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Introduction



1. Introduction

1.1 General context

One of the largest and most pressing issues of this time is the changing climate
due to manmade emissions of greenhouse gasses, most importantly CO. Since the
industrial revolution in 18th century, atmospheric CO2 concentrations have risen
with 50 percent to over 420 ppm currently?. In fact, more than 40 percent of the
historic CO2 emissions has been emitted since the turn of the last century?2.
Increasing atmospheric CO; concentrations leads to global warming, increased
extreme weather events such as storms, droughts and floods, ocean acidification,
melting of glaciers and pole ice and sea level rise3. This decreases the livability of
earth for many humans around the world and harms nature and its ecosystems
severely3.

To limit the effects of climate change, the world should stay below 1.5 °C global
warming compared to the pre-industrial era, as agreed upon in the Paris agreement.
To reach this ambitious goal, or at least limit global warming as much as possible, a
rigorous change is needed in the way modern society uses energy and materials. A
transition is needed from a world based on fossil fuels to a world based on
renewable resources. For the energy transition, a shift takes place from gas and coal
based energy supply to an energy system build on solar and wind energy. Mobility
is shifting from petroleum-based to electric cars and buses. However, for some
forms of transportation, such as aviation and freight ships, liquid based fuels might
still be necessary, due to the advantages of their high energy density 4-7.

Fossil resources are not only used to produce energy, but also as feedstock for
many materials society uses, as the entire chemical industry® and also the steel
industry are based on them. Therefore, not only an energy transition is needed, but
also a material or chemical feedstock transition is necessary. Due to the scale of this
transition, many solutions are needed simultaneously, especially as climate change
is only one of the parameters to stay within the planetary boundaries®. Besides
improving plastic recycling and the use of biomass as feedstock, using CO; as
feedstock 1011 can give a vital contribution to make both the energy and material
transition possible. More research is necessary 9 to improve technologies that use
CO; as a feedstock to make these transitions possible and to turn CO; from a
pollutant into a valuable resource.

1.2 Electrocatalysis

With the acceptance that climate change is one of the major issues of this time
and that an energy transition is needed to stop climate change, electrocatalysis has
gained more attention recently. While in thermocatalysis reactions are driven by
temperature and pressure, in electrocatalysis the energy to drive a chemical
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reaction is provided by electricity. This is interesting as the new renewable energy
sources as wind and solar energy produce primarily electrical energy in contrast to
the old fossil fuel energy sources which typically produce heat. Electrocatalysis is
part of the broader field of electrochemistry, which is defined as the study of the
transformation of electrical energy in chemical bonds and vice versa 12
Electrochemistry is an old field as the first experiments generating hydrogen from
electricity where conducted at the end of the 18th century, shortly afterward
followed by the production of the first battery 13. Besides electrocatalysis and
batteries, the field also includes sensors such as glucose sensors, corrosion
processes and electroplating techniques, for example to produce cans 12.

Catalysts are materials that enable or enhance a chemical reaction, by lowering
the reaction barrier. Electrocatalysts use electricity to convert molecules as Hz0,
CO; and N; into energy carriers or chemical building blocks such as hydrogen, CO,
ethylene and ammonia. In general, electrocatalysts can be divided into
homogeneous and heterogeneous catalysts. Homogeneous catalysts facilitate a
redox reaction in the liquid phasel4. This thesis only discusses heterogeneous
catalysts, for which the electrochemical reaction takes place at the surface of the
electrode, which is often a metall4.

The electrochemical conversion is performed in a device known as an
electrolyser. On the cathode material a reduction reaction takes place in which the
electrode provides electrons to the reactants. On the anode material an oxidation
reaction takes place in which electrons are transferred from the reactants to the
electrode material. The oxidation and reduction reaction are performed
simultaneously to complete the electrical circuit. For example, in a water
electrolyser, H»0 is split into hydrogen on the cathode and oxygen on the anode
according to the following half reactions:

2H,0+ 2e~ > H,+20H- (1.1
2H,0 > 0,+4H*+4e” (1.2)
2H,0 5 2H, +0,  (13)

The two half reactions in equation 1.1. and 1.2 are required to complete the
total reaction given by equation 1.3. In an industrial electrolyser, the cathode and
anode are the only two electrodes. However, our experiments in the lab are
performed with a three electrode system to gain more fundamental understanding
by studying one specific half reaction. In this configuration, the working electrode
is the electrode that carries out the reaction of interest. The counter electrode
completes the circuit and the reference electrode is used to determine the potential
applied to the working electrode?s, as illustrated in Figure 1.1. In this thesis, the
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cathode is always the working electrode, making the anode the counter electrode.
We will discuss the reference electrode in more detail below. All electrodes are
placed in the electrolyte. This is an electrically conducting medium and for
electrocatalysis often consists of water with certain concentrations of salt.
Throughout this thesis, common electrolytes are 0.1 M sodium bicarbonate or
potassium bicarbonate. During electrolysis, the cathode and anode are often
separated with a membrane, which prevents products to cross over to the other
electrode and react there. The electrolyte at the cathode side is called the catholyte
and the electrolyte on the anode side the anolyte.

° . Potir:ltiostat . o
'cu|+ - ! - flﬂa
co H, CH, W 7 0,

Reference electrode ——

Membrane

Catholyte Anolyte

HCO, /OH"

co, A

Figure 1.1 Pictorial representation of a three-electrode H-cell configuration for
electrochemical CO2 reduction where the cathode and anode are separated by an
anion-exchange membrane
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The potential at which a half reaction such as equation 1.1 is at thermodynamic
equilibrium, is given by the Nernst equation:

E=E°— ﬂln(Q) (1.4)
nkF

in which E is the potential, E? the standard equilibrium potential, R the gas constant,
T the temperature, n the number of electrons transferred, F Faraday constant and Q
the reaction quotient, which is derived from the activities of all electroactive
species. Since the Nernst potential describes equilibrium, an additional potential
needs to be applied to overcome several barriers and resistances, which is called
the overpotential. Some of these barriers are due to the reaction and a good catalyst
minimizes the overpotential needed to drive the reaction. Other resistances can
come from the electrolyser design, such as the ohmic drop due to the resistance of
the electrolyte. These losses can be minimized by design of the electrolyser and
electrolyte, and by optimizing process parameters such as temperature.
Fundamental electrocatalysis research focuses on understanding and optimizing
the catalyst and its environment to minimize the overpotential needed, while
electrochemical engineering focuses more on optimizing the process parameters
and cell design.

1.3 Electrochemical CO; reduction

Since the seminal reports of the electrochemical CO: reduction reaction
(CO2RR) by Hori et al. in the 80s of the last century 16-18, the interest for this
reaction accelerated around the beginning of this century due to the urgency of
climate change. Heterogeneous CO2RR catalysts are generally classified in four
groups 1920, Au, Ag and Zn produce mainly CO from CO2, while Pb, Sn, In, Cd, Hg and
T1 produce mainly HCOOH via reaction 1.5 and 1.6, respectively. CO can be used in
syngas as an important chemical precursor for numerous reactions such as to
produce hydrocarbons via the Fischer-Tropsch reaction?! or to produce methanol
in the methanol synthesis process?2. HCOOH can be used as fuel?3 or hydrogen
carrier?4 although it is nowadays mostly used as intermediate or additive in
industrial applications?5. Cu is a unique catalyst for electrochemical CO; reduction
as it can go beyond these simple C1 products and make C2+ products in which a C-
Cbond is generated. Products can be ethylene and ethanol, as given in equations 1.7
and 1.8, but Cu can form a scala of other products such as methanol, 1-propanol and
acetate 26, Some of these products are of particular interest within the material and
energy transition as they can be used as fuel (methanol/ethanol) or as feedstock for
the chemical industry (ethylene). The last group of CO2RR catalysts, such as Pt, Fe
and Nij, is not very active in CO2 reduction but rather produces H> via the competing
hydrogen evolution reaction (HER) in equation 1.1. HER is active in a comparable
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potential region to CO2RR, so for active and selective CO2RR catalysts, HER always
needs to be minimized.

CO,+ H,0+2e~ > CO+20H"  (L5)
CO,+ 2H,0+2e~ - HCOOH +20H  (16)
2C0,+ 8H,0+12e™ —» CH, + 120H~  (1.7)
2C0,+ 9H,0 + 12 e~ - C,HsOH + 12 0H~  (1.8)

A good CO2RR catalysts needs to be active, meaning the current density that
goes towards CO2RR products such as CO and HCOOH is high and the overpotential
is minimized. Moreover, the catalyst needs to be selective. This means that the
competing HER should be minimized, which is difficult on many catalyst materials.
As Cu can produce many different products, selectivity in this case also means that
the Cu catalyst produces primarily one of the possible CO2RR products, which has
shown especially challenging due to the complex reaction network. Lastly, for
commercialization, a good catalyst should be stable and be able to operate for
thousands of hours 27-30, Many parameters have been studied in recent years to
improve the CO2RR catalysts on all these aspects. Some parameters are related to
the catalysts itself, such as the facet dependence 31-34, morphology 35-39, alloying 40-
44 and surface modifications 45-59, while others are related to the environment of the
catalyst, primarily the electrolyte, such as cations 51-54, anions 55-58, pH 59-63 and
electrolyte concentration ¢4-66, These studies are often performed on small scales,
but when moving towards industrialization, other parameters become important
as well, such as cell configuration, temperature and pressure.

Electrochemical CO; reduction is typically performed in neutral aqueous
media. Acidic electrolytes are avoided as they enhance hydrogen evolution,
although recently more studies have been performed at low pH with promising
results ¢7-70, Alkaline electrolytes are avoided in studies using a H-type cell as the
OH- would react with the CO; forming bicarbonate. With the use of gas diffusion
electrodes, the CO; gas is not bubbled through the electrolyte, and alkaline
electrolytes are commonly used 71-74, In this thesis, all experiments are performed
using a H-type cell and thus neutral bicarbonate electrolytes are used. Moreover, as
we are interested in the performance of the catalyst and not the entire electrolyser,
a three electrode system is used in combination with IR correction to overcome the
Ohmic losses of the electrolyte. Furthermore, simple metal foils and wires are
typically used as working electrodes to limit the complexity of the system studied.
Electrochemistry in general and CO2RR specifically are typically performed at
ambient conditions, as this is often seen as one of the advantages of electrocatalysis
over thermocatalysis. However, for industrialization 75-77, this might not be the most
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suitable condition as electrolytes are expected to heat up due to thermal losses 78-
80 and warm feedstocks, and higher temperatures can lower the overall cell
potential 7677, Therefore, it is important to fundamentally investigate the effect of
temperature and pressure on the electrochemical CO; reaction.

1.4 Temperature as parameter in electrochemistry

Thermoelectrochemistry is “the branch of electrochemistry which is devoted
to the influence of temperature as an independent variable on the charge transfer
reaction at condensed interfaces” as defined by Griindler et al.8l. Within
electrocatalysis, there are some studies on the effect of temperature and pressure
on several reactions, such as the hydrogen evolution reaction 7682-84 oxygen
evolution reaction 85-88, oxygen reduction reaction 89-91 and CO; reduction reaction
17.92-95. However, temperature and also pressure are still very understudied
parameters in electrocatalysis and systematic studies are scarce.

When pressure and especially temperature are changed in electrochemical
systems, several factors have to be considered. As seen in equation 1.4, the potential
of a reaction is dependent on the temperature, especially as besides the explicit T
in the Nernst equation also the standard potential and activities are dependent on
temperature. This is important to consider when measuring a potential as also the
reference electrode potential depends on temperature 819, In thermo-
electrochemistry, an external reference electrode can be used , where the reference
electrode operates at room temperature and is connected to the electrolyser with
an electrolyte bridge %. However, due to the difference in temperature, the external
references experience a thermal liquid junction potential 8, for which an empirical
correction has to be made to determine the potential precisely 26.97. Therefore, we
use internal reference electrodes in this thesis. Internal reference electrodes are
used at the same temperature and pressure as the rest of the electrochemical
system and the effect of temperature can be calculated with the Nernst equation
(1.4). As SHE is defined 0 at all temperatures,81.97 the RHE is the most easy internal
reference electrode to use. At ambient pressures we therefore us this reference
electrode in this thesis. However, at elevated pressures, a Ag/AgCl reference had to
be used and more corrections have to be made to compare results on an SHE scale.

Temperature and pressure influence many other parameters of the
electrochemical system. During CO2 reduction, an important one is the CO:
solubility, which decreases with increasing temperature. This can significantly
influence the catalytic reaction as many CO2RR catalysts are sensitive to the bulk
concentration of COz. As the CO; pressure also influences its solubility, it is possible
to gain more insights with partial pressure experiments, by deconvoluting the
direct effect of temperature with the indirect effect via the CO; solubility. Other

11
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parameters that are influenced by the temperature are the pH, diffusion coefficients
and viscosity 81 which can influence the reaction itself, the reference potential and
the mass transport during the reaction. Most importantly for catalysis, temperature
influences the kinetics of the reaction via the Arrhenius equation, where k is the
rate constant, A the pre-exponential factor, E, the activation energy, R the gas
constant and T the temperature:

Ea
k=Ae Rt (1.9)
1.5 Outline of this thesis

The main goal of this thesis is to study the effect of temperature on the
electrochemical CO; reduction. We start this study at ambient pressures on several
different heterogeneous electrocatalysts. Simultaneously, we have developed a
high-pressure, high-temperature electrochemical setup which allows us to study
the effect of temperature at elevated pressures, which is discussed in the second
part of this thesis.

Chapter 2 discusses the effect of temperature on the CO2RR on Au using a
rotating-ring disk electrode (RRDE) system. Au was chosen as first electrocatalyst
to study as it is a relatively simple system which produces only CO and H;. We show
that temperature can enhance both the activity and selectivity for the CO2RR
although an optimum is observed at intermediate temperature (ca. 50 °C) and at
high temperatures the selectivity decreases again. In Chapter 3, we move on to a
more complex catalyst namely Cu. Cu produces a great variety of CO2RR products,
the formation of which behave differently with temperature. Methane and formate
selectivity decrease with temperature, while ethylene and ethanol show an
optimum around 48 °C. This optimum divides the temperature effect in two
regimes. In the first regime up to 48 °C, C2+ activity and selectivity increases with
temperature and HER selectivity remains stable. We contribute this to a
combination of kinetics, local pH and CO coverage. In the second regime after 48 °C,
C2+ selectivity decreases and HER starts to dominate. This is contributed to a too
high local pH in combination with a changing Cu surface. In Chapter 4 we try to
improve the Cu catalyst at high temperatures and inhibit HER by alloying Cu with
Ag. We show that HER can indeed be inhibited at high temperatures, although the
optimum in C2+ products is still observed. Moreover, we study the effect of
temperature on Ag itself and compare this to results of Au from Chapter 2. We
observe that mass transport and the applied potential are important other
parameters influencing the temperature effect, which is also convoluted with the
effect of CO2 solubility.

12



1.5 Outline of this thesis

Chapter 5 studies the electrochemical CO2 reduction on Ni. Even though Ni is
not a very active CO2RR catalyst, it is interesting to study as it makes C-C bonds via
a chain-growth mechanism, in contrast to the CO dimerization mechanism on Cu.
We show the effect of temperature, partial pressure, potential and electrolyte
composition on the activity and chain-growth probability.

Chapter 6 discusses the development of the high-pressure, high-temperature
setup. As a proof of concept, we show the effect of temperature and pressure on the
CO2RR on Au. At ambient pressures similar results are obtained as in Chapter 2, but
at higher pressures the optimum in FE towards CO with temperature vanishes.
Temperature and pressure then have no significant effect on the selectivity
anymore, but still enhance the activity significantly. Chapter 7 follows the sequence
of the beginning of the thesis where a study using Au electrodes is followed by a
study using Cu electrodes. We show that temperature influences the selectivity
more significantly than pressure. Most interestingly, at very high temperatures,
above 100 °C, the C-C coupling mechanism changes from the CO dimerization
mechanism to the chain-growth mechanism observed for Ni in Chapter 5. Moreover,
we show that elevated CO; pressures can stabilize the Cu and increase the
temperature range in which high C2+ selectivity can be reached in the dimerization
mechanism.

The electrode categorization discussed in section 1.3 is based on experiments
at ambient temperatures. To see if this categorization is still valid and to observe
the effect of pressure and temperature on the CO2RR on various electrodes, we
performed a catalyst screening study in Chapter 8, where we study 20 metals at
elevated temperatures and pressures. We show that elevated pressures inhibit HER
significantly and turn reasonable CO2RR catalysts into excellent catalysts with more
than 90% FE for CO2RR, which can be maintained even at 100 °C. However, when a
catalyst produces mostly H; at ambient conditions, it does not become a good
catalyst at elevated pressures, although some metals can produce interesting
products such as methanol and long chain hydrocarbons, but in (very) low
quantities.

13
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2. The effect of temperature on the cation-promoted electrochemical CO2RR on gold

Abstract:

Electrochemical reactions in general, and the CO; reduction reaction (CO2RR) in
particular, are commonly studied at room temperature. However, practical
electrolysers may use elevated temperatures. There is currently a lack of
fundamental understanding of the effect of temperature on the CO2RR. Here, we
have performed temperature-dependent studies on the CO2RR on a relatively
simple electrode material, namely gold, to obtain insights into how temperature
influences this reaction and the competing hydrogen evolution reaction. A rotating
ring disk electrode setup has been used to show that the CO2RR activity and
selectivity increases with temperature, and to obtain kinetic parameters such as the
apparent activation energy and transfer coefficient. The magnitude of the
temperature effect and the activation energy is affected by both the cation identity
and concentration in the electrolyte. Moreover, the positive effect of temperature on
the kinetics of the CO2RR is counteracted by the lower CO2 solubility, making
efficient mass transport even more important at higher temperatures.
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2.1 Introduction

2.1 Introduction

Electrochemical CO; reduction (CO2RR) has the potential to generate clean
fuels and building blocks for the chemical industry with CO2, water and renewable
energy, thereby creating a closed carbon cycle without the use of fossil fuels. This
reaction has gained substantial attention and many aspects of CO; reduction have
been studied,"? such as catalyst material and the effect of the electrolyte. Electrolyte
properties ranging from pH,*” buffer capacity,®'® cations,’'* and anions,'>'® to
catalyst properties such as the facet,'2° defects,?"?2 morphology?*®* and
roughness, %27 have all been shown to influence the activity and selectivity for the
CO2RR and the competing hydrogen evolution reaction (HER).

An aspect which has been studied less is the effect of temperature on CO;
reduction. Most electrochemical experiments have been performed at room
temperature and ambient pressure, even though most industrial (water)
electrolyzers work at slightly elevated temperatures.?®-*2 Some degree of heating is
intrinsic to these industrial systems as they are the consequence of overpotentials
and resistive losses.*>*® Moreover, the sources of concentrated CO, for example
from electricity production or steel manufacturing, often emit hot CO;. The
temperature during the electrochemical CO2RR could also be deliberately
increased to increase activity and selectivity or to open up new mechanisms and
generate other products.

Although some studies do include a section with temperature dependent
experiments,®*” there are not many systematic studies on the effect of temperature
on the CO2RR."*® Systematic studies are important to elucidate how temperature
exactly influences the reaction, as various aspects of the system may change with
changing temperature. One of the most important changes is the solubility of CO,
which decreases with increasing temperature. This results in a change in pH, which
will also change due to the difference in acid-base equilibria such as the water
disproportionation at different temperatures. Furthermore, reaction rates,
diffusion coefficients, equilibrium potentials, and the conductivity of solution and
membranes all change with temperature.

One of the few systematic studies on the effect of temperature on CO; reduction
has been done by Ahn et al.*® They studied a Cu electrode at -1.60 V vs Ag/AgCl at
temperatures from 2 to 42 °C in a 0.1M KHCOs electrolyte. They showed that
methane is the dominant product at low temperatures, but the faradaic efficiency
(FE) decreases with increasing temperature. For ethylene, there seems to be an
optimum in the FE at medium temperatures. At the highest temperature, 42 °C in
the mentioned study, the system is dominated by the parasitic hydrogen evolution.
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They attributed these observations to the combined effect of CO; solubility and local
pH. These results are mostly in agreement with experiments by Hori et al,, %°
although they did not see an optimum in ethylene production in this temperature
range.

Most studies on the effect of temperature on the CO2RR are not performed in a
H-cell, butin a GDE (Gas Diffusion Electrode) setup. Dufek et al.3* studied an Ag GDE
at 18,35 and 70 °C in a 0.5 M K2S04 electrolyte. They observed a decrease in both
cell and cathodic potential with increasing temperature. This decrease is not
surprising as the conductivity of both the electrolyte and the membrane will
increase with increasing temperature, lowering the ohmic drop. Moreover, they
observed that the FE for CO increases at higher current densities when the
temperature goes from 18 to 35 °C, but decreases again at 70 °C. In terms of activity,
a plateau is observed for CO formation. The activity first increases from 18 to 35 °C
and remains the same for 35 and 70 °C. This plateau was associated with mass
transport limitations of COx.

Lowe et al.*' used a Sn GDE and observed a decrease in the required potential
at higher temperatures, similar to Dufek et al. 3! This resulted in a small shift in
product distribution from HCOOH to CO. When CO; becomes mass transport
limited, they noticed an increase in HER. With increasing the temperature from 25
°C to 50 °C, they observed an increase in the potential at which this happens, but a
further increase of the temperature to 70 °C resulted in the reverse trend. This
optimum was attributed to the interplay of the diffusion rate which increases with
temperature and the COz solubility which decreases with temperature. In summary,
all mentioned studies observed effects at elevated temperatures which are assumed
to be an indirect effect of temperature on the mass transport limitation. The
intrinsic effect of temperature on the CO; reduction reaction rate is concealed by
these indirect effects.

An aspect of CO2 reduction that has recently been studied in some detail is the
cation effect. It has been shown that the activity of the CO2RR is significantly
influenced by the nature of the cation. An activity trend Cs* > K* > Na* > Li* has been
observed at several electrode materials,'>4>*4 whereas on Cu the

selectivity towards C2+ products also increases in this order.'>'® There are three
main theories proposed to explain this cation effect.*®* Some studies attribute the
cation effect to differences in the local pH,'®#¢4” where Cs* buffers better than Li*.
Other explanations focus on the effect of the electric field, which changes with the
size of the cation. This electric field then either stabilizes intermediates '>'4® or
changes the local potential in the outer Helmholtz layer."" Besides the electric field,
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also short-range electrostatic interactions can help stabilize the intermediates. 4
However, the cation effect has not been studied yet in combination with varying
temperature.

