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Abstract

The world is currently facing two problems that are very closely linked: climate changes associ-
ated with the high levels of CO, in the atmosphere and an increasing global energy demand. To
address these challenges, it is crucial to integrate renewable energies and decentralize the energy
system, while driving a low-carbon economy. Thus, it is required to develop technologies that
utilize CO, as raw material and convert electrical energy into other useful forms of energy. The
electrochemical reduction of CO, has the potential to meet these requirements and to actively
contribute to cutback CO, from the atmosphere. However, for an industrial application there are
still challenges to overcome, such as low selectivity, short durability and low current densities
along with high overpotentials. In this thesis, the electrochemical reduction of CO, is investi-
gated with the aim to increase selectivity towards value-added chemicals. CO, electrolysis was
initially studied using planar electrodes such as boron doped diamond (BDD) and transition
metals in H-cells. The results demonstrated the stability but low activity of BDD electrodes
and indicated that growth conditions and especially grain size play an important role in their
activity for CO, reduction towards CO and HCOOH. Considering CO as the well-accepted main
intermediate to multi-carbon products, a metal screening (Fe, Co, Ni, Cu) was performed with
CO and CO, as the reactant. It was confirmed that Cu is the only material able to electroreduce
CO to multi-carbon products but it was also observed that the presence of CO can suppress the
hydrogen evolution reaction. Subsequently, this thesis focuses on the electrochemical reduction
of CO to ethanol, ethylene and n-propanol using gas diffusion electrodes and flow cells. With
this set-up, it was possible to overcome the mass transfer limitations observed while using
H-cells and planar electrodes. As a result, high current densities (up to —300 mA/cm?) were
achieved and it was possible to directly compare CO and CO, as the reactant. Several advan-
tages were demonstrated by using CO rather than CO,. One of them is that compared to CO,,
more than two-fold higher Faradaic efficiencies can be achieved using CO. Furthermore, the
study of different Cu-powders with different particle sizes indicated that compared to micropar-
ticles, nanoparticles lead to higher selectivity at higher current densities. Finally, the feasibility
of a two-step electrolysis system was demonstrated at application-relevant current densities.
A significant improvement in the selectivity towards multi-carbon products was achieved by
introducing a gas separation technique between the two steps. Overall, this doctoral thesis aims
to contribute to the research community by providing key insights into the development of the

electrochemical reduction of CO, towards multi-carbon products as an industrial process.
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Kurzzusammenfassung

Die Welt steht derzeit vor zwei Problemen, die sehr eng miteinander verbunden sind: Klima-
verdnderungen aufgrund des hohen CO,-Gehalts in der Atmosphire und eines zunehmenden
globalen Energiebedarfs. Um diesen Herausforderungen zu begegnen, ist es entscheidend, er-
neuerbare Energien zu integrieren und das Energiesystem zu dezentralisieren, wihrend gleich-
zeitig eine kohlenstoffneutrale Wirtschaft vorangetrieben wird. Daher miissen Technologien
entwickelt werden, die CO, als Rohstoff nutzen und elektrische Energie zu anderen niitzlichen
Energieformen umwandeln. Die elektrochemische Reduktion von CO, hat das Potenzial, elek-
trische Energie in chemische Energie umzuwandeln und aktiv zur Reduzierung des CO, aus der
Atmosphire beizutragen. Fiir eine industrielle Anwendung sind jedoch noch Herausforderun-
gen zu bewiltigen, wie geringe Selektivitit, Instabilitdt und geringere Stromdichten bei hohen
Uberspannungen. In dieser Arbeit wird die elektrochemische Reduktion von CO, untersucht,
mit dem Ziel, die Selektivitit gegeniiber Wertschopfungschemikalien zu erhohen. Zunichst
wurde die CO,-Elektrolyse mit planaren Elektroden wie Bor-dotiertem Diamant (BDD) und
Ubergangsmetallen in H-Zellen untersucht. Die Ergebnisse mit BDD-Elektroden zeigten hohe
Stabilitét, aber geringe Aktivitit fiir die Umwandlung von CO, zu CO und HCOOH. Auflerdem
wurde gezeigt, dass Wachstumsbedingungen und insbesondere die Korngrée eine wichtige
Rolle bei ihrer Aktivitit zur CO,-Reduktion spielen. Ein Metall-Screening (Fe, Co, Ni, Cu)
mit CO und CO, als Edukte wurde durchgefiihrt, unter Beriicksichtigung von CO als Zwi-
schenprodukt bei der elektrochemischen Herstellung von kohlenstoffhaltigen Produkte. Das
Metall-Screening bestétigte, dass Cu das einzige Material in Lage ist, CO zu kohlenstoffhal-
tigen Produkten mit mehr als eine Kohlenstoffverbindung zu elektroreduzieren. Dazu wurde
gezeigt, dass die Wasserstoffentwicklungsreaktion mit der Anwesenheit von CO unterdriickt
wird. Des Weiteren beschiftigt sich diese Arbeit mit der elektrochemischen Reduktion des
Hauptzwischenprodukts Kohlenmonoxid zu Ethylen, Ethanol und n-Propanol. Dafiir wurden
die Experimente unter Verwendung von Gasdiffusionselektroden und Durchflusszellen durch-
gefiihrt. Mit diesem Aufbau war es moglich, die bei der Verwendung von H-Zellen und planaren
Elektroden beobachteten Stofftransportlimitierungen zu iiberwinden. Damit war es auch mog-
lich hohe Stromdichten zu erreichen (bis —300 mA/cmZ) sowie CO und CO, als Reaktanten
direkt zu vergleichen. Durch die Verwendung von CO anstatt von CO, als Reaktant wurden
mehrere Vorteile gezeigt. Eine davon ist, dass mit CO im Vergleich zu CO, mehr als doppelt

so hohe Faraday-Wirkungsgrade erzielt werden konnen. Dariiber hinaus hat die Untersuchung
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verschiedener Cu-Pulver mit unterschiedlichen PartikelgroBen gezeigt, dass Nanopartikel im
Vergleich zu Mikropartikeln bei hoheren Stromen zu einer hoheren Selektivitit bei hoheren
Stromdichten fiihren. SchlieBlich wurde ein integriertes Zweistufige-Elektrolyse-System auf-
gebaut und optimiert. Die Ergebnisse zeigten die Machbarkeit einer zweistufigen Elektrolyse
von CO, bei anwendungsrelevanten Stromdichten. Allerdings wurde bewiesen, dass eine CO,
Abtrennung zwischen den beiden Schritten notwendig ist, um die Selektivitdt zu kohlenstoff-

haltigen Produkten zu verbessern.
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1 Introduction

1.1 Research context

The rapid increase in energy demand, together with the climatic changes associated with the
increasing CO, concentration in the atmosphere, requires a rethinking of the energy system and
the use of fossil fuels. This implies worldwide research and development of new technologies
that can assure a carbon-neutral economy. The following paragraphs aim to provide an overview
of the current challenges that motivate the investigation of the electrochemical reduction of CO,
together with the basic requirements and the state of the art of this technology to finally define
the scope of this thesis.

1.1.1 Traditional energy system and CO, emissions

The energy business, which includes generation, distribution, and consumption, has been ex-
panding among others because of population and economy growth [1-3]. The urban population
of the world has grown rapidly from 746 million in 1950 to 3.9 billion in 2014 and a 2.5 billion
increase is expected by 2050 [4]. This implies a significant increase in energy demand. Accord-
ing to the International Energy Agency (IEA) the global energy consumption grew by 2.3 %
in 2018, nearly twice the average rate of growth since 2010 [5]. Traditional energy generation
systems based on fossil fuels (coal, crude oil and natural gas) and nuclear power, cause several
negative effects on the climate and the ecosystems on which we depend [2, 6]. The high con-
centration of CO, in the atmosphere is one of the negative consequences that has caught more
attention due to its accelerated increase since the industrial revolution [7]. A global average
annual concentration of CO, in the atmosphere of 407.4 ppm was reported in 2018, up 2.4 ppm
since 2017. This is a major increase, taking into account that CO, ranged between 180 and
280 ppm in pre-industrial years [5]. Alongside agricultural and industrial activities, the energy

generation sector has been a major contributor to this high level of CO, in the atmosphere [8].

In 2018 global energy related CO, emissions reached a historic value of 33.1 Gt CO, as shown
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in Fig. 1.1. This is the highest rate of growth since 2013, and 70 % higher than the average
increase since 2010 [5].

Although it is still not totally understood, how the anthropogenic CO, emissions directly affect
earth’s climate; it has been widely accepted that the increase of CO, concentration in the
atmosphere is directly linked to an increase in global temperature [6-8]. Likewise, the increase
in global temperature has been correlated to catastrophic effects on the ecosystem [6, 8, 9].
The link between traditional energy systems with CO, emission and climate warming has
caught the attention of politicians, scientists, businessmen as well as the general public. This
brought 195 countries at the United Nations Climate Change Conference held in Paris in 2015
to agree on a plan for the reduction of CO, emissions and other greenhouse gases to hold
global temperatures well below 2 °C above pre-industrial levels and to pursue efforts to limit

the temperature increase to 1.5 °C [10].
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Figure 1.1: Global energy-related CO, emissions by source. Source: IEA(2019) Global
Energy and CO, Status Report [5]. All rights reserved

1.1.2 Energy system transformation

In order to mitigate global climate change and to achieved the goals set in the Paris agreement,
global energy demand should be covered by a secure affordable and reliable energy supply that
can assure reduced emissions of greenhouse gases [11-13]. Meeting global energy demand in
a sustainable way will require not only increased energy efficiency and new methods of using
existing carbon based fuels but also a significant amount of new carbon-neutral energy [1, 12].
The integration of renewable energies in the traditional system contributes to a more sustainable
energy supply due to the lower consumption of fossil raw materials and the consequent reduc-

tion in emissions of greenhouse gases [12]. In fact, in 2018 energy efficiency together with



the integration of renewable energy contributed to a significant restrain on global emissions
growth, as shown in Fig. 1.2. Nearly 215 Mt of emissions were reduced due to the transition to
renewable energy (green) in the power sector. Without the improvement in efficiency and the
transition from coal to gas as well as from fossil fuels to renewable energy sources, emissions
growth in 2018 would have been 50 % higher. However, the transition was not fast enough to
keep the rapid pace of electricity demand and CO, emissions [5].

34.0
Increased emissions

GtCO,

B Economic growth

33.5 - Avoided emissions

M Energy Efficiency

330 Nuclear
M Renewables
Coal-to-gas switching
325 Other
320

2017 2018

Figure 1.2: Change in global energy related CO, emissions and avoided emissions,
2017-18. Source: IEA(2019) Global Energy and CO, Status Report [5]. All rights reserved

In Europe, CO, emissions fell by 1.3 % (50 Mt). This decline was driven by a drop of 4.5 % in
Germany, as both oil and coal combustion slumped sharply, while the power generation from
renewable energy reached a record high of 37 % of the electricity mix [5]. This can be consid-
ered as a positive result of the German energy system transition known as the “Energiewende”,
which targets are: reduction of CO, emissions by 80-95 % in 2050 relative to 1990, phasing
out nuclear power until 2022, as well as maintaining high competitiveness and security of
supply [11].

The main sources of renewable power in Germany are wind and solar [12, 14, 15]. These
sources generate (almost) no air, land, or water pollution and no CO, emissions. In terms of
sun and wind renewable energy is abundant and minimal geopolitical stress is caused by its
production [1]. Especially solar is considered the largest source of energy, which is becoming
the lowest cost resource on a straight energy production basis [16]. However, with these sources
the power generation is intermittent and is not always available when and where energy is
needed [15]. Thus, energy storage and decentralization of the system represent a major chal-
lenge.
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Despite electricity generation, other areas such as transport and industrial process are still
predominantly depending on fossil fuels [14]. A direct transition from fossil fuels to renewable
energies in this sectors requires a fundamental transformation of infrastructures along the entire
energy chain from conversion over distribution to end use [11]. It is well recognized that the
energy transition can only be successful through the inclusion of these areas, especially with
regard to the reduction of CO, emissions [12].

In addition to the transformation of the energy system, it is also necessary to remove CO, from
the atmosphere in order to achieve the targets set in the Paris agreement, as reported recently
by the Intergovernmental Panel of Climate Change (IPCC) [17]. Carbon can be captured from
large point sources or directly be removed from the air using chemical sorbents that interact
strongly with CO, such as amine and ammonium [18, 19]. A direct air capture technology has
been recently introduced in the industrial sector by the company Climeworks, whose vision
is to capture 1% of global emissions by 2025 [20, 21]. While carbon capture is a promising
technology to reduce the high levels of CO, in the atmosphere, the further utilization of CO, as

a raw material should be addressed in order to achieve a neutral carbon circular economy.

1.1.3 Sector coupling and Power to X technologies

As aforementioned, the complete transition to renewable energy sources requires also the tran-
sition from large scale energy production to local generation, storage and flexible consump-
tion. This can also be understood as a decentralization of the energy system. To address this
challenge, a new concept has been introduced in Germany, “sector coupling”, which consists in
interconnecting the energy consuming sectors with the power producing sectors [14, 22]. Within
this concept, “Power to X technologies” (P2X) have emerged and are gaining importance in the

scientific community as well as in the industrial sector [14].

The energy system transformation requires, therefore, two phases for its implementation as
shown in Fig. 1.3. In phase 1, which is currently being introduced, the electricity is fed into
the traditional energy system. The distribution mechanism is combined with electricity storage
using batteries and fuel cells. These electrochemical storage technologies are currently pro-
pelled by the automotive industry leading to higher efficiencies and lower prices. In Phase 2,
the energy sector should merge with other sectors. This, as mentioned above, is known as sector
coupling and can be implemented using P2X technologies. An important requirement for phase
2 is a low cost of renewable energy, which should become lower than the cost for conventional
fossil or nuclear energy generation [23]. The current trends suggest that this requirement can be
fulfilled in a short term as reported by the International Renewable Energy Agency (IRENA).
They have tracked and analyzed the cost evolution of renewable power and confirmed the status

of renewable power as a highly cost-effective energy source [24].
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Figure 1.3: Phases of the energy system transformation. Adapted from [23]

Power to X technologies allow the conversion of electrical power from a renewable source into
an X useful form of energy, where X can be among others gas, liquid or heat [14]. Converting
power to gas or liquid can also refer to the conversion of electrical energy into chemical energy
or synthetic energy carriers [14]. This is especially valuable in sectors that are still dependent
of fossil fuels or petrochemicals and where the direct use of renewable energy remains a
challenge. In these cases, using fuels synthesized from clean electricity and CO, might be the

best approach for a carbon neutral economy.

Electrochemical processes are the gist of some P2X technologies. These are environmentally
friendly, can be operated under relatively mild conditions and can also be coupled with re-
newable electricity sources at remote locations [13, 25]. Water electrolysis is one of the basic
examples of a P2X technology, where water is electrochemically reduced to H, and oxidized to
O,. In this way, electrical energy can be stored in the chemical bonds of H, as a gas. However,
H, as a storage option is limited due to high cost, security challenges and the need for a special
infrastructure for its storage and transport [26]. An alternative to improve energy density and
storage ability is the electrochemical conversion of water to H, followed by a thermochemical
synthesis with CO, to obtain CH, (methanation) [27]. This option delivers a higher energy
density product than H,, is compatible with the current infrastructure and contributes to the
utilization of CO,. However, it should be taken into account that renewable electricity is in this
case only used for the production of H,, while the methanation itself is the result of a well

established catalytic reaction at high temperatures [27].
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A new promising approach is the electrochemical reduction of CO, in aqueous electrolytes,
where even higher energy dense synthetic carriers, as well as gas and liquid chemical prod-
ucts can be obtained. With this technology multi-carbon products, which are usually obtained
from fossil sources, can instead be electrochemically synthesized from CO, and water using
renewable energy as driving force [28]. Thus, the electrochemical reduction of CO, has the
potential to trigger a sustainable carbon neutral economy by integrating renewable energy in the
chemical sector and hence reducing CO, emissions. Nevertheless, CO, electrolyzers still have
to overcome challenges such as low selectivity, high overpotentials and fast degradation. This
technology can only be industrially deployed by achieving long-term stable electrolysis with
high conversion rates and suitable product selectivity at high current densities [29-31]. For this
reason, the electrochemical reduction of CO, has gained attention in the scientific community

and has become a major topic that requires further investigation.

1.2 CO, electrochemical reduction

In the last three decades, several researchers have demonstrated that CO, can be activated by
an electrocatalytic process in aqueous electrolytes at ambient pressure and temperature [28, 29,
32-37]. In this electrocatalytic process the reduction of CO, and H,O takes place at the cathode,
while the oxidation of H,O occurs at the anode. For the purpose of this thesis, the attention
will be directed to the cathodic reaction, where CO, is reduced to value-added chemicals. The
electrochemical reduction of CO, (ERCO,) can follow a two-, six-, eight-, 12-, or even 18-
electron reduction pathway to obtain various gaseous and liquid products. Up to 16 different
CO, reduction products have been reported including ethylene glycol and propionaldehyde
among others [35]. Equations (1.1 - 1.7) show the half-cell electrochemical reaction as well
as the thermodynamic electrode potentials versus the reversible hydrogen electrode (V vs RHE)
for the seven most common products that can be obtained from the ERCO, [35].

CO,(g) + HyO() +2e” == CO(g) + 20H" —0.10V vs RHE (1.1)
CO,(g) + H,O(l) + 2¢~ == HCOO (aq) + OH™ —0.03V vs RHE (1.2)
CO,(g) + 6H,0O(l) + 8¢~ = CH,(g) + 8OH™ 0.17V vs RHE (1.3)
CO4(g) + 5H,0(1) + 6¢~ == CH30H(g) + 6 OH~ 0.03V vs RHE (1.4)
2C0Oy(g) + 8HyO() + 12e7 == C,Hy(g) + 120H~ 0.08V vs RHE (1.5)
2CO4(g) + 9H,0() + 12e~ = C,HsOH(l) + 120H" 0.09V vs RHE (1.6)
3CO4(g) + 13H,0(l) + 18~ = C3H,OH(l) + 18 OH" 0.21V vs RHE (1.7)



Since CO, electrolysis is usually performed in an aqueous environment, hydrogen evolution
also takes place as shown in equation (1.8), being a competition reaction to the ERCO,.

2H,0 +2¢ = H, +20H" 0V vs RHE (1.8)

CO, can be electrochemically reduced to several products at similar potentials, according to
equations (1.1) to (1.7). However, the practical potentials required for CO, reduction reactions
are much more negative than the equilibrium ones, indicating that CO, reduction is generally
more difficult to take place in comparison with H, evolution [33]. An explanation for this can
be the increased amount of reaction intermediates, which generally correlates with the number
of electrons required to form certain products. Since the activation energy for each intermediate
needs to be overcome to obtain the final product, the formation of multiple intermediates
with electron transfer require highly negative potentials to proceed, resulting in much more
negative potentials than the overall theoretical equilibrium potential for each product [38, 39].
Another explanation is the lack of a suitable catalyst. Based on several experimental studies an
overpotential of ~ 1V is usually required to drive the ERCO, [33, 35]. Thus, the selectivity
to one or another product can not only be controlled by the potential applied. Instead, several
variables such as electrocatalyst, electrolyte, electrochemical reactor as well as electrode design
play a role in the product spectrum that can be obtained from the electrochemical reduction of

CO,.

1.2.1 Electrocatalysts

The electrochemical synthesis of products from CO, is a complex multi-step reaction with
multiple adsorbed intermediates (*CO, *COH, *CHO, among others) [38, 40, 41]. The catalyst
provides reactive sites that allow the reduction of CO,. Thus, the reaction mechanisms for
the various products are affected by the binding strength of reactants and intermediates on the
catalyst surface during the electrocatalytic reduction of CO, [38]. Different materials have been
tested as electrocatalyst [37, 42]. The majority of the research community has focused on the
study of transition metals, while some studies have shown that non-metallic materials such as

boron doped diamond electrodes are also able to electrochemically activate CO,.

1.2.1.1 Transition metals

Transition metals have been extensively studied as electrocatalysts [32, 33, 43—45]. Hori et al.
was one of the first groups that contributed to understanding the electrochemical conversion

of CO, on transition metals. They carried out CO, reduction on various metal electrodes at
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a constant current of =5 mA/cm? in 0.5M KHCOj5 [2, ﬁ, ﬁ]. In all the metals tested, CO,
is first reduced to CO or HCOOH and, depending on the ability of each metal to bind these

intermediates, different products can be obtained as follow [32, 33]:

(i) Metals that require a high overvoltage to produce hydrogen (Pb, Hg, In, Sn, Cd), produce
formate as the main CO, reduction product. They also have negligible CO adsorption

properties and very low amounts of CO have been detected as product.

(i1) Metals that bind CO strongly (Ni, Fe, Pt, Ti) are poisoned by CO, and consequently, H,
evolves from the competing water reduction as the main product.

(i11)) Metals that bind CO weakly (Au, Ag, Zn, Pd, Ga) produce mostly CO, as the produced
CO is released from the surface before it can be further reduced to products such as

alcohols and hydrocarbons.

(iv) Metals with intermediate binding energy for CO (Cu) produce CHy, C,H, and alcohols

among other multi-carbon products.

Most of Hori’s results were confirmed by Azuma et al. [44] testing transition metals in a
different electrolysis cell and using potentiostatic but not galvanostatic methods. In a more
recent publication, Kuhl et al. [45] performed experiments with seven transition metals analyzed
before by Hori et al. [33] but using their own improved product analysis methodology. This
study, contrary to Hori’s work, reported that all of the seven transition metals studied (Au, Ag,
Zn, Cu, Ni, Pt and Fe) are capable of producing methane or methanol [45]. They demonstrated
the importance of measuring over a wide range of potentials with methods capable of identifying
and quantifying even minor products. However, it should be taken into account that even when
methanol and methane were found as CO, reduction products using transition metals such as
Ni, Fe and Zn, the hydrogen evolution was, in this case, the main product leading to very low
efficiencies for the C; products found. Thus, copper seems to be the only metal able to reduce
efficiently CO, into multi-carbon products such as ethylene, ethanol and propanol [33, 44, 45].
Kuhl et al. [35] found 16 products out of the ERCO, on copper. They analyzed the gas products
during the electrolysis with a gas chromatograph and an aliquot of the liquid products was
taken at the end of the experiment for analysis with 1D 'H NMR. These techniques allow

reproducibility and are used nowadays by numerous research groups including us.

The most intensively studied electrocatalysts are: Ag, for the production of CO; Sn, on which
formate is produced; and Cu, on which multi-carbon products are formed. While major progress
regarding stability and selectivity has been made for the production of formate and CO, the for-
mation of multi-carbon products involving multiple proton and electron transfer has still several

challenges to be addressed. Some of the challenges to overcome with Cu as electrocatalyst are



the high overpotentials required, the fast deactivation and the simultaneous formation of several
compounds, which lead to low selectivities.

Recently, a large portion of the scientific community has focused on the investigation of Cu
as the only metal that can reduce CO, to hydrocarbons and alcohols at appreciable levels.
One main reason for this unique catalytic activity of copper is attributed to the appropriate
binding strength of intermediates (such as -CO, -COH, -CHO and -CH3) on the copper surface
during the electrochemical reduction of CO, [38, 46]. Several efforts have been made including
the study of mechanisms based on density functional theory calculations [38, 47, 48]; the
modification of Cu surface structure [49, 50]; the development of nanostructured catalysts
to increase the number of active sites [5S1-55], as well as bimetallic catalysts [56]; and even
exploring catalysts beyond just simple metallics, such as Cu/N- dopped carbon-based materials
that have shown interesting catalytic abilities [57]. While significant progress has been made,

there is still a long path to go in the development of suitable catalysts.

1.2.1.2 Boron-doped diamond electrodes

Carbon electrodes, including glassy carbon, graphite, carbon nanotubes and boron-doped di-
amond (BDD), offer several properties over solid metal electrodes in many different electro-
chemical applications. Boron-doped diamond (BDD) is a synthetic diamond in which boron
atoms replace a part of carbon atoms. With this substitution, diamond can become electrically
conductive [58]. Some of the advantages of BDD electrodes for the electrochemical reduction
of CO, are: chemical inertness in acid and alkaline media, mechanical durability, low back-
ground currents (low capacitance), and a wide potential window for water electrolysis [59, 60].
Electrodes with these characteristics applied in the CO, electrochemical reduction have the
potential to provide long-term stability and suppression of the hydrogen formation, known as

the competing reaction for CO, reduction.

For commercial and laboratory electrode production chemical vapor deposition (CVD) is the
most popular growth technique. During CVD a plasma is created using either hot filaments
(HF-CVD) or microwaves (MWP-CVD). A carbon source such as methane and dopant, boron,
in gaseous form is fed into the CVD reactor in the presence of H,. The employed growth
parameters are highly important as they will control properties such as doping level, surface
termination, the ratio of non-diamond carbon (sp2) to diamond (sp3), the thickness of the film,
texture and grain size [60]. This can lead to the following categories of BDD: ultra-crystalline
(UCN), the grain size <10 nm; nanocrystalline (NC), grain size in the range of 10 nm-1 um;
microcrystalline (MC), grain size >1 um [60]. BDD characteristics such as sp2 hybridization

or non-diamond-carbon (NDC) incorporation, boron content and surface termination define
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the CO, adsorption/desorption ability of the electrode, the conductivity and in general the
electrochemical properties that influence the reduction of CO, [60, 61].

Einaga et al. have reported several studies using BDD as cathode for the electrochemical
reduction of CO, including the investigation of applied potentials and electrolytes such as sea
water [62], ammonia [63], and alkali-metal cations [64]. Products such as CO, HCOOH, and
HCHO together with H; have been reported. Furthermore, Birdja et al. [65] have provided some
mechanistic insights for the CO, reaction on BDD using HCIO, and NaClO, as electrolytes.
However, further investigation is required to demonstrate long-term stability, CO, reaction path
on BDD, the effect of the anionic species in electrolyte, and the influence of growth parameters

in the performance of BDD as cathode for the CO, electrochemical reduction.

1.2.1.3 Effects of catalyst size and morphology

The performance of an electrocatalyst not only depends on the material but also on the mor-
phology. Some studies have shown that nanostructured catalysts are capable of providing more
active sites (under-coordinated sites such as edge sites and corner sites) compared to bulk metal
catalysts where all the atoms sit on a flat surface [39, 66, 67]. The increased active surface sites
on nanocatalysts may cause an enhanced catalytic performance since the catalytic activity is pro-
portional to the number of active surface sites [66]. Additionally, nanostructured catalysts, have
shown an increased tolerance to heavy metal impurities in an electrolyte, improving the catalytic
stability of the electrochemical reduction of CO,. Hori et al. [33] have demonstrated that a flat
catalyst can be poisoned by an unavoidable ppm concentration of heavy metal impurities (such
as Fe or Pb) in the electrolytes, resulting in the degradation of the electrocatalytic activity for
CO, reduction. Nanostructured electrocatalysts can adapt to contamination or impurities much
better because of their large surface area and thus improving catalytic stability [66].

