,
and the pore radius r according to equation 2.24 for a cylindrical pore and meniscus of spherical shape
[57].

_ 2-y-cosb

P, = 2.24

r

The surface tension and contact angle depend on the hydrophobicity of the material, i.e. the interaction
between the electrolyte and the functional groups on the pore surface. It is further influenced by the
temperature and electrode potential, the latter effect described in more detail in chapter 5.2. The magni-
tude of the above contributions decides if pores are wetted by the liquid electrolyte or not and up to

which pore radius wetting proceeds. Thus, the fine-tuning of this complex relationship either by tailoring
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the surface chemistry of the support or by the type and concentration of binding agent, plays an essential
role in the optimization of the electrode [36,39].

P_= Liquid Pressure
Ps = Gas Pressure
P. = Capillary Pressure

Y - surface tension

6 - contact angle

Figure 2.8. Pressure equilibrium between pore wall, gas- and liquid-phase
for a hydrophobic pore (6 > 90°)
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Literature Overview on the Electrochemical Reduction of CO2

Chapter 3

Literature Overview on the

Electrochemical Reduction of CO;

3.1 General description of Electrochemical CO2 Reduction

Over the years, a remarkable amount of literature has been published on the electrochemical CO; reduc-
tion (CO2RR). Figure 3.1 shows the exponential growth of published literature for CO, utilization in
general and CO2RR in particular, which can be found searching for the according phrases in the Web-
Of-Science database (see figure caption). Since naturally such a graph could be constructed with almost
any topic due to the substantial increase of scientific output in the last decades, it is necessary to nor-
malize the data on total scientific output to be able to assess real research trends. Normalizing on the
number of publications with the phrase ‘chemistry/chemical’ found at the same source, however, gives
a similar picture as illustrated in Figure 3.1 on the right. Accordingly, it is evident that the recent trend
is real, however, the uptick of research on CO--related technology in the middle of the 1980’s, most
probably a result of the two oil crises in the 1970’s is also remarkable. As will later be shown, in this

time a lot of the pioneering work on CO2RR has been conducted.

I CO, utilization

1.0 [ CO, utilization
"] Electrochem. CO, reduction

[] Electrochem. CO, reduction

Number of publications x 1000/ -
Norm. number of publications | a.u.

1980 1990 2000 2010 1980 1990 2000 2010

Year Year

Figure 3.1. Literature survey in Web of Science database for the number of publications / year contain-
ing “CO2/carbon dioxide” plus “electroc*/electrolysis/electroreduction” (blue) and “CO; /carbon diox-
ide” plus “conversion/utilization/reduction/valorization” (red) in the title.

The reduction of CO- on the cathode of an electrochemical cell is known since as early as 1870 [58].

This is because the reaction is easily conducted by simply applying a high enough voltage in a CO>
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saturated electrolyte between metal electrodes. Depending on the electrode material and the reaction
conditions (e.g. electrolyte, potential, pressure) different products can be obtained, starting from the
rather easily accessible Ci-products formic acid (in the following, denoted as formate as the reaction is
mostly conducted in neutral to basic conditions where the equilibrium is strongly on the deprotonated
side, pK, = 3.77), CO and methane, to more advanced higher hydrocarbons with ethylene, methanol or
ethanol obtained in moderate quantities while a huge variety of other C». products such as oxalate, pro-
panol or acetate were reported, yet, with very low efficiency to traces [59]. The most prevalent reactions
encountered are given in equation 3.1 to 3.6 together with the standard potential of the reaction at stand-
ard conditions versus SHE and at pH=7, calculated with the data given in Bard — Standard Potentials in

Aqueous Solution [60]:

CO, +H0 t2¢ = HCOO + OH" E°=-051V 3.1
CO, +HO t2¢€ = CO +20H E°=-0.52V 3.2
CO, +5H0 +6¢€ = CH3OH +6 OH E°=-0.40V 3.3
CO, +6H0 +8¢ = CHy +8 OH" E°=-0.25V 3.4
2CO; +8H0 +12e = CaHq4 +12 OH E°=-0.34V 3.5

2 H0 +2¢e = H2 +20H E°=-041V 3.6

In aqueous environment, the reduction of CO, competes with the cathodic hydrogen evolution (HER,
eq. 3.6) which proceeds in the same potential range and can be catalyzed by almost every metal and
metal oxide at high enough electrode polarization in the absence of other electrochemically active spe-
cies. Compared to CO- reduction which is kinetically challenging on most electrode materials, HER is
kinetically a rather favorable reaction comprising only two or three elementary steps, depending on the
catalyst [61]. That is why for CO2RR to proceed in aqueous electrolyte, catalysts which show a high
overpotential towards HER are necessary to suppress this undesired cathodic decomposition of the elec-
trolyte. Most employed catalysts for CO, reduction are thus on the left side of the respective HER-
Volcano-plot with too low binding strength for H-atoms on their surface to be good catalysts for HER.
This reasoning is used in various processes to increase the working potential window and to allow for
other cathode reactions to proceed. Important examples are the use of lead in lead-acid batteries or Hg-
electrodes in the amalgam process in chlor-alkali synthesis [27].

Pioneering work to get a general understanding of the reaction and for establishing a systematic classi-
fication of bulk metal electrodes according to their product spectrum was done by Hori et al. in the late
80s and early 90s [62-66]. The obtained knowledge was substantiated and extended over time by the
investigation of a huge amount of materials, also beyond the classical metal electrodes. Typical electrode
materials known from literature are summarized in Table 3.1 according to the common main product, a
classification from early studies [67] which was recently re-evaluated and underpinned with new find-
ings [68]. It is noteworthy, however, that tailoring the process conditions or catalyst properties can sub-

stantially shift the product spectrum, as shown for Cu-based catalyst as a function of electrolyte and pH
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value [69], morphology [70,71] or for carbon-based electrodes which can give substantially different
products depending on the type of carbon [72], heteroatom doping [73-75] or use of a co-catalyst [76],

respectively.

Table 3.1 Commonly employed materials in literature and corre-

sponding main product in aqueous electrolyte.

Materials Products

Sn, Pb, In, Co, Bi, Pd HCOOH/HCOO"

Ag, Au, Zn CO

Cu-based CHas, C2H4, CH30H, etc.
Fe, Ni, Pt H:

3.2 Mechanistic Considerations

Formate producing catalyst such as Sn, Pb or Hg seemingly reduce CO; over a similar mechanism in
which the carbon-oxygen bonds stay intact. On other electrode materials CO- reduction involves the
cleavage of one such bond, yielding pre-dominantly CO, whereas for metals with high binding energy
of CO such as Ni and Pt, the active sites capable of this reaction are quickly poisoned, leading to exclu-
sive generation of hydrogen. On the other hand, Au, Ag and Zn for which CO adsorption equilibrium is
largely on the desorption side readily produce CO at high rates. Ag is the most widely studied in litera-
ture as it is argued to be the most promising for this reaction due to its low price, high selectivity and
low overpotentials [77,78]. Cu is particularly interesting as first discovered by Hori et al. in 1985 [65]
as it seems to be one of the few materials which have an optimum CO binding strength which is high
enough for its further reduction without binding it too strongly. This ranks it on top of the volcano-plot
for further reduction of adsorbed CO to a variety of different products and a typical example displaying
the Sabatier principle. Only a few further examples of other catalysts which are capable of producing
hydrocarbons have been reported in literature [79-81].

Besides determining the obtainable products, the use of an appropriate electrocatalyst for CO; reduction
is particularly important because although the standard potential — which only reflects the minimum
driving force to enable the reaction — is not very negative, CO2RR is kinetically challenging due to a
high activation barrier of the intermediate elementary steps. It was historically agreed upon that on most
metal electrode materials reaction proceeds through a first electron transfer to an adsorbed CO, molecule
forming CO.". The generation of this intermediate has a very high activation barrier as stabilization of
the negatively charged radical on the negative electrode is not favored. Quoting an early DFT study on
the reaction, a theoretically calculated standard potential of — 1.9 vs. SHE for the generation of this
intermediate has been consistently invoked in literature to explain the high overpotentials despite low

standard potentials of the corresponding products [82]. Accounting for the enormous progress of the last
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years, this consent has been questioned by recent investigations using more sophisticated and advanced
methods, described below. It is evident that in most system the actual mechanism is often far more
complex and the sequence of reaction steps comprises a series of proton-coupled or single electron-
transfer steps for which the rate-determining step depends on actual process conditions, such as electro-
Iyte, pH, potential and particularly the state of the electrode surface, morphology and preparation
method.

In recent years, insight into mechanistic questions and the governing parameters for activity has been
massively increased by the combination of computational approaches [83], electro-kinetic analysis and
in situ/operando methods [84] as well as the testing of a vast variety of different materials with different
electronic properties and morphologies. In general, the activation of CO, can proceed via two main
reaction pathways, which are characterized by the key intermediate adsorbed on the surface after an
electron and proton transfer, according to Figure 3.2. This includes either a carboxylate intermediate
*COOH or a formate intermediate *OCHO which are distinguished by the type of adsorption to the
surface, namely binding over the carbon or the oxygen atom, respectively. Consequently, via additional
electron and proton transfer, from *COOH, CO can be produced via dehydration or formate via a C-H
binding step. On the other hand, *OCHO with its already protonated carbon atom exclusively yields
formate as product. CO is not accessible following this route. As important side-reaction also the elec-
trochemical activation of water yielding an adsorbed hydrogen atom after a one-electron transfer is an
important elementary step to consider. After thermochemical coupling with CO; the same surface ad-
sorbates can be obtained as above starting from *H [85]. While in the past there was debate in literature
on the actual electroactive species which is reduced on the surface, it is nowadays accepted that it is

dissolved free CO; (not carbonate). This is supported by recent experimental findings [86,87].
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Figure 3.2 Proposed reaction mechanism of CO2RR on metal surfaces (based on [88] and [85]).

As mentioned above, when the surface exhibits the right binding energy towards CO, its further reduc-
tion can proceed via a complex series of different possible pathways including both electrochemical and

chemical reaction steps and the stepwise addition of multiple electron and protons and C-C coupling
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reactions [89,90]. Confinement effects further enhance the C-C coupling probability due to intermediate
accumulation in confined spaces [91].

Depending on the affinity of the surface towards the binding of the different intermediates, different
pathways and product distribution prevails. Computational analysis of the binding energy of the inter-
mediates can help to understand selectivity trends for certain metal surfaces. In a combined computa-
tional and experimental effort, the group of Jaramillo and Norskov established activity descriptors from
first principle DFT calculations that can describe the behavior of different metals in their ability to re-
duce CO; to formate or CO [88]. Using the binding energy of both key intermediates and the measured
partial current density at -0.9 V vs. RHE, volcano-type plots could be deduced which are shown in
Figure 3.3. It is evident, that the Sabatier principle holds true for this reaction with an optimum binding
energy resulting in maximum intrinsic activity placing the respective metals known to be the most se-
lective — Sn and In for HCOO-, Au and Ag for CO — on top. This further suggests that the corresponding
intermediates are the actual intermediates for the respective products on the metals. It particularly indi-
cates that formate production goes through the *OCHO intermediate on tin instead of *COOH. For the
other metals which are on neither graph close to the top, the discussion becomes more complex [68].
Yet, the actual behavior can still be explained with the obtained results.
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Figure 3.3 Volcano plots for CO; reduction to HCOOH and CO, plotting partial current density over
binding energy of the suggested key intermediate as activity descriptor (*OCHO for HCOOH and
*COOH for CO) [88].

3.3 CO:2 Reduction on SnOx Surfaces

The further discussion will focus on the generation of formate on tin-based surfaces. It is important to
note, that despite the relatively simple nature of the reaction only comprising two electron transfers and
one proton transfer to reduce CO, to formate, there is still some debate and no clear and concluding
consensus reached in literature on the exact reaction sequence and the rate-determining step. Neverthe-
less, a summary and assessment of the recent findings will be discussed. A well-crafted review on this
topic with focus on formate production on tin surfaces and the corresponding mechanistic aspects is

given in [85].
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Tin is the most prevalently used material for formate generation as it is rather inexpensive and low in
toxicity compared to the other formate producing metals Pb, Hg, Cd and In while showing moderate
overpotential for the reaction. When comparing the broad range of reported results for tin electrodes in
experimental studies, with Faradaic efficiencies (FE) ranging between 10% and 90%, it is evident that
the reaction must be highly sensitive to the preparation of the tin surface, its chemical state and the exact
reaction conditions (i.e. potential, electrolyte and pH). Early studies such as the ones from Hori et al.
[65,92] or Ito [67] already showed the ability of tin to reduce CO; to formate at FE at 88%, 65-80% and
63%, respectively. In these studies, in which the product spectrum of a variety of different metals under
same conditions has been evaluated, bare metal plates in CO- saturated KHCOj3 electrolyte were used,
with current densities around 5 mA/cm? and potentials between -1.4 and -1.5 V vs. SHE. In other studies
which used the bare metal foil as benchmark, in parts much lower FE were reported, e.g. 50% in [93] or
even below 20% in [94]. In studies in which the performance over a wider potential range was evaluated,
it can be observed that starting from the on-set potential of CO2RR (around -1 V vs. SHE), the FE
linearly increases from 20% up to 80% at around -1.6 V [95-97]. Furthermore, in [98] it was shown that
by intentional oxidation of the tin surface, the potential window in which FE is above >50% can be
largely enhanced and that the FE actually scales linearly with the oxygen content on the surface. It is
suggested here, that the latter, together with the strong influence of the potential, is the cause for the
strong variation of reported figures in literature which is further augmented by the use of different elec-
trolytes and pH values.

For a long time, it was consensus and not questioned that metallic tin is the electrochemically active
state of tin electrodes. It was only in 2012 when it was first discovered by the group of Kanan [94] that
the activity of bare tin electrodes is highly dependent on the existence of a thin oxide layer formed
rapidly when exposed to air. This metastable oxide layer supposedly remains during the experiment
despite the negative potential exceeding the redox potential between Sn° and the respective oxides.
Kanan could show that by etching the oxide layer with HBr and directly utilizing the electrode mainly
comprised of Sn° the FE towards formate decreased from 19% (at -1.1 V, see above) to only 1% as
compared to the native untreated Sn foil. Furthermore, in-situ electrodeposition of a Sn%SnOx compo-
site (surface ratio 93:7) enhanced CO; reduction to 85% which was ascribed to the intimate contact
between both phases and the important contribution of the oxide. Tafel plot analysis led to the suggestion
that stabilization of the CO," radical anion created after a first reversible transfer of one electron to
adsorbed CO; proceeds prior to a rate-determining chemical step for this catalyst which could be the
protonation of the radical. The same observation has been made for Indium which also produced mainly
formate [98], whereas Bismuth is fully reduced under working conditions and for Lead although it ex-
hibits a metastable surface oxide [99] metallic active sites are responsible for CO- reduction [84]. In a
more fundamental electrochemical study of the tin/tin oxide interface, it was pointed out that the capa-

bility of performing HER decreases with the extent of the oxide layer grown on the tin surface (in the
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absence of CO;) [100] which is consistent with the observation that etching the oxide substantially fa-
vors hydrogen production over CO2RR. Following the findings of Kanan, further studies were con-
ducted to gain insight into the reaction mechanism and to identify key surface species. In-situ spectro-
scopic investigations have been demonstrated to be powerful tools for this purpose. Baruch et al. showed
further evidence of the surface oxides being the key factor in activating CO, [97]. Using attenuated total
reflectance IR-spectroscopy they proposed a mechanism which involves a spectroscopically observable
metal-carbonate species for both tin and indium. Accordingly, for the oxide surface to be catalytically
active in the reaction, it first has to undergo an electrochemically reduction to form a Sn'' oxyhydroxide
species in a preceding step as shown in Figure 3.4. For subsequent CO2RR, a surface-bound carbonate
species is formed in an equilibrated chemical step with CO2 which is then further reduced via the transfer
of two electrons and one proton. This finding is supported by DFT calculations [83] suggesting the
formation of hydroxy! groups on the oxide layer by a reduction of a proton or dissociation of water as a
first electrochemical step. A consequent protonation of an H* adatom yielding H; is not favored as the
surface hydroxyl is more stable which explains low FE to HER on this surface. CO; is embedded as
bicarbonate species on the hydroxyl group which is then further reduced electrochemically. The study
further showed that adsorption and conversion of CO; on the bare metal surface is energetically highly
unlikely which is in agreement to the results of Kanan.

“Here “SnO” denotes a Sn" oxyhydroxide species.
Figure 3.4 Proposed reaction mechanism of CO; reduction to formate on Sn/SnOx surface [97]

In a further study [101], these results were refined by monitoring the chemical state of the surface by
Raman spectroscopy in-operando under varying reaction conditions, namely different electrolyte pH
and applied potential. It could be shown that the oxide layer undergoes progressive reduction as the
potential is made more negative and that the reduction happens with significant overpotential compared
to what is expected from thermodynamics. Furthermore, the chemical state could be reasonably corre-
lated with the FE towards formate showing that maintaining the metastable oxide layer is crucial for

CO; reduction. It is further argued that the reason for enhanced performance in alkaline media is due to
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the stability of the surface oxide as function of the pH value which is determined by the Pourbaix dia-
gram. This is consistent with literature data in which CO2RR has mostly been conducted in neutral to
basic solution. On the other hand, there are two exceptions to this, which demonstrated that formate/for-
mic acid can also be produced in acidic conditions on tin without compromising the performance
strongly. Accordingly, 80% was achieved at pH 4 with KCI (vs. 60% at pH 10) [102] and 60% at
pH 2 and NaSO; as electrolyte (both using gas-diffusion electrodes) [103], rendering that there is still
need for further investigation of the complex interplay between the effect of electrolyte and the pH
value, together with their influence on the catalyst state. It should be noted herein, that actual pH value
during reaction can be much higher than in the bulk due to the generation of OH" during the reaction,

explaining the latter seemingly deviating results [104].

3.4 Catalyst and Electrode Structures

As discussed above, the electrode material determines the range of accessible products and is crucial to
overcome high activation barriers of the reaction which are still two of the most important challenges
for the reaction. In this light, it is not surprising that the majority of literature published is concerned
with this topic, as summarized in various review articles on the design of electrocatalysts [105-107] or
the theoretical understanding of activity descriptors [108].

3.4.1 Electrocatalyst design

Over the years, for the various products, distinct materials and their derivatives have been pointed out
to be the most promising and therefore most prevalently used, that are tin/tin oxide for formate produc-
tion, Au and Ag for CO and Cu-based for the generation of hydrocarbons. However, the observable
overpotentials are still moderate, leaving room for further development. For example, Perez-Ramirez et
al. suggest a target of ~400 mV as maximum overpotential at 1000 mA/cm? for CO2RR to be econom-
ically competitive with water electrolysis. This would amount to an electrode potential more positive
than -1V vs. SHE. Although on set potentials close to the equilibrium value have been reported
[109,110], achieving low overpotential and high current density simultaneously to a satisfactorily degree
have not been demonstrated so far. Nanostructuring of electrocatalysts is one promising pathway to
decrease activation barriers, increase availability of active sites and tune selectivity. Sophisticated de-
sign of such nanostructures, i.e. geometries and morphologies in the nanometer range, has been shown
to allow for a significant improvement in the performance of catalysts, potentially decreasing on set
potential, while increasing current densities and selectivity at given electrode potentials. On the one
hand, the improved activity over polycrystalline bulk electrodes is ascribed to an increased electrochem-

ical surface area displaying more active sites per geometric electrode area with improved accessibility.
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On the other hand, nanostructures can exhibit high amount of undercoordinated corner, edge and kink
atoms which show improved intrinsic activity over flat surfaces [71].

Notable examples for formate generation on nanostructures, range from simple synthesis of carbon-
supported nanoparticles (with optimum size at 5 nm [96] with 90% selectivity compared to 25% on bulk
electrodes) to porous tin structures and more advanced geometries including nanowires and dendrites
[98,111,112]. Won et al. demonstrated such hierarchical dendrite architecture with enhanced ratio of
subsurface oxygen. Besides showing increased performance of 35 mA/cmz2 at 70% FE as compared to
50% and 5 mA/cm2 on bare tin foil (ascribed to surface area, undercoordinated active sites, thermal
treatment enriching oxygen content), a direct correlation between this oxygen content on the surface and
FE to formate could be drawn [98]. The use of hierarchical SnO, nanosheets deposited on conductive
carbon cloth yielding current densities up to 45 mA/cm?2 at 90% formate is to the knowledge of the
author the highest reported value of non-GDE electrode structures at ambient pressure [95]. It is associ-
ated with the high surface area and good accessibility of the active sites due to the porous interconnected
pore structure in the mesopore range. Kanan et al. could demonstrate the importance of defect sites and
were able to directly correlate the grain boundary density of chemical-vapor deposited Au-NPs on car-
bon-nanotubes with the surface-area normalized current density for both CO, [113] and CO reduction
[114]. This finding was qualitatively confirmed for SnOx nanowires demonstrating ten times increased
current density for formate production at porous nanowires with grain boundaries as compared to nan-
owires without such defects [111]. The breakage of the local spatial symmetry is suggested to facilitate
the binding of CO- and its intermediates based on DFT calculations. The benefit of employing synthetic
strategies to develop well controlled structures and chemical composition down to the atomic scale is
further demonstrated in the study of Gao et al. [115] who showed that the mostly inactive bulk cobalt
oxide can be tuned into one of the best performing catalysts for formate production (10 mA/cmz2, 90%
FE at 240 mV overpotential, on set after 70 mV) by designing four-atom-thick partially oxidized layers
of C020:s.

3.4.2 From catalyst to technical electrode systems

When the work at hand started, there was a substantial lack of systematic studies on preparation and
optimization of technical electrode systems which facilitate conversion of CO; at industrially relevant
rates, i.e. on the order of several 100 mA/cm2. This only changed recently showing that the field is
approaching more mature levels and coming closer to commercialization. Before that, in most studies
CO.-saturated electrolyte and planar electrodes have been employed in which, depending on the surface
roughness of the electrode, hardly above 10 mA/cm? are reached. This is due to the low solubility of
CO; in the aqueous electrolyte because of which the diffusion of dissolved CO, through the diffusion
layer to the active site becomes rate-determining already at very low rates. Driving the reaction beyond

this limiting current density (by applying higher electrode polarization) only leads to an increase of HER
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as transport limitation sets in. The according limiting current density can be approximated together with

the solubility of CO; in water and its mass transfer coefficient according to

. Cco2
iy = zFD¢oz,aq 5 3.7

With the diffusion coefficient Dco2=1.94-10° m/s [116], a diffusion layer thickness of 0.1 mm and
Ccoz =33 mmol/L in saturated 0.1 M KHCOs [87], the electrolyte most often employed, a value of
~13 mA-cm™ can be obtained which is close to typical experimental literature values using polycrystal-
line planar electrodes. Different approaches have been employed to shift the achievable current density
to higher values. As discussed above, nanostructuring with the aim of producing three-dimensional cat-
alyst networks allows to increase achievable current densities beyond the 10 mA/cm? by offering an
enlarged surface area for reaction. While the improvement over reference systems with flat electrodes
is significant, reported current densities are still far below targeted values. By the knowledge of the
author, the highest achieved CD for formate production was obtained by the use of depositing hierar-
chical porous nanosheets described above [95]. Thereby, production of formate with 45 mA/cm2 was
facilitated while for CO generation 25 mA/cm? has been demonstrated on porous thin-layer silver elec-
trodes [117]. Although by tuning the reaction parameters, such as pressure [118] and the use of organic
electrolytes or ionic liquids, much higher current densities are possible, this effect cannot be ascribed to
the electrode itself and makes the process more complicated. Furthermore, the use of different types of
three-dimensional electrode concepts has been suggested and evaluated. Specifically, Oloman et al. de-
veloped a three-dimensional trickle-bed reactor with tin granules and co-current gas and liquid flow to
intensify mass transport and supply high surface area electrode for the reaction. In their promising set
of studies, they could accomplish current density as high as 310 mA/cm? at 65% FE for formate which
was at the time published by far the highest value obtained for CO2RR in continuous mode of operation
and is still significant [119]. From a technical point of view, despite improvements in mass transport,
however, such reactor concepts — particularly when scaled-up — commonly suffer from difficulty of
maintaining a uniform gas-liquid distribution and resulting current/potential distribution which could be
a reason why this concept was not further pursued [120]. Other successfully employed approaches are
the use of a fixed-bed reactor with CO, saturated electrolyte [121] and flow-through electrode from
electrodeposited Sn on carbon fibers [122], through which gaseous CO; is forced to flow into the liquid
catholyte. Using these approaches, only small current density of 5 mA/cm?2 and 40 mA/cm?2 have been

achieved, respectively.

3.4.3 Use of gas-diffusion electrodes in CO2RR

In light of the above, it is now mostly agreed that desired rates at ambient pressure and in aqueous
electrolyte can only be achieved when gas-diffusion electrodes are employed (see chapter 2.5 for general

description of GDESs). As they also have to prove cost-efficient, suitability of complex and expensive
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synthesis routes to produce efficient but exotic catalysts is questionable. This as well accounts for com-
plex nanostructures that would need to be integrated into such electrode structures. Albeit the use of
GDEs has been shown to allow for the targeted current densities and their use in research becomes
increasingly prevalent, a systematic and detailed investigation on the complex interplay between prep-
aration method, properties and electrochemical performance has only partially been conducted for this
reaction.

Mahmood et al. were the first using a GDE for CO2RR already in 1987 [103]. The method based on the
deposition of several layers of a thick paste from carbon, catalyst, PTFE and solvent using a paint-brush
with intermediate drying and a final pressing step was relatively common at the early stage. This is
because it does not require very sophisticated equipment and is relatively simple to perform on the lab-
scale. It is basically an early form of the air-brushing technique used nowadays and was employed in a
similar manner by the group of Sammels et al. [123,124] and Delacourt et al. [125]. Interestingly, already
at this early stage current densities of as high as 115 mA/cm?2 were achieved with almost quantitative
yield of formic acid (pH<2) using lead as catalyst. In the following, many studies were published in
which GDEs were used according to this preparation method, all showing very high achievable current
densities around 100 mA/cm?, e.g. cumulative alcohol CD of 70 mA/cm? using Cu-containing perov-
skite-based electrodes, 80 mA/cm?2 towards formate with an Ru-Pd alloy [126] and partial CD towards
methane and ethylene as high as 400 mA/cm?2 on copper-loaded GDEs [124]. Besides the work of
Mahmood at al., who examined the influence of PTFE content, metal loading and curing temperature,
none of these publications describe a more profound optimization of the GDE composition or properties.
Despite the promising results of these early studies, with the emergence of more mature and technolog-
ically advanced PEMFC electrode preparation techniques, the approach described above (hand-painting
with PTFE as binder) was not continued when in the late 2000s interest in CO2RR was revived. Ac-
cordingly, hand-painting which suffers from low reproducibility and questionable transfer into industrial
environment was replaced by state-of-the-art techniques used in similar applications, such as air-brush-
ing or electrodeposition and instead of PTFE producing hydrophobic GDEs, Nafion is almost exclu-
sively used as binder (see below).