In this study, we systematically studied the effect of temperature on CO:
reduction. We used Au as a catalyst to simplify the system as only CO and H; are
produced in significant amounts.**-5' We performed partial pressure experiments
to study the effect of temperature and CO; solubility independently. A rotating ring
disk electrode (RRDE) setup was used to deconvolute the current to the CO2RR and
the HER,%? and to control and improve mass transport. With a diffusion layer
thickness in the range of 1um,5® the RRDE allows for a better study of the intrinsic
catalytic activity of the electrochemical reduction processes. We show that both
activity and selectivity of CO; reduction are increased with temperature, although
there is a complex balance between the effect of increased kinetics and decreasing
CO2 concentration. Furthermore, we extract kinetic data such as the transfer
coefficient and the apparent activation energy. We show that the latter is influenced
by the cation and that therefore the magnitude of the temperature effect depends
on the electrolyte used.

2.2 Experimental Section
2.2.1 Chemicals

The electrolytes were prepared from H2SO4 (98%, EMSURE, Merck), NaHCO3
(299.7%, Sigma Aldrich), LiCO3 (99.997%, Sigma Aldrich), KHCO3 (99.95%, Sigma
Aldrich), CsHCO3 (99.99%, Alfa Aesar), NaClO4 *H20 (Emsure, Merck) and Milli-Q
water (218.2 MQcm, TOC < 5 ppb). Ar (6.0 purity, Linde), CO2 (4.5 purity, Linde),
and H; (5.0 purity, Linde) were used for purging the electrolytes. For the dopamine
modification, the RRDE tip was coated using dopamine hydrochloride (298.5%,
Sigma-Aldrich). To determine the collection efficiency, K3Fe(CN)s (>99%, Sigma-
Aldrich) was used.

2.2.2 General Electrochemical Methods

All experiments were performed using homemade borosilicate glass cells,
which were cleaned prior to experiments by storing the cells in an acidified (0.5 M
H2S04) KMnO;4 solution (1 g/L) overnight. Before experiments, the glassware was
submerged in diluted piranha to remove any traces of MnO4 and MnO;. Then the
cells were boiled at least three times with MilliQ water. Experiments were
performed in a three-electrode configuration where the reference electrode was
separated from the working compartment with a Luggin capillary. The reference
electrode was either a home-made RHE or, for the temperature-dependent
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measurements, a commercial RHE from Gaskatel, which was placed in the cell to be
at the same temperature as the working electrode. The counter electrode was a gold
wire (99.99% purity). The working electrode was a gold disk in a PEEK shroud with
gold ring (E6/E5 ChangeDisk tips, Pine research) and the RRDE measurements
were performed with a Modular Speed Rotator (Pine research). All the
electrochemical measurements were carried out using an IviumStat bipotentiostat
(Ivium Technologies). For the activity measurements, 85% ohmic drop
compensation was performed. The ohmic drop was determined by electrochemical
impedance spectroscopy (EIS) at 0.05 V vs RHE. Before experiments, the
electrolytes were purged with either Ar or CO; for at least 15 minutes and purging
continued during measurements. To control the temperature a water bath was used
(Ecoline €100, Lauda). For the partial pressure experiments, the flow of CO; and Ar
was set accordingly using two mass flow controllers (SLA5850, Brooks Instrument).

2.2.3 Working Electrode Preparation and Dopamine Modification

The RRDE method used in this study has been developed in our group and
described in detail in a previous publication.’? In this study, we slightly modified
some steps. Before each experiment, the gold disk (diameter = 5 mm, Pine
Instruments) was mounted in the RRDE tip which contained a gold ring. The tip was
mechanically polished with decreasing diamond polishing suspension (3.0, 1.0 and
0.25 pm) on Buehler micropolishing cloths (8 in.). After polishing, the tip was
successively sonicated in ethanol and water for 3 min to remove any impurities.
Next, the Au disk and ring were short-circuited and electrochemically polished in
0.1 M H2S504 by cycling into the Au oxide formation and reduction region (0.05 - 1.7
V vs RHE, 200 cycles at 1 V/s). A characterization cyclic voltammogram (CV) of the
ring and disk was obtained in this same potential window at a scan rate of 50 mV/s.
Next, the RRDE tip was modified by coating with dopamine to prevent bubble
attachment on the Teflon spacer between the disk and the ring of the RRDE tip.>
This bubble attachment leads to noise in the CO oxidation current on the ring. The
dopamine modification was performed by immersing the RRDE tip in a 2 g/L
solution of dopamine hydrochloride (prepared with 20 mL of bicarbonate
electrolyte). This was done for 1 hour at about 55 °C, while the RRDE was rotated
at 450 rotations per minute (rpm). After the coating, any dopamine on the ring and
the disk had to be removed. This was done by electrochemical polishing in 0.1M
H2S04 once again for 200 cycles. Next, 75 cycles were performed in the same
potential range but in the measurement cell with CO. saturated bicarbonate
solution. This was followed by a reduction going to -1.0 V vs RHE at 50 mV/s for 3
cycles in the measurement cell and a polishing step in H2S04 for 100 cycles. Then, a
characterization CV was obtained for the ring and disk, which was compared with
the CV of the unmodified surface. A good agreement between these CVs indicated
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that the surface morphology had not changed significantly during the coating
procedure and that any dopamine was removed from the ring and disk.

2.2.4 RRDE CO; reduction measurements

After the working electrode was prepared as described above, the CO2RR
measurements were performed in the measurement cell with a CO; saturated 0.1 M
bicarbonate electrolyte. This measurement cell was placed in a water bath to
control the temperature in the cell. For the measurements, the disk was cycled from
0.05 to -1.0 V vs RHE in a bicarbonate electrolyte with a scan rate of 20 mV/s. The
ring current was measured simultaneously, while the ring potential was set to 1.0 V
vs RHE. The measurements were performed with two different rotation speeds,
namely 1200 and 2500 rpm. At each temperature, both rotation rates were
measured three times in an alternating way. These three measurements were
averaged afterwards. In order to make sure that the surface did not change during
measurements, the disk and ring were short-circuited after every individual
measurement and cycled 8 times in the Au oxide formation/reduction potential
window (0.05 - 1.75 V vs RHE at 1 V/s) in the measurement cell.

Between every set of measurements at a given temperature, the RRDE tip was
electrochemically polished in 0.1 M H,SO4 and a characterization CV was obtained
for the disk. The electrochemically active surface area (ECSA) of the disk was
determined by calculating the charge of the reduction peak in this characterization
CV and dividing this by the specific charge of one monolayer of Au (390 uC/cm2).%®
Then, the tip was transferred to the measurement cell and cycled from 0.05 - 1.75
Vvs RHE at 1 V/s for 75 cycles to stabilize the temperature of the cell and the tip.
Thereafter, the resistance was determined using electrochemical impedance
spectroscopy (EIS) and compensated for 85% in the measurement CVs. Next, the
measurements could start as described above.

2.2.5 Collection Efficiency Determination

The apparent collection efficiency of the ring was determined at the end of a
day of experiments to account for the changes in tip geometry that incur with the
assembling of the tip. The apparent collection efficiency was determined in a
separate cell containing 0.1 M Ar saturated NaHCO3 with 5 mM KzFe(CN)e. The disk
was cycled between 0.27 and 1.27 V vs RHE and the ring potential was set to 0.96 V
vs RHE. The collection efficiency was determined for each rotation rate and was
calculated according to equation 2.1:
ring

N = (2.1)

ldisk

25



2. The effect of temperature on the cation-promoted electrochemical CO2RR on gold

2.2.6 The CO2RR and HER Current Deconvolution

The selective oxidation of CO on the gold ring, under diffusion limited
conditions, makes it possible to deconvolute the CO2RR and the HER current under
the assumption that Hz and CO are the only products on the Au polycrystalline disk
in the potential window used in this study. This assumption is reasonable as studies
have determined CO as the only appreciable product of CO2RR on gold.**=*" The
partial current density for CO formation can be calculated from the experimental
ring current (irng) and the apparent collection efficiency N:

_iring
= — g 2.2
Jeo = % ECSAgisk 22)

The Faradaic efficiency for CO formation can be calculated as

iring
FE;p = ————*100% 2.3
7 igiskl * N (23)
The partial current density and faradaic efficiency for the HER can be calculated
from

Ju, = Jeot —Jco (2.4a)
FEy, =100 — FE¢o (2.4b)
2.2.7 Temperature dependence of the reference electrode

It is important to choose a proper reference electrode to conduct temperature
dependent electrochemical experiments. The reference potential depends explicitly
on the temperature via the entropy term, but also implicitly via the standard
potential and the activity of ions. Specifically, for the Ag/AgCl and the RHE
electrode:

RT RT
EA91A9CL — g0, AglAg® —In (K;) — —In(ag-) (2.5a)

ERHE — pSHE _ RTmpH (2.5b)

In many high-temperature corrosion studies, Ag/AgCl has been used as
reference electrode.’® To determine the potential of the Ag/AgCl electrode,
empirical formulas have been used both to correct for the temperature dependence
of the standard potential, the solubility product, and the activity of chloride ions.>”-
% However, it would be easier if one could employ a RHE reference. The SHE is
namely defined zero at all temperatures and the only implicit temperature
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dependent term left is the pH, which can be measured experimentally. Furthermore,
it is important that the reference electrode is at the same temperature as the
working electrode, otherwise other unknown potential drops can occur due to the
temperature gradient.®® This is why we have chosen to work with an RHE reference
from Hydroflex, as this can easily be kept at the same temperature as the working
electrode and no extra correction is needed as with an Ag/AgCl electrode.

2.2.8 Determination of apparent activation energy

The exchange current density was used to calculate the apparent activation
energy. The exchange current density of CO formation was determined from a Tafel
plot (Figure A.1). The current density between -0.575 and -0.775 V vs RHE was
extrapolated to the standard equilibrium potential of CO; reduction towards CO.
This potential range was chosen due to practical considerations: between -0.3 and
-0.4 V the currents are too low for an accurate extrapolation, whereas between -0.4
and -0.5 the Tafel plot is too strongly curved for a reliable extrapolation (see Figure
A.1). The standard equilibrium potential was calculated for each individual
temperature (Table A.2).

2.3 Results and Discussion
2.3.1 Temperature effect on activity and selectivity of the CO2RR and HER

Figure 2.1 shows the effect of temperature on the activity of CO; reduction and
hydrogen evolution on a gold electrode at 2500 rpm. The partial current density for
CO increases with increasing temperature up to 50-55 °C. For T > 50-55 °C, there is
a plateau in the activity of the CO2RR, which can more clearly be seen in Figure A.2.
No qualitative differences are observed when the SHE scale (Figure A.3) is used
instead of the RHE scale. With increasing temperature, several aspects of this
system change which can cause this behavior (see Figure A.4). The CO: solubility
decreases with temperature,®®%? while the diffusion coefficients increase. ®-%
Reaction equilibria shift with temperature and reaction rate constants will increase
increasing temperature.®® The thermodynamic equilibrium potential also shifts
with temperature, meaning that the same absolute potential does not give the same
overpotential. However, calculations show this shift is less than 16 mV in the
temperature range studied (Table A.2) and that it shifts negatively with increasing
temperature, so most of the changes in activity will be governed by kinetics and
diffusion and not the thermodynamics of the CO2RR. The conductivity of the
electrolyte increases with temperature, at least for aqueous electrolytes up to 90
0C.%¢ Although this is not relevant for this study as we perform IR correction, it can
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a) E (V vs RHE) b) E (V vs RHE)
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Figure 2.1 The partial current density towards CO formation (a) and H: (b) at different
temperatures in 0.1M NaHCOs on a gold RRDE at 2500 rpm and 20 mV/s

be an important consideration for practical applications of electrolyzers, as this will
decrease the cell potential and could increase the cell efficiency. 32

In general, the pH tends to decrease with temperature due to increased
ionization of water.®® However, in our system, the CO; concentration decreases with
temperature and due to the complex equilibria with bicarbonate, carbonate,
hydroxide and water, the net change in pH is an increase of about half a pH unit from
25 to 70 °C (Figure A.4). Moreover, the buffer capacity decreases as both the CO;
and HCO3 concentrations decrease with temperature.®’” This means that the local
pH can increase even more with temperature than the bulk pH, also because the
currents increase with temperature. As we are using the rotating disc electrode,
minor differences between the bulk and local pH could be expected. Zhang et al.*®
have shown that for low current densities (<4.33 mA/cm? at 1600 rpm) no
significant local pH changes are observed. On the other hand, recent experiments in
our group have shown that even at relatively low current densities, the local pH at
rotating electrodes can be significantly different from the bulk pH.%¢ However, as the
change in bulk pH and buffer capacity are minor, we do not expect the pH to
dominate the temperature effect observed in Figure 2.1. The local pH can change
because the current densities are higher, but this is then the result of the increased
activity, instead of the cause. Moreover, the local pH tends to influence the FE by
influencing the activity of the HER rather than the activity of the CO2RR.%%7°

The solubility of CO> is an important factor which depends on the temperature
according to the van ‘t Hoff equation. The solubility can be estimated with Henry’s
law:

C=KP  (26)
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where C is the concentration, K is the Henry’s constant and P is the partial pressure.
The Henry’s constant depends on temperature and we used the empirical equation
2.7 to calculate this dependence.®?

6919.53
log(K) = 108.3865 + 0.01985076 * T — ———
669365
— 404515 *log(T) + — (2.7)

With the use of Henry’s law, we can deconvolute the effect of CO2 concentration
from the overall effect of temperature. By changing the partial pressure at constant
temperature, the effect of CO2 concentration can be studied independently of the
effect of temperature. It is expected that if the concentration of CO; in the bulk is
altered, a corresponding change in the CO; concentration at the surface of the
electrode will occur.®” Figure A.5 shows that the activity for the CO2RR decreases
with decreasing dissolved CO; concentration. This trend is as expected and has been
observed in literature before.”"”® The corresponding reaction order of CO; is 0.9
(Figure A.6), which is comparable with literature.”®7%

We have studied the effect of temperature independent of the CO;
concentration by adjusting the partial pressure at different temperatures. As the
“standard” concentration we take the CO; concentration at 1 atm of CO; at 70 °C.

E (V vs RHE)
-0.8 -0.6 -0.4 -0.2

25°C
30°C
—35°C
——40°C
45°C
—50°C
55°C
60°C
65°C

jeo (MA/Ccm?)

Figure 2.2 The partial current density for CO formation at different temperatures at
constant COz concentrations in 0.1M NaHCOs on a gold RRDE at 2500 rpm and 20 mV/s.
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For all the other temperatures, we determined the required partial pressure of
CO: to obtain this same CO; concentration. Figure 2.2 shows the partial current
density of CO formation with increasing temperature at the same CO concentration
at each temperature. The activity for the CO2RR increases with temperature and
the increase in activity is larger in Figure 2.2 than in Figure 2.1a. Based on Figure
A.5, this result is to be expected as Figure 2.1 is a convolution of the effect of
temperature and the decreasing activity due to lower CO2 concentrations. This also
shows that the enhancing effect of temperature on the activity is larger than the
suppressing effect of CO2 concentration, resulting in a net increase in activity in
Figure 2.1a. Furthermore, no plateau in activity as a function of temperature is
observed in Figure 2.2. This suggests that the plateau observed in Figure 2.1 is
related to a decreasing concentration of CO; in solution. From 55 °C onwards, the
effect of temperature is not strong enough anymore to compensate for the decrease
in activity due to the lower CO; concentration.

As the CO; concentration is lower at higher temperatures, we need to consider mass
transport. Similar to our result, Lowe et al.*' observed an optimum in the CO2RR
selectivity at 50 °C. They explained this optimum as a compromise between
decreasing solubility and the increasing diffusion coefficient. With our RRDE setup,
we can control mass transport by varying the rotation rate and we do not observe
this optimum in mass transport. Figure 2.3 shows the CO; activity at different
rotation rates at different temperatures. At 25 °C, it can be seen that there is no
rotation rate dependence up to high overpotentials. This suggests that there are no
mass transport limitations at this temperature. At 40 °C, we see some rotation rate
dependence, with higher partial current densities at higher rotation rates. The
potential at which this rotation dependence sets in shifts to lower values at 55 °C;
the “critical” current density appears around -1.0 mA/cm? for all three
temperatures. Below this current, there seems to be no positive effect of faster mass
transport at any temperature, so an increase in diffusivity should not lead to an
increase in activity. Moreover, when the Levich equation is used to calculate the
limiting current densities (Table A.3), we observe that the limiting current densities
decrease with temperature (104, 95 and 90 mA/cm? respectively for 25 °C, 40 °C
and 55 °C at 2500 rpm) but they are still considerably higher than the measured
current densities, indicating that the increase in activity is mainly caused by an
increase in kinetics and not due to the increasing diffusion coefficient. Furthermore,
Koutecky-Levich analysis (Figure A.7, Table A.4) at the different temperatures also
shows that the kinetic current increases and the Levich constant decreases with
temperature.
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Figure 2.3 Partial current densities for CO formation at different rotation rates at 25 (a)
40 (b) and 55 °C (c) in 0.1M NaHCO3 at 20 mV/s

Interestingly, even below -1.0 mA/cm?2, where no mass transport limitations
are present, we observe the plateau in the CO2RR activity for higher temperatures
than 55 °C. As mentioned, the calculated limiting current densities are much larger
than observed in Figure 2.3. This has been observed before and has been attributed
to the homogenous reaction 2.8 which consumes CO; and lowers its concentration
at the surface.”7®

CO,+ OH™ - HCO;~  (2.8)

At the higher current densities not only more CO2 is consumed in the
electrochemical reaction but also more OH- is generated which consumes more CO;
in the homogenous reaction, increasing the effect of the rotation rate. Moreover, at
higher temperatures, the reaction rate of the homogeneous reaction of CO:
increases, so even at the same local pH, more CO; will be consumed due to reaction
3.77

Figure 2.1b shows that also hydrogen evolution activity increases with
temperature. It can be observed that the activity for the HER does not show a
plateau as a function of temperature. Although it has been shown recently that the
HER can show an unexpected mass transport dependence,’® this is not expected to
limit the HER at higher temperatures as the near-surface cation concentration is
not decreasing with increasing temperatures. As a control experiment, we also
studied the effect of temperature on the HER without CO2 in solution. Figure A.8
shows that also in this case, the HER increases with temperature and no plateau is
observed.

Figure 2.4a shows the FE towards CO as a function of both temperature and
applied potential. An optimal potential around -0.55 V vs RHE is observed, in
agreement with previous experiments.®? The trend as a function of temperature is
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Figure 2.4 Faradaic efficiency for CO formation plotted as (a) a function of both
potential and temperature and (b) as a function of temperature at distinct potentials for
a gold RRDE at 2500 rpm in 0.1M NaHCOs

less clear and depends on potential. Figure 2.4b shows that at medium
overpotentials, the FE towards CO has a maximum at 55 °C. This optimum is logical
as from this temperature onwards the CO2RR activity starts plateauing, while the
HER rate keeps increasing with temperature. When the CO2 concentration is kept
constant, as in Figure 2.2, the FE does not decrease at these temperatures but
plateaus. At higher overpotentials, the optimum remains at 55 °C, however the
differences in FE between different temperatures become smaller.

Up to now, we have looked at the effect of temperature on CO; reduction mostly
in a qualitative way. To have a more quantitative evaluation, we define ratios of
partial current densities according to equation 2.9:

jr
J2sec

rr = (2.9)

where r is the ratio, and j is the partial current density. Table A.5 plots these
ratios as a function of temperature and applied potential. Not surprisingly, these
ratios increase with temperature. However, it can also be observed that with
increasing overpotential, the effect of temperature becomes smaller. Whereas at -
0.4 V the activity at 55 °C is almost 4 times higher than at 25 °C, the ratio has
decreased to a factor 2 at -1.0V. This explains why the effect of temperature on the
FE decreases at more negative potentials. In most studies for CO2 reduction, these
higher overpotentials are used and it is thus important to realize that the effect of
temperature will be smaller (though still significant) at these potentials. We will go
into more detail later why it is to be expected from theory that the temperature
effect depends on potential.
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2.3.2 Activation energies

From the temperature dependent experiments we can obtain the apparent
activation energy for the CO2 reduction on gold using the Arrhenius equation:

_Ea
k=AeRT  (2.10)

where k is the reaction rate constant, 4 is the pre-exponential factor, E, is the
activation energy, R is the gas constant and T the absolute temperature. Since the
exchange current density depends on the reaction rate constant, the j, will also
follow an Arrhenius relation and equation 2.11a can be used. In order to obtain the
“real” activation energy, we need to correct for the T-dependence of the CO2
concentration and equation 2.11b is derived from equation 2.11a (see SI).

_ E, 1
In(j,) = In(4") — 2T (2.11a)

25C

E, 1
=) =In(4) - 4. (211b)

In(jy) +In ( R *T

where jy is the exchange current density, A’ the pre-exponential factor, E, the
activation energy, R the gas constant, T the absolute temperature, Czsoc and Cr the
concentration of CO3, at 25 °C and a given temperature, respectively.

Figure 2.5 shows the corrected Arrhenius plot for CO; reduction in 0.1M
NaHCOs3 on gold using the standard exchange current densities. From the slope of
the Arrhenius plot, the apparent activation energy is determined to be 61 2
kJ/mol, according to equation 2.11b. This value applies (as extrapolated to) to the
standard equilibrium potential; values for the activation energy at different
overpotentials will be discussed below. As mentioned in the experimental section,
the standard potential of the CO2RR also changes with temperature and in the
above calculations this has been taken into account. If we would calculate all
exchange current densities at -0.1 V, the standard potential at 25 °C, there is only
about 1 kJ/mol difference.

The corrected apparent activation energy takes the variable CO; concentration into
account and is close to the apparent activation energy determined from the
activities at constant CO2 concentration of Figure 2.2, supporting our correction
method. With constant CO. concentration the apparent activation energy is 60
kJ/mol (Figure A.10). Moreover, our apparent activation energy is comparable to
barriers calculated with DFT in the literature 7° (though such comparisons have
certain pitfalls regarding the exact assumptions made in the computations).
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Figure 2.5 Arrhenius plot of CO: standard reduction current in 0.1M NaHCO3 in the
temperature range of 25-60 °C

The apparent activation energy of the HER is expected to be lower than for the
CO2RR as the activity of the HER is less temperature dependent than that of the
CO2RR. For an accurate independent measurement of the activation energy for
HER, we have performed experiments without CO; in solution, from which we
determined the apparent activation energy for the HER to be 25 * 3 kJ/mol (Figure
A.11). In the literature, the apparent activation energy for the HER on Pt has been
reported to be between 9.5 and 18 kJ/mol, depending on the facet,”® although other
studies found considerable higher activation energies.?® On Ag an activation energy
between 20 and 30 kJ/mol has been found.#'®? Thus, it seems that the activation
energy of the HER is indeed lower than that for the CO2RR, explaining the larger
increase in activity with temperature for the latter.