The study of Cu nanoparticles was initially performed covering Cu foils with polycrystalline
Cu nanoparticles (50-100nm). Tang et al. [46] reported that Cu nanoparticle covered elec-
trodes exhibited a better selectivity towards C,H, and CO formation in comparison with an
electropolished Cu electrode and an argon gas sputtered Cu electrode. The increased catalytic
selectivity for C,H, formation in CO, reduction performance was explained by the roughened
Cu surface which was able to provide a greater abundance of undercoordinated sites. Reske et
al. [68] examined the catalytic behavior of Cu nanoparticles (CuNPs) with different particle
size in the range of 2-15nm. Interestingly, a significant increase of H, and CO selectivity
was observed on CuNPs while the reduction to hydrocarbons was lower compared to the bulk
Cu foil. On the other hand, Manthiram et al. [69] have demonstrated that CuNPs supported
on glassy carbon (CuNPs/C) exhibited a 4-fold higher methanation current densities com-
pared to the high-purity Cu foil counterpart and a Faradaic Efficiency (FE) of 80 % for CHy
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was achieved. Furthermore, Baturina et al. [70] have shown that Carbon black supported Cu
nanoparticles are more selective towards C,H, generation versus electrodeposited Cu. In this
case, the particle size range was 10-30 nm. Song et al. [57] performed ERCO, using a carbon
nanospike (CNS) film with electronucleated Cu nanoparticles (10-30 nm). With this electrode a
low overpotential and high Faradaic efficiency towards ethanol was reported. Additionally, Kim
et al. [52] reported selective conversion of CO, to multi-carbon products, while suppressing C;
formation by performing ERCO, on cube-like CuNPs deposited onto carbon paper support. This
indicates that catalyst support plays also an important role in the selectivity. This has directed
the investigation focus on the nanostructured Cu catalyst supported on carbon based electrodes
including gas diffusion electrodes [71, 72]. While significant progress has been made in the
last five years regarding selectivity, overpotential and current densities towards multi-carbon
products using Cu nanoparticles, further investigation is required to understand the influence of

material dimensions on the selectivity of the electrochemical reduction of CO,.

1.2.2 Electrolytes

Electrolytes provide a medium to transfer coupled electrons and protons (e—/H*). The type
and concentration of electrolytes affect the conductivity and pH, and thus, the performance of
the electrolyzer. Experiments in different electrolyte species and concentrations revealed that
the product distribution of the reduction reaction depends strongly on the pH at the reaction
boundary, which is different from the pH bulk and it is affected among others by the electrolyte
species and concentration [33, 43]. Most studies in electrochemical CO, reduction have been
performed in weakly acidic or alkaline CO,-saturated aqueous electrolytes containing inorganic
salts with HCO7, SO42_, or CI™ anions and alkali metal cations e.g., Nat and K*.

Ions adsorbed on an electrode surface can block surface sites and can thereby decrease the
current density, stabilize intermediates, and modify the potential of the outer Helmholtz layer in
the electrical double layer and the electrode surface [43, 73, 74]. In general, smaller cations have
larger hydration powers, and consequently, have less adsorption on electrode surfaces. Smaller
cationic species can deliver more water molecules from their solvation shell to the electrode than
bigger cations. Thus, H, production increases with smaller cation size, i.e. Li* with a hydration
number of 22 shows a larger H, formation than Cs* with a hydration number of 6 (Li* > Na*
> K* > Rb* > Cs*). Meanwhile, cations can affect relative concentrations of charged species
(such as anion radical intermediates) close to the electrode, thus affecting product selectivity and
current density. Cations adsorbed on a cathode repel H* ions from the cathode. This explains the
experimentally observed trend of decreased H, evolution when larger cations are present in the
electrolyte [74]. Additionally, cation adsorption may stabilize “CO, *” on the cathode surface

and hence favor the reduction of CO,. Large cations were found to benefit the formation of
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HCOOH on a Hg electrode, C,H, on a Cu electrode [43, 73], and CO on a Ag electrode [74].
In general, CO, reduction has been shown to be favorable in Na*, K*, and Cs™ solutions.

Anionic species with different buffer capacities affect the local pH at the electrode and hence the
nature and selectivity of products formed [43]. A high local pH inhibits H, evolution and CHy
formation because of low proton concentration, while the reduction of CO, to C,Hy is favored.
The buffer capacity of anions impacts the availability of protons, which in turn affects reaction
kinetics. For the weakly-buffered electrolytes such as KHCOj5 a sudden increase in local pH
is observed during electrolysis as the hydroxide generated as a by-product of water-splitting
cannot diffuse away fast enough or be immediately buffered by the solution. The majority of the
studies that have reported a high selectivity towards C2 products on nanostructured and oxide
derived Cu [2, E E] have used KHCO5 at low concentrations in H-cells. Here, the poor
buffering capacity of the electrolyte causes the pH close to the electrode to quickly increase,

helping to promote C2 products and suppress the competing CH, and H, reactions.

The majority of studies have been performed using neutral-pH catholytes such as bicarbonate-
based salts. Only recently, experiments on gas-diffusion layers and flow cells have used KOH
directly as a bulk catholyte [71, 72, 77, 78]. By using an alkaline catholyte directly, CO, reduc-
tion products have been observed at lower overall onset potentials than in neutral conditions on
Au, Cu, and Ag catalysts [72, 77, 78]. This can be associated with higher conductivity of OH™
than HCO5'. However, the interaction between unreacted CO, and hydroxide is problematic
for overall stability. While an alkaline catholyte may provide optimal cathode performance,
it comes at the cost of system stability due to the interaction between CO, and hydroxide.
A portion of the CO, on the boundary interface will be converted to bicarbonate by interacting
with hydroxide, and then subsequently into carbonate. This carbonate could lead to salt deposits
on the GDE, which is particularly an issue for scale-up [79]. This will not only decrease CO,
utilization for the electrochemical conversion, but it might over a long enough operating time
also decrease the pH at the reaction boundary and reduce the concentration of expensive KOH

catholyte, itself energy-intensively produced through electrochemical reactions [80].

1.2.3 Electrode and cell design

Electrodes play an important role in the performance of heterogeneous electrochemical conver-
sion of CO,. In general, electrodes comprise a catalyst and substrate that should activate CO,
and conduct electrons with low resistance. The processes occurring at the electrode—electrolyte
interface and within the electrode determine performance and durability of the electrolysis.
Thus, the main goal while designing electrodes and cells is the optimization of all the transport
processes involved in the electrolysis, i.e. charge, heat and mass transport of reactants and

products to and out of the electrocatalyst [29]. For the study of CO, electrochemical reduction
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it should also be taken into account that the electrochemical cell or electrolyzer design has a
profound effect on mass transport and thus on the performance of the reaction.

Up to date, there is no standard experimental setup or methodology established for the ERCO,
and thus a variety of electrolyzer architectures have been developed [29, 81]. However, elec-
trolyzers can be classified generally in two main groups H-Cells and flow cells. As depicted
in Fig. 1.4 and 1.6, in each of these configurations CO, is supplied to a catalyst layer that
is fully or partially immersed in a conductive electrolyte. The CO, fed can diffuse through
the hydrodynamic boundary layer of a saturated bulk electrolyte as in a standard H-cell con-
figuration or from a nearby gas-phase with a much shorter diffusion pathway when using
gas diffusion electrodes in a flow cell [80]. A significant amount of fundamental studies and
catalytic materials are still developed, tested and characterized in classical H-cell configurations
and planar electrodes, in which the developed catalyst is deposited. Recently, it became obvious
that high current density catalyst testing is a necessary step to properly evaluate materials for
the up-scaling of the electrochemical CO, reduction, since catalytic behavior can be strongly
affected by mass transport conditions [71, 72, 80]. This led to the introduction of gas diffusion
electrodes and flow cells for the study of ERCO,. Gas diffusion electrodes have been in general
tested using flow cells. However, some authors have also investigated the performance of gas
diffusion electrodes in H-Cells.

1.2.3.1 H-cells

H-type cells (H-cells) are typical and commonly used as lab-scale electrochemical reactors.
The H-cell is usually made of glass and encompasses two compartments and three electrodes,
i.e., working electrode, reference electrode, and counter electrode as depicted in Fig. 1.4. The
cathodic and anodic chambers are separated by a proton-conducting or an anion-exchange
polymer membrane. This setup allows ionic conductivity, preventing the transport of cathodic
products to the anode where they can be oxidized [82]. A schematic of the electrochemical
reduction of CO, on a planar electrode is given in Fig. 1.5. In this kind of setups the dissolution
of CO, in the aqueous electrolyte and the long diffusion pathway lead to low CO, concentration
at the electrode surface. This, together with a low surface area limits the performance of
the ERCO,. Furthermore, in an H-cell the electrolysis is operated as a semi-batch process,
where the mass transport of liquid products can be arduous since the electrolytes are not
continuously recirculated. However, a significant part of the scientific community and the
majority of studies about electrocatalyst development for ERCO, published in the last 15 years

have been performed in this type of cells.
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Figure 1.5: Representation of the electrochemical reaction on a planar electrode. Adapted
from [80]
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1.2.3.2 Flow cells

This type of setup consists of a collection of gaskets that are pressed together forming three flow
channels, one for the gas, one for the catholyte and another for the anolyte. An ion-exchange
membrane separates the cathode and the anode. Layers of a sealing material in between the
gaskets, assure a leak-free system. The electrodes are usually placed on a metallic frame that
allows an electrical connection with the current source. Cathode and anode performance can be
monitored by using external reference electrodes. In this configuration, CO, is provided from
one side of a gas diffusion electrode, while the other side of these porous electrode is in contact
with the flowing catholyte [81, 82]. This makes CO, mass transfer to the catalyst much more
effective than for the planar electrode because the distance over which mass transfer through the
electrolyte occurs is smaller [83]. In addition, the liquid products are also transported out of the
reaction zone by circulating the electrolyte. Consequently, a pump is required for the circulation
of each electrolyte and an electrolyte reservoir is also introduced for the operation of a flow cell.
In general, the operation of a flow cell demands a more complex periphery than a batch cell.
As mentioned above, the configuration of the cell can vary from one research group to another.
However, the schematic shown in Fig 1.6 should give a general idea of the architecture, from

which all other setups can be derived.
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Figure 1.6: Schematic representation of an electrochemical flow cell. Adapted from [84]
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1.2.3.3 Gas diffusion electrodes

In general, a gas diffusion electrode (GDE) consists of a porous material that allows a three
phase boundary, where catalyst, electrolyte and gaseous reactant meet. Some GDEs use an
electrically conductive reinforcement web, on which different mixtures of catalyst particles
and binder materials are casted. The composition of the applied mixtures varies making the
electrode more or less porous and hydrophobic [79]. Other types of GDEs are comprised of
a catalyst layer and a substrate, which serves multiple functions: firstly it provides a porous
medium through which reactant gas, CO,, can diffuse from flow-field channels to the catalyst
layer; secondly it allows the transport of product from the catalyst layer into flow channels or
the electrolyte; and lastly it is conductive with low resistance [29, 83]. Porous carbon layers
known as Gas Diffusion Layers (GDL) are commonly used as substrate. GDLs are formed from
carbon fibers or pressed carbon particles and consist of a macroporous diffusion medium (DM)
typically treated with PTFE to be hydrophobic and a microporous layer (ML). Catalyst particles
mixed with a (ionic) binder are deposited onto the ML to form the catalyst layer [83]. Different
ionomers are employed to work as binders for the fixation of the catalyst on the surface to
provide ionic conductivity within the catalyst layer [81, 83]. A schematic of this type of GDE

is given in Fig. 1.7.

Catalyst
Substrate Ea?lg: Catholyte

Figure 1.7: Representation of the CO, electrochemical reduction on a GDE made of a
catalyst layer deposited onto a hydrophobic substrate with CO, diffusion from a nearby
gas—liquid interface. Adapted from [80]
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GDEs have been firstly introduced and extensively studied in fuel cells and water electrolyzers.
In the case of fuel cells, an important role of the hydrophobic GDL is the removal of excess
water. However, for GDEs applied in CO, electrolyzers, the electrolyte must be kept in contact
with the catalyst surface a sufficient time for the reaction to take place. On one hand, proper
wetting is prerequisite, but too much hydrophilicity that leads to a flooded electrode should
also be avoided, otherwise H; evolution would take place instead of CO, reduction [81, 83].
Recent studies have shown that for ERCO, to become economically feasible it is necessary
to improve the current density (>200 mA/cmz) [23, 77]. It has been demonstrated that GDEs
and flow cell systems are promising approaches for achieving this target [71, 72, 85]. The first
studies regarding ERCO, on GDEs attributed the high current densities achieved to the high
concentration of gaseous CO, at the gas/solid interface, thereby overcoming the low solubility
of CO, in water [86]. However, recent experimental and theoretical work have demonstrated the
importance of water and hydrated cations on the elementary processes involved in ERCO, [83].
Therefore, it is necessary to cover the catalyst with electrolyte to provide electrocatalytic ac-
tivity. This means that although CO, is supplied to the GDE from the gas phase the reactant at
the catalyst site should still be dissolved CO,. However, the solubility of CO, in water would
represent in a GDE a much lower mass-transfer resistance than in a planar electrode, since the
dissolved CO, does not have to be transported through a bulk electrolyte [83]. In a general point
of view, it can be considered that the reaction is no longer limited by the solubility of CO, with
the introduction of a GDE. The primary difference between a planar electrode in an H-cell and
a GDE in a flow cell is the CO, diffusion pathway to the surface of the catalyst that should be
roughly 50 um for a planar electrode in an H-cell vs 50 nm using a gas-diffusion layer in a flow
cell [80]. This means that even though dissolved CO, is the reactant in both cases the 1000-fold

lower diffusion pathway in a flow cell allows an increased current density.

1.2.4 Figures of merit

The characterization of each feature in an electrolyzer can be complex. However, there is a
commonly used figure of merit to evaluate the performance of an electrochemical system known
as the Faradaic efficiency (FE) or current efficiency [87]. In general, the Faradaic efficiency for

a given product is defined by the following equation:

_ziFn

0

where z; is the number of electrons required for each reaction, F the Faraday constant, n; the

FE; (1.9)

number moles obtained for each product and Q the applied charge. The Faraday constant (F' =
Ny - e) is the product of the Avogadro number (N4 = 6.022 141 - 1023/mol) and the elementary
charge (e = 1.602177- 10-1°C). The applied charge (Q =1-1) is given by the total applied

current (/) and the electrolysis time (¢). By definition, the FE for a continuous flow system can
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also be understood as the ratio between the molar flow obtained for a specific product (72;) and
the theoretical molar flow that could have been produced 7; ;,0, With the charge applied:
FE;= -1 (1.10)

1 theo.

where 71; 11,0, 18 defined by the Faraday’s Law:

. N theo. !
itheo. = =, = —F (1.11)
l

Replacing equation 1.11 in equation 1.10 and assuming ideal gas, p-V; =n;-R- T, the Faradaic
efficiency for gaseous products can be calculated as follows:

_ Zi'F'yi'Vout'P

FE;
I'RT

(1.12)

where V,,;; is the total gas flow at the gas outlet of the cathode and y; is the molar fraction of a

specific product measured usually by gas chromatography.

For the liquid phase the products are usually accumulated in an electrolyte reservoir and the
analysis is carried out either at the end of a potentiostatic step or at the end of the experi-
ment obtaining an average FE. The analytical method commonly used is Nuclear Magnetic
Resonance (NMR). Using this method the FE for the liquid products is calculated by the ratio
between the amount of substance obtained for a specific product (n;) and the theoretical amount
of substance that could have been produced n; 4, with the charge applied during the time the
liquid was accumulated:
nj

FE; = (1.13)
1 theo.

with 7; 1, defined by equation 1.11 and calculating n; as follows:

A; Pstandard
nj = CStandard * : . *XDitution - VKatolyt (1.14)
AStandard P;

In this case, the molar concentration of each product is determined by comparing the intensity
of a product peak and the intensity of a standard peak, being cg/,,44r4 @ known concentration,
A; the integral area of a product peak and Ag;,,44rq the integral area of the standard peak. The
signals corresponding to the standard compound and to a specific product must be normalized
according to the number of protons. These are defined as Pg;,,44,4 and P;, respectively [88,
89]. It should also be taken into account, firstly, that during the preparation of the sample to be
measured by NMR, the aliquot with the obtained products is diluted in D,O and, secondly, that

the original concentration of the standard is also diluted by mixing it with D,O and the aliquot
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to be analyzed in the NMR tube. Finally, the molar concentration is multiplied by the volume
of electrolyte in the reservoir to obtain the amount of moles of each product.

While the FE is calculated with the total current applied, in the literature FE charts are usually
given as a function of the geometrical current density. With this, a better performance compari-
son for electrolyzers with variable sizes is accomplished. Another figure of merit is the stability,
which describes the gradual degradation/deactivation of the electrode catalyst and the overall
electrochemical cell. Unfortunately, the durability of the electrochemical cell is probably the

least studied aspect of electrochemical reduction [87].

1.2.5 Target products and state-of-the-art

As aforementioned, several products can be obtained from the electrochemical reduction of
CO,. The formation of C1 products, such as CO and HCOOH, is nowadays possible at high
current densities due to the adoption of gas diffusion electrodes [23, 85]. However, more
sophisticated catalysts and electrochemical systems are required for the formation of C2 and
C3 products with Cu [90]. Jiao et al. [87] have recently published a general techno-economic
analysis of CO, electrolysis systems suggesting that alcohols such as ethanol and n-propanol
could be highly promising, if current densities nearby —300 mA/cm? and high Faradaic effi-
ciencies ~60 % at moderate overpotentials are achieved. As given in Fig. 1.8, Jiao et al. sum-
marized the general trends of Faradaic efficiencies towards the most common CO, reduction
products reported until the end of 2016. The majority of the reported results have achieved
high Faradaic efficiencies at low current densities. One of the reasons is that a large portion
of the community has focused on the development of catalysts using the traditional batch cell
reactors. Furthermore, long term stability was unknown for the majority of collected results,
since many experiments were conducted over short periods of time lower than 5h. In general,
Faradaic efficiencies for CO and formic acid are consistently high (>80 %) at low and high
current densities (cf. Fig. 1.8a). In contrast, in the case of C2 products, Faradaic efficiencies
towards ethylene and ethanol tend to be low (cf. Fig. 1.8b). In the past two years, significant
progress has been made on improving the Faradaic efficiency for C2 products [53, 71, 72]. For
the case of C3 products, the Faradaic efficiency for n-propanol has been significantly low (<5 %)
reflecting the energy intensive (18 electrons) reaction pathway [87].
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Figure 1.8: State-of-the-art Faradaic Efficiency versus total current density for: a) C1 and b)
C2-C3 products. Reprinted with permission from [87]. Copyright 2019

From an economic point of view, ethylene and ethanol are highly desirable products due to
the high market price (1.3 $/kg ethylene and 1.0 $/kg ethanol) and annual global production
(140 Mtonneggpyjene/year and 77 Mtonneeghanor/year ). Furthermore, these two products have
major industrial uses as chemical precursors, fuel additives, and E-fuels. While n-propanol cur-
rently presents low annual production (0.2 Mtonne/year) due to the difficulty of its production
process [87], this chemical is an industrially important precursor with the potential of providing
a high fuel efficiency due to its large energy-mass density (30.94 kJ/g) [51]. Hence, if n-propanol
could be efficiently produced through CO, reduction, it could replace ethanol as a transportation
fuel additive, increasing its market potential [87].

Alcohols are traditionally produced by fermentation of sugars or by conversion of petrochem-
icals [90-92]. Although bio-catalysis have been proven to be highly selective towards C2
alcohols, the production rates with this type of catalysts tend to be slow, water intensive, and
highly sensitive due to the use of microorganisms [90]. For alcohols produced by ERCO, to
become profitable, cheaper electricity costs and improved catalytic performance are needed.
Nevertheless, with the current energy system transformation and with continual efforts, the
introduction of C2-C3 alcohols produced from ERCO, would allow for renewable energy
sources to penetrate the transportation and chemical sectors while potentially reducing CO,
emissions [87]. Overall, further research efforts are needed to develop electrochemical systems,
especially for the conversion of CO, into C2 and C3 products with the appropriated performance
for industrial implementation.
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While stable and highly efficient conversion of CO, to CO has been achieved at high current
densities using GDEs, lower and unstable conversion have been obtained for direct ERCO, to
C2 and C3 products. Despite the low conversion for multi-carbon products, several experimental
and theoretical mechanistic investigations have demonstrated that CO is the main intermediate
towards multi-carbon products [37, 41, 93]. Although these experimental results have provided
interesting mechanistic insights, most of them have been performed using CO-saturated aqueous
electrolytes and planar electrodes, where the maximum geometric current density that can be
achieved is on the order of —1 mA/cm?. This low current density is attributed to the very low
solubility of CO in water (~1mM), which is lower than the solubility of CO, (~33 mM).
Additionally, it has been shown that the selectivity towards C2 products increases in an alkaline
pH environment [94]. Recently, a part of the scientific community has focused on optimizing
selectivity, current density and cathode potential by studying CO, electrolysis using alkaline
electrolytes, flow cells and Cu-GDEs, prepared with nanoparticles [71, 72]. Ma et al. [71] per-
formed ERCO, on a GDE using Cu nanoparticles, proposing a possible reaction path, as shown
in Fig. 1.9. Nevertheless, in alkaline conditions, CO, reacts with OH™ forming bicarbonate. This
unwanted side reaction can consume more CO, than what is utilized for electrochemical prod-
uct formation [95]. While multi-carbon products should be the target, several aforementioned
issues need to be overcome for a efficient direct ERCO,. As shown in Fig. 1.9, CO is a key
intermediate to multi-carbon products and a better understanding of its reduction path can lead
to more efficient electrolysis systems. With the aim to increase selectivity towards value added
chemicals, it is worthwhile not only to investigate CO as a reactant for electrochemical reduction
using GDEs and flow cells, but also to evaluate the feasibility of a two-step electrochemical

reduction of CO,.
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Figure 1.9: Proposed reaction pathway for the CO, reduction to various products (mainly
C2H4 and C2H50H) on Cu nanoparticles. Adapted from [71]
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1.3 Scope of this thesis

Aiming for a carbon neutral economy and the integration of renewable electricity in the energy
system, new technologies that convert electrical renewable energy into chemical energy are
currently being developed. In the course of these activities, Siemens Corporate Technology has
started the research project "CO,ToValue" to investigate the fundamental feasibility of the CO,
and renewable electricity transformation into economically and energetically valuable products.
Within this frame, the present doctoral thesis focused on the experimental investigation of the
electrochemical reduction of CO, and CO towards value-added chemicals. It is important to
mention that the emphasis of this thesis was placed on the cathodic reaction, which means the
reduction reaction. The oxidation reaction is out of the scope of this thesis. The main goal was
to increase selectivity towards value added chemicals for an industrial application. This involves

the development of a system that can be operated at high current densities.

The first objective was the study of metallic and non-metallic materials as electrocatalyst in
conventional electrolysis cells known as H-Cells to gain a better understanding of the electro-
chemical reduction of CO, in a simple system. After confirming that Cu is the only material
able to electrochemically reduce CO, and CO towards multi-carbon products, the investigation
was performed in Cu gas diffusion electrodes with flow cells. Subsequently, the doctoral project
focused on the electrochemical reduction of the main intermediate to hydrocarbons, specifically
carbon monoxide. Here, the objective was to explore the advantages of carbon monoxide as
the reactant in electrochemical reduction. Furthermore, taking into account that big steps have
been made by Siemens in the electrochemical reduction of CO, to CO, the final objective of
the thesis was to study the feasibility of a two-step electrochemical reduction of CO, at current
densities up to —300 mA/cm? regarding selectivity towards ethylene, ethanol and n-propanol. In

order to achieve the above mentioned objectives the document is sectioned as follows:

Chapter 2 explores the use of non-metallic and metallic planar electrodes as electrocatalyst
for the electrochemical reduction of CO, in H-cells. In the first, part boron doped diamond
electrodes are investigated as electrocatalyst. The second part focuses on the electrochemical

reduction on transition metals using either CO, or CO as the reactant.

Chapter 3 demonstrates the advantages of CO as reactant over CO, towards multi-carbon
products using gas diffusion electrodes with flow cells being able with this to operate at indus-
trially relevant current densities. Additionally, the influence of Cu particle size on the selectivity

towards ethylene, ethanol and n-propanol is investigated.
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Chapter 4 focuses on the investigation of a cascade two-step electrolysis of CO,. Here each
step is initially studied separately. Subsequently, a fully experimental demonstration of a two-
step electrolysis of CO, is presented. With this, it was possible to provide interesting insights
into the development of a cascade electrolysis as an alternative to improve the selectivity for

multi-carbon products.
Chapter 5 summarizes the key findings on the strategies applied to improve the electrochemical

reduction of CO, and draws the conclusions of this work. Additionally, some suggestions for

further investigation based on chapters 2, 3 and 4 are given as an outlook.
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2 CO, electrochemical reduction on
planar electrodes

This chapter focuses on the study of conventional and novel materials as electrocatalysts for
the electrochemical reduction of CO,. The here performed material screening allowed a better
understanding of the phenomena that take place during electrolysis and provided the basis for
the development of a more suitable electrochemical system. Non-metallic, as well as metallic
planar electrodes were investigated using H-Cells. This chapter is divided in three main sections.
In section 2.1 and 2.2 boron doped diamond electrodes are investigated as catalysts for the
ERCO,, while in section 2.3 transition metals are studied for the electrochemical reduction of

carbon monoxide and carbon dioxide. The first section is based on:

N. S. Romero Cuellar, K. Wiesner-Fleischer, O. Hinrichsen, M. Fleischer, Electrochemical Re-
duction of CO, in Water-Based Electrolytes KHCO5 and K,SO, Using Boron Doped Diamond
Electrodes, ChemistrySelect, Volume 3 Number 13, 2018. DOI: 10.1002/slct.201702414.

Reprinted with permission from John Wiley and Sons. Copyright © 2019.

Author contributions:

N. S. Romero Cuellar conducted the experiments, evaluated the results, performed the product
analysis and wrote the manuscript with input from all authors. K. Wiesner-Fleischer, M. Fleis-
cher and O. Hinrichsen supervised and guided the experiments as well as the findings of this

work.
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2 CO, electrochemical reduction on planar electrodes

2.1 Electrochemical reduction of CO, in Water-Based
Electrolytes KHCO4 and K»,SO, Using Boron Doped
Diamond Electrodes

2.1.1 Abstract

The performance of Boron Doped Diamond (BDD) electrodes for the electrochemical reduction
of CO, at room temperature and in water-based electrolytes was investigated. Techniques
such as linear sweep voltammetry, chronoamperometry, and chronopotentiometry were used
to confirm the activity of BDD for the CO, reduction. Besides H,, CO and HCOOH were
found as major products with CH3OH as minor product. The effect of anionic species with and
without buffer capacity was investigated using KHCO5 and K,SO, as electrolytes. BDD did
not show any degradation after using it in several experiments. The The Faradaic efficiency
(FE) for CO in the gas phase and the concentration of HCOOH in the liquid phase were
higher in K,SO, than in KHCOj5. However, the total FE for C1 products was lower than 20 %.
Then BDD electrodes were modified with silver, which improved the FE for CO to 68 % in
K,SO, at —1.8 V vs Ag/AgCl. Galvanostatic experiments were also performed for 10 hours at
~10 mA/cm? producing 30 % FE for CO in the gas phase and 43.9 mM HCOOH in the liquid
phase.

2.1.2 Introduction

The electrochemical reduction of CO, using aqueous electrolytes and renewable energy as a
current source for the production of industrial chemicals at room temperature and atmospheric
pressure is a promising technique to achieve carbon neutrality and a sustainable energy economy
in the chemical industry [36, 40]. Nevertheless, the industrial application of this technology
requires further development of suitable catalysts [37, 96, 97]. Transition metals have been
extensively studied as electrocatalysts; [32, 33, 35, 44, 45, 98]; unfortunately, low efficiency due
to hydrogen evolution, poor product selectivity, high over potential and fast deactivation remain
a challenge for industrial applications. Recently, it has been discovered that non-metallic carbon
based electrocatalysts such as BDD and N-doped carbon, which show chemical and mechanical

stability, were also active for electrochemical reduction of CO, [59, 62, 6_3, 6_5].
BDD electrodes were first studied as cathodes for the electrochemical reduction of CO, in

seawater and aqueous ammonia solutions by Nakata et al [62]. They found BDD to be active for
the production of HCHO, HCOOH and H, and attributed the high and stable Faradaic efficiency
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(FE) to the sp3-bonded carbon of BDD after using diamond electrodes with different spz/sp3
ratios. An efficiency of 36 % was reported in seawater for the selective formation of HCHO. In a
more recent publication, BDD was also found to be active towards CH 3 OH generation in aque-
ous ammonia solution. However, the high selectivity for CH3;OH production was not caused by
the direct electrochemical reduction of CO,.Instead, it was shown that the bicarbonate ions,
which are formed by the reaction between ammonia and CO,, were the reducible species [63].