Although the electrode preparation method substantially influences the properties of the GDE and is an
important factor for technical realization, studies examining the influence of the applied technique or
comparing different methods are scarce. A comparison of different preparation methods is to the
knowledge of the author only presented by Kenis et al. who evaluated an air-brushing and hand-painting
method regarding homogeneity of the catalyst layer for CO2RR to CO using micro-computed X-ray
tomography [127]. As expected, the automated air-brushing significantly improves reproducibility, uni-
formity of and material distribution in the catalyst layer at reduced agglomeration. This improvement
directly translates to an increase of CO FE and illustrates the importance of choosing an appropriate and

state-of-the-art deposition method.
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GDE architecture and properties

In contrary to earlier studies in which PTFE was employed in hydrophobically rendered GDESs, nowa-
days Nafion solution is used in almost any case to serve as binder in the catalytic layer (CL) of the GDE.
The technology and the composition of the ink formulation is inspired by PEM fuel cell and water elec-
trolysis electrode manufacturing. Despite different requirements for the reactions this allows leveraging
the experience of a highly optimized and state-of-the-art preparation procedure. For fuel cells, the use
of the proton-conducting ionomer Nafion as binder, which was developed as ionomer in acidic media
[128], is essential and serves the purpose to extent the triple-phase boundary, i.e. proton transport, from
the polymer-electrolyte membrane interface into the CL. In contrast, in the case of CO2RR, the proton
source for the reduction is water from the liquid electrolyte, thus, this necessity does not apply. Most
importantly, the rational of Nafion completely replacing PTFE as binder of choice in acidic fuel cells
was largely driven by the aim to reach 100% Pt-utilization as number one priority to minimize its loading
and cost. The disadvantage of hydrophobic electrodes in this respect, is that a significant part of the
electrode structure, which comprises both wetted and non-wetted hydrophobic PTFE-coated regions,
does not participate in the reaction. Thus, catalyst dispersed in these channels is not in contact with
electrolyte and therefore lost. In alkaline media on the other hand, the effect of using the expensive
Nafion is merely limited to improving water uptake due to its hydrophilicity which can be an important
property when, as in the case of PEMFC, expensive catalysts are used and a fully wetted electrode
architecture is desired [129]. On the other hand, certain hydrophobicity has been demonstrated to be an
important feature of GDEs in alkaline media, to achieve distribution of gas and liquid phase throughout
the active layer which can significantly increase TPB as gas-phase diffusion is known to be orders of
magnitude faster as that of species in dissolved state [31]. In addition, extensive use of Nafion leads to
high proton concentration which is suggested to be problematic for CO2RR where the reduction of CO;
competes with HER [62]. However, as promising results have been achieved with Nafion-bound GDEs
in this reaction, this evidently does not seem to constitute a severe problem. The question is rather, if a
hydrophobic or hydrophilic catalytic layer is aimed for and which approach serves the requirements of
the reaction better. In this light, also the use and optimization of the gas diffusion layer as backing
substrate of the CL has to be discussed. The rationale in the development of multi-layered electrodes
consisting of catalytic, gas diffusion and microporous layer was the ability to tailor each layer according
to its requirements. This means the catalytic layer can be optimized according to desired wetting degree
and catalyst loading while the GDL for high gas permeability and hydrophobicity to prevent flooding
of the gas transport channels. Whereas in PEMFC an important aspect is the water management of this
layer, i.e. removal of formed water in the CL cathode (ORR), this does not apply for CO2RR where it
mainly serves as separator between electrolyte-wetted catalytic layer and the gas-phase as well as effi-
cient delivery of CO; to the reaction zone. An additional benefit of the microporous layer (MPL) is a
decrease of contact resistance between the macroscopic GDL substrate and the more dense catalytic

layer [130]. Accordingly, so far only Kenis et al. have examined its influence on CO2RR and developed
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their own design, based on the above-mentioned automated air-brushing method whereas in most liter-
ature studies commercial type of GDLs were used. In the work of Kenis, it was shown that deposition
of the CL directly on the macroporous fiber substrate GDL substantially deteriorates achievable current
densities to below 30 mA/cm2 compared to almost 300 mA/cm?2 when an appropriate wet-proofed MPL
is used. The latter physically separates electrolyte from the diffusion layer and allows homogeneous and
uniform distribution of the CL. They further investigated the important interplay between wet-proofing,
gas permeability, electrical resistance and the performance of the GDE assembly. In an array of addi-
tional studies on GDE optimization for CO2RR, also the influence of the support (Titania [131], carbon
foam [132], carbon nanotubes (CNT) [133]) and the electrocatalyst [134,135] was evaluated. At the time
this work herein was concluded, the highest achieved current density are 160 mA/cm? at 80% FE [102]
and as high as 350 mA/cm? with FE close to 100% [133], for formate (Sn-GDE) and CO (Ag/CNT-
GDE) production, respectively. The same approach of spraying a formulated ink as thin and fully-
flooded layer on a GDL is used by the group of Irabien et al., which progressively optimized their prep-
aration procedure with respect to metal-loading and tin particle size, reporting the production of formate
at 150 mA/cm? and 70% FE in a full and continuously operated cell [136]. Using unsupported tin nano-
particles gave a very thin but dense catalytic layer impeding transport of CO, throughout the layer,
rendering carbon-supported particles and a more porous layer more efficient (thickness 50 um). High
loadings on the other hand, translated in severe thickening of the layer without increase of actual reaction
zone as diffusion of dissolved CO- through the flooded layer becomes the limiting factor. At high current
density, the TPB shrinks to the region close to the GDL/CL interface, thereby, severely minimizing
catalyst utilization which was also observed by Wu et al [137]. This is analogous to the case of a low
effectiveness factor in heterogeneous catalysis where reaction is limited to the outer layer of the catalyst
particle when reaction rates is much higher than diffusion. As a result, an important requirement for

such type of GDEs is to obtain very thin catalytic layers, as exemplary depicted in Figure 3.5.
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Figure 3.5 Images of thin-film catalytic layer-based GDEs employed in CO2RR
([127,136,138] from left to right)

This can be avoided when gas channels are implemented into the CL as it is the case in PTFE-bound
GDEs with hydrophobic dedicated channels for gas transport distributed throughout the CL. In alkaline
fuel cells with liquid electrolyte and non-noble metals (for which minimization of loading is not high
priority), hydrophobic GDEs with PTFE as binder are still favored to maximize the triple-phase area

and to achieve distribution of gas channels throughout the active layer [31]. The only more recent work
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for CO2RR-GDEs applying PTFE in the CL are the studies of Delacourt et al. [125] and Wang et al.
[139]. Delacourt et al. prepared catalyst-coated ion-exchange membranes and PTFE-bound GDESs via
hand-painting of a catalyst dispersion onto a support followed by hot-pressing. They further experimen-
tally compared GDEs with different composition (two different carbon materials, PTFE addition, carbon
loading) without going too much into detail on the relationship between the performance of these elec-
trodes and their properties. At optimized conditions, the highest achieved current density towards CO
was 30 mA/cm2 [125]. Also, the reported maximum in [139] was relatively low with 25 mA/cm?2 and
90% formate selectivity. However, they reported the beneficial effect of supplying PTFE into the
Nafion-bound electrodes which was ascribed to the formation of hydrophobic non-wetted gas channels
increasing access of CO- throughout the electrode structure. The electrodes were prepared via spraying
the CL onto a roll-pressed self-made GDL/MPL assembly. Obviously, comparing these more recent
results with those from earlier work with much higher current densities, shows that there is definite
promise and room for improvement for the use of such GDE structures which has not been realized so
far.

344 Summary

Electrochemical CO; reduction is steadily approaching technical realization which is evidenced by the
fact that it has left the realm of academic research and intruded industrial research facilities. Still, as
discussed in the preceding chapters, there is the need for further improvement of the process, particu-
larly, aiming at the technological advancement of electrode manufacturing, cell design and the demon-
stration of technical feasibility including long-term stability and technical upscaling as required for an
economically viable process [20,21,140]. Ultimately, all the above studies show the potential of using
and optimizing GDE structures. However, so far, the complex interplay between the electrode proper-
ties, the physico-chemical phenomena occurring during reaction and the electrochemical, macroscopi-
cally observable performance is barely understood. Systematic investigation including advanced mul-
tiscale modelling will aid in enhancing performance by facilitating sophisticated and rational design of
electrode structures, their preparation and the choice of appropriate process conditions. The work con-

ducted in herein is supposed to contribute towards this goal.
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Experimental Technigues and Cost Analysis

Experimental Techniques and Cost Analysis

4.1 Electrode and Catalyst Preparation

Materials

The employed materials are listed in Table 4.1 together with the respective supplier and further infor-

mation such as particle size or purity, when available.

Table 4.1 Information regarding employed materials.

Electrode Components Abbr. Supplier Additional Information

Acetylene Black AB Alfa-Aesar >99% Purity, 100% compressed

Vulcan XC72-R VXC Cabot in granular form, milled before use

Ensaco 250 ENS Imerys

BlackPearls 2000 BP Cabot

KetjenBlack EC600JD KB AkzoNobel

Norit GSX CAT NOR Cabot

Pyrolyzed Wood 700°C PW7 - self-synthesis [141]

Pyrolyzed Wood 900°C PW9 - self-synthesis [141]

Polytetrafluorethylene PTFE Dyneon TF 92070Z, agglomerate and pri-
mary particle size: 4 um and 120 nm

Tin nanopowder Sn Sigma-Aldrich particle size <150 nm, >99% trace
metal basis

Sigracet GDL 39AA SGL Gas diffusion layer

Catalyst preparation and carbon modification

Urea CHsN20 Carl Roth >99.5% purity

Tin (IV) chloride SnCls5H,O  ACROS org. >98% purity

Hydrogen peroxide solution H,O» Sigma-Aldrich 30 wt.-% in water
concentrated nitric acid HNO3 Sigma-Aldrich 68 wt.-% in water
Electrolysis

Carbon dioxide CO; Westfalen 45

Water H.0 Carl Roth HPLC grade

Potassium bicarbonate KHCO3 Sigma-Aldrich 99.99% trace metal basis
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Potassium hydroxide KOH Sigma-Aldrich Pellets, puriss, p.a., >85%
Potassium formate HCOOK Carl Roth >98%, syn.

Analytics

Helium He Westfalen 4.6

Nitrogen N Westfalen 5.0

Sulfuric acid H2SO4 Sigma-Aldrich

Water H.0 Carl Roth HPLC grade

Preparation of gas-diffusion electrodes

GDEs have been prepared via a simple dry pressing method. The powder components are thoroughly
mixed in a knife mill (IKA, M20 Universal mill) in predetermined intervals to obtain a homogeneous
and reproducible mixture. Intermediate pause periods are implemented to prevent excessive heating of
the powder mixture. The GDEs are typically comprised of a carbon black or an activated carbon type,
Polytetrafluorethylene (PTFE) powder and tin / tin oxide as electrocatalyst (in the following denoted
SnOy). The latter is either mechanically mixed using commercial nanoparticulate tin powder or sup-
ported on the carbon black beforehand. For the reference GDE with 1 mg/cm? SnOy, a carbon:PTFE
ratio of 65:35 was chosen and the mass loading of the powder mixture was set to 33.7 mg/cmz2. When
different metal loadings were examined, the mass of carbon and PTFE, i.e. the porous electrode matrix,
was fixed (not the overall mass which changed due to the loading variation). For different PTFE con-
tents, the carbon and SnOx mass was set constant, to maintain both a fixed SnOx loading on the GDE
and constant carbon:SnOx ratio. The powder mixture is put in a cylindrical mask of 4 cm diameter and
compacted with a hydraulic press at 11 kN/mz2 if not otherwise mentioned. Finally, the GDE was sintered
in an oven at 340 °C, slightly above the melting point of PTFE for 10 min in N2 atmosphere. For practical
reasons, a gas diffusion layer (GDL, Sigracet GDL 39AA, SGL) is placed on the backside of the GDE.
Due to the location of the triple-phase boundary inside of the thick single-layer GDE relatively close to
the electrolyte side (see chapter 6.3) and the duration of the electrolysis tests, the GDL does not have
effect on electrochemical performance as demonstrated in preliminary studies not shown herein. This is
in contrary to thin catalytic layers which use the GDL as gas distribution and which utilize the full
thickness of the catalyzed layer. A stainless-steel net is incorporated into the half-cell set-up for contact-
ing the GDL. For later technical realization, the stainless-steel net can be incorporated into the GDE as

current collector without changing the preparation method or the performance of the electrode.

Preparation of carbon-supported tin oxide

The SnOx electrocatalyst is synthesized by a homogenous precipitation method, based on [142]. SnCl4
is dispersed in aqueous urea solution (0.5M in double-distilled water), carbon black is added in an
amount depending on the desired catalyst loading and sonicated for one hour to deagglomerate the car-

bon agglomerates and facilitate thorough wetting. After that, the solution is mixed for further 4 hours at
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vigorous stirring with a magnetic stirrer. The last point is essential to ensure a homogeneous dispersion
of the catalyst over the carbon surface. The slurry was then refluxed at 90 °C for 4 h through which urea
slowly decomposes. As a result, the pH value is homogenously increased resulting in precipitation of
tin oxide on the carbon surface. Actual tin mass has been quantified by burning off the carbon at 1000 °C
and weighing the tin oxide leftover. The metal loading is always referred to tin metal content independ-
ent on oxidation state to allow for a comparison between the synthesized tin oxide nanoparticles and the

metallic tin powder (with thin native oxide layer) used as starting point in this work.

Modification of carbon black to increase hydrophobicity

The carbon black types VXC and AB were oxidized using two different methods to increase their hy-
drophilicity and respective wettability. Moderately strong oxidation was conducted by heating 3 g of the
carbon black in 250 ml of concentrated HNO3 (68 wt.-%) to 70 °C for 2 hours [143]. The temperature
was then reduced to 35°C for 24 hours. Mild oxidation was conducted by suspending the same amount
of carbon black in 30 wt.-% H,0O- solution at 30 °C for 2 hours [144]. In both cases, the carbon black
was finally washed and dried at 60 °C over night.

4.2 Experimental procedure

Half-cell experiments

Semi-batch experiments were conducted in a custom-made half-cell designed by the German Aerospace
Center (DLR) and fabricated from polymethylmethacrylate (PMMA). The cell consists of cathode and
anode chamber separated by a proton-conducting membrane (Nafion® 117, DuPont). A scheme of the
set up is given in Figure 4.1. 8 mL of catholyte and 20 mL of anolyte were filled into the respective
chambers before the experiment. For isothermal conditions (see below), the catholyte chamber was in-
creased to 30 mL to accommodate the additional periphery. During the experiments K* ions are trans-
ported through the membrane from anode to cathode chamber to maintain charge neutrality, resulting in
depletion of conducting salt on the anode side. High enough salt concentration is therefore necessary for
prolonged electrolysis at high current densities conducted in this work. 2 M KHCO3; was chosen for this
purpose. Both chambers were agitated throughout the experiment using a magnetic stirring bar. CO, was
fed from the back of the GDE (geometric area 1 cm?) with a mass-flow-controller MFC, Bronckhorst),
with the unreacted CO; and the gaseous products being passed to a gas-chromatograph (see Analytics)
for product quantification. Depending on the set current density, the flow-rate was adjusted between 5
and 15 nmL/min such that conversion was always <10% to ensure excess of CO; in the gas-phase, i.e.
prevent limitation by CO; supply from the gas chamber, as it was noticed in preliminary experiments to
have an effect. To ensure reproducible conditions, the system was always allowed to equilibrate for
10 min under CO; flow, before the experiments were started, as especially in the first minutes large

guantities of CO; are dissolved into the electrolyte. The experiments were conducted using a potentiostat
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(Gamry Reference 3000), a Pt-foil counter electrode and a Hg|HgO reference electrode filled with 1M
KOH (E = 98 mV vs. SHE at pH 14 and 25 °C). Preliminary experiments were conducted without
cooling of the cell but at room temperature. Already at moderate current densities, the heating of the cell
became considerable, as described in chapter 6.3.1. Therefore, the set-up was modified to include cool-
ing and ensure isothermal conditions. This was done by pumping the electrolyte through an external
cryostat. The temperature was monitored during the experiments via a Type-K thermocouple inside the
cell and recirculation speed of the electrolyte adjusted such that a temperature of ~25 °C was maintained.

It is mentioned in the text if isothermal conditions were ensured or not.
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Figure 4.1 Sketch and process flow-chart of experimental set-up

Analytics

The amount of formate produced was quantified using high performance liquid chromatography (HPLC)
with an Agilent Technology type 1200 equipped with a Nucleogel Sugar 810H column (Macherey—
Nagel) and an refractive index detector. The eluent consists of a 5 mmol/L aqueous solution of H,SO4
as suggested from the manufacturer. To evaluate gas phase composition, an Agilent Technologies 7890
gas chromatograph was employed. Samples were injected on a separation column combination of
Poropak Q and Molsieve 5A connected to the thermal conductivity detector. Combining both GC and
HPLC, the current balance could be closed in between 5% for all experiments. Furthermore, for selected
and exemplary experiments covering the whole range of experimental conditions, the carbon balance
was quantified, including dissolved CO, and generated bicarbonate. For all conditions, it could be closed
within 10%.
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4.3 Characterization Techniques

4.3.1 Nitrogen physisorption

For nitrogen physisorption measurements liquid nitrogen at 77 K is dosed in known volume intervals to
an evacuated and degassed sample and the amount of adsorbed nitrogen measured at the respective
equilibrium partial pressure. Point by point this yields an adsorption isotherm for which information can
be extracted regarding the porosity of the studied sample. Adsorption isotherms were collected with a
Quantachrome Autosorb 3B and liquid nitrogen at 77 K, the samples were degassed at 120 °C for 16 h.
The linear range employed for BET-method was chosen between p/p0 = 0.05 and 0.3. For the pore size
distribution in the mesopore range, the BJH-method was chosen to give a qualitative assessment. To
exclude pore network effects, the adsorption branch was used for evaluation which is recommended for
disordered, connected pores [145]. Microporosity is assessed by the t-plot method using carbon black

as reference material to obtain the statistical thickness

4.3.2 Mercury porosimetry

In Hg-porosimetry measurement the non-wetting mercury is forcefully penetrated with pressure against
its surface tension into the pores of a porous sample while the volume change of the liquid, which equals
the wetted pore volume, is plotted over the applied pressure. Using the Laplace-Washburn equation with
the surface tension y (0.48 N/m for Hg) and contact angle between liquid and sample (140° for Hg), the
employed equilibrium pressure can be converted into the corresponding pore diameter dpore Which is just

wetted at the respective pressure.

Ap=4y-cosl [/dyore 41

Thereby, a pore size distribution as a function of pore diameter can be constructed. Due to an overlap
with the distribution obtained from physisorption in the mesopore-range, both methods can be checked
for consistency. The porosimetry hysteresis has been recorded via a Pascal 140 porosimeter (Porotec) at
the DLR by Gudrun Steinhilber and Noriko Sata. The apparatus allows the application of pressures up
to 200 MPa in order to assess pore diameters down to 7 nm. As pressure is increased in increments, one
only gets information about wetted pore volume for a specific range, the reported values correspond to
the median of these intervals. Also, it is important to keep in mind, that the pressure employed corre-
sponds to the pressure necessary to access the specific pore entry. Thus, one actually does not get infor-
mation on the respective pore diameter but rather the diameter of the narrowest entry to the pore. This

can, in specific cases, lead to misinterpretation and a lack of consistency between results from
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porosimetry and observations from microscopic techniques. Furthermore, difficulty in interpretation

arises for complex pore networks without well-defined pore geometries.

4.3.3 Scanning electron microscopy (SEM)

In order to get a better understanding of the electrode structure, images were taken with an electron
microscope. The SEM images were taken by Ina Plock at DLR. An ULTRA plus electron microscope
from Zeiss was used for that purpose. To make the distribution of different elements in the images
visible, material contrast images were created by using an angle-specific backscatter detector, in which
different shades of grey are recorded depending on the density of the material. By measuring the X-rays
which the scanned area sends back due to the excitation by the electron beam and which are character-
istic for the composition of the scanned area, exact information about the occurrence of different ele-
ments at this location can be made. This method is called energy dispersive X-ray spectroscopy (EDX)
and was also used. Mapping this information over the whole evaluated surface allows to produce so-
called element maps. The shading of the colors in these images represents the measured signal intensity
for the respective elements.

4.3.4 X-ray Diffraction (XRD)

X-ray diffraction (XRD) analysis of the supported electrocatalyst powder and the electrodes was carried
out using a Bruker D8 Advance diffractometer at 35 kV and 40 mA with a CuKa (A= 0.154 nm) radiation

source.

4.3.5 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface sensitive characterization technique which gives
information on the elemental and chemical composition of the sample surface. This is done by irradiat-
ing the sample of interest with a beam of electromagnetic X-ray radiation exciting electrons in the inner
shell of the atom and deliberating them from the atom with a kinetic energy with which it is detected.
The kinetic energy of the emitted electrons is characteristic for the atom it was detached from and its
binding energy. The intensity of the signal which is proportional to the number of emitted electrons can

be used to gain quantitative conclusions on the composition.

XPS was performed by Pawel Gazdzicki from the DLR using a Thermo ESCALAB 250 (Thermo Elec-
tron Corp.) ultra-high vacuum facility with a base pressure of 1 -10° mbar. Analysis was conducted
using a nonmonochromated AlKa X-ray source (Thermo XR4) operated at 300 W in combination with

a hemispherical six-channeltron electron energy analyzer operated in small area mode, i.e., on 0.8 mm?
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analyzed surface area. The atomic concentrations are quantified using sensitivity factors provided by

Thermo Scientific using the Shirley algorithm for peak background correction.

4.3.6 Capacitance Measurements and Electrochemically Active Surface Area (ECSA)

The analysis of the double layer capacitance as measure of the surface area of the electrode in contact
with liquid electrolyte is based on the fact that an electrochemical double layer is formed at the electrode-
electrolyte interface as soon as an electrode is immersed in an electrolyte solution. It is characteristic for
the material-electrolyte combination at given experimental conditions. When a defined material-elec-
trolyte combination is used, the macroscopically measurable capacitance correlates linearly with the
wetted surface area of the material. Although, the specific capacitance of a material is usually difficult
to access, especially if an undefined and non-homogeneous surface exists, it can give a qualitative meas-
ure with which the electrochemically active surface area (ECSA) can be compared when the same ma-

terial combination is used.

Capacitance analysis is conducted by performing consecutive cyclic voltammetry (CV) measurements
at increasing scan rate (10, 20, 40, 60, 80, 100 mV/s) under open-circuit voltage (OCV) conditions. To
obtain meaningful results, long enough breaks are necessary for the cell to reach equilibrium and the
CV curves to reach stationary behavior. This is the case due to a partial withdrawal of electrolyte from
the pore network and pronounced accumulation of reaction products. If this is not ensured, the curves
strongly deviate from the horizontal double layer charging making a quantitative analysis impossible.
Normally, a break of 20 min was sufficient. The starting point, direction and potential range for the CV
scans were optimized with regard to what gave the best results. The CV scan was commonly started at
OCV and the potential scanned in positive direction for 40 mV and back to OCV. The CV was repeated
two times, before stepping directly to the next scan rate without intermediate break. For analysis, the
oxidative current of the median potential during the third scan of each scan rate was chosen to achieve
the best reproducibility. The procedure is described exemplary in chapter 5.2.1. To ensure robustness of
the results, the possibility of the change of electrolyte composition over time having an effect on specific
capacity of the material/electrolyte combination was examined by performing two consecutive capaci-
tance measurements with different electrolyte composition (0.1 M after electrolysis and fresh 1.0 M
KHCOQO3). The obtained CV spectra did not show any difference.

4.4 Derivation of cost calculation

The reference electrolyzer for which a cost estimate is implemented herein is based on an exemplary
commercial alkaline water electrolysis system which is adjusted to CO2RR operation according to the

considerations described in chapter 7. The development of the model, its contributions, the most
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important concepts and assumptions are elaborated in said chapter. For better readability, a few calcu-
lations and the summary of the quantitative assumptions that went into the model together with the
references (Table 4.1), are given in the method section herein. The total cost of the electrolysis system,
Chotal, in units of €/Ah is calculated as

C _ Cstack + Coperation C . UO,cell 4.2
total — . electricity :
! i-FE lectricity "~ pp

where Csiack is the depreciated investment cost associated with the electrolyzer stack (in units of €-m?%h™,
see below), Coperation is the operating cost excluding electricity (normalized on electrode area, € m2-h),
i is the current density (A-m2), FE is the Faraday efficiency (percentage of charge that goes into the
desired product), Celectricity is the cost of electricity (€:kWh), Uocen is the standard voltage of the cell
reaction (V), and EE is the energetic efficiency (percentage of electrical energy converted into chemical

energy of desired product).

To distribute stack cost over the run time of the electrolyzer, a simple financial model is implemented,
assuming fixed payment at equal intervals. Using an interest rate r of 5% on the capital investment and
a loan term of 20 years, the annual cost can be calculated as fixed-rate mortgage [146] according to

c _ (1 +r)Years .r
year — *0 (1 + r)vears — 1 .

4.3

As annual run time, 5000 hours/year at average nominal load are assumed to be realistic for Germany
to account for the availability of cheap renewable electricity and the flexibility of the process to adapt
to the volatile electricity market [147] while ensuring a high enough utilization to facilitate an economic
operation. Accordingly, when prices are low and excess electricity from wind and solar energy is avail-
able, the electrolysis is ramped up and down when prices are high (maintaining inside the flexibility

range of the electrolyzer).
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Table 4.2 Summary of assumptions and references that went into analysis model.

unit value  Reference
Investment cost of system (2030) €/kW 580 [148]
Conversion factor betw. power and area kW/m2 6 calc. from [149]
Stack share on investment cost % 50 [148]
Installation factor - 1.1
Installed stack cost per area €/m? 1,914  calc.
Maintenance % 5 [148]
Financial model
Run time per year h/year 5000 [147]
Interest rate % 5 [150]
Loan term years 20 [150]
Stack cost incl. financial model €/m?h 0.0307 calc.
Electrochemistry
Standard cell voltage (base case) V 1.12 HCOO" at pH14
Faradaic efficiency (base case) % 80 target
Energetic efficiency % - analysis variable
Electricity
Electricity price (base case) €/kWh 0.05 [151]
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Chapter 5

Analysis of Electrode Properties

Prior to discussing the results of the electrochemical characterization during CO2RR in the upcoming
chapters, a comprehensive investigation of the electrode properties is conducted and summarized herein.
This is important to understand and classify the results of the electrochemical experiments and to get a
better understanding on how the gas-diffusion electrode is constructed, how it works and how it behaves
during the reaction. To this end, textural properties of the three-dimensional pore structure will be eval-
uated using porosimetry, physisorption and microscopic methods. Subsequently, wettability by the
aqueous electrolyte, an important metric to assess the extent of the reaction zone, will be discussed. The
more general description of the GDE properties in this chapter will be complemented by a more detailed
and concluding assessment in the respective chapters discussing and explaining the electrochemical per-
formance. Besides giving information on the GDE properties, the goal of this chapter is further to intro-
duce the characterization methods important to this work for which meaningful examples have been

chosen.

5.1 Investigation of the Electrode Texture

5.1.1 General description of the pore system

The gas-diffusion electrode is a porous system which is formed by its constituents during the preparation
process. The porous three-dimensional network is determined by the type of carbon and the preparation
method. It spans several orders of magnitude in pore diameter which can only be assessed by a combi-
nation of different characterization techniques. The typical methods for evaluation of porosity related
properties are gas physisorption, most commonly with nitrogen, porosimetry by mercury intrusion as
well as microscopic methods. Both physisorption and porosimetry have their respective limitations re-
garding the range of pore diameters which can be assessed and can therefore be considered complimen-
tary. Physisorption is the method of choice for micro- (d < 2 nm) and mesoporous (d < 50 nm) materials
and, depending on the pore structure, allows access to pores up to 100-150 nm before the saturation
pressure of liquid nitrogen sets in, with a meaningful assessment suggested to be below 50 nm [152].
The intrusion of the non-wetting mercury, on the other hand, is dependent on the maximum applicable
pressure of the measuring device. This normally restricts the wetting capability to pores above 5 nm,

yet, up to several micrometers in size. The combination of both methods can give a very complete
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assessment of the porous structure of the electrode. As there is a certain overlap of pore diameters this
can be used to validate the consistency of the methods. This is exemplary shown in Figure 5.1 on the
left for the benchmark GDE (prepared from Acetylene Black, 35% PTFE and 5 mg/cm2 commercial tin
powder), in which the logarithmic pore size distributions of a GDE for both methods are included. As
one can see, both methods demonstrate a good consistency in the measurements at hand. Furthermore,
the same data is also plotted as cumulative pore volume (dashed black line), together with the linear
pore distribution dv/dD in the inset on a linear x-scale in the range of interest. The meaning of the

different types of plots is described further below.

— Hg-Porosimetry — N,-Phys. (BJH) | 1600 1 — Measured PSD -
-~ Cum. Pore Volume (Hg-Por) Deconvolution (Gauss-Lorentz)
— Fitted PSD

1500

linear dV/dD
1200

primary pore system

1000
800

seconda ore system
160 150 200 v 4

500 400

differential Pore Volume dV/dlogD / a.u.
1-Brewiw / awnjop alod eaenwND
diff. Pore Volume dV/dlogD / a.u.

' ; . T e 10 0+ 8 :
1 10 100 1000 10000 100000 10 100 1000 10000 100000
Pore Diameter / nm Pore Diameter / nm

Figure 5.1 Logarithmic pore size distribution derived from N.-physisorption (BJH) and Hg-porosime-
try, cumulative pore volume and linear distribution (left), deconvolution of primary and secondary
pore distribution (based on Gauss-Lorentz-distribution) employed on data from Hg-porosimetry
(right), both AB35K

The pore distribution obtained via Nz-physisorption has been derived by applying the commonly em-
ployed BJH method (Barrett-Joyner-Halenda) onto the adsorption isotherm which is recommended for
disordered and connected pore systems to avoid influence of pore-network and percolation effects [153].
The method is based on the modified Kelvin equation which describes the shift of the liquid-gas phase
transition of the adsorbate inside a pore of certain radius due to wall-adsorbate interactions as compared
to the transition in the bulk. It can be described by the macroscopically observable surface tension and
contact angle between adsorbate and pore wall, thereby relating transition (condensation/evaporation)
pressure to pore radius. Despite being a very widespread method and considering that it yields the ex-
pected result in the above example, one has to be aware of the limited universality and model assump-
tions that the BJH method is based on. Accordingly, it has to be exercised carefully if the real pore
structure has to be reproduced as precise as possible. Especially in the range of small mesopores
(d<15 nm) deviations from reality are to be expected [154] due to the macroscopic and thermodynamic
concept of the underlying modified Kelvin equation. For the qualitative assessment and comparison of
(rather macroporous) materials of a given class which is done here, it is suggested to be a simple and

adequate solution.
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Pore size distribution (PSD) via mercury porosimetry, on the other hand, relies on the application of the
Laplace-Washburn equation (see experimental section), which correlates the applied pressure for intru-
sion of a non-wetting liquid with the pore radius by accounting for surface tension and contact angle.
The interpretation of the data from porosimetry is not straightforward, which is why some explanations
on the different type of plots are included here [152]. The logarithmic PSD (dV/dlogD, depicted on the
left and the right) is a convenient choice for plotting the distribution when the pore network spans a
broad range of diameters over several orders of magnitude and when a qualitative comparison of differ-
ent materials over the whole pore range is of interest. However, its analysis does not allow for a direct
physical interpretation of the pore nature and the respective pore volume over a discrete range of interest.
This is because larger pores are strongly emphasized as a result of normalizing on the differential loga-
rithmic pore diameter dlogD. Thus, their magnitude observable in the graph and the value on the y-axis
does not reflect their actual contribution to the pore volume, as well summarized in [154]. A more un-
ambiguous way of presentation is the linear distribution dv/dD, which is recommended by the IUPAC
and given in the inset frame on the left. In this presentation, however, the large pores are not visible in
the graph (therefore only limited x-range shown). Thus, compared to the share of pores below 100 nm,
large pores are rather evanescent when depicted on a differential scale which resembles reality more
intuitively. Both representations are mathematically related to each other by the coordinate transfor-
mation D — logD. However, a direct physical comparison of the data is not possible. The cumulative
pore volume (dashed line) is less prone for misinterpretation, reveals information on the complete pore
system, and is therefore included throughout this work (e.g. Figure 5.1, left, dashed line). Also, since
the logarithmic scale on the x-axis can cause confusion in the correct assessment of the data in either

type of graph, the inset showing dV/dD is given on a linear x-scale [154].