The activation energy is expected to be dependent on the potential. This is an
underlying assumption of the Butler-Volmer equation (equation 2.1283), describing
the relationship between the applied potential and Faradaic current. Equations
2.13a and b® are used to derive the Butler-Volmer equation from the Arrhenius
equation, linking activation energy to potential.

L aan]_ _aaFn]}
J=Jo {exp RT exp RT (2.12)

AGY = AGE. + a.Fn (2.13a)
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AGE = AGE, + agFn (2.13b)
AH} = AHE. + a.yFn (2.13¢)

where AG}, is the free energy of activation at the standard equilibrium potential,
AH?;C the enthalpy of activation at the standard equilibrium potential, a. and a, the

cathodic and anodic transfer coefficient respectively, jo the standard exchange
current density and 7 the overpotential.

Equation 2.13c is similar to equation 2.13a, but is used instead because the
activation enthalpy is more directly related to the apparent activation energy
determined using the Arrhenius equation.®® Both equations state that the activation
energy depends linearly on the applied potential.®®” At zero overpotential, the
same apparent activation energy is obtained as determined from the standard
exchange current density. Figure 2.6 and A.12 show the experimental relation
between activation enthalpy and potential, which is indeed linear. The apparent
activation enthalpy at zero overpotential in NaHCO3 is 59 + 4 k]J/mol, which is
similar to the 61 k] /mol determined with the exchange current densities. Moreover,
from the slope we can determine the enthalpic transfer coefficient ay to be 0.3,
independent of cation identity and concentration (Figure A.12/13). Commonly the
Butler-Volmer transfer coefficient a. is assumed to be 0.5 as the first electron
transfer is considered the rate limiting step for CO2 reduction on gold,”5-88-°
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Figure 2.6 The apparentactivation energy of COz reduction towards CO in 0.1M NaHCO3
plotted against the applied potential
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although there is still some debate around this.”>°' Conway et al. have discussed in
detail this difference between the enthalpic part of the transfer coefficient and the
Butler-Volmer transfer coefficient:86:87:92-94

a. =ay + Ta; (2.14)

The entropic part of the transfer coefficient can be obtained by plotting the
natural logarithm of the pre-exponential factor against the potential®” (Figure A.14)
and from the slope, as has been calculated to be 5 * 10-* K- for CO2 reduction on
gold. At room temperature, this is roughly 0.15 meaning that the enthalpic part
dominates the transfer coefficient. This implies that in this catalytic process most
of the potential dependence of the rate is due to changes in the height of the
potential energy barrier, but the entropy of activation is not negligible. This is in
contrast to a process such as oxygen reduction, where the opposite has been
found.%2%

2.3.3 Cation effect

It is well known that cations affect the CO; reduction rate,’' but this effect has
not yet been studied in combination with the temperature effect. Figure 2.7 shows
that there is an increase in activity in the order Li* < Na* < K* < Cs*. This order is
observed at both 25 °C and 50 °C. The apparent activation energy decreases
gradually from 65 +2 k]J/mol (Li*) to 54 +2 k]J/mol (Cs*) (see Table 2.1). A lower
activation energy results in a weaker temperature effect, therefore the differences
in activity are expected to become smaller with increasing temperature. This effect
is difficult to observe in Figure 2.7 as the temperature

a) E (V vs RHE) b) E (V vs RHE)
-1.0 -0.8 -0.6 -0.4 -0.2 -1.0 -0.8 -0.6 -0.4 -0.2

jco (MA/cm?)
N
jco (mA/cm?)

Li

Na
—K
Cs

' 1 l 1 ] 3
~ o 3, £ w N
N 1 1 s 1 N

Figure 2.7 The partial current densities for the CO2RR for different cations at 25°C (a)
and 50°C (b) on a gold RRDE at 2500 rpm at 20 mV/s
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interval seems to be too small to observe major differences. For the pre- exponential
factor a comparable (albeit reversed) tendency is observed, with Cs* having the
lowest value. If extrapolated to high temperatures, the cation effect would reverse
and Cs* would become the least active, but most likely these trends cannot be
extrapolated in this way.

Similar trends can be observed if the concentration of cations is increased by
adding NaClO4to 0.1M NaHCO3 as seen in Table 2.2. The apparent activation energy
decreases from 61 +2 kJ/mol in 0.1M Na* to 51 +3 k] /mol in 0.5M Na* and the pre-
exponential factor decreases in the same sequence. The decreasing activation
energy going from Li* to Cs* agrees with all of the most proposed mechanisms for
the cation effect and can therefore not be used to differentiate between them. The
theory which states that the local potential in the outer Helmholtz layer changes
with cation predicts this decrease in activation energy. Furthermore, the
explanation of stabilizing intermediates due to the electric field, or as recently
proposed by a short-range electrostatic interaction,*® would also lead to lower
activation energies for Cs* compared to Li*. According to the buffering theory,
cations influence the local pH and consequently the local CO. concentration
differently as Cs* is a better buffer than Li*.”® This leads to differences in coverage
and thus a difference in apparent activation energy. However, it is unlikely that the
cation buffering is the cause of the cation effect observed in this study as we have
efficient mass transport and the cation effect is already observed at very low
current densities. Most likely the decrease in activation energy is either due the
change in local potential or to the stabilization of intermediates by to the cations.

A smaller pre-exponential factor going from Li* to Cs* is likely a limitation of
the extrapolation of the data to infinite temperature. This so-called compensation
effect has been observed in literature before and arises because the pre-exponential
factor and the activation energy are determined from the same Arrhenius plot.®°
However, this observation could in principle also fit in the picture where the
concentration of Cs* near the surface is higher than that of Li*. This might make it
more difficult for the CO; to reach the surface if the concentration is high. It has been
shown that the concentration of cations can be considerably higher at the interface
than the bulk concentration: a recent computational study has suggested that the
concentration of cations at the surface could reach up to 1.5 M with a bulk
concentration of only 0.1 M.%¢ 1.5 M of K* would fill up to 34 percent of the space
(see calculation in the SI), making it reasonable to argue this could hinder the CO;
to reach the surface. This hindrance would decrease the pre-exponential factor as
this can be seen as the likelihood of the reactant reaching the electrode surface.®”
This likelihood would decrease if more cations screened the surface. This
interpretation is supported by the rapid decrease of the pre-exponential factor with
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increasing cation concentration. Although this is certainly an oversimplification of
the interpretation of the pre-exponential factor, it could carry an element of truth
and helps visualizing how cations can influence this parameter. Nevertheless, for
the time being, we interpret the observations as a compensation effect, the nature
of which is still very much debated.%®

Table 2.1 Apparent activation energies both uncorrected and corrected, and the
pre-exponential factor for the CO2RR in different 0.1M bicarbonate electrolytes

Eaapp Ea app In(A)

(kj/mol) e (Ain
(k] /mol) cm/s)
Li* 48 65 7.1
Na* 44 61 6.8
K+ 39 57 6.1
Cs* 36 54 5.7

Table 2.2 Apparent activation energies both uncorrected and corrected, and the
pre-exponential factor for the CO2RR in NaHCO3 electrolytes with different
concentrations of Na

Eaapp Ea app In(A)

(kj/mol) e (Ain
(k] /mol) cm/s)
0.1M 44 61 6.8
02M 39 56 5.4
03M 36 53 4.0
05M 33 51 3.0
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2.4 Conclusion

In this paper we have shown that both the activity and selectivity of
electrochemical CO; reduction can benefit from elevating the temperature of the
electrochemical system. However, there is a complex balance between the increase
in kinetics and the decreasing solubility of CO. This balance results in a limiting
temperature of 55 °C, after which the CO2RR activity plateaus and the selectivity
decreases. Moreover, because of the limiting amount of CO; in solution, mass
transfer becomes more important at higher temperatures, though we emphasize
that at all temperatures the system is still rather far from the theoretical mass
transport limited CO; reduction current. If the CO2 solubility can be increased, for

example by increasing the pressure of CO3, it is to be expected that the optimum
temperature for CO; reduction can be further increased. The effect of temperature
is largest at lower overpotentials and decreases with increasing overpotential as
the activation energy is influenced by the potential. The apparent activation energy
for the CO2RR is 61 kJ/mol in 0.1M NaHCOs3. This activation energy depends on the
electrolyte and decreases both with cation concentration and identity. This is in
agreement with the cation effect known in literature and shows that this effect
becomes less significant at elevated temperatures. Moreover, we show that the
enthalpic part of the transfer coefficient for the CO2RR on gold is 0.3. This indicates
that the enthalpy plays a dominant role in this process, although the entropy
contribution cannot be neglected. This study has focused on Au as a model catalyst
for CO; reduction as it provides a simple system with only CO as the product of the
CO2RR. This relative simplicity made it possible to study the basic effects of
temperature. Future work will study this effect on other catalysts such as Cu and
investigate how the product distribution of the CO2RR changes with temperature.
Furthermore, pressurized experiments should be performed to broaden the
temperature range that can be studied.
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3. How temperature affects the selectivity of the electrochemical CO, reduction on Cu

Abstract

Copper is a unique catalyst for the electrochemical CO; reduction reaction (CO2RR)
as it can produce multi-carbon products, such as ethylene and propanol. As
practical electrolyzers will likely operate at elevated temperatures, the effect of
reaction temperature on the product distribution and activity of CO2RR on copper
is important to elucidate. In this study, we have performed electrolysis experiments
at different reaction temperatures and potentials. We show that there are two
distinct temperature regimes. From 18 up to ~ 48 °C, C2+ products are produced
with higher Faradaic Efficiency, while methane and formic acid selectivity
decreases, and hydrogen selectivity stays approximately constant. From 48 to 70 °C,
it was found that HER dominates and the activity of CO2RR decreases. Moreover,
the CO2RR products produced in this higher temperature range are mainly the C1
products, namely CO and HCOOH. We argue that CO surface coverage, local pH and
kinetics play an important role in the lower-temperature regime, while the second
regime appears most likely to be related to structural changes in the copper surface.
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3.1 Introduction

3.1 Introduction

Electrochemical CO; reduction (CO2RR) is an interesting process as it exhibits
the unique ability to use CO; as a resource to produce renewable feedstocks for the
chemical industry or so-called solar fuels, which can be used within a future
renewable energy system. 1.2 Many different catalysts can be used, of which copper
is remarkable as it is practically the only catalyst able to make multi-carbon
products such as ethylene, ethanol and propanol. Although other metals such as Ag
have shown to be able to produce these products, 3 copper is the only monometallic
metal that can produce them at significant Faradaic Efficiencies (FE). +-¢ However,
copper is not very selective and produces a complex mixture of both gaseous and
liquid reaction products. 7 To be able to employ CO2RR on an industrial level, a FE
towards a single product of over 90% is needed.8° Therefore, it is crucial that both
the selectivity and activity of the catalysts are further improved, for example by
tuning the reaction conditions. 8-11

Reaction temperature is an important, but often neglected parameter in the
field of electrochemistry in general and for CO; reduction in particular. Often a
perceived benefit of electrocatalysis over thermal catalysis is that the former can be
performed at room temperature and ambient pressures. However, in practice, 12
electrolyzers will always operate at elevated temperatures, for example due to
thermal losses 13-15 and/or hot feedstocks. In a previous paper, ¢ we have
investigated the effect of temperature on a simple CO2RR system using gold as
catalyst. We found that on gold it is beneficial to perform CO2RR at increased
temperature as both the selectivity and the activity towards CO increases. However,
mass transport becomes more important at elevated temperatures and at a certain
point, CO2 availability becomes the limiting factor. From 55 °C onwards, we
observed a plateau in the activity of CO; reduction, even under highly efficient mass
transport conditions.

Several other studies have shown the effect of temperature on CO2RR on other
simple electrode systems, such as Ag 17 and Sn 18-20, However, for copper, still not all
selectivity trends with temperature have been well identified. Ahn et al. 21 have
shown that the selectivity towards methane decreases with reaction temperature,
whereas hydrogen dominates at higher temperatures at -1.6 V vs. Ag/AgCl. They
also observed an optimum in ethylene selectivity around 22 °C. The trends in CO
and HCOOH selectivity with temperature are unclear, although in a recent study a
decreasing trend with temperature was observed for the HCOOH selectivity on a
copper foam.22 Hori 23 showed similar results using galvanostatic electrolysis, as he
found that hydrogen selectivity is increasing and methane selectivity decreasing
with temperature. However, Hori observed different trends for the selectivity of
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ethylene and CO compared to Ahn et al. as they did not observe an optimum in
ethylene production, whereas CO selectivity seemed to increase with temperature.
Although Zong et al. 2 mainly focused on obtaining apparent activation energies of
the different products of CO2RR on Cu at different potentials, they did show that the
Faradaic Efficiency for hydrogen increases with temperature, while methane
selectivity decreases, in agreement with the works of Ahn and Hori. However, again
the trends in CO and C;H4 selectivity with temperature are less well defined.

Even though there exists some literature about the temperature effect on
COZRR over copper, there remains a significant gap in our understanding. All
studies discussed above were limited in their temperature range to a maximum of
45 °C, while industrial electrolyzers will not be limited to these temperatures. 12
Moreover, optima in selectivity for CO2RR at other electrode materials were found
at higher temperatures. 1618 Additionally, although clear trends can be observed for
methane and hydrogen selectivity, for the other products the exact trends with
temperature remain unresolved. Lastly, previous work has not provided detailed
explanations of the trends observed; most ascribe the trends simply to the balance
of kinetics and CO2 solubility, without testing alternatives.

In this chapter, we investigate how reaction temperature affects the
electrochemical CO; reduction on copper in the temperature range from 18-70 °C.
We show that different products display different trends with temperature. CO
selectivity remains relatively stable, while the CHs and HCOOH selectivities
decrease with temperature. The selectivity towards C2+ products shows an
optimum around 48 °C, whereas hydrogen formation dominates at higher
temperatures. We identify two regimes in this temperature range, the first up to ~
48 °C, in which CO2RR activity increases, and the second above 48 °C, in which CO»
reactivity declines. The observations in the first regime can be explained by an
increase in the CO coverage on the surface as evidenced by in situ Raman
spectroscopy, in combination with increased local pH and faster kinetics with
temperature. The second regime seems not to be related to any limited CO:
concentration, but rather due to changes in the copper surface as shown with lead
underpotential deposition and double layer capacitance measurements, although a
too high local pH could also be a factor.
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3.2 Experimental
3.2.1 Chemicals

The electrolytes were prepared from KHCO3 (99.95%, Sigma-Aldrich), KOH
(99.99%, Sigma-Aldrich), K2SO04 (99.999% Suprapur, Sigma-Aldrich), NaClO4
(Emsure, Sigma-Aldrich), NaCl (99.99% Suprapur, Merck), Pb(Cl04)2 (99.995%,
Sigma-Aldrich) and Milli-Q water (218.2 MQcm, TOC < 5 ppb). H2S04 (95-98%,
Sigma-Aldrich), H202 (35%, Merck) and KMnO4 (99%, Sigma-Aldrich) were used to
clean the cells. The KHCO3 and KOH + K2SO4 electrolytes were stored with Chelex
(100 sodium form, Sigma-Aldrich) to clean the electrolyte from any metal
impurities.?2> The KOH + K;SO4 electrolyte was stored in a plastic container to
prevent contamination by leaching of metals from glass. Ar (5.0 purity, Linde), He
(5.0 purity, Linde), CO (4.7 purity, Linde) and CO- (4.5 purity, Linde) were used for
purging the electrolytes.

3.2.2 General Electrochemical Methods

The experiments were performed in a home-made PEEK H-cell or a borosilicate
glass cell, which were cleaned prior to experiments by storing in permanganate
solution overnight (0.5 M H;S04, 1g/L KMnO4). Before use, the cell was rinsed,
submerged in diluted piranha acid solution to remove any traces of MnOsand MnOy,
rinsed again and boiled three times with Milli-Q water. The polycrystalline Cu
working electrode (99.99%, Mateck) was first mechanically polished with a
diamond polishing suspension of decreasing particle size (3.0, 1.0 and 0.25 pm,
Buehler) on micropolishing cloths (8 in.). After polishing, the electrode was
successively sonicated in ethanol and Milli-Q water for 3 min to remove any
impurities and dried with pressurized air. The Cu disk was then electrochemically
polished in a solution of H3PO4 (85%, Suprapure, Merck) by applying +3 V versus a
graphite counter electrode for 20 s and subsequently rinsed with Milli-Q water. All
the electrochemical measurements were carried out using an IviumStat
potentiostat (Ivium Technologies).

3.2.3 Electrolysis experiments

The electrolysis experiments were performed in the home-made PEEK H-cell
containing 7.5 mL 0.1 M KHCO3 electrolyte in each compartment, see Figures B.1
and B.2 for details of the cell employed. For the CO reduction experiments 0.1 M
KOH + 0.2 M K32S04 was used as electrolyte instead of KHCO3 The PEEK H-cell was
embedded in a jacket which was connected to the water bath (Ecoline e100, Lauda)
to control the temperature in the cell. The temperature of the electrolyte in the cell
was calibrated to the temperature of the jacket using a thermocouple in the cell
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before the actual CO2RR experiments. Low partial current densities have been used
to prevent heating of the electrode. 1415 Experiments were performed in a three-
electrode configuration with the reference electrode in the same compartment as
the working electrode, which had a geometric surface area of 0.785 cm?. The
reference electrode was a commercial RHE (mini Hydroflex, Gaskatel). The counter
electrode was a dimensionally stable anode (DSA, Magneto) and was separated
from the working electrode by an anion exchange membrane (AMVN Selemion,
AGC). Before electrolysis, CO; was purged through the electrolyte for 15 min while
controlling the potential at -0.1 V vs. RHE to saturate the electrolyte and heat the
electrolyte to the proper temperature. The flow of CO2 or CO (and He for the partial
pressure experiments) was controlled using a mass flow controller (SLA5850,
Brooks Instrument). Next, the ohmic resistance was determined by electrochemical
impedance spectroscopy (EIS) at-0.1 V vs. RHE and 85% ohmic drop compensation
was performed for all chronoamperometry measurements. Chronoamperometry
was performed for 60 min while CO; was constantly purged through a PEEK-frit
(0.2 um pore size, IDEX) at 40 mL/min to increase mass transport in the cell. 1326
At5,19,32,46 and 60 min a gas sample was analyzed online using a Shimadzu 2014
gas chromatograph with two detectors (one TCD with a Shincarbon column and one
FID with a RTX-1 column). At the end of the electrolysis, a liquid sample was taken
and analyzed using high performance liquid chromatography (HPLC, Shimadzu)
with an Aminex HPX-87H column (Bio-rad). The 5 gas samples were averaged and
combined with the HPLC data to obtain the selectivities and activities of the
different products for a single experiment. The values reported are averages of at
least three repetitions with twice the standard deviation as the reported error
bars.27-30 The sum of the FEs for the major products (hydrogen, CO, methane,
ethylene, ethanol, formic acid and propanol) for every individual measurements is
between 85 and 102%.

3.2.4 Efficiency calculations

Because the Faradaic Efficiencies (FE) become dominated by hydrogen at
higher temperatures, we have defined a Carbon Efficiency (CE) to obtain better
insights into how CO2RR activity itself changes at higher temperature. The CE is
defined equivalently to the FE:

Ci *a; Ci* il_l
CE = = L (3.1)
2iCi*a Yoo« b
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where c; is the number of carbon atoms in product i, a; is the production rate of
i in mol/min, j; is the corresponding partial current density and n; is the number of
electrons transferred during CO2RR for product i.

3.2.5 Partial pressure experiments

With the use of flow controllers, the partial pressure of CO; can be changed by
mixing the inlet flow with He gas. He was chosen instead of Ar as He is the carrier
gas used in the GC so it would not lead to broad extra peaks in the chromatogram.
Controlling the partial pressure allows us to change the CO2 concentration in the
bulk electrolyte independently of temperature. We estimate the CO; concentration
at different temperatures by using Henry’s law in combination with an empirical
equation to estimate Henry’s constant. 31

C=KP (3.2)

6919.53
log(K) = 108.3865 + 0.01985076 *T — 7
669365
—40.4515 *log(T) + T2 (3.3)

where Cis the concentration, K is the Henry’s constant, P is the partial pressure
and T is temperature.

3.2.6 Reversibility experiment

To assess whether observed changes in selectivity with temperature are
reversible, ‘reversibility experiments’ were carried out. For the reversibility
experiments, the measurement was started at -1.1 V vs. RHE at 70 °C (or 48 °C for
the control experiments) in a similar way as the other electrolysis experiment.
However, after 20 min, the water bath was changed with water at 35 °C to cool the
cell down for 8 min. Then the temperature was increased to 48 °C and was
maintained for the rest of the experiment. During this cooling and reheating of the
electrolyte for 15 min in total, the potential was maintained at -0.1 V vs. RHE. Then
the resistance was measured again and chronoamperometry was performed at-1.1
V vs. RHE for another 32 min.

3.2.7 Surface area determination

The electrochemical surface area was determined from the double layer
capacitance. These were measured following the protocol of Morales et al. 32 The
potential was scanned in a broad potential range, namely -0.2 to 0.3 V vs. RHE at
sufficiently high scan rates (200 - 1400 mV/s). The capacitance was determined
from the current width between the anodic and cathodic scan at 0.0 V vs. RHE
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plotted against the scan rate. The slope of this graph gives the double layer
capacitance. These measurements were performed before CO2RR, and after 15 min
and 30 min of CO2RR at the different temperatures.