On the other hand, Birdja and Koper [65] performed CO, electrochemical reduction on BDD
electrodes using HCIO,4 and NaClOy, as electrolytes. CO, HCHO, and HCOOH were found as
products depending on the applied cathodic potentia. Additionally, CH, was reported by the
reduction of CO and HCOOH by the electrolysis of HCHO.They suggested that HCOOH and
CH;0H may not be produced directly by the CO, electrochemical reduction. These products
should instead be the result of Cannizzaro-type disproportionation reactions, which take place at
local alkaline pH values. Regarding the production of formic acid on BDD electrodes, Ikemiya
et al. [64] studied the effect of alkali-metal cations (AM) such as Cs*, Rb*, K*, and Na*, using
alkaline solutions (AMOH) and neutralizing them to pH 6.2 with HCI. The highest FE for
HCOOH was found with Rb*. The same effect has also been discussed on transition metals
such as Ag and Cu where Cs™ performed the best [99]. Regarding transition metals, it has
also been proven that in addition to the cationic species, the anionic species can also influence
the performance of electrolysis. However, the influence of the anions has never before been

investigated on BDD electrodes

In this work, electrochemical reduction of CO, is performed on BDD electrodes in KHCO3
and K,SOy, aiming to better understand the effect of anionic species on the formation of CO
and HCOOH on this specific type of semiconductor electrodes. The best results were found
in K,SO,, showing stable performance. Furthermore, it will be shown that electrochemical
deposition of Ag on BDD improves the efficiency to carbon monoxide without compromising
the stability of the BDD electrode.

2.1.3 Results and discussion
2.1.3.1 Electrode Characterization

We characterized BDD Electrodes first using Raman spectroscopy to verify the presence of
sp3-b0nd carbon as shown in the supporting information (2.7). The electrochemical behavior of
the BDD electrodes was first evaluated by means of linear sweep voltammetry (LSV) in both the
presence and absence of CO,, which can indicate BDD activity. In LSV, the working electrode
potential (Ewp) is varied linearly with the time between two values. Faradaic current will flow

when the potential reaches values at which the species in solution can undergo electrochemical
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2 CO, electrochemical reduction on planar electrodes

conversions [100]. In a N, environment at the cathode, the only reaction expected is hydrogen
evolution reaction (HER). On the other hand, in a CO, environment, the reduction of H* protons
and the CO, reduction reaction (CO,RR) should occur simultaneously [101]. Fig. 2.1 depicts
voltammograms for BDD electrodes in the presence of an inert gas such as N, and in CO,. It
can be noticed that Faradaic current started flowing at a lower potential (-1.1V vs Ag/AgCl)
in a CO, atmosphere than in N, (=1.3V vs Ag/AgCl). However, low current is only achieved
until around —1.8 V vs Ag/AgCl, where a rise of the curve is observed. The Faradaic current
flowing in the presence of CO, between —1.1 V and —1.8 V suggests that the BDD electrode is
active for the CO,RR. In addition, the delay on the exponential behavior of the current in CO,
relative to that in N, suggests that the presence of CO, or its reaction products could make the
H, evolution reaction happen at more negative potentials.
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Figure 2.1: Linear sweep voltammogram for BDD electrodes at 50 mV/s in 0.1 M KHCO3
in presence of N, (black) and CO, (red).

2.1.3.2 CO, Reduction Products

In order to confirm the activity of BDD for the CO,RR and its products, potentiostatic exper-
iments were performed, in which the working electrode potential (Eywg) was increased 0.1 V
every 20min from —-1.4V to 2.1V vs Ag/AgCl. The gas products were analyzed at each
potential using gas chromatography. The reaction products in both electrolytes for the gas phase
were CO and H, with traces of CHy at the most negative potential. Fig. 2.2 depicts the results of
the Faradaic efficiency for CO in KHCO3 and K,SO,. Products accumulated in the liquid phase
were analyzed using NMR after the end of the experiments, in which HCOOH and CH;OH
were detected as liquid products as shown in Table 2.1.
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Figure 2.2: Faradaic efficiencies of CO for the electrochemical reduction of CO, on BDD
electrodes in 0.1M KHCOj3 (A) and in 0.05M K,SO,4 (CJ).

Table 2.1: Concentration in mM of the liquid products for the electrochemical reduction of
CO, on BDD and Ag-BDD electrodes in 0.1 M KHCO5 and 0.05M K,SOy4
average current Concentration / mM

Method Electrolyte Electrode mA HCOOH CH;0H
potentiostatic  0.05M K,SO, BDD 9.31 11.38 0.05
0.10M KHCO5; BDD 9.34 5.74 0.01
0.05M K,SO, Ag-BDD 16.22 11.29 0.01
galvanostatic  0.05M K,SO, Ag-BDD 9.99 43.94 0.02
0.10M KHCO5 Ag-BDD 9.97 14.54 0.01

The formation of CO using BDD has been reported by Birdja & Koper [65] and Jiwanti et
al. [63] with Faradaic efficiencies lower than 1 %. Nevertheless, Jiwanti et al. experiments
were performed in aqueous ammonia at lower working electrode potentials than in this work.
They found methanol as the main product of the reaction, in which CO, was only fed into the
electrolyte before the electrolysis. Thus, the high selectivity to methanol was presumably caused
by the reduction of bicarbonate HCO5 and not of CO,. In our experiments, KHCO5; was used
as electrolyte, which dissociates to potassium ions K* and bicarbonate ions HCO5. In addition,
CO, was constantly supplied to the solution. Small quantities of methanol were found not only
in KHCOj5 but also in K,SO,4, where the presence of bicarbonate should be lower, since the
only source is the CO, in solution. Our results suggest that methanol was likely not a product

of HCO5, since a higher methanol concentration was obtained in K,SO,4 than in KHCOj.

Formaldehyde, which was found by Nakata et al. [62] and Birdja & Koper [65] as a product
of CO,RR on BDD, is not present in our product spectrum. This can be attributed to different
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factors: first, our experiments were run at higher cathodic potentials, reaching current densities
around —10 mA/cm?; secondly, the electrolytes used in our experiments are different than the
ones used in the two studies mentioned above; lastly, formaldehyde could be an intermediate
for the liquid products we found, namely HCOOH and CH;OH.

Birdja and Koper used 0.001M HCIO4 + 0.099M NaClO4 as electrolyte, in which CO,
HCHO and HCOOH were found as products [65]. They proposed a mechanism based on the
Cannizzaro-type reactions, [102] suggesting that the formation of HCOOH under reducing
conditions might be the result of a disproportionation reaction of HCHO, which is promoted
by the OH™ ions produced during the direct reduction of water. As explained by Kortlever [37],
H, can evolve from two different reactions: it could be the result of proton reduction at less
negative potentials and a very acidic media with pH of 1, or it could be produced by direct

water reduction with pH 3 and more negative potentials producing OH™ [37].

Our experiments were run at bulk pH values between 5 and 9 and at potentials at which HER
takes place, so that a high presence of OH™ in the vicinity of the electrode was expected. Based
on Birdja’s and Koper’s results our experiment conditions should promote the disproportiona-
tion reaction converting HCHO into HCOOH and CH3;OH. In fact, HCOOH and CH;OH were
found as products in the liquid phase as shown in Table 2.1. Therefore, it can be assumed
that formaldehyde is not observed in our product spectrum because it is fully converted into

carboxylic acid and alcohol.

In order to examine a possible non-electrochemical reaction of formaldehyde due to a high
concentration of OH™ in the vicinity of the electrode, a solution of 0.01 M HCHO + 1M KOH
was prepared without applying current density and without the presence of CO, . Additionally,
0.01 M HCHO was mixed with 1 M KHCO5 to rule out a loss of product before the product
analysis. Both samples were analyzed after 24 hours using NMR. The NMR results depicted in
Fig. 2.14 in the supporting information show that HCHO is converted into HCOOH in a high
concentration of OH™ but not in the presence of HCO5. This indicates that HCOOH can be
a product of the disproportionation reaction of HCHO in alkaline media. A quantification of
CH3;0H in the presence of HCHO using 1D TH NMR is complicated due to overlapping peaks;
however, the presence of CH3;OH was confirmed with 13C NMR. Taking into account the above
mentioned facts, Faradaic efficiencies were only calculated for CO and not for HCOOH and
CH30H, since these two products are not the results of an entirely electrochemical reduction of

CO,, but of a disproportionation reaction of HCHO.
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2.1.3.3 Electrolyte Effect: Anionic species

Fig. 2.2 and Table 2.1 show a higher FE for CO and higher concentration of HCOOH in
potassium sulphate than in bicarbonate, which can be attributed to the difference of pH values
close to the electrode. It is known that there are differences between the pH values in bulk and
close to the electrode. Tracking the change of the local pH value is not an easily accomplished
task. Therefore, we measured the bulk pH before and after the electrolysis. There was no
significant change using KHCO3, while an increase from 5.5 to 8.5 was observed in K,SOy.
A similar effect was investigated by Hori on Cu electrodes [33]. He explained that the buffering
effect of HCO3 can neutralize the OH™ produced while HER takes place, mitigating the pH
enhancement at the electrode and promoting the H, evolution rather than the CO, reduction.
In contrast, electrolytes such as K,SO, are not able to neutralize OH™. This results in a pH
increase in the vicinity of the electrode, slightly suppressing the HER and favoring the CO,RR.
Thus, a more alkaline media not only suppresses the HER and promotes the CO, reduction, but
it also enhances the formation of HCOOH and CH;OH due to the Cannizzaro reaction on BDD
electrodes. Our results are then in agreement with Hori’s observations [33] and with Birdja’s and

Koper’s results [65], who demonstrated that the formation of carboxilic acids and alcohols is the
result of Cannizzaro-type reactions and that the lower the electrolyte buffer capacity, the higher
the possibility of disproportionation reactions occurring. However, from this type of reaction a
conversion of HCOOH and CH30H in a 1 : 1 ratio is expected [103], which is not the case. The
lower concentration of CH3OH suggests that part of the HCOOH could also be a product of the
direct reduction of CO, on BDD. The activity of BDD for the conversion of CO, into HCOOH

has been reported by Tkemiya et al. [64].

Fig. 2.3 shows a possible reaction path based on our experimental results and the above men-
tioned comparison with the literature. Thus, products such as CO, HCOOH and HCHO can
be expected from the electrochemical reduction of CO,. Nevertheless, it should be taken into
consideration that a disproportionation reaction of HCHO into HCOOH and CH;OH may occur,
which can change the product concentration associated with the electrochemical reaction.

To ensure the stability of the electrode after using it with different electrolytes and pH values,
SEM images of the BDD electrodes before and after electrolysis were taken. No significant
differences were observed in the BDD surface morphology, as shown in Fig. 2.12 and 2.13 in
the supporting information.
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Figure 2.3: Possible reaction path for the reduction of CO, on BDD electrodes

2.1.3.4 Ag Electro-Deposition

Although it has been observed that the Faradaic efficiency for C; products can be improved
by using an electrolyte such as K,SO,, hydrogen is still the main product of the electrolysis.
One could expect that performing electrolysis at lower potentials than the HER onset potential
could be a way to fully use the advantage of BDD due to its large water decomposition window.
However, we could not obtain measurable products at potentials at which HER does not take
place.

Our results show that BDD is not as active for CO, reduction as transition metals [32]. Products
such as CO and HCOOH have also been reported for the electrochemical reduction of CO, on
Ag electrodes [104] achieving FE for CO over 90 % [29]. The reaction path for the conversion

of CO, to CO and HCOOH with both Ag [32] and BDD [64] is related to a -CO, radical
adsorbed on the electrode surface. However, some of the HCOOH and methanol seem to be the
product of a Cannizzaro-type disproportionation as reported by Birdja and Koper [65]. Another
important observation when comparing BDDs with transition metals is the working electrode
potential to achieve a maximum Faradaic efficiency for CO. In Fig. 2.2 the maximal FE for CO
is achieved at =2V vs. Ag/AgCl, which is higher than a working electrode potential of —1.6 V
vs. Ag/AgCl reported for Ag [29, 105]. Nevertheless, the stable performance of BDD over time,
as observed in Fig. 2.16 of the supporting information, makes this kind of electrode interesting

for long term experiments.

With the aim of using the advantage of BDD regarding stability while suppressing the hydrogen
evolution, Ag nanoparticles were electrodeposited on BDD as described in the experimental sec-
tion. Chronoamperometry was performed again in K,SO,4 and Fig. 2.4 shows the enhancement
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of the BDD activity to carbon monoxide on Ag-BDDs. As expected, the presence of Ag does not
only increase the activity for the conversion of CO, to CO, but it also reduces the over-potential
at which the highest FE for CO is obtained from =2 V to —1.8 V vs. Ag/AgCl. On the other hand,
when looking at the accumulated liquid products of the potentiostatic experiments, no increase
of HCOOH and CH;OH is observed on Ag-BDD compared to BDD. Thus, our results suggest
that the modification of BDD with Ag leads to the decrease of working electrode potential as
well as the increase in the activity towards CO. For a better understanding and comparison of the
Ag modification effect, the behavior of the current density with the applied potential is shown

in Fig. 2.15 in supporting information.
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Figure 2.4: Electrochemical reduction of CO, on BDD electrodes in 0.1 M KHCO; (A) /
0.05M K,SOy (OJ) and Ag-BDD electrodes in 0.05M K,SO4 (#).

2.1.3.5 Galvanostatic Measurements

Taking into account the fact that industrial electrochemical processes are preferably performed
using galvanostatic methods [106], and that long-term stability of the catalyst is one of the
characteristics necessary to scale up the CO,RR [97], Ag-BDD electrodes were tested at a
constant current density of —10 mA/cm? for 10 hours in both K,SO, and KHCOj obtaining
stable FE for CO in both cases as depicted in Fig. 2.5 and Fig. 2.6 respectively. Besides that, the
effect of the anionic species is observed again, obtaining higher concentrations in K,SO,4 than in
KHCOj3, which confirms the influence of the electrolyte buffer capacity on the liquid products,
regardless of electrode modifications. For comparison, a galvanostatic experiment using a non-

modified BDD electrode is also shown in Fig. 2.16 in the supporting information.
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Figure 2.5: Electrochemical reduction of CO, on an Ag-BDD electrode in 0.05M K,SO, at
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Figure 2.6: Electrochemical reduction of CO, on an Ag-BDD electrode in 0.1 M KHCOj5 at
-10mA/cm?

Long term galvanostatic measurements allow us to elucidate another difference on the mecha-
nism for the liquid products between BDD and Ag-BDD. As mentioned above CO and HCOOH
have been reported as the two products expected with Ag catalyst, where CO 1is the main
product [104]. CO, HCOOH, HCHO and CH;OH were found using BDD electrodes [65]. Our
results suggest the existence of two possible reaction paths for HCOOH formation as depicted
in Fig. 2.3. One is the direct conversion of CO, to HCOOH; the other is the disproportion-
ation reaction of HCHO that generates CH;OH and HCOOH. The increase on the HCOOH
concentration in the experiments with Ag-BDD indicates that the direct path to HCOOH is
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favored. However, the presence of CH3OH with a similar concentration using BDD and Ag-
BDD suggests that a Cannizzaro-type reaction takes place in both cases.

2.1.4 Conclusions

After performing electrochemical reduction of CO, on BDD electrodes in electrolytes with
different buffer capacities such as KHCO5 and K,SOy, it was confirmed that the BDD activity
to obtain CO and HCOOH is enhanced by the electrolyte without buffer ability, in which
the CO, reduction should occur at a local alkaline pH, suppressing the HER and promoting
the formation of carbon monoxide and formic acid. However, the Faradaic efficiency of CO,
reduction products is low due to the poor activity of BDD and an alkaline media is not enough
to completely suppress the HER. It was also shown that the modification of BDD by Ag electro-
deposition leads to the increase of CO without either compromising the stability of the electrode
or decreasing the production of HCOOH in the liquid phase. This was confirmed by performing
galvanostatic measurements at —10 mA/cm?. Thus, transition metal deposition on BDD could,
for instance, be a viable alternative to deal with some of the catalyst challenges in the CO,
electrochemical reduction, which could even be used as an electrode in photo-electrochemical

processes.
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2 CO, electrochemical reduction on planar electrodes

2.1.5 Supporting Information

2.1.5.1 Experimental

Materials and Methods For all the experiments, a two compartment H-type cell made of
glass was employed, using (5 ml) electrolyte volume in each compartment. Cathode and anode
were separated by a Nafion® 117 membrane (DuPont). The electrolysis was carried out either
in 0.1 M KHCO5 or 0.05M K,SO4 as catholyte and 1 M KOH as anolyte, prepared from high
purity reagents (Sigma Aldrich) and deionized water. Boron Doped Diamond (BDD) with p-
type surface and a boron content of 10000 ppm was used as a working electrode. BDD was
deposited on Si(100) wafers using Microwave Plasma Assisted Chemical Vapor Deposition
(MWP-CVD) [64]. The wafer was cut with a laser technique to obtain rectangular pieces
(18 mm x 7mm). A Pt wire (Goodfellow) and an Ag/AgCl electrode (C3 Prozess- und Analy-
sentechnik GmbH) were used as a counter electrode and reference electrode, respectively.

A Bio-logic VSP 150 potentiostat (Seyssinet-Pariset, France), was controlled by the EC-Lab®
software, so that different techniques were recorded without returning to an open circuit for
each electrolysis experiment. Electrochemical reduction of CO, was performed either using
chronoamperometry, in which the electrolysis potential is applied for a certain amount of time,

or chronopotentiometry, where the current density is constant.

At the beginning of each experiment 10 sccm N, (Linde 5.0) was supplied to the cathode for
I hour and a linear sweep voltammetry was carried out. High Purity CO, (Linde 5.0) was
then fed for 1 hour and a second linear sweep voltammetry was performed, followed by either
chronoamperometry or chronopotentiometry. CO, was supplied at a constant flow of 10 sccm
into the electrolyte during the electrochemical reduction, so that, CO, bubbles were constantly
flowing through the electrolyte from the bottom of the cell to the gas outlet. The pressure of
CO, inside the cell was maintained at atmospheric pressure with 0.1 bar overpressure to ensure

the transport of the gas to the gas chromatograph.

Product Quantification For the quantification of the gas products, a Gas Chromatograph
7890B Agilent (Santa Clara, USA) was used with Helium as carrier gas in a configuration
optimized for this application. An aliquot of the gas product (1 ml) was automatically injected
every 20 minutes from the cell to the gas chromatograph during the electrolysis. An example of
a gas chromatogram is shown in Fig. 2.10. For the liquid phase an aliquot of the catholyte was
taken right after the experiment for subsequent analysis. The liquid products were analyzed and
quantified using 'H Nuclear Magnetic Resonance NMR spectroscopy using a 500 MHz Bruker
(Bruker BioSpin, Karlsruhe, Germany) following the method described by Kuhl et al. [35] The
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water peak was suppressed by a pre-saturation sequence. Electrolyte containing CO, reduction
products (300 ml) was mixed with sodium fumarate (50 ml), which was used as internal standard
in D,O (250 ml) for the quantification. In order to make sure that the detected products were the
result of the electrolysis and not impurities from another source, the electrolyte was analyzed
before and after the electrolysis. An example of an NMR spectrum is shown in Fig. 2.11.

Ag nanoparticles were electrodeposited on BDD in a two-electrode system at —10 V with respect
to a Pt counter electrode in aqueous 0.1 M AgNOj for 40 seconds. The distance between
the electrodes was approximately 10cm in an H-cell. To confirm the presence of Ag on the
electrodes, X-ray Photoelectron Spectroscopy (XPS) was performed with a Quantum 2000 X-
ray microprobe. The results are depicted in Fig. 2.12 and 2.13.

2.1.5.2 Boron Doped Diamond Electrode - Characterization

Raman spectroscopy was performed using WITec Raman microscope (Ulm, Germany) with a
green laser (532 nm). The analysis of the spectra is based on Ivandini’s and Einaga’s study [107].
The presence of Boron is confirmed by the bands at approx. 500 and 1200 em™!. Sp3 hybridiza-
tion is confirmed by the peak at 1331 cm™!. The absence of peaks between 1300 and 1500 cm™!
suggests that there is no sp2 hybridization at the BDD surface.

T T T T T T T T
BDD 10000 ppm| |
—— BDD 1000 ppm

Boron presence

\ sp?~1333cm? |

Raman Intensity / a.u.

0 400 800 1200 1600 2000
Wave Number / cm™

Figure 2.7: Raman spectra of a 1000 ppm BDD electrode and a 10 000 ppm BDD electrode
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2 CO, electrochemical reduction on planar electrodes

2.1.5.3 Field-Emission Gun - Scanning Electron Microscope (FEG-SEM) images of
BDD electrodes

Images of the BDD electrodes before and after electrolysis were taken using a FEI STRATA
400 Dual Beam ™ system.

curr |mo det | tilt g
0.40nA| SE |ETD|-0
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x |0.40nA| SE |ETD|-0

Figure 2.9: FEG-SEM results for BDD electrode after electrolysis
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2.1.5.4 Gas Products Analysis: Gas Chromatography

A Gas Chromatograph 7980B Agilent with three columns (Porapak QS 80-100 mesh, 60/80

Molsieve 4 and 80/100 Hayesep Q) and Helium as carrier gas was used for the quantification of
the gas products.

; CH, \ C.H, co

Figure 2.10: Gas chromatogram of a calibration gas for the possible gas products of the
CO, electrochemical reduction

2.1.5.5 Liquid Products Analysis: Nuclear Magnetic Resonance (NMR)

Two products were detected in the liquid phase namely HCOO™ (8.4 ppm) and CH;OH (3.35 ppm).
Potassium fumarate (6.49 ppm) was used as internal standard with water suppression (4.7 ppm).
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Figure 2.11: 'HNMR spectra before (bottom) and after (top) CO, electrochemical
reduction on BDD electrodes
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2 CO, electrochemical reduction on planar electrodes

2.1.5.6 Characterization of BDD before and after Ag-deposition

The XPS analysis of BDD electrodes was performed with a Quantum 2000 X-ray microprobe.
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Figure 2.12: X-ray Photoelectron Spectroscopy (XPS) elemental analysis results for BDD
electrode before electrolysis
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Figure 2.13: X-ray Photoelectron Spectroscopy (XPS) elemental analysis results for
Ag-doped-BDD before electrolysis

2.1.5.7 'H NMR results for the disproportionation reaction of HCHO

Fig. 2.14 shows HCOO™ (8.4ppm) as result of the disproportionation reaction of HCHO
(3.3 ppm/4.9 ppm) in KOH and CH3OH (3.35 ppm). Potassium fumarate (6.49 ppm) was used

as internal standard.
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2 CO, electrochemical reduction on planar electrodes

2.1.5.8 Current density vs. working electrode potential
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Figure 2.15: (a) Total current density vs. applied working electrode potential (b) current
density for the conversion of CO on BDD electrodes in 0.1M KHCO5 (A) / 0.05M K,SO,
(d) and Ag-BDD electrodes in 0.05M K,SO, ().
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2.1.5.9 Galvanostatic experiment on BDD electrode without Ag deposition
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Figure 2.16: Electrochemical reduction of CO, on a BDD electrode in 0.05 M K,SO, at
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2 CO, electrochemical reduction on planar electrodes

2.2 Electrochemical reduction of CO, on nanocrystalline
BDD electrodes

Boron-Doped Diamond (BDD) electrodes have been proven to be active for the electrochemical
reduction of CO,. Although, it is know that the feed gas and operation parameters set for chem-
ical vapor deposition (CVD) play a decisive role in the properties of BDD electrodes for general
electrochemical applications; scarcely information has been reported in the literature regarding
the properties of the BDD electrodes used specifically for the electrochemical reduction of
CO, and how these properties affect their performance as cathodes. Thus, further investigation
about the effect of variable parameters by the growth of the electrode is required. Accordingly,
nanocrystalline (NC) BDD electrodes with different growth conditions, were characterized by a
master student as a part of her thesis [108], within the frame of the here presented doctoral
thesis. The aim of this study was to address the influence of BDD preparation parameters
such as boron- and CHy-content on electrochemical reduction of CO,. The electrodes were
characterized before electrolysis by scanning electron microscopy (SEM) and Raman spec-
troscopy in order to determine the qualitative differences on the surface regarding grain size
as well as boron, diamond (sps), and non-diamond (spz) incorporation. Linear-voltammetry,
chronoamperometry, and chronopotentiometry were the techniques used for the electrochemical
characterization. The main products gained from the electrochemical reduction of CO, with
NC BDD electrodes were CO and HCOOH. Regarding the boron-content (in the range studied
1-2 %), no significant effect was observed besides the expected increase in conductivity with
higher boron concentration. In contrast, it was found that a low concentration of methane during

the preparation of the electrode leads to a higher HCOOH Faradaic efficiency.

2.2.1 Growth conditions for nanocrystalline BDD electrodes

The electrodes were provided by the Institute for Material Research at the Hasselt University
in Belgium. The nanocrystalline BDD layer was deposited on 20 mm-20 mm p-type (100)
Si-substrates. All the samples were grown by microwave plasma enhanced chemical vapor
deposition (MWP-CVD) in a A 2.45 GHz ASTex 6500 series reactor. The reactor was fed with
a plasma feedgas consisting of H,, Trimethylborane (TMB) as boron source and CHy as carbon
source with a total flow rate of 500 sccm. The microwave power corresponds to 3600 W, the
pressure was kept constant at 45 torr (equivalent to approximately 0.06 bar). The thickness was
determined in-situ from the interference fringes of the reflection spectrum of a 473 nm laser, and
the deposition run was stopped once the desired thickness of 150 nm was reached. The coated
wafers were cut with the laser cutter to obtain 20 mm x 7 mm electrodes. The methane concen-

tration in the feed gas was varied in the range of 0.5-1.5 % and TMB/CH, ratios of 10.000 ppm
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(1 %) to 20.000 ppm (2 %) with 1.0 % CH, concentration. The sample morphologies of the
films were investigated by electron microscopy using a FEI Quanta 200F field emission gun
scanning electron microscope (FEG-SEM). The resulting grown morphologies for each sample

are summarized in Table 2.2.

Table 2.2: SEM-micrographs of nanocrystalline BDD on Si-wafers. CH, concentration
varying between 0.5-1.5 % with a constant boron content of 10.000 ppm. B/C ratios varying
from 10.000 ppm to 20.000 ppm

Sample 10000x SEM 100000x SEM

0.50% R
10,000 ppm

1.0%
10,000 ppm

1.5%
10,000 ppm

1.0%
20,000 ppm
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2 CO, electrochemical reduction on planar electrodes

2.2.2 Effect of methane concentration on boron-doped diamond
electrodes

As mentioned above the concentration of the carbon source, in this case methane (CHy),
influences material-specific parameters such as grain size and non-diamond carbon (NDC)
incorporation, which can be determined by the presence of sp2 hybridized atomic orbitals. The
methane concentration was varied in the range 0.5-1.5 % at a constant B/C ratio of 10.000 ppm.
The resulting electrodes named 1.0 % B/C_0.5% CHy, 1.0% B/C_1.0% CHy, 1.0% B/C_-
1.5% CH,4 were characterized in terms of their structure as well as their electrochemical
properties. Fig. 2.2 depicts homogeneous BDD layers with angular shaped grains and flat edges.
It can be observed that higher CH, concentration leads to a smaller grain size and more grain
boundaries, hence a larger resistivity is expected, as has been reported in the literature for
nanocrystalline and microcrystalline BDD [109]. Additionally, the CH, concentration of the
feed gas can also affect the sp2/sp3 hybridization and the boron incorporation, which can be
determined using Raman spectroscopy.