For all measured carbon black-based electrodes, a bimodal pore structure with one distinct maximum
below 100 nm and a very broad distribution in the micrometer range is observed in the porosity meas-
urements which can be ascribed to the characteristic structure of the carbon black support. As the SEM
images in the following chapter will show, compared to activated carbon or graphite, carbon black has
a very distinct structure made up of the spherical primary carbon particles which are intergrown into
aggregates that form a three-dimensional porous network. The voids between the carbon particles inside
of the agglomerates that are made up of the aggregates is known in literature as the primary pore system.
It can be well recognized in the linear pore distribution dV/dD given in the inset in the graph as well as
in the sudden change in the slope of the cumulative pore volume. The inter-agglomerate porosity formed
due to the binder particles which spread during thermal treatment and leave larger voids in the um-range
constitutes the superordinate secondary pore volume. To illustrate this, in Figure 5.1 on the right, both
pore modes are deconvoluted and fitted to a Gauss-Lorentz distribution.

Due to their respective measuring range, nitrogen physisorption and porosimetry both have their respec-

tive advantage in the assessment of each part of the pore system. In the following, nitrogen physisorption
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will be employed to evaluate the carbon-derived micro- and mesoporosity of the carbon and the resulting
electrodes, i.e. the microstructure and the primary pore system of the GDE. Due to the above-mentioned
limitation of the BJH-model, no pore size distribution will be evaluated on the basis of the adsorption
isotherm. Instead, the PSD from Hg-porosimetry will be consulted for pores with d>5 nm. The second-
ary pore volume of the electrodes, which is not accessible via physisorption of liquid nitrogen, will be

assessed using Hg-intrusion.

5.1.2 Visualization of Pore Structure by Scanning Electron Microscopy (SEM)

In the following some exemplary scanning electron microscopic (SEM) images are shown to elucidate
important aspects of the GDE structure and to aid in the quantitative description in the subsequent chap-
ters. Additional images will be shown in further chapters throughout this thesis where their information

is valuable.

General assessment of the pore network

The SEM images of the GDE in Figure 5.2 and Figure 5.3 reveal the typical appearance of carbon black
materials discussed above which are comprised of the spherical primary carbon particles with a diameter
ranging between 20 and 40 nm. These particles form small colloidal aggregates during the synthesis of
the material which in turn build larger agglomerates that form the backbone of the porous network (see
theory section, chapter 2.5.1). One such agglomerate is shown in Figure 5.3 on the right. Further zoom-
ing out shows the inter-agglomerate void space between these agglomerates, already above 100 nm and
up in the micrometer range (Figure 5.2 right and Figure 5.3 left), which is essential for gas passage
through the electrode. The carbon black-based GDEs resemble each other to a large degree regarding
their general texture and are mostly undistinguishable. Therefore, only the images of the AB-GDEs are
shown. The activated carbon-based samples on the other hand, Norit GSX CAT and the pyrolyzed wood
sample (produced in [141]) are substantially different in their morphology, as shown in Figure 5.4, with

a more heterogeneous and disordered structure which is governed by the activated substrate.
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Figure 5.4 SEM image of the activated carbon-based GDEs, Norit (left) and the pyrolyzed wood sam-
ple (right) showing the irregular texture of the carbon material.

Distribution of PTFE and the Effect of Thermal Treatment

In order to keep the agglomerates together, the catalyzed carbon powder is mixed with the binding agent
Polytetrafluoroethylene (PTFE) and undertaken a subsequent thermal treatment step at 340 °C after
pressing. This treatment step turned out to be a crucial prerequisite for the electrolysis as it tremendously

improves the mechanical stability of the electrodes and facilitates employing the electrodes at higher
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current densities. For the analysis, the slightly higher atomic mass of fluorine in the PTFE compared to
the carbon, allows visualizing its distribution using an angle-selective backscattering detector which
renders heavier atoms slightly brighter. This is shown in Figure 5.5 on the left for a GDE before the
thermal treatment. The gray-colored PTFE particles between the black agglomerates can be seen by
careful observation with their particle size around a few pum. This is consistent with the properties given
by the manufacturer (average agglomerate size of 4 um, primary particle size of 120 nm). The bright
white particles are the agglomerates of the commercial tin powder from which a few also range up to
several um in size. Increasing the magnification in Figure 5.6, the PTFE filaments are visible which
form during manufacturing of the electrode, via the shearing force in the knife mill during the mixing
step and the high compacting pressure during pressing. This morphology is known from literature for
electrodes prepared via dry deposition and suggested to play a pivotal role in supplying mechanical
integrity [46].

After thermal treatment of the electrodes, the picture looks substantially different. As the treatment en-
tails heating the GDE beyond the melting point of PTFE (327 °C), neither the filaments, nor the large
particles can be observed (Figure 5.5, right). Zooming out in order to reveal the morphology of the
surface, as done in Figure 5.7, one can see that the PTFE particles leave behind large pores on the order
of several pm when melted; an observation that will be quantified in the following chapter.

KL04 Aé35< ohne sintern ’ ) ) KL04 AB35, nach 1h sintern
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Figure 5.5. Material-contrast SEM images of GDE before (left) and after thermal treatment. Bright
grey spots are PTFE particles, bright white is tin. Green square mark areas where EDX measurements
were performed.

As it as originally intended, the PTFE is distributed more homogeneously over the surface, after thermal
treatment. To make this more evident, EDX measurements before and after the treatment have been
conducted. The corresponding weight concentration of the different atoms is given in Table 5.1 for the
areas marked in green in Figure 5.5. In the pristine GDE, PTFE can mainly be found when analyzing
the bright grey particles (P5+P6) while on the rest of the surface (P3+P4) the binder is absent. In contrast,
it can be found throughout the electrode surface after the treatment with a concentration between 11%
and 35%. It is important to note, that no further investigation on the heating conditions and their influ-

ence on GDE properties was performed although it is clear that the dispersion of the PTFE and its
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homogeneity leave room for improvement. As shown in [39], in which dispersion of PTFE and the
resulting hydrophobicity is examined by optimizing heating temperature, this can indeed have an effect
on the GDE performance and should be considered for the GDEs at hand in the future. The EDX analysis
further reveals the elemental composition of the large tin/tin oxide particles, depicted in white in the
SEM images. Whereas the particles were comprised mainly of metallic tin before the treatment (P1 and
P2, in left image, >90% Sn), the oxygen content significantly increases thereafter resulting in a molar
ratio of slightly above 2:1, indicative of a complete oxidation of tin to SnO, (measured wt.% of 21 and
70% for Sn and O corresponds to a molar ratio of 2.2:1). This is confirmed through further catalyst

characterization using XRD and XPS in chapter 5.3.
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Figure 5.6 SEM image of GDE before thermal treatment showing the PTFE filaments.

Table 5.1. Elemental composition in weight percentage obtained from EDX analysis meas-
ured inside the green boxes (P1-P7) in Figure 5.5. Left is before, right after treatment

C o) F Sn C o) F sSn
P1 3.6 5.0 0.3 91.2 P1 2.7 213 46 715
P2 2.8 45 0.8 92.0 P2 4.7 21.0 5.2 69.1
P3 992 08 - - P3 85.4 - 114 3.1
P4 95.9 - - 4.1 P4 87.9 - 115 0.5
P5 57.2 - 42.8 - P5 80.1 - 18.6 1.2
P6 48.1 - 51.9 - P6 76.4 - 21.6 2.0

P7 63.9 - 35.0 1.1




Analysis of Electrode Properties

EHT = 200kV WD= 5.0 mm Mag= 500X Date :20 May 2015 ¢
(7}

Date :20 May 2015 ¢
KLO4 AB35, ohne sintern Signal A= SE2 Signal A= SE2 '

Figure 5.7 SEM image of surface morphology before (left) and after (right) melting of the PTFE parti-
cles during thermal treatment

5.1.3 Influence of Electrode Composition on Textural Properties

In the following. first. the textural properties of the carbon materials are assessed on the basis of phy-
sisorption data to allow for a first classification on the general difference of the materials. Subsequently.
the analysis of the prepared GDEs is reported using both information from physisorption and porosim-
etry. This is done to determine the influence of the carbon support. PTFE content and the compacting
pressure. It is attempted to obtain a quantitative assessment on how the GDE porosity is affected by its
preparation parameters. separating the influence on primary (agglomerate). secondary (inter-agglomer-
ate) porosity and its microstructure (accessible via physisorption). Such comprehensive investigation
focusing on the understanding of how the porous GDE structure is assembled. how it is affected by
preparation conditions and how it is operated have particularly been conducted in early studies on PTFE-

bonded gas-diffusion electrodes for liquid electrolytes such as in [38.40.55].

Textural properties of the carbon materials

Within the frame of the project. various commercially available carbon materials have been tested with
a wide range of different properties. as summarized in Table 5.2. Besides Norit GSX CAT (NOR) and
the pyrolyzed wood samples which are activated carbons. all other examined materials are carbon blacks
with a similar assembly of the porous network. as described in the theory section and as evidenced by
the SEM images. The materials have been selected to cover a broad range of textural properties. As one
can see in Table 5.2 and Figure 5.8. their porosity ranges from highly microporous such as Black Pearls
2000 (BP). to the mesoporous Ketjen Black (KB). types with intermediate surface area such as Vulcan
XC72-R (in the following only called Vulcan or VXC) as well as the low-surface area and mostly

macroporous Ensaco (ENS) and Acetylene Black (AB).
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Table 5.2 Physisorption data of carbon materials employed in this work.

* surface area of pyr. wood determined by DFT (QSDFT maodel for cyl. pores. adsorption branch)

Carbon Material Abbr. Type BET Micro Micro
m2/g m23/g %
Acetylene Black AB Carbon Black 74 0 0
Vulcan XC72-R VXC  Furnace Black 234 93 40
Ensaco 250 ENS  Carbon Black 78 0 0
BlackPearls 2000 BP Carbon Black 1493 953 64
KetjenBlack EC600JD KB Carbon Black 1395 0 0
Norit GSX CAT NOR  Act. Carbon 1580 875 55
Pyrolyzed Wood 700°C  PW7  Act. Carbon 1057* 986 93
Pyrolyzed Wood 900°C  PW9  Act. Carbon 1083* 1009 93

In the next paragraph. the classification is justified by the appearance of the adsorption isotherm. The
surface area included in the above table was analyzed via the BET model with liquid nitrogen at 77 K.
microporosity by the t-plot method using a non-porous carbon black as reference material to obtain the
statistical thickness. In contrary to what is often the case in literature. total pore volume on the basis of
physisorption is not evaluated herein. as no meaningful value exists in macroporous systems. This is
evident by the absence of a plateau in the isotherm at high relative pressure [155]. Instead. total pore
volume is assessed by Hg-porosimetry. Further. no additional distinction between meso- and
macropores is undertaken. as the commonly employed BJH method for this purpose does not provide
the robustness and universal applicability for meaningful and quantitative assessment of the differential
pore volume while porosimetry is not fully reliable towards very small mesopores. In addition. in [154]
it is pointed out that for the type of isotherm-shape that the carbon black-based GDEs exhibit (type H3
hysteresis). the BJH-derived pore distribution should be taken with caution. More sophisticated meth-
ods. such as DFT or Monte-Carlo are not applicable as no meaningful kernels exist for the materials at
hand with a highly non-uniform pore system and heterogeneous surface chemistry.

In Figure 5.8. the adsorption isotherms of a selection of the employed carbon materials are depicted. As
one can see. certain isotherms closely resemble each other in their appearance. namely the carbon blacks
AB. VXC and BP. They can be classified type Il isotherms according to the IUPAC classification. typ-
ical for macroporous adsorbates. The steep increase at very low p/po before the inflection point is rep-
resentative of micropore filling and indicates a large share of micropores (d<2nm) for BP which is re-
sponsible for its very high surface area (~1500 m2/g). The same accounts for the pyrolyzed wood sample.
Starting at p/pe=0.2 multilayer adsorption occurs together with capillary condensation in mesopores
which translates into a continuous increase of the isotherm and is commonly accompanied by a hyste-
resis between ad- and desorption. which. for the above (AB. VXC. BP). can be observed only at high

p/po>0.8. most closely resembling type H3 hysteresis. The absence of a plateau close to saturation
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pressure is also typical for macroporous materials for which no terminated pore-filling via liquid nitro-
gen exists. KB deviates from the other carbon blacks in that a pronounced hysteresis exists between ad-
and desorption starting already at p/po=0.4. which has its origin in the presence of a substantial amount
of small mesopores. This is verified by the high surface area of ~1400 m2/g but complete absence of
microporosity. The pyrolyzed wood sample on the other hand. is almost exclusively comprised of mi-
cropores (93%) generated during chemical activation at high temperatures. The very horizontal plateau
starting directly after the region of the micropore-filling indicates that the pore system is almost free of
meso- and macropores accessible for liquid nitrogen. This corresponds to a perfect example of a Type |
isotherm [156]. Due to its highly ultramicroporous nature (d<0.7 nm) for which N, physisorption is
rather unsuitable. the results should be taken with caution. The most accurate way of determining the
porous nature of such samples would be measurement of physisorption isotherms with CO- or He. The
same accounts for the BET analysis model which is historically used but not the optimal choice for
highly microporous samples. To come closer to reality. a more adequate DFT model particularly devel-
oped for microporous samples was employed herein to analyze the adsorption isotherms (QSDFT model
for cylindrical pores. using the adsorption branch for analysis). Despite unclear accuracy of the results.
the important takeaway here is that the pyrolyzed wood is extremely microporous and lacks the meso-
and microporous pore network of the carbon blacks. which has substantial implications on the electrol-
ysis. as will be discussed in the results section.

1500 +—- —= Black Pearls 2000
—+— Ketjen Black
—*— Pyrolyzed Wood
1t =— Vulcan XC-72R
—o— Acetylene Black

adsorbed Volume / cm3-g+*

Relative Pressure / p/p°

Figure 5.8 Excerpt of N adsorption isotherms of employed carbon materials

Textural Properties of the GDEs
To get insight on what happens during manufacturing. the same analysis has been conducted for GDEs

prepared with the above carbon materials. If not otherwise mentioned they are composed of 35% PTFE
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and 5 mg/cm? Sn-nanopowder. The GDEs are denoted with the PTFE-wt.% in relation to the matrix
mass (PTFE + C) as number after the carbon type abbreviation (i.e. AB35 means Acetylene Black. 35%
PTFE). The BET surface area and the micropore share for the GDEs with varying carbon types are given
in Table 5.3. In addition. the surface area normalized on the carbon mass is also included to assess how
the surface area of the carbon matrix changes due to the pressing. mixing with non-porous PTFE and its
subsequent melting during thermal treatment. Unsurprisingly and despite normalization on carbon mass.
the surface area of all the GDEs is significantly reduced during the preparation process. which is partic-
ularly pronounced for the high surface area samples and their microporosity. For the VXC-based GDE.
the share of the latter dropped for example from 40% in the carbon powder to zero. As one can see.
similar to the powder form. the difference between the GDEs prepared with various carbon supports is
still considerable. with the AB35 having only a surface area of 22 m2/g compared to more than 500 m2/g
for the BP- and KB-based GDE. The values for VXC35. ENS35 and AB35 are in close proximity.
between 20 and 35 m2/g. On the basis of these findings. the GDEs can be classified in two categories
with ENS. VXC and AB giving GDEs of very low BET surface and the ones with high surface area. BP.
NOR and KB characterized by a pronounced share of micro- and small mesopores.

Table 5.3 Physisorption data of GDEs with different carbon type.
BETorm denotes the surface area normalized on carbon mass

Composi- BET BEThorm Micro Micro
tion m2/g m3/g C m2/g %
AB35 22 36 0 -
VXC35 35 58 0 -
ENS35 25 42 0 -
BP35 539 898 193 36
KB35 507 844 0 -
NOR35 276 461 175 63

To assess the complete pore range. the same electrodes were examined via Hg-porosimetry. The data of
interest from porosimetry measurements are porosity. pore size distribution (PSD) and pore volume. In
Figure 5.9. the logarithmic pore size distribution dV/dlogD and the cumulative pore volume of the ana-
lyzed GDEs are depicted for different carbon types with 35% PTFE. To avoid misinterpretation induced
by the logarithmic x-scale both graphs include an inset plotted on a linear x-scale. Furthermore. in the
PSD plot the inset is given as dv/dD and zoomed into the primary pore region to facilitate physical

interpretation of the PSD (see chapter 5.1.1 for explanation of the different type of plots).
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Figure 5.9 Differential logarithmic (left) and cumulative pore volume (right) of employed GDEs. with
35% PTFE. Inset on the right. zoom in agglomerate region using linear scale.

Examining Figure 5.9. the characteristic bimodal PSD of the carbon black-based GDEs can be seen for
all GDEs shown here. except for the GDEs prepared from the activated carbon pyrolyzed from wood.
The latter has a rather distinct pore diameter maximum at around 1 um (also observable in the SEM
images) but without additional features and. importantly. lacking the pronounced three-dimensional pore
network of the carbon blacks. For the other GDEs. due to the appearance of the PSD and the knowledge
of its assembly. the pore volume can further be divided into primary and secondary pore volume as
discussed above. As one can see in the PSD of the GDEs with different carbon materials. each material
has a very distinct transition between the primary porosity and the secondary pore system at which a
sudden change in the slope of the pore volume is visible. Up to the steep increase. the progression of the
secondary pore distribution in the differential graph is very similar for all the carbon-black GDEs. sug-
gesting that the secondary pore structure is a result of the GDE preparation method. namely. the PTFE
addition. its distribution after thermal treatment and the compacting pressure. The curves start to signif-
icantly deviate from each other at the pore diameter at which the primary pore system inside the aggre-
gates sets in. This is governed by the pore structure of the carbon aggregates and their pore size distri-
bution. characteristic of the carbon type. Whereas. for example. for the very macroporous AB this
boundary is at ~120 nm. BP seems to have a very dense aggregate structure with pores below 15 nm
diameter. To facilitate a quantitative assessment of both contributions to the total pore volume. the dis-
tributions would need to be deconvoluted with high precision. As the progression of the secondary pore
distribution is masked by the porosity within the aggregates. a clear distinction is difficult and will not
be performed quantitatively herein. Besides. during electrolysis the electrolyte intrusion does not differ-
entiate between primary and secondary pore system. but is solely driven by the pore size. The distinction
between both contributions would only be of academic value to characterize the pore system but. argu-
ably. not give additional insights for the application of the GDEs. In contrary. the analysis of the maxi-
mum pore diameter of the primary pore system indicates an essential property of the porous structure

related to the porosity of the aggregates and how dense they are. This value is given in Table 5.4 together
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with other information derived from these measurements. The assignment of being rather macroporous
based on the surface area from physisorption data above is confirmed for VXC. AB and ENS by the
data from porosimetry here. with the aggregate pore size ranging into to the macropore region (> 50 nm).
Accordingly. based on the dV/dD-plot the AB-GDE has the most open aggregate pore structure. with a
maximum in the primary distribution at 71 nm. followed by ENS and VXC. with pore diameter of 47
and 41 nm. respectively. In contrary. the primary pore volume accessible via porosimetry is significantly
lower for BP35 (e.g. only one third of AB35) as the aggregates only comprise pores with diameter lower
than 13 nm. with a maximum at 8 nm. For KB35. the aggregate porosity is not even accessible via
porosimetry suggesting it starts at even lower pore diameters. In contrary to the other carbon blacks for
which the cumulative pore volume becomes flat below 10 nm diameter. suggesting there is not much
additional pore volume in this pore diameter region. the PSD of KB35 and BP35 indicate that the actual
pore volume and agglomerate porosity cannot be assessed correctly via Hg-porosimetry. Still. the ac-
cessible pore volume is already very high for BP and KB which is ascribed to a very high secondary
pore volume. particularly pronounced in the mesopore range (between 10 and 30 nm) formed between
the aggregates. In this range. the macroporous carbons exhibit very low differential pore volume (or a
plateau in the cumulative distribution. compared to the linear rise for BP35 on the logarithmic scale).
which would further fall into the primary porosity inside the aggregates.

Table 5.4 Textural properties of GDESs obtained from Hg-porosimetry

GDE Porosity  Vpwa  Boundary  dmax prim
% mma/g nm nm
AB35 71.24 1195 123 70.7
VXC35 68.73 1095 89 40.5
ENS35 65.27 1134 70 46.5
BP35 70.11 1524 13 8.3
KB35 70.10 1577 - -

Influence of PTFE and thermal treatment

To understand how the porous nature of the GDE is influenced by the presence of the PTFE and the
preparation method. GDEs with different PTFE contents have been prepared and analyzed. Although.
the effect of PTFE content on the electrochemical performance has not been studied extensively herein.
the investigation of the physical properties aids in deriving a better understanding on how texture of the
GDE is influenced by preparation conditions.

In Figure 5.10. the BET surface area of GDE made from VXC and AB are exemplary depicted as a
function of PTFE content. VXC is chosen as an additional example as it exhibits a certain amount of
microporosity. thereby. giving better information on how the micropores are affected during preparation.

Naturally. mixing the porous carbon with the non-porous PTFE decreases the surface area per gram of
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the electrode. To make the comparison more meaningful. the surface area has also been normalized to

the amount of carbon in the electrode to compensate for this effect (open symbols).
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Figure 5.10 BET surface area normalized on electrode (filled) and carbon (open) mass as function of
PTFE content

The first important observation that can be made is that by simply mixing the components and pressing
the electrode. the porosity of the carbon matrix does not undergo significant changes. This is shown by
comparing the specific surface area of AB10 before thermal treatment normalized on the carbon amount
(m2/gc) with bare AB powder and the GDE pressed in the absence of PTFE. Only after the thermal
treatment at 340 °C slightly above the melting point of the PTFE. the surface area is significantly af-
fected. decreasing from 78 m2/gc to 48 m&/gc. This is due to the melting of the PTFE particles which
intrude the aggregates by capillary forces forming a thin layer coating the pore walls and clogging parts
of the pore network. Increasing PTFE content affects the higher surface area carbon VXC dispropor-
tionally as especially microporosity responsible for the higher BET values of the VVulcan-based GDE is
affected. Microporosity decreases from 93 m?/gc (40% of surface area) for pure Vulcan to 30 m2/gc
(20%) already at 10% PTFE and to zero when going higher. For both carbon types. the increase of PTFE
content continuously decreases all properties related to the carbon texture. i.e. surface area and mi-
croporosity.

To get a better understanding on how the PTFE affects the pore distribution. Hg-porosimetry was con-
ducted on GDEs with AB and 20% PTFE before and after thermal treatment. The corresponding pore
size distribution is visualized in Figure 5.11. As one can see. the observation from the SEM images in
the previous chapter can be verified also quantitatively when comparing the untreated and thermally
treated GDE. Indeed. the pore volume significantly increases in the region between around 200 nm to
10 pum as the PTFE particles of this size range melt and leave large pores in the same order of magnitude
behind. This pore region has a negligible effect on the measured BET surface area by physisorption.

Pores below 100 nm are shifted in size to lower values which. in turn. can be ascribed to the PTFE film
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which forms after melting. covering the pore walls and decreasing the pore diameter. The maximum in
the agglomerate PSD is 74 and 58 nm. respectively. The distribution inside the aggregate region shifts
by around 16 nm with the smaller diameters less affected. This suggests an average film thickness of
around 8 nm. The influence on the aggregate porosity is observable in the BET measurements and re-
sponsible for the decrease of surface area after thermal treatment. Solely looking at the effect on poros-
ity. this shift could be disadvantageous as it makes the wetted agglomerates more compact impeding
transport of involved species. However. the main impact the treatment has on the effectiveness of the
GDE is to facilitate more uniform and pronounced hydrophobicity as well as rendering mechanical in-
tegrity towards the GDE. It is important to keep in mind that a uniform film of PTFE fully covering the
internal structure of the GDE is unlikely. as otherwise also the active sites would be blocked and the
reaction impeded significantly or even completely. That is why it is assumed that particularly in the
primary pore region a distinct part of the pore area should be free of PTFE. either due to inhomogeneous
distribution or by decomposition of excess PTFE on the electrode surface during polarization.

== no treatment
-~ treated at 340 °C

diff. Pore Volume dV/dlogD / a.u.

10 100 1000 10000

Pore Diameter / nm

Figure 5.11 Pore size distribution of GDE with 20% PTFE before and after thermal treatment at
340 °C (derived from two pieces of the same GDE).

Table 5.5 Data from Physisorption and Porosimetry for the AB-based GDEs

GDE BET norm. Micro | Porosity Vpiotal  Omax prim Vpprim Vp second
m2/g  m2/gc % % mmg/gc nm mm?3/gc mm?3/gc
AB10 39 48 0 75 1921 60 523 1398
AB20 31 42 0 76 2033 63 570 1463
AB35 22 36 0 72 1912 71 558 1354
AB50 15 32 0 63 1662 100 642 1020
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Figure 5.12 Differential logarithmic pore distribution of AB-GDEs with different PTFE content (left)
and zoom into agglomerate porosity region (right. linear dVv/dD scale).
both normalized on carbon mass.

To study the effect on the superordinate pore structure. the GDEs with varying PTFE content are further
characterized via Hg-porosimetry. The results are shown in Figure 5.12 and summarized in Table 5.5.
Again. the data has been normalized on carbon content to better understand the effect on the porosity of
the porous matrix. While the complete pore distribution is significantly affected by the addition of PTFE.
the interpretation is not as straightforward. Besides the effect of bringing the non-porous PTFE into the
system. the compacting behavior during manufacturing is affected and the pore structure changes with
thermal treatment. In the intermediate secondary pore region between 100 nm and a few um. one can
see that the differential pore volume increases with an increase of PTFE content. This is the region in
which the PTFE particles leave behind large pores during thermal treatment as discussed above. If the
GDE contains more PTFE. there is more pore volume in this region created. At the same time. at higher
pore sizes. the opposite observation can be made: the maximum pore size is shifted drastically to higher
values and clearly when going to lower PTFE amounts. This might have to do with how the powder
mixtures behaves during pressing as this is also the region affected by variation of the compacting pres-
sure as described in chapter 6.2.3. The excess PTFE amount between the agglomerates could make the
pore structure more ductile and facilitate a more pronounced compression of the GDE. Also. there is
less pore volume into which the PTFE can penetrate during melting as the PTFE:carbon ratio increases.
which should also play a role for the PTFE distribution after pressing and melting. The primary porosity
is substantially affected as well by the addition of PTFE. except for 10 and 20% PTFE which are essen-
tially the same. While the total agglomerate pore volume remains similar (the slightly higher volume for
50% could be due the pore size of the agglomerates ranging further into the secondary pore range. im-
peding clear distinction). the distribution is shifted towards larger pore sizes. At the same time at lower
pore sizes. the differential pore volume decreases. The latter can be explained by the PTFE clogging and
partially filling the pores inside the agglomerates during melting as shown above. Yet. the fact that the
differential pore size is not only decreased but in addition significantly shifted towards higher pore sizes.

suggests that the PTFE is not only penetrating the pores and leaving the matrix unchanged. but that it
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changes the agglomerate structure itself. That could be ascribed to what happens during pressing in
which PTFE becomes mobile due to the high forces. pressed into the agglomerates and widening them
up. During melting. the PTFE penetrates deeper into the pore system and leaves behind the pores which
were widened during pressing. It is difficult to validate this hypothesis just by studying the PSD. Instead.
graphical reconstruction of the pore system via CT or FIB-SEM could help to understand what is hap-
pening more clearly. If this becomes more interesting in the near future. this could be an option to get

additional insights.

5.2 Wetting behavior and hydrophobicity

Besides porosity. a property shown in this work to have a substantial effect on the operation of the GDE.
is its wetting behavior which is characterized by the intrusion of electrolyte and the establishment of the
triple-phase boundary during the reaction. Understanding how the wetting proceeds. by which parame-
ters it is affected. how it evolves with time and as function of the electrode preparation parameters is
essential to explain and understand the electrochemical behavior of the electrode [22.55]. The goal of
this chapter is to generate the basis for these discussions. To this end. the capacitance as measure of the
extent of the electrochemical double layer and the analysis of the intrusion depth via element mapping
will be introduced.