3.2.8 Raman experiments

In situ Surface Enhanced Raman Spectroscopy (SERS) was performed using an
inverted confocal Raman microscope (LabRam HR, Horiba Jobin Yvon with a 50x
objective and grating of 1800 lines/mm). A He/Ne laser (633 nm) was used as
excitation source, which has an intensity of 8.5 mW at the sample without density
filter. The acquisition time of all the Raman spectra was 10 s. An edge filter at 633
nm was used to filter the backscattered light, which was subsequently directed to
the spectrograph and to the CCD detector; further details of the setup can be found
in ref. 29 and 30. 3334 The experiments were performed in a homemade jacketed
three-electrode cell made of borosilicate glass, with a quartz window at the bottom.
The jacket was connected to the water bath to heat the electrolyte. A platinum mesh
was used as counter electrode, a Hydroflex RHE as reference electrode, and a
roughened copper disk as working electrode. The copper was first polished as
described above and consequently roughened by applying -1.8 V vs. a copper
counter electrode for 25 sin 0.1M H2S04 + 0.1 M CuSO4. The same roughened copper
electrode was used at all measured temperatures (i.e. 20, 30, 40, 50 and 60°C) and
at each temperature 10 different, randomly picked spots on the electrode were
measured. The obtained spectra were baseline corrected using the SNIP algorithm
for background elimination.3> After the background correction, a Gaussian fit was
performed on the individual spectra to calculate the area of the 280 and 360 cm-
peaks. The Raman shift window between 250 and 400 cm'! was used for the fits,
with a set boundary between the two peaks at 310 cm'l. An example of the
background correction and the fit can be found in Figure B.11. The ratio of the 360
and 280 c¢cm! peaks areas was used to determine the CO coverage, following the
methodology used by Zhan et al. 3¢ The ratio of the different spots was averaged,
and only spectra where the peak intensity of the 360 cm-! peak is above 500 counts
were taken into account. The coverage was determined at -0.7 and -0.95 V vs. RHE.
At-1.1V too many bubbles were produced to obtain sufficient spectra with a decent
signal-to-noise ratio, so we decided not to take this potential into account.

3.2.9 Lead (Pb) under-potential deposition experiments.

Lead under-potential deposition (UPD) experiments were performed to
examine the copper surface for changes after electrolysis. For the Pb UPD
experiments the procedure of Sebastidn-Pascual et al. 37 was followed. First,
electrolysis was performed for 20 min at the desired temperature in 0.1 M KHCO3.
Then the electrode was rinsed, dried with air and transferred to an Ar-purged glass
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cell containing 0.1 M NaClO4 + 1 mM NaCl + 2 mM PbClO;, electrolyte. A homemade
RHE was used as reference electrode and a gold wire as counter electrode. The
working electrode was introduced into the electrolyte while holding the potential
at 0.3 V vs. RHE and subsequently a cyclic voltammetry (CV) measurement was
performed from 0.3 to 0.0 V vs. RHE at 5 mV/s, of which the second scan was used.

3.2.10 Characterization of morphology and chemical composition.

To examine the copper surface further and to inspect the surface for any
deposits, scanning electron microscopy (SEM) combined with energy dispersive X-
Ray spectroscopy (EDX) was performed. Micrographs of Cu after CO2RR at different
temperatures (i.e., 25,48 and 70 °C) were obtained in an Apreo SEM (ThermoFisher
Scientific) with an acceleration voltage of 15 kV and an electron beam current of 0.4
nA. The chemical composition of the electrode was investigated by EDX using an
Oxford Instruments X-MaxN 150 Silicon Drift detector coupled to the Apreo SEM.
EDX data was processed with the Pathfinder™ X-ray Microanalysis software v1.3.
The quantification of chemical elements was performed in automatic mode and the
chemical composition of the electrodes was determined by averaging the chemical
compositions of at least 5 different sections of the electrode surface.

3.3 Results and Discussion
3.3.1 Trends in selectivity with temperature.

Figure 3.1 shows the effect of reaction temperature on the product distribution
of CO2RR on copper. This Figure shows the Faradaic Efficiencies (FEs) towards the
most important products between 18 and 70 °C at -1.1 V vs. RHE in dark circles.
Several trends can be observed, which can be divided into two regimes. The first
regime transitions into the second regime at around 48 °C. This exact transition
temperature can be debated, but 48 °C has been chosen as ethylene shows an
optimum in FE and CE (Carbon Efficiency) here and the CE of CO starts to increase
from this temperature onwards. In the first regime, the hydrogen evolution reaction
(HER) selectivity remains constant, while in the second regime it increases
significantly with temperature up to 84% FE at 70 °C. Of the CO; reduction products,
methane and formic acid show a strong decreasing trend with temperature in both
regimes. The selectivity towards CO stays reasonably stable, except for the highest
temperature at 70 °C. The C2+ products increase in the first regime, while they
decrease in the second regime resulting in an optimum in FE around 40-48 °C.
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Figure 3.1 Faradaic Efficiency (in dark circles) and partial current density (in light
squares) during CO2RR at different reaction temperatures in 0.1 M KHCO3 at -1.1 V vs.
RHE for a) hydrogen b) formic acid c) CO d) ethylene e) methane and f) ethanol. The
error bars are determined from at least 3 separate experiments. The gray background
indicates the second regime and the dotted lines are a guide to the eye.
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Figure 3.1 shows the corresponding activity trends of all these products in the
same temperature range in light squares. Initially, the activity towards all products
increases with temperature, although the increase for the C2+ products is more
significant than for the other carbon products. The activity towards the C2+
products shows an optimum at ~ 40-48 °C, similar to the FE trend. The activity
towards methane and formic acid clearly decreases from 40 °C onwards and CO
shows an optimum around 55 °C. Liquid products, especially ethanol, might
evaporate at elevated temperatures. However, we do not think this significantly
affects the results as we have not observed ethanol in the GC, and ethanol follows a
similar trend as ethylene. The HER rate increases steadily with temperature and
shows alarge increase at around 70 °C, for which temperature there is also a sudden
increase in overall current as can be seen in Figure 3.2a. This Figure shows that the
total current density increases with increasing temperature, although the current
density decreases slightly from 48 °C to 62 °C due to the fast decrease in CO;
reduction activity, after which HER takes over and the total current density
increases rapidly at higher temperatures.

Figure 3.2a and b show that the total activity for CO; reduction increases in the
first regime and decreases in the second at -1.1V vs RHE, regardless if we look at
CO; consumption or current density for CO2RR. The CO; consumption has been
back calculated from the partial current densities of the CO2RR products. To clearly
identify the temperature effect on the COZRR pathways, we define a carbon
efficiency (CE), which is essentially the FE but excluding Hz. The optimum found in
CO2 consumption around 40-48 °C is also observed in CE for the C2+ products, as
can be seen in Figure B.3. The trends in CE are mostly similar to the trends in the
FEs, although the two regimes are more pronounced in de CE graphs. Methane
shows similar trends in FE and CE, although in the CE a rapid decrease is visible
when switching between regimes. On the other hand, CO and HCOOH show
significantly different trends in the CE compared to the FE, because the FE for H;
changes strongly with temperature. The CE towards CO (Figure 3.2c) remains stable
in the first regime but increases significantly at high temperatures in the second
regime. Formic acid shows decreasing CE in the first regime (just as for the FE), but
in the second regime it increases slightly. Therefore, at the higher temperatures,
CO2RR mostly (>70% at 70 °C) produces the most simple C1 products, namely
HCOOH and CO.

Experiments at different potentials (-0.95 and -0.7 V) were performed to assess
if these trends hold at other potentials as well. Figure 3.2b shows that the optimum
in CO2 consumption is most pronounced at the highest overpotential. Figures B.2
and B.4 show the FE and CE at -0.95 V vs. RHE, which was chosen as it is near the
onset of C2+ formation. This results in the same products as at -1.1 V, but generated
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Figure 3.2 a) Total current density and current density towards CO2RR at-1.1 Vvs. RHE
b) Total consumption of CO2 during CO2RR at different reaction temperatures in 0.1 M
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and the dotted lines are a guide to the eye.
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at lower currents so that probably there is lower local pH and there are less
pronounced mass transport limitations. Most of the trends are quite similar to -1.1
V vs. RHE, although the FEs for the multi-carbon products are much lower than at -
1.1 V vs. RHE. There is an optimum in both CE and FE for C2+ products at 48 °C,
whereas the hydrogen selectivity increases in the second regime. Main differences
are that the CE towards HCOOH does not increase at high temperatures, instead
mainly CO is the favored carbon product. Moreover, the FE towards CO decreases
with temperature, although the CE increases in the second regime similarly to the
situation at -1.1 V. The decrease of FE for CO might be linked to the lack of CH4
formation. As there is already hardly any methane at 25 °C, its selectivity cannot
decrease with temperature. However, ethylene, ethanol and hydrogen still show an
increased FE with temperature, so that the FE for some other product(s), i.e.,, CO
and HCOOH, should be decreasing.

Figures B.6 and B.7 show the FE and CE at -0.7 V vs. RHE, which was chosen as
only HCOOH, CO and H; are produced. At this potential, similar trends in FE are
observed; HCOOH decreases and CO remains reasonably stable except at 70 °C, at
which temperature it drops rapidly. Hydrogen mostly increases with temperature
although the first point at 25 °C does not fit this trend. We attribute this to the very
small amounts of hydrogen produced at this temperature. This is close to the
detection limit of our GC, which makes these measurements less accurate, thus
overestimating the amount of hydrogen. Higher temperatures lead to an increasing
carbon efficiency for CO, which is also observed at -0.95 V vs. RHE. At-1.1 V vs. RHE,
not only the carbon efficiency towards CO but also towards HCOOH is increased at
high temperatures. This increase seems mainly due to the fast decrease in CE of the
C2+ products, which results in a relative increase in CE towards CO and HCOOH.

3.3.2 CO; concentration and mass transport

In all the results discussed above, the temperature change is convoluted with a
change in CO; concentration in the electrolyte. This effect can be corrected for by
performing partial pressure experiments in which the concentration of CO; can be
adjusted independently of the temperature. Figure B.8 shows the effect of the bulk
CO; concentration on the FE at 25 °C. The chosen concentrations are equivalent to
the maximum CO; concentrations at 25, 40, 55, 70 and 85 °C in equilibrium with 1
atm of COz. A lower COz bulk concentration leads to an increase in hydrogen
evolution, however not nearly as much as in Figure 3.1. With decreasing partial
pressure, the FE towards methane increases, while the FEs for HCOOH and CO
decrease. The FE towards C2+ products is not significantly affected by the changing
CO; concentration. These results mostly agree with literature, in which either the
partial pressure was changed,3839 or the local CO; availability was determined.40
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Other studies found that the ethylene activity can increase with slightly lowered
partial pressures of CO2,*! in agreement with our observations.

In Figure B.9, the concentration of CO; was kept constant at different
temperatures by changing the partial pressure accordingly. All measurements were
performed with 14 mM of CO; in the bulk. This concentration is equivalent to the
concentration at 70 °C at 1 atm of CO; as calculated with equations 3.2 and 3.3. The
trends observed here are very similar to the trends observed in Figure 3.1: there is
an increase in selectivity towards hydrogen, a decrease towards methane
formation, and an optimum in C2+ product formation. However, the FE for CO is
slightly different as it now also seems to show an optimum at 55 °C. Furthermore,
the HCOOH selectivity seems to be stable, except at the highest temperature. From
these results we conclude that most trends in Figure 3.1 are caused directly by the
increase in temperature and not indirectly by the decrease in CO; solubility with
increasing temperature. However, formic acid is an exception to this observation as
the change in selectivity seems mostly governed by the changes in the CO2 bulk
concentration, suggesting that formic acid is made in a different pathway from the
other products. Moreover, the steadiness in CO selectivity appears to be due to the
convolution of the enhancing effect of temperature and decreasing effect of the CO;
concentration.

The large drop in FE towards CO at 70 °C at -1.1V vs. RHE and the sharp
increase in activity for HER at this temperature might indicate that there are some
mass transport limitations at this temperature. We have shown before that efficient
mass transport becomes more important at higher temperatures, 16 due to higher
current densities and higher rates of the homogeneous reaction with OH- generated
at the surface.#243 In our experiments, CO; was bubbled through the cell at 40 sccm,
which is the limit of our setup. This high flow rate, in combination with a PEEK frit,
is to facilitate mass transport and prevent CO; depletion, 1326 but it might not be
sufficient. When the mass transport boundary layer is not optimized, this can
influence the selectivities significantly. 26 To check whether an unoptimized mass
transport boundary layer is involved in the observed trends, we have performed
some experiments with enhanced mass transport by stirring the electrolyte with a
small stirring bar in the cathode chamber. Figure B.10 shows that all trends
observed in Figure 3.1 do not significantly change when mass transport is
improved. This indicates that the trends observed in this study are not caused by
insufficient mass transport due to un unoptimized boundary layer. Local pH on the
other hand is not influenced significantly by better convection 4 and could still
cause the changes in selectivity as will be discussed later.
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Comparing our trends to the trends observed by Ahn et al,, 21 their study shows
a similar decrease in the selectivity towards methane and an increase towards
hydrogen with increasing temperature, although in our case hydrogen selectivity
only increases at the highest temperatures (from 48 °C onwards, which was not
included in their work, which was limited to 42 °C). They also observe an optimum
in ethylene selectivity but at lower temperature (22 °C). Their trends in FE towards
CO and HCOOH are not very distinct, although the activity of CO formation clearly
increases with temperature. We suspect that some of these differences are due to
mass transport limitations as in their experiments the HER already dominates at 42
°C. Ahn et al. attributed some of their trends to the temperature dependence of the
solubility of CO2, but our experiments show that this effect cannot explain most of
the trends observed.

3.3.3 First regime; CO coverage

To assess whether the observed trends in the first temperature regime (i.e,
below 48 °C) could be related to a temperature dependent CO coverage on the
copper electrode surface, we have performed in situ Surface-Enhanced Raman
Spectroscopy (SERS) experiments. SERS is ideally suited to study CO2RR on Cu
electrodes, due to the ability to probe reaction intermediates, electrolyte species
and the electrode surface simultaneously.#> It is inferred that with increasing CO
coverage, the rate of CO dimerization should be favored 46-4% and therefore one
expects the production of ethylene or ethanol to be related to the CO coverage. Zhan
et al. 36 suggested a qualitative SERS-based measure of (the potential-dependence
of) surface CO coverage, namely the peak ratio between the Raman peaks at 360
cm-! (assigned to the Cu-C vibration of *CO on Cu) and 280 cm-! (assigned to the Cu-
CO twisted rotation or bending vibration). They postulated that a decrease in the
280 cm-1 band intensity compared to the 360 cm-! band is indicative of high *CO
coverage, because multiple *CO close together will frustrate the Cu-CO bending
vibration.2?

Figure 3.3a shows an example of an unprocessed Raman spectrum with these
two peaks. Figure B.11 gives more details how this data was processed to obtain the
peak area ratios. Figure 3.3b shows that the coverage of *CO is not only affected by
the potential, but also by the temperature. With increasing temperature, the peak
ratio, and the coverage of CO, increases both at-0.7 and -0.95 V vs. RHE, which could
explain the increase in C2+ products in the first regime. Literature suggests that the
coverage at -0.95 is higher than at -0.7 V, which we also observe at all
temperatures.3¢ In the SI and Figures B.12-B.16, the Raman data and analysis are
discussed in more detail. From this analysis of the Raman spectra, we conclude an
increasing trend in CO coverage with temperature, independently of the exact
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Figure 3.3 a) Unprocessed Raman spectrum at 20 and 60 °C and -0.7 V vs RHE,
representative for the other Raman spectra b) The ratio between the 360 cm! and 280
cm'! Raman peak areas on Cu in 0.1 M KHCOs as a function of reaction temperature, at -
0.7 V and -0.95 V vs. RHE. The error bars are composed of at least 4 spectra and the
dotted lines are a guide to the eye.

methods used to analyze the data. With our dataset, it is only possible to make a
qualitative statement, but we consider this sufficient for the purpose of this
research.

As adsorption is an exothermic process, we would expect the coverage to
decrease with temperature based on a simple Langmuir isotherm (equation 3.4) as
the equilibrium constant K should decrease with temperature according to the van
‘t Hoff equation. However, the local CO pressure can increase with increasing
temperature because the rate of the CO; reduction to CO production becomes
higher at higher temperature. This would lead to a higher local CO concentration
near the Cu surface 50 and consequently the CO coverage.
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_ Kpg
T 14+Kpq (3-4)
with 0 the coverage, K the equilibrium constant, and p, the (local) pressure or
concentration.

Additionally, it has been proposed that significant amounts of CO; are absorbed
on the surface, thereby blocking part of the surface. 4151 It could be that due to the
lower CO2 concentration, in combination with more active reduction, less adsorbed
CO2 (*COy) is blocking part of the Cu surface at elevated temperatures. Therefore,
more CO can adsorb at the catalyst surface and thereby C-C coupling is facilitated
when the temperature increases in the first regime. 41

From equation 3.4, one would expect the CO coverage should decrease during
CO reduction as both K and p, would decrease with temperature, because CO is not
generated in situ and its solubility decreases with temperature. Thus, the
temperature trend for CO reduction is expected to be different than for CO;
reduction, if the CO coverage is an important factor. Figures B.17 and B.18 show that
for CO reduction indeed there is no optimum between 20 and 70 °C for both the C2+
products selectivity and activity. The FE towards ethylene decreases slowly up to
50 °C and then more rapidly from 50 to 70 °C. This is accompanied by a stable
activity towards ethylene up to 50 °C, which starts to decrease at higher
temperatures. These results confirm that the CO coverage is an important
parameter affecting the C2+ formation rate. The increasing CO coverage with
temperature during CO2RR thus provides a plausible explanation for the increase
in C2+ products with increasing temperature during CO2RR.

3.3.4. Kinetics and local pH

Although the coverage of CO can be linked to the selectivity trends observed in
the first regime, the temperature dependence of CO; reduction is a complicated
interplay of direct and indirect effects.16 Temperature has a direct effect on the
kinetics of the reactions via the Arrhenius equation. As the reaction pathways
towards different products have different activation energies (E.), the changes in
kinetics for each product should result in different selectivities. We have shown
previously that on a gold electrode, the (apparent) E, for the CO2RR towards CO is
higher than for the HER, which results in an increase in CO selectivity with
increasing temperature. 16 With our dataset it is difficult to determine reliable
apparent activation energies of the different products on copper (see SI and Figure
B.19-20 for a further discussion). Only for HER a relatively accurate value could be
determined, although this value is significantly lower than the value determined by
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Zong et al. (38 £ 2 kJ/mol vs. ~ 60 k]/mol, respectively). ¢ They also show that
methane has a significant lower apparent activation energy compared to both CO
and ethylene. These results indicate that kinetics could give an explanation for the
trends observed as methane selectivity decreases, while hydrogen selectivity
increases with temperature. However, it is difficult to obtain accurate experimental
data on the activation energies for CO2RR on copper, due to the large variety of
products, and presumably even more difficult to interpret them.

An indirect effect of the temperature rise is an increase in local pH, as a result
of the higher current densities related to a higher OH- production. This local pH
increase will certainly influence the reaction rates and the corresponding product
distribution. Higher local pH is beneficial for ethylene selectivity, while it inhibits
both HER and methane formation. 405253 However, there is an optimum in the
influence of the local pH and when increased too much the selectivity towards
ethylene decreases again. 5354 When the local pH is too high, the OH- near the
surface reacts with CO; to form bicarbonate via the homogeneous reaction, 4243
lowering the CO; concentration near the surface, which causes the FE for hydrogen
to increase. 54

In this perspective, the trend in total CO2 consumption at different potentials is
interesting (Figure 3.2b). At lower potentials, the current densities are lower and
the optimum in CO2 consumption shifts to higher temperatures. This suggests that
at a certain point the local CO; availability will be limited due to a high local pH.
Moreover, the total CO2 consumption at 70 °C is higher at -0.95 V than at -1.1 V,
indicating that a too high local pH can be a factor in the second regime. However, at
-0.95 V the HER dominates the FE at 70 °C, even though significant amounts of CO>
are still being consumed. Furthermore, the total current density at -1.1 V slightly
decreases at the start of the second regime (Figure 3.2a), so it is unlikely that the
local pH increases in this region. However, a similar local pH might have a larger
effect as there is a lower bulk concentration of CO2. Moreover, even at-0.7 V vs. RHE,
the activity of CO2RR decreases with increasing temperature, although the total
current density is significantly lower than at -1.1V vs. RHE. This indicates that the
increase in FE for HER under these conditions is not solely related to a lack of CO;
due to a too high local pH. Furthermore, the trends in product distribution are
similar at both potentials, as also at-0.95 V CO2 is mostly converted towards CO and
less C2H4 is produced at the highest temperatures (Figure B.4). This indicates that
the decrease in C2+ products in the second regime is likely not exclusively due to
the changes in the local pH.