Fig. 2.17 presents Raman spectra for the three samples examined. A sharp peak at 520 cm™!

and a signal at 950 cm™!

are observed for all the samples. These two signals correspond to Si of
the first and second order, which were not observed in section 2.1.5.2 for microcrystalline (MC)
electrodes with a thicker BDD film. In this case, the thin coating layer of the nanocrystalline
(NC) BDD makes silicon visible in the spectrum. The presence of boron is confirmed by the
bands at ~500cm™! and ~1200 cm‘l, which are attribute to to the B-B and B-C vibration,
respectively. Pure diamond contains only sp3 carbon bonds, which in Raman spectra results
in a single peak occurring at 1332cm™!. As the boron incorporation increases the diamond
(sp3) peak shifts to slightly low wavelengths, moves from being symmetrical to deforming
asymmetrically, and its intensity decreases [60]. From the spectra obtained and based on the
band at ~1200 cm™!, it can be interpreted that even having a constant boron source a decreasing
methane concentration leads to an increasing boron incorporation, which makes the electrode
more conductive. The interpretation of the Raman spectra for nanocrystalline BDD films is
more complicated than for microcrytalline BDD films as selection rules break down [60]. Non-
diamond carbon incorporation (spz) is thought to occur predominantly at grain boundaries.
Thus, sp2 can be electrochemically significant in nanocrystalline BDD films given that the grain
boundary density is notably higher than in MC. In the three NC BDD samples studied, sp2
hybridization is confirmed by the signal at 1575 cm™!. However, in Fig. 2.17 the intensity of the
sp2 peak is larger for the sample prepared with the lowest methane concentration than for the
other two samples. Considering the grain boundary density and that NDC incorporation should
occur predominantly at grain boundaries, it would be expected to have a larger sp2 presence in
the sample 1.0 % B/C_1.5 % CH,. Here it should be taken into account that NDC bonds are

more polarisable than diamond carbon bonds and that the sp3 peak intensity decreases with
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increasing boron doping levels [60]. Thus, the intensity of the spectra in this case does not
totally represent the actual spz/sp3 ratio in the BDD electrode.
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Figure 2.17: Raman spectra for the samples

The electrochemical behavior of the BDD electrodes was characterized following the experi-
mental procedure described in section 2.1.5.1. Experiments were performed in a two compart-
ment H-type cell with 0.1 M KHCOj5 as catholyte and 1 M KOH as anolyte. Potential variation
series were conducted and repeated twice with the same electrode from —1.4V to —2.1V vs.
Ag/AgCl. CO and H, were the two components found in the gas outlet, while in the liquid
phase HCOOH was detected. The Faradaic efficiency for CO as main gas product, the total
current density and the partial current density as function of the applied potential are shown in
Fig. 2.18. The highest Faradaic efficiencies for CO were obtained with the sample prepared with
the highest CH,4 concentration (1.0 % B/C_1.5 % CHy). The Faradaic efficiency decreased with
more negative potentials. Furthermore, with the same sample very low current densities were
achieved. In contrast, the sample prepared with the lowest CH, concentration (1.0 % B/C_-
0.5 % CH,) reaches the highest current densities with increasing Faradaic efficiency for CO at
more negative potentials. Considering that the samples will the lowest CH4 content is the more
conductive, as mentioned above, the better performance of this sample can be attribute to the
conductivity. Interestingly, this is also the sample with the larger grain size, which will explain
the lower Faradaic efficiency compared to 1.0 % B/C_1.5 % CH, that presented the lowest grain

size. This indicates, that a lower grain size, which means a larger grain boundary density might
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make the electrode more active for the reduction of CO, to CO since more CO, molecules
can be adsorbed, assuming that CO, is adsorbed at the grain boundaries. Nevertheless, taking
into account that electrons are also needed for the reaction, a lower conductivity decreases the
ability of the electrode to reduce CO,. This might explain the CO Faradaic efficiency decrease
observed at more negative potentials for the sample 1.0 % B/C_1.5 % CH,, which was the less
conductive. This suggests that a compromise between conductivity and grain size needs to be

reached for the preparation of BDD as cathodes in the electrochemical reduction of CO,.
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Figure 2.18: Potentiostatic electrochemical reduction of CO, with nanocrystalline BDD
grown with different CH,4 concentrations. a) Faradaic efficiency for CO, b) total current
density achieved, c) CO partial current density as function of the applied potential.

Galvanostatic experiments were performed at a current density of —2 mA/cm? over 3.5 h. While

the gas products were monitored during electrolysis, the liquid products were collected at the
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end of the experiment and analyzed by NMR as described in section 2.1.5.1. A stable per-
formance of the electrodes regarding the production of CO is demonstrated in Fig. 2.19. As
expected, when setting the same current density for all the samples, a more negative working
electrode potential is observed for the less conductive sample (1.0 % B/C_1.5 % CHy). Nev-
ertheless, similar Faradaic efficiencies for CO (~10 %) are obtained with all the samples. In
contrast, a clear difference is observed in the liquid phase, in which a higher Faradaic efficiency
for HCOOH was achieved with the sample that was prepared with lower CH, concentration
(1.0% B/C_0.5% CHy). In general, it was observed for nanocrystalline electrodes that the
carbon source content in the gas supplied to the CVD reactor for the growth of BDD films
plays a role in the performance of the electrode. The results demonstrate that higher Faradaic
efficiencies for CO and HCOOH can be achieved with electrodes prepared with a low CHy

concentration (0.5 %).
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Figure 2.19: Galvanostatic electrochemical reduction of CO, with nanocrystalline BDD
grown with different CH, concentrations. a) Faradaic efficiency for CO and corresponding
working electrode potential for CO, at -2 mA/cm?. b) Cumulative Faradaic efficiency for
the liquid (HCOOH) and the gas phase (CO) after 210 min electrolysis.

2.2.3 Effect of B/C content on boron-doped diamond electrodes

Aiming to evaluate the influence of the B/C content use for the growth of BDD films, the
performance of two electrodes was investigated. One electrode was prepared with a TMB/CHy
ratio of 10.000 ppm (1 %), the other one with a B/C ratio of 20.000 ppm (2 %), both with 1.0 %
CH,4 concentration. As depicted in the SEM images given in Table 2.2 the sample prepared with
a larger B/C ratio (2.0 % B/C_1.0 % CH,) shows more edges and some grains with smaller size
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than the sample with lower B/C ratio (1.0 % B/C_1.0 % CHy). In Fig. 2.20 can be observed
that, as mentioned above the, silicon peak overlap the boron band at —500 cm~!. However, the
boron band at —1220 cm™! is visible in both cases. The sp3 (—1332 cm_l) and sp2 (—=1575 cm_l)
peaks for the sample 2.0 % B/C_1.0 % CH,4 were shifted to lower wavelengths and deformed
asymmetrically. As expected the sp3 peak lost intensity with a larger B/C content while the
signal for sp2 became much more intense. This behavior was expected for samples with and
increased boron incorporation and is in accordance with the literature [60]. With a raise of

boron incorporation the the disordered structure of amorphous carbon increases, shifting the

signals of the spectrum and making them asymmetric.
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Figure 2.20: Raman spectra for the samples

The electrochemical performance of the two samples with different B/C content was also
tested conducting potentiostatic and galvanostatic electrochemical reduction of CO, in the
same potential range (from —1.4V to =2.1V vs. Ag/AgCl) and at the same current density
(-2 mA/cm?) as described in section 2.2.2. The results of the potential variation are depicted in
Fig. 2.21. A higher Faradaic efficiency for CO was achieved with the sample with lower B/C
concentration ratio (1.0 % B/C_1.0 % CH,). A maximum efficiency is observed at a working
electrode potential of —1.9V vs. Ag/AgCl. While a high boron incorporation leads to higher
conductivity and thus higher total current densities are achieved; a less conductive electrode

leads to higher Faradaic efficiency.
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Figure 2.21: Potentiostatic electrochemical reduction of CO, with nanocrystalline BDD
grown with different B/C concentration ratios. a) Faradaic efficiency for CO, b) total current
density achieved, ¢) CO partial current density as function of the applied potential.

In the results of the galvanostatic experiments summarized in Fig. 2.22 no significant dif-
ference regarding the performance of the electrodes was evident. In general, ~9 % CO and
~3 % HCOOH Faradaic efficiencies were achieved with a stable performance in all the cases.
Since nanocrystalline boron doped diamond electrodes have scarcely been explored, there is no
reference in the literature for a direct comparison. However, Xu et al. [61] have recently studied
the effect of doping level on MC BDD electrodes (grain sizes are in the range of 1 pym to 10 um)
for the electrochemical reduction of CO,. They tested samples with varying boron content from
0.01 to 2.0 %. The highest Faradaic efficiency for HCOOH was found using the samples with a
boron content of 0.1 %, while the samples with 2 % boron content showed the highest Faradaic

efficiency for CO and a lower Faradaic efficiency for HCOOH compared to the samples with
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boron content 0.1 to 1.0 %. In that case, high boron content BDD is prejudicial for production of
formic acid. On the contrast, it is preferred for producing CO [61]. While the Raman analysis,
of the two NC BDD samples tested in this work, confirms a larger incorporation of boron for
the electrode with a higher B/C ratio; no significant influence on the activity of the electrode
was evident after galvanostatic electrochemical characterization. Nevertheless, both samples are
more selective for CO than HCOOH, contrary to the MC BDD electrodes tested by Xu et al.
On one side the selectivity differences could be attribute to the grain size. On the other side it
should be considered that the carbon concentration used for the MC BDD might differ from
the carbon concentration of the NC BDD samples and that the electrolysis was performed in
different electrolytes and cells. Since no samples with a B/C content under 1 % were available
for the investigation, the trends observed are not conclusive. Thus, it would be worthwhile to
further investigate the effect of boron content in NC BDD electrodes in a wider range and

compare it with MC BDD prepared with the same carbon source concentration.
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Figure 2.22: galvanostatic electrochemical reduction of CO, with nanocrystalline BDD
grown with different B/C concentration ratios. a) Faradaic efficiency for CO and
corresponding working electrode potential for CO, at -2 mA/cm?. b) Cumulative Faradaic
efficiency for the liquid (HCOOH) and the gas phase (CO) after 210 min electrolysis.

In the first scientific reports regarding electrochemical reduction of CO, on BDD no much
information was given with respect to the properties of the BDD used. The first efforts focused
mainly on the products that could be obtained and the electrolysis conditions that affect the
selectivity. After performing electrochemical reduction of CO, with and NC BDD as well as
with MC BDD electrodes (cf. section 2.1) and after comparison with the literature, it became
evident that the performance of the electrode depends not only on the content of the feed gas

used for BDD growth but also on the conditions such as time, temperature and pressure that
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determine the type of crystal NC or MC. This study made evident that the specific feed gas
content that leads to a more active MC BDD electrode might have a different effect on a
NC BDD film. While the NC BDD films tested here were more active to CO, the MC BDD
electrodes reported in the literature were more selective for HCOOH [61]. This can be attribute
to the incorporation of non diamond carbon (spz), that is thought to occur predominantly at
grain boundaries. Even when using the same B/C ratio, the sp2 incorporation in a MC BDD
film was not observable since the grain boundary density is significantly lower than in a NC
BDD film, were sp2 hybridization was confirmed (cf. Fig. 2.20). Additionally, comparing the
results from section 2.1 with the present results for the sample with a boron content of 1.0 %, it
is also evident that a higher efficiency for CO at the same potentials is achieved with NC BDD
(cf. Fig. 2.21) than with MC BDD (cf. Fig. 2.2) using the same electrolyte in the same cell.

2.2.4 Conclusion

The aim of this investigation was to obtain some insights regarding the effect of BDD growth
parameters on the electrochemical reduction of CO,. On one hand, the carbon source, i.e. the
methane concentration, was varied from 0.5% to 1.5 % CH, maintaining the B/C content
constant at 1.0 % B/C; on the other hand, the boron content was modified from 1.0 % to
2.0 % B/C with a constant methane concentration of 1.0 % CHy,. The results demonstrate that
carbon source concentration (methane), as a variable parameter in the growth of NC BDD
films, plays an important role in the ability of the electrode to electrochemically reduce CO,.
Higher Faradaic efficiencies for CO and HCOOH were achieved with the sample prepared with
the lowest methane concentration. Besides the methane concentration, the B/C concentration
ratio was also investigated by characterizing two samples with 1.0 % and 2.0 % B/C content.
Although no significant difference was observed in the performance of these two samples,
further investigation is necessary to understand the role of the boron concentration on NC
BDD films at B/C concentration ratios lower than 1.0 %. In addition, it was found that NC
BDD electrodes are more selective towards CO than MC BDD electrodes with the same boron
content. In general, BDD electrodes showed stability but low activity for ERCO,. However, it
would be worthwhile to investigate NC and MC BDD samples prepared in the same reactor

with similar conditions in order to provide more conclusive trends.
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2.3 Transition metal electrocatalysts for CO and CO,
electroreduction

The activity of transition metals for the reduction of CO, have been extensively studied [33,
35, 44]. The majority of the studies indicate that product yield and composition depend on the
binding energy of CO as mentioned in section 1.2.1.1. However, only few experimental studies
have specifically investigated the electrochemical reduction of CO on transition metals. In this
work Ni, Co, Fe, and Cu were investigated as electrocatalyst using either CO, or CO as reactant.
The electrochemical reduction was carried out using a glass H-Type cell as described in sec-
tion 1.2.3.1. A volume of 4.5 ml electrolyte was used for each compartment with 0.1 M KHCO3
(Sigma Aldrich, purity 99.98 %) as catholyte and 1 M KOH (Sigma Aldrich, purity 99.98 %)
as anolyte. Metal foils, Fe, Co, Ni, Cu (GoodFellow, purity 99.99 %, thickness 0.5 mm) were
mechanically polished with sand paper (3M, P1200), ultrasonicated and rinsed with deionized

water prior to electrolysis. Each foil was attached to a Pt or Cu wire enabling electrical contact
with the potentiostat. This connection was isolated using a teflon tube and teflon tape. A Pt
wire (Goodfellow) and an Ag/AgCl electrode (C3 Prozess- und Analysentechnik GmbH) were
used as a counter electrode and reference electrode, respectively. 10 sccm CO, or CO were
supplied to the cathode compartment one hour before the experiment to assure saturation of
the reactant in the electrolyte. During electrolysis the same volumetric flow was constantly
supplied. Potentiostatic and galvanostatic experiments were performed over 60 or 90 min. Gas
products were analyzed during electrolysis by GC, while liquid products were collected at the

end of the experiment and analyzed by NMR as described in section 2.1.5.1.

2.3.1 Electrochemical reduction of CO, on Fe, Co, Ni, Cu

Table 2 summarizes the results of the ERCO, performed with Cu, Ni, Fe, and Co in compar-
ison with the results reported by Hori et al. [33] and Kuhl et al. [45]. Average current densities
(j), working electrode potentials (Eywg), and Faradaic efficiencies (FE) are given. It is important
to mention that neither Hori et al. nor Kuhl et al. included Co in their investigations. In general,
the products found and the FE achieved are comparable with the results reported in the literature
for Ni, Fe and Cu. It can be observed that HCOOH is found as a product using any metal but
with a higher FE when using Cu. Furthermore, CH, and MeOH were formed using Ni and
Cu, while ethylene, ethanol, acetate, and n-propanol were only produced, when using Cu, as
also reported by Kuhl et al. [45]. In contrast, with Fe and Co mainly H, was obtained. The
literature attribute the low activity of Fe and Ni to the binding strength of CO. Calculations using
density functional theory (DFT) predict a CO adsorption energy for Cu of —0.75 eV, while for
Ni —1.95eV have been reported [110]. Considering that the CO adsorption energy calculated

54



Table 2.3: Electrochemical reduction of CO, on transition metals compared to data from
Hori et al. [33] and Kuhl et al. [45].

Ewg J Faradaic Efficiency (%)

V Ag/AgCl mA/em? | CO CHy; C,H; MeOH EtOH Acetate PrOH HCOOH H, Total
This work | -1.60 6.04 226 1996 1254  0.056  5.55 432 514 7.1 2085 77.792

Cu | Hori -1.64 5.00 1.30 3330 25.50 5.70 9.40 20.50 95.70
Kuhl -1.65 5.90 1.10 2440 26.00 0.020 9.70 200 22.60 85.82°

This work | -1.55 3.57 2.26 0.252 036 93.00 | 95.86

Ni | Hori -1.68 5 1.80  0.10 1.40 8890 9220
Kuhl -1.60 5 050 0.05 2.300 0.06 106.00 108.91

This work | -1.08 3.57 0.07 87.76 | 87.83

Fe | Hori -1.11 5 94.8  94.80
Kuhl -1.14 5.3 0.01 99  99.01

Co | This work | -1.34 3 232 99.65 [ 101.97

% Value does not include additional products found such as ethyleneglycol, allyl alcohol and propionaldehyde.
b Value does not include additional products found such as hydroxyacetone, ethyleneglycol, acetone, allyl alcohol, n-propanol and
propionaldehyde.

for Co, —=1.65eV [110], is in between Cu and Ni, it would be expected to obtain better results
with Co than with Ni but it is not the case. Hence, this suggests that the CO binding ability of
each metal is not the only determining factor in the activity for the reduction of CO,. It seems

that the ability of each transition metal to bind H* also plays a role.

2.3.2 Electrochemical reduction of CO on Fe, Co, Ni, Cu

The same four transition metals where studied as electrocatalyst for the reduction of carbon
monoxide by performing potentiostatic and galvanostatic experiments. In order to assure satura-
tion of the reactant, 10 sccm CO were supplied to the cell over one hour prior to electrolysis. The
potentials set were selected based on linear voltammetry performed prior to electrolysis with
each metal. Galvanostatic experiments were performed at a current density of —10 mA/cm?.
Table 2.4 summarizes the results showing average values for either the obtained current or
potential and for the Faradaic efficiencies achieved. Traces of HCOOH were found using all the
metals even though no CO, was supplied to the cell. In the literature, it is well accepted that
CO is not an intermediate for HCOOH. Thus, the HCOOH found might be the result of the low
amount of CO, that is formed in the electrolyte due to the carbonate equilibrium reaction since
KHCOj5 was used as the catholyte. Furthermore, the high H, production even using Cu can be
attributed to the lower solubility of carbon monoxide in water (~1 mM), which is lower than
the solubility of CO, (~33 mM). This leads to a lower supply of CO than of CO, to the reaction
boundary. Thus, in this kind of set-up a direct comparison of CO, and CO as the reactant can
not be assured. Regarding the results for Ni, Fe, and Co, methanol was observed in all the cases
but only when performing galvanostatic experiments, in which higher potentials were achieved.
Considering that Ni, Fe and Co can bind CO stronger than Cu it is expected to need more energy
for their further reaction of CO in this kind of metals. Here, the ability of this metals to bind
hydrogen should also be taken into account. The results suggest that in Ni, Fe, and Co the H,
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Table 2.4: Electrochemical reduction of CO on transition metals

Type of Ewg I Time Faradaic Efficiency (%)
Metal experiment | VAg/AgCl mA s CHy C,Hy MeOH EtOH C, C; HCOOH H2  Total
-1.5 332 3650 | 0.89 10.52 2.14 573 1272 50.08 | 82.07
Potentiostatic -1.6 1258 4200 | 322 849 0.016 145 141 281 0.03 6430 | 81.72
Cu -1.7 4097 3600 | 091 452  0.048 145 056 0.77 0.14 78.05 | 86.44
Galvanostatic -1.58 10 4227 | 136 473 0.037 048 1050 1.12 0.12  80.67 | 99.01
Potentiostatic -1.5  1.38 4500 2.110 92.19 | 94.30
Ni -1.6 27.50 4500 0.021 0.057 97.03 | 97.11
Galvanostatic -1.65 10 4200 0.293 0.120  92.70 | 93.12
-1.3 113 4774 110 | 110.00
Potentiostatic -1.40 547 4226 115 | 115.00
Fe -1.5 40.84 5620 0.125 9298 | 93.11
Galvanostatic -1.52 10 8258 0.017 0.160 9598 | 96.16
-1.30  2.09 4249 0.353 7335 | 73.71
Potentiostatic -1.40  3.13 3600 94.14 | 94.14
Co -1.50 14.65 4200 0.111 100.15 | 100.27
Calkarm ke -1.46 5 5534 0.093 0.065 97.67 | 97.83
-1.53 10 7085 0.048 0.074 96.36 | 96.48

evolution reaction requires less energy. Furthermore, with the high formation of H, it would
be expected to obtain methane, since H* should be around CO*. Here is important to keep in
mind that the liquid products were accumulate during the electrolysis, while the gas products
are analyzed online. Hence, the formation of methane traces can not be totally ruled out, since
the amount of CH, might have been under the detection limit of the used GC. On the other
hand, when comparing the formation of MeOH using the four metals investigated, Ni shows
the higher FE in both the galvanostatic and the potentiostatic experiments. This suggest that the
formation of MeOH might be favored by a catalyst that binds CO stronger, which could also be
the explanation for the usually low Faradaic efficiencies reported in the literature for methanol

using Cu.

While the results from Tables 2.3 and 2.4 indicate that this kind of set-up is not suitable for
a direct comparison of CO, and CO as reactants, the high formation of hydrogen opens the
opportunity to study the hydrogen evolution reaction (HER) in the presence of CO and CO,.
With this purpose linear voltammetry experiments were performed at 50 mV/s after bubbling
either N, as inert gas or CO and CO,. The experiments were started at a low reduction potential,
which increased at a ratio of 50 mV/s. Once the potential reaches values at which the species
in solution can undergo electrochemical conversions, Faradaic current will flow. In the case of
the reduction reaction a negative current is obtained as response. Hence, once an increase in
the reduction current (more negative values) is observed for the case of Ni, Fe and Co it can be
assumed that mainly HER is taking place based on the very low efficiencies observed for CO,

reduction products. In the case of Cu, HER and ERCO, should take place simultaneously.
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Figure 2.23: Linear Voltametry in the presence of N,, CO,, and CO for: a) Copper, b)
Nickel, ¢) Cobalt, d) Iron.

As given in Fig. 2.23 in all the cases the HER is shifted to more negative potentials in the
presence of CO than in the presence of CO,. DFT calculations suggest that the observed
potential shift using CO arises from adsorbate-adsorbate interactions between *CO and *H on
intermediate and strong binding metals, which weakens the *H binding energy [111]. It can be
observed that in the presence of N, the onset potential for HER is about 0.2 V lower with Ni, Fe,
and Co than with Cu. This indicates that Ni, Fe, and Co are more active for HER than Cu. Using
Ni the HER activity is suppressed in the presence of both CO and CO, so that the onset potential
becomes more negative. It should also be noticed that HER suppression is stronger with CO than
with CO,. In the case of Fe, the presence of CO, does not inhibit significantly the HER activity,
while with CO the onset potential is shifted to the left. Using Co no significant difference in
the polarization curves for CO and CO, was detected. However, HER activity suppression is
observed using both reactants in comparison to the inert gas. When using Cu and N, or CO,
no significant difference in the curves is observed, which is expected since both reactions seem
to happen simultaneously. In the presence of CO, the polarization curve was shifted to more
negative potentials, indicating also a suppression of the HER. However, in the potentiostatic
experiments performed at —1.6 V vs Ag/AgCl a higher efficiency for carbonaceous products
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was obtained with CO, than with CO, which can be explained by the lower amount of CO
available on the reaction boundary due to the lower solubility. This indicates that while the CO
presence might suppress the HER on Cu, a lower amount of reactant supplied to the reaction

zone favors the HER over CO reduction.

2.3.3 Conclusion

While all metals tested showed activity for MeOH and HCOO-, Cu was confirmed to be
the only electrocatalyst active for the formation of multi-carbon products. Nevertheless, the
formation of methanol seems to be more favorable in Ni than in Cu, suggesting that for the
formation of methanol a stronger CO binding is required as what Cu can offer. Furthermore,
Ni, Fe, and Co are highly active for hydrogen formation at lower potentials than Cu, which
makes the competition between HER and ERCO, challenging in this kind of transition metals,
leading to higher efficiencies for HER than to CO, or CO reduction products. In general, the
lower solubility of CO than CO, in water makes the comparison of the two reactants difficult.
Nevertheless, it was found that the presence of CO in general has a suppressing effect on the
hydrogen evolution reaction, which leads to higher onset potentials for HER. this was more
evident for metals with a stronger CO* binding energy. Based on the aforementioned results Cu
was selected as the active material for further investigation of ERCO, in flow cells as will be
described in the following chapters.
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3 Advantages of CO over CO, as
reactant for electrochemical reduction
to ethylene, ethanol and n-propanol
on gas diffusion electrodes at high
current densities
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3 Advantages of CO over CO, as reactant for electrochemical reduction to ethylene, ethanol and

n-propanol on gas diffusion electrodes at high current densities

3.1 Abstract

The electrochemical conversion of CO, to value-added chemicals is a technology gaining
broader interest as society moves towards a carbon-neutral circular economy. Nonetheless, there
are still several challenges to overcome before this technology can be applied as an industrial
process. In the reaction path of the electrochemical reduction of CO, with Cu as an electrocat-
alyst, it is known that carbon monoxide is the key intermediate to chemicals such as ethylene,
ethanol, and n-propanol. However, a better understanding of the electrochemical reduction of
CO is still necessary to improve selectivity and efficiency at high current densities. In this work,
the electrochemical reduction of CO, and CO towards C2 and C3 products is investigated using
gas diffusion electrodes in a flow cell. Thereby the electrochemical reaction is not limited by
the solubility of the feed gas in the electrolyte, and current densities of industrial relevance can
be achieved. The electrodes are prepared using commercial Cu-powders consisting either of
nano- or microparticles that are deposited on gas diffusion layers. Potentiostatic experiments
show that with CO as the reactant, higher current densities for C2 and C3 products can be
achieved at lower working electrode potentials compared to CO, as the reactant. Galvanostatic
CO electrochemical reduction at =300 mA/cm? with Cu-nanoparticles (40-60 nm) results in a
cumulative Faradaic efficiency of 89 % for C2 and C3 products. This represents a two-fold
increase in selectivity to ethylene and a three-fold increase towards ethanol andn-propanol
compared to the selectivity obtained with CO, as the reactant. This enhancement of selectivity
for C2 and C3 products at current densities of industrial relevance with CO as reactant provides

a new perspective regarding a two-step electrochemical reduction of CO,.

3.2 Introduction

The electrochemical reduction of CO, is an opportunity to support a low carbon economy by
producing value-added chemicals out of CO, while utilizing low-cost renewable energy [28,
96]. For decades the combustion of fossil fuels has been the least expensive means of electricity
production, resulting in emission of carbon dioxide [28], a compound which has been shown
to be responsible for climate change [1]. Over the last few years the cost of renewable electric-
ity has decreased drastically and currently tends to be competitive with traditional electricity
production technologies, and soon will become the least expensive source of energy [112].