Although evaluation of the contact angle is known to be not very meaningful to give a decisive assess-
ment of hydrophobicity of porous materials [157]. it can give a first qualitative impression on the prop-
erty of the GDE and how it evolves during preparation and electrolysis. Figure 5.13 depicts a sessile
drop of water on the GDE after pressing. after thermal treatment and after electrolysis. As one can see.
the GDE before the thermal treatment is highly hydrophobic. exhibiting a contact angle >90°. This is
due to the high hydrophobicity of the carbon support (here: Acetylene Black) [36] as well as the addition
of the hydrophobic PTFE. The subsequent thermal treatment further increases hydrophobicity with a
resulting contact angle well above 90°. This is due to the melting of the PTFE and formation of a thin
layer coating on the surface of the electrode. Initially. when placed into the electrolyte. a film of air
covers the GDE surface. During the experiment. as soon as a polarization begins. the electrolyte starts
to penetrate the pore system; a process driven by capillary forces and a result of a change in the surface
tension induced by the applied potential (see below). Further. excessive PTFE covering the GDE surface
is decomposed by the electrochemical stress. as shown by Wagner et al. for alkaline fuel cells [46]. This
makes the GDE accessible to electrolyte. and more hydrophilic as shown for the contact angle after

electrolysis.



Analysis of Electrode Properties

Figure 5.13 Contact angle measurements using a sessile drop of water. from left to right on: fresh
AB35-GDE taken out of the press. after thermal treatment and spent GDE after electrolysis

Although this method is very simple in its execution and analysis. thus. sometimes employed in litera-
ture. the informative value is rather limited for the system at hand and more of qualitative value. This
is due to the porous nature of the GDE and its high surface roughness. making this method unsuitable

for a more quantitative evaluation [157].

5.2.1 Analysis of Electrode Capacitance

Wettability of the GDEs is strongly influenced by the electrode composition. preparation procedure and
the reaction environment. To facilitate the discussion on how this relationship is constituted. a method
to quantify the wetting of the GDE needs to be introduced. The so-called electrochemical surface area
(ECSA) of an electrode in contact with electrolyte can be assessed with a variety of methods which are
adequate for different applications and systems [158]. For the studies at hand. the method needs to be
applicable in situ during the experimental sequence and. preferably. allow the assessment of the wetting
without changing the course of the experiment. The measurement of the electrochemical double layer
capacitance is a convenient method for this purpose. The capacitance C in general is an important prop-

erty in electronics correlating the charge Q stored on a capacitor at a given voltage U according to
Q=C-U 51

This concept is utilized in electrochemistry where charge is stored at the electrode | electrolyte interface
through the development of the electrochemical double layer on both sides of the interface (electrode
surface and solution). by the alignment of ions and electrons. As the specific capacitance for a given
electrode | electrolyte system is a material constant. the macroscopically measured capacitance can be
approximated as a linear function of the surface area over which the double layer spans. thus. for a GDE.
the surface area in contact with electrolyte. Although. the specific capacitance of a material is usually
hardly accessible. e.g. because. as in the case at hand. a relatively undefined and non-homogeneous
surface exists. it can give at least a qualitative measure with which the electrochemical surface area
(ECSA) of porous electrodes [158] can be compared when the same material is used. If a reference value

for the specific capacitance of the material is known. the real ECSA can be estimated.

There are different techniques to assess the capacitance. such as Electrochemical Impedance Spectros-
copy (EIS) or the recording of cyclic voltammetry (CV) at different scan rates from which the latter was
chosen here due to its simple and straightforward implementation into the experimental sequence. How-

ever. in the future. it is reasonable to validate via EIS and leverage the additional insights that can be
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derived from it. According to equation 5.1. the capacitance correlates the applied voltage and the corre-
sponding charge Q stored in the double layer. While the actual charge of the double layer is not directly
accessible. its change can be assessed in the form of the current | passed when the voltage is changed:

dQ _ | du 5.2
dt dt

This correlation holds only true. when the charge is solely employed to charge the double layer in the
absence of any Faradaic process and can be evaluated to obtain C when CVs are performed at different
scan rates (dU/dt). Consequently. the anodic/cathodic current in the middle of the potential window is
plotted over the scan rate. Assuming an ideal capacitor as model yields a straight line with its slope

constituting the capacitance. as given by equation 5.2 and extracted by linear regression [159].

The procedure is illustrated in Figure 5.14 for a representative type of experiment. On the left. the ap-
pearance of the CV scans is shown from which the capacitance is derived. In the right graph. the relation
between current and scan rate is shown for three distinct measurements. In this set of experiments. the
GDE was stressed potentiostatically at three different electrode potentials for one hour. after which the
capacitance was evaluated. Accordingly. increasing the electrode potential from -1.3 V vs. Hg|HgO
to-1.5 V leads to an increase of the capacitance and. thus. wetted surface area. by a factor of 5. indicated
by the respective slope.
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Figure 5.14 Exemplary measurement of CV scans at different scan rates to derive double layer
capacitance (left). current density at potential in the middle of the scans over corresponding scan rate
for one GDE stressed at different potentials over one hour (right)

While the GDEs employed in this work are highly hydrophobic. wetting only proceeds as soon as the
experiment is started and the electrode polarized. This effect. the dependence of the contact angle ¢ on
the electrode potential. is known from literature and called electrocapillarity or electrowetting [160.161].
In its simplest form. it is mathematically described by an extension of the Young equation. relating the
surface tension y between the participating phases (liquid. gas. solid) to the contact angle 6. according
to



Analysis of Electrode Properties

+
cosO = u. 5.3
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To account for the contribution of the electrode potential E. the surface energy of the liquid-solid inter-
face yic is corrected for the electrostatic energy (CE%/2). stored in the capacitance C of the double

layer and induced by the electric field [161]. giving
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The cause for this effect is that a deviation from the potential of zero charge (pzc). for which the contact
angle goes through a maximum. leads to a charging of the electrode surface (either excess or deficiency
of electrons) and an increase of its polarity. As a result. the surface tension and the contact angle de-
crease. at some point rendering the surface hydrophilic. Thereby. this causes a wetting of the pore system
despite the surface being hydrophobic in the absence of polarization [162]. In [163] it is reported for
example that the pzc of a Pt/C electrode lies at a potential of -0.13 V vs. Hg|HgO in dilute KOH elec-
trolyte while tin was reported to be around -0.4 V vs. SHE [164]. Accordingly. by polarizing the elec-
trode beyond this value. the more negative the potential. the lower the contact angle should become and
the stronger the wetting of the pore system by capillary forces should prevail. This is verified by the
data at hand and throughout this work.

In order to get insight into how the wetting proceeds in the system at hand. the capacitance was measured
throughout a potentiostatic experiment at -1.4 V in a time-resolved manner. To this end. each 10 min.
the experiment was interrupted and the capacitance measured after which the potential was re-applied.
The results are shown in Figure 5.15 for a Vulcan and Acetylene Black-based GDE. The capacitance
increases linearly with time for both. with the VXC35 having a higher capacitance than AB35 by one
order of magnitude. Besides having slightly higher surface area (35 to 22 m2/g). more importantly. Vul-
can is known to be only moderately hydrophobic compared to the highly hydrophobic AB [165] which
is reflected in a significantly more pronounced wetting. Furthermore. keeping a constant potential. it is
evident that the electrolyte continuously and steadily penetrates the pore system of the GDE without

decelerating in the frame of this experiment.

As the evaluation of the capacitance turns out be an efficient and convenient tool for the interpretation
of the electrochemical results throughout this work. it will be consistently employed throughout chapter
6 where it is utilized to gain information on the interplay between GDE properties. reaction conditions

and the electrochemical performance.
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Figure 5.15. Capacitance of AB35 and VXC35 determined by interrupting potentiostatic experiment
each 10 min and performing CV measurements at various scan rates.

5.2.2 Intrusion depth

Evaluation of the double layer capacitance gives information on the overall extent of wetted surface area
but not about its distribution over the electrode volume. As no experience exists with such type of elec-
trodes in this reaction. it was regarded as an important aim to get a better understanding on the way the
GDE works and how the wetting actually proceeds. Therefore. some of the above electrodes have been
analyzed via scanning-electron microscopy of their cross-section and studied with EDX to evaluate the
spatial elemental distribution. Accordingly. the elements can be highlighted in different colors according
to their prevalence which is particularly interesting for tin (green) and potassium (blue). The latter fa-
cilitates reproducing the occurrence of electrolyte (KHCO3) inside the GDE during electrolysis. This
general assessment is introduced in the following and further elaborated in chapter 6.3.3. In Figure 5.16.
this approach is exemplary shown for two GDEs made from Vulcan with 35% (VXC35) and 20% PTFE
(VXC20). both exposed to 400 mA/cm? for 1h. The occurrence of potassium is highlighted in blue. The
images clearly visualize a “front of electrolyte” close to the electrolyte side of the electrode (top). Fur-
thermore. from the images it is clearly visible that only a small electrode volume was at all in contact
with electrolyte. what is in accordance with the results from capacitance which will be correlated with

wetted surface below.



Analysis of Electrode Properties

K K
100 um EHT = 16.00 kV WD = 80 mm VXC20 (400mA) 100 pm” EHT = 16.00 kV WD = 8.1 mm MK 01 VXC35 (400mA)
———  vxcaoooma) BSE MAG: 100x HV: 15kV_WD: 8,0mm | — MK 01 VXC35 (400mA) BSE MAG: 100x HV: 15kV_WD: 8,0mm

Figure 5.16. Material contrast and element mapping image of a spent VXC20 (left) and VCX35-GDE
(right). 1h at 400 mA/cm?. Occurrence of Potassium is depicted in blue

For a quantitative assessment. the images were analyzed with an image analysis software (imageJ). The
varying brightness of the color is not considered as it has no clear physical meaning but is rather an
artefact of the measurement and image processing. Furthermore. the actual wetted surface area is not
accessible by this method. as the resolution of the method is too low (~1um) in relation to the pore sizes
of relevance. As a result. a rather macroscopic assessment of elemental distribution is obtained which
means that a differentiation of wetted and non-wetted pores inside the electrolyte front is not possible.
However. the macroscopic average intrusion depth over the electrode cross-section can be studied and
consequently compared to the wetted surface area from capacitance. As an example. the cross-sections
of the VXC35-GDEs at 200 mA/cm? and 400 mA/cm? as well as VXC20 with lower PTFE content at
400 mA/cm2 have been analyzed and the corresponding results. namely. the intrusion depth and the
measured capacitance are summarized in Table 5.6. In addition. the cross-section element maps of the
400 mA/cm2 experiments are shown in Figure 5.16. The analysis confirms that the electrolyte only wets
a small volume of the GDE and that this depends on reaction conditions and GDE properties.

Table 5.6 Information on wettability-related properties of Vulcan-based GDEs. stressed at different

conditions.
VXC35 VXC35 VXC20

Thickness Vigg! 740 730 630
Current density mA/cm? 200 400 400
avg. intrusion depth pm 85 107 130
Capacitance mF 125 18.4 45
Electrode potential V vs. Hg|HgO -1.67 -1.89 -1.87

(average)

As expected. a clear qualitative trend is visible. that is that the wetting increases with increasing polari-
zation (which increases with current density) and decreasing PTFE content. For the first example. the

intrusion depth increases from 85 um to 107 um and the capacitance from 12.5 mF to 18.4 mF after 1 h
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when the current density is increased from 200 mA/cm? to 400 mA/cm? and the electrode potential from
-1.67 V to -1.89 V correspondingly. Also. decreasing the PTFE content from 35% to 20% with Vulcan
as carbon support at 400 mA/cm?2 leads to a more pronounced wetting. Especially the capacitance is
strongly enhanced by more than a factor of two from 18.4 to 45 mF. while the intrusion depth increases
to 130 um. This can be well explained by the increase of hydrophobicity at higher PTFE content but
also by the lower surface area. Regarding the latter. surface area of VXC20 is 87 m2/g vs. 58 m2/g for
VXC35 (both normalized on carbon mass to allow better comparison). VXC20 is further comprised of
a higher share of smaller pores which should become more easily wetted due to stronger capillary forces.
Also the electrode potential will have a strong influence. However. in this particular case. the average
electrode potential over the course of the experiment is almost identical. This is because the lower po-
larization at the beginning of the experiment for the more thoroughly wetted VXC20 GDE (more catalyst
in contact with electrolyte) is compensated by a drift towards more negative potentials due to an increas-
ing HER with time. similar as in Figure 6.38. From all three measurements which are supposed to give
a first. preliminary idea on the system behavior. it is evident that the ratio between capacitance and the
intrusion depth. which can be considered proportional to the wetting degree inside the macroscopically
wetted electrode volume. does not remain constant but is highly dependent on electrolysis conditions
and electrode properties. Accordingly. the combination of intrusion depth and capacitance can give val-
uable insight into how wetted area and gas-filled pores are distributed in the electrolyte-filled electrode
volume from which the front is traveling through the GDE cross-section.

5.2.3 Estimation of Electrochemical Surface Area and wetting degree

To obtain a quantitative estimate for the wetted surface area. the so-called Electrochemical Surface Area
(ECSA) is the metric of interest. It can be estimated by using literature values for the specific double
layer capacitance. i.e. capacitance per surface area for the material of interest. and setting it in relation
to the measured capacitance. A typical value for carbon black given in [27] is 8 uF/cm?2 (cm2 BET area).
dependent on the type of carbon (amount and type of surface functional groups) [166]. while [167] gives
a value of 10-16 pF/cm? for carbon black electrodes containing a binder. Depending on what value in-
side of this range is chosen. the obtained ECSA will be higher. for lower specific capacitance. and vice-
versa. To account for the tin oxide which has a higher specific capacitance than the carbon ([158] gives
a typical value of around 60 puF/cmz2 for metal oxides) but also contributes a substantially lower surface
area compared to the carbon support. a conservative value of 15 pF/cm? is assumed herein.

In all the experiments for both Vulcan and AB-based GDEs and even for high electrochemical stress.
the degree of wetting normalized to the total surface area of the GDE is very low. On the one hand. this
is because the GDEs are highly hydrophobic and stressed for very short times (at most. a few hours).
Thus. the run time must more realistically be regarded as wetting-in or induction period. On the other
hand. normalizing on the total surface area. one has to bear in mind that only a layer with small thickness

close to the electrolyte side of the GDE is macroscopically wetted as shown above. A large part of the
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GDE remains completely dry. To get a first impression. this estimation is performed for the GDEs from
the capacitance measurements that have been conducted over time in 5.2.1 at potentiostatic polarization.
The AB35 and VXC35 were mildly stressed at -1.4 V for one hour (with CV measurements every
10 min) which resulted in a current density of around 15 mA/cm2 and 40 mA/cmz2. respectively. at the
end of the experiment. The measured capacitance of 1 mF and 12.5 mF correspond to a wetted surface
area of 67 cm? and 833 cm2 respectively. The BET surface area of 22 and 35 m2/g translates to a total
BET surface area of 1.32 m2 and 2.28 m? for a GDE with 1 cm2 geometric surface area. Combining both
gives a wetting of 0.5% and 3.7% of the BET area of the GDE. which is in line with the proposed
hydrophobicity of the material and the very limited intrusion (compared to the large GDE thickness) at
such short runtime and low electrochemical stress (indicated by the low current density). For 1 h at -
1.5V and AB35 for example. a capacitance of 6 mF was measured and the wetted percentage increases
to 3% by a factor of 6. For high electrochemical stress the percentage of wetting increases correspond-
ingly. e.g. t0 9.7% (45 mF) for VXC20 at 400 mA/cm? over 1 h. 5.5% for VXC35 at the same conditions
or 16 mF and 7% for AB20 after 500 mA/cm? for 5 h. These results. amongst others. show that AB is
considerably more hydrophobic than VXC as electrode support and that for lower PTFE content. the
share of wetted pore area increases for the same conditions.

As the above percentage values are normalized on the total BET surface area of the GDE with the ma-
jority of the GDE volume opposing the electrolyte side remaining completely dry. the above values do
not give insights into fundamental functioning of the GDE and constitution of the triple-phase boundary
(TPB) during electrolysis. Increasing or decreasing the thickness of the GDE would in fact significantly
change the percentage values. however. only produced by a change of the large dry volume which does
not participate in the reaction at these conditions as later shown in chapter 6. In contrary. normalizing
on the macroscopically wetted volume is a significantly more meaningful metric which can be examined
for the experiments in which intrusion depth was analyzed. To this end. the wetted surface area reived
from capacitance measurements is set in relation to the total surface area inside the macroscopically
wetted volume. The latter is given by correcting the total BET surface area of the GDE with the ratio of
intrusion depth and total thickness. The corresponding wetting-ratio is given in the last row of Table 5.7

together with the other data required for this calculation.
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Table 5.7 Information on wettability-related properties GDEs with varying composition and

stressed at different conditions.

VXC35 VXC35 VXC20 AB35NP
200 mA/cm? 400 mA/cm? 400 mA/cm? | 500 mA/cm?
avg. intrusion depth ~ pm 85 107 130 102
Capacitance mF 125 18.4 45 55
ECSA CMZcsa 833 1227 3000 367
Percentage of BET  %gcsa 3.7 55 9.7 2.4
Wetting ratio* - 0.33 0.37 0.47 0.22

* ratio of wetted surface area from capacitance to BET surface area inside macroscopically

wetted volume

As the data shows. when accounting only for the volume into which the electrolyte intruded. the wetting
degree is much higher: depending on the GDE and reaction conditions. this value ranges between about
20% and 50%. As a comparison. in [163] a wetting degree between 15% and 30% was found during so-
called wetting-in studies of VXC-based GDEs for ORR in alkaline fuel cell cathodes which uses com-
parable GDEs and is one of the few studies where such an assessment was performed. They could show
that wetting increases with time. potential and current density. In contrast to the investigation at hand.
these results are based on the weight of intruded electrolyte and. hence. give information on wetted
volume instead of surface area. Assuming that pores above certain diameters are rather wetted by a thin
film instead of being completely filled and considering that small pores are wetted preferentially. thus.
contributing stronger to surface area than to pore volume. the wetting degree based on wetted volume is
naturally lower. Still. this example from literature suggests that the obtained values in this work are in a
realistic range. Furthermore. and importantly. the analysis at hand. reveals that increasing the conditions
beneficial for wetting. i.e. higher current density and lower PTFE content. use of more hydrophilic VXC
instead of highly hydrophobic AB. not only results in a deeper intrusion of electrolyte into the GDE
volume. but also into a more pronounced wetting inside the macroscopically wetted volume. This is not
surprising. as the capillary forces inside the pore in contact with electrolyte increase for a surface less
hydrophobic due to lower surface tension and contact angle. Higher current density implies a more neg-
ative electrode potential and. therefore. also a decrease of surface tension according to equation 5.4.

These results aim to introduce the concept and give the basis for understanding the wetting properties
of the GDEs studied in the system at hand. It will later be elaborated in chapter 6.3.3 in which investi-
gation of the time behavior of the electrolyte intrusion in the transport limited region is conducted and
related to the ability of the GDE to operate at high current density. Besides that. although of very high
value. a more comprehensive and systematic analysis of the relationship between intrusion depth and
capacitance as function of current density and electrode composition could not be performed in the frame

of this work. To fully understand how the GDE operates and how its properties relate to its performance
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said investigations are highly recommended to allow for the establishment of a more sophisticated and

knowledge-based optimization of the system.

5.3 Characterization of the Electrocatalyst

The goal of the characterization studies in the following is to obtain information on the chemical nature
of the electrocatalyst. Therefore. X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS)
were performed to reveal its initial bulk nature and surface composition. respectively. Naturally. this
does not give information on the conditions during the reaction which would require utilization of op-
erando techniques. Results from such studies are discussed in the theory section 3.2 and. together with

the significance of the obtained information from this work. summarized at the end of this chapter.

X-Ray diffraction

XRD gives information on the existence and distribution of crystalline phases in the analyzed sample.
Their occurrence produces distinct diffraction patterns which can be assigned to certain phases using
simulated patterns from a library. Diffractograms of the investigated electrodes. namely. with the com-
mercial tin nanopowder. both before and after thermal treatment (35% PTFE. AB. 5 mg/cm? Sn). and
with the precipitated SnO,/C-nanoparticles (35% PTFE. 1 mg/cm?). as well as from the supported
SnO,/C-particles in powder form. are shown in Figure 5.17. Due to the high metal loading and relatively
large particles of up to 150 nm. the reflexes of tin species in the diffractogram of the GDEs with com-
mercial particles are clearly visible. Before the thermal treatment. mainly metallic tin is observed
whereas although a thin native oxide layer should prevail. no corresponding reflexes can be assigned
which can be explained by the low thickness of the layer. After the thermal treatment of the GDE. the
metallic tin particles are completely oxidized to SnO, and the reflexes characteristic for Sn® vanish. This
suggests that although the thermal treatment has been conducted under inert nitrogen atmosphere it is
not unlikely that small concentrations of oxygen diffuse into the muffle oven used or that the nitrogen
gas coming from the grid supply of the university could possess oxygen impurities. with both sugges-
tions argued to be reasonable. In addition. distinct reflexes for the highly crystalline PTFE and graphitic
phases in the carbon black can be found in the pattern. Carbon blacks are known to exhibit a certain

degree of graphitization which is pivotal for its high conductivity [49].
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Figure 5.17 XRD pattern of (from bottom to top) SnOx nanoparticles supported on AB (~9 wt.-%).
GDEs with tin nanopowder (5 mg/cm?) before and after thermal treatment. with SnOx-nanoparticles
(1 mg/cm?). all GDEs with 35% PTFE and Acetylene Black.

Due to the low loading combined with the small particle size (crystallites below an average size of 5 nm.
see chapter 6.2.2). XRD fails to show any Sn-specific reflexes for the SnO,/C-GDE. However. the sam-
ple with the supported particles on the carbon when analyzed as powder (hot as GDE) and with five
times higher metal concentration than the one used in the GDE. shows the characteristic but relatively
broad reflexes for the SnO, phase. While the reflex around 26° is clearly observable the other two at
higher & are relatively hard to spot due to strong broadening and low intensity which is commonly more
pronounced at high 26-values [168]. The general broadening of the peaks compared to the other samples
is in line with the nano-sized crystallite dimensions resulting in significant broadening of the reflexes.
Evidently. the XRD analysis demonstrates that the initial bulk composition of both the commercial and
the precipitated tin catalyst employed in the GDE is of fully oxidized nature. In contrary. the former is
fully oxidized during the thermal treatment of the electrode. the synthesized tin nanoparticles supported

on the carbon are already precipitated as tin oxide.

X-ray photoelectron spectroscopy

In contrast. to XRD which allows assessment of bulk crystalline phases. XPS is a surface sensitive char-
acterization technique which gives information on the elemental and chemical composition of the sam-
ple surface. The intention of this investigation was to obtain information on the prevalence and ratio
between metallic Sn® and tin oxide (either Sn(l1) or Sn(1V)) surface species (with much higher sensitivity
as XRD) and the total elemental composition of the GDE surface. Therefore. the ability of the technique
to probe the local bonding environment of the atom is utilized which leads to a characteristic shift of the

binding energy according to the binding to its neighboring atom. Here. this would correspond to the
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oxidation state of tin. The XPS spectrum obtained is depicted in Figure 5.18 with the in-lay zoomed into
the region in which the tin related signal for Sn3d is expected. Indeed. two characteristic peaks are
prevalent at 487 eV and 495.8 eV which can be ascribed to Sn(1V) (Sn3ds, and Sn3da/.. respectively).
according to [169]. Peaks indicating the presence of metallic tin are completely absent. This supports
what has been suggested by XRD. but extended to the surface composition and with much higher pre-
cision. The latter is important. as the sensitivity of XRD has been shown to be very low in this case due
to low loading and particle size. evidenced by low signal/noise-ratio and pronounced broadening of the
reflexes. XPS on the other hand. has a significantly higher resolution and detection limit which makes
the absence of Sn° on the surface very reliable. However. there is no clear distinction between the par-
tially oxidized tin with intermediate binding state (SnO) and the fully oxidized form possible as the
difference in the chemical shift for both species is not resolvable by the device [169]. If a discrimination
would be important. it could be realized by checking the Sn:O ratio. however. due to the oxygen content
in the functional groups of the carbon black surface which is unknown. this is not possible in this sample.
Despite the absence of any evidence of SnO in the XRD analysis. its presence cannot be completely
excluded on the basis of the data at hand. at least in low quantity.
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Figure 5.18 XPS survey spectrum of AB35NP-GDE with in-lay
showing binding energy range of Sn3d-region.

Summary

While the depicted characterization results confirm that tin is completely oxidized. both on the surface
and in the bulk. this does not give information on the active species during electrolysis. Naturally. it
cannot be excluded that the oxide is at least partially reduced at the negative potentials necessary for
CO2RR which are more negative than the thermodynamic standard potential of the Sn/SnOx redox-
couple (-0.66 V vs SHE at pH10. see chapter 6.3.2). For that purpose. the use of operando characteriza-
tion would be valuable to gain information on the catalyst properties during the reaction. As discussed
in chapter 3.3. using such methods. it has indeed recently been shown. that a metastable oxide layer

which withstands the reducing environment not only participates in the reaction but is pivotal for
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obtaining reasonable performance [94.101]. Furthermore. the occurrence of differences in the oxide
layer thickness and oxide-metal ratio is argued to be responsible for substantial differences in literature
studies regarding the FE towards formate when working under the same conditions and — at least pre-
sumed — the same tin catalyst (as described in chapter 3.3). Although the derivation of a robust oxide
layer is merely a side-effect of the GDE preparation method in this work. it explains the high formate
selectivity already at low current densities [93] which is superior to most studies from literature using
tin as catalyst. It would be interesting and potentially support this argumentation. when tin with tailored
oxide layer thickness or metallic tin could be incorporated into the GDEs employed in this work. e.g. by
avoiding (or mitigating) their oxidation during thermal treatment or intentionally reducing them before
use. However. more detailed catalyst studies were not in the scope of this work. but left open for further

investigation.
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Chapter 6

Electrochemical Characterization of

Gas-Diffusion Electrodes

The core of this work was the electrochemical characterization of the GDE and the evaluation of the
interplay between its preparation. properties and electrochemical performance. In the following chapter.
this will be systematically discussed along the various parameters governing the GDE performance. The
goal is to establish a clear guide for a more rational tailoring of the GDE properties based on a more
fundamental understanding on the influence of the preparation parameters. The chapter starts with a
short description of the system and how the experiments with GDEs are conducted. their performance
assessed and compared. The chapter continues with the investigation of the effect of metal loading and
dispersion. a screening of different carbon materials and the influence of the PTFE content. Following
the obtained information from these experiments. a more targeted investigation of the electrode proper-
ties is pursued to elucidate the decisive parameters for the electrochemical behavior. The studied prop-
erties include the hydrophobicity and porosity. evaluated by oxidizing the carbon carrier. use of pore-
forming agents and varying compacting pressure. electrode thickness and the operational mode. It has
to be noted that in the course of these investigations. the benchmark GDE onto which adjustments have
been made. was not always the same with regard to the carbon support what might lead to confusion
when comparing results beyond chapters. The same accounts for the electrolyte composition which
changed from 0.1 M to 1 M KHCO; in the course of this work.

As a starting point for this work. the sketch in Figure 6.1 illustrates the interplay of the GDE preparation
parameters and what properties they influence. The employed GDEs are carbon-based. catalyzed by tin/
tin oxide and bound together by PTFE (polytetrafluoroethylene) as binding agent which besides supply-
ing mechanical integrity renders the pore system hydrophobic. The main contributions which influence
how efficient the reaction proceeds can be divided into contributions given by the electrocatalyst. mainly
the Kinetics. participating catalyst surface area and accessibility. the wettability of the pore system de-
termining the extent of the reaction zone and the porous structure. All of the above parameters control
the mass transfer from gas phase to the triple-phase boundary. as well as mass transport of dissolved
CO; to the active site and of the charged products to the bulk electrolyte. These aspects will be elaborated

in the next chapters.
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Figure 6.1 lllustration of parameters determining electrode performance

The important performance figures which are addressed in this work are the following:

Achievable current density. Working at high current density is advantageous as it directly relates

to the space-time yield of the electrolyzer. However. at some point. the reaction becomes mass
transport limited. i.e. a further increase beyond this limiting current density only translates in an
enhancement of hydrogen evolution.

Activity. given by the potential-current relationship or the polarization curve. which correlates
with the reaction rate according to the Butler-Volmer equation (eq. 2.15). The driving force for
the reaction is the electrode potential. Working as close as possible at the thermodynamic opti-
mum given by the Nernst equation (eg. 2.10) is desirable.

Stability. with respect to activity and product distribution over time. For technical realization
thousands of hours are desired. Naturally. an investigation on these time scales is unrealistic and
not the scope of this work. The screening and comparison of different electrodes has in most
cases been done in one-hour experiments due to the limitation in the semi-batch experiments
regarding the change in the electrolyte composition with time. whereas the experiments in the
continuous mode were extended to several hours. Furthermore. a discussion of the transient
behavior in these short time intervals and the progressing wetting behavior with time during the

initial phase will be discussed.
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6.1 Development of GDEs and their electrochemical behavior

6.1.1 Electrochemical Reduction of CO; on Planar Tin Foil

In this work. tin was chosen as active cathode material due to its promising ability to convert CO; to
formate at Faradaic Efficiency (FE) above 80% at moderate overpotential as suggested in a variety of
studies summarized in chapter 3. Furthermore. it is inexpensive and neither toxic nor problematic for
the environment as it is the case for the other formate-producing catalysts such as Hg. In. Pb and Cd
which makes it attractive for technical application of the process.