Summarizing, the trends observed in the first regime between 18 and 48 °C can
probably be explained by a combination of CO coverage, differences in kinetics and
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local pH. With higher temperatures, the rate of CO2RR to CO increases, and hence
the CO coverage increases, boosting the C2+ formation. The local pH also increases,
which is less favorable for methane formation and better for ethylene. Moreover,
the activation energy for methane seems to be smaller than for the other CO2RR
products, although activation energies are difficult to determine and interpret. The
lower CO2 bulk concentration with increasing temperature cannot be linked to most
observed selectivity trends. However, it is probably the main reason for the
decrease in formic acid selectivity. On the other hand, this decrease might also
indicate a lower coverage of the OCHO* intermediate, which has been suggested as
a key intermediate for HCOOH formation. 55

3.3.5. Second regime; surface change

In the second regime, the CO2RR activity decreases significantly at higher
temperatures and HER dominates. This seems not due to the lower bulk CO;
concentration as shown with partial pressure experiments; however, a too high
local pH probably does have some contribution here. To check if this apparent
deactivation might also be related to a change in the copper surface at elevated
temperatures, we have performed electrochemical surface characterization
experiments. Figures 4, S21 and S22 show cyclic voltammograms (CV) of Pb
underpotential deposition (UPD) on the Cu electrode after CO. reduction at
different temperatures. Pb UPD is known to be sensitive to the structure of the Cu
surface. 37 The blank CV (Figure B.21a) was measured before CO2RR but after the
polishing procedure and shows two major peaks in the reduction scan. The peak at
0.07 V vs. RHE is attributed to Cu(100) sites and the peak at 0.10 V vs. RHE to
Cu(111) sites. 37 In the oxidation scan, the peaks are more convoluted as the
Cu(100) peak is less reversible compared to the Cu(111) peak. The shape of the CV
stays similar to the blank up to 48 °C, although the peaks shift slightly positively and
become gradually smaller. The smaller peak areas indicate that the surface
smoothens at higher temperatures, as the Pb UPD can also be used qualitatively to
measure the electrochemical surface area (ECSA). 37 However, as the shape of the
CVs stays the same, no major surface changes are likely to take place up to 48 °C. On
the other hand, when the temperature is increased beyond 48 °C, the Pb UPD CV
changes drastically. At 55 °C, the Cu(100) peak seems to disappear and the Cu(111)
broadens. However, the exact change in the CV is not reproducible, whereas it was
very reproducible at the lower temperatures (Figure B.21e). At 70 °C, the changes
are even more pronounced as the Pb UPD peaks almost completely disappear.
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Figure 3.4: Pb UPD CVs from 0.0 to 0.3 Vvs. RHE at 5 mV/s in 0.1 M NaClO4 + 1mM
NaCl + 2 mM PbClO4 after CO2RR for 20 min at -1.1 V vs. RHE in 0.1 M KHCO3 at a) 25
°C b) 48 °C c) 70 °C. The red and black line represent two different measurements to
illustrate reproducibility.
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From these observations, it is clear that the copper surface undergoes
substantial changes at high temperature, but it is unclear what these changes entail
exactly as the Pb UPD peaks are not observed anymore. Carbon might deposit on
the copper surface at higher temperatures, comparable to surface chemistry
reactions taking place in thermocatalytic processes, although for CO; reduction to
methanol on Cu coking is normally not a significant cause of deactivation. 3¢ On the
other hand, it has been claimed that coking can occur during electrochemical CO;
reduction as well. 5758 This could explain the broadening and eventually
disappearance of the Pb UPD peaks. However, EDX measurements (see Figure B.24)
show that although some carbon can be detected at the copper surface, the
composition of the Cu electrode does not change after CO2RR at different
temperatures. The carbon can be due to the SEM beam itself 59 and as the amount
of carbon does not change with different samples, we assume that no deposit is
formed during CO2RR. The observed oxygen is most likely due to the oxidation of
the copper surface during the transfer through air from the electrochemical cell to
the SEM-EDX. However, a recent theoretical study suggests that oxygen diffuses
faster from the bulk to the surface at higher temperatures causing the residual Cuz0
to be reduced quicker, ¢© which might change the nature of the copper catalyst and
its selectivity. Similar to the Pb UPD measurements, the SEM images indicated that
the surface becomes smoother at higher temperatures (Figure B.25).

Double layer capacitance studies have been performed to confirm this
smoothening in a quantitative manner. This technique gives an indication of the
roughness factor and these measurements confirm that at higher temperatures the
surface becomes less rough (Figure B.26 and S27). Interestingly, it seems that this
difference is mainly due to a roughening of the surface after CO2RR at 25 °C, while
at 40 and 55 °C the surface roughness does not significantly change after CO2ZRR. At
70 °C, the surface actually seems to become smoother during electrolysis.

Recently, the group of Buonsanti 6162 showed that Cu dissolves under negative
applied potentials, with subsequent redeposition on the electrode roughening the
electrocatalyst surface. Based on their results, we hypothesize that this dissolution
can be promoted by small amounts of oxygen in the system as they show the
dissolution is enhanced in air.62 Even though CO; is being purged throughout the
experiment, we cannot guarantee that the cell is completely oxygen free. At higher
temperatures, surface diffusion of the copper atoms is expected to be enhanced.
This process might be facilitated by CO produced on the surface, equivalent to the
increased Cu surface mobility with CO in gas phase. ¢3 Since the CO coverage
increases with increasing temperature, more CO is available to smoothen the
surface. A combination of these processes could explain why smoother copper
surfaces are observed at higher temperatures. A more flat surface indicates that
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there are fewer defects and the surface is more ordered. Such surfaces tend to
mainly produce hydrogen, whereas hydrocarbons tend to be formed at the defect
sites. 64 A smoother surface at high temperature could thus be one of the reasons
for the increase in hydrogen evolution.

Thus, the copper surface changes with temperature, both gradually over the
entire temperature range and rapidly at temperatures higher than 48 °C. However,
itis unknown what these changes are exactly and how they are related to the trends
in selectivity observed.

3.3.6. Reversibility of temperature effect
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Figure 3.5 Reversibility experiments; the Faradaic Efficiency (FE) of the gaseous
products of CO2RR at -1.1V vs. RHE at 70 °C after 5 and 19 min, and after cooling down
at5,19 and 32 min at 48 °C. The current density of HER is shown with the magenta dots
(at 70 °C, these are too large and fall of the scale). The lower panel shows the
temperature profile of the water bath.

At high temperature, copper mainly produces hydrogen, whereas the optimum
in the ethylene production is at 48 °C. However, this change in selectivity can be
reverted when the same Cu electrode is cooled down again from 70 °C to 48 °C, as
shown in Figure 3.5. This can be compared to the control experiment at 48 °C in
Figure B.28. Even when the catalyst has experienced CO2RR at high temperature
and its surface has changed, it can still produce comparable amounts of ethylene
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and methane as when the catalyst remains at maximum 48 °C (see Figure B.28).
Interestingly, the selectivity keeps changing with time after the electrode is cooled
down from 70 °C to 48 °C, especially the hydrogen activity decreases with time. The
changes in selectivity are thus reversible, although not instantaneous. Remarkably,
the changes seen in the Pb UPD are not reversible. If the Cu electrode is first used at
70 °C and then CO2RR is performed at 48 °C, the Pb UPD is still comparable to the
Pb UPD of the electrode which was only used at 70 °C (Figure B.23). This
observation complicates the interpretation: even though the change in the copper
surface and the optimum in activity coincide, this might be just a coincidence and
the changes on the surface of the copper might not be the cause of the deactivation
of the CO2RR in the second regime.

3.4 Conclusion

In this work, we have investigated the effect of the reaction temperature
between 18 and 70 °C on the CO; reduction on copper. We observe that it is
beneficial to work at elevated temperatures and the optimal temperature for
CO2RR electrolysis would be ~ 48 °C. Different products respond differently to the
reaction temperature. The selectivity of methane and formic acid decreases with
increasing reaction temperature, while the C2+ products show an optimum in both
selectivity and activity around 48 °C. At high temperature (e.g., 70 °C), the Faradaic
Efficiency for hydrogen evolution dominates, while CO2 is mostly reduced to CO. The
temperature range can thus be divided in two regimes: a first regime from 18 up to
~ 48 °C, in which C2+ production increases and hydrogen evolution selectivity stays
fairly constant, and then a second, high temperature, regime from 48 to 70 °C, in
which hydrogen starts to dominate and the activity of CO2RR decreases. Our results
show that for industrial applications at elevated reaction temperatures, it will be
crucial to find strategies to limit HER and that temperature is a crucial parameter
to consider for CO2RR, also in GDE setups. Furthermore, we show that CO reduction
does not experience an optimum in C2+ products, which can have implications if
one would use a cascade reaction to produce C2+ products at elevated
temperatures.

The observed trends are not simply due to the balance of reaction kinetics and
CO; solubility. Although kinetics will certainly play a role in the first regime, also an
increase in both the CO coverage (as determined with Raman spectroscopy) and the
local pH will result in a change in the selectivities For the second regime it is more
difficult to determine the exact causes of the decrease in CO2RR activity, although
with partial pressure experiments we showed that this is not due to the decreasing
CO2 bulk concentration. Pb UPD and double layer capacitance studies show
substantial structural changes in the copper surface at these high temperatures,
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which may be related to the changing selectivities. Moreover, this decrease could be
partially due to a too high local pH. Future experiments will have to consider using
a GDE setup to improve mass transport and see if the onset of the second regime is
intrinsic to copper or due to the system used. Moreover, elevated pressures could
be used to increase the solubility of CO2, which allows to study the effect of pressure
and temperature, especially from the second, high temperature, regime onwards,
more deeply.
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4. The temperature dependence of electrochemical CO, reduction on Ag and CuAg alloys

Abstract:

Ag is often studied as catalyst for electrochemical CO; reduction as it shows high
selectivity towards CO and is easily alloyed with Cu to enhance performance using
CuAg catalysts. In this study, we investigated the effect of temperature on Ag and
CuAg catalysts and compare these with previous results on Au and Cu catalysts. We
show that the temperature effect is complicated as it shows an interplay with CO;
concentration, potential and mass transport. It is therefore crucial to deconvolute
these parameters and study the effect of temperature under different conditions.
Moreover, we show that alloying Ag with Cu can inhibit some of the deactivation
effects observed at high temperatures on pure Cu. CuAg alloys can prevent the
dominance of hydrogen evolution at elevated temperatures, although an optimum
of C2+ products with temperature is still observed.
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4.1 Introduction

4.1 Introduction

Electrochemical CO2 reduction has the potential to recycle CO; and be used in
a sustainable and clean economy.12 Copper is often studied as a catalyst for CO2RR
as it can produce multicarbon products such as ethylene and ethanol. Au and Ag are
also frequently studied catalysts as they are (model) catalysts producing mainly CO
and H». They are known to be among the most active and selective catalysts towards
C0.3-8 This high selectivity is due to the weak hydrogen and CO binding strength on
these metals, which avoids further reduction of CO or CO poisoning, while also
suppressing the hydrogen evolution reaction (HER).%.10

Ag produces mostly CO or Hz depending on the potential. The optimum
selectivity towards CO is reached around -1.1 V vs RHE.3 With increasing
overpotential, Ag can also produce quite some HCOOH. Moreover, at very high
overpotentials it has been shown to produce methane, methanol and ethanol.3 At
ambient pressure this was maximum -0.01 mA/cm2,3 but at elevated pressures
these activities are increased considerably.1l Moreover, at elevated pressures, other
multicarbon products such as acetic acid, ethylene glycol and n-propanol can also
be produced, showing that Ag is capable of making C-C bonds, provided that the
experimental conditions promote higher CO coverages.11

Recently, more studies have looked at the effect of temperature on the
electrochemical CO; reduction, as temperature is an understudied but relevant
parameter. Au, as a simple model catalyst, shows a beneficial effect with regard to
the Faradaic efficiency (FE) towards CO with increasing temperature up to 55 °C.12
On Ag in a gas-diffusion electrode (GDE) system, an optimum in FE with
temperature has been observed as well, although only 3 temperatures were
studied.13 It is interesting to study in more detail if the temperature effect on Ag is
similar to that found before on Au and if Ag is able to make C-C bonds at elevated
temperatures. On copper, increasing temperature also results in an optimum, both
in CO2RR activity and in C2+ selectivity.l# The decrease in both activity and
selectivity at high temperatures is due to the dominance of HER under these
conditions. This behaviour was tentatively related to a change in the copper surface,
combined with a too high local pH. Alloying of Cu might be a strategy to prevent the
change in the Cu surface and inhibit HER at higher temperatures.

Ag is one of the metals used to alloy with Cu to obtain higher efficiencies
towards C2+ products,15-20 and might be interesting to inhibit HER at elevated
temperatures as it has shown this capability at ambient temperature. 20-22 The
underlying idea of combining Cu with Ag is that in this catalyst, Ag will produce the
CO, which can spill over to the Cu to give higher CO coverages and higher C2+
efficiencies. 21-26 However, some studies show that the effect of alloying is more a
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strain effect than a spillover effect.17.21 Moreover, the composition of the surface
alters the d-band center which could tune the *CO binding strength, thus controlling
the product selectivity.l6 The exact composition of the (surface) alloy has been
shown to alter the selectivity significantly.1620 There are reports of CuAg alloys with
a FE of above 60% towards CH4,1827 although most studies indeed report increased
selectivity towards C2+ products, specifically oxygenates.151921 For example, FEs
towards acetaldehyde of 70%,1> or ethanol with more than 35% FE, have been
reported.28

In this chapter, we show that temperature has an important effect on the
electrochemical CO; reduction on Ag, but this effect is not similar at all applied
potentials. This is due to the significant dependence of CO2RR on Ag on the bulk
CO; concentration and mass transport. This interdependence illustrates that other
parameters have to be taken into account to make proper conclusions about the
effect of a single parameter such as temperature. We also show that the exact nature
of the CuAg electrode can result in very different product distributions.
Nonetheless, in all cases there is an optimum in C2+ products at a temperature
around 40 °C, just as on bare Cu. However, with the right alloy we observe that it is
possible to reduce the dominance of HER at higher temperature and maintain
significant FE for CO; reduction.

4.2 Experimental
4.2.1 Chemicals

AgNOs3 (Acros Organics) was used for the galvanic exchange. The electrolytes
for electrolysis was prepared from KHCOz (99.95%, Sigma-Aldrich), CsHCO3
(99.99%, Alfa Aesar) and Milli-Q water (218.2 MQcm, TOC < 5 ppb). The electrolytes
were stored with Chelex (100 sodium form, Sigma-Aldrich) to clean the electrolyte
from any metal impurities.?? Ar (5.0 purity, Linde) and CO2 (4.5 purity, Linde) were
used for purging the electrolytes.

4.2.2 General Electrochemical Methods

The experiments were performed in a home-made PEEK H-cell. To clean the
cell prior to experiment, all parts were stored overnight in permanganate solution
(0.2 M HzS04, 1g/L KMnO4). Before use, the cell was rinsed, washed in diluted
piranha to remove any traces of MnO4 and MnO, rinsed again and boiled three
times with Milli-Q water. A three-electrode configuration was used during
experiments. The reference electrode was a commercial RHE (mini Hydroflex,
Gaskatel) and was placed in the same compartment as the working electrode. The
counter electrode was a dimensionally stable anode (DSA, Magneto) and was
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separated from the working electrode by an anion exchange membrane (AMVN
Selemion, AGC). All the electrochemical measurements were carried out using an
IviumStat potentiostat (Ivium Technologies). The flow of CO2 (and Ar for the partial
pressure experiments) was controlled using a mass flow controller (SLA5850,
Brooks Instrument).

4.2.3 Electrode preparations

The polycrystalline Ag working electrode (99.99%, Mateck) was mechanically
polished with decreasing diamond polishing suspension (3.0, 1.0 and 0.25 um,
Buehler) on micropolishing cloths (8 in.) until the surface was mirror polished.
Then, the electrode was successively sonicated in ethanol and Milli-Q water for 3
min to remove any impurities and dried with pressurised air, after which the
electrode was ready to use.

A polycrystalline Cu working electrode (99.99%, Mateck) was used for the
CuAg experiments. First, the electrode was mechanically polished similar as
described above for the Ag electrode. After mechanical polishing, the Cu disk was
electrochemically polished in a solution of H3PO4 (85%, Suprapure, Merck) by
applying +3 V versus a graphite counter electrode for 20 seconds and subsequently
rinsed with Milli-Q water. A galvanic exchange method based on the work of Clark
et al2! was used to synthesize the CuAg surface alloy. Using a meniscus
configuration, the electrode surface was put in contact with a AgNOs3 solution, which
was heated to 50 °C. Different concentrations of AgNO3 were used and either Ar was
bubbled through the galvanic exchange solution or the solution was open to air.
These different conditions were used as it was found they influence the product
distribution after galvanic exchange. After 5 min the electrode was rinsed, dried
with pressurized air and ready to use for the electrolysis experiments.

4.2.4 Electrolysis experiments

The electrolysis experiments were performed in a home-made PEEK H-cell
containing 6.8 mL 0.1 M bicarbonate electrolyte in each compartment. Pictures and
schematics of the jacketed cell can be found in Figures C.1 and C.2. For the
experiments with Ag, KHCO3 was used as electrolyte as this is common electrolyte
for CO2 reduction to CO. For the experiments with CuAg, CsHCO3 was used to
enhance the formation of multicarbon products and to increase the chances of
gaining insights into the effect of temperature on minor CO2RR products such as
acetate and propionaldehyde. The PEEK H-cell was embedded in a home-made
jacket which was connected to the water bath (Ecoline e100, Lauda) to control the
temperature in the cell.!* Before electrolysis, CO; was purged through the
electrolyte for 15 min while controlling the potential at -0.1 V vs RHE to saturate
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the electrolyte and heat the electrolyte to the proper temperature. Then the ohmic
drop was determined by electrochemical impedance spectroscopy (EIS) at-0.1 Vvs
RHE and 85% ohmic drop compensation was performed for all
chronoamperometry measurements. Chronoamperometry was performed for
either 60 min for the CuAg electrodes and for 32 min for the Ag electrodes. CO; was
constantly purged at 20 mL/min during the experiments. At 5, 19, 32, 46 and 60
min a gas sample was online analyzed using a Shimadzu 2014 gas chromatograph
containing two detectors (one TCD with a Shincarbon column and one FID with a
RTX-1 column). A liquid sample was taken at the end of the electrolysis. The liquid
products were analyzed using high performance liquid chromatography (HPLC,
Shimadzu) with a Aminex HPX-87H column (Bio-rad).

4.2.5 Efficiency calculations

To be able to better compare the results on pure Cu with the results obtained
with the CuAg alloys we have defined a Carbon efficiency as in a previous study.14
The Carbon efficiency is defined equivalently to the Faradaic efficiency:

Ci *a; Ci* il_l
CE = = l,_ (4.1)
l

where cnumber of carbons in product /, a is the production rate in mol/min, j is the
partial current density and n is the number of electrons transferred during CO2RR,
all for product i.

4.2.6 Partial pressure experiments

With the use of flow controllers the partial pressure of CO; can be altered by
mixing the inlet flow with Ar gas. This allows us to change the CO; concentration in
the bulk electrolyte independently of temperature. We estimate the CO;
concentration using Henry’s law in combination with an empirical equation to
estimate Henry’s constant.30

c=KP (42)

6919.53
log(K) = 108.3865 + 0.01985076 *T — ————
669365

where c is the concentration, K is the Henry’s constant, P is the partial pressure
and T is temperature. Only for the partial pressure experiments, the CO;
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concentration is actively controlled. In other experiments it follows the
temperature dependence of equation 4.3. So unless otherwise stated, the partial
pressure of CO2 is 1 bar.

4.2.7 Characterization of morphology and chemical composition

The electrochemical surface area (ECSA) was determined from the double layer
capacitance measurements following the protocol of Morales et al.31 The potential
was scanned in a broad potential range, namely -0.15 to 0.25 V vs. RHE at
sufficiently high scan rates (200 - 1000 mV/s). The capacitance was determined
from the current difference between the anodic and cathodic scan at 0.05 V vs. RHE
plotted against the scan rate. The slope of this graph gives the double layer
capacitance.

Micrographs of the CuAg electrodes were obtained by scanning electron
microscopy (SEM) in an Apreo SEM (ThermoFisher Scientific) with an acceleration
voltage of 10 kV and an electron beam current of 1.6 nA.

The XPS measurements were performed in a SPECS Phoibos system equipped
with an XRM50 X-ray source set to the Al K-alpha line used along with a
monochromator to excite the sample with a beam spot of 0.4 mm diameter at 55°
incidence. The acceleration voltage was set to 12 kV and a power of 400 W was used
for all the measurements. The HAS7500 hemispherical analyser with a pass energy
of 20 eV was employed to analyse the photoemission. All peaks have been calibrated
according to the Cu2p peak.32 All the atomic percentages were calculated according
to the cross sections at the Al K-alpha energy.33

To analyze the XPS data, CASA-XPS software was employed. For the peak fitting
a Shirley background and a linear background were subtracted for the Ag3d and the
Cu2p respectively. Gaussian-Lorentzian (50 curves) were used for peak fitting after
using the respective background subtraction.

4.3 Results and discussion
4.3.1 Temperature effect on Ag

Figure 4.1 shows that the selectivity towards CO2RR on Ag decreases with
temperature. Interestingly, apart from a small increase at low temperatures, the
partial current density towards CO is hardly effected by the temperature change
and it is mostly the increase in HER which changes the selectivities. This is striking
as this apparent independence of the CO2RR activity on temperature is different
from that observed on Au, Cu and Ni catalysts.12.1434 Temperature not only
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Figure 4.1 Temperature dependence of the Faradaic efficiency of CO2RR on Ag at -1.1
Vvs RHE in 0.1 M KHCO3

influences the intrinsic kinetics of the reaction, but also influences many other
parameters such as CO; solubility, pH and diffusion coefficients. Figure 4.1 shows
the overall effect of temperature taking all these effects into account. The effect of
the CO2 concentration is convoluted with the intrinsic effect of temperature as the
bulk concentration of CO, decreases with increasing temperature according to
equation 4.3 as illustrated in Figure C.3. The different temperature dependences of
the activity of Ag compared to the catalysts previously studied might be related to
the strong dependence of the CO2RR on Ag on the bulk concentration of C02.353¢ By
changing the partial pressure of CO;, the bulk concentration of CO; can be altered.
From these partial pressure experiments we indeed observe a strong effect of the
CO; concentration on the CO2RR activity on Ag, as can be seen in Figure C.4.

To better understand the temperature dependence of Ag as observed in Figure
4.1, different potentials were studied as this might influence the temperature effect.
Figure 4.2a shows that at a lower overpotential of -0.8 V vs RHE there is a strong
dependence of the partial current density towards CO. The FE towards CO is only
slightly affected by the temperature at this potential as also the current density for
HER and for CO2RR towards HCOOH increase with temperature. Additionally, for a
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Figure 4.2 Temperature effect of the partial current densities for CO and Hz and the FE
for CO on Ag in 0.1 M KHCOs3 a) at -0.8 V vs RHE, and b) at constant CO2 concentration
by adjusting the partial pressure accordingly at -1.1 V vs RHE

better understanding of the overall effect of temperature on the CO2RR on Ag, we
try to deconvolute some of the effects of temperature. Some parameters change only
slightly with temperature, such as pH,12 or are difficult to deconvolute, such as the
diffusion coefficient of CO,. However, the parameter which is the most pronounced
and easiest to deconvolute is the effect of temperature on the CO; bulk
concentration. With increasing temperature the CO; solubility decreases as can be
seen in Figure C.3. By adjusting the partial pressure accordingly, the bulk
concentration can be maintained constant at different temperatures. This is
primarily done to gain better understanding, and not for practical applications, as
this means lowering the CO; concentration at the lower temperatures measured,
which results in worse CO2RR than at 1 bar of CO; partial pressure as illustrated in
Figure C.4.