However, the challenges of intermittency of energy production and grid balancing remain [28].
Within this context, electrochemical conversion of CO, to fuels and feedstock using aqueous
electrolytes and renewable energy is a very attractive option to close the carbon cycle [28, 29,

33, 96, 113]. In order to make that possible, high conversion at high current densities and low
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overpotentials, together with a selective and long term stable operation have to be achieved [30,
96, 113, 114].

Different products can be obtained from the electrochemical reduction of CO, by using spe-
cific transition metals as electrocatalysts. Depending on the ability of each metal to adsorb
CO, known as the main intermediate in the CO, reduction reaction, different products can
be generated [33, 93]. These electrocatalysts have been extensively studied in the last decade
focusing mainly on three approaches: the first being the electroreduction of CO, to syngas,
i.e. a mixture of CO and H,, using Ag and Au electrodes, which is getting closer to practical
applications [ﬁ, g, 1_16]; the second is the conversion of CO, to formate on Sn electrodes
with Faradaic efficiencies (FE) over 70 % at current densities between —100 mA/cm? and
—300 mA/cm? [117, 118]; and the third and most challenging approach is the reduction of CO,
to C2 and C3 hydrocarbons such as ethylene, ethanol and n-propanol, which occurs when using
Cu as electrocatalyst [35, 40, 53, 119].

Taking into account that it is possible to electroreduce CO, into more than ten products with Cu
as an electrocatalyst [35, 94, 120], there are still a number of opportunities to explore, especially
regarding the ability of copper to convert carbon monoxide into C2 and C3 products [121].
Although poor selectivity and stability, together with high overpotentials [35], seem to be the
main challenges, significant improvements have been made reaching lower activation overpo-
tentials and high Faradaic efficiencies to ethylene and ethanol [52, 53, 57, 71, 119, 122, 123].
Several studies regarding Cu catalyst structure [53, 55, 124] and Cu oxidation states [53, 76]
have been performed. Recently the introduction of gas diffusion electrodes with nanostructured
surfaces on carbon gas diffusion layers have enabled process operation at current densities
around —150 mA/cm? in flow cells, improving selectivity and activity towards ethylene [53,
71, 119, 125]. To our knowledge, the best results up to now have been achieved under alkaline
conditions using flow cells [71, 119]. However, the formation of carbonates out of CO, in an
alkaline medium (equations (3.1) and (3.2)) [33, 126] can lead to complications for up-scaling,
since the non desired reaction rate between CO, and the electrolyte would be higher than the
reaction rate of the desired electrochemical reactions [54]. The use of CO instead of CO, as
the reactant in alkaline conditions should not represent drawbacks since CO does not react with

aqueous electrolytes.

CO, + OH- = HCOj (3.1)
HCOj + OH™ = CO{™ + H,0 (3.2)

Within this context, a two-step electrochemical reduction of CO, has been proposed as an alter-
native to increase the selectivity towards ethanol and acetate, in which CO, is reduced to CO as
the first step, followed by CO reduction to hydrocarbons [54, 121, 127, 128]. However, the CO
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Figure 3.1: Concept scheme of a two-step CO, electrochemical reduction

electroreduction has been mainly investigated in setups where the electrochemical reaction is
limited by the solubility of CO in aqueous electrolytes, reaching geometrical partial current den-
sities for hydrocarbons lower than —1 mA/cm? (93,94, 121, 129, 130]. There is scarce research
on CO electrolysis performed in flow cells with gas diffusion electrodes [54, 120]. Recently,
Han et al. [54] reported CO electrochemical reduction using Cu-nanoparticles on gas diffusion
electrodes with a maximal FE for ethylene of 17.8 % and a partial current density for ethylene
of =50.8 mA/cm? . The formation of liquid products in their case has not been addressed.
Furthermore, Schmid et al. [@], as part of their investigation of the CO, electrochemical
reduction mechanisms at high current densities, performed galvanostatic CO bulk electrolysis at
a current density of —170 mA/cm? using an in situ-grown copper nano-dendritic catalyst on a gas
diffusion layer. They reported an increment in the selectivity towards acetate and ethanol, but no
significant increase in the ethylene Faradaic efficiency compared to the one achieved with CO,
as reactant, which was around 40 % FE. Nevertheless, the nanodendritic Cu electrode decreases
its activity dramatically after the first hour of experiment. With the progress made regarding Cu
nanostructured-GDESs [71], flow cells [114] and the high Faradic efficiencies achieved in the
conversion of CO;, to CO at high current densities [85], a two-step electrochemical reduction as

depicted in Fig. 3.1 becomes certainly worthy of further exploration.

In order to get some insights about the feasibility of a two-step electrochemical reduction
of CO, , we compare CO, and CO as reactants regarding selectivity towards C2 and C3
products using gas diffusion electrodes, a flow cell, and a mild electrolyte (KHCO3). This
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allows a straight comparison of the electrochemical reduction of CO and CO, . The overall
cathodic half reactions using either CO, or CO as the reactant are shown in Table 3.1. For
each reactant we studied four commercial Cu-powders with different particle sizes in the nano-
and micro-scale, aiming to obtain further knowledge about the effect of morphology on the
electrochemical activity. These Cu-powders were deposited onto carbon based gas diffusion
layers, obtaining gas diffusion electrodes. We also investigated the stability of the system by
performing 20 hours electrolysis. Additionally, the catalyst layers were characterized by TEM
and XRD before and after electrolysis. The obtained results show a remarkable increase in the
selectivity towards ethylene (C,Hy), ethanol (C,H5;OH), and n-propanol (C3;H,OH) using CO
as the reactant instead of CO, .

Table 3.1: CO, and CO electroreduction reactions in aqueous solutions for the most
frequent products [35, 113, 121]

CO, as reactant CO as reactant

CO, + H,O + 2¢” == CO + 20H"

CO, + H,O + 2e” === HCOO™ + OH™

CO, + 6H,0 + 8¢™ == CHy + 8 OH™ CO +5H,0 + 6" == CH, + 60H"

CO, + 5H,O + 6~ = CH30H + 6 OH™ CO + 4H,0 + 4¢- = CH30H + 40H
2CO,; + 8H,O + 12e™ =— C,H, + 120H™ 2CO + 6H,0 + 8¢ =— C,H, + 8OH™

2CO; + 9H,0 + 12¢” == C,H;0H + 120H™ | 2CO + 7H,0 + 8¢~ == C,H;OH + 8 OH™
3CO, + 13H,0 + 18¢” = C3H;0H + 18OH™ | 3CO + 10H,0 + 12¢” = C3H;0H + 120H™

3.3 Experimental

3.3.1 Cathode preparation

Cu-powders delivered by Sigma Aldrich were used for the preparation of the electrodes. Three
Cu-powder samples consist of nanoparticles with different particle size ranges, namely 40-
60 nm, 60-80 nm, and <100 nm. The last one is passivated with <3 % oxygen. These particle
size ranges were selected based on previous studies that reported high efficiencies for C2 and
C3 products [54, 71, 119]. Additionally, for comparison between micro- and nanoparticles a
Cu powder with a particle size of 5 pum was also included in the study. Hereafter, when making
comparisons and mentioning microparticles we will be referring specifically to a particle size of
5 um. In total, four different electrode ensembles were investigated. These four electrode types
were all prepared with a method similar to the one reported by Ma et al. [71], in which 60 mg of
Cu-powder with 40 mg of 20 % Nafion® dispersion and 2 ml iso-propanol were ultrasonicated
and directly deposited onto a carbon-based gas diffusion layer (GDL) H23C2 from Freudenberg.
In order to restrict the deposition to the desired area and improve the reproducibility of the
deposition, a frame with a free surface of 40 mm x 100 mm was placed on top of the GDL.

These dimensions enable the preparation of two electrodes per batch. The deposition process
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was repeated three times and the electrode was then dried under an Ar atmosphere with a flow
of 0.5 L/min for at least 12 h at room temperature. Catalyst loading was calculated from the
weight difference of the GDL before and after deposition, the material loss within the entire
preparation process was calculated to be in the order of 40 %, resulting in a final catalyst loading
of ~3 mg/cmz. SEM and TEM micrographs of Cu-Powders and Cu- electrodes as well as a FIB
cut of a GDL after deposition of copper nanoparticles are shown in Fig. 3.8 and 3.9 of the

supporting information.

3.3.2 Electrolysis

A MicroFlow® cell (Electrocell) with a geometric electrode area of 10 cm? was used for all of
the experiments. The cell consisted mainly of three compartments: gas, catholyte and anolyte.
The standard PTFE flow frames were modified from the original MicroFlow® cell to improve
the fluid transport in the gas and electrolyte compartments and avoid leaks between gas and
catholyte compartments. Additionally, support structures were added to the PTFE frames for
better mechanical stability of the GDE and the membrane.

I M KHCOj5 was used as catholyte and 2.5M KOH as anolyte. Catholyte and anolyte were
separated by a cation exchange membrane, Nafion® 117 (DuPont). The electrolytes were sup-
plied to the cathode and anode using micro diaphragm liquid pumps (NFB 25 KPDCB-4A,
KNF) operated at constant flow of 100 mL/min. The gas inlet was controlled with a mass
flow controller SFC5400 (Sensirion) at a constant flow of 50 50 mL/min. Gas product and
catholyte were collected in a catholyte reservoir, where gas and liquid phases were separated.
The liquid outlet of the reservoir was sent back to the cell, while the gas outlet of the reservoir
was measured with a flow meter before entering the gas chromatograph. Anolyte circulated
constantly in a separate closed system between reservoir and anode, while the gas products of
the anode left the system without being measured. A schematic of the setup is shown in Fig. 3.11
of the supporting information.

Electrochemical reduction of CO, and CO was performed using potentiostatic and galvanostatic
techniques. For the potentiostatic experiments, the working electrode potential (V) was in-
creased 0.1 V every 22 min in the range at which the desired C2 and C3 products were observed
with both reactants CO, and CO (between —1.2 'V and —1.5 V vs. Ag/AgCl). In the galvanostatic
experiments the current was varied from —1000 mA to —3000 mA. Current densities were cal-
culated by dividing the applied current by the geometrical electrode area (10 cm?). Long term
experiments were also performed in the galvanostatic mode, measuring the gas products every
22 min and the liquid products after the first hour and at the end of the experiment.
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The electrolysis was performed in a flow-by operation mode, in which the feed gas, CO or CO,,
enters the gas compartment at the top of the cell, passes by the GDE and leaves the cell together
with the gas product at the bottom. A flow-by operation mode enables a CO/CO, diffusive mass
transport into the pores of the GDE [85].

3.3.3 Product analysis

Gas chromatography and 'H Nuclear Magnetic Resonance (NMR) were used for quantification
of gas and liquid products, respectively. A gas chromatograph, 7890B Agilent (Santa Clara,
USA), was used with Helium as the carrier gas, which enables the detection of H, as a negative
peak. A thermal conductivity detector (TCD) and three serially connected columns were used:
a HayeSeP Q-column which plays a safety role, a Porapak Q-column for the separation of CHy,
CO, and C,Hy, and a molecular sieve 5 A-column to separate N,, O,, and CO. 1 mL of the
gas product was automatically injected every 20 minutes from the cell to the gas chromatograph
during the electrolysis. The liquid products were measured taking aliquots of 1 mL from the
catholyte reservoir at the end of each current density or potentiostatic step, right after the GC
injection. These aliquots were analyzed by '"H NMR spectroscopy. The NMR measurements
were performed in a 500 MHz Bruker (Bruker BioSpin, Karlsruhe, Germany) following the
method described by Kuhl et al. [35] and Schmid et al. [120]. The water peak was suppressed
by a pre-saturation sequence. Electrolyte, containing CO, reduction products (300 mL), was
mixed with sodium fumarate (50 mL), which was used as internal standard in D,O (250 mL) for

the quantification.

3.3.4 Electrode surface analysis before and after electrolysis

The different Cu-powders used, as well as the electrodes before and after long term experiments
were examined with scanning electron microscopy with a field emission gun (FEG-SEM, FEI
Strata 400 Dual BeamTM system) operated at 5.00kV. Moreover, particle size distribution
of the nano-powders and morphology were determined by transmission electron microscopy
(TEM) bright field imaging with a JEOL 2200FS operated at 200kV. Crystal structure and
composition were characterized with a desktop X-ray powder diffraction system for polycrys-
talline material analysis (XRD, D2 Phaser Bruker).
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3.4 Results and Discussion

3.4.1 CO, electrochemical reduction: potential variation

The electrocatalytic activity for CO, reduction of four commercial Cu-powders deposited onto
a gas diffusion layer was investigated by performing potentiostatic experiments at room temper-
ature using 1 M KHCOj as the catholyte. Fig. 3.2 shows the partial current densities for C1 (1a),
C2 (1b) and C3 (Ic) products plotted as a function of the working electrode potential. A table
listing the Faradaic efficiencies for each product can be found in Table 3.4 of the supporting
information. The partial current densities for CO, HCOOH, CHy, and CH;OH were summed
and plotted as C1 products, where CO and HCOOH were the major C1 products. Regarding the
ability of the four ensembles to reduce CO, into C1 products, a higher activity was observed in
general when using Cu-nanoparticles than using Cu 5 um. Between the three Cu-nanopowders
no significant difference was observed from —1.2 to —1.4 V vs. Ag/AgCl. However, at a potential

of —1.5 V vs. Ag/AgCl a higher partial current density for C1 was achieved using Cu<100 nm.

Fig. 3.2b depicts the partial current densities for C2 species with C,H,4 and C,HsOH as major
products and CH3;COO™, C,H,40, C,HgO, as minor products. In general, at a working electrode
potential of —1.2V vs. Ag/AgCl mainly acetate was observed. The formation of ethanol was
first detected at —1.3 V in all the electrodes besides the one with CuNPs 40 nm-60 nm, which
produced ethanol at —1.2' V. Ethylene production started at —1.4 V when using nanoparticles
and at —1.3V when using Cu 5um. At the highest potential investigated, the smallest Cu-
nanopowder ensemble was observed to be the most active for the reduction of CO, into C2

products.

Regarding C3 products n-propanol was the major product found and only traces of allyl-alcohol
and acetone were detected. n-Propanol was first detected at a working electrode potential of
—1.3V vs. Ag/AgCl using Cu-microparticles, while using nano-particles the onset potential
was —1.4V vs. Ag/AgCl as shown in Fig. 3.2c.
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Figure 3.2: Partial current densities for C1, C2 and C3 products after CO, electroreduction
(a, b, ¢) and CO electrochemical reduction (d, e, f)

In general, it can be observed that when using CO, as the reactant, most of the achieved current
density was utilized for the formation of C1 products, mainly CO and HCOOH. Additionally,
it should be noticed that the partial current density for C1 products using microparticles was
much lower than it was when using nanoparticles. No significant differences in the partial
current densities of C2 and C3 products were observed among the four particle sizes used.
This suggests that at low potentials the further reduction of CO, to C2 and C3 products might

have been more effective using microparticles than using nanoparticles.

Furthermore, taking a look into the Faradaic efficiencies of the major C2 and C3 products found,
namely ethylene, ethanol and n-propanol, it can be noticed in Fig. 3.3a that up to a potential
of —1.4V vs. Ag/AgCl, the electrode with Cu 5pum delivered higher Faradaic efficiencies
for ethylene than those prepared with nanoparticles. Once a potential of —1.5V vs. Ag/AgCl
was achieved, the electrode with CuNPs 40-60 nm became more active for ethylene than the
electrode with Cu5 um. A similar behavior was observed for ethanol between potentials —1.3 V

and 1.4V vs. Ag/AgCl. Besides that, a large portion of the current was used for the conversion
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of CO, to CO, resulting in Faradaic efficiencies for CO between 20 % and 40 % as shown in
Table 3.31 of the supporting information.
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Figure 3.3: Faradaic efficiency for ethylene, ethanol and n-propanol using CO, (a, b, ¢) and
CO as reactant (d, e, )

3.4.2 CO electrochemical reduction: potential variation

The same four commercial Cu-powders mentioned above were investigated using CO as reac-
tant at room temperature in 1 M KHCOj5 as catholyte. As depicted in Fig. 3.2d some traces of
CH,4 and CH;OH were found as C1 products at working electrode potentials higher than —1.4 V
vs. Ag/AgCl when using Cu-nanoparticles, while with Cu-microparticles CH, was observed at
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—1.3 V. However, the sum of partial current densities for C1 products did not exceed —2 mA/cm?
for any of the electrodes investigated.

Regarding C2 products, acetate, ethylene and ethanol were detected at —1.2V vs. Ag/AgCl
in all the electrodes, which is 200mV less than with CO, as reactant. This lower working
electrode potential for ethylene and ethanol using CO as reactant is consistent with recent
studies [119, 130] and suggests an improvement in energy efficiency under CO conditions. Fur-
thermore, acetate decreased at more negative potentials, while ethylene and ethanol increased
using nanoparticles, specifically with the sample CuNPs <100 nm, reaching C2 partial current

densities of ~50 mA/cm? at —1.5 V vs. Ag/AgCl.

The production of C3 products was remarkably higher using CO compared to CO, as the
reactant. n-Propanol, the main C3 product, was observed in all cases at the lowest potential
investigated, —1.2'V vs. Ag/AgCl, as shown in Fig. 3.2f. All electrodes behaved quite similarly
at low potentials until —1.3 V. At more negative potentials when CO was the reactant, partial
current densities for C3 products using nanoparticles were approximately four times higher than

when CO, was used.

Focusing on the Faradaic efficiencies for the main C2 and C3 products depicted in Fig. 3.3,
namely ethylene, ethanol and n-propanol, the same trend as before was observed. For these three
products, the electrodes prepared with nanoparticles became more active than the electrode with
microparticles (Cu 5 pm) when using CO as the reactant. With the three nanoparticle ensembles
studied, the selectivity for ethylene, ethanol, and n-propanol was increased with more negative
working electrode potentials. Microparticles appeared to be slightly more active towards ethy-
lene at lower potentials than nanoparticles. However, when working at more cathodic potentials
nanoparticles sharply increased their activity in respect to C2 products, while microparticles
showed a steady increase in ethylene and ethanol FE and a decrease in the selectivity towards
n-propanol. This behavior can be explained by the higher GDE roughness and higher active-
center density for the CO reaction with the use of nanoparticles compared to microparticles

with the same catalyst loading.

With CO as reactant a partial current density of —50 mA/cm? was achieved for C2 products at
—1.5V vs. Ag/AgCl, with an ethylene FE of 29.4 % and an ethanol FE of 14 %. Additionally,
the formation of n-propanol rose to a partial current density of —40 mA/cm? with 28 % FE at
the same potential. Thus, our results show that even using a mild electrolyte, a high selectivity

towards C2 and C3 products can be achieved at moderate potentials by using CO as reactant.
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3.4.3 Current density variation

Galvanostatic experiments were performed on all the electrodes with CO and CO, as reactants
at geometrical current densities in the range —100to —300 mA/cm?. This range was selected
with the aim of operating at industrially relevant current densities, while following the trend
observed during the potentiostatic experiments. Fig. 3.4 depicts the Faradaic efficiencies for
the main C2 and C3 products found, namely ethylene, ethanol and n-propanol. With CO, as
the reactant, it can be observed in Fig. 3.4a-c that microparticles were more active towards
ethylene and ethanol at current densities under —150 mA/cm? . However, at current densities
over —150 mA/cm? their activity decreased. This might indicate that a limiting current density is
achieved with the use of microparticles. On the contrary, an enhancement in the FE for ethylene
was observed with the increase of current density in all the nanoparticle ensembles investigated.
A maximum FE for ethylene formation of 32 % was achieved at —300 mA/cm? using CuNPs
60-80 nm. From the samples investigated using CO, as the reactant, this showed the highest FE
towards ethylene and ethanol.

While microparticles (5um) decrease their activity at current densities over —150 mA/cm?,
nanoparticles became more selective with higher current densities. This can be attributed to
the active surface area available for the CO reduction, which is higher with nanoparticles than
with microparticles with the same catalyst loading. Besides that, the use of either microparticles
or nanoparticles might also play a role in the mass transfer of the reactant (CO, or CO) through

the catalyst layer, which might be first noticeable at high current densities.

Taking into account that the measurement of pH in the vicinity of the electrode during elec-
trolysis was not possible in our set-up and that the pH value plays an important role in the
conversion of the measured working electrode potential vs. Ag/AgCl to a reversible hydrogen
electrode (RHE) scale (V5. RHE = Vineasured vs. Ag/AgC1+0.209+0.059 - pH), we decided to show
the working electrode potentials as collected with the Ag/AgCl reference electrode (Fig. 3.4d
and 3.4h). Nevertheless, the pH value of the catholyte was measured before and after the
electrolysis i.e. after the last step of the current density variation.

It was observed that at high current densities with the amount of electrolyte used (100 mL)
and with CO, as the reactant, the pH value increased from 8 to 10 despite the use of a buffer
electrolyte (KHCO3). With CO as the reactant the pH raised from 8 to 13. This higher pH
slope with the use of CO corresponds with the higher working electrode potential observed in
Fig. 3.4h compared to Fig. 3.4d. However, the conversion of the measured working electrode
potential to RHE e.g. for Cu <100 nm at —300 mA/cm? with CO, and CO and pH values of
10 and 13 results in —0.94 V vs. RHE and -0.91 V vs. RHE, respectively. Here it is important
to notice that actually a slightly lower potential is needed with CO as reactant than with

CO, when taking a pH independent scale for the comparison. Thus, it should be considered
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that the differences in the potential shown in Fig. 3.4 also indicate the change of pH during
the experiment. In the course of electrolysis with an aqueous electrolyte, H* can leave the
catholyte either as H, as a result of HER or through the cation exchange membrane, while OH™
accumulates in the catholyte making the system alkaline. The lower pH change observed with
CO, can be explained by the fact that CO, reacts with electrolyte transforming into species such
as HCO5 and producing an additional buffer effect. On the contrary, CO does not react with

the electrolyte, thus the accumulated OH™ can not be balanced and in consequence a pH raise is

observed.
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Figure 3.4: Faradaic efficiencies and resulting average working electrode potential of the
current density variation for the CO, (a-d) and for CO (e-h) electrochemical reduction
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Using CO as the reactant, the Faradaic efficiency for ethylene increased more than two-fold
compared to the efficiencies achieved with CO,. This is consistent with the potentiostatic exper-
iments mentioned before. Furthermore, comparing micro- and nanoparticles for the production
of ethylene during galvanostatic experiments, it can be observed that nanoparticles became, also
in this case, more active at higher current densities delivering higher FE than microparticles. A
maximum FE for Ethylene using the sample Cu 5 um was observed at —150 mA/cm?2, which
corresponds with the limiting current density observed in the experiments with CO, as reac-
tant. From the three nanoparticle samples investigated, CuNPs 40-60 nm nm shows the highest
FE for ethylene, with ~54 % at =300 mA/cm?. Reproducibility experiments show only slight
measurement deviations of the obtained Faradaic efficiencies. These results can be found in the
supporting information S.7.

We demonstrate that even in mild electrolytes such as 1 M KHCO3, the use of CO as reactant
leads to higher partial current densities for the formation of C2 and C3 products than with CO,.
The high current densities and moderated potentials reported in this work can be attributed to
the use of a flow cell and gas diffusion electrodes, where gas and electrolyte are constantly
circulating, improving the mass transport of both reactants and products. In a flow cell with
gas and electrolyte compartments separated by a gas diffusion electrode, where the feed gas
diffuses inside the electrode pores, a pronounced triple phase boundary is achieved allowing a
high local presence of CO at the reaction interface. As suggested in previous works, the C-C
bond as a result of the dimerization of two CO molecules is the intermediate in the formation
of ethylene [41]. Thus, a high coverage together with the large number of active centers and
lower intrinsic barriers to C-C coupling, accomplished by the deposition of Cu-nanoparticles
with a 3 mg/c:m2 catalyst loading on a gas diffusion layer, leads to an increase of selectivity
towards ethylene and suppression of hydrogen evolution reaction. Moreover, the remarkable
increase in the production of n-propanol can be explained by the high local presence of CO and
the high production of ethylene. As proposed by Hori et al. [129] and Ren et al. [51] high local
concentration of CO and C,H, (ads) together with a large surface area seems to be a key factor
in the improvement of n-propanol production. Taking into account that n-propanol shows a high
energy-mass density (30.94 kJ/kg), as well as a high octane number, and that a 99 % n-propanol
separation from electrolyte using liquid-liquid extraction is feasible [51], the conversion of CO
to n-propanol might become an interesting path to further investigate within the framework of

a two-step CO, electrochemical reduction.

Apart form the effect of the local CO concentration, we suggest that the further reduction of
CO to C2 and C3 products might also be hindered by competing reactions, which require less
electrons when using CO, as the reactant. One of these competing reactions is the conversion
of CO, to HCOO™ (2¢€7). On the other hand, when using CO as the reactant, the number of
competing reactions is lower, along with the number of electrons required for the formation of

ethylene (8 €7), ethanol (8 €) and n-propanol (12 ¢e™) as shown in Table 3.1.
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3.4.4 Comparison to prior work

In comparison with previous works using nanoparticles supported on carbon substrates and
KHCOj as electrolyte, we observed formation of ethylene at lower potentials than the ones
reported by Baturina et al. [70]. The Faradaic efficiencies for ethylene, ethanol and n-propanol
are comparable with the results reported by Kim et al. [52], who also investigated copper
nanoparticle ensembles for the formation of C2 and C3 products and showed that a large catalyst
loading can also improve the selectivity. Additionally, our results are consistent with the study
conducted by Ma et al. [71], who also investigated CO, electrochemical reduction in a flow cell
using Cu-nanoparticles deposited on gas diffusion layers. Specific information about catalyst,
current densities, working electrode potentials and FE in each of the previous reports can be
found in Table 3.2. Although Ma et al. [71] focused on alkaline electrolysis, they also conducted
experiments with KHCOj5 for comparison. They observed at a working electrode potential of
—1.05V vs. RHE in 0.5M KHCO3 an ethylene FE around 20 %, while in our experiments
24.4 % FE ethylene was achieved at —0.97 V vs. RHE in 1 M KHCO3 with the sample CuNPs
40-60 nm. The slightly higher Faradaic efficiency for ethylene in our results can be explained
by the differences in the catalyst loading and by the CO, flow rate. Our catalyst loading was
~3 mg/cm2 , while in their experiments 1 mg/cm2 was used. As described by Kim et al. [52]
catalyst loading plays an important role in the selectivity for C2 and C3 products. Additionally,
our CO, flow rate was 50 sccm, while Ma et al. used only 7sccm CO, and as mentioned in
previous publications, the CO, feed flow rate in a flow cell also has a significant effect on the
Faradaic efficiency [85, 115].

Table 3.2: Previous reported performance of CO, electrochemical reduction to ethylene,
ethanol and n-propanol in KHCO; using Cu-nanoparticles deposited onto carbon based

support
J Vwe % FE
Electrode Electrolyte mA/cm?> vs. RHE | C,Hy EtOH PrOH Ref
Cu NPs/carbon black 0.1M KHCO;4 <-25 -1.44 40 - - [70]
Cu NPs/carbon paper 0.1 M KHCO;4 <-20 -0.87 32 16 4 [52]
Cu NPs/N-doped graphene 0.1 M KHCO; -2 -0.87 - 63 - [57]
Cu NPs/Gas diffusion layer 0.5 M KHCO; - -1.05 20 6.5 - [71]
Cu NPs/Gas diffusion layer 1M KOH -150 -0.8 25 12 - [71]
Cu NPs/Gas diffusion layer 1M KHCOj4 -300 097" | 244 4.6 4.6 | this work

a
b

Working electrode potential converted to RHE at pH=6.8

Results with sample CuNPs 40-60 nm shown in Fig. 3.4. Working electrode potential converted to RHE at pH=10 (measured at the end
of the electrolysis at —300 mA/cm?)