To get a general understanding of the electro-reduction of CO; in the system at hand with tin/ tin oxide
as active component. preliminary experiments were conducted using bare tin foil as working electrode.
The foil was pre-treated to clean-off contaminants by mechanical polishing and washing with diluted
HNOs solution. It was further undertaken the same thermal treatment at 340 °C as for the GDEs reported
in the following chapters to obtain comparable surface properties. As a starting point for the work in this
thesis. cyclic voltammetry (CV) measurements have been performed in the 0.1 M KHCO3; benchmark
electrolyte. both. saturated with CO. (pH 6.82) and degassed with N (pH 9.2) to assess its behavior in
the presence and absence of CO,. Thereby. the participating redox reactions can be ascribed to distinct
potentials and the potential range. in which the experiments in this work have to be conducted. can be
assessed. The results of the scans are depicted in Figure 6.2. plotted on the RHE scale (reversible hy-
drogen electrode. Erne = Esne — 0.059-pH) to compensate for the different pH values in both solutions
and the according difference in standard potentials. Furthermore. to set the results into relation. the scan
in the degassed solution was also performed with a Pt rod. which is known to be one of the most active
metals for hydrogen evolution (HER) [29].
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Figure 6.2 Cyclic voltammetry scans (scan rate 10 mV/s) in degassed electrolyte (CO-free 0.1 M
KHCOs. pH 9.2) using tin foil and Pt rod as comparison (left. inset shows redox-behavior of tin sur-
face). Electrochemical behavior of tin foil in degassed and CO- saturated electrolyte (pH 6.82) (right).
standard potentials of relevant reactions indicated with dashed vertical lines
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In the absence of CO; (left figure). hydrogen evolution can be observed as the steep exponential rise of
the cathodic (negative) current when the electrode is polarized in negative direction. Comparing the
standard potential included in the graph as dashed line with the onset of the reaction. the assessment of
Pt above is confirmed. indeed exhibiting negligible overpotential for HER. On the other hand. tin shows
quite a remarkable overpotential towards HER which is in line with the requirements outlined in the
theory section for suitable CO2RR electrocatalysts. Accordingly. HER is strongly suppressed on its
surface in the potential region of CO2RR which is important as both reactions are competing for active
sites. For completeness. also the anodic branch of the CV is included which was scanned into the poten-
tial region of OER. evidenced by a slow rise of anodic (positive) current at potentials beyond E°=1.23 V.
Since OER is the significantly more complex reaction. overpotentials are much higher than for HER.
rendering even a rather active catalyst such as Pt with high overpotentials.

For the tin foil three peaks can be observed. shown in the inset of the left graph. They can be assigned
to the redox-behavior of the tin oxide film on its surface. two of them with a pronounced plateau up to
the start of OER being oxidative and the other of reductive nature. The reduction peak is always present
in the literature on CO2RR on tin surfaces and is commonly ascribed to the partial reduction of the oxide
film (of whatever nature) to metallic tin; partial because a metastable oxide film maintains in the pres-
ence of CO- despite the negative potential. see 3.3. Its exact position. here at -0.47 V. is largely depend-
ent on the history of the sample. its pre-treatment. electrolyte composition and the conditions of CV
(scan rate. limits) with the peak position ranging approx. between -0.1 V and -0.5 V vs. RHE at different
anodic scan limits. according to [170] in slightly alkaline media. For the oxidation peaks. the picture is
not as clear but according to more fundamental electrochemical studies on the tin oxide surface they can
be associated with the hydroxylation of the metallic tin surface and its oxidation to Sn(OH), or SnO (i.e.
Sn(ll). peak I11). followed by the progressive passivation to Sn(OH)4 or hydrated SnO- at more positive
potentials. evidenced by the pronounced anodic plateau beyond peak Il1.

In Figure 6.2 on the right. the scan in the CO; saturated electrolyte is plotted together with the one in
the CO.-free solution. both for the tin foil. It is clearly visible that the presence of CO changes the onset
and the magnitude of the cathodic current (also in the RHE-scale. i.e. even when the change of pH is
accounted for) when scanning in the negative direction. suggesting that in the presence of CO; an addi-
tional process proceeds starting at lower polarization of the electrode than HER in the absence of CO..
This feature accelerating at around -0.8 V vs. RHE (-1.2 V vs. SHE) but slowly setting in already at
more positive potentials is associated with CO2RR. Naturally. it is not clear by these experiments alone
what this current exactly corresponds to and how the current is distributed between CO2RR and HER.
As pointed out by Hori [62]. the current assigned to CO2RR is not simply the difference between the
current in degassed and saturated solution as the presence of CO in solution. besides changing electro-
lyte composition and proton concentration. directly affects HER and the active sites on which it pro-
ceeds. e.g. by competitive adsorption. Furthermore. also a clear assignment to an exact onset overpoten-

tial is difficult as. evidently. different reactions are overlapping in this potential region (HER. CO2RR
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to different products and SnOy reduction). However. these simple experiments already demonstrate that
the presence of CO; significantly changes the electrochemistry of the system. because additional current
arises by the reduction of CO, which will be quantified in the following chapters. Furthermore. it is
clearly shown that the use of planar electrodes only facilitates electrolysis at small current densities. In
the above case. ~10 mA/cmz can only be achieved at an overpotential of about 2 V which is at least one

order of magnitude below what is considered viable for technical realization [19].

6.1.2 Preparation of Gas-diffusion electrodes

The above discussion showed that using flat electrode architectures severely suffer from low achievable
current densities. This is not so relevant when new types of materials are evaluated. or mechanistic
investigations are performed. however. for technical realization of the process. current densities on the
order of several hundreds of mA/cm? are indispensable which makes the use of GDEs essential as elab-
orately discussed in chapter 3.4.3. Choosing an appropriate method for the preparation of GDEs is im-
portant as besides governing the electrochemical performance it also determines how economically fea-
sible the process is. It is surprising that there is no profound investigation on the influence of preparation
method. as it is the case for other applications such as fuel cells or water electrolysis for which numerous
studies have been published [128.171.172]. For technical realization. certain requirements are placed on
the preparation method that have to be met: Besides being cost-efficient. exhibiting high reproducibility
and low environmental impact. the method has to be suitable for scale-up. preferably in an automated
and continuous manner. In the frame of the project. the goal was to develop a solvent-free dry deposition
method for lab-scale investigations. The general advantage of dry methods is that avoiding solvent use
leads to lower cost. less waste and the possibility of continuous operation without additional time for
drying. Furthermore. in case of wet techniques. the reproducible formulation of the catalytic ink. its
storage and the stability of the dispersion are difficult challenges for scale-up purposes. which is avoided

when powder mixtures are deposited [173].

Based on the work by A. Inan [174] in which the general procedure of the electrode preparation was
introduced and the key features implemented. this process was refined and the preparation conditions
optimized. The initial goal was to produce mechanically stable electrodes with the desired composition
in an efficient and. importantly. reproducible manner. The method is a dry pressing method developed
for fast and simple evaluation of GDE preparation and electrolysis conditions in a lab-environment. The
method comes with certain advantages over e.g. solvent-based wet deposition methods. such as hand-
painting or air-brushing usually employed for electrodes in CO; reduction research (see chapter 3.4.2).
The method is very simple and straightforward. includes very few production steps with few parameters
to be optimized and has very low excess material input. A sketch of the process steps is given in Figure
6.3. the exact conditions are described in the experimental section. In short. after thoroughly mixing the

powders in a knife mill. a certain amount is given in a cylindrical mask and pressed with a hydraulic
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press at defined pressure for 1 h. The chosen mass determines the thickness of the layer while the com-
pacting pressure also influences porosity. Both paramezers will be evaluated later. In a last and decisive
step. the electrode is undertaken a thermal treatment (in literature often misleadingly termed ‘sintering”)
in an oven at 340 °C slightly above the melting point of PTFE (327 °C) to obtain a homogeneous distri-
bution of PTFE as thin film over the interior electrode structure. PTFE was chosen as binder. instead of
Nafion which is commonly employed as binder and ionomer in wet-deposition methods for CO2RR (see
3.4.2) inspired by PEMFC research. The choice for PTFE was made to produce hydrophobic GDEs with
coexisting aggregates wetted by the liquid electrolyte and dry gas channels distributed throughout the
active layer to maximize gas dissolving sites and the TPB. This approach is suggested to be advanta-
geous herein. as the benefit of Nafion as proton-transport ionomer is questionable for CO2RR and in
alkaline media in general. and would lead to a flooding of the whole catalyst layer due to its hydrophilic
nature. This can be desired in the case of thin-film catalyst layers and multi-layer assemblies. yet. is not
the case in this work where the deposition method intrinsically produces thicker single-layer electrode

structures.
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Figure 6.3 Production steps during GDE preparation and respective parameters to optimize
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To demonstrate the reproducibility of the preparation method regarding the catalyst layer thickness.
several thickness measurements have been performed over various positions of the same electrode to
evaluate uniformity and at different electrodes. This has been done for GDEs with different overall mass
from 100% to 50% and 30% for which variation of the thickness was targeted. The results are summa-
rized in Table 6.1 showing the good reproducibility and uniformity of the GDEs with the standard de-
viation of the thickness increasing slightly from 1% to 6% when going towards smaller thickness
whereas the reproducibility maintains stable between 2% and 4%. The reproducibility regarding elec-

trochemical performance will be discussed later.
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Table 6.1 Thickness of GDEs with different electrode mass. uniformity

and reproducibility (standard deviation inside GDE and between GDES)

Electrode Mass Thickness  Uniformity  Reproducibility
pum um / % um / %
100% 829 +12/+1.5 +21/+2.6
50% 427 +10/+2.4 +16/+3.8
30% 281 +19/416.4 +7 /425

It is clear that the developed method that produces one electrode at a time cannot be simply transferred
into larger-scale in an industrial environment. That said. this was not the purpose but rather to set a
benchmark for the scientific investigation and to allow a systematic optimization of the electrode prop-
erties. Further development would include the transfer of this knowledge into a continuous dry deposi-
tion of GDEs with larger dimensions (5x5 or even 10x10 cm?). Also. the derivation of thinner layers
would be beneficial to minimize ohmic losses and ionic transport limitation as would be the deposition
of the layer onto a support such as a current collector or a macroporous carbon substrate to minimize
contact resistances. Possible technologies for technical realization are dry-spraying [173] or the direct
rolling of the homogenized powder mixture onto a support/ metal net. i.e. roll compaction or calandering
how it is already in place for certain applications. such as gas diffusion layers for fuel cell application

or oxygen-depolarized cathodes for the chlor-alkali synthesis [47].

6.1.3 Relationship between potential. current density and product distribution

Prior to the in-depth investigation of the GDE behavior as function of its properties in the subsequent
chapters. the discussion will start with an exemplary description and interpretation of the commonly
conducted experiments to introduce how the performance of the electrodes and catalysts are assessed.
This comprises the assessment of activity. i.e. the recording of the potential-current relationship or so-
called polarization curves. the influence of the potential and current density on product distribution and
a description on how the galvanostatic experiments (at fixed current density) are evaluated to compare
electrodes with different properties. To clearly demonstrate the importance and the benefits of using a
GDE for this reaction. the voltammetry scans from the previous section on planar electrodes have been
repeated. both with nitrogen and CO.. Instead of pre-saturating or degassing the electrolyte. both exper-
iments were conducted in the same electrolyte but with CO, and N flowing on the gas side of the GDE.
This is reasonable. as the dissolved CO- in pre-saturated electrolyte will give negligible contribution to
the expected current density for GDEs due to its low solubility and constant supply of gaseous CO, from
the back. After pre-conditioning the GDE (here: Acetylene Black. 35% PTFE. 5 mg/cm2 commercial tin
powder) at -1.5 V vs Hg|HgO for 1 h. Linear Sweep Voltammetry Scans (LSV) have been conducted in
which the potential is scanned with a fixed scan rate (here 5 mV/s) over a given range. As the name

suggests. in contrary to a cyclic voltammetry scan. in an LSV only the forward sweep is performed
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during the measurement. While for kinetic studies commonly the CV is the measurement type of choice
as it gives more valuable information. herein due to the significant change of the catalyst environment
at the high current densities due to product accumulation as well as partial reduction of the catalyst itself.
an LSV is considered more practical. In addition. a pre-conditioning step was shown to be necessary to
facilitate a reproducible wetting of the hydrophobic GDE. thus. a prerequisite to perform LSVs in the
first place. The result is shown in Figure 6.4. As expected. tin as electrocatalyst exhibits a high overpo-
tential towards hydrogen evolution. with an on set overpotential of around 600 mV (-1.2 V vs. SHE at
1 mA/cm2, E%er = -0.59 V) at these conditions (compared to a few mV for Pt. see above). Furthermore.
in the presence of CO,. the current is significantly increased which suggests that reduction of CO; pro-
ceeds and that it is strongly favored over HER. Whereas. current density at -1.6 V which corresponds to
an overpotential of 1V (E°%ozncoo = -0.6 V at pH10) is as high as 185 mA/cm2 under CO- flow. it de-
creases to only 15 mA/cm? in its absence. Such LSV scans were regularly performed in this work to
assess activity of electrode and catalyst. The graph it produces is also often referred to as polarization
curve or E-i curve and depicts the potential-current relationship of an electrode system at specific elec-
trolysis conditions.
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Figure 6.4 Polarization curves of GDE (AB35. 5 mg/cmz2 Sn) with CO; and N
flowing on the gas side in 0.1 M KHCO; at pH10.

To obtain information on product distribution. most of the experiments were conducted under galvanos-
tatic control. which means that the current was fixed and the potential measured over time while the
product distribution was evaluated. The latter was done on-line via gas chromatography to measure the
gas phase distribution while the volumetric flow-rate at the outlet of the half-cell was monitored contin-
uously. Furthermore. after each experiment a liquid sample was taken to evaluate liquid phase products
and components (formate and dissolved CO: in the form of (bi)carbonate. the latter to close the carbon

balance). Since one of the main goals of this work was the optimization of the electrode properties to
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facilitate efficient mass transport and achieve high current density. the behavior at high current density
is regarded as particularly important. Thus. the current density was stepwise increased between each
experiment and the product distribution analyzed. Plotting the FE towards the products over the current
density. as further below. allows the comparison of the different electrodes regarding their ability to
work at high product yield. Figure 6.5 shows the course of such a galvanostatic experiment for different

current densities.
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Figure 6.5 Exemplary development of electrode potential over time at different current densities.
dashed line: without iR-compensation (AB35 with 10% graphite. 5mg/cm?2 Sn.
in 0.1M KHCOs. see [175]).

As one can see. the potential becomes more negative as the current density is increased due to a higher
electrode polarization. Also included is the course of the potential without iR-compensation with a
dashed line. iR-compensation is an important technique to compensate for the ohmic voltage drop be-
tween working and reference electrode owing to the limited ionic conductivity of the electrolyte. The
higher the current. the higher the distance and the lower the conductivity of the electrolyte. the higher
the deviation between measured and actual electrode potential. Here. it is particularly high. because the
preliminary experiments were all conducted with KHCO3 of a very low concentration 0.1 M which is
translating into low conductivity of 9.7 mS/cm (compared e.g. to 170 mS/cm of 1 M KOH). The differ-
ence between actual and non-compensated potential becomes less pronounced with time due to the ac-
cumulation of product HCOO™ and OH- as well as diffusion of K* as charge carrier from the anode to
cathode chamber. This results in a steady rise of conductivity. for example to ~30 mS/cm after 1 h at
50 mA/cmz2. Only by subtracting this contribution. a meaningful assessment of the actual potential is
possible without influence of reactor geometry and placement of the reference electrode. In this work.
the so-called Current-Interrupt technique was employed for this purpose which is automatically per-
formed by the potentiostat software in the background of the experimental sequence. In the following if

not otherwise mentioned all the potentials are iR-compensated. The iR-compensated curves still show a
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decrease of polarization with time which can be explained by the continuous wetting of the electrode
with time which puts more catalyst in contact with electrolyte and thus lowers the local current density
when the macroscopic current density remains constant.

The changing electrode polarization influences the different participating reactions to different degrees
as each reaction proceeds via different pathway which has its own potential dependence. The product
distribution as function of current density and average potential during the experiment is depicted in
Figure 6.6. The graph was obtained by stepwise increasing the current density from 10 to 250 mA/cm?
in consecutive experiments and plotting the FE of the products over the average potential during the
experiment (as product distribution is also averaged). The employed GDE was made from a mixture of
35% PTFE. with an Acetylene Black : Graphite ratio of 9:1 and a tin loading of 5 mg/cm2. In these
preliminary experiments. graphite was added to the GDE mixture to facilitate mechanical stability which
constituted a problem at the very beginning of this work but could be alleviated in the course of opti-
mizing the preparation procedure in the next chapters. As one can see. HER is mostly suppressed for all
potentials in the presence of CO,. Only when going to very low negative potentials there is a slight
increase of HER observable. This trend is in agreement with literature in which the FE towards CO2RR
linearly increases from the onset potential towards more negative potentials. However. the observation
that CO2RR makes up more than 80% and HER is mostly suppressed over the whole investigated po-
tential range. even at potentials close to onset was rather uncommon at the time this study was per-
formed. Surveying the broad discrepancies of results when using tin-based metals in literature. it is
evident that the outcome is highly sensitive to experimental conditions and the exact catalyst properties
that result from the synthesis and pre-treatment. Indeed. it has been show that the ratio between CO2RR
and HER is a strong function of subsurface oxygen content [93]. which can readily explain the desirable
outcome herein with the fully oxidized tin oxide catalyst (see chapter 5.3). The suppression of HER
proceeds up to the current density for which transport limitation sets in. here at 200 mA/cm2. beyond
which HER increases rapidly. Furthermore. the ratio between CO, reduction into formate and CO is
clearly affected by the electrode potential as shown in Figure 6.6. At low negative potentials. the distri-
bution of the CO- products is slightly shifted towards CO with a FE close to 20% and 80% to formate
at -1.2 vs. SHE whereas at high overpotentials the ratio shifts in favor of formate increasing to over
90%. This potential dependent variation in the CO; reduction product spectrum has been observed in
literature before [88]. It is not surprising as formate and CO go through different mechanisms which
show different dependence on the electrode potential (see chapter 3.2). The same effect of the competi-
tion between CO and formate production as function of the potential can be observed throughout this
work. independent of where the effect on the electrode potential comes from (higher metal loading.
better wettability of electrode or increased wetting with time). Also shown in Figure 6.6 is the sum of
the FEs which does not go above 3% deviation from 100% and maintains at 100% + 5% throughout this

work.
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Figure 6.6 Product distribution and sum of FE as function of electrode potential (left) and current den-
sity (right). both depicting the same data (AB35 with 10% graphite. 5mg/cm?2 Sn.
in 0.1M KHCO:s).

Finally. on the right of Figure 6.6 the product distribution as function of the current density is depicted.
It shows the results from the same experiments but instead of the resulting potential. the set current
density is plotted on the x-axis. While both graphs in principle show the same results. depending on the
guestion asked. either of the diagrams yields the desired information. Whereas the potential gives infor-
mation on the intrinsic properties of the electrocatalyst which produces different product mixture de-
pending on its polarization. the current density is better suited for evaluating the electrode performance
from an application point of view. as it is possible to assess the current density window. one can work
in to get a product of desired yield. In the depicted case. one can see that at very low current densities
below 50 mA/cm2. which corresponds to low electrode polarization. formate selectivity is slightly lower
due to an increased CO generation than in the CD window between 50 and 200 mA/cm? for which for-
mate FE is around 90%. Beyond that. transport limitation sets in. clearly visible by an acceleration of
HER. For the following experiments. the current density plot will be shown almost exclusively as one
major goal was to assess achievable current densities.

6.1.4 The Wetted Surface Area and its Influence on Activity

The extent of the triple-phase boundary where catalyst. gas phase and electrolyte meet and the surface
area of wetted electrocatalyst in this reaction zone are the governing variables that determine activity.
i.e. how much CO; can be converted at a given electrode potential. To have an idea of the magnitude of
this reaction zone and where it is situated inside the GDE is of pivotal interest. As discussed in chapter
5. the actual participating electrode surface is. indeed. extremely low compared to the total GDE surface
area. Even when only the macroscopically wetted electrolyte front is taken into account. a large portion
of this volume remains dry. which is suggested to be beneficial for gas transport throughout the GDE
and accessibility of the wetted regions by reactant. On the other hand. for a given current density. low

wettability increases the electrode polarization. due to higher local current densities. For a better
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understanding of this effect. targeted experiments have been conducted to examine the time evolution
at constant potential and establish the relationship between the wetting of the electrode structure and the
electrode activity for different electrodes. The experiments are conducted at low polarization to maintain
in the kinetically limited region far away from transport limitations. In contrast. the behavior in the

transport limited region is investigated in 6.2.3.

Change of wetting with time

As mentioned. the GDE becomes increasingly active with time. as the electrolyte continuously pene-
trates into the pore system of the GDE. This can be readily observed in potentiostatic experiments at
constant electrode potential. To correlate the effect of increasing activity and electrode wetting with
time. a one-hour experiment was interrupted in equal intervals of 10 min. the double layer capacitance
measured. and the run resumed. As one can see in Figure 6.7. the activity increases for each 10 min run
with the same slope. However. surprisingly. the consequent runs do not pick up where they ended before
but at a slightly lower activity. This becomes clear when running the experiment for 60 min without
interruption to measure the capacitance: without the breaks the final current density is three times higher
than in the sequence with the breaks. The datapoints in Figure 6.7 on the right are the measured current
densities at the end of the consecutive 10 min runs. whereas the red line is from the experiment without
breaks. It is important to note that the activity decrease is not caused by the capacitance measurements
as it also occurs to the same extent when the current is just switched off for the same period of time.

understanding of the system was obtained. as discussed in the following.
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Figure 6.7. Current density over time for consecutive 10 min experiments with the same GDE (left)
and comparison with an experiment running for 60 min without breaks (right). each at -1.4 V

First. it was hypothesized that the intrinsic activity of the catalyst is affected by switching off the current.
such as that a reduction of the tin oxide surface occurs or the catalyst is leached. Evaluating the capaci-
tance after each step and comparing it to the 1 h experiment. as depicted in Figure 6.8. gives another
explanation. The lighter red datapoint at 2.5 mF gives the capacitance of the GDE which ran for 60 min
without break. The much higher capacitance suggests that interrupting the experiment has an effect on

the wetting behavior. Accordingly. the current density before the break is plotted against the
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corresponding capacitance in the break on the right figure. Evidently. a direct relationship can be drawn
between the wetted surface area and the activity which increases linearly with wetting and time. More-
over. the GDE without the breaks lies on the same straight line relating current density and capacitance
as do the other two reproducibility tests. The higher activity can thereby be readily explained by a higher
wetting degree which in turn suggests that the reason for the decrease in activity with each break is due
to an apparent retreat of electrolyte as soon as the potential is switched off. As soon as the potential is
applied again. the progressive wetting continues but starts from a slightly lower initial point. This can
be ascribed by the influence of the electrode potential on the surface tension between liquid and the pore
surface. as described in chapter 5 [162]. When a negative potential is applied. the surface tension de-
creases. and the pore system becomes partially hydrophilic. The pores become wetted through capillary
forces. When switching off the current. the electrode potential slowly returns to the open circuit poten-
tial. the surface becomes hydrophobic again and the electrolyte partially retracts.
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Figure 6.8. Development of capacitance over time at -1.4 V (left). current density as
function of corresponding capacitance (right).

Influence of electrode composition on wettability and activity

In principle. wettability should directly correlate with hydrophobicity of the pore system and. accord-
ingly. be influenced by the PTFE content of the GDE and the employed carbon type. In the following
both activity and capacitance of GDEs with different PTFE content ranging from 10 to 50% have been
evaluated. The GDEs have been pre-conditioned at -1.4 V for one hour. the capacitance measured and.
finally. activity assessed via an LSV measurement. The results are shown in Figure 6.9. The activity
(left figure) increases with decreasing PTFE content. From the knowledge obtained so far. this can be
ascribed to an increasing wettability of the electrode due to less hydrophobic PTFE in the electrode
matrix. rendering more catalyst in contact with electrolyte. Evaluating the capacitance clearly verifies
this hypothesis. Indeed. a striking linear correlation between wetted surface area. given by the capaci-
tance. and activity can be observed. when the current density at the end of the run is plotted versus the
measured capacitance. Together with the results from the time-resolved measurements in the previous

subsection. this clearly indicates the wetted surface area to be the governing parameter for activity at
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low to moderate current densities and that this can be qualitatively assessed via double layer capacitance

measurements.
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Figure 6.9. Polarization curves of GDEs with different PTFE content after one hour at -1.4 V.
scan rate 5 mV/s. Relation between current density and measured capacitance for GDEs with different
PTFE content after 1 hour at -1.4 V.

6.2 The Influence of electrode properties on electrochemical behavior

The operation of a GDE is determined by a complex interplay of different contributions and phenomena
governed by the employed materials and the preparation conditions. In the following. the experiments
and results examining their influence on the electrochemical performance are described and interpreted.
Namely. the influence of carbon support and electrocatalyst is investigated. as well as the effect of po-

rosity and wettability.

6.2.1 Screening of a suitable Carbon Support

The carbon material of choice is usually a type of carbon black. Carbon blacks such as most prominently
Vulcan XC-72R or Acetylene Black exhibit moderate to high surface area values (yet. inferior compared
to activated carbon). a micro-. meso- and macroporous structure and a very high electric conductivity
due to their partially crystalline structure formed by graphitic layers that build near-spherical particles
which in turn form the aggregates. see chapter 2.5 [176]. Most widely used carbons have been the highly
hydrophobic acetylene black and the more moderately hydrophobic oil furnace (e.g. Vulcan) carbon
blacks [165.177]. However. different groups have found different carbon materials to be superior for the
same application suggesting that the actual choice is highly dependent on electrode preparation proce-
dure. reaction parameters and the goal of the investigation (activity. catalyst dispersion. stability). There-
fore. it is inevitable to investigate and empirically compare the different carbons for each application
and system on its own.

In order to have a solid basis to draw conclusions on the influence of carbon type. different carbon

materials with a wide range of different properties have been evaluated. For this reason. the most
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prevalent carbon black materials in similar applications (e.g. fuel cells. batteries) have been tested.
namely. Acetylene Black (AB). Vulcan (VXC). Ensaco (ENS). Black Pearls (BP) and Ketjen Black
(KB). Furthermore. as an example for an activated carbon Norit GSX CAT (NOR) was chosen. A de-
tailed overview of the properties of the carbons are given in chapter 5.1. In short. it can be said. that
while BP and NOR are highly microporous materials with very high surface area. the latter is also true
for KB which. however. is free of micropores but made up of small mesopores. ENS and AB are rather
macroporous carbon blacks with low surface area of below 80 m2/g whereas VXC. the most prevalently
used commercial carbon black for electrochemical applications. ranges in between those materials. with
a moderate surface area of 230 m2/g and certain share of micropores (40% of surface area). The GDEs
were prepared with commercial tin powder (5 mg/cm?) and 35% PTFE. the experiments conducted in
0.1 M KHCO; at pH 10 with the aim to assess ability to work at high current densities before transport
limitation sets in. Commercial tin powder was used to avoid influence of metal loading. its dispersion
and particle size which is suggested to differ strongly given the high difference in surface area when it
is deposited via wet chemical routes onto the carbon. It is also important to note that the given values
are average values over the one-hour experiment and that in these first screening experiments. the ex-
periments started at room temperature and were conducted non-isothermal. The effect of this will be
discussed in chapter 6.3.1.

As Figure 6.10 clearly shows. the materials strongly deviate in their performance when employed as
catalyst support. As an indicator of the ability to allow for efficient mass transport. the FE towards H>
is depicted over the CD. as it will be done throughout this work. The remainder accounts for formate
and CO. the ratio of which is solely a function of potential (see above). The first observation that can be
made. is that the carbons with high surface area fail at achieving even moderate current densities. Ac-
cordingly. transport limitation for KB. NOR and BP already sets in below 50 mA/cm? evidenced by a
substantial share of HER. On the other hand. the three macroporous carbon blacks with low surface area
but a rather open pore structure show relatively similar results with achievable current densities between
300 and 500 mA/cm? which is already in the range of what is aimed for (see chapter 7.2). Naturally.
obtaining information on the decisive properties of the GDE simply by changing the carbon material
falls short in such a complex system. as the carbons types differ from each other in several characteris-
tics. such as surface area. pore size distribution and surface functionality. The latter together with the
texture leads to different wettability. It is evident that the carbons which exhibit a high share of small
pores (micro- and meso) which translates into the observable high surface cannot facilitate electrolysis
at reasonable rates when compared to the more macroporous samples. This seems reasonable. as no
matter the limiting transport mode. the microporous nature of the pore system seems to entail a severe
transport resistance for reactants or products through the pore system. This can include transport of
gaseous CO- to the triple-phase boundary (TPB). diffusion of dissolved CO; to the active site or the
diffusion of the liquid products out of the pore system into the bulk electrolyte. A closer look into the

potential rate-limiting transport mode is done in chapter 6.2.3
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Figure 6.10 Faradaic Efficiency for H, over current density for various carbon supports
(PTFE content 35%. 5 mg/cm2 Sn in 0.1M KHCQOs. pH 10).