Figure 4.2b and C.5b show the effect of temperature at higher overpotential (-1.1V
vs RHE) at a constant CO2 concentration of 14 mM. This concentration is chosen as
it is the concentration at the highest temperature of 70 °C at 1 bar of CO; partial
pressure. Unlike in Figure 4.1, a strong dependence of CO2RR activity with
temperature can now be observed. Initially, the FE towards CO increases, but above
55 °C the efficiency slightly decreases. This indicates that the lack of temperature
dependence in Figure 4.1 is due to the strong dependence of the CO2RR on Ag on
the bulk concentration. Figure C.5a shows that this also holds at a lower
overpotential of -0.8 V vs RHE, where at constant CO2 bulk concentration the partial
current density towards CO as well as the corresponding FE increase even more
strongly with temperature when the bulk CO; concentration is kept constant.
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These results illustrate that even though understanding the overall
temperature effect is imperative to link to (industrial) applications, it is important
to deconvolute this overall effect in its single components to gain more insight into
the exact nature of the temperature effect. Besides the direct effect of temperature
on the Kkinetics, the effect on the bulk concentration of CO; is the most important
factor to study. Moreover, to fully grasp the effect of a single parameter it is
important to study this parameter at different conditions. For example, the effect of
temperature depends heavily on the potential as well which has been observed in
the differences between Figure 4.1 and 4.2a. To obtain a complete picture of the
temperature effect, we have made a 2D map of the FE for CO as a function of
potential and temperature, as we have done before for an Au rotating ring disk
electrode (RRDE).12 This is easily feasible if several potentials can be studied within
a single experiment such as in a RRDE system, but requires significantly more
experiments when electrolysis experiments are required such as when GC and
HPLC are being used as product detection methods.

Figure 4.3a shows the effect of temperature and potential on the FE towards
CO on Ag in a 2D plot. The gray dots indicate the measured datapoints and the map
was constructed by interpolation between these points. It can be seen that the
temperature effect is very potential dependent. At high overpotentials the
temperature has a negative effect on the FE, while at low overpotentials it has a
positive effect on the FE.

The difference in temperature dependence with potential might be caused by
a change in reaction order of CO, with potential. Singh et al.3> suggested that the
effect of CO2 bulk concentration is stronger at higher overpotentials because of an
increase of the adsorption free energy of CO; with higher overpotentials, which
increases the reaction order. Zhu et al.3¢ also indicate a dependence of the reaction
order in CO; with potential. They attribute this to differences in adsorbates on the
surface. However, we measured the reaction order at different potentials and do not
observe the same trend (Figure C.6). At high overpotentials, as used in both
references, the reaction order might increase.

However, at lower overpotentials we observe a reaction order which is even higher
than at these high overpotentials. Moreover, the reaction orders at high
overpotentials in our experiments are significantly lower than observed by both
references.3536 We have observed before that on Au the effect of temperature is
stronger at lower overpotentials. As a stronger dependence on the CO:
concentration with increasing overpotential has not been observed, this is most
likely due to the activation barrier becoming smaller with larger overpotentials as

expressed in equation 4.4, where AH* is the activation enthalpy, AHg is the
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Figure 4.3 FE towards CO vs temperature and potential on Ag in 0.1 M KHCO3

activation enthalpy at the standard equilibrium potential, ay is the enthalpic
transfer coefficient, F is the Faraday constant and n the overpotential:37-39

AH* = AH] + ayFn (4.4)

The FE map with potential and temperature of Ag differs significantly from the
map of Au observed before.1% In that study, the magnitude of the temperature effect
differed with potential, but it always showed a positive effect of temperature on the
FE up to 55 °C, independently of potential. However, in the case of Au, the
measurements were performed with an RRDE setup, while in this study on Ag, the
measurements were performed in an H-cell configuration. To check if this
difference in setup and measuring method causes the differences in the
temperature-potential map or if this is caused by the differences in catalyst
material, we have performed experiments with Au in the H-cell setup as well. Figure
C.7 shows similar results as on Ag, namely a decreasing efficiency with temperature.

This indicates that the temperature effect will differ between different setups.
In the RRDE setup used before, rotation rates of 2500 rpm where used to create a
controlled convection in the cell, which results in higher mass transport than in the
H-cell.#0 So in the H-cell, mass transport might be limiting, as observed before in
literature.3 However, we observe that the current for CO2RR stays stable at -0.80 V
vs RHE on the Au with increasing temperature, but with increasing potential the
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current can still increase, which would not be possible if the system is mass
transport limited. However, the local environment has shown to be important for
the activity of CO2RR and this environment can be different due to differences in
mass transport.36.41-43 Mass transport is likely to already show an effect before mass
transport limited currents are reached,*344 for example by influencing the local CO>
concentration, which influences the rate as seen by the reaction order
measurements, or by influencing the local pH.#>

To check if the observed differences are due to differences in mass transport
and to observe the effect of mass transport on the Ag electrode, we have increased
the CO; flow through the H-cell. Experiments in the RRDE setup as discussed above
for Au are much less straightforward for Ag, also because the latter electrode
material produces significant amounts of formate. Figure C.8 illustrates that higher
flow rates lead to a higher limiting current for the ferricyanide couple, showing an
improved mass transport at higher flows.** Figure C.9 shows that mass transport
does influence the Faradaic efficiencies for CO2 reduction on Ag, but not as expected.
At high overpotential of -1.1 V vs RHE, the CO; current density increases with
increased flow rate, but the Hz current density increases as well, leading to a similar
Faradaic efficiencies. At a lower overpotential of -0.8 V vs RHE, the FE increases
with temperature at the higher flow rates. Interestingly, it is not that CO; is mass
transport limited at these potentials as enhanced mass transport actually decreased
the FE towards CO at low temperatures. This is because better mass transport
enhances HER instead of CO2RR and this effect seems larger at lower temperatures.
Lower HER with lower mass transport has been observed previously on Au,*6
although in an RRDE system the opposite has also been observed.#? Clark et al.4849
show that at high overpotentials increased flow rates decrease HER, but for the
currents at low overpotentials this trend seems opposite.#? How the HER during
CO2RR exactly depends on mass transport is an interesting matter on its own, but
outside the scope of this paper. These results show that with increased mass
transport conditions, similar results as previously for Au!Z can be obtained, where
increasing temperature increases the FE towards CO up to about 50 °C. This
illustrates that mass transport is important in determining the temperature
dependance, but also that the effect of temperature with mass transport might not
be intuitive and depends on potential as well. To fully understand the
interdependence between mass transport and temperature and its effect on HER
and COZRR, more study is required into this complex issue.

The local environment might not only be different due to the differences in
mass transport between the RRDE and H-cell experiments, but also due to the
electrochemical measurement technique. For this study chronoamperometry (CA)
has been used, while for the previous study a linear sweep voltammogram (LSV)
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was taken. During a LSV the system might not be in steady state,*9-51 especially the
local pH and CO2 concentration might be very different than during an CA. As we
see a clear dependence of the CO2RR on both Ag and Au!Z on the CO concentration,
this might partially explain the differences observed.

4.3.2 Temperature effect on CuAg alloys

We have shown previously that on Cu, HER starts to dominate at elevated
temperatures. Moreover, we have shown that the effect of temperature leads to an
optimum in COZRR activity and C2+ selectivity around 48 °C. At higher
temperatures only little CO2RR takes place, of which most results in C0.14 Alloying
Ag with Cu has been shown before to result in more C2+ products, and specifically
more oxygenates such as ethanol and acetate. 151921 Studying the effect of CuAg
surface alloys can be interesting to probe the effect of temperature on these minor
products, which are difficult to detect on a Cu catalyst. To enhance the production
of minor products even more, CsHCO3 is used as electrolyte as it has shown to
enhance the production of multicarbon products on Cu.5253 Moreover, we have
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Figure 4.4 The effect of the galvanic exchange procedure on the Faradaic efficiencies of
the CuAg alloys at room temperature at -1.1 V vs RHE in 0.1 M CsHCOs. Both the
concentration of AgNOs and the nature of the gas atmosphere influences the galvanic
exchange leading to differences in FE.
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shown above that Ag generates less H; at high temperatures and it might be able to
prevent the dominance of HER on Cu at 70 °C, for example by stabilizing the copper
structure via strain effects.21The CuAg surface alloys have been synthesized via a
galvanic exchange procedure. Figure 4.4 shows that both the AgNO3 concentration
and the gas composition during galvanic exchange have effect on the product
distribution of the formed CuAg surface alloy. These differences in product
distribution might be related to differences in morphology and Ag content caused
by the different conditions during galvanic exchange. We determined the
electrochemical surface area (ECSA) by measuring the double layer capacitance as
a measure of the morphology. Figure C.10 shows that the ECSAs are very similar
between the different samples and do not explain the trends observed. With XPS,
the Ag content near the surface was determined, as shown in Figure C.11 and Table
C.1. The XPS results relate very well to the activity trends observed in Figure 4.4,
where more Agleads to more CO and less ethylene selectivity. As expected, samples
contain more Ag with more AgNO3z in the galvanic exchange solution, but
surprisingly also the gas atmosphere significantly influences the amount of Ag
present, with an Ar atmosphere leading to more Ag in the catalyst than an air
atmosphere.

We decided to continue the temperature dependence experiments with the
CuAg synthesized in 20 pM AgNOs3 in air (hereafter called CuAg20) as this produces
the most C2+ products and oxygenates, and the CuAg produced in 50 pM AgNOs3 in
argon (hereafter called CuAg50) as this catalyst produces the least amount of Ha.
Figure C.12 shows the SEM images of these two catalysts. These images show that
the overall structure of the catalyst is not that different. Both electrodes do not show
the very flat surface which was observed for Cu,* but seem more flaky. This could
be caused by the galvanic exchange at open circuit potential, which will probably
oxidize the copper surface and change its morphology. The ECSA measurements in
Figure C.10 show indeed that the CuAg alloys are slightly rougher than pristine Cu,
although the differences are not very large. EDX analysis has been performed as
well to observe where the Ag is located on these CuAg surface alloys. Figure C.13
shows that in both cases the Ag is spread over the entire surface as would be
expected from galvanic exchange.

Figure C.14 shows the effect of temperature on both CuAg surface alloys. The
CuAg20 has a broader range of products similar to Cu whereas CuAg50 is
dominated by CO. Moreover, the product distribution on the CuAg20 is more
effected by temperature than on the CuAg50. The latter is hardly influenced by the
temperature, while the first has a similar behaviour as bare Cu. To compare the
different catalysts better with each other and with bare Cu, we have plotted
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them together in Figures 4.5, C.16 and C.17. Here we also compare the data of pure
Cu in CsHCO3 with the data obtained previously in KHCO3.14 At room temperatures,
the Cs* containing electrolyte results in less hydrogen and more C2+ products than
the K+ electrolytes, as expected from literature.5253 However, with increasing
temperature the difference between the two electrolytes becomes less pronounced
and at the higher temperatures the K* containing electrolytes produce less
hydrogen, as shown in Figure 4.5b and C.12f. This indicates that the cation identity
might be an important parameter for the stability of Cu at elevated temperatures
and to inhibit HER at elevated temperatures. For the CuAg alloys, the cation does
not have a significant effect on the HER selectivity, but it changes the CO2RR product
distribution from more CH4 in K* containing electrolytes to more C2+ products in
Cs* containing electrolytes, as shown in Figure C.15.

[t can be seen in Figure 4.5 that although the selectivities are different among
the catalysts, most trends on the CuAg alloys resemble the trends with temperature
on the bare Cu electrode, especially for the CuAg20. Interestingly, the total current
density and in particular the CO2RR current density of the CuAg50 is very stable
with temperature, whereas the Cu and CuAg20 show an increase in total current
density and an optimum in CO2RR current density. The CuAg50 resembles more the
Ag catalyst shown in Figure 4.1, as it also produces significantly higher amounts of
CO than the other catalysts. Remarkably, it shows a very stable HER selectivity with
temperature, while the CuAg20 follows the trend of Cu, although both the activity
and selectivity towards H; are significantly lower than on pure Cu, even compared
to the pure Cu in KHCO3 electrolyte. This indicates that the dominance of HER at
elevated temperatures can be suppressed by alloying the Cu with Ag. Alloying might
stabilize Cu, which would also explain why we observe almost no cation effect on
the HER on the CuAg electrode, whereas there is a clear cation effect on Cu. The
increased HER in Cs* containing electrolytes on Cu could be due to the instability of
the Cu at elevated temperatures; by stabilizing the Cu with Ag this effect appears to
be eliminated.

Both CuAg alloys show an optimum in C2+ products. Interestingly, on the
CuAg50, where the CO coverage on Cu sites is likely to be high due to the large
amount of CO produced, the optimum is the least pronounced. The increase in C2+
products with temperature up to 40 °C is the least for this catalyst, indicating that
CO coverage is probably important for the increasing C2+ selectivity in the first
regime. However, even when CO is produced significantly on the CuAg50, at high
temperature C2+ activity still decreases. Moreover, Figure C.16 shows that the effect
of temperature on most carbon efficiencies is relatively stable for the CuAg20
compared to the pure Cu. This seems mostly due to the higher C2+ and lower formic
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acid production at lower temperatures for the CuAg20 compared to the pure Cu
catalyst.

CuAg20 also produces relatively large amounts of minor liquid products, which
makes it possible to observe the temperature effect on acetate, 1-propanol,
propionaldehyde and acetaldehyde in more detail (Figure 4.6). Interestingly, the CE
of acetate increases with temperature. From all other products, this is only the case
for CO. This might indicate that acetate follows a different mechanism than the
other C2+ products.>* It has recently been suggested that a ketene intermediate has
to desorb from the catalyst surface which then forms acetate in solution by reacting
with OH-.55 Similarly to CO, desorption would be important to form this product and
can be facilitated by increasing temperatures, leading to increased CE for both CO
and acetate. Acetaldehyde is another stable intermediate for which we can expect
desorption to be important to obtain higher efficiencies. However, we do not
observe a continuous increase in CE with temperature for acetaldehyde. Similar to
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Figure 4.6 Carbon efficiency and partial current density for minor liquid products on
CuAg20 at-1.1 Vvs RHE in CsHCO3 a) acetate b) 1- propanol c) propionaldehyde and d)

acetaldehyde. All data has been corrected for the evaporation of the liquid products as
described in the SI
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the other minor products 1-propanol and propionaldehyde, it shows an optimum
in CE and partial current density with temperature and an optimal production is
obtained around 30-40 °C.

These results show that alloying Cu, in this case with Ag, can be an effective
strategy to counteract the negative impact of temperature at temperatures above
50 °C, where hydrogen starts to dominate at Cu. With the proper alloy, it seems
possible to inhibit the HER, even at temperatures up to 70 °C. However, the decrease
in C2+ products at elevated temperatures seems more intrinsic and has been
observed not only for pure Cu, but also for the different CuAg alloys studied. Thus,
depending on the desired product, the proper temperature and alloy should be
chosen carefully. For C2+ products, often desired when Cu is used as catalyst, the
optimum temperature remains around 40-50 °C.

4.4 Conclusion

In this chapter we have shown that the activity of Ag for CO reduction to CO is
almost temperature independent at -1.1 V vs RHE. We show that this is due to the
interplay of potential, CO, concentration and mass transport on the temperature
effect on CO2RR. It is important to deconvolute these effects to obtain better insight
in the intrinsic effect of temperature. The intrinsic kinetics of CO2RR on Ag seems
to favour higher temperatures, also compared to HER. However, the strong
dependence on the bulk concentration counteracts this effect and results in a very
moderate overall temperature effect. Increased mass transport can lower CO2RR
selectivity by increasing HER activity. However, the exact effect of (temperature on)
mass transport on the CO2RR and the competing HER is not fully understood and
would require more detailed study. Therefore, it would be interesting to
complement studies in H-cell configurations with other setups such as rotating ring
disk setups and gas diffusion electrode configurations. Moreover, the effect of
temperature can be potential dependent, so to fully understand this effect, one can
not suffice with measuring the temperature effect at a single potential. Instead, the
interplay between potential and temperature should be investigated by studying at
least two different parameters, as illustrated by the 2D map of the effect of potential
and temperature on selectivity.

Surface alloying of Ag on Cu can alter the effect of temperature on the CO;
reduction of Cu. However, it does not alter the temperature dependence of C2+
products at high temperatures. In all cases an optimum at 40-50 °C has been
observed and at higher temperatures both activity and selectivity towards C2+
products such as ethylene and ethanol decreases. Acetate seems to be an exception
as its carbon efficiency keeps increasing with increasing temperature. More
importantly, the dominance of HER seems to be cation dependent on pure Cu and
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could be reduced with the CuAg20 catalysts and even be removed completely with
the CuAg50 catalyst. This indicates that alloying might be able to give more robust
Cu based catalysts at higher temperature, although significant development is still
required to attain the Cu alloy with the desired properties and selectivities at
elevated temperatures.
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5. Nickel as electrocatalyst for CO(,) reduction

Abstract

Electrochemical CO; reduction on Ni has recently been shown to have the unique
ability to produce longer hydrocarbon chains in low but measurable amounts.
However, the effect of the many parameters of this reaction remain to be studied in
more detail. Here, we have investigated the effect of temperature, bulk CO:
concentration, potential, the reactant, cations and anions on the formation of
hydrocarbons via a chain growth mechanism on Ni. We show that temperature
increases the activity but also the formation of coke, which deactivates the catalyst.
The selectivity and thus the chain growth probability is mainly affected by the
potential and the electrolyte composition. Remarkably, CO reduction shows lower
activity, but higher chain growth probability than CO reduction. We conclude that
hydrogenation is likely to be the rate determining step and hypothesize this could
happen either by *CO hydrogenation or by termination of the hydrocarbon chain.
These insights open the way to further development and optimization of Ni for
electrochemical CO; reduction.
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5.1 Introduction

Electrochemical CO; reduction (CO2RR) using renewable electricity is an
interesting process to produce sustainable hydrocarbons in the future. Multicarbon
products are of particular relevance as they are required in chemicals and fuels.
Although several metal catalysts are able to reduce CO; to useful products, Cu is the
only metal able to produce C2+ products in significant amounts.!-3 However, the
largest molecule that Cu is able to form electrochemically from CO; is propanol, a
C3 molecule.# Efforts to produce longer hydrocarbons using Cu derived catalysts
have not been very successful up to now.>-7

Already in the 1990s, Kudo et al.8 showed that at elevated temperatures and
pressures, nickel electrodes are able to reduce CO; and to form longer
hydrocarbons, following the Anderson-Schultz-Flory distribution known from
thermochemical Fischer-Tropsch synthesis.? However, the selectivities were
extremely small. Recently, Zhou et al.5 showed that higher hydrocarbon selectivities,
of up to 15 percent, are possible on nickel oxygenate-derived catalysts. They found
linear and branched hydrocarbons with chains of up to six carbon atoms and
indicate that Ni follows a Fischer-Tropsch like mechanism where CHy intermediates
are inserted into the growing hydrocarbon chain.

In the literature, it has been suggested that elevated temperatures could be
beneficial for the formation of longer hydrocarbon chains.810 However, these results
are convoluted with a pressure effect as both are increased simultaneously. We have
shown in previous work that temperature can play a major role in CO; reduction
and can influence both the selectivity and the activity. On copper, higher
temperatures lead to more C2+ products, although there is an optimum around 48
°C.11 Ni binds the intermediate CO too strong to obtain high conversion rates of
CO2RR,312 however an increase in temperature could help to overcome this barrier
and facilitate CO2RR. Moreover, the thermocatalytic Fischer-Tropsch reaction is
influenced by temperature as well, with higher temperatures leading to shorter
hydrocarbons and higher conversions.!3 It is interesting to compare the effect of
temperature on Ni to what is known on Cu, as Ni presumably follows an entirely
different mechanism. Moreover, more insights are needed to understand why some
catalysts like Ni, but also PdAu, 1* Au/Ti,'> and Fe phthalocyanine catalysts16 follow
a kind of chain growth mechanism, while the most commonly studied catalysts as
Cu, Ag, Au and Sn do not. Additionally, studying this electrochemical Fischer-
Tropsch mechanism could give us more insight in other CO2RR mechanisms that
might open up at elevated pressures and temperatures.

In this chapter, we investigate a nickel-derived catalyst for the electrochemical
CO2 reduction. Specifically, we investigate the effect of temperature on the
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performance of nickel for CO2RR, but also the effects of partial pressure, electrode
potential and electrolyte composition are investigated. We show that the chain
growth probability does not depend intrinsically on the temperature and partial
pressure, although temperature does influence the degradation rate. Electrode
potential and especially electrolyte cations influence the chain growth probability.
Moreover, CO and CO; as reactant show interesting differences in activity and
selectivity. Furthermore, we discuss that the rate determining step is most likely a
hydrogenation step and offer several possibilities.

5.2 Experimental
5.2.1 Chemicals

The electrolytes for electrolysis were prepared from Li;CO3 (99.999%, Acros
Organics), NaHCOz (99.7%, Sigma-Aldrich), KHCO3 (99.95%, Sigma-Aldrich),
CsHCO3 (99.99%, Alfa Aesar), KH2POs (99.9%, Sigma Aldrich), K;HPO.
(TraceSELECT, 99.999%, Sigma Aldrich) and Milli-Q water (218.2 MQcm, TOC < 5
ppb). The HCO3- electrolytes were stored with Chelex (100 sodium form, Sigma-
Aldrich) to clean the electrolyte from any metal impurities.l” Ni(NO3)2 *6 H20
(99.999%, Sigma-Aldrich), Na;HPOs *2 H,0 (99.5%, Merck), ethanol (puriss,
Honeywell) and Milli-Q water were used to prepare the deposition electrolyte.
H2S04 (95-98%, Sigma-Aldrich), H202 (35%, Merck) and KMnO4 (99%, Sigma-
Aldrich) were used to clean the cells. Ar (5.0 purity, Linde), CO (4.7 purity, Linde)
and CO2 (4.5 purity, Linde) were used for purging the electrolytes.

5.2.2 General Electrochemical Methods.

The experiments were performed in a home-made PEEK H-cell or a borosilicate
glass cell. The cells were cleaned prior to experiment by storing them overnight in
a permanganate solution (0.2 M H2SO4, 1g/L KMnO4). Before use, the cells were
rinsed and submerged in diluted piranha to remove any traces of MnO4 and MnOx.
Thereafter, they were rinsed again and boiled three times with Milli-Q water. A
three-electrode configuration was used during experiments. The reference
electrode was a commercial RHE (mini Hydroflex, Gaskatel) and was placed in the
same compartment as the working electrode. An anion exchange membrane (AMVN
Selemion, AGC) was used to separate the counter electrode (DSA, Magneto) from
the working electrode. All the electrochemical measurements were carried out
using an IviumStat potentiostat (Ivium Technologies). The flow of CO2 or CO (and
Ar for the partial pressure experiments) was controlled using a mass flow controller
(SLA5850, Brooks Instrument).
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5.2.3 Electrode preparation.