Our results with CO as the reactant show an increase in the selectivity towards ethylene, ethanol
and n-propanol higher than two-fold in comparison with direct CO, electroreduction. This
remarkable increase in the selectivity has not been reported before to our knowledge up to

date. In fact, CO electrochemical reduction has been scarcely investigated using gas diffusion
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electrodes and flow cells. Han et al. [54] have recently reported CO electroreduction on Cu-
gas diffusion electrodes using a batch cell where the electrolyte is stirred. They reported a
partial current density for the ethylene formation of —50.8 mA/cm? at —0.85 V vs. RHE in 10M
KOH (-1.9V vs. Ag/AgCl at pH = 14) with 17.8 % FE [54], while in the present work we
observed 52.5 % ethylene FE, 12 % ethanol FE and 15.9 % n-propanol FE at a current density
of =300 mA/cm? with a working electrode potential of —1.9V vs. Ag/AgCl at a measured pH =
13 (=0.91V vs. RHE) in 1 M KHCOj5 as shown in Fig. 3.4 for Cu<100 nm.

In some previous studies about CO electroreduction using Cu-oxide electrodes [121] and in-situ
grown nano-dendritic Cu [120], it has been reported that a high presence of CO increases the
formation of liquid products such as acetate and ethanol. On the one hand, our results are in
agreement with the literature regarding the increase of acetate and ethanol. On the other hand,
we achieved an increase in the selectivity for ethylene and n-propanol with CO as reactant
at high current densities, which is not totally in agreement with previous studies. Schmid et
al. [120] observed no significant increase in the Faradaic efficiency when using CO instead
of CO, as reactant reaching around 40 % FE ethylene at a current density of —170 mA/cm?
using in-situ grown nano-dendritic Cu on gas diffusion layers. On the contrary, we obtained
a two-fold increase for ethylene with 55% FE at a current density of —300 mA/cm? and a
three-fold increase in n-propanol selectivity with 18 % FE with Cu-nanoparticles (40-60 nm).
We assume that the difference lies in the mechanistic pathways to hydrocarbons using either
in-situ grown nano-dendritic Cu or deposited Cu-nanoparticles. As explained by Schmid et
al. [120] the mechanistic pathways to hydrocarbons using nano-dendritic Cu differ from the
reaction pathways proposed by Ma et al. [71] on Cu-nanoparticles towards ethylene and ethanol.
Keeping in mind that we used a similar type of electrode as Ma et al., we expect our experiments
to follow their proposed mechanism. Additionally, we observed that Cu-nanoparticles deposited
on gas diffusion layers can also lead to a high selectivity of n-propanol when sufficient CO is

available at the three-phase reaction boundary.

3.4.5 Long term Experiments

Regarding durability, long-term experiments over 20h were performed. Differently to the

experiments shown in sections 3.4.1, 3.4.2 and 3.4.3, for long term analysis the circulating

electrolytes (1 M KHCO3) were mixed in one reservoir. A schematic of the modified set-up can
be found in Fig. 3.12 of the supporting information. It is known that with cathode and anode
compartments, separated by a cation exchange membrane such as Nafion, K™ ions migrate
during the electrolysis from the anolyte to the catholyte. Thus, after a certain time a depletion of
cations in the anolyte leads to a very high cell voltage. The mixing of electrolytes is a solution

to assure the migration of ions over a more extended period of time [131]. Since the mixing of
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anolyte and catholyte may lead to inaccurate results for liquid products due to reoxidation, we
focused in this case mainly on the formation of ethylene.

Fig. 3.5 shows the results for the gas products obtained using the samples CuNPs 40-60 nm and
CuNPs <100 nm with both pure CO, and pure CO as reactants at —200 mA/cm?. With CO, as
the reactant, a high CO production right after the start of the experiment was observed in both
cases, which decreases rapidly with the increase of ethylene. This suggests that presumably
a high CO coverage and certain local pH might have been achieved after the first 3h of
the experiment. From that point an almost stable ethylene production was observed for both
samples. The ethylene formation using CuNPs 40-60 nm slightly decreased from the maximum
value of 29 %-23 % FE after 20 h, while with CuNPs <100 nm only a 2 % FE ethylene drop was
observed with an almost constant value of 27 % FE. Reproducibility experiments can be found
in the supporting information S.7. These results from a general perspective are comparable
with Ma et al. [71], who showed that Cu-nanoparticles exhibit significant stability over 4 h
electrolysis in KOH using commercial Cu-nanoparticles deposited on a gas diffu- sion layer. We
obtained similar Faradaic efficiencies for ethylene between 20 % and 30 % using 1 M KHCO;
as electrolyte.

a) b)
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Figure 3.5: Faradaic efficiencies for gas products during long term experiments at
—-200 mA/cm? on a) Cu—NPs 40-60 nm and on b) Cu—NPs <100 nm with CO, or CO as the
reactant

Using CO as the reactant, a high production of ethylene was observed right from the beginning
of the experiment with a gradual increase during the first hours, followed by a steady decrease.
For the sample with the smallest particle size, a maximum of 44 % FE for ethylene was achieved
after the first 4 h, while with CuNPs <100 nm the highest Ethylene FE, 47 %, was achieved after
10 h. After that, the production of ethylene decreased to 37 % FE. In both cases, even with a
drop on the selectivity, the production of ethylene after 20h using CO as feed gas was still
around 10 % higher than the one achieved with CO,. The maximum Faradaic efficiency for
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ethylene achieved was slightly higher than the one reported by Schmid et al. [120] (40 %) with
CO as the reactant. They observed a sharp decrease to 10 % FE ethylene after the first 90 min of
electrolysis. This decrease was attributed to a structural degradation of the active species formed
during the in-situ deposition. With our preparation of the electrode using nanoparticles, only a

gradual and slow degradation was observed after 20 h.

This gradual decrease can be explained by the loss of hydrophobicity of the gas diffusion layer
during electrolysis. As reported by Dinh et al. [119] carbon gas diffusion electrodes turn from
hydrophobic to hydrophilic when a negative potential is applied, so that during the electrolysis
the electrode becomes soaked with electrolyte. With a flooded electrode, CO/CO, diffusion
from the gas side to the catalyst is obstructed, decreasing the CO/CO, reduction rate and
favoring the hydrogen evolution reaction. In addition, after long term experiments a slight
change in the appearance of the membrane was observed. The transparent cation exchange
membrane became slightly brown in some spots. This suggests that some Cu particles were
stripped off of the catalyst and deposited onto the membrane. Thus, the gradual decrease in

performance can also be attributed to catalyst delamination during electrolysis.

3.4.6 Characterization of Cu particles as powder and at GDL surface
before and after electrolysis

Before deposition on the GDL, the Cu powders were microstructurally characterized: particle
morphologies and size distributions were investigated by TEM or SEM. The constituent crys-
tallographic phases and mean crystallite sizes were determined by XRD. Whereas nanoparticles
depict some faceting and sharp edges, microparticles are mostly spherical as can be observed
in Fig. 3.6. Particle size distribution determined by geometrical measurement on several micro-
graphs confirm the supplier specifications as shown in Fig. 3.8 of the supporting information.
All powders are polycrystalline, composed mainly of metallic Cu and a fraction of Cu,O.
Results for crystallite size, determined using the Scherer equation for the signals with the
highest intensity, are also reported in Fig. 3.10 and Table 3.5 of the supporting information.
For the nanopowders the mean crystallite size, determined by XRD, is similar to the particle
size obtained by TEM. For the Cu-micro-powder the mean crystallite size determined by XRD

amount to ~30-80 nm indicating that each microparticle consists of several crystallites.
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Figure 3.6: a) b) c) TEM micrographs of Cu-powders CuNPs 40-60 nm CuNPs 60-80 nm
and CuNPs <100 nm; d) SEM micrograph of Cu powder 5 um e) XRD patterns for the four
commercial Cu-powders investigated

Particle size distribution after Cu deposition on the GDL was obtained by geometrical mea-
surements on SEM micrographs. A significant change in the particle size distribution after
deposition compared to the starting material is not discernible (see SEM images and correspond-
ing histograms in Fig. 3.8 of the supporting information). Furthermore, the SEM micrographs
after deposition show a difference between nanoparticles and microparticles regarding GDL
coverage. Whereas using nanoparticles the GDL is completely covered, with microparticles the
GDL coverage is incomplete for samples prepared with the same catalyst loading.

Electrodes used for long term experiments with CO, and CO as reactants were also character-
ized by SEM and XRD as shown in Fig. 3.7. After CO, electrolysis for the two investigated
cases, a change in particle surface morphology is discernible: the initial grains appear to be
overgrown by an even finer nanostructure in such a way that larger initially spherical grains
turned into cauliflower shaped structures. After CO electrolysis cauliffower morphology is
also observed. Additionally, differently from the CO, case, nanoaggregates depicting a cubic
morphology are observed after CO electrolysis. These changes in particle surface morphology
for both CO, and CO cases are not discernible by XRD: The XRD diffraction patterns only
show the same crystallographic phase as before electrolysis (see Table 3.5 of the supporting
information). A possible explanation for these differences in surface nano-aggregates after CO,
and CO electrochemical reduction can be related to a local pH change during electrolysis.
Although in both cases 1 M KHCO5 was used as electrolyte, the pH value of the bulk electrolyte
after electrolysis with CO changed from 8 to 10.5, while with CO, the pH only increased from
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8 to 8.5, since the presence of CO, in the electrolyte has also a buffer effect. Here, it should
be taken into account that all long experiments were performed with a mixed electrolyte. For
this reason the pH changes before and after electrolysis are not as strong as in the experiments

reported in section 3.4.3.
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Figure 3.7: SEM micrographs of CuNPs 40-60 nm electrode: a) before, b) after CO,, and c)
after CO electrolysis. SEM micrographs of CuNPs <100 nm electrodes: d) before, e) after
CO, and f) after CO electrolysis

We suggest that the higher selectivity for ethylene using CO as reactant is mainly the result
of high CO coverage and improvement of the mass transport, but it might also be due to the
morphological change of the Cu nanoparticles during electrolysis, rather than due to the amount

of Cu surface oxide or the crystalline structure.

3.5 Conclusion

The electrochemical reduction of CO, and CO towards C1, C2, and C3 products is investigated.
The focus lies on the production of ethylene, ethanol, and n-propanol using Cu-nanopowders
deposited on gas diffusion layers as electrodes. This allows a fair comparison of the reactants,
where neither solubility nor mass transport limits the reduction reaction. We report a remarkable
increase in the selectivity towards ethylene, ethanol, and n-propanol of more than two-fold
using CO as the reactant (cumulative 89 % FE at —300 mA/cm? ) in comparison with the
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direct CO, electroreduction (34 % FE cumulative at —300 mA/cm?) in a mild electrolyte. The
results also suggest that particle morphology and size, rather than oxidation state of Cu might
play an important role in the preparation of electrodes for application at industrially relevant
current densities. Nanoparticles (40-60 nm, 60-80 nm, >100 nm) become more selective with
higher current densities, while the selectivity towards C2 and C3 products using microparticles
(5 um) decreases at current densities higher than —150 mA/cm?2. This can be attributed to the
active surface area available for the CO reduction with nanoparticles, which is higher than with
microparticles with the same catalyst loading. Furthermore, 20 h experiments show a relatively
stable production of ethylene. These results demonstrate that a two-step electrochemical re-
duction of CO, can provide a more selective route to the production of ethylene, ethanol, and
n-propanol than one step CO, electroreduction.
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3.6 Supporting Information

3.6.1 TEM and SEM Histograms

The starting materials as powder as well as the electrodes before electrolysis were analyzed
with TEM and SEM in order to determine the particle size distribution of the four samples

investigated.
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Figure 3.8: TEM micrographs and Histograms of Cu-powders CuNPs 40-60 nm, CuNPs
60 —80 nm, CuNPs <100 nm and SEM micrograph of Cu-powder 5 um. SEM micrographs
and histograms of the four Cu-electrodes investigated after deposition
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3.6.2 SEM micrographs from a FIB cut of a GDL coated with copper
nanoparticles

Cu <100 nm

Cu <100 nm

Figure 3.9: SEM micrographs from a FIB cut of a GDL after deposition of copper
nanoparticles
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3.6.3 XRD - Crystallite Size
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Figure 3.10: XRD patterns for the four Cu commercial powders investigated

Table 3.3: Crystallite Size calculated with the Scherer equation with K =0.9 and A = 1,54.

20 FWHM Crystallite Size (nm)
435 0.16624 51.44
Cu40-60nm | 506 (24039 36.55
435 0.09418 90.79
Cu60-80nm | 506 0.10693 82.15
435 0.16684 51.26
Cu<l00nm | 506 022857 38.45
435 0.11465 74.60
Cu5Spm 50.6  0.19243 45.67
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3.6.4 Experimental Set-up

¥
I:Qj
Catholyte + Liquid Products N Anolyte +0,

s r - N
Gas )
Diffusion | Nafion
Electrode | —
4 A
prommmmmmsmemseoeeoes
H » Y, L <
) > <+
! Catholyte l:!:-] Anolyte
1
Sample for NMR | WE CE
1
1 i
" vl
1
‘ pA4
\

_____ 4 Gas Chromatogragh

Catholyte Reservoir Anolyte Reservoir

Figure 3.11: Schematic representation of the experimental set-up with separated anolyte
and catholyte

Anolyte + O,
»
>

Gas ;
Diffusion /
Electrode |

Nafion

Anolyte

r----------

,
F' N

Sample for a
NMR |
:._----> Gas Chromatogragh

Electrolyte Reservoir

LT

Figure 3.12: Schematic representation of the experimental set-up for long-term experiments
with mixed electrolyte
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3.6.5 Potentiostatic experiments with CO, and CO as reactant

Table 3.4: Faradaic efficiencies for the CO, electrochemical reduction by potential
variation on Cu gas diffusion electrodes

Sample WE j CO CHy C,Hy PrOH EtOH Acetate Acetone MeOH Ethylen- Allyl- Formate Hj Total
\4 mAlcm? glycol alcohol
12 1070 1456 000 000 000  4.08 1.65 0.00 0.00 134 0.00 732 7953 10848
13 2670 2229 000 000 000 0.14 0.21 0.00 0.00 0.29 000 1329 60.09  96.30
Cud0-60nm | |4 6716 3507 000 617 228 218 0.12 0.00 0.00 0.32 000  17.68 3481  98.63
15 -14636 2575 051 1394 343 640 0.27 0.05 0.00 0.30 038 1179 3293 9576
12 -12.18 2844 000 000 000 0.0 383 0.00 1.50 0.00 0.00 6.89 7663 117.30
13 2836 3233 000 000 000 1.8 0.01 0.00 0.00 0.00 000 1325 5444 10191
Cu60-80nm | ;4 5096 4002 000 527 205 128 0.00 0.05 0.00 0.52 000  22.69 40.18 112.05
15 -11059 3576 041 1086 286 470 0.00 0.09 0.00 0.41 000 2236 4123 118.69
12 -10.08 2844 000 000 000 0.0 0.00 0.00 0.00 133 0.00 457 7082 105.15
13 2644 3233 000 000 000  0.00 0.16 0.00 0.00 0.39 0.00 9.14 5593 9796
Cu<100nm | 4 5683 4002 000 355 177 178 0.05 0.00 0.00 0.18 0.17 1490 35.65  98.05
15 411991 3576 022 1102 359 427 0.29 0.09 0.00 0.28 0.19 1296 2539  94.06
12 98 2617 000 000 000 0.0 416 0.00 0.00 0.00 000 1469 7844 12345
13 2479 2743 000 406 230 333 0.00 0.00 0.00 091 000 1633 5506 109.42
CaSpm | 14 5156 2105 1.09 840 227 334 0.03 0.11 0.00 0.24 000 1151 61.79 109.83
15 -100.54 1065 352 1156 223 476 0.27 0.04 0.00 0.45 0.81 771 69.01  110.99

Table 3.5: Faradaic efficiencies for the CO electrochemical reduction by potential variation

on Cu gas diffusion electrodes

Sample WE j CHy C,Hy PrOH EtOH Acetate Acetone MeOH Ethylen- Allyl- Formate H, Total
\%4 mAlem? glycol alcohol
12 768 000 581 486 639 283 0.00 0.00 0.00 0.00 0.00 86.06 105.97
13 -18.22 000 1077 959 475 1.16 0.42 0.00 1.52 0.00 000 63.08 91.29
Cud0-60nm | 4 _4p08 039 2246 17.81  9.00 2.57 0.06 0.00 1.29 2.44 0.09 3895  95.07
15 -68.20 035 27.63 23.62 1346 420 0.04 0.08 0.80 2.80 0.13 2855 101.67
12 445 000 671 000 0.0 4.56 0.00 0.00 388 0.00 000 9162 106.79
13 -1034 000 7.02 666 835 0.71 1.28 0.00 0.66 0.00 000 72.10  96.78
Cu60-80nm | |4 2074 0.00 1211 13.62 434 1.42 0.00 0.00 1.05 1.08 020 56.81  90.63
15 4202 040 2145 2003  10.08 2.82 0.00 0.00 1.38 2.64 0.08 37.66  96.53
12 782 000 630 782 563 121 0.00 0.00 138 0.00 117 7564  99.14
13 -17.96 000 979 1376 7.3 241 0.00 0.00 116 0.00 035 5416  88.86
Cu<100nm | ;4 4058 0.00 19.58 27.29  10.90 3.20 0.12 0.11 1.27 1.70 0.01 3300 97.18
.15 -104.03 0.00 2935 28.06 14.14 428 0.00 0.00 0.35 1.81 0.4 1742 9553
12 559 000 644 702 645 2.49 0.00 0.00 2.99 0.00 178 8050 107.68
13 -14.80 079 1049 762  6.86 1.24 0.00 0.00 0.83 2.04 021 5421 8429
CuSum | 14 4174 167 13.02 723 1032 2.24 0.28 0.05 0.66 1.26 0.17 4488  81.78
15 -107.83 099 1411 385 1070 474 0.07 0.00 0.95 1.05 0.11 4570 8226
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3.6.6 Galvanostatic experiments with CO, and CO as reactant

Table 3.6: Faradaic efficiencies for the CO, electrochemical reduction by current density

variation on Cu gas diffusion electrodes

j (mAlem?) Sample CO Methane Ethylene PrOH EtOH Acetate Acetone MeOH ETG Allyl-alcohol Formate H, | Total
-100 40-60 nm 47.30 0.00 3.89 1.17 1.02 0.08 1.00 0.01 2.62 0.00 15.05 32.71 | 104.84
-100 60-80 nm 51.54 0.00 725 152 252 0.14 004  0.00 0.0l 0.00 1438 24.96 | 102.36
-100 <100 nm 46.26 0.00 2.76 0.19  0.29 0.05 0.02 0.01  0.06 0.07 533 3373 | 88.76
-100 Sum 32.88 1.48 10.75 1.47 2.83 0.00 0.00 0.02 034 0.48 9.33 41.50 | 101.09
-150 40-60 nm 4551 0.00 870 190 221 0.16 0.00 008 0.70 0.00 1479 21.60 | 95.66
-150 60-80 nm 47.04 0.18 14.78 3.11 4.17 0.28 0.07 0.00 022 0.33 12.18 17.88 | 100.23
-150 <100 nm 47.39 0.00 6.64 147 144 0.00 0.04 001 0.09 0.63 14.84 2178 | 9432
-150 Sum 15.04 5.11 18.08 2.90 5.53 0.11 0.20 0.00 0.00 0.49 6.71 48.22 | 102.40
200 40-60 nm 4125 0.00 1397 317 363 0.25 098  0.00 0.00 0.29 1509 17.67 | 9630
-200 60-80 nm 40.14 0.15 21.49 477  6.39 0.40 0.10 0.00 024 0.48 10.16  16.56 | 100.89
200 <100 nm 43.50 0.00 1106 585 484 0.00 004 001 0.16 0.00 25.86 17.89 | 109.22
-200 Sum 5.81 3.96 13.88 1.64 6.90 0.60 0.01 0.01 0.78 0.47 3.83 52.74 | 90.62
250 40-60 nm 35.74 0.08 1891 536 533 0.44 000  0.00 0.07 038 16.18 16,73 | 99.21
-250 60-80 nm 32.63 0.13 26.64 512 697 0.46 0.01 0.00 020 0.50 9.51 15.88 | 98.03
-250 <100 nm 39.26 0.00 16.00 293 1.78 0.00 0.06 0.00 0.06 0.00 599 17.12 | 83.20
-250 5um 2.20 1.83 6.09 0.80 423 0.50 0.00 0.03 041 0.14 125 64.79 | 82.26
300 40-60 nm 31.08 0.07 2437 463 464 032 000 000 0.13 0.25 895 17.46 | 91.90
-300 60-80 nm 26.75 0.12 33.04 4.53 6.50 0.40 0.03 0.00 0.19 0.50 5.04 16.56 | 93.68
-300 <100 nm 31.25 0.07 19.71 5.85 4.03 0.00 0.03 0.04 0.10 0.00 1128 17.28 | 89.63
-300 5um 1.28 1.17 3.51 0.33 2.42 0.34 0.00 0.02 041 0.00 091 87.96 | 98.36
Table 3.7: Faradaic efficiencies for the CO electrochemical reduction by current density
variation on Cu gas diffusion electrodes
j (mAlem?) Sample CH; C,Hy; PrOH EtOH acetate acetone MeOH ETG allyl-alcohol formate H, | Total
-100 40-60 0.92 3942 16.13 10.22 4.00 0.10 0.03  0.85 2.09 0.11 32.61 | 106.48
-100 60-80 0.51 3886 1426 1255 3.76 0.11 0.01  0.32 2.18 0.14 3290 | 105.61
-100 <100 049 3671 18.60 11.15 3.09 0.12 0.02  0.59 243 0.12 36.79 | 110.09
-100 5um 351 3714 7.02 13.16 4.08 0.14 0.00 1.09 1.65 0.12 39.56 | 107.48
-150 40-60 0.34 4473 16.10 11.66 5.59 0.08 0.02  0.40 2.40 0.08 24.53 | 105.94
-150 60-80 0.23 4379 1722 1730 5.92 0.04 0.03  0.86 2.73 0.17 2433 | 112.63
-150 <100 0.27 4284 17.77 1124 4.07 0.04 0.07 0.22 2.33 0.09 2581 | 104.75
-150 5um 1.61 4338 723 21.54 7.96 0.16 0.04 0.32 1.69 0.09 30.50 | 114.51
-200 40-60 0.14 4851 1653 13.73 7.27 0.07 0.01  0.27 2.34 0.08 19.12 | 108.06
-200 60-80 0.13 47.11 1349 15.70 6.26 0.05 0.04 0.50 2.06 0.09 19.24 | 104.67
-200 <100 0.00 47.02 1726 11.70 4.66 0.02 0.00 0.25 1.67 0.06 19.66 | 102.30
-200 5 um 1.65 3778 351 17.63 8.23 0.02 0.02  0.00 0.80 0.05 43.07 | 112.74
-250 40-60 0.00 5239 1749 1640 9.21 0.00 0.02 047 2.32 0.05 1579 | 114.14
-250 60-80 0.10 49.68 1491 17.63 7.87 0.00 0.01  0.39 2.26 0.12° 16.09 | 109.05
-250 5um 1.58 2667 229 14.24 9.37 0.00 0.07  0.00 0.53 0.00 64.51 | 119.27
-300 40-60 0.00 5499 17.66 1679  10.19 0.00 0.03  0.11 1.92 0.55 11.18 | 113.42
-300 60-80 0.09 51.83  9.69 13.01 6.32 0.04 0.01 043 0.83 0.09 1391 | 96.26
-300 <100 0.00 5252 1598 11.95 5.86 0.00 0.00 0.48 1.72 0.10 13.23 | 101.84
-300 5um 1.64 1953 206 1327 1030 0.00 0.01  0.00 0.75 0.03 81.26 | 128.85
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3.6.7 Reproducibility measurements

The results shown above were reproduced obtaining only slight measurement deviations as
shown in Figs. 3.13 and 3.14.
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3.6.8 XRD before and after electrolysis
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Figure 3.15: XRD pattern of a CuNPs 40-60 nm electrode before and after electrolysis
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4.1 Abstract

Two-step electrochemical reduction of CO, is considered as an alternative to increase selectivity
towards C2 and C3 products. In this type of proposed cascade electrocatalytic operation, CO is
produced in a first step and subsequently reduced to multi-carbon products in a second step with
significantly higher Faradaic efficiencies compared to a one-step process. Research efforts have
been focused on the feasibility of the isolated second step with pure CO as reactant, however the
interdependencies of both steps need to be considered. Accordingly, two-step electrochemical
reduction of CO, is studied in this work as an integrated system. Taking into account that
the study of this technology at high current densities is crucial for industrial applicability,
Gas Diffusion Electrodes and Flow-Cells were used for operation at current densities above
—200 mA/cm?. An integrated two-cell electrolysis system was built and optimized. Firstly, each
step was characterized separately, the first using a silver gas diffusion electrode to generate a
mixture of humidified CO, H,, and unreacted CO,; the second step using copper nanoparticles
on a carbon-based gas diffusion structure to obtain C2 and C3 products. This step was studied
using synthetic mixtures of CO, and CO with different ratios. Furthermore, experiments with
isotope labeled 13C02 and 13CO were performed in order to obtain some insights on the
(electrochemical) reaction path of gas mixtures containing CO, and CO. Subsequently, the two
units were integrated into a system, where the full gas output of the first unit was directly
fed to the second unit. The total Faradaic efficiency towards multi-carbon products of this
initial system was limited to 20 % at total current density of —470 mA/cm?2. These initial results
together with the isotopic labeling studies indicate that the presence of significant amounts of
unreacted CO, from the first step is detrimental for the second step. A significant improvement
was achieved by introducing a CO, absorption column between the two units and after splitting
the overall charge flow applied in each cell in accordance with the main reaction at each step.
With this set-up a total Faradaic efficiency towards C2 and C3 products of 62 % at a total
current density of =300 mA/cm? was achieved. The results confirm the need for a gas separation

technique between the two steps for a feasible two-step electrochemical reduction of CO,.

4.2 Introduction

Within the context of the current energy system transformation, new technologies that allow
a sustainable energy supply have gained special attention in the scientific community as well
as in the industrial sector [3, 12, 13, 132]. Some of the decisive aspects for the development
of these new technologies are the inclusion of renewable energies, the decentralization of the
energy system, and a low carbon economy. The electrochemical reduction of CO, presents
a potential solution for the integration of renewable energies into the value-added chain of
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materials by transforming CO, into energy-intensive chemical products [28, 29, 34, 96, 115].
This electrochemical pathway, driven by renewable electricity sources, can provide more en-
vironmentally friendly chemicals and fuels than the traditional chemical processes driven by
fossil energy [25]. However, an industrial application of the electrochemical conversion of CO,
into multi-carbon products has still challenges to overcome, such as high overpotentials and

rapid electrode degradation, as well as low efficiency and selectivity [28, 30, 96].

While the electrochemical reduction of CO, to C; products such as CO [85, 133-136] and
HCOOH [117, 118, 137] have been reported to achieve high Faradaic efficiencies (FE) at high
current densities, the electrochemical path of CO, to C2 and C3 products such as ethanol,
ethylene, and n-propanol still has to deal with low selectivity and high overpotentials at in-
dustrially relevant current densities. The electrocatalytic conversion of CO, into multi-carbon
products has been proven to be successful only with Cu as the electrocatalyst [33, 35, 38]. Thus,
Cu electrocatalytic activity and its performance under different conditions have been widely
made regarding the development of more selective and stable electrocatalysts [51, 52, 71, 72],
an optimal approach for the production of hydrocarbons and oxygenates with high FE and at

high current densities has still to be identified.