Besides the transport characteristics and pore structure. it is clear that wettability must play a key role
as well for achievable current densities. This is because it determines the magnitude of the triple-phase-
boundary and the length of the diffusion path for the dissolved CO- to the active sites and the products
to reach the bulk electrolyte. According to literature. AB and ENS are highly hydrophobic. the activated
carbon NOR and BP are hydrophilic while KB and VXC are moderately hydrophobic [178]. This qual-
itative assessment which is consistent with achievable current densities could also points towards hy-
drophobicity being an as important characteristic. Unfortunately. a more meaningful and quantitative
analysis of hydrophobicity of the carbon materials requires development of sophisticated methods and
was not in the scope of this study despite being of high interest to obtain a better understanding of
relationship between GDE properties and performance. A measure which can give a hint on wettability
and. indirectly. to hydrophobicity is the measurement of the double layer capacitance. as described in
chapter 5.2.1. For the three GDEs which facilitate high current densities. VXC. ENS and AB. the ca-
pacitance is depicted over current density in Figure 6.11. Indeed. the above assessment can be verified
with VXC exhibiting a higher wetting degree as the highly hydrophobic carbon blacks which are very
similar. One has to be aware. that the surface area of VXC35 is higher than AB35 and ENS35 by a factor
of 1.6 and 1.4. respectively. While this can contribute accordingly to the increased double layer capaci-
tance of VXC35. it cannot explain completely the difference in capacitance which is more than twice as
high.
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Figure 6.11 Electrochemical double layer capacitance as function of current density for GDEs with
different carbon support and 35% PTFE.

With regard to the achievable current densities. a definite answer on a single decisive factor. if existent.
or which factor prevails cannot be made with the above results but will be investigated in the subsequent
chapters. In the following. in most cases Acetylene Black will be further investigated as reference ma-
terial as it gave the most promising results here. In some cases. Vulcan is chosen to produce GDEs with
moderate performance and lower limiting current density to ensure that limiting current density is not

reached due to non-GDE related reasons. such as reactor- or electrolyte-specific reasons.

6.2.2 The effect of loading and dispersion of electrocatalyst

Besides its intrinsic activity and selectivity. an important factor describing electrocatalyst influence on
electrochemical behavior is its accessibility in the porous system which in turn is determined by its
loading and dispersion. Both are investigated in the following chapter. For the establishment of the GDE
preparation method and most preliminary experiments. commercial tin powder was employed but later

changed to tin oxide nanoparticles synthesized by homogeneous precipitation.

Influence of metal loading

Although catalyst cost is not a critical factor in this case. as tin is rather inexpensive. this work started
with an investigation of the influence of the metal loading on activity and product distribution to choose
a reasonable loading for the following studies. For formate generation. there are only a few studies which
examined the effect of catalyst amount on the GDE operation. The results presented herein were pub-

lished in [175] and were one of only a few examples in literature [131.137] at the time of publication.
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Due to a different type of electrode structure used. literature examples are not directly transferable. as
will be discussed below. To gain insight into how catalyst loading influences the reaction. electrodes
with different amounts of tin powder ranging from 0 mg/cm? to 15 mg/cm? have been prepared and
activity as well as product distribution analyzed. The activity was assessed via LSV measurements (scan

rate 5 mV/s) for which three exemplary results are shown in Figure 6.12.
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Figure 6.12 Polarization curves of GDEs prepared with varying metal loading

The small peak observed around —0.75 V can be attributed to the partial reduction of tin oxide on the
surface of the particles [96]. It becomes increasingly pronounced at higher loadings at which more metal
is reduced. as can be seen in the magnification. Independent of the loading. the onset of the reaction is
around a potential of —1.0 V vs. SHE. This value is consistent with literature although variations therein
are quite pronounced. This is because the reaction is highly sensitive to the surface structure. morphol-
ogy and chemical environment. At more negative potentials. the current density rises significantly faster
for higher loadings. Unsurprisingly. increasing metal loading leads to an enhancement of the macro-
scopically observable activity due to an increase of active sites wetted by electrolyte and participating
in the reaction. However. when normalizing on the metal loading one can observe that activity does not
simply scale with the concentration of metal on the carbon support. At -1.3 V for example. the current
density is 2. 26 and 85 mA/cm? for the GDE with 1. 5 and 15 mg/cm?. respectively. and 6. 56.
191 mA/cm? at -1.4 V. While the activity of the 5 and 15 mg/cm? loaded GDE is similar when normal-
ized on the loading. particularly the GDE with lower loading shows a strong deviation. One hypothesis
is that the hydrophilic nature of the metal / metal oxide leads to a more pronounced wetting and. thus.
more wetted electrode surface. While. unfortunately. capacitance measurements were not conducted at
this stage of the study. the amount of wetted catalyst surface can be estimated by integrating the tin
oxide reduction peak between -0.5 V and -1.0 V. assuming the same extent of reduction during the po-

tentiodynamic scan.
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To evaluate the amount of electrochemically active surface area. the polarization curve was deconvo-
luted by curve fitting of an exponential function and a Gauss distribution describing CO; reduction with
an onset at -1 V and the tin oxide reduction at ~ -0.7 V. respectively. The result is depicted in Figure
6.13 for the GDE with 5 mg/cm? loading. Although the two functions can nicely fit a large range of the
experimental curve. it is visible for all the curves. that the tin oxide reduction does not follow a distinct
Gauss distribution throughout the scan but exhibits pronounced tailing which merging into the exponen-
tial curve. This suggests that the tin oxide reduction is kinetically limited and not fully completed at the
sweep-rate at hand. As the sweep-rate. the morphology of the catalyst and its environment is the same
in all cases. it is reasonable to assume that the change of the shape of the reduction peak is comparable
and that the obtained area when integrating the fitted gaussian distribution allows a comparison of the
relative increase of wetted surface area when increasing the metal loading. Following this argument. it
is estimated that the electrochemically active surface area increases by a factor of 6.78 and 17.8. when
going from 1 mg/cm? to 5 and 15 mg/cm?. respectively. Particularly in the very low current density
region (potential > -1.25V). there is a striking consistency of the curves when normalizing to the area of
the tin reduction peak as shown in Figure 6.13 on the right. At moderate current density. particularly the
GDE with low loading slowly shifts towards more negative potentials. arguably induced by an increas-
ing share of overpotential from transport limitation (longer diffusion paths for dissolved CO, to reach
active site) and increased HER production. As in chapter 6.1.4. this analysis again validates what is
expected: that the amount of wetted catalyst surface is the sole GDE parameter determining the activity
in the kinetically-limited region. It is important to note. that the amount of wetted catalyst surface can
only be analyzed qualitatively by this technique as it is not clear what percentage of tin oxide is reduced
during the sweep. This is because according to literature [101] a metastable share of oxide species re-
mains on the surface during the reduction despite the potential being more negative than the reduction
potential. Here. it is assumed that the share of active sites reduced during one sweep remains constant

when the same conditions are applied.
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Figure 6.13 Deconvolution of polarization curve of GDE with 5 mg/cm?2 metal loading (right) and po-
larization curves of GDEs with varying metal loading normalized on area of Gaussian distribution
characterizing SnO- reduction.
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To evaluate the effect of metal loading on the product distribution. galvanostatic experiments were con-
ducted at a moderate current density of 50 mA/cmz2 as well as in the transport limited region. The latter
is discussed below together with the effect of dispersion. The assessment at rather low current density
of 50 mA/cmz2 was conducted at a relatively early stage of the GDE investigation with the aim to get a
better understanding on how the system behaves when the composition is changed. The corresponding
product distribution is given in Figure 6.14 as a function of the metal loading. As can be seen. already
in the absence of catalyst. CO, reduction is observed with an FE of approximately 35 % towards formate
and 2 % to CO. whereas the remainder accounts for HER. Electrochemical activation of CO; in the
absence of metal catalyst on pure carbon (without intentional doping of heteroatoms) has already been
observed before and could be ascribed to metal contamination of the pristine carbon [118]. For a current
density of 50 mA/cm?. a loading as low as 0.2 mg/cm? (~1.5 wt.-% on carbon) was enough to substan-
tially suppress HER and increase FE to formate to 93 %. This is due to the high overpotential of tin
oxide towards HER. effectively suppressing HER while promoting CO, reduction. It must be noted. that
the minimum amount of metal necessary to suppress HER depends on applied current density. For a
current density of 200 mA/cm?. which is close to transport limitation for this type of GDE. a loading of
0.2 mg/cm? for example. still yields a FE to hydrogen of 22 %. At this rate. a loading of at least 1 mg/cm?
is necessary to suppress HER below 5 %. At 50 mA/cm? and loadings up to 5 mg/cm?. the FE for formate
remained at ~ 90 %. 10 % for CO and 3 % for H,. Beyond this loading. FE to formate was found to
decline; to 82 % at 10 mg/cm? and 80 % at 15 mg/cm?. Analysis of the product distribution shows that
HER is still mostly suppressed. and that the decline of formate selectivity goes in favor of CO production

which increases accordingly.
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Figure 6.14 Product distribution as function of the metal loading at 50 mA/cm2.

This shift in product distribution from formate to CO can be attributed to the different electrode poten-
tials under galvanostatic conditions. as described in chapter 6.1.3. As shown in Figure 6.12. the metal

loading has a significant influence on the resulting overpotential at a given current density due to the
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availability of active sites. The difference at 50 mA/cm? between 1 mg/cm? and 15 mg/cm? e.g. is as
high as 0.4V (-1.3 V vs. —-1.7 V). Accordingly. the partial current density for different reactions are
influenced by the electrode potential to varying degrees yielding the potential dependence of the FE
shown in Figure 6.6 [179]. The same trend can also be seen for experiments at low current density and
in the time behavior of the product distribution which steadily shifts from formate to CO as activity
increases and potential becomes less negative due to an increase of wetting. The influence of the loading
at high current densities as well as a comparison with literature is discussed below together with the

influence of dispersion.

Influence of metal dispersion

The commercial tin powder was employed merely as the starting point for this investigation. The man-
ufacturer of the powder gives a mean particle size <150 nm which already leaves room for improvement.
However. evaluating SEM images of the GDE shows that the mechanical mixing of the powder mixture
in the knife mill does not facilitate breaking down the powder agglomerates into primary particles. In-
stead the catalyst agglomerates inside the GDE structure remains in the um-range in size. as shown in
Figure 6.15. It is obvious that in general increasing the dispersion of the catalyst should increase the
accessibility of active sites for dissolved CO, and its electrochemically active surface area. This has
already been demonstrated by Zhang et al. who prepared nanoparticulate tin with different particle size
via a hydrothermal method on a carbon black support [96]. Although they did not use a GDE. they could
show a pronounced effect of particle size on product distribution and activity. Accordingly. it is very
likely that a similar approach will be beneficial when utilized in a GDE for the same reasons. Due to a
straightforward implementation and the possibility to deposit particles with a very fine dispersion. a
homogeneous precipitation method was chosen to precipitate tin oxide nanoparticles on the carbon black
support. The synthesis is based on [142] in which nanoparticulate tin oxide agglomerates with high
surface area were synthesized in substance for the use in gas sensors. In this work. the precipitation was
performed directly onto the carbon black support using the same conditions which yielded the highest
surface area powder in the above study. The result can be seen in the SEM images in Figure 6.15. The
weight percentage of the carbon-supported tin oxide was 1.81 % with respect to tin. the metal loading
of the prepared GDEs was 0.87 mg/cm?. A higher tin loading on the carbon support resulted in more
pronounced agglomeration on the low surface area Acetylene Black (75 m?/g). Therefore. a low metal
loading on the carbon was chosen for the investigation. even though increasing loading proved to be
beneficial for both activity (more active sites) and mass transport (lower diffusion length). as shown
further below. As one can see. at such low Sn loading the obtained dispersion is remarkably homogene-
ous without noticeable agglomeration observable. Particle size seems to be below 20 nm. yet. this is
very difficult to judge from the SEM images alone. For that reason. further TEM images were taken
which are shown in Figure 6.16. Zooming in. it becomes evident that the supposed particles are actually

agglomerates of even smaller nanoparticles that go down in crystallite size to as small as 2 nm diameter.
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Figure 6.15 SEM images evaluating Sn/SnO; dispersion on a physical mixture of AB and the commer-
cial tin nanopowder (left) and of the precipitated SnO/C (right) catalyst (5mg/cm? and 0.81 mg/cm?)

In a few publications it has been reported. that going towards nanoparticulate structures besides increas-
ing accessible active sites through a higher catalytic surface area. might also change intrinsic activity of
the active sites [78.180]. This is said to be facilitated by stabilization of intermediates or decreasing
activation barrier of the rate-determining step (RDS) due to higher share of undercoordinated edge or
kink sites. If this were the case. it should be reflected in a lower on set potential or a change in the Tafel
slope when the RDS is changed. However. in the case at hand. this did not hold true as evidenced by
comparing polarization curves for GDEs with commercial and synthesized nanoparticles given in Figure
6.17. Although. catalytic activity was considerably increased. the onset potential did not change sub-

stantially (all between 1.25 and 1.15 V). as shown in the semi-logarithmic zoom.

Figure 6.16 TEM-images of SnO, precipitated on AB powder with GDE tin loading of ~1 mg/cm?
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Figure 6.17. U-I curves of GDEs with commercial and precipitated tin oxide catalyst
(denoted NP for nanoparticle in the graph).

The GDE with the precipitated SnO; catalyst proved to be even more active than the GDE based on a
physical mixture of commercial tin nanopowder and AB powder at 5 times higher loading. This can be
ascribed to the substantially increased SnO- surface area due to higher dispersion. However. as the latter
also influences wettability due to the hydrophilic nature of the metal oxide surface [181] and. therefore.
the amount of participating electrode volume. a deconvolution of both effects is not possible without
evaluating the wetting extent during the experiments. The latter has not been done at this stage of the
studies as the methodology was not introduced yet. At the studied conditions. a low loading seemed to
be advantageous regarding the selectivity to formate due to the effect of potential. However. lower metal
loading (at the same dispersion) also means that CO; has to travel longer distances after dissolving at
the TPB to reach the active site since metal occupation on the carbon surface is lower. The same accounts
for a lower dispersion at constant loading. This situation will have an effect on the achievable current
density for which reactant diffusion becomes the decisive factor. To demonstrate that this holds true.
GDEs with different loadings for both commercial and precipitated catalyst were further tested at a
stepwise increase of the current density in galvanostatic experiments to see at what current density
transport limitation sets in. In a first step. GDEs with commercial and precipitated Sn/SnO; catalyst at a
loading of 1 mg/cm?2 were examined. As shown in Figure 6.18. going from the physically-mixed to the
supported nanoparticles could tremendously increase the current density at which transport limitation
and HER sets in. In this case. current density at which FE to formate dropped below 80% more than
doubled. from 200 to 500 mA/cm?2 which at the time was one of the highest reported values in literature
for this reaction [138.182]. In addition. it can be observed that at low current densities <100 mA/cm? FE
to HCOO  is lower for the GDE with the supported nanoparticles with ~80% vs. 90%. As discussed
above. this is ascribed to the higher activity. thus. lower electrode potential for the same applied current
density. This increases the ratio between CO and HCOO-.
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Figure 6.18. Comparison of product distribution between GDEs with commercial tin nanoparticles and
precipitated SnO-/C. both with 1 mg/cm2 catalyst loading.

To further stress the effect of dispersion and diffusion length of dissolved CO; on the limiting current
density. in Figure 6.19. HER is plotted for GDEs with different catalyst dispersion and loading. namely
1 and 5 mg/cm? of commercial and 1 and 2.5 mg/cm? of highly dispersed carbon supported SnO,. as
function of current density. Again. the results clearly demonstrate the importance of offering highly
dispersed catalyst not only for activity but also for enhancing the limiting current density for CO2RR.
This strongly suggests diffusion of dissolved CO; to the active site as limiting process.
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Figure 6.19. HER as function of current density for GDEs with different
catalyst dispersion and loading.
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The limiting current density i. can be described by Fick’s Diffusion as

iLairr = ZF Nygiss 6.1
. Ac;
Nigirf = Diefs v 6.2

with the limiting species flux hi_diff and the diffusion distance d. The lower the diffusion distance. the

higher the limiting current density.

In literature. the effect of metal loading on formate production has been investigated by Wu et al. and
Sen et al. [137.138]. Both came to the same conclusion that there exists an optimum of catalyst loading
beyond which an increase leads to a decrease of performance. It is important to understand that a direct
comparison to the results at hand is difficult as the type of GDE is different. In the mentioned studies.
an increase of loading translates into the deposition of a thicker catalytic layer onto the substrate which
at some point leads to an increase of transport limitation and decline of activity. In contrary. herein. the
metal loading is increased by adjusting the carbon-to-metal ratio while keeping the mass of the other
components in the GDE constant. Total mass loading of the GDE only slightly increased by that and
thickness remained basically the same as additional Sn/SnO; is located inside the pore system of the
carbon matrix. While the 1 mg/cm?2 sample of the supported SnO- exhibited a very homogeneous dis-
persion. increasing metal loading on the carbon led to more pronounced agglomeration and. thus. to
lower catalyst utilization. That is why in the following. 1 mg/cm?2 was chosen as reference loading for

the GDEs with supported SnO; and 5 mg/cm? for the one with commercial tin nanopowder.

6.2.3 Influence of electrode porosity

As the diffusion through the pore system. both for the reactants and the products. plays a pivotal role in
achieving high current density. a manifest next step for the optimization of the GDE is to improve dif-
fusion characteristics inside of the pore system. Maintaining the reaction conditions (electrolyte com-

position and temperature) and wettability. this can be done by modifying the pore system in order to

adjust the effective diffusion coefficient Djex = D; fwith & the porosity and z the tortuosity of the porous

network in which transport proceeds. Two methods have been evaluated. that are the use of pore-form-
ing agents and adjusting the compacting pressure during the GDE preparation. which are both described
in the following. It could be shown that there is no effect of the electrode thickness on the performance
characteristics of the GDE when going from the reference GDEs with ~800 um thickness down to
300 um which was the thinnest GDE with adequate mechanical integrity fabricable by the pressing
method. This is demonstrated in Figure 6.20 in which the FE towards HER at 500 mA/cm?2 and the
corresponding capacitance at the end of the 1h experiment is shown for GDEs with varying powder
mass employed during the pressing step. The respective GDE thickness was 829+21. 430+16 and
280+£7 pum (see chapter 6.1.2).
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Figure 6.20. Faradaic Efficiency towards H, and capacitance after 1 h at 500 mA/cm?2 of AB35-GDEs
prepared with different powder weight. SnO, loading on carbon support such that metal loading equals
1 mg/cm? for 100% electrode mass

The observation that the amount of H, generation as proxy for transport limitation is basically the same.
suggests that gas transport through the dry pore volume does not play a role in determining the achiev-
able current density as long as the thickness is larger than the macroscopically wetted thickness. Other-
wise. the significantly different dry pore volume that needs to be traversed from the gas channels on the
gas side of the GDE to the TPB inside the GDE would clearly affect the achievable current density. In
contrary. as the following chapters will show. the electrochemical behavior is governed by the electrode
characteristics in the macroscopically wetted volume such as liquid-phase diffusion of reactants and
products as well as the distribution and contact area of dry and wetted pores in this region. These char-
acteristics remain unchanged here as evidenced by the measured capacitance. All of this is not surprising
in light of the orders of magnitude higher diffusion coefficients of gaseous compared to dissolved CO-

as well as the high excess of CO; and its low conversion.

Use of pore-forming agents

To increase the porosity. one possibility is to use pore-forming agents during GDE preparation and
ensure their decomposition before the GDE is used. Ammonium oxalate was chosen because its use has
already been demonstrated in the literature to be beneficial for other applications [183] and because it is
decomposed at temperatures below the temperature of the thermal treatment step during GDE prepara-
tion. Accordingly. no additional step is required when it is added in powder form during the mixing of
the powder components. The oxalate particles are decomposed to N2 and CO,. and leave behind pores
in the range of several micrometers. This is evidenced by means of thermogravimetric analysis (TGA)
demonstrating the complete decomposition of oxalate up to 280 °C in a pristine GDE. If the same GDE
is exposed to an additional heat-treatment. it shows the exact same course of the TGA-measurement as

a standard GDE (without oxalate) with no additional mass loss in the characteristic region suggesting
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that there is no remainder of oxalate after the first heat treatment. Furthermore. CHN-analysis showed
no occurrence of nitrogen beyond the traces associated to residues already observable in the carbon
black. The SEM images in Figure 6.21 and Figure 6.22 clearly show that the desired result was obtained.
Rather large pores in the range between a few pum up to around 100 um were created with an increase
of their prevalence with increasing concentration from 10% to 40%. For this study. VXC35-GDEs with

5 mg/cm? commercial tin powder were employed as benchmark to which the oxalate was added.
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Figure 6.21. SEM images of GDE with b) 10% c) 20% d) 40% NH4-oxalate after and with a) 10% ox-
alate before thermal treatment.

20 pm* EHT= 6,00 kV WO= 61 mm Mag= 200X Date 13 Apr 2017 #
on

EHT= 500 kV WD = 5.0 mm = Date :21 Mar 2017 #
(™" DK 31 mit 40% NH4-ox Signal A=SE2

DK 24 mit 10% NH4-0x, gesintert Signal A= SE2

Figure 6.22. Closer look at formed pores after decomposition of NH4-oxalat.
Right: 10%. left: 40%
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To see if the obtained pores in this range have a beneficial influence on the GDE performance. the
prepared GDEs were evaluated in their ability to facilitate CO2RR at high current densities. The out-
come of these experiments is shown in Figure 6.24. in which FE of HER is depicted as function of the
current density. Working at moderate current densities below 300 mA/cm2, away from transport limita-
tion. there is no significant change of HER which remains at around 10%. except for the GDE with 40%
oxalate for which limitation already sets in at 200 mA/cmz2. Increasing current density. HER rises con-
tinuously for all samples. demonstrating the onset of transport limitation. Surprisingly. this limitation
becomes more pronounced when adding the pore-forming agent at increasing amounts. At 450 mA/cm?
FE towards HER rises from 10% to 12%. 22% and 30% when increasing content from 0% to 10%. 20%
and 40%. respectively. It is evident from this investigation that the use of the oxalate does not hold up
to its expectation and. conversely. is even detrimental to the GDE performance which was highly unex-
pected.

A first approach to understand this behavior is to examine the textural properties of the GDEs. To this
end. pore size distribution has been measured by Hg-porosimetry. In Figure 6.25. the data is depicted
and the pore volume deconvoluted into primary and secondary pores according to the procedure de-
scribed in chapter 5.1.3. As it is already suggested from the SEM images. the additional pores have
mainly been formed in the secondary pore region. with the primary pore volume staying relatively con-
stant. This is not surprising as via the dry mixing. the pore formers are not expected to intrude the powder
agglomerates of the carbon. Also. BET surface area which is a good measure of the microstructure of
the aggregate porosity in the GDE stays within experimental uncertainty around 30-35 m2/g. According
to the size of the new formed pores and the understanding of how the GDE works it is suggested that
the addition of the pore formers leads to an increase of dry pore volume in which gas transport proceeds
(capillary forces in large pores too small to facilitate wetting). Evidently. increasing secondary pore
volume does not lead to an improvement of the transport properties but is negatively affecting the reac-
tion. One hypothesis to explain this behavior could be the additional barrier towards liquid phase diffu-
sion of the dissolved products that is generated by the existence of the additional large and non-wetted
pores. This is visualized schematically in Figure 6.23 for better understanding. The disturbed connection
between the partially wetted aggregates by the large and dry pores leads to a longer diffusion pathway
for the products to be transported from TPB to bulk electrolyte. This corresponds to an increase of the
tortuosity factor of the wetted pore network. The hypothesis of product diffusion limitation to which this
points to is further elaborated in chapter 6.3.4

One might argue that the existence of the large pores leads to less active phase inside the macroscopi-
cally wetted pore volume. However. the evaluation of the capacitance depicted in Figure 6.24 on the
right shows that the electrochemically active surface area rather increases than decreases suggesting that
the wetted electrolyte volume spreads deeper into the GDE. This increase which is fairly consistent with
the rise in HER can be well ascribed to the drifting of the potential towards less negative potentials as

result of the shift of product distribution towards HER as encountered several times in this work.
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Figure 6.23 Schematic depicting the disturbance of the diffusion pathway of dissolved reaction prod-
ucts from TPB to bulk electrolyte induced by the formation
of additional large pores (right)

While the hypothesis of how the pore formers influence the electrochemical behavior is in line with the
overall framework established in this thesis on how the GDE works. a conclusive explanation on the
effect could not be developed in the frame of this work. Clearly. it could help in obtaining a better
understanding of how the GDE works and what the limiting factors for operation are. Therefore. a more
elaborate and systematic investigation of this is highly encouraged. Three-dimensional reconstruction
of the pore structure via FIB-SEM or computer tomography (CT) could aid in getting quantitative as-

sessment and better understanding of these phenomena.

40 1 1 1 1 1 60 1 1 3y M M
S © 0% Oxalate © 0% Oxalate
; @ 10% Oxalate 50 @ 10% Oxalate 8
2 304 [ e 20%Oxalate - '-'E- ® 20%Olate |
o ® 40% Oxalate - = 404 ® 40% Oxalate
& . ® 8 . .
w20+ - ® S 30
Q e S = °
‘© o o )
o ' s - 8 201 o °
£ 101 % e 8 ° e
[ ° e e o o
(TR @ rziiiiileson 10_
o~
T
0 T T r T T 0 T T r T T
250 300 350 400 450 500 550 250 300 350 400 450 500 550
Current Density / mA-cm™ Current Density / mA-cm™

Figure 6.24 Left: FE towards HER over current density. for VXC35-GDEs (5 mg/cm?) with various
NHs-oxalate content. obtained in first generation experimental set-up (non-isothermal). right: corre-
sponding capacitance measured at the end of experiment (the dashed lines are for guiding the eye)
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Figure 6.25 Cumulative pore volume for GDEs (VXC35) with different NH4-oxalate content after de-
composition. left data from right separated by primary and secondary pore volume

Adjustment of porosity by compacting pressure

With these results in mind. an alternative was chosen with which also the primary pore system. can be
adjusted. That is. by decreasing compacting pressure the GDE should be made less compact throughout
the whole pore range. To evaluate if this hypothesis holds true. the compacting pressure was decreased
from 17.7 kN/cm? to 14.2 kN/cm? and 10.6 kN/cm? for a AB35-GDE with SnO; nanoparticles. The
GDEs were employed in the transport limited region at 500 mA/cm? in the CSTR mode. as later ex-
plained. Although only very little experiments were conducted for this study. the results in Figure 6.26
clearly show that indeed the extent of the transport limitation indicated by a shift towards HER could be
substantially decreased from 35% to 15% after 1 h with a flatter slope of the performance degradation.
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Figure 6.26. Increase of HER over time for GDEs prepared with different compacting pressure
at 500 mA/cmz,
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To obtain a palpable explanation for this. again both physisorption and porosimetry were performed to
examine the texture of the electrodes. As one can see in Figure 6.27 in which the differential and cumu-
lative pore volume from porosimetry are plotted. and as it is expected. the overall pore volume decreases
when higher pressures are applied. making the pore system of the GDE more dense and compact. This
effect can be seen in both. the secondary pore volume. especially in the range between 10 um to 1 um.
and in the primary pore distribution. Applying higher pressure shifts the pore distribution inside the
agglomerates to lower diameters as it is very clearly shown in the inset of the graph. As summarized in
Table 6.2. both the boundary diameter between agglomerate and superordinate pore structure as well as
the maximum in the agglomerate distribution is slightly decreased. which is in agreement to the expec-
tation that higher pressures make the pore system more compact. The slight increase of the BET surface
area at higher compacting pressure can probably be explained by the shift of the average pore diameter
in the agglomerates to smaller values which exhibit a higher surface to volume ratio.

Table 6.2 Textural properties obtained from Na-physisorption and Hg-porosimetry of AB35NP-
GDEs at varying compacting pressure

pres- BET POI’OSity VP.overaII VP.primary VP.secondary Boundary dprim.max
sure mag | % mm?d/g mm?d/g mm?d/g nm nm
75kN 22.7 73.58 1405 415 990 85 78
100kN | 23.3 73.95 1301 407 894 81 74
125kN | 25.4 71.75 1243 373 870 79 71
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Figure 6.27 Pore size distribution (logarithmic. linear and cumulative) of AB35 prepared with differ-
ent compacting pressure
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As hydrophobicity of the pore system remains unchanged and gas transport through the secondary pore
system has been shown to have no influence on achievable current density by the variation of electrode
thickness (see Figure 6.20). this strongly suggests that the change in the agglomerate porosity should be
responsible for the improvement of the performance. This could be either due to reactant diffusion to
the active site or the transport of the products from TPB to the electrolyte bulk being alleviated. How-
ever. also the influence of these effects on catalyst stability could play a decisive role. This is discussed
in more detail in section 6.3.4 in which all the results from this work are gathered and it is attempted to

draw a thorough conclusion.

6.2.4 Influence of carbon wettability

During the course of this work. electrodes with significantly different hydrophobicities have been tested.
Naturally. the influence of the wetting behavior is difficult to examine since along with the hydropho-
bicity. other properties like the pore size distribution are changing as well when modifying the compo-
sition. Thus. for understanding how the GDE works it is crucial to separate the influence of hydropho-
bicity from these other properties. Tailoring surface chemistry which determines the interaction between
the liquid and the pore system can in principle facilitate modifying the wettability without changing
textural properties. The latter can be ensured by a mild oxidation of the carbon surface by an adequate
oxidation agent. In this work. hydrogen peroxide and nitric acid were chosen to obtain a mild and mod-
erately strong oxidation of the carbon support. respectively. Two different set of experiments were per-
formed to make the outcome of the experiments robust and meaningful.