The polycrystalline Ni working electrode (99.99%, Mateck) was mechanically
polished with decreasing diamond polishing suspension (3.0, 1.0 and 0.25 um,
Buehler) on micropolishing cloths (8 in.) until the surface was mirror polished.
Then, the electrode was successively sonicated in ethanol and Milli-Q water for 3
min to remove any impurities and dried with pressurised air. Thereafter, the
electrode was electrochemically polished in a 50/50 solution of H,SO4 and H3PO4
(85%, Suprapure, Merck) by applying +2 V versus a graphite counter electrode for
20 seconds. Subsequently, the electrode was rinsed with Milli-Q water, dried with
pressurized air and used for deposition. The Ni electrode was put in contact with
the deposition solution (63 mM Ni(NOs3)z + 8 mM NayHPO. in MilliQ-water with
25% ethanol) using a meniscus. Deposition was performed by cyclic voltammetry
from -0.75 to 0.65 V vs RHE for 5 cycles at 15 mV/s. Next, the electrode was
thoroughly rinsed with Milli-Q water and dried with pressurized air, after which it
was ready to use for the electrolysis experiments. For control experiments, the
electrode was used after the electropolishing step without deposition.

2.4. Electrolysis experiments.

The electrolysis experiments were performed in the home-made PEEK H-cell
containing 6.8 mL 0.1 M HCO3- electrolyte in each compartment. The PEEK H-cell
was embedded in a home-made jacket which was connected to a water bath
(Ecoline €100, Lauda) to control the temperature in the cell. Before electrolysis, CO>
(or CO) was purged through the electrolyte for 15 min while controlling the
potential at -0.1 V vs RHE to saturate the electrolyte and get the electrolyte to the
proper temperature. Then the ohmic drop was determined by electrochemical
impedance spectroscopy (EIS) at-0.1 V vs RHE and 85% ohmic drop compensation
was performed for all chronoamperometry measurements. Chronoamperometry
was performed for 32 min and CO2 was constantly purged at 20 mL/min. At 5, 19
and 32 min a gas sample was analyzed online using a Shimadzu 2014 gas
chromatograph containing two detectors (one TCD with a Shincarbon column and
one FID with a RTX-1 column). These time intervals were chosen based on the
limitations of the GC. A liquid sample was taken at the end of the electrolysis. The
liquid products were analyzed using high performance liquid chromatography
(HPLC, Shimadzu) with a Aminex HPX-87H column (Bio-rad).

5.2.5 Chain growth probability calculation

If the formation of hydrocarbons occurs though the polymerization of C1
intermediates, this mechanism resembles the Fischer-Tropsch synthesis
mechanism.?18 This mechanism follows the Anderson-Schultz-Flory model:19
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W, = n(1—a)?a™? (5.1)

where W, is the weight percent of a product containing n carbon atoms and « is the
chain growth probability. Equation 5.1 can be used to calculated the chain growth
probability by plotting In(W,/n) vs. n:

In (%) =nln(a) —In(a) + 2In(1 — a) (5.2)

5.2.6 Deactivation ratio

To get better insight in the deactivation of the catalyst over time we compare
the chain growth probability at the last and first measurement and have defined a
deactivation ratio with the following expression:

X32 min

DR= —— (5.3)
a5 min
where DR is the deactivation ratio and a is the chain growth probability. 32 min has
been used due to the sampling time of the GC.

5.2.7 Partial pressure experiments

With the use of flow controllers the partial pressure of CO2 can be altered by
mixing the inlet flow with Ar gas. This allows us to change the CO; concentration in
the bulk electrolyte independently of temperature. We estimate the CO:
concentration using Henry’s law in combination with an empirical equation to
estimate Henry’s constant.20

C=KP  (5.4)

6919.53
log(K) = 108.3865 + 0.01985076 * T —————
669365
—40.4515 *log(T) + T2 (5.5)

where Cis the concentration, K is the Henry’s constant, P is the partial pressure and
T is temperature

5.2.8 Characterization of morphology and chemical composition

Micrographs of the deposited Ni electrodes were obtained by scanning electron
microscopy (SEM) in an Apreo SEM (ThermoFisher Scientific) with an acceleration
voltage of 15 kV and an electron beam current of 1.6 nA. The chemical composition
of the electrode was investigated by energy dispersive X-Ray spectroscopy (EDX)
using an Oxford Instruments X-MaxN 150 Silicon Drift detector coupled to the
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Apreo SEM. EDX data was processed with the Pathfinder™ X-rayMicroanalysis
software v1.3. The quantification of chemical elements was performed in automatic
mode.

5.2.9 Raman Spectroscopy

Raman spectroscopy measurements were carried out to determine the
formation of coke during electrochemical CO; reduction on Ni. The measurements
were carried out ex-situ both before and after the reaction. A confocal spectrometer
(Witec Alpha300 R) was used with a 457 nm excitation wavelength laser. A 100
times magnification objective was used for spectra collection. The laser power was
kept below 2 mW to prevent sample damaging. All measurements were performed
under ambient conditions at room temperature. Optical images of the electrode
were recorded using the optical camera equipped to the Raman microscope setup.

5.3 Results and Discussion
5.3.1 Temperature effect and deactivation.

Inspired by Zhou et al.5 we have used a phosphate derived Ni catalyst in this
study as it is more active than metallic Ni. The phosphate derived Ni was
prepared by electrodeposition with a Ni foil as substrate to avoid any influence
of other metals in the catalyst. Figure D.1 shows an SEM picture and a EDX map
of the Ni electrode before electrolysis, from which it can be seen that the deposit
forms a layer on top of the Ni foil. This layer does not cover the Ni foil completely
but consists of small patches with cracks in between where the underlaying Ni
foil is still visible. The observation of cracks might be due to drying of the layer
when transferring the electrode from the electrolyte to the SEM. The deposited
layer consists of Ni with oxygen and phosphor atoms, possibly forming a nickel
phosphate layer mixed with nickel oxide. The atomic ratio of the EDX analysis
suggests the layer is not fully nickel phosphate as the oxygen phosphor ratio is
8:1 instead of 4:1. However, it could also be that the layer is nickel phosphate
and the Ni underneath is oxidized, resulting in this ratio. During electrolysis the
surface changes significantly as there is not a clear layer visible anymore but
rather oxide particles on the surface are observed (Figure D.2). However,
phosphor is still observed in the EDX spectrum and for the activity the
formation of the deposited precatalyst is important. Zhou et al.> suggested that
it is imperative that the nickel is not fully reduced during CO2RR to obtain
moderate CO binding sites, and they reported that a nickel phosphate
precatalyst works best. We also observe that the deposited Ni is a better catalyst
towards CO2RR than the bare Ni foil (Figures D.3 and D.5), which is not due to
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a roughness effect as shown in the capacitive measurements in Figure D.4, but
probably due to similar effects as the catalysts of Zhou et al.5> Throughout the
remainder of this study the deposited Ni is used as the catalyst as it is a better
catalyst and the production of hydrocarbons is sufficiently high to accurately
determine parameters such as the Faradaic efficiency (FE) and chain growth
probability (a) under all conditions used.
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Figure 5.1 a) Activity and b) chain growth probability as function of temperature on Ni
in 0.1 M KHCO3 at-1.175 V vs RHE
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Figure 5.1a shows the partial current densities for the CO; reduction to
different products (up to C4) on the nickel catalyst as a function of temperature.
The C1 product is methane, and ethylene and ethane are the C2 products
observed. Interestingly we only detect propene as C3 product, while butene and
butane are the observed C4 products. Some C5 products, namely pentene and
pentane were also detected, although in such small quantities that accurate
quantification was not possible, so these products are omitted from all figures
shown. Figure 5.1 shows that by increasing temperature, the activity towards
CO2RR increases up to 45 °C, after which it rapidly decreases. The mechanism
of CO2RR on Ni must be different than on Cu, which does not show the
formation of C3-C5 hydrocarbons. Nickel follows a chain growth mechanism
comparable with the mechanism of the Fischer-Tropsch reaction in
thermocatalysis. Just like for the Fischer-Tropsch reaction, an Anderson-Flury
distribution is followed and a chain growth probability @ can be determined
(Figure D.6). However, an interesting observation is that besides the
hydrocarbons also formate is produced, for which the activity is highest
between 10 and 30 °C. Kudo et al.8 also showed the formation of formate,

especially at elevated pressures, whereas Zhou et al.> did not report any formation
of formate. Formate does not feature in the chain-growing Fischer-Tropsch
mechanism and is likely to be formed via a different mechanism which occurs in
parallel. Figure D.7 shows the FE for the chain growth products with temperature
and time. Although the FE for CO2RR is low, a total FE around 100% is reached as
the hydrogen evolution reaction (HER) clearly dominates the reaction. This is
generally known in literature,312 and to use Ni as an active catalyst for CO;
reduction, significant progress to reduce HER is still required. However, to study the
chain growth mechanism on Ni on a fundamental level, these activities and
selectivities are sufficient. At lower temperatures, some time is necessary to
activate the catalyst, as the selectivity increases in time. At higher temperatures the
opposite occurs and the selectivity slightly decreases in time.

The effect of the temperature on the chain growth probability is shown in
Figure 5.1b. The chain growth probability decreases with increasing temperature,
especially at longer reaction times. The decrease in chain-growth probability is the
most significant at the highest temperature, as is illustrated by the deactivation
ratios in Figure D.7. When the graphs would be extrapolated to 0 minutes of
reaction time, it seems that the chain growth probability could be similar between
the different temperatures. This would indicate that temperature does not have an
intrinsic effect on the mechanism of chain growth on Ni. However, higher
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Figure 5.2 Raman spectrum before and after CO2RR on Ni in 0.1 M KHCOs3 at -1.175V
vs RHE showing the formation of coke on the electrode

temperatures lead to higher activities of CO2 reduction, which is accompanied with
a higher deactivation rate, affecting the chain growth probability.

Moreover, at elevated temperatures, the current increases over time, as can be
observed in Figure D.9a. This increase in current is due to an increase in hydrogen
activity and is not caused by the catalyst preparation as it is also observed on the
plain Ni electrode (Figure D.9b). The formation of carbon deposits, hereafter called
coking, on the electrode surface is the most probable cause of the deactivation of
the catalyst, leading to a lower chain growth probability and an apparently higher
HER activity. Coking is generally observed in the thermocatalytic Fischer-Tropsch
reaction?!-25 and as CO2RR on Ni presumably follows a similar reaction mechanism,
coke is expected to form here as well. Moreover, the electrode becomes visibly black
after CO2RR, but not after HER (Figure D.10). A microscopic image shows black
patterns all over the electrode after CO2RR (Figure D.11). To provide solid evidence
for the formation of coke, Figure 5.2 shows Raman spectra before and after CO;
reduction. The peak around 960 cm-! in the spectrum before CO2RR is likely from
P04.26 After CO; reduction, intense bands are observed at 1370 and 1585 cm,
which are characteristic for coke formation. 21-23.2527.28 The band at 1370 cm-},
commonly called the D band, is assigned to a more disordered type of carbonaceous
species and arises due to the breakdown of the selection rule due to defects and
disorder in the crystal structure.21.27.28 The band at 1585 cm! is called the G band
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and is assigned to a more graphite-like carbon.21.22 The 2D peak is typical for
graphene,2® but can also be observed in graphite, where it shifts to the higher
wavelengths observed here.30 Combined with the high intensity of the G band, this
indicates that the coke formed on the Ni catalyst during electrochemical CO;
reduction consists mostly of a graphite-like structure. This graphitic carbon is often
considered to be responsible for catalyst deactivation by blocking the active sites
for CO2RR.212225 The faster decrease of the chain growth probability with higher
temperatures suggests the coke could inhibit the propagation of the hydrocarbon
chain, possibly by occupying adsorption sites making it more difficult for carbon
intermediates to reach the growing hydrocarbon chain. Quantification of the coke
is difficult due the inhomogeneous coke formation as can be seen from Figure D.11.

5.3.2 Effect of electrode potential and bulk CO; concentration
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Figure 5.3 a) activity and b) chain growth probability as a function of electrode

potential. c) activity and d) chain growth probability as function of CO: partial pressure
on the Ni catalyst in 0.1 M KHCOs at-1.175 V vs RHE
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To understand the effect of temperature on the CO2RR on the Ni catalyst and
its deactivation in more detail, additional parameters have been studied. Figures
5.3a and b show the effect of electrode potential, while Figures 5.3c and d show the
effect of the bulk concentration of CO; by adjusting the partial pressure. It can be
seen that with increasing potential the activity of CO2RR increases. However, the FE
shows an optimum around -1.125V vs RHE (Figure

D.12). Figure 5.3b shows that the chain growth probability is influenced by the
potential, with lower overpotentials producing longer chains. Yet, at 5 min this
dependency is less obvious. This time effect is not caused by deactivation as is the
case with temperature. Instead, from 5 to 19 min the chain growth probability
increases at -1.075 and especially at -1.025 V vs RHE. Therefore, at the lowest
potentials, time is needed to activate the catalyst, which is also apparent from the
FE in Figure D.11 and the deactivation ratio in Figure D.8. This indicates that the Ni
phosphate deposited pre-catalyst requires negative potential to transform into the
active catalyst. We hypothesize the Ni might need to be partially reduced or the
phosphate needs to be partially removed to obtain the active phosphate derived
catalyst. The deactivation between 19 and 32 minutes seems similar at all
potentials. Figure D.13 shows indeed that not higher current densities but higher
temperatures are causing the higher deactivation rate observed in Figure 5.1b. In
this figure, the chain growth probability of two experiments with similar current
densities are compared. The experiment at higher temperature and lower potential
shows higher deactivation than the experiment at lower temperature and higher
potential. This is even more apparent in the deactivation ratio plotted versus both
temperature and potential in Figure D.7, which illustrates that there is a strong
deactivation at higher temperatures. The deactivation at higher potentials stays
constant, while at low potentials the beforementioned activation is evident by a
deactivation ratio higher than 1.

The bulk concentration of CO; does not influence the chain growth probability
or the deactivation as can be seen in Figure 5.3d. The chain growth probability at
0.2 atm has not been taken into account as the C4 production was too low to obtain
an accurate value. The activity is also not impacted significantly with decreasing
CO; concentration until a partial pressure of 0.2 atm. Below this concentration the
activity decreases very rapidly. These results show that the effects in Figure 5.1 are
mainly caused by the increase in temperature and not due to the changes in the bulk
CO; concentration.
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5.3.3 Effect of electrolyte cation and reactant
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Figure 5.4 a) Chain growth probability for different cations for both CO2ZRR and CORR
b) activity for CO2RR for different cations at -1.175 V vs RHE and c) activity for CORR
for different cations at-1.075 V vs RHE on the Ni catalyst in 0.1 M KHCO3

For COz reduction, a cation effect is commonly observed.31-34 Figure 5.4 shows
that cations also influence the CO2RR and CO reduction (CORR) on the Ni catalyst.
The chain growth probability of CO2RR depends significantly on the cation used
and is the highest for K+. However, the total current density of CO2RR does not
depend significantly on the cation as seen in Figure 5.4b. Li* and Na* show almost
similar activities as K+, although the product distribution is significantly altered. Cs*
however shows significantly lower activities, which is notable as on other metals
Cs* electrolytes often results in the most active catalyst.3233 Figure D.14 shows that
the deactivation rate also depends on the cation, where Cs is the most stable and Li
the most unstable. However, this does not influences the activities significantly as
both at 5 min and at 32 min the trend is similar to the time-averaged trend observed
in Figure 5.4b.
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5. Nickel as electrocatalyst for CO(,) reduction

In addition to CO; reduction, we also performed experiments with CO as the
reactant, as CO is expected to be a likely intermediate to form CHy intermediates to
grow the hydrocarbon chain. Figures 5.4a and c show that CO reduction does indeed
occur on the Ni catalyst, and that the chain growth probability is higher than for
CO2RR, although the activity is significantly lower. The chain growth probability
and activity for CORR depend significantly on time, whereas this was not the case
for CO2RR. It seems that the catalyst requires an activation time as a increases with
time. This might be due to the lower activities and could be comparable to the
observations at lower overpotentials during CO2RR in Figure 5.3b. Moreover, the
cation effect on CORR is significantly smaller than for CO; reduction.

To be able to compare the CO reduction vs. the CO2 reduction in more depth we
have compared them in different electrolytes and at different electrode potentials.
Experiments in Figure 5.4 have been performed in bicarbonate electrolyte.
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Figure 5.5 The activity, selectivity and chain growth probability on the Ni catalyst with
different applied potential, reactant and anions. The potential given is on the RHE scale,
bicarbonate and phosphate electrolytes were used at 0.1 M and either CO or COz was
saturated in the solution.
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However, CO and CO; saturated bicarbonate electrolytes have different pH values. If
the rate determining step (RDS) comprises of a proton transfer, this can be
important because both reactions should then either be compared on an SHE or
RHE scale. For Cu catalysts, methane and hydrogen formation have been compared
on the RHE scale, while CO and the C2+ products have been compared on the SHE
scale.3536 To check for these pH effects we have compared both reactions at similar
potentials both at the RHE and SHE scale (Figure 5.5; II, I1I, IV). Moreover, both
reactions have been performed in a pH 7 phosphate buffer, which does not change
pH when saturated with either CO or COz (Figure 5.5; I and V). Figure 5.5 shows that
when CO2RR and CORR are compared at the same potential vs SHE instead of RHE,
the differences only become larger, indicating pH is important for the RDS.
Moreover, the differences in activity and chain growth probability also remain when
the experiments are performed in phosphate buffer. However, an interesting
observation is that the activities and selectivities of both CORR and COZRR increase
when phosphate is used as electrolyte instead of bicarbonate. At the same time the
chain growth probabilities decrease in both cases. Phosphate is known to be a good
proton donor37 and it might be that this increases the activity of CO2)RR on Ni (also
compared to HER). This would also suggest that these reactions might benefit from
more acidic electrolyte conditions and that electrolyte engineering can play an
important role in optimizing this reaction.

5.3.4. Discussion and open questions

For the thermocatalytic Fischer-Tropsch reaction, CO dissociation, oxygen
removal, carbon hydrogenation and chain termination have all been suggested as
the rate-determining step and it appears difficult to reach a consensus.1® However,
recent studies show that the hydrogenation step is the most important for the
overall kinetics.38 For the electrochemical Fischer-Tropsch like mechanism of
CO2RR, the CO; activation is an additional step which could be rate-limiting. For CO;
to CO, it is generally assumed that the first electron transfer to activate CO; is the
RDS,39-42 while for C2+ formation on copper the CO dimerization is generally
considered the RDS.43-45 Both steps are highly sensitive to catalyst structure*6-48
and local electrolyte composition, i.e. cation concentration and identity. 32-34 From
the data in Figure 5.5, we suggest that the CO; dissociation is not the RDS for the
formation of hydrocarbons on Ni as the activities for CO2RR are higher than for
CORR. If CO2 activation would be the RDS, we would expect higher activities when
this step is bypassed by starting with CO as reactant. Similar activities are expected
if the RDS is after the CO; activation, as has been observed on Cu
electrocatalysts.#50 Moreover, CO; activation as RDS would result in a dependence
on the bulk CO; concentration. However, Figure 5.3c shows this is not the case
unless very low concentrations are used.
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The apparent activation energy for the different products can be obtained by
an Arrhenius plot (Figure D.15). This activation energy is ca. 60 kJ/mol and is
similar for the different CO2RR products. This would suggest that the rate
determining step is the same step for all products. Moreover, we observe an anion
effect, with a better proton donor leading to higher activities. This indicates that a
hydrogenation step is the RDS. Another indication for hydrogenation as the rate
determining step is the effect of pH as seen in Figure 5.5. These results indicate that
a proton transfer is involved in the rate determining step, as is the case for
hydrogenation.

Equivalent to the thermocatalytic Fisher-Tropsch reaction, both the
termination of the hydrocarbon chain by hydrogenation or hydrogenation of *CO
could be the rate determining step. From our data, it is not possible to exclude CO
reduction as the RDS as we have done for CO. If CO reduction is the RDS, we might
expect that CO2RR and CORR give equal activities as the CO activation to CO should
not have any effect. However, we observe that CO reduction leads to lower activities
than CO2RR. This might be explained if the local CO concentration is higher during
COz reduction than during CO reduction due to the low CO solubility. A dependence
on the CO coverage could also explain why the activity decreases only at low CO;
concentrations, where the CO coverage might be more limited. However, it could
also be that CO adsorbs strongly to the surface, which blocks sites for hydrogenation
of the hydrocarbon chain and thus lowers the activity. This could be another
explanation why CO leads to lower activities, something that also has been observed
in thermocatalytic Fischer-Tropsch synthesis, where CO has a negative reaction
order.38 Another possible explanation for the observation that CO2RR is more active
than CORR is that they follow different pathways, as has been suggested by Zhou et
al.5 However, this is merely an hypothesis and could also be due to different reaction
sites for CO and not to a difference in mechanism, as has been observed for co-
feeding experiments on Cu electrodes.5152 An argument in favor of *CO
hydrogenation as RDS is that for the formation of methane on Cu, the RDS is
hydrogenation of *CO to form *CHO.53

When the chain growth probability is plotted vs activity, a negative trend is
observed (Figure D.16). The chain growth probability can be defined as:°

Rp

Q==
Rp + Ry

(6)

where «a is the chain growth probability, R, the rate of propagation, and Rr the rate
of termination. The negative trend between activity and chain probability could be
related to the deactivation by coke formation. However, this trend is also seen for
the experiments at different potentials, where no difference in deactivation due to
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coking has been observed (Figure D.7). This negative trend might therefore indicate
that the hydrogenation to terminate the chain is the rate determining step instead
of *CO hydrogenation. This would namely mean that an increase in activity is
related to an increase in Ry, which leads to an decrease in chain growth probability.
This is similar to the thermocatalytic Fischer-Tropsch reaction, where at low
pressures the termination step is also considered rate limiting.38

The only observation which is more difficult to align directly with
hydrogenation as rate determining step is the cation effect observed in Figure 5.4.
The cation effect on its own can still be explained as the hydrogenation can be cation
mediated, similar to the hydrogen evolution reaction.>* However, this would not
explain why the cation effect is larger for CO2RR than for CORR. It might be that the
cations only start to be important at higher coverage of intermediates and that
when CO is absorbed these coverages cannot be reached. Moreover, the cations do
not follow the same negative trend between activity and chain growth probability.