Some of the challenges when reducing CO, directly into C2 and C3 products are the high
overpotentials and poor selectivity due to the multiple reactions that can take place simultane-
ously [35]. Nevertheless, the scientific community has already elucidated important aspects that
should be taken into account in order to increase the selectivity to hydrocarbons and oxygenates.
Studies about CO, conversion into multi-carbon products on Cu electrodes have reported CO
to be the main intermediate [48, 93, 120]. Furthermore, experimental reports have shown that
alkaline conditions lead to higher FE towards multi-carbon products [71, 72]. However, alkaline
conditions for the direct reduction of CO, would lead to the formation of carbonates [54] and
cause complication for up-scaling. On the other hand, direct CO electrochemical reduction
has shown significant selectivity towards ethanol, acetate, and n-propanol at moderate over-
potentials and high current densities [138, 139]. A direct CO supply allows a high CO surface
coverage that enables C-C coupling [140], leading to high sensitivities of C2 and C3 products.
With this in mind and the high efficiencies at high current densities achieved in electrochemical
conversion of CO, to CO, a two-step electrochemical reduction of CO, becomes a worthy
alternative to be explored. In this alternative approach, the complex reaction paths to C2 and
C3 products will be split, where CO, is reduced to CO in the first step, and CO is subsequently
converted into hydrocarbons and oxygenates in the second step.

Research efforts considering a two-step electrolysis as an alternative have been focused mainly

on the investigation of the electrochemical reduction of pure CO as the second step. Many of the

studies focused on the catalyst activity and have been performed in a batch type electrochemical
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cell configuration, where the low solubility of CO causes mass transport limitations [54, 93, 94,
121, 127, 130, 141]. However, few studies have focused on a continuous flow operation mode,

as well as the configuration of electrodes, which might determine the product spectrum and
are of considerable importance for an energetic efficient transformation [81, 142]. Only few
studies of CO electrolysis performed in flow cells with gas diffusion electrodes (GDE) have
been reported [138, 139]. In a recent study, a cumulative Faradaic efficiency (FE) for C2 and C3
products of 89 % was achieved at —300 mA/cm? by performing CO electrolysis in a flow cell
using commercial Cu nanoparticles deposited onto gas diffusion layers [139]. This cumulative
FE was two fold higher than what was achieved from CO, electrolysis. Furthermore, Jiao et
al. [138] achieved a 91 % cumulative Faradaic efficiency for C2 products at —630 mA/cm? using
oxide-derived copper (OD-Cu) GDEs and a flow electrolyzer. Despite the investigation of the
electrochemical reduction of pure CO, only one study about a heterogeneously catalyzed two-
step cascade electrochemical reduction of CO, to ethanol has been reported to our knowledge
up to date [128]. However, the cascade electrolysis was performed using batch type cells and
planar electrodes, where mass transport limitations arise due to the low solubility of CO, and
CO in the aqueous electrolytes used. Consequently, only low current densities were achieved
(lower than -5 mA/cmz).
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Figure 4.1: Schematic of the two-step CO, electrochemical reduction (Red lines for
catholyte, blue lines for anolyte, yellow lines for gas)
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In this work, we investigate the two-step electrochemical reduction of CO, as a single integrated
system, using two flow cells with Ag and Cu gas diffusion electrodes, respectively. In this
system, a large three phase boundary area between electrolyte, gas and electrode is achieved.
Thus, the electrochemical reduction can be operated at industrially relevant current densities.
Initially, each electrolyzer was investigated separately by performing linear sweep voltammetry
and current density variation. For the analysis of the second electrolyzer, it was taken into
account that the CO, supplied to the first reactor is not fully converted into CO. Thus, even
with a high FE (>90 %) for CO, the product gas of the first step will be a mixture of both gases.
For this reason, the electrochemical reduction of CO/CO, mixtures with different ratios was
also investigated. As expected, the higher the amount of CO, the lower the efficiency for C2
and C3 products. For this reason, CO, absorption in NaOH was implemented before the second
step as shown in Fig. 4.1, in order to increase the total Faradaic efficiency of the integrated
system. Additionally, a simple calculation method for an optimal operation of the electrolyzer
is proposed. With this a cumulative Faradaic efficiency towards C2 and C3 products of 62 %
was obtained.

4.3 Experimental

4.3.1 Electrode preparation

For the first step, Ag-GDEs were prepared in a continuous process by casting silver particles
and binder materials onto a reinforcement web as previously described [143]. For the second
step, Cu-powder with a particle size range of 40-60 nm delivered by Sigma Aldrich was used
for the preparation of Cu-GDEs. The electrode was prepared following a previously described
method (section 3.3), in which a suspension with 60 mg of Cu-powder, 40 mg of 20 % Nafion®
dispersion and 2 ml of iso-propanol was ultrasonicated and directly deposited onto a carbon-
based gas diffusion layer (GDL) H23C2 from Freudenberg. This gas diffusion layer consists
of two layers, namely a hydrophobic carbon fibers interface and a micro-porous layer. This
procedure was repeated twice. Subsequently, the electrode was dried for at least 12 hours at
room temperature under Ar atmosphere with a flow of 0.5 L/min. A catalyst loading of 3 mg/cm?
was calculated from the weight difference of the GDL before and after deposition with a
material loss in the order of 40 % within the entire preparation process. With this preparation
method a three layers electrode is obtained, namely a carbon fibers interface, a diffusion layer,
and a catalyst layer. While the preparation methods and resulting type of electrodes are different
for Ag-GDE and Cu-GDE, in both cases the geometrical area used for the electrolysis is the

same (10 cmz).
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4.3.2 First electrolyzer

An inhouse designed electrochemical flow cell was used as first electrolzyer. The cell is com-
posed of three blocks in which channels have been machined. These blocks represent the 3-
compartment setup of the flow cell: gas, catholyte, and anolyte compartment, and are made
from polyether ether ketone (PEEK). A schematic cross section of the cell can be found in
the supporting information (Fig. 4.9). A poly methyl methacrylate (PMMA) window is placed
on the front side of the cell in order to see possible permeation of electrolyte through the GDE.
O-rings in between the compartments ensure a leak free system. An IrOx coated electrode (Elec-
trocell) with a geometrical surface area of 10 cm? was used as anode and a silver frame enabled
the electrical contact of the Ag-GDE to the external current source. A Ag/AgCl (3M NaCl,
ALS Co.) was used as reference electrode.

As depicted in Fig. 4.1, the electrolytes where supplied to the cell from a single electrolyte reser-
voir. Compared to a setup where anolyte and catholyte are cycled separately, this configuration
has the advantage of preventing the depletion of charge carriers in one of electrolytes [115]. The
anolyte and catholyte compartment were separated by a ZrO, diaphragm. Two pressure pumps
(MARCH PUMPEN GmbH) provided the continuous recirculation of the electrolyte through
the compartments at a rate of 200 mL/min. The CO, feed gas (Linde 5.0) was controlled using
a mass flow controller (Sensirion SFC4100). The flow rate was set to 72 sccm for single cell
performance experiments and to 35 sccm for the two-step electrolysis setup. The lower CO,

flow rate was used to reduce the amount of unreacted CO, in the first electrolyzer.

A fixed differential pressure of 20 mbar was set between the gas and catholyte side of the GDE.
This differential pressure was sufficient to prevent the permeation of electrolyte to the gas side
and low enough to inhibit a CO, flow through the GDE to the electrolyte side. As reported
previously, at high current densities a high K* concentration is expected inside the pores of
the Ag-GDE, which might cause K,COj3 precipitation [83]. Therefore, CO, was humidified
at 60 °C by bubbling through a heated water flask, in order to avoid possible salt formation.
Linear sweep voltammetry (LSV) and chronopotentiometry (CP) techniques were performed
using a Bio-Logic VSP potentiostat with booster (VMP3) (Seyssinet-Pariset, France) and the
corresponding EC-Lab® software. The IR-drop between the reference electrode and the Ag-

GDE was determined using current interrupt technique.

4.3.3 Second electrolyzer

A micro flow cell® (Electrocell), consisting mainly of three compartments, i.e. gas, catholyte

and anolyte with a geometric electrode area of 10cm?, was used for the second step. The
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original cell was modified for the specific purpose as described previously (section 3.3.2).

A schematic cross-section of the second electrolyzer is shown in the supporting information
(Fig. 4.10). Cu-GDEs were used as cathode and prepared as aforementioned (3.3). These GDEs
were contacted to a Ti-frame, that enables electrical contact to the electrical source. An IrOx
coated electrode (Electrocell) and a Ag/AgCl (3 M NaCl) were used as anode and reference
electrode, respectively. Catholyte (1 M KHCO3) and anolyte (2.5 M KOH) were separated by a
cation exchange membrane (Nafion® 117, DuPont). The electrolytes circulate trough the system
by being pumped from each reservoir to the cell using a micro diaphragm liquid pump (NFB
25 KPDCB-4A, KNF) operated at a constant flow of 100 mL/min. For the gas supply CO/CO,
mixtures were prepared with high purity CO, (Linde 5.0) and CO (Linde 4.7), which flow was
controlled with mass flow controllers SFC5400 (Sensirion), that were calibrated for each gas.
The performance of the second electrolyzer was investigated supplying gas mixtures with a
total constant gas flow of 50 sccm. The catholyte outlet was delivered back to the cell, while the
gas outlet of the cell together with the small gas outlet of the reservoir were measured with a
flow meter before entering the gas chromatograph. Anolyte circulated constantly in a separated
closed system between reservoir and anode, while the gas products of the anode left the system

without being measured, as shown in Figure 4.1.

Electrochemical reduction of CO/CO, was also characterized by chronopotentiometry using a
Bio-Logic VSP potentiostat, which was controlled by the EC-Lab® software. Current density
variation experiments were performed by increasing the current —500 mA every 22 min in
the range of =500 mA and —3000 mA. Current densities were calculated dividing the applied
current by the geometrical electrode area (10 cm?). The electrolysis was performed in a flow-by
operation mode [85].

4.3.4 Two-step electrolysis

Two-step electrolysis was performed in the integrated set-up described in Fig 4.1. CO, was
humidified and supplied to the first electrochemical cell, while electrolyte was pumped at
a flow of 200 mL/min to the cathode and anode from one electrolyte reservoir containing
I M KHCOj. The first step is operated in a flow by operation mode, which is assured with
a differential pressure between the gas and liquid compartment of 20 mbar. This differential
pressure of the first step is hydrostatically controlled by the height of the gas outlet tubing
placed inside the absorption column filled with 5M NaOH. In this column unreacted CO,
is separated from the produced CO and H,. The gaseous product output from the absorption
column is directed to the second electrolyzer, which operated with separated electrolytes each
with a flow of 100 mL/min. In the second step CO is converted mainly to ethylene in the gas
phase and ethanol and n-propanol in liquid phase. The total gas product outlet was measured

with a mass flow meter (MFM) and subsequently injected into the gas chromatograph. The
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electrochemical measurements were performed with two Bio-Logic VSP potentiostats using
a galvanostatic mode, where a constant current density was set for each electrolyzer during a

defined period of time.

4.3.5 Product analysis

Gas and liquid products were analyzed quantitatively by Gas Chromatography (GC) and 'H
Nuclear Magnetic Resonance (NMR), respectively. Gas analysis was performed in a calibrated
gas chromatograph 7890B Agilent (Santa Clara, USA) with helium as carrier gas. 1 mL gas
samples were automatically injected into the GC every 22 min during the electrolysis and
analyzed as reported in a previous study [139]. The liquid products were analyzed taking
aliquots of 1 mL from the catholyte compartment at the end of each current density step for
subsequent analysis. '"H NMR spectroscopy was performed using a 500 MHz AVANCE-III

instrument (Bruker BioSpin, Karlsruhe, Germany) as described in a previous report [139].

Isotope profiling was performed using NMR spectroscopy for liquid products and gas chro-
matography mass spectroscopy (GC-MS) for both liquid and gaseous products. NMR-samples
were prepared and analyzed as previously reported [139]. For GC-MS analysis of ethanol and
n-propanol, 2 mL of the aqueous solution were heated in a closed 4 ml vial to 80 °C. The gaseous
phase was transferred with a gas tight syringe into an evacuated 1.5 mL auto-sampler vial.
Subsequently, 4 uL. of the gaseous phase were analyzed using a GC-MS-QP 2010 Plus spec-
trometer (Shimadzu, Duisburg, Germany) equipped with an Equity TM-5, fused silica capillary
column, 30 m x 0.25 mm and 0.25 pm film thickness (Supelco, Darmstadt, Germany). Interface
and injector temperature were set to 260 °C and the column temperature was held at 30 °C.
Column flow was 1.24 ml/min and the inlet pressure 62.6 kPa. The samples were analyzed three
times as technical replicates in SIM mode (m/z 44-49 for ethanol, Rt: 2.15 min; m/z 58-65 for n-
propanol, Rt: 2.80 min). Data were collected with LabSolution software (Shimadzu, Duisburg,
Germany). The overall 13C enrichment (mol-%) was calculated according to Lee et al. [144]
and Ahmed et al. [145]. The software package is open source and can be downloaded by the
following link: http : /lwww.tr34.uni — wuerzburg.delsoftware_developmentslisotopol. For the
analysis of ethylene, 2mL of the gaseous sample were transferred into an evacuated 1.5 ml
autosampler vial. 8 uL of the sample were analyzed by GC-MS as described above on a CP-
Volamine column, 30 m x 0.32 mm (Agilent, Santa Clara, CA 95051, United States). Injector
temperature was set to 200 °C. For the SIM measurement m/z values 27-31 (Rt: 1.35 min) were

used.
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4.4 Results and Discussion

4.4.1 Electrode characterization

The electrochemical behavior of each cell was first evaluated independently by linear sweep
voltammetry as shown in Fig. 4.2a. 1 M KHCOj3 was used as catholyte in both cells. While
pure CO, was the inlet gas of the first cell, the second cell was supplied in this experiment
with pure CO. The potentials, recorded with a Ag/AgCl reference electrode, were converted
to the reversible hydrogen electrode (RHE) scale according to the Nernst equation (V,, RHE =
Vineasured vs. Ag/AgCl +0.209+0.059 - pH). The observed behavior of current density with the
increase of potential in each cell, show that a higher potential is required for the electrochemical
reaction of CO, on Ag electrodes than for the electroreduction of CO on Cu into multi-carbon
products. The electrodes used in this work performed similar to what has been previously
reported in the literature and showed moderated working electrode potentials [128, 138, 146].
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Figure 4.2: Characterization of each electrochemical reduction step a) linear voltammetry
for the first step and for the second step electrolyzer. SEM micrographs of b) a Ag-GDE c) a
Cu-GDE
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SEM images reveal the surface differences between the type of electrodes used for each step.
Fig. 4.2b shows the Ag-GDE electrode surface with bright particles being Ag, dark regions
voids, and grey areas the polymeric binder. Ag-GDE presents diverse particle size with a
non-defined particle shape. On the other hand, Fig. 4.2¢ confirms that in the preparation of
the Cu-GDE, the GDL is completely covered with catalyst particles forming a catalyst layer
that consists of spherical nanoparticles in the range of 40-60 nm. These observations are in

accordance with the different preparation methods used for each type of electrode.

4.4.2 Individual performance: first step

In order to investigate the performance of the first electrolyzer, chronopotentiometric measure-
ments with 72 sccm CO, inlet flow at three current densities, i.e. =100 mA/cmz, -150 mA/cmz,
and —200 mA/cm? were performed. Each current step was applied for 10 hours and subsequently
increased. The accumulated liquid products in the electrolyte were analyzed after each current
density step. Fig. 4.3 depicts the course of the Faradaic efficiency and working electrode
potential over electrolysis time. At —100 mA/cm? which corresponds to a working electrode
potential of —0.97 V vs. RHE CO was the only product gas observed. With increasing current
density the Faradaic efficiency of CO decreases slightly form 96 % at —100 mA/cm? to 92 % at
—200 mA/cm?. In contrast, the Faradaic efficiency of HCOO™ increases with increasing over-
potential from 2.3 % to 4.3 % which has previously been reported for metallic silver catalysts
[147]. A maximum Faradaic efficiency of H; (2.4 %) is observed when the current density was
increased to —200 mA/cm?. High CO Faradaic efficiency as well as stability of the Ag-GDE
are crucial conditions to perform two-step electrolysis to C2 and C3 products. Furthermore, the
feed gas composition for the second electrolyzer can have a significant impact on the product
selectivity, as will be discussed in the next section. Thus, it is also important to evaluate the

amount and composition of the outlet flow of the first electrolyzer.

After evaluation of the volumetric flow, a significant difference was observed between CO, feed
flow and gas products flow. As depicted in Fig. 4.3b this difference increased with increasing
current density. At —100 mA/cm? a decrease in the gas flow of 6.5 sccm was observed whereas at
—200 mA/cm? double the amount was lost. This effect can be attributed to the direct interaction
of CO, with hydroxide molecules. High current densities cause high local alkalinity [148]
since two hydroxide ions are produced for every CO formed. The OH™ anions react with CO,
forming carbonate species. At high alkalinity CO5 is the predominant species, which leads
to the overall reaction: 2CO, + 2e¢~ == CO + CO32_. Hence, in total two moles of CO, are
required to produce one mole of CO. In fact, the measured amount of produced CO was in good
approximation equal to the volumetric flow lost at each current density applied. For instance
at =100 mA/cm? a CO flow of 6.9 sccm was obtained, while the volumetric flow lost observed
was 6.5 sccm.
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flow rates in standard cubic centimeter per minute (sccm) and ¢) concentration at the gas
outlet of the first electrolyzer with 72 sccm CO, feed gas and different current densities. d)
Volumetric flow rates and e) concentration at the gas outlet with 35 sccm CO, feed gas at
—100 mA/cm? with and without absorption of CO, using NaOH as absorber.
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4 Two-step electrochemical reduction of CO, towards multi-carbon products at high current densities

The loss of CO, is neither totally notable at low current densities, nor when focusing the
evaluation of CO, electrolysis on the Faradaic efficiency. Although this effect has been recently
discussed in the literature and some approaches regarding a catalyst-mediated abrupt reaction
interface have been proposed [72], the structure of our Ag-GDE, with an uniform reaction
interface over the entire thickness, does not prevent this reaction from occurring. Hence, some
of the CO, supplied is lost in the electrolyte. Here it should be noted, that due to the use of
1 M KHCOj as catholyte and anolyte which are mixed after each cycle in one reservoir a stable
pH and ion concentration is ensured. The oxidation of water in the anode compartment leads to
the formation of H" which react with carbonate species to form CO,. Thus, the CO, that is lost
in the catholyte is evolved in the anode compartment (CO,-cross over). With this configuration
ion depletion does not take place and the system can be operated using the same electrolyte

without limits.

A high volumetric feed rate of 72 sccm was initially used considering that a reactant excess
ensures that CO, rather than protons populate the reaction surface [148]. However, this high
CO, feed rate led to a high amount of unreacted CO, in the product gas of the first elec-
trolyzer, which should be avoided in a two-step electrolysis system. As depicted in Fig. 4.3¢
at —100 mA/cm? the fraction of unreacted CO, results in approximately 90 %. To reduce the
amount of CO, which is fed into the second electrolyzer, we first reduced the CO, flow rate
to 35sccm. As shown in Fig. 4.3d-e, the reduced flow rate decreased the CO, concentration
to 76 % maintaining a similar CO volumetric flow as before (6.7 sccm CO) without a loss in
stability or Faradaic efficiency for CO over several hours of electrolysis (cf. Fig. 4.11). However,
a much lower feed gas flow will lead to the production of H, and thus a decrease of the CO
Faradaic efficiency. For this reason, the next alternative investigated, with the aim of achieving
a high concentration of CO at the gas outlet of the first electrolyzer, was the incorporation of
an absorption column with NaOH as absorbent. This increased the amount of CO to 96 % as

shown in Fig. 4.3d-e.

4.4.3 Individual performance: second step

The performance of the second step was investigated considering that CO, is not fully converted
into CO in the first step and also that Faradaic efficiencies >90 % are achieved, so that the
concentration of H; in the gas outlet is lower than 1% (see Fig. 4.3) and can be neglected.
With this in mind, pure CO as well as mixtures of CO and CO, with a total flow of 50 sccm
were electrochemically reduced at current densities between —50 mA/cm? and —300 mA/cm?.
The Faradaic efficiencies, for each products of the mixtures tested, were calculated with an
average number of the electrons that would be needed for the reaction with CO and CO,
depending on the CO/CO, ratio of the gas inlet. For instance, for a mixture containing 50 % CO

+ 50 % CO, the number of electrons estimated for the reduction to ethylene was Zeghylene =
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0.5-8e¢7+0.5-12¢™ =10¢€™. A table with the average number for electrons for each product and
each mixture investigated is given in the supporting information (Table 4.2).
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Figure 4.4: Current density variation for the electrochemical reduction of CO/CO, feed
mixtures

Fig. 4.4 depicts the Faradaic efficiencies (FE) along with the working electrode potentials
obtained during the current density variation for the electrochemical reduction of each CO/CO,
mixture tested. It can be observed that the ratio of the two reactants has a clear effect on the se-
lectivity to multi-carbons. A higher concentration of CO leads to higher FE of ethylene, ethanol,
acetate and n-propanol, while the reduction reaction to formate and hydrogen is suppressed. Our
results are in agreement with previous investigations that have shown the advantages of using
pure CO rather than CO, [138, 139]. When reducing pure CO at —300 mA/cm?2, 87 % of the
FE corresponds to ethylene, ethanol, acetate and propanol, while with a high concentration of
CO, (25% CO /75 % CO,) only a cumulative FE of 41 % is achieved for C2 and C3 products.
In this case competing reactions such as the formation of formate take place rather than the
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4 Two-step electrochemical reduction of CO, towards multi-carbon products at high current densities

reaction to multi-carbons. Here it should also be taken into account that CO is not only an
intermediate but also a final product of the electrochemical reduction of CO, when using Cu as
electrocatalyst. Thus, part of the current applied is used for the formation of CO when having
a mixture of the two gases as feed. However, the quantification of which percentage of the
detected CO in the gas outlet was unreacted CO or the product of CO, reduction was not an
easily accomplished task. For this reason, CO Faradaic efficiencies are not included in Fig. 4.4.
The depicted results suggest that the presence of non-converted CO, in the second step of a
two-step electrolysis needs to be avoided in order to optimize the selectivity towards C2 and
C3 products. Additionally, the increase of current density leads to a decrease of formate and
hydrogen and an increase in multi-carbon products for all gas mixtures studied. In fact, it can
also be observed that concentrations of CO, close to 20 % are manageable if the electrochemical
reduction is operated at current densities over —200 mA/cm?. As shown in Fig. 4.4 for the
80 % CO /20 % CO, mixture, formate production was suppressed to FE lower than 1 %, while
the formation of ethanol and n-propanol surged to values close to the Faradaic efficiencies
achieved with pure CO as reactant. Faradaic efficiencies for the overall product spectrum as
well as the average ethylene flow obtained with each mixture at each current density are shown

in the supporting information (Table 4.3 and Fig. 4.12).

4.4.4 Isotopic labeling studies for the electrolysis of CO and CO,»
mixtures

As mentioned in section 4.4.3, when performing electrolysis of a mixture consisting of CO and
CO,, both gases might be reactants towards multi-carbon products. However, it has not been
elucidated if CO and CO, in a mixture react in the same proportion as they are supplied to the
cell. It is known that the amount of electrons needed for the conversion to multi-carbon products
with each reactant is different. Hence, for an accurate evaluation of the Faradaic efficiency, it is
worthwhile to get some insights into the eletrochemical behavior of the mixture CO and CO,.
For this reason, electrochemical reduction of a 1:1 mixture with either labeled 13C02 or with
labeled '3CO was performed. The electrolysis was conducted for one hour at =200 mA/cm?
with a gas inlet flow of 50 sccm and an electrolyte flow of 100 mL/min. Liquid samples were
taken from the reservoir at the end of the experiment and were analyzed using proton nuclear
magnetic resonance ("H NMR). Gas products were collected in gas sampling bags every 20 min

and a gas chromatography-mass spectrometry (GC-MS) system was used for their analysis.

In a usual '"H NMR spectrum, the observed peaks for each product are the result of hydrogens
connected to '2C. Here, scalar couplings can only arise between hydrogen atoms that are
neighbored (typically via 3JHH). However, with the presence of 13¢, additional couplings occur

between the hydrogen atoms connected to 13C nucleus (via 1JCH). These couplings result in
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B¢ coupled satellites of the respective 'H NMR signals. Fig. 4.5 depicts the obtained spectra
for the liquid products after electrolysis of CO, and CO mixtures. The results for a non-isotope
mixture of 50 % CO and 50 % CO, are shown in green. The spectrum in red depicts the liquid
products from electrolysis of a mixture with labeled 13C02 and the blue spectrum shows the
results for the sample with labeled 13CO. The three experiments were performed using the same
gas inlet flow and composition at the same conditions.
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Figure 4.5: Partial '"H NMR spectra of the liquid products obtained from the
electrochemical reduction of 1:1 mixtures of CO and CO,. Green: non-isotope labeled
mixture. Red: mixture with labeled '3CO,. Blue: mixture with labeled '*CO.
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4 Two-step electrochemical reduction of CO, towards multi-carbon products at high current densities

Fig. 4.5a shows the results for the methyl signals of acetate, n-propanol, and ethanol as well
as the methylene signal of C2 of n-propanol. Fig. 4.5b depicts the signals of formate and the
internal standard. In the green spectrum, carbon satellites are barely seen, since the natural
abundance of 13C of all natural carbon in earth is about 1 %. In the red spectrum, small satellites
are observed for acetate (5.6 %), ethanol (10.7 %), and n-propanol (7.4 %); while large carbon
satellites are visible for formate (87.0 %). On the contrary, in the blue spectrum large satellites
are observed for multi-carbon products (acetate 94.5 %, ethanol 91.0 % and n-propanol 92.8 %),

while the satellites of the formate peak are barely visible.

Table 4.1 summarizes the relative integrals of the satellites. These results were confirmed using
GC-MS analysis as shown in the supporting information Table 4.5. On this basis, it became clear
that approximately 90 % of the obtained liquid multi-carbon products are mainly derived from
CO although 50 % of the gas supplied to the cell was CO,. This indicates that in a 1:1 mixture
CO, and CO do not react to liquid products in the same proportion as they are supplied to the
cell. CO, is preferably reduced to formate (87 %), while CO is converted to acetate, n-propanol,
and ethanol. Additionally, the results suggest that not all the formate is obtained from a gaseous
carbon source. A small percentage seems to be the result of the bicarbonates present in the
electrolyte. Because of the carbonate equilibrium reaction, a 1 M KHCO5 solution contains
approximately 10 mM aqueous CO,. This CO, can be reduced to formate, which explains the
proton-carbon coupling obtained after electrolysis of the mixture CO/ I 3C02. When the mixture
13CO/C02 is used as feed gas, the natural abundance of 13Cin CO, should also be taken into

account, which as mentioned before is close to 1 %.