First. Vulcan-based electrodes. for which the reference GDEs showed moderate hydrophobicity and
intermediate performance were prepared with pristine and oxidized carbon substrate. The commercial
tin nanopowder was chosen to avoid the potential influence of catalyst dispersion as function of surface
functionalities. Hydrogen peroxide has indeed been shown to allow for a mild oxidation leaving the
microstructure of the carbon intact whereas the oxidation by nitric acid slightly decreased the porosity
of the carbon carrier. Accordingly. the BET surface area of 234 m#/g for unmodified VXC powder
changed to 240 m#/g and 216 m#/g. respectively. This observation is consistent with literature where
H.O is described as particularly mild oxidant compared to other oxidizing agents. Due to the oxidation
of the surface and the corresponding creation of polar functional groups (e.g. -OH. -COOH). the pore
system becomes more hydrophilic compared to the carbon-terminated unpolar n-bonding [144]. That
said. wetting should proceed more rapidly as soon as the electrode is polarized. The so-prepared GDE
was consequently compared to the reference GDE regarding the extent of wetting and its performance
at moderate and high current density. namely. at 300 and 500 mA/cm?. As shown in Figure 6.28. the
wetting could be clearly increased by oxidation with H,O, and even further when using nitric acid with
its higher oxidation capability. This is shown for 300 mA/cm?2 while for higher current densities. the CV
curves after electrolysis did not show a prolonged plateau for an accurate determination of the capaci-

tance. This was consistently observed for GDEs with higher surface area at current densities where
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transport limitation sets in. For moderate current density. the GDE oxidized with H,O. does not show
significant changes in the HER; both GDEs work outside the transport-limited regime. However. when
increasing current density. HER is clearly enhanced from slightly above 20 to almost 40% at
500 mA/cmz2. For the GDE modified in nitric acid. this effect is even more pronounced. However. here
also the pore system was slightly affected by the treatment which makes the assessment less clear. Still.
the above finding is surprising. considering that often a balanced hydrophobicity is argued to be im-
portant for GDEs to allow for sufficient wetting and to establish an extended TPB [31.128]. Evidently.
this is not the case for the Vulcan-based GDE. at least when maximizing achievable current density is
the target. On the other hand. as Vulcan is only moderately hydrophobic. it could still be the case that it
is already beyond the point of optimal hydrophobicity and in the range where further decrease of hydro-
phobicity already leads to a decline in performance. To investigate if this holds true. Acetylene Black
which showed the highest hydrophobicity of the carbon substrates in this work was also undertaken the
same procedure with H,O; as oxidizing agent. This time. the oxidized carbon was subsequently loaded
with the SnO, nanoparticles via the homogeneous precipitation method. This was done to investigate
the limiting factor for transport limitation with the state-of-the-art GDE in this work.

Although not as pronounced. the results point in the same direction. With a slight increase of capacitance
at both current densities. also the amount of HER increases. particularly at 500 mA/cmz. This indicates
that the importance of a highly hydrophobic GDE is universal for the applied GDE type developed
herein for achieving high current densities. Note. that this argumentation holds only true when achieving
high current density is the sole objective. Naturally. high hydrophobicity comes with the drawback of
low catalyst utilization and. thus. higher polarization for the same current density. As it will later be
shown. this increased polarization can contribute to decreased catalyst stability which to a certain degree
counteracts the benefits and might explain why the effect shown here is not as pronounced as expected
from the VXC-GDEs.
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Figure 6.28. Capacitance and FE to H, at 200 mA/cm? and 500 mA/cm? for AB35NP and GDE with
same composition but oxidized carbon carrier
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6.3 Achievable current density and decisive electrode properties

While the activity. i.e. the potential-current characteristic. is determined by the active catalyst phase
(amount and dispersion) and the extent of GDE wetting. regarding the limiting current density. the pic-
ture is more complex and one has to consider the sequence of steps from CO; in the gas-phase to the
liquid product in the bulk electrolyte. Accordingly. one has to consider
i.  the gas-phase diffusion and pressure-gradient driven viscous flow of CO; through the pores of
the carbon matrix to the triple-phase boundary (TPB).

ii. its dissolution and subsequent diffusion of CO-.q through an electrolyte film into the flooded
carbon black agglomerates to the active site.

iii.  Furthermore. one important step which is often neglected is the transport of the produced ions
(here: formate and OH" or (bi)carbonate) from the active sites at the TPB through the wetted
agglomerates into the bulk electrolyte. The driving force in this case can be both the electric
field (migration) and the concentration gradient (diffusion) to different degrees depending on
the reaction conditions. This last step is important to close the electric circuit and maintain
charge-neutrality.

The limiting current density depends on the transport rate of the slowest step — the limiting transport
mode — in this sequence according to
ipj=z-F-n;; 6.3

Which transport process is predominant is not easily predictable and depends on the reaction conditions.
current densities. operating time and the properties of the electrode. Also. the different steps are not
independent but interact with each other. For example. when limitation in the gas-phase arises. CO is
depleted at the TPB which influences the equilibrium concentration in the electrolyte according to
Henry’s Law. Within the frame of this thesis. it was attempted to get a better understanding of each step
and its influence on the limitation by investigating the electrode behaviour in the limiting region
(500 mA/cm2, as discussed in the next chapter) and varying the electrode properties and experimental

conditions.

6.3.1 Time behavior in the transport limited current density region

Prior to discussing the influence of electrode properties on the achievable current density. it is important
to first have a closer look on how the electrodes behave when the proposed transport limitation sets in.
This is because it was found for all situations that the limitation seems to set in slowly but steadily with
time. observable by a continuous rise in HER. It seems evident that understanding this time behaviour
will help in understanding how the limitation is influenced by the properties of the GDE. As an example.
the time behaviour of the FE towards HER is depicted in Figure 6.29 for AB35NP and AB10ONP at
500 mA/cm?. For both GDEs transport limitation sets in while for the AB10ONP. the effect is less
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pronounced. On the right side. the time behaviour of the outlet flow-rate is shown which indicates the
rise of HER (or its absence) with time for GDEs with different carbon substrate to different degrees.
While these are exemplary graphs. the general appearance of the experiments is similar for all cases
when limitation sets in. It should be noted. that the experiments in the right graph in contrary to the ones
on the left were performed at non-isothermal conditions. which is why the observable behaviour is dif-

ferent in both cases.
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Figure 6.29 Time behavior of FE towards H. (left) and volumetric outlet flow rate (right) in the
transport limited region (500 mA/cm? and 400 mA/cm?. respectively) for different GDEs. On the left.
AB-GDEs with two different PTFE content. on the right. GDEs with 35% PTFE and different carbon

substrates were used (non-isothermal conditions).

Evidently. the GDEs manage the delivery of the set current into the desired product in the first minutes
but increasingly lose their capability to do so at these high rates. The decrease in performance is irre-
versible and a reused GDE sets in approximately where it has been stopped in the experiment before.
The suggested mechanisms which could play a role can be grouped into phenomena specific to the
reaction environment.

i) temperature rise due to ohmic losses and reaction enthalpy.

i) changes in electrolyte composition

and such which are electrode-dependent:
iii) catalyst deactivation. e.g. by leaching of active components or change of oxidation state.

iv) loss of hydrophobicity.

These mechanisms will be discussed in the following chapters.

Heat dissipation and influence on product distribution

Due to ohmic losses which are dissipated into heat and the reaction enthalpy. a significant amount of
heat is produced during one experiment [27]. Although the investigation of the temperature influence
was not the scope of this work. in order to be able to critically assess the performance of the different

electrodes. isothermality is an important requirement of the experimental procedure. especially to assess
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the time behavior and to obtain meaningful information on the electrode performance. To illustrate how
strong the temperature rise during the reaction is. the temperature in the cathode chamber has been
recorded at different current densities over the course of an experiment. The outcome of these experi-
ments. namely the evolution of the temperature over time and dT as function of current density is de-
picted in Figure 6.30. It can be seen that especially at high current densities. the temperature rise is
substantial. e.g. around 50 K after 1 h at 500 mA/cm2. To account for that. an integrated cooling system
was implemented which continuously pumps the electrolyte through a cooling bath of set temperature.
Thereby isothermality inside of the cell can be ensured and the temperature maintained at 25 °C + 3 K
for all experiments. Comparing the results from the isothermal experiment with the uncontrolled system.
shows a considerable difference in the product distribution. particularly at high current densities where
the temperature increase is more pronounced. As Figure 6.31 shows. higher temperatures are clearly
advantageous. in that the current density at which transport limitation sets in is shifted to higher values:
whereas under isothermal conditions. FE towards H, already rises above 10% at 400 mA/cm2, the same
value is reached not until about 600 mA/cm?2 when there is no cooling applied.
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Figure 6.30 Evolution of bulk temperature in the cathode chamber during experiment at different cur-
rent densities (left). temperature increase after 1 h as function of current density.

The beneficial effect of elevated temperatures is ascribed to accelerated diffusion rates and more facile
kinetics. However. a more profound analysis and discussion on this trend. is not done here. as the ex-
perimental basis is by far not sufficient. Still it is possible to exclude temperature effects to be respon-
sible for the observed time behaviour. In contrary. the temperature rise counteracts the rise in HER by
improving mass transport in the range investigated and is shifting the limiting current density to higher
values.

Change of electrolyte composition
A general issue when conducting semi-batch experiments is that they are intrinsically non-stationary.
With proceeding time product accumulates. pH changes and CO; dissolves into the electrolyte. In the

experiments at hand (500 mA/cm?. isothermal). formate concentration reaches 0.22 mol/L at the end of
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the experiment while OH" from HCOO". CO and H; generation reacts with CO, to HCOs™ which gener-
ates 0.012 mol additional bicarbonate corresponding to a total concentration of 0.39 mol/L. Further-
more. one ion K* crosses the membrane from anode to cathode for each electron transferred [184]. To
investigate if this change is responsible for the observed time behaviour. the semi-batch cell was modi-
fied to allow for a continuous flow of electrolyte through the reactor. As fresh electrolyte is replenished
in the cell volume and the same flow-rate leaving the reactor. a stationary electrolyte composition should
be developed after some time. provided the product distribution stays constant. However. Figure 6.32
shows. that although in CSTR-mode with continuously replenished fresh electrolyte. there is still a con-
stantly rising generation of HER. Although this cannot explain the degradation of performance with

time in the transport-limited region. one can see a slight difference in the development of H,-FE.
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Figure 6.31 Product distribution of galvanostatic experiments under isothermal conditions and uncon-
trolled electrolyte temperature using AB35NP.

While the difference at a low flow-rate of 1 mL/min. corresponding to a residence time z of ~30 min is
close to experimental uncertainty (see error bar of two experiments). further decreasing z to 3 min. in-
deed induces a slight change of performance. That is the FE towards H;, decreases from 37% to 29%
after 1 h. Residence time influences the electrochemistry mainly by determining the average composi-
tion in the cathode chamber and the accumulation of product in the bulk electrolyte. Thereby it should
also have an effect on the diffusion characteristics. as the concentration gradient between TPB and bulk
electrolye is changed. More rigorously replenishing the electrolyte. i.e. drastically decreasing z. the av-
erage concentration gradient remains closer to the initial value. thereby ensuring efficient product dif-
fusion to the bulk. In contrary. in semi-batch mode. bulk concentration rises with time slowly approach-

ing concentration at the TPB.
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Figure 6.32. FE towards H; over time in modified half-cell operated in CSTR-mode.

To quantitatively capture this effect. the concentration profile has been simulated via Python using the
experimental product distribution and the mass balance equations of the semi-batch reactor and a con-
tinuously-stirred tank reactor (CSTR) according to [185]:

dc; .
Vr d_tl =V (Cin - Cout) + Vg -y 6.4

In the equation. Vr is the cathode chamber volume. ¢; is the concentration of the respective species and
r the reaction rate with the stoichiometric coefficient v;. The reaction rate is defined by Faraday’s Law.
For the semi-batch configuration. the flow rate V equals zero and the change in concentration is solely
ascribed to the reaction. The simulation is based on the measured FE towards hydrogen over time from
the above experiments. CO was assumed to be constant at 8% (the average FE for the semi-batch exper-
iment at 500 mA/cm?2). which is justified as for these conditions changes in CO FE are not very pro-
nounced. As the time evolution of the FE towards formate is not known. it is derived by assuming all
products together amount to 100% which is a robust assumption considering current selectivity usually
closes within £5%. Produced OH- is assumed to be converted quantitatively with CO, towards HCOs.

The evolution of formate and HCOs™ over the course of the experiments is depicted in Figure 6.33.
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Figure 6.33 Simulated formate and bicarbonate concentration profile over time for different reactor
configurations based on measured evolution of HER and
assuming all generated OH- is converted to HCO3

Indeed. the picture strongly differs between the different conditions. Whereas in the semi-batch mode.
concentration of both formate and bicarbonate continuously increase. formate concentration reaches a
stationary value in the CSTR after a certain initial phase. In contrary. bicarbonate concentration contin-
ues to rise as product distribution steadily shifts towards Hz which produces twice the amount of OH-
compared to formate. Still. the bulk electrolyte composition maintains close to the initial conditions for
the low residence time experiment. As this does not significantly change the outcome of the experiment.
it can be argued from this. that the electrolyte evolution might have an influence but cannot be the main
driver for the time behaviour. It should be noted that this discussion focused on the bulk composition of
the electrolyte whereas the composition inside the GDE and close to the TPB is not revealed. Particularly
the pH value in the reaction zone is known to rise significantly at such high current densities due to the
generation of OH" as elaborated by Burdyny and Smith [21] reaching values well above 12 at high
current densities. Such high alkalinity can have a detrimental influence on catalyst stability. as it will be
shown in the following chapter. If this is the case. this could give an explanation on the influence of
residence time on stability of operation: as the concentration gradient between bulk electrolyte and TPB
is determined by the residence time as outlined above. replenishing the electrolyte decreases bulk con-
centration and by that increases the diffusion flux of products. Accordingly. the rise of the local pH on
the catalyst surface and corresponding stability issues can be compensated to a certain degree. For future
work. a comprehensive analysis of electrolyte composition. pH and equilibria inside the GDE as well as
in the bulk is of high interest to progress towards better understanding of the reaction. The issue of

catalyst stability is elaborated in the following.

6.3.2 Investigation of catalyst deactivation

A likely scenario for the observed deactivation behaviour could be related to catalyst deactivation. i.e.

agglomeration. leaching or change of oxidation state of the SnOx nanoparticles.
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As first step. potential leaching of the active phase was studied by examination of the electrolyte after
the experiments via elemental analysis (ICP-OES) for a handful of different electrodes and reaction
conditions. For example. for a VXC35-GDE stressed at 400 mA/cm?2 which already shows substantial
increase of HER during the one hour reaction (see 5.2.2). almost negligible amount of around 0.07% of
the total amount of tin in the GDE could be found in the electrolyte. Estimating the wetted surface area
as described in 5.2.3 and assuming homogeneous distribution within the GDE. this corresponds to a loss
of 1.33% of the tin in contact with electrolyte. This suggests that the actual loss of active phase from the
electrode surface is rather unlikely responsible for the progressive and substantial deactivation of GDEs
in this work. The same analysis has been done for other GDEs and reaction conditions as well. and for

none. the loss exceeds 3% unless the GDE starts to mechanically deteriorate.

As pointed out in recent work by Bienen et al.. tin distribution cannot be evaluated accurately via post-
mortem element mapping of the GDE cross-section [186]. This is because the potassium signal overlaps
with the tin signal in the EDX measurements. thereby pretending redistribution of the tin particles. as
suggested when looking at Figure 6.34. Accordingly. it is not possible to differentiate between actual
loss of tin and artefact of the analytical method. However. in the above study by switching the electrolyte
cation from potassium to sodium it could be clearly shown that loss of active tin species takes place.

& K
VXC20 (400mA) MK 01 VXC35 (400mA) MK 01 VXC35 (400mA)
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Figure 6.34. Element map for Sn (green) and potassium (blue). Top part is wetted region (as evidenced
by potassium distribution). middle and right image is zoomed in to interface between wetted and non-
wetted region.

Loss of tin species from the carbon surface can take place via the cathodic dissolution according to
equation 6.6 at the negative potentials at hand [187] or even chemical dissolution due to the highly
alkaline conditions inside the porous structure during reaction (eq. 6.5). Figure 6.35 shows the Pourbaix-
diagram of the tin water system in which the predominating species in thermodynamic equilibrium are
depicted as function of pH and potential. As one can see. beyond pH 12. soluble Sn(lV) stannate species
are formed. according to equation 6.5 independent on the potential. whereas at less alkaline pH. SnO; is
electrochemically reduced to aqueous HSnO;™ (eq. 6.6). This dissolved species can be further reduced
and deposited onto the electrode surface to metallic tin (eg. 6.7). In addition. the dissolved species could
also be precipitated as potassium stannate during drying of the electrode after disassembly of the cell
and before post-mortem analysis. Although it is argued that in the presence of CO; a metastable oxide

layer is kinetically stable even beyond the thermodynamic reduction potential of -0.66 V or -0.72 V vs
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SHE at pH10 and pH12. respectively (calculated with thermodynamic data from [188]). it is reasonable
to take into account that at least a certain share can be reduced when the potential becomes negative
enough. Thereby. soluble Sn?* species can be produced that can be redeposited when further reduction

to metallic tin takes place.

SnO; + 2 OH = Sn0s* (aq.) + H.0 6.5
SnO; + 2e” + HO = HSnO; + OH- 6.6
HSnO; + 2e + H.0 = Sn+30H 6.7

Both the presence of metallic tin as well as the loss of active tin oxide species will result in an increase
of HER and could readily explain the observed phenomena in this work. Literature supports this finding
as well. For example. Dutta et al. [101] could observe a significant decrease of tin oxide species during
electrolysis using operando Raman spectroscopy at substantially more negative cathode potentials than
the thermodynamic stability region. According to their studies. at pH10 this takes place beyond ~-1.5 V
vs. SHE. a potential region which is indeed surpassed at high enough current densities in this work.
Particularly. when HER sets in. the cathode potential shifts to increasingly negative potentials which in

turn further favours reduction of tin oxide and HER over CO2RR.
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Figure 6.35. Pourbaix diagram of the tin-water system showing prevalent species as function of elec-
trodes potential and pH value [188].
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Figure 6.36. Pourbaix diagram of the tin-tin oxide system in water and intensity of SnO,-related
Raman signal during CO. electrolysis [101].

The corresponding Pourbaix diagram for the tin/tin oxide system from the above study is depicted in
Figure 6.36 together with the region in which they found the signal of the oxide species to decrease
(heavily). Ultimately. they could correlate the decrease of HCOO- production with the gradual reduction
of tin oxide species over time. In the case at hand. this supports the hypothesis from above that during
electrolysis the Sn(IV) oxide species become reduced when potentials are negative enough. dissolved
and likely redeposited as metallic tin on the electrode surface. The latter could explain why active ma-
terial is not washed out and found in the electrolyte in significant amounts. The above argumentation
suggests that this phenomenon is likely to play a decisive role in the observed deactivation behaviour

and needs to be further investigated in a systematic manner.

6.3.3 Evaluation of wetting behavior with time

As discussed in chapter 5.2. wetting proceeds via two processes: traveling of the electrolyte front from
electrolyte to gas side and wetting of the pore system inside of this front. In order to get an idea on how
the evolution of wetting proceeds during electrolysis and how this affects behavior in the transport-
limited region. post-mortem analysis for evaluation of electrolyte intrusion via element mapping of the
cross-section is linked with capacitance measurements during the electrolysis. The measurements were
conducted with electrodes stressed at 500 mA/cm? after 30 min (at which the rise in HER just appears).
1 hand 2 h. As shown in the right graph of Figure 6.38 in which the FE to H. is given. the results from
the experiments are consistent and reproducible with H, generation continuously increasing from 4%
after 30 min to ~30% and ~40% after 1 h and 2 h. respectively. The electrode potential continuously
shifts towards more negative values despite progressive wetting which is ascribed to the increase of

HER which exhibits higher overpotential than CO2RR on this catalyst. The intrusion depth was
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evaluated for the three element maps depicted in Figure 6.37. as described in chapter 5.2.2. showing an
evolution of intrusion depth from 91 um after 30 min to 160 um after 2 h. The same trend is observable
when the capacitance is measured for the GDES; both together is given in Figure 6.38. demonstrating
the progressive intrusion of electrolyte under high electrochemical load. One important question that
can be answered with these results. is. how the wetting proceeds inside the electrolyte front. i.e. if the
share between wetted and non-wetted pores changes in the course of the experiment or if it maintains
constant. The latter would mean that the increase of capacitance is solely due to the progressive intrusion
of electrolyte towards gas-phase side of the GDE and the ratio between the two values should stay con-
stant with time. Using a specific capacitance of 15 puF/cm? to calculate the ECSA and setting this into
relation with the BET surface area of the wetted GDE volume obtained from the element mapping yields
an estimate of the wetting ratio inside of the electrolyte front (cf. chapter 5.2.3). The results of this are
given in Table 6.3.
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Figure 6.37 Element mapping (potassium occurrence is colored blue) along SEM image of the cross-
section of AB35NP. stressed at 500 mA/cm? for 30min. 1h and 2h.

Table 6.3 Wetting data of AB35NP stressed at 500 mA/cm? after defined time in-

tervals

30 min 1lh 2h
Capacitance mF 4.2 55 9.9
ECSA (15 pF/cm?)  cm? 280 367 660
Intrusion depth pm 91 102 160
Wetting-ratio* % BET 18 22 24

* ratio of wetted surface area calculated from ECSA and BET surface area inside

macroscopically wetted GDE volume

From the data it is evident that not only does the wetting increase due to an electrolyte front moving
from electrolyte to gas side. but also inside of this front. the share of wetted surface area increases. from

18% to 24% after 30 min and 2 h. This means that as the intrusion depth of the electrolyte increases also
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larger pores become wetted (assuming constant porosity over electrode cross-section). In the transport-
limited region. this can be explained by the electrode potential becoming increasingly negative with
time which decreases the surface tension. This effect called electrowetting was discussed in chapter
5.2.1. Furthermore. as the results from oxidation of the carbon surface have demonstrated. a decrease in
hydrophobicity and the corresponding increase of wetting degree of the GDE has a negative impact on
transport limitation which should further accelerate HER. On the other hand. also catalyst reduction /
dissolution is favored at increasingly negative potential. Both phenomena contribute to a self-inducing
acceleration of HER generation with time. It is not clear to this point. which phenomenon contributes
how much to GDE deterioration and which is more decisive for long-term performance. Unfortunately.
it was not possible. to elaborate these very interesting findings regarding the progress of wetting as
function of reaction conditions. electrode composition and time. and to build a more extensive basis for
further discussion. Therefore. this can only serve as a starting point for a more comprehensive investi-
gation. which should give important insight into long-term stability and how it is affected by the above.
Particularly. it would be valuable to study how fast this wetting proceeds as function of the current
density. if a stationary value is reached. and what this means for the performance of the GDE. If a
stationary wetting degree translated into constant performance. this would suggest that catalyst deacti-
vation could be excluded as being responsible for electrode deterioration under these conditions.
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Figure 6.38 Development of wetting (intrusion depth and capacitance. left) and performance (electrode
potential and HER. right) with time for AB35NP operated at 500 mA/cm?

6.3.4 Discussion on the rate-limiting process and decisive electrode property for achieving high

current densities

Due to the complexity of the different phenomena taking place during reaction and how they are influ-
enced by the electrode properties. it is difficult to explicitly nail down one single rate-limiting step and
respective electrode parameter being responsible for the observed limiting current density. This holds
particularly true. as the influence of electrode properties on performance is strongly masked by the pro-
posed catalyst deactivation which. in turn. is a function of the electrode properties itself. That said. when

varying the electrode properties. it is difficult to assess how much of the observed effect is due to the
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actual change in the properties and what is associated to the influence the change has on the deactivation
of the catalyst.

A good example is the influence of catalyst dispersion and loading on achieving high current densities.
The first and simple explanation of why higher loading and dispersion increases achievable current den-
sity would be that it is ascribed to the diffusion length of dissolved CO- from dissolution site at the TPB
to the active site of the catalyst. The higher the dispersion. the lower is the average diffusion length and
as a result. the higher the limiting current density according to equation 6.2. This would translate into a
simple reactant diffusion limitation. On the other hand. it could still be the case. that reactant diffusion
is not limiting but instead what is observed. is simply the effect of different degrees of catalyst deacti-
vation. The deactivation described herein. is mainly affected by the electrode potential and local chem-
ical environment. mainly the pH value. Increasing electrochemically active surface area (either by dis-
persion or loading) enhances the activity of the electrode. thus. lowers polarization as clearly shown in
chapter 6.2.2. This will decrease the extent of catalyst reduction and deactivation in case reductive dis-
solution is the prevailing mode of deactivation. Even more complexity arises considering that wettability
is different for the hydrophilic metal oxide and the hydrophobic carbon surface. Increasing dispersion
and loading would lead to an increase of electrochemically active surface area. lower local current den-
sities and. therefore. lower local pH values due to less OH™ generation. This would result in less deacti-
vation if chemical dissolution at high pH values (pH > 12) is the prevailing dissolution process. Thus.
this could point to the situation that the increased dispersion or amount of catalyst simply leads to less
deactivation. Ultimately. one can say that the results from catalyst studies alone do not allow drawing a
clear conclusion on how dispersion and loading contribute to enhancing current density as their influ-
ence is masked by its deactivation. To obtain a better understanding of the GDE behavior. it is crucial

to address this stability issue first. e.g. by switching to a more stable catalyst.

In contrary. the conclusion from the wettability studies remains valid despite the significant influence
deactivation has. For a given current density. both pH value und electrode potential are strongly influ-
enced by wettability and wetted surface area. The extent of electrocatalyst in contact with electrolyte
determines the local current density and therefore concentration of reactants and products (incl. OH")
adjacent to the active sites. In particular. lower wettability leads to higher local pH value and higher
polarization. both due to higher local current density. According to Dutta et al. [101] and Figure 6.36.
both effects make the catalyst less stable. This observation strengthens the arguments made herein re-
garding the influence of wettability as the corresponding deactivation actually counteracts the observed
trend: increased wettability decreases polarization and local pH. both lowering extent of deactivation.
Still. the GDE performs worse when wettability is higher. Accordingly. taking catalyst deactivation out

of the equation would most probably lead to an even more pronounced effect.
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Bringing together all the information obtained in this work allows drawing some robust but still prelim-

inary conclusions which need to be elaborated in upcoming work. preferably supported by modeling

and simulation and more advanced operando-characterization.

Electrode wettability

The experiments describing the oxidation of the carbon carrier while maintaining its micro-
structure clearly show that the high hydrophobicity of the GDEs is the most critical feature
when aiming for high current densities. The results suggest that. just aiming for high current
density. there is not an optimum for wettability as expected. but instead maximizing hydro-
phobicity is always advantageous. However. for technical realization of course a compromise
has to be found between shifting transport limitations to high current densities and adequate
wetting to decrease overpotential and ohmic losses.

Electrode porosity

The second property which shows substantial influence on achievable current density is the
texture of the electrode which is determined by the carbon carrier and electrode manufactur-
ing. This is not surprising as it strongly influences mass transport of both reactants and prod-
ucts. By increasing the compacting pressure. the porous network becomes more compact in
the whole pore range and mass transport of all species involved in CO2RR becomes impeded.

leading to a shift towards HER in the limiting current density region.

Product vs. reactant diffusion limitation

A surprising finding is that increasing porosity via pore-forming agents is detrimental to per-
formance. Considering gas-phase diffusion does not play a role for limiting current density (as
evidenced by the independence on electrode thickness) and that porosity is only enhanced in
the pore size region where gas phase transport prevails while the primary porosity remains un-
changed. one should expect that the effect of pore-forming agents should be negligible. How-
ever. the opposite is the case. The observations suggest that two things are taking place: i) the
wetted pore network becomes strongly disturbed owing to the large pores formed by the de-
composed salt. Accordingly. the tortuosity for liquid phase diffusion from TPB to bulk in-
creases. ii) the electrolyte front moves deeper into the GDE evidenced by an increasing capac-
itance despite less surface area per electrode volume (due to the large pores formed). Consid-
ering that the primary pore system is unchanged and the fact that in the limiting current den-
sity regime dissolved CO- is completely converted adjacent to the dissolving site and not dif-
fusing into the aggregates. it is unlikely that CO; diffusion to the active site is the decisive fac-

tor here. Instead the observation points towards a product diffusion limitation by the combined
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effect of an increase of tortuosity in the wetted pore network connecting flooded aggregates

and bulk electrolyte. and the longer diffusion distance by a deeper penetration depth.