Table 4.1: Quantification of the '3C enrichment for liquid products found after
electrochemical reduction of 1:1 CO / CO, mixtures with isotope labeled 13C02 and 13CO

Liquid 13C Enrichment
products | CO/*co, Bco/co,
Propanol 7.40% 92.80%
Ethanol 10.70% 91.00%
Acetate 5.60% 94.50%
Formate 87% 1.90%

Fig. 4.6 shows the spectra obtained after GC-MS analysis of the collected gas products. With the
column available, CO, and ethylene present different retention times with slightly overlapping
signals. Moreover, the elution of CO/N,/O, occurs at the same time. Nevertheless, with a
reference gas spectrum and the obtained spectra, it was possible to calculate the overall 3¢
enrichment (mol-%) according to Lee et al. [144] and Ahmed et al. [145]. The quantifica-
tion indicates that from the total ethylene detected, 46.28 % would be produced from BBco
(13CH,="3CH,, m/z=30), 36.91 % would come from CO, (CH,=CH,, m/z=28) and 16.81 %
from 13CO and CO, (13CH2:CH2, m/z=29). From the total ethylene obtained a slightly higher
amount is derived from CO than from CO,. Thus CO, and CO do not react towards ethylene in

the same proportion as they are supplied to the cell (50 % CO/50 %CO,). The lower amount of
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ethylene resulting from CO, might be due to the carbonate formation, which as mention before
is a competing reaction. However, in order to obtain more conclusive mechanistic insights,
future work is required to improve the GC-MS analysis. Additionally, it would be worthwhile

to investigate the electrolysis of isotopic labeled mixtures with different CO/CO, concentra-
tions.
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Figure 4.6: GC-MS analysis of the gas products obtained from the electrochemical
reduction of 1:1 mixtures of 1>CO and CO,. a) GC-MS spectrum for m/z 26-31 of the gas
products obtained after electrolysis of a 1:1 13’CO/C02 mixture. b) Mass spectrum for the
signal with retention time between 1.31-1.36 min, which corresponds to ethylene, m/z=28:
CH,=CH,, m/z=29: 13CH,=CH,, m/z=30: 3*CH,="3CH,.

4.4.5 Full experimental demonstration of two-step electrochemical
reduction

An initial two-step electrolysis experiment was performed, connecting the gas outlet of the
first electrolyzer directly to the second step without a separation process in between and using
I M KHCOj as electrolyte. Taking the CO, lost due to high local alkalinity into account, the
first electrolyzer was operated at a current density of =270 mA/cm? with a gas flow of 72 sccm.
With these conditions, a flow of 51 sccm at the gas outlet was obtained with a concentration of
27 % CO. Thus, a high volumetric flow of CO (14 sccm) was ensured. The second electrolyzer
was operated at —200 mA/cm?. Hence, a total current density of —470 mA/cm? was applied to
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4 Two-step electrochemical reduction of CO, towards multi-carbon products at high current densities

the complete system. As depicted in Fig. 4.7b, this initial approach led to a low production of
multi-carbon products.

Considering the lessons learned from section 4.4.3 regarding the presence of CO, in the second
electrolyzer, an absorption step after the first electrolyzer was incorporated to the system using
5M NaOH as absorbent (cf. Fig. 4.1). It is known that depending on the concentration of
the absorber and the volume of the column, the absorption rate could decrease during the
experiment. For this reason, prior to performance of two-step electrolysis, the gas outlet of
the first electrolyzer was analyzed before and after the incorporation of the absorption column.
As shown in Fig. 4.7a, the initial gas flow of 51 sccm obtained at the end of the first electrolyzer
drops to 17.5 sccm after CO, was absorbed by NaOH, increasing the concentration of CO from
26 % to 83 %. With this configuration, it was also ensured that a relatively stable flow and
concentration was supplied to the second electrolyzer over a time period of at least 6 hours.
Subsequently, two-step electrolysis was performed with an absorption step between the first
and second electrolyzer. The results in Fig. 4.7b demonstrate how the incorporation of CO,
absorption to the overall system led to a twofold increase in the Faradaic efficiency for multi-
carbon products. However, a high concentration of unreacted CO was still obtained, which

suggests that the system could be further optimized.
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Figure 4.7: a) Gas flow before and after incorporation of the CO, absorption column. b)
Faradaic efficiency for multi-carbon products after two-step electrochemical reduction at a
total current density of —470 mA/cm? without and with CO, absorption using NaOH as
absorber.

Consequently, it was taken into account that the overall charge flow applied to the system should
be split in accordance with the reactions that are expected to occur in each step. Thus, the
number of electrons (z;;) needed for the ideal main reaction, the area of the electrolyzer (4;),
and the stoichiometric coefficients of the reactants (v,) were considered for the calculation as
follows:
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If the main reaction of the first electrolyzer is the conversion of CO, to CO
CO, +H)O +2e” == CO +20H" 4.2)

and for an ideal case, the main reaction of the second electrolyzer should be the conversion of
CO to a C2 product such as ethanol:

2CO + 7H,0 + 8¢~ —= C,H:OH + 8 OH" (4.3)

when operating the first electrolyzer at a current density of —100 mA/cm?, the second electrol-

ysis should be carried out at a current density of:
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The full integrated system was assembled and measured as shown in Fig.4.1. The gas flow
of the first electrolyzer was adjusted to 35 sccm in order to obtain a CO concentration in the
gas outlet close to 25 %, with a CO FE of >90 % at a current density of —100 mA/cm?2. The gas
product of the first electrolyzer was directed to the absorption column before feeding the second
electrolyzer with approximately 7 sccm and a CO concentration of 95 %. The second step was
then operated at =200 mA/cm?. Two-step electrolysis was accomplished over 2.5 hours using
independent potentiostats for each electrolyzer and monitoring the working electrode potential
behavior at each current density applied. The overall process was evaluated with a total current
density of —300 mA/cm?. Liquid products were analyzed after the first and second hour of
experiment. Fig. 4.8a depicts the performance of the optimized two-step electrolysis regarding
FE towards multi-carbons and working electrode potential for each step. A cumulative Faradaic
efficiency of 62 % was obtained for the multi-carbon products analyzed after the first hour of
experiment. The FE for ethylene slightly decreased after two hours, while the efficiency towards

ethanol and n-propanol remained stable.
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Figure 4.8: Performance of two-step electrochemical reduction of CO, a) Faradaic
efficiencies for multi-carbon products after the first and second hour of electrolysis at a total
current density of =300 mA/cm? and working electrode potential for the first and second
step, b) Cumulative Faradaic efficiency obtained after the first hour of electrolysis at a total
current density of =300 mA/cm? from a single-step electrolysis with pure CO, a mixture of
80 % CO /20 % CO,, and pure CO, compared to a two-step electrolysis system.

In Fig. 4.8b, the performance of two-step electrochemical reduction of CO, is compared to
single-step electrolysis of pure CO,, pure CO and a mixture of 80 % CO / 20 % CO, using
the same kind of Cu-GDE at —300 mA/cm?. It can be observed that the cumulative Faradaic
efficiency is nearly twofold higher with a two-step electrolysis configuration than with a single-
step electrochemical reduction of pure CO,. On the other hand, the yield of multi-carbon
products from two-step electrolysis is not as high as from direct reduction of pure CO. In fact,
the yield of two-step electrolysis is 5 % lower than the one-step electrolysis of the mixture with
80 % CO. Here it is important to note that with the incorporation of the absorption step, the gas
flow rate directed to the second electrolyzer was expected to be approximately 7 sccm, while
the single-step electrolysis of pure CO and of the mixture with 80 % CO was performed with
a volumetric flow rate of 50 sccm. Thus, the lower cumulative Faradaic efficiency of two-step
electrolysis compared to the direct electrolysis of CO can be explained by the lower gas feed in
the second electrolyzer. This suggests that the introduction of a CO, separation process needs
to be carefully conducted; on one hand, it leads to an increase of the CO concentration. On the
other hand, it causes a decrease in the flow rate that will be supplied to the second electrolyzer.

Thus, a compromise should be found in order to optimize the overall process.

Two-step electrolysis systems show a high potential for further optimization due to the ver-
satility to vary conditions separately. In this study, KHCO5; was used as the catholyte in both

steps in order to assure a direct comparison to the separate analysis of the second step with
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gas mixtures. However, the process can be improved by using KOH as electrolyte in the second
electrolyzer. As shown by Jouny et al. [138], when using KOH at high concentrations, the active
area of the triple-phase boundary might be improved by the increase in electrolyte conductivity
and higher pH should favour C-C coupling. Hence, higher Faradaic efficiencies towards multi-
carbon products as well as a reduction in hydrogen evolution reaction and cell potential is
expected, when operating the second electrolyer with KOH. Apart from the introduction of
a more conductive electrolyte, the second step can also be improved by using a more selective

electrocatalyst, for instance, an oxide-derived nanocrystalline copper [121, 128, 138].

While the required gas separation process could be understood as disadvantage, it has been
shown from a technoeconomical view that its cost would be likely minor relative to the total
system economics [149]. Additionally, the lower working electrode potential required for the
reduction of CO to multi-carbon products in the second step implies an improvement in en-
ergy efficiency compared to a one-step electrolysis of CO, [138, 139]. Despite the potential
improvements in selectivity and energy efficiency, further investigation is necessary to find
assertive ways for the engineering of the system. As an alternative, the absorption of CO, that
was performed in this work in an absorption column, might be coupled with the reservoir of the
second electrolyzer, which will reduce the number of apparatus in the system. Furthermore, the
absorbed CO, can be regenerated and recycled to the gas supply of the first step. With all of
this, the up-scaling of a two-step electrolysis of CO, seems to be a feasible alternative to obtain

high efficiencies for multi-carbon products at high current densities.

The obtained results demonstrate that two-step electrolysis, even using a mild electrolyte in
the second step, leads to higher Faradaic efficiencies for multi-carbon products than what can
be achieved with a single-step electrolysis of CO, at the same total current density. While a
two-step electrolysis cannot completely solve the discussed problem of carbonate formation
in the first step, the overall loss of CO, due to a non-electrochemical reaction will be lower
than in an alkaline one-step electrolysis. Here it should also be considered that 2 OH™ are
produced for each CO, that reacts to CO in the first step of a two-step electrolysis, which leads
to a high local alkalinity in the reaction boundary layer and to the formation of carbonates
as discussed in section 4.4.2. If the second step is fed with pure CO, no loss of reactant due
to non-electrochemical reactions is expected in the second electrolyzer. On the other hand,
in the direct one-step electrolysis to ethylene, 6 OH™ will be produced for each CO, fed
(2CO, + 8H,0 + 127 == C,Hy4 + 120H"). Thus, a higher CO, loss would be expected.
Moreover, the amount of CO, that reacts to carbonate increases at higher current densities as

shown in section 4.4.2. In the two-step electrolysis proposed in this work, the charge for the

overall process is split in two. Hence, both electrolysis steps would be operated at a lower
current. In fact, the first step is operated at half of the current applied in the second step. Thus,

as long as it can be assured that the feed to the second step is CO with a high purity, the CO,
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loss, due to a local high alkalinity at the reaction boundary layer, can be expected to be a third
of what it might be in a single-step electrolysis.

4.4.6 Comparison of the present results with literature

Our results for the separate analysis of the first and second electrolyzer are in agreement with
the literature [115, 138]. Regarding two-step electrochemical reduction of CO, as an integrated
system, to our knowledge, only Theaker et al. [128] have reported a low current two-step
cascade system for the electrochemical reduction of CO to ethanol, which was performed in
conventional cells with Ag-NC and OD-Cu foil electrodes. Theaker et al. reported 11 % FE for
ethanol at a current density close to —3 mA/cm?2. Since the electrode of the second electrolyzer
they used was specially tailored for the formation of ethanol, only low efficiencies for other
products were achieved. With our approach, a Faradaic efficiency of 18 % for ethanol was
gained at a total current density of —300 mA/cm?2. In addition, 34.5 % FE ethylene, 7.5 % FE
n-propanol, and 1.8 % FE acetate were obtained. The different results regarding FE and current
densities can be explained by the differences in the set-up, which are not only related to the type
of cell and electrodes, but also to the design of the overall process. In the experiments performed
by Theaker et al. [128] CO, was passed through an absorption column with 0.1 M KHCOs,
which was subsequently used as the electrolyte of the first reactor. Since only dissolved CO, is
supplied to the electrolyzer, the gas outlet of the first step is expected to be mainly CO and H,.
The mixture of CO and H, is then directed to the second electrolyzer and reduced to ethanol.
While their proposed system might be an innovative way to circumvent the undesired presence
of CO, in the second electrolyzer, up-scaling of this set-up would be rather challenging for an
industrial application. On the other hand, with the integrated system presented in this work, high
current densities can be achieved and the system can be scaled up to an industrial application

due to the use of gas diffusion electrodes and flow-cells.

4.5 Conclusion

Two-step electrochemical reduction of CO, is investigated using flow cells with gas diffusion
electrodes at current densities up to —300 mA/cm?2. The initial analysis of each step separately
allows the definition of parameters that have to be taken into account for the design of two-
step electrolysis. It was confirmed that the presence of CO, in the gas inlet of the second
electrolyzer lowers the Faradaic efficiency towards multi-carbon products, since its presence
introduces competing reactions such as the electrochemical reduction of CO, to formate and

the formation of carbonates. Thus, a separation process for the purification of carbon monoxide
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plays an important role in the performance of the overal system. Furthermore, it was shown that
the total applied current density should be weighted by the expected reactions in each step in
order to have an effective conversion of CO in the second electrolyzer. A cumulative Faradaic
efficiency for multi-carbon products of 62 % was achieved at a total applied current density of
—300 mA/cm?, which is 30 % higher compared to the efficiency achieved in single-step elec-
trolysis at the same current density. The obtained results demonstrate that two-step electrolysis
is a feasible alternative to obtain high Faradaic efficiencies for multi-carbon products at high

current densities.
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4.6 Supporting Information

4.6.1 Electrolyzers
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4.6.2 Long term experiments for the first step
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Figure 4.11: Faradaic efficiencies and working electrode potential over electrolysis time. A
lower feed gas flow rate of 35 sccm CO, was used. No decrease in stability was observed
within 15 hours of electrolysis.
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4 Two-step electrochemical reduction of CO, towards multi-carbon products at high current densities

4.6.3 Electrochemical reduction of CO/CO, mixtures

Table 4.2: Average number of electrons for the electrochemical reduction of CO/CO,

mixtures.
Mix Electrons, z
CO2 CO | Propanol Ethanol Ethylene Acetate Methanol Acetone Methane Formate
1 0 18 12 12 8 16 8 2
0 1 12 8 8 4 10 6 2
02| 0,8 13,2 8,8 8,8 4.8 4,4 11,2 6.4 2
05| 05 15 10 10 6 13 7 2
0,75 1 0,25 16,5 11 11 7 5.5 14,5 7.5 2
Table 4.3: Faradaic efficiencies for the electrochemical reduction of CO/CO, mixtures.
Current density variation on Cu gas diffusion electrodes
Gas j Faradaic Efficiency (%)
Mixture | (mA/cm?) | Propanol Ethanol Ethylene Acetate Formate CH, H, Total
50 14,23 8,40 26,64 2,50 0,13 0,74 45,61 98,26
100 15,53 9,83 37,03 3,84 0,11 0,86 30,63 97,84
150 15,73 11,36 41,72 5,43 0,08 032 2288 97,53
100 %CO 200 1606 13,28 43,84 7,00 0,07 0,12 1728 97,66
250 16,28 15,16 44,46 8,48 0,05 0,00 1340 97,84
300 16,38 15,49 45,57 9,35 0,50 0,00 10,92 98,21
50 9,79 8,66 19,42 1,19 9,09 2,59 55,09 105,84
80 % CO/ 100 11,27 8,16 26,39 1,29 4,63 1,66 4144 94,85
20 % CO, 150 12,19 11,27 31,13 2,13 371 1,20 32,06 93,69
200 13,57 14,55 33,86 3,14 236 0,72 2551 93,71
250 11,05 14,82 35,35 4,15 0,46 0,52 2095 87,31
300 11,35 15,07 37,00 4,30 0,54 040 17,92 86,58
50 7,22 4,84 14,20 1,12 18,10 0,00 49,90 95,38
50 % CO/ 100 8,47 4,87 19,24 0,75 15,00 1,23 40,29 89,84
50 % CO, 150 10,05 6,25 22,77 0,91 1441 0,79 3499 90,18
200 11,33 7,84 25,38 1,03 1328 0,55 31,45 90,87
250 11,60 9,32 27,98 1,17 10,67 042 28,03 89,20
300 12,27 11,19 30,71 1,41 8,84 034 25,11 89,87
50 5,44 5,08 12,32 2,11 26,63 0,00 42,65 94,23
25 % CO/ 100 6,63 4,16 17,16 0,50 2299 1,33 31,37 84,15
75 % CO, 150 7,83 5,29 20,97 0,63 19,24 0,88 27,04 81,88
200 7,90 6,45 23,11 0,66 17,84 0,75 2571 8241
250 8,30 6,99 23,73 0,72 1548 0,67 24,53 8041
300 1,73 6,87 24,84 0,71 13,03 0,62 2520 78,99
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Figure 4.12: Volumetric gas flow rates in standard cubic centimeter per minute (sccm) for
ethylene by the electrochemical reaction of CO/CO, feed mixtures

4.6.4 Comparison of one-step and two-step electrolysis
configurations

Table 4.4: Faradaic efficiencies for the electrochemical reduction at —300 mA/cm?. Average
values after one hour electrolysis

Faradaic Efficiency (%)

Configuration Propanol Ethanol Ethylene Acetate Formate CH; CO H,  Total
100% CO (one-step) 16,38 15,49 44,89 7,17 0,08 0,13 0 17,69 101,83
80 /20 (one-step) 11,35 15,07 37,00 4,30 0,54 040 - 17,92 86,58
100% CO, (one-step) 4,63 4,64 24,37 0,32 895 0,07 31,1 17,46 91,53
Two-step 7,48 18,17 34,46 1,82 0,05 0,18 8,14 2496 9525
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4 Two-step electrochemical reduction of CO, towards multi-carbon products at high current densities

4.6.5 13C enrichment validation experiments

Table 4.5: 13C enrichment for ethanol and n-propanol obtained from the electrochemical
reduction of a mixture with labeled 50 % CO and 50 % 13C02 measured by GC-MS and
calculated according to Lee et al. [144] and Ahmed et al. [145].

Mean Value SD

EtOH-45 | M 88,39% 0,37%
M+1 9.87% 0,40%
M+2 1,74% 0,16%
PrOH-59 | M 88,07% 0,95%
M+1 10,70% 0,51%
M+2 0,56% 0,52%
M+3 0,66% 0,11%
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5 Summary and Outlook

The electrochemical reduction of CO, (ERCO,) is a technology receiving increasing interest
and relevance on the way to a sustainable energy system. While it has been proven to be
a promising technology, there is still much work to be done before it can be up-scaled for
industrial application. In this thesis, the electrochemical reduction of CO, was investigated,
focusing on the cathodic reaction, in which CO, can be reduced to multi-carbon products.
Initially, a material screening was performed in a simple batch system in order to obtain a
better understanding of the phenomena that take place during electrolysis. Furthermore, this
screening was used to characterize possible products and selectivity using non-metallic and
metallic electrodes. The results of Chapter 2 provide the basis for the following development
of a more suitable electrochemical system, as presented in Chapters 3 and 4. As a result,
the selectivity towards ethylene, ethanol and n-propanol was improved at industrially-relevant
current densities.

In Chapter 2, boron doped diamond (BDD) and transition metal electrodes were studied as
electrocatalysts by performing galvanostatic and potentiostatic experiments in batch cells, as
well as ex-situ surface analysis. The study of BDD electrodes was motivated by their mechanical
and chemical stability, as proven in other electrochemical applications. The activity of BDD was
demonstrated using electrolytes with different buffer capacities. The main products obtained
were CO and HCOOH. It was confirmed that the BDD activity is enhanced by the electrolyte
without buffer ability. In this type of electrolyte, the CO, reduction should occur at a local
alkaline pH, thereby suppressing the hydrogen evolution reaction (HER) and promoting the
formation of carbonaceous products. However, the Faradaic efficiency (FE) for CO, reduction
products was low due to the poor activity of BDD and the inherent mass transport limitations
of the batch cell used for this study. Furthermore, the modification of BDD by Ag electro-
deposition led to the increase of CO FE, while neither compromising the stability of the
electrode nor decreasing the production of HCOOH in the liquid phase. This was confirmed
by performing galvanostatic measurements at —10 mA/cm? over 10 hours. While stability was
confirmed, the activity of BDD electrodes remains lower compared to metallic electrocatalyst.
This suggests that transition metal deposition on boron doped diamond could, for instance, be
a viable alternative to deal with some of the durability challenges in the CO, electrochemical

reduction.
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5 Summary and Outlook

Due to the scarce information regarding the characteristics of boron doped diamond used for
CO, reduction, the effect of BDD growth parameters on the electrochemical reduction of CO,
was selected for further study in this thesis. Two main variables were investigated, namely
the methane concentration and the B/C ratio in the feed gas used for nanocrystalline (NC)
BDD growth. The methane concentration was varied from 0.5 % to 1.5 % CH, maintaining
the B/C content (boron content) constant at 1.0 %. Then, the B/C ratio was modified from
1.0 % to 2.0 % with a constant methane concentration of 1.0 %. The results demonstrate that
methane concentration (carbon source) plays an important role in the ability of the electrode to
electrochemically reduce CO,. Higher Faradaic efficiencies for CO and HCOOH were achieved
with the sample prepared with the lowest methane concentration. Besides the methane con-
centration, the B/C ratio was also investigated by characterizing two samples with 1.0 % and
2.0 % B/C content. Although no significant difference was observed in the performance of these
two samples, further investigation would help to completely understand the role of the boron
concentration on NC BDD films at B/C ratios lower than 1.0 %. Comparing the results obtained
with the microcrystalline (MC) samples supplied by Einaga Group and the nanocrystalline (NC)
samples supplied by Haenen Group, it was found that NC BDD electrodes are more selective
towards CO than MC BDD electrodes having the same boron content. In order to establish more
conclusive trends, it would be worthwhile to investigate NC and MC BDD samples prepared
in the same reactor with similar CH, and B/C content. Additionally, it might be worthwhile
to investigate the performance of BDD as a gas diffusion electrode (GDE). While this might
require the development of a very complex growth method, it could be an alternative to the

current electrochemical reduction systems for improving durability.

Subsequently, transition metals were investigated for the electrochemical reduction of both CO,
and CO. While all metals tested showed activity for MeOH and HCOOH, Cu was confirmed
to be the only electrocatalyst able to reduce CO into multi-carbon products. Nevertheless,
the formation of methanol seems to be more favorable in Ni than in Cu, suggesting that the
formation of methanol might require a stronger CO binding than the intermediate binding
energy that occurs with Cu. It was experimentally demonstrated that not only the CO binding
energy plays a role in the activity towards carbonaceous products, but also the activity of the
metals for HER. Ni, Fe, and Co are highly active for hydrogen formation at lower potentials than
Cu, which makes the competition between HER and ERCO, challenging. This leads to higher
efficiencies for HER than to CO, or CO reduction products. In general, the lower solubility
of CO compared to CO, in water, which causes further mass transfer limitations, makes the
comparison of the two reactants difficult in this kind of set-up. Nevertheless, it was found that
the presence of CO can suppress the hydrogen evolution reaction, which leads to higher onset
potentials for HER. This was more evident for the metals with a stronger CO binding energy
(N1 and Fe). On this regard, it would be interesting to further investigate, if the presence of CO

would lead to the same observed HER suppressing effect in Ni, when using GDEs and flow cells.
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However, since the focus of this thesis is the CO/ CO, electroreduction towards multi-carbon
products, Cu was selected as the metal for further study.

In Chapter 3 the electrochemical reduction towards multi-carbon products was investigated
using Cu-GDEs in a flow cell and comparing CO, and CO as the reactant. The aim was to
improve the production of ethylene, ethanol, and n-propanol using Cu-powders deposited on gas
diffusion layers as electrodes. Since mass transport limitations were circumvented by using Cu-
GDEs, a direct comparison of CO, and CO as the reactant was possible. A remarkable increase
in the selectivity towards ethylene, ethanol, and n-propanol of more than two-fold was achieved
using CO as the reactant (cumulative 89 % FE at —300 mA/cm? ) in comparison with the direct
CO, electroreduction (cumulative 34 % FE at —300 mA/cm?) in a mild electrolyte. The results
also demonstrate that particle morphology and size, play an important role in the preparation
of electrodes for application at industrially relevant current densities. Nanoparticles (40-60 nm,
60-80 nm, >100 nm) became more selective with higher current densities, while the selectivity
towards C2 and C3 products using microparticles (5 um) decreased at current densities higher
than —150 mA/cm?. This was attributed to the active surface area available for the CO reduction
with nanoparticles, which is higher than with microparticles with the same catalyst loading. For
future work, it would be worthwhile to investigate the intrinsic activity of the Cu powders by
determining the electrochemically active surface area of the prepared electrodes and make it a
constant parameter to compare Cu catalyst materials. Regarding durability, 20 h experiments
showed a relatively stable production of ethylene. However, further investigation could be
done by testing, for instance, different kind of ionomers, membranes (anion exchange, cation
exchange), carbon layers and electrode assembly. It is still necessary to address the loss of
hydrophobicity of the carbon layer during electrolysis. Overall the results of Chapter 3 suggests
that a two-step electrochemical reduction of CO, might provide a more selective route to the

production of ethylene, ethanol, and n-propanol than one step CO, electroreduction.

In Chapter 4 a cascade electrochemical reduction system was built up and investigated using
flow cells and GDEs for the first time to the best of my knowledge up to date. With this, the
feasibility of a two-step CO, electrolysis system was demonstrated at current densities up to
—300 mA/cm?. The initial analysis of each step separately allowed the definition of relevant
parameters for the design of an integrated two-step electrolysis system. It was demonstrated that
the presence of CO, in the gas inlet of the second electrolyzer is detrimental for the formation of
multi-carbon products. The presence of CO, in the second step introduces competing reactions
such as the electrochemical reduction of CO, to formate and the formation of carbonates.
Thus, a separation process for the purification of carbon monoxide is crucial to achieve high
selectivity towards ethylene, ethanol and n-propanol. Furthermore, it was demonstrated that
the total applied current density should be weighted by the expected reactions in each step in
order to have an effective conversion of CO in the second electrolyzer. A cumulative Faradaic

efficiency for multi-carbon products of 62 % was achieved at a total applied current density of
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5 Summary and Outlook

—300 mA/cm?, which is 30 % higher compared to the efficiency achieved in a single-step elec-
trolysis at the same current density. The obtained results demonstrate that two-step electrolysis
is a feasible alternative to improve the Faradaic efficiency for multi-carbon products at high

current densities.

While important insights are provided in this thesis, a two-step electrolysis system has still a
high potential for further optimization due to the versatility to vary conditions separately. For
the present study, KHCO5 was used as the catholyte in both steps to assure a direct comparison
to the separate analysis of the second step with gas mixtures. However, the process can be
improved by using KOH as the electrolyte in the second electrolyzer. The higher conductivity
of KOH compared to KHCO3 should reduce the charge transfer resistance at the triple phase
boundary and thus improve the CORR. Additionally, higher pH should favour C-C coupling.
Hence, higher Faradaic efficiencies towards multi-carbon products as well as a reduction in
hydrogen evolution reaction and cell potential would be expected. Furthermore, it might be
worthwhile to study the effect of electrolyte flow rate on the efficiency towards liquid multi-
carbon products. Apart from a deeper investigation of the electrolyte effects, the second step can
also be improved by using a more selective electrocatalyst. The development of a mechanically
and chemically durable Cu-GDE remains a challenge to address. Despite the potential improve-
ments in selectivity and energy efficiency, further investigation is necessary to find assertive
ways for the engineering of the system to make it economically feasible. As an alternative, the
absorption of CO, between first and second step that was performed in this work in an absorp-
tion column, might be coupled with the reservoir of the second electrolyzer, which will reduce
the number of apparatus in the system. Additionally, the absorbed CO, can be regenerated and
recycled to the gas supply of the first step. In general, this thesis provides insights into the
feasibility of a two-step CO, electrolysis system for the improvement of selectivity towards

multi-carbon products at application-relevant current densities.
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