Mathematically. the liquid-phase diffusion of the products can be described in the simplest form by
Fick’s Law in a porous system according to equation 6.2 with Dierr being the effective diffusion coeffi-
cient. The latter accounts for the properties of the pore system. i.e. for its porosity € and the tortuosity

factor 7. according to
&
Dierr = D; . 6.8

It is evident how the porous properties of the carbon matrix greatly influence the diffusion rate and.
accordingly. the limiting current density. In addition. also the wetting degree plays into this as = only
accounts for the wetted pore region. The diffusion of the negatively charged products into the bulk is
necessary to close the charge balance. At the TPB. the produced OH" undergoes reaction with dissolved
CO; and is sequestered into the carbonate equilibrium under alkaline conditions [184] according to
CO; + OH- & HCOzx 6.9

In common applications for GDEs. mainly ORR. limitation by product diffusion is usually not pro-
nounced. as OH" is the only product for which diffusion is very fast as it follows the Grotthuis mecha-
nism and since catalyst layers in such applications are very thin and highly optimized. However. in older
publications it is possible to find examples where the diffusion / migration of product ions in the liquid-
phase is indeed rate-determining. For example. Striebel et al. reported OH" transport out of the catalyst
layer to be the limiting factor in PTFE-bonded oxygen cathode electrodes in K,COs electrolyte [189].
Using an adjusted flooded agglomerate-model. they estimated that OH" concentration close to the gas-
phase side is 132 times higher than in the bulk at 100 mA/cm? leading to a doubling of the Tafel slope
at high current densities. As a result. they propose an increase of porosity and decrease of thickness of
catalyst layer (they used a layer with 120 um. a similar length as the wetted GDE part in this work) to
mitigate this effect. In comparison to OH". CO3?. which is the predominant form when pH > 10. exhibits
much slower diffusion with a diffusion coefficient of Dcos = 0.8-10° m?/s at 25 °C [190]. Formate dif-
fusion is slightly faster with Ducoo = 1.45-10° m?/s [191] suggesting that if product diffusion is limiting
it should be associated with bicarbonate or carbonate. In light of the pronounced accumulation of prod-
ucts inside the GDE. one result of the slow transport of carbonate could be its precipitation inside the
pore system. This would lead to a clogging of pores and thereby further deterioration of performance.
Although during HER. twice the amount of carbonate is produced (2 OH" per Hy). HER is not restricted
to the TPB the same way as CO2RR but instead can be produced close to the bulk side of the GDE
where diffusion length is much lower. Accordingly. transport limitation by product diffusion is not an

issue for HER in the investigated region and will compensate for CO2RR at high current densities.
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Although it could not be conclusively proven during the work at hand. this argumentation is in line with
the observed behavior of the GDE throughout this work. It can explain the inferior performance of mi-
croporous carbon carriers (although wettability certainly plays a role there too). temperature dependence
(which can also point to reactant diffusion limitation). the positive influence of less compact agglomer-
ate porosity but — at the same time — detrimental effect of pore-formers as well as the influence of the
operation mode. The latter can be rationalized by the same argument that was employed to correlate
operation mode and catalyst deactivation: by continuously replenishing the electrolyte. the driving force
for diffusion 4c/d is maintained by a close to stationary bulk composition whereas in semi-batch mode
the products continuously accumulate in the bulk. As discussed. the impeded transport of products away
from the TPB can i) lead to more severe deactivation of the catalyst by increasing pH at the TPB or ii)
it can intensify product transport limitation. both leading to more pronounced shift towards HER with

time.
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Chapter 7

Cost analysis of CO: electrolysis

To derive a quantitative description on why the use and optimization of GDEs is crucial for commer-
cialization of CO; electrolysis. a cost analysis is developed and employed to describe the cost of pro-
ducing formic acid (not potassium formate. see below) in the system at hand. It is described in the
following chapter and subsequently employed to demonstrate how current density as decisive parameter
significantly influences the cost of electrolysis up to a certain point. By employing the model. one ob-
tains an impression on what the critical factors for rentability of such a system are and how the costs are
affected by the different input parameters of the model. such as stack cost or Faradaic Efficiency. Part

of this. was published in generalized form in [192].

7.1 Derivation of the model

Recently. a few analysis models have been published on CO; electrolysis (CO2EL) systems focusing on
different aspects of the process. e.g. the evaluation of the economic competitiveness of different product
routes [14] or establishing quantitative targets for technical realization [150.193]. Among the published
models. none explicitly describes the influence of operating conditions for the production of formate or
formic acid in the system at hand. that is using an alkaline electrolyzer as basis. In the following. the
most important concepts and assumptions that went into the model will be discussed. For further details
it is referred to the method section 4.4. Although the actual product at the commonly employed electro-
Iyte condition is potassium formate. the calculation will be conducted using the molar mass of formic
acid as this is the desired end product of the overall process for which the electrolysis step is considered

herein. This allows direct comparison of the electrolysis cost to the market price (€/t).

The reference system

As no commercial electrolyzer technology exists for CO; reduction and therefore the important infor-
mation regarding investment and operating cost are missing. the model is based on the cost structure of
commercial water electrolysis systems for which reliable and comprehensive data on the techno-eco-
nomics can be found in literature. The reference system herein is a state-of-the-art alkaline water elec-
trolyzer (AEL) for which a sketch is given in Figure 7.1. This technology was chosen over polymer-
electrolyte membrane (PEM) electrolysis as with the liquid buffer electrolyte and the alkaline conditions
it resembles more closely the conditions employed herein and what is state-of-the-art. The most obvious

difference between the reference AEL and the actual system is the electrode architecture on the cathode
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side and the supply of reactant. A cost breakdown of the different contributions to the total stack cost
given in [194] assumes a cathode share of around 25% in AEL. in which nickel-based electrodes are
commonly employed. To account for the more costly manufacturing of the GDE used in CO2EL and
the additional gas feed as well as other deviations and uncertainties in the stack cost. a sensitivity anal-
ysis on the investment cost is included and discussed below to investigate what influence the difference

has on the outcome of the analysis.

I. Alkaline Water Electrolysis II. Alkaline CO, Electrolysis
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Figure 7.1 Sketches of reference system alkaline water electrolysis (left) and
actual alkaline CO electrolysis system.

Investment Cost

The investment cost for the manufacturing of the components and assembly of the stack is based on a
study of the Fuel Cells and Hydrogen Joint Undertaking (FCH JU) and the values projected by its mem-
bers [148]. Therein. a cost range between 800 €-kW and 370 € kW in 2030 is predicted for an AEL
system. for which the stack accounts for 50% of the cost. As the non-stack contributions (including the
whole periphery of the facility. e.g. feed preparation. thermal management. power supply. etc.) are dif-
ficult to be translated directly from water to CO; electrolysis without making unnecessary assumptions.
only the stack itself is accounted for (see also method section). To make the investment cost sensitive
to the current density in which it operates (the input variable of the model). the nominal power of the
stack must be converted into the employed electrode area. thus. the cost from €- kW to €-m2. Therefore.
the relationship between nominal power and electrode area has to be known. Using Faraday’s Law (with
100% FE towards H,). the electrode area for a typical state-of-the-art water electrolyzer can be estimated
by its product yield (given by the manufacturer) and a common current density of 300-400 mA/cm? for
commercial AEL systems. Something similar has been done in [14] however. just for one exemplary
electrolyzer. To account for the different operating conditions and stack properties of different manu-
facturers and models. and to put the input parameters on a more solid basis. the data herein is based on
the market survey of Buttler and Spliethoff from 2017 [149]. Accordingly. using reported product yield

and nominal power for the reported 15 commercial AEL systems. one obtains an average conversion



Cost analysis of CO2 electrolysis

factor of 6 kW/m? (ranging between 5-8 kW/m?). Including an installation factor of 10%. this gives an
average price of around 2.300 €/m? which is consistent to the one obtained in [195] for alkaline CO2EL
(1221 to 4884 €/m?). The depreciation of the investment is assumed to follow a simple fixed-mortgage
financial model (fixed rate over loan term. see method section). Dividing by the current density and
applying Faraday’s Law. this gives the final specific investment cost of product-yield in €/mol/h as
function of the current density. According to that. with increasing current density. the required electrode

area for desired product output and as a result the investment cost decrease.

Operating cost

The operating cost of the electrolyzer can be divided into electricity dependent part resulting from the
electrochemistry of the system. cost of feedstock and auxiliaries as well as the maintenance cost to keep
the electrolyzer running. For water electrolysis. non-electricity operating cost is commonly given as
percentage on the initial investment cost. as it usually scales directly with the size of the electrolyzer
similar to the investment cost. Amongst others. this share contains replacement of electrode and elec-
trocatalyst. replenishment of electrolyte and actual maintenance of the system. According to [148] it
ranges between 2 and 5%. depending on the size of the electrolyzer. As CO; electrolysis is not as mature
as water electrolysis and long-term stability of electrode materials has yet to be demonstrated. a con-
servative value of 5% was chosen as base case. In a more detailed techno-economic study. it would be
required to develop the balance of material and energy fluxes to explicitly evaluate requirements for
thermal management and the input of auxiliary streams (electrolyte. water) which. however. goes be-
yond the scope of this assessment. Also. CO; cost or credit is not accounted for as price development is
difficult to project at the moment (projected price of CO; separation in the mid-term is assumed ~40 €/t
[196]) as it will strongly depend on the legislative framework to be established in the next years. It would
in any case not change the outcome of the analysis but just account for an additional contribution on top
of the estimated cost: for the production of potassium formate and CO at 80% and 10% FE. respectively.
and the remainder being H.. this equals 0.59 kg CO; per kg HCOOK (and 42 g CO). Assuming. in
alkaline conditions CO, additionally reacts with produced OH" (one OH" per HCOOK and two for CO
and Hy) to potassium bicarbonate. this value rises to 1.375 kg CO,. With CO, separation cost of 40 €/t.
this amounts to 55 €/t HCOOK or 97 €/t HCOOH.

Electricity Cost
The cost of electricity is reflected in the cost of specific energy input which describes the electric energy

required to produce a given amount of the desired product. It is defined as

Ucenr’! — Ucett’ 'z’F

Specific energy input = 7.1

Nprod I'FE

and accounts for the cell voltage during operation and lost charge due to parasitic side reactions. The

cell voltage Uc.i depends on the energetic efficiency EE as operating variable of the model and on the
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standard cell potential Uy of the overall reaction. It is 1.12 V with anodic oxygen evolution (anode and

cathode at pH 14). The energetic efficiency is defined as

EE = Lo

FE . 7.2

Ucell

For the electricity cost. a value of 0.05 €/kWh is used. following reported wholesale electricity prices in
the European Union 2018[151]. Electricity cost can of course be lower when production is shifted to-
wards regions with abundant renewable energy availability or when only excess electricity is to be used.
Accordingly. often an optimistic value of 0.02 €/kWh is chosen in certain scenarios [193]. However. it
is not the goal herein. to generate the most optimistic outcome but to give a realistic assessment. In
addition. for an electrolyzer to be economically viable. maximization of full load hours is crucial to

obtain low production cost and focusing on excess electricity not constructive.

7.2 Analysis

In the following. the developed model will be employed to analyze the different contributions to the
electrolysis cost for the generation of potassium formate and to show how the production cost is affected

by the operating conditions.

7.2.1 Base case scenario

First. for the base case scenario (values given in Table 4.2). the influence of current density and energetic
efficiency (EE) on the total electrolysis cost is evaluated and depicted in Figure 7.2. As one will see in
the following. the general appearance of the graph remains the same independent on the input parame-
ters. It is determined by the combined effect of stack and electricity cost which in turn are governed by
current density and EE. respectively. That is. at low current densities below 100 mA/cm?. total cost rises
significantly. while for increasing current density it levels off at around 300 mA/cm?. The final cost
largely depends on the energetic efficiency. i.e. cell voltage. and electricity cost whereas the current
density at which this happens is determined by the stack cost.

This can be understood when looking at the cost breakdown given in Figure 7.3 in which the cumulative
cost of the three contributions investment. operating and electricity cost is shown over current density
for the base case scenario and a high investment cost scenario. For the latter. the input parameters that
determine investment and electricity cost are chosen such that the outcome is highly unfavorable towards
investment cost but favorable for electricity cost both maintain in a realistic range. The scenario is de-

scribed below in more detail in the scenario analysis.
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Figure 7.2 Cost of formic acid production as function of current density and cell voltage
calculated with base case parameters (see Table 4.2).

The observation that electricity cost (normalized on ton of formic acid) is independent on current density
IS not surprising as it is only determined by the price of electricity and the specific energy input which
in turn is given by the cell voltage. Since electricity cost is a linear function of the latter its influence on
total cost is quite considerable. On the other hand. investment and operating cost which are inversely
proportional to current density. are substantial at low current densities but drop drastically in the range
up to 200 mA/cmz2. Beyond that. its contribution levels off before becoming mostly independent on cur-
rent density. This is in agreement with the results from the techno-economic analysis done by Jouny et
al. who investigated the effect of various input parameters to the net present value of different reduction
products. In their sensitivity analysis for the current density. they concluded that increasing current den-
sity from their base case of 300 mA/cm? to an “optimistic value” of 500 mA/cm? has a negligible effect
on total cost compared to other contributions (in contrary to decreasing it down to 100 mA/cm? as “pes-
simistic case”). Evidently. using a GDE or any other approach to facilitate working at high current den-
sity is indispensable. For the base case and 3 V cell voltage. increasing current density from 10 mA/cm?
characteristic to conventional electrode architectures to 100 mA/cm? decreases investment cost from
~450 €/t to 45 €/1. i.e. by 405 €/t. whereas a further increase to 500 mA/cm2 leads to investment cost of
around 9 €/t. thus. savings of only 36 €/t. With electricity cost constant. this effect becomes even more
pronounced when looking at the total cost: for 3 V. it drops by a factor of 3.6 (~875 to ~250 €/t) for the
first case but only by 1.3 or 1.4 when increasing current density further to 500 mA/cmz2 or 1000 mA/cmz.

respectively.
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Figure 7.3 Cost breakdown over current density for base case (a. 3 V cell voltage)
and high investment/low electricity cost scenario (b. 2 V cell voltage).

Although this is just very simple math (Cinvest ~ 1/i). the practical implications of this are considerable.

Accordingly. while the first 90 mA/cm2 increase is crucial for application. the benefit-cost analysis be-

comes increasingly unfavorable. especially beyond 300 mA/cm2.

In reality. this effect is even more severe considering that current density and cell voltage are not inde-

pendent variables. To demonstrate this. a U-I curve representative of a full CO; electrolysis cell has been

fitted from literature data [20] in Figure 7.4. Here. the Kinetic polarization and the ohmic losses are

separated which together yield the total cell voltage. As one can see. in the high current density region.

the cell voltage is largely determined by ohmic losses which scale linearly with i and lead to a significant

increase of cell voltage. As a result. EE will decline rapidly. and the resulting electricity cost will rise in

the same manner. This makes working at such high current densities less favorable. Similarly. in the

low current density region. the investment cost are decisive due to large electrode areas required for a

given production output.
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Figure 7.4 Representative U-i curve for a potential full cell with anodic OER (fitted from literature
data. left) and corresponding cost breakdown of electrolysis cost (right)
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As the discussion as well as intuition suggests. the electrolyzer comes with an optimum operating point
at intermediate current densities at which cost goes through a minimum. In this particular case. which is
based on realistic assumptions. this operating point is located around 200 mA/cmz; a typical operating

point of commercial alkaline electrolyzers.

7.2.2  Sensitivity analysis

To show the limitation of the analysis with regard to its quantitative outcome and to check if the trends
obtained are general enough to draw a conclusion from. the uncertainty of the model has been assessed.
This is done by sampling the input parameters in a realistic range characteristic of different best case
and worst case scenarios. To evaluate the effect of electricity and stack-related cost separately. scenarios
assuming high and low cost for investment and electricity (including the related variables). respectively.
as well as a combination of both (low/high investment and electricity cost). yielding maximum and
minimum total cost are considered. Furthermore. scenarios are considered in which electricity cost is
low and investment cost high. and vice versa. to check if the trends from above are still valid.

To derive the upper and lower limit of stack-related cost. the range of suggested investment cost for the
electrolyzer system is taken in accordance to the projected cost range for 2030 from above. that is 380
to 800 €/kW. Maintenance cost was increased to 10% of the investment cost per year to account for less
stable electrodes and less mature technology in the worst-case scenario. The electricity price was in-
creased by 50% around the base case of 0.05 €/kWh to 0.075 €/kWh and decreased to 2 ct/kWh to sim-
ulate what is often considered a long-term favorable electricity price for electrification characteristic of

regions with high abundance of cheap renewable energy [193].

Table 7.1 Input parameters for scenarios used in sensitivity analysis

unit worst case  base case best case
Investment cost of system (2030) €/kW 800 580 380
Maintenance cost % 10 5 5
Electricity cost €/kWh 0.075 0.05 0.02
Cell voltage \% 3.5 3 2

The outcome of this scenario analysis is shown in Figure 7.5. The scenarios which give the highest and
lowest total cost are herein given as boundary conditions in gray. It can be clearly seen that the uncer-
tainty is very high which can be ascribed to the wide range of electricity price and the respective cell
voltages assumed as summarized in Table 7.1. The high current density limit yields 50 and 320 €/t in
these cases. From the above cost breakdown as well as from the electricity cost variation in Figure 7.5
on the left. this can be clearly attributed to the effect of electricity cost being the main external parameter

determining the economics of the system. The offset to the cost limit is due to the cell voltage which is
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varied in addition. As expected from above as well. the effect of investment cost on total cost is espe-
cially pronounced for low current densities. however. the curves for the stack cost variation gradually
approach the cost of the base case scenario at >300 mA/cm?2 making the actual stack cost insignificant
in this region. Varying the stack-related cost shows. however. that although the general trend prevails.
stack-cost can play a role when high in comparison to the electricity cost as depicted in green on the
right graph. Accordingly. current density which needs to be reached for leveling off of electrolysis cost
is gradually shifted to higher values (here 500 mA/cm?). This shows that the cost of the electrolyzer

system cannot be neglected and needs further development.
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Figure 7.5 Sensitivity analysis performed around the base case scenario with different combinations of
electricity and stack costs

Still. independent on the specific input parameters. all curves exhibit the same trend. The difference is
limited to the current density of the inclination point after which the cost becomes saturated. and the
exact value of the total cost that the total electrolysis levels off to. While the inclination point is deter-
mined by the stack cost. electricity cost is determined by Faraday’s Law and cell voltage. thus. constant
for given EE. For the base case scenario. electrolysis cost for a realistic target of 3 V and current density
of several hundred mA-cm levels of at around 180 €/t. It is important to keep in mind. that the invest-
ment cost in this analysis is only comprised of the stack cost. not including peripheral elements that add
to the cost of the whole electrolyzer system. When including these. investment cost would double if the
cost structure of water electrolysis is assumed. The influence at high current densities. however. is not
significant as shown in the sensitivity analysis above. A further assumption was that assuming the cost
structure of AEL to obtain a meaningful assessment of cost for alkaline CO; electrolysis is a valid sim-
plification. Accounting for gaseous feed supply and GDEs instead of nickel-plates would influence both
stack and maintenance cost. If the cathode cost which accounts for 25% of the cost stack would e.g.
increase by a factor of 10. total stack cost would roughly triple (cathode cost was 25% of stack cost). As
a result. electrolysis cost for formic acid production would increase from 190 to 220 €/t for the base case
scenario at 3 V and 500 mA/cmz2 which is in the range of the uncertainty expected from this cost assess-

ment. Importantly. it is comprehensible from this analysis why the availability of cheap and abundant
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renewable energy is a decisive factor for profitability of electrolyzer systems. as stressed for example
by [193]

7.2.3 Discussion

In general. the sensitivity analysis shows that it is possible to use this assessment to draw conclusions
about the effect of operating conditions on profitability of the process. First. it can be clearly shown that
the working hypothesis of this work. that is the importance of current density. can be validated. In par-
ticular. increasing current density to several hundreds of mA/cma2 is crucial and can be enabled by using
optimized GDE structures. On the other hand. the outcome shows that at some point. further increase
does not give a decisive improvement of electrolysis cost and that electricity cost becomes the deter-
mining factor at high current densities. Thus. cell voltage overtakes as the main contributor above
300 mA/cmz2, This is particularly important when taking into account that in a real system current density
and cell voltage are not independent variables but are coupled by the current-dependence of the overpo-
tentials and ohmic losses. Due to the linear relation. the latter becomes significant at high current den-
sities. so further increase of current density. although being facilitated by the GDE structure. comes with
a considerable voltage penalty. Accordingly. the operating point might in reality be chosen far from
what the GDE is able to achieve with regard to transport limitation. In turn. for the development activi-
ties. this implies that improving achievable current densities is important but that the corresponding
overpotentials should not be neglected and that minimizing losses both from kinetics but also from an
engineering point of view (electrolyte. cell design) is needed. Although not subject of this work. this

needs further systematic investigation to obtain the optimum form a system point of view.

Ultimately. it was argued that the generation of formic acid (not formate. see below) being a high-value
product would be a reasonable route for technology introduction of CO, electrolysis and could drive
cost down for other less costly products with higher market volume and therefore higher impact. Indeed.
the market volume of formic acid is rather small (950 kt-a* production in 2014 [197]) due to its use in
niche applications such as in the leather and tanning industry. as reactant in the pharmaceutical and
chemical industry. as well as to control pH in silage. animal feed or the textile industry. As a matter of
fact. the market price of formic acid is with 600 €/t [14] clearly higher than the estimated electrolysis
cost herein showing that in principle electrochemical production from CO, might be competitive against
conventional production. This has also been suggested by [14.150]. Even in the most unfavorable case
of combined high investment and electricity cost. with around 320 €/t cost remains below market price.
However. cost of separation which was not accounted for herein will most arguably challenge profita-
bility considerably. especially considering low concentration of formate in the product stream and an
additional required protonation step to obtain the desired formic acid. Achieving high product concen-
tration on the order of several mol/L is of utmost importance as well as finding a way to produce formic

acid in its non-dissociated form as has been achieved by Yang et al. [198]. Although CO; electrolysis is
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almost exclusively reported in neutral to alkaline electrolyte and acidic conditions suggested to come
with significant performance penalty. it is not fully clear why this argument prevails. It has been shown
in several studies [21] that pH value close to the reaction zone increases dramatically due to the gener-
ation of OH". Accordingly. even in bulk acidic conditions. the pH value inside the GDE should reach
more alkaline conditions favorable for CO2RR. This is a pathway which should be investigated more
extensively including modelling activities to understand the role of pH inside the GDE. Formate itself
instead of formic acid can only be regarded as promising product when a pathway for an energy storage
cycle is established with formate as hydrogen storage chemical or as fuel for direct-liquid fuel cells as

suggested by Bienen et al. [199] to create a market of interest.
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Chapter 8

Summary and Conclusion

In the course of this work. carbon-based and PTFE-bound gas-diffusion electrodes (GDE) have been
developed and investigated for the electrochemical reduction of CO, (CO2RR) to potassium formate at
high current densities and Faradaic efficiencies (FE) in an industrially relevant environment (i.e. besides
targeting high space-time yield. the use of aqueous electrolyte and inexpensive materials where possi-
ble). Their ability to facilitate the reaction at such conditions is determined by a complex interplay of
different kinetic phenomena which leads to a non-trivial optimization approach that can hardly be con-
ducted on a sole empirical methodology and needs thorough understanding of the system. It could be
shown that the electrochemical behavior is strongly influenced by the parameters employed during elec-
trode manufacturing (i.e. composition. compacting pressure and post-treatment). the resulting GDE
properties (mainly texture and wettability) and the reaction conditions (electrolyte. temperature. elec-
trode potential). As such the goal of this work. that is. getting a thorough understanding of how the GDE
works and separating the different contributions on the electrochemical behavior is strongly complicated
by the interactive nature of these variables. Thus. an elaborate and systematic investigation of the rela-
tionship between said variables and the electrochemical performance was conducted to establish a start-

ing point for a more targeted optimization of the GDE in future work.

From an application point of view. GDEs were developed with highly promising performance charac-
teristics combining a newly developed simple and scalable dry deposition technique for the manufac-
turing of the GDEs with a homogeneous precipitation method to obtain fine dispersion of the tin oxide
electrocatalyst on the carbon substrate. Optimizing electrode properties yielded GDEs that allowed for
operation at current densities >500 mA/cm?2 while maintaining FE towards formate >80%. While these
are striking values and already in the range of what is targeted for technical application. long-term sta-
bility evidenced by a continuously increasing rise of hydrogen evolution over time is far from suitable
from a technical point of view. By investigating the effect of the GDE properties — that are the compo-
sition (carbon type. PTFE content. electrocatalyst content). texture (adjusted via pore-forming agents
and compacting pressure) as well as hydrophobicity (function of carbon substrate and adjusted by its
oxidation) — and evaluating the time behavior. it could be shown that working at high current densities
is determined by i) reactant and product transport. ii) wettability and iii) catalyst accessibility. To address
the first point. it could be demonstrated that an open pore structure (evaluated by Hg-porosimetry) which

can be tailored by the employed carbon type and compacting pressure improves transport characteristics
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of the GDE. This allows for an increase of the achievable current density by as much as a factor of 10.
from 50 mA/cm2 to 500 mA/cmz simply by choosing the most suitable carbon black carrier. It has to be
noted that in this case in contrary to the sole adjusting of compacting pressure. the different wettability
of the carbon blacks will also strongly affect the suitability of the GDE. That said. wettability has a more
ambiguous way of affecting the GDE functionality. On the one hand. the activity of the electrode at
moderate polarization. is solely determined by the wetted catalyst surface as demonstrated by the clear
relationship between double layer capacitance and current density for given electrode potential. This not
surprising correlation was substantiated by experiments elucidating the influence of PTFE content. car-
bon wettability and the respective increase of macroscopically observable current density with time at
constant polarization due to continuous wetting of the pore system. On the other hand. this work points
towards a detrimental effect of increased wetting with regard to achievable current density in the system
at hand and with the type of hydrophobic GDEs used herein. This striking correlation could be evaluated
by adjusting the functional groups of the carbon carrier by surface oxidation. Increasing the wettability
while maintaining the carbon microstructure led to a clear shift of transport limitation to lower current

densities.

To get a better understanding of how the wetting proceeds and how it is affected by both the GDE
properties and reaction conditions. a novel methodology was established herein combining capacitance
measurements and intrusion depth analysis by post-mortem element mapping of the cross-section.
Whereas the latter allows for a macroscopic assessment of how deep the electrolyte front has penetrated
from electrolyte towards gas side of the GDE. the capacitance is a qualitative measure of the wetted
surface area inside this electrolyte front. As a first example of what this methodology is capable of. it
could be guantitatively shown that the extent of wetting inside the electrolyte front is a strong function
of the electrode properties and experimental conditions. Switching from low (highly hydrophobic Acet-
ylene Black. 35% PTFE) to high wetting conditions (Vulcan. 20% PTFE) causes the degree of wetting
to increase from 22% to 47% after 1 h. Leveraging this methodology to its full extent with systematic
experimental studies in the future will allow for an assessment of long-term stability. degradation mode
and can reveal how the wetting process is determined by applied potential and electrode hydrophobicity.
Operando techniques such as nano-CT as well as microstructurally-resolved modelling of the electrode
structure and the processes occurring during electrolysis can aid in getting a clearer understanding of
the limiting factors and how the GDE can be further improved [200]. This is crucial. as studies on the
influence of wettability are still one of the most open scientific directions for further investigation of the
process and therefore highly recommended. Although consistent with other observations in this work.
the hypothesis that increased wetting with time also contributes to the GDE degradation by shifting the
triple-phase boundary deeper into the GDE structure. thereby. impeding transport of products back into
the bulk cannot be fully validated at this stage of research. This is because at the same time. one of the

main findings of this work was the observation that stability issues of the electrocatalyst encountered
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herein due to the high pH value in the reaction zone and the high cathodic polarization tend to mask the
real electrode behavior and made clear conclusions difficult. As a result. it could be shown that although
often claimed to be metastable at the conditions at hand. significant loss of active species can be ob-
served. most arguably by reductive dissolution and consequent redeposition as metallic tin which is
active towards the undesired hydrogen evolution (HER). This effect has been found to prevail through-
out the different studies herein. partially masking the real electrode behavior and influence of its prop-
erties. It is thus questionable. if tin oxide is a reasonable electrocatalyst for this reaction and future work
should either consider switching to more stable catalysts such as bismuth which is active for CO2RR
also in metallic form or find solutions to stabilize tin oxide. Only if this stability issue is under control.
a more robust assessment of GDE operation can facilitate conclusions on the decisive parameters and
most suitable optimization routes. After all. for technical realization of the process. the GDE needs to
exhibit durability of several thousands of hours.

Ultimately. the cost analysis conducted herein can give a good estimate on reasonable targets for opti-
mization of CO; reduction technology. Facilitating high enough current density is decisive as shown by
the quantitative outcome proving the working hypothesis and the motivation of this work highly rele-
vant. When this work started. state-of-the-art systems were not able to facilitate such rates encouraging
the efforts conducted herein to develop such electrode systems. However. in the last years. current den-
sities of several 100 mA/cm? using GDEs have become state-of-the-art demonstrating that as soon as
long-term stability is ensured. electrode performance is not the limiting factor anymore. Going one step
further and keeping in mind that cost levels off drastically beyond 300 mA/cm?2 while the influence of
cell voltage maintains decisive. it might not be reasonable to push current density too far towards high
values. At such high current densities. cell voltage is mainly determined by the ohmic losses of the cell
which scale linearly with current density. Thus. the increasingly less pronounced benefit of increasing
current density would come with the considerable disadvantage of increasing cell voltage with a high
impact on total production cost. Accordingly. to derive the desired operating point with maximum prof-
itability for the actual system. obviously. one needs to establish the electrolysis cost with the actual U-I
characteristic of the cell. The resulting optimum point of operation would then be a compromise of high
current density (investment cost) and low cell voltage (electricity cost) as well as long-term stability of
the electrode. Regarding the cell voltage. the focus for further optimization is an engineering one. shift-
ing the emphasis of future development in the direction of cell design and operating conditions. CO;
electrolysis is currently indeed at the stage where this becomes an increasingly important topic and
increased efforts to couple the electrochemical research with the work of mechanical and process engi-
neering become visible. ultimately. paving the way towards commercialization and defossilation of the

chemical industry.
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