This might indicate that the cations interact in a different way with the chain
growth on the Ni catalyst. These observations strongly suggests that hydrogenation
is involved in the rate determining step. However, whether this is the hydrogenation
of *CO or the hydrogenation that leads to termination of the hydrocarbon chain
cannot be answered conclusively. A systematic mechanistic study including in situ
spectroscopic experiments is required to determine the exact rate determining step
and the precise role of the cations. This is outside the scope of the current study, but
shows that many open questions remain to be answered about the electrochemical
chain growth mechanism.

5.4 Conclusion

In this work, we have investigated the electrochemical reduction of CO; on Ni
via an electrochemical Fischer-Tropsch-like mechanism. We observe that
temperature enhances the activity, but also the formation of coke, which deactivates
the catalyst. This results in a faster decrease of the chain growth probability with
time at higher temperatures. The bulk concentration of CO; hardly influences the
reaction. The chain growth probability is mainly influenced by potential and
especially the electrolyte composition. Lower potentials lead to lower activities and
higher chain growth probabilities. Moreover, K* containing electrolytes form the
longest hydrocarbons, although the effect is smaller with CO as reactant instead of
CO;. Also the anions can influence the reaction, where better proton donating
anions seem to increase the rate of reaction. The rate determining step is most likely
a hydrogenation step and we hypothesize this could either be the hydrogenation of
*CO or the hydrogenation of the hydrocarbon chain to terminate its growth. These
results open the way to further development of Ni as a catalyst for electrochemical
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CO; reduction. Furthermore, they give insight in the Fischer-Tropsch-like
mechanism, which makes it possible to optimize this reaction, also on other
catalysts. However, more research is needed to understand the mechanism in more
detail and especially the influence of the electrolyte composition on the mechanism.
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6. Design of a RDE setup operating under high pressure and temperature

Abstract

We describe the design and development of a rotating disk electrode (RDE) cell
capable of operating at pressures up to 140 bar and temperatures up to 200°C. This
setup enables electrochemical surface characterization through techniques such as
voltammetry and impedance spectroscopy, under different mass transport
regimes. Furthermore, evaluation of catalytic performance, including CO:
reduction, is possible as the system works in a semi-continuous mode interfaced
with online gas sample measurements. As a proof of concept of the high-pressure
cell designed, we examined the temperature-dependent changes in the cyclic
voltammograms (CVs) of polycrystalline gold up to 150°C and 50 bar. Additionally,
online catalytic performance of CO; reduction to CO on a rotating polycrystalline
gold disk electrode was investigated under different pressure and temperature.
Our results indicate a positive impact of pressure on the faradaic efficiency (FE)
towards CO up to 6 bar after which it plateaued around 90%. Further increase of
pressure and temperature had a significant positive effect on the activity. This
study opens up promising avenues for future investigations in electrocatalysis,
ranging from fundamental explorations of surface modifications induced by
variations in temperature and pressure to the development of high-performance

catalysts.
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6.1 Introduction

The CO: electrochemical reduction reaction (CO2RR) offers a promising
strategy for CO> utilization when powered with renewable electricity. Through this
approach, CO; can be converted using water as a proton donor, which provides an
advantage compared to the use of H; in conventional thermal catalytic conversion.
A wide range of products has already been reported from CO2RR, including C1 to C3
compounds such as formic acid, CO, ethylene, ethanol, n-propanol, as well as other
compounds like aldehydes and ketones 12

To date, CO2RR has primarily been studied under ambient conditions, where
Cu is the sole metal capable of facilitating C-C coupling and thereby producing Cz.
compounds with higher yields 34 Conversely, in thermal catalysis, Cu-based
catalysts predominantly yield C1 compounds such as CO and methanol 5. Fe and Co
are well-established metals utilized in the Fischer-Tropsch reaction to generate
olefins and high-density carbonaceous compounds at temperatures exceeding
200°C and pressures of 30 bar 7-9. However, Fe exhibits limited electrochemical CO;
conversion capability 1011, Some of these disparities between thermal and
electrocatalysis may be related to variations in reaction conditions, wherein
temperature and pressure significantly influence compound adsorption on the
catalytic surface. For example, Zhang et al. 12 demonstrated that the selectivity for
multicarbon products follows a volcano trend based on the ratio of the Cu-CO
stretching band to the Cu-CO rotation band. This ratio increases with increasing
temperature 13, which agrees with the enhanced formation of C: compounds at
temperatures around 50°C compared to room temperature.

The temperature effect is typically not studied in CO2RR studies and often
avoided due to membrane instability and/or rapid catalyst deactivation at higher
temperatures. However, in practical applications, electrolyzers will invariably
operate at elevated temperatures 1418, Only a few studies delve into the
temperature effect at the fundamental level. We have previously studied the
temperature effect on the CO2RR on Cu electrodes and its impact on product
distribution 13, as well as the kinetic parameters of CO2RR on Au electrodes at
elevated temperatures 19. Recently, a similar temperature dependence has been
demonstrated for Cz+ compounds in the CO reduction reaction using Cu gas
diffusion electrodes (GDE) operating under more industrial conditions (current
densities up to 500 mA/cm?) 20. These works show similar results: the catalytic
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performance towards CORR decreases at temperatures over 50°C, favoring
hydrogen evolution reaction (HER). The reasons for HER enhancement at the
expense of COzRR are attributed to a change in the hydrophobicity of the gas
diffusion layer (GDL), leading to flooding of the GDE 29, reconfiguration of the
catalyst particles at the atomic scale due to increased atom mobility at elevated
temperatures 1320, and CO; availability potentially becoming the limiting factor at
higher temperatures 1°. However, if CO; availability would be the limiting factor, an
increase in CO2 concentration, such as by raising the pressure, should prevent the
observed decrease in performance in the formation of carbon products at
temperatures exceeding 50°C.

The impact of pressure on CO2RR has been extensively studied in the literature
21-27_ At the end of the last century, Hara and coworkers made an important
contribution identifying the pressure effect on CO; reduction 21232829, They
demonstrated that a 44% faradaic efficiency to CO could be achieved on glassy
carbon at 30 bar and approximately 100 mA/cm? 23, despite glassy carbon being
known as an inert substrate with minimal activity for CO: conversion at
atmospheric pressure 30, Hara et al 28, also investigated the effect of pressure on
several metal wires (Ti, Zr, Nb, Ta, Cr, Mo, W, Mn, Fe, Co, Rh, Ir, Ni, Pd, Pt, Cu, Ag, Au,
Zn, Al, In, Sn, Pb, and Bi) at 167 mA/cm?2 and identified mainly CO and HCOOH as
the primary carbon products at 30 bar for all metals, including Pt, where a 56% FE
was found for CO + HCOOH, whereas >90% FE towards H; is expected at 1 bar.
Additionally, Hara et al. 2! investigated the impact of pressure on the CO formation
from CO; reduction using Co-, Cu-, Rh-, Ni-, Pd-, Ag-, and Ag-GDEs, with Ag showing
the highest catalytic activity. Specifically, the FE to CO on Ag increased from around
40% to 86% by raising the pressure from 1 bar to 20 bar. Ramdin et al. 2425 studied
the effect of pressure on formic acid formation using a tin-based electrode. They
explored different scenarios, including the use of cationic exchange membranes,
bipolar membranes, and pH effects. In summary, they achieved an improvement in
FE to formate from approximately 40% to 90% by increasing the pressure up to 50
bar. This enhancement was attributed to the higher concentration of CO; in
solution. Recently, Zong et al. 26 have reviewed the influence of the pressure on
CO2RR. They concluded that pressure can influence catalytic performance through
various mechanisms, such as the thermodynamics of the reaction, the acid/base
buffer balance (CO2/HCO3-/C032-), and the degree of coverage of CO; on the
catalyst surface. Interestingly, metals such as Ni, Fe, and Pt exhibit low selectivity
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to CO at ambient conditions but demonstrate significant improvements in CO
and/or formic acid production at relatively high CO; pressures 293132, which aligns
with the hypothesis that the disparities between thermal and electrocatalysis may
be bridged by variations in reaction conditions.

However, to date, there are no studies that investigate the combined effects of
mass transport, temperature, and pressure simultaneously at a fundamental level.
One reason for this gap may be the complexity involved in designing and
constructing an electrochemical cell capable of altering parameters such as
temperature and pressure, as well as the fluid dynamics within the cell (e.g., by
varying the rotation speed of the disk electrode), while ensuring safety and proper
electrical connections. Additionally, the compartment housing the electrochemical
components must be predominantly metal-free to minimize metal contamination
in the experiments.

Here, we present the design of a rotating disk electrochemical cell, which is
based on a commercial (Parr) rotating cylinder electrode high-pressure reactor,
with several modifications. The designed high-pressure and high-temperature
electrochemical cell is capable of operating in a semi-continuous mode under
pressures of up to 140 bar and temperatures of up to 200°C, with a maximum
rotation speed of 2500 rpm for the disk electrode. In this system, several
fundamental electrochemical surface investigations, such as cyclic and linear
voltammetry, impedance spectroscopy, and electrochemical frequency modulation,
can be conducted under different pressure, temperature, and mass transfer
conditions. Additionally, catalytic performance investigations including CO)RR,
HER, oxygen evolution reaction (OER), electro-organic oxidation, nitrogen
reduction, etc., can be explored, as the cell is also interfaced with online gas
chromatography (GC) and mass spectrometry. As a proof of concept, we investigate
here the influence of temperature, pressure, and rotation speed on CO2RR on a gold
electrode, while also providing surface characterization of polycrystalline Pt and
Au via cyclic voltammetry, to demonstrate cleanliness and reproducibility of the
electrochemical experiments. Our results show that the combination of high
pressure and high temperature favorably impact current density and Faradaic
efficiency towards CO.
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6.2 Experimental
6.2.1 Chemicals

All solutions used in this work were made by dissolving appropriate amounts
of chemicals in Milli-Q water (Millipore, resistivity = 18.2 MQ cm). All chemicals
were used as received: KHCO3 (>99.5%, Sigma-Aldrich), KMnO4 (ACS reagent,
Fluka), H2SO4 (ACS Reagent, Fluka), H,0; (35%, Merck), CO; (Linde, 4.5), and Ar
(Linde, 5.0).

6.2.2 General Procedures

Prior to each day of experiments, all glassware, the PEEK cup, and the PEEK
membrane separator were soaked in a 0.5 M H2SO4 and 1 g/L KMnOy4 acid solution
for at least 12 hours. The glassware and the PEEK compartments were then rinsed
and submerged in a diluted solution of H20; and H,S04 to remove any remaining
manganese oxide. Next, the solution was drained, and the glassware and the PEEK
compartments were rinsed and boiled three times in MilliQ water (218.2 M cm).

In this work, a Au disk electrode embedded in a PEEK holder with dimensions
of 8 mm diameter, Au wire (2 mm) or Pt wire (0.5 mm) exposing 5 cm? area were
used as working electrodes. For the wires, a flame annealing procedure was used
for surface cleaning and preparation. For the gold disk electrode, gold was
mechanically polished on a microcloth (Buehler) with diamond suspensions
(Buehler) of 3.0, 1.0, and 0.25 pm successively. Next, the electrode was rinsed and
sonicated in ultrapure water for at least 10 min to remove remnant diamond
suspension from the surface.

6.2.3 High-pressure and High-temperature Rotating Disk Electrode (RDE)
electrochemical cell.

The electrochemical cell developed in this work is based on the Rotating
Cylinder Electrode (RCE) high-pressure reactor developed by Parr Company, with
several modifications. Figure 6.1 shows a schematic of the high-pressure Rotating
Disk Electrode (RDE) cell developed for this study. Pictures of the actual cell and its
components are provided in Figure E.1. A 120 mL PEEK insert was positioned in
the stainless-steel vessel (Figure E.1b and E.1c). The electrolyte was placed within

120



6.2 Experimental

Gas out

v

Gasin Back-Pressure

Regulator

Q Reference Electrode

Thermocouple i
. Membrane |

Thermal Insulation Jacket b :

Figure 6.1 Schematic illustration of the high-pressure and high-temperature rotating
disk electrode cell.

the PEEK insert, preventing contact with the metal wall of the vessel. Another PEEK
compartment with a circular window of 25 mm diameter was positioned inside of
the insert, creating an H-type cell configuration (Figures E.1d-f). This configuration
allows for the incorporation of a membrane that separates the working electrode
compartment from the counter electrode compartment. The working and counter
electrode compartments can be filled with up to 90 mL and 10 mL of electrolyte,
respectively.

The system can accommodate wire, cylinder or disk electrode configurations
for the working electrode. In this work, both wires and disk electrodes were used.
The disk electrode was made of an 8 mm x 2 mm (diameter x height) cylinder
embedded in PEEK material (Figure E.1f), exposing only the electrode disk area and
preventing contact between the electrode sides and any other metal with the
electrolyte. Wires offer flexibility and can be easily modified to achieve a desired
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exposed surface area. Furthermore, at high temperatures (>100°C), disk electrodes
embedded with a plastic matrix are compromised as the metal and plastic exhibit
different thermal expansion characteristics, allowing electrolyte to permeate from
the junction, compromising the measurements. In contrast, wires offer more
flexibility at high temperatures.

A coated DSA titanium mesh was used as the counter electrode for CO>
electrolysis tests, while Au (or Pt) wire was used as the counter electrode for CV
characterization measurements. An UltraDeg® High-Pressure Ag/AgCl (Corr
instruments) and a Piper]ON-A anionic exchange membrane (A40 from Versogen)
were used as the reference electrode and membrane, respectively, for all tests. The
metal walls of the reference, thermocouple, and holders were meticulously
wrapped with Teflon tape to prevent metal exposure (Figure E.1h and E1i).
Wrapping the thermocouple with Teflon tape requires more time for temperature
stabilization, but it prevents metal contact in the electrolyte. Even the lid and other
cell parts that do not directly contact the electrolyte were meticulously coated with
Teflon and Kapton tape before the tests start to prevent condensed steam droplets
from the metal vessel walls and contaminating the electrolyte, especially during
high-temperature tests. A Teflon cylinder was placed on the top of the PEEK cup to
decrease the headspace volume of the vessel (Figure E.1c and E.1j).

An inlet PEEK gas diffuser tubing for continuously electrolyte saturation and a
back-pressure regulator (BPR) are connected to the cell to operate the electrolysis
reaction in a semi-continuous mode. A external thermal insulator jacked is placed
around the vessel so that the temperature can be increased and isolated. A
condenser is placed before the BPR to prevent steam and volatile compounds from
being carried away. The system can operate at pressures up to 140 bar and
temperatures up to 200°C, although we limited our tests up to 50 bar and 150°C.
The pressure measured in the system is gauge pressure (barg) rather than absolute
pressure (bar). At sea level, 0 barg corresponds to 1.01325 bar. Therefore, the
pressures reported in this manuscript will be represented in barg rather than bar.

[t is important to mention that for studies involving high current, the design of
the cathode and anode chambers should be slightly modified to prevent the mixing
of higher concentrations of O and H; in the vessel at elevated temperatures. In such
cases, the anode compartment should be a closed chamber with a small tubing
leading to the outlet gas tube of the cell, passing through the condenser where O,
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in case of reduction reactions are studied on the working electrode, is released. This
configuration ensures that O, and H; are mixed after exiting the hot chamber but
before reaching the backpressure valve, thereby maintaining both the cathode and
anode compartments at the same pressure. This is crucial to prevent a pressure
gradient across the membrane. In the experiments conducted in this study,
relatively low currents were employed, and either high CO; flow or Ar flow was
utilized, resulting in less than 1% of the total flow being a mixture of Oz and Hz. As
a result, the approach of mixing the gases after the condenser was deemed
unnecessary.

6.2.4 Cyclic voltammograms of Au and Pt wires in different temperatures and
pressures.

Cyclic voltammograms (CVs) of Au and Pt wires were recorded ina 0.1 M H2S04
electrolyte. Au or Pt wire was used as the counter-electrode for the Au or Pt
working-electrodes, respectively. An UltraDeg® High-Pressure Ag/AgCl (Corr
Instruments) was used as the reference electrode. Before each measurement, the
electrolyte was purged with argon at a flow rate of 100 mL/min for at least 30
minutes. The measurements were recorded with a scan rate of 100 mV/s using an
Ivium potentiostat (Ivium Technologies) to control the potentials. For the CVs
recorded while changing temperature and pressure, argon was continuously used
as the purging gas.

6.2.5 Linear sweep voltammograms of rotating disk Au electrode

Linear sweep voltammograms (LSVs) of the rotating disk Au electrode were
recorded following the procedure described for cyclic voltammograms, but in a 0.1
M KHCOs electrolyte and using a coated DSA titanium mesh as the counter
electrode. For tests conducted in the presence of CO; (COz-saturated electrolyte),
CO2 was purged at a flow rate of 100 mL/min for at least 30 minutes before the
measurements began. For tests conducted in the absence of CO;, Ar-purging was
carried out at the same flow rate and duration. The rotation speed was
mechanically controlled by the high-pressure unit, ranging from 0 rpm to 2500
rpm. For LSVs measurements in different pressures, the cell was submerged in a
water bath to maintain a constant temperature in order to mitigate the effects of
temperature fluctuations resulting from increased pressure.
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6.2.6 CO; reduction in the RDE high-pressure and high-temperature cell.

0.1 M COz-saturated KHCO3 (pH = 6.8) was used as the electrolyte for CO2RR.
In all experiments, the electrolyte was continuously purged with the corresponding
gas (COz or Ar) at a rate of 100 mL/min using high-pressure mass flow controllers
from Brooker. All potentials were controlled with an Ivium potentiostat (Ivium
technologies). Resistances were determined via electrochemical impedance
spectroscopy (EIS) and 85% ohmic drop compensation was applied during the
experiment. Gas samples were analyzed every 10 minutes using gas
chromatography (Micro-GC, Agilent), equipped with two thermal conductivity
detectors (TCD). One TCD used a CP-SIL 5B column to separate CO2, CH4, and CzHa,
while the other TCD used a combination of MS5A and CP-PORABOND Q columns to
separate Hz, Oz, N2, CHy4, and CO.

6.3 Results and Discussion
6.3.1 Au and Pt CVs

Voltammograms of Au and Pt wires in 0.1 M H,SOs were recorded in the
designed cell (Figure 6.1) and compared to their established and well-known
profiles to demonstrate that the cell functions as intended. Figure E.2 shows the CV
of Au and Pt wires, respectively, where all the features align with a conventional
and clean voltammogram of a polycrystalline surface 33-36, The CVs were measured
until 300 cycles were completed and it can be observed that the CVs exhibit the
same features with a slight surface roughening after 300 cycles were completed
and no contamination is observed.

The effect of pressure on the blank CV was evaluated on the Au wire. CVs
were recorded as the cell pressure was changed from 0 barg to 50 barg in 0.1 M
H2S04 purged with argon as an inert gas (Figure 6.2). Before the pressure was
increased, argon was purged into the electrolyte for at least 30 minutes while the
potential was held at 0.2 V. There is no noticeable change in the CV after the cell
pressure was increased from 0 barg to 50 barg, indicating that pressure does not
affect the oxidation and reduction on the Au surface. This result is expected, as the
increase in pressure primarily enhances gas dissolution in the electrolyte (and
minimal liquid compression), and it is not expected that argon would influence the
gold surface features. The pressure in the vessel is raised by an argon flow rate of
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150 mL min‘}, taking approximately 2 hours to increase from 0 barg to 50 barg.
Consequently, we can also rule out the possibility that time (during this 2-hour test)
affects the CV profile.

Temperature, on the other hand, can significantly alter the blank CVs of the
electrodes since the Kkinetics of oxidation and reduction should be strongly
temperature dependent, in addition to small changes in the corresponding
thermodynamic redox potentials with temperature. To prevent electrolyte
evaporation, Au CVs were recorded under a pressure of 30 barg at different
temperatures and the results are shown in Figure 6.3. At this pressure, the boiling
point of water exceeds 200°C, which guarantees the liquid phase with a reasonable
safe margin for the tests shown in Figure 6.3. This Figure reveals that the reduction
and oxidation peaks shift positively and negatively, respectively, with increasing
temperature, demonstrating enhanced reversibility and peak sharpness. For
instance, the reduction and oxidation peaks at 0.87 V and 1.20 V at 30°C, shift to
0.98 Vand 1.12 V at 100°C, respectively. As illustrated in Figure 6.3, the designed
cell facilitates the evaluation of surface changes under high-pressure and high-
temperature conditions. However, it is important to mention that caution must be
taken when working at elevated temperatures using Ag/AgCl reference electrodes.
As depicted in Figure E.3 and further detailed in Note S1, Cl- species may leak from
the high-pressure reference electrode at temperatures exceeding 100°C,
potentially leading to surface electrodissolution and compromising measurement
accuracy. This can be prevented by storing the reference not in saturated KCl, but
in a 0.1 M KCI solution. Additionally, we have evaluated the use of a high-pressure
PdH reference electrode (Cormet Testing System), which does not contain any
anion species. Therefore, we are able to get Cl-free measurements but this
reference electrode is highly sensitive to 0. Consequently, this sensitivity limits
measurements to very low currents, as Oz can be produced in situ at the counter
electrode. If the objective is solely focused on catalytic performance studies of the
entire cell, the system can also be easily utilized without a reference electrode, and
chronopotentiometry tests can be conducted while only recording cell voltage.

6.3.2 CO; reduction on Au at different temperatures and pressures using RDE
mode

Next, the CO; reduction reaction on Au in an RDE mode was evaluated at higher
pressures and moderate temperatures. The aim was to demonstrate that the

126



6.3 Results and Discussion

) 0 g parg- CO,RR b) 0] 750 rpm - CORR
22°C 5 bar
-10- 40
& &
£ -201 ——50 rpm £ -80
o o
< ——100 rpm 2
£ -30 - 200 rpm = -120 22°C
= 350 rpm = 1601 ——30°C
-40- 500 rpm 40°C
750 rpm
50. —— 1000 rpm -200+ 50 °C
—— 1500 rpm 240 ——65°C
18 16 -14 12 -1.0 -08 1.8 -16 -14 12 -1.0 -08
E (V vs Ag/AgCl) E (V vs Ag/AgCl)

Figure 6.4 Linear sweep voltammograms (LSVs) in 0.1 M KHCOs at a) different scan
rate recorded at 0 barg and 22°C; and b) different temperatures recorded at 5 barg and
750 rpm.

designed cell is suitable for studies involving the impact of different parameters
such as mass transport, temperature, and pressure on CO; reduction under well-
defined conditions. Figure 6.4a illustrates the effect of rotation speed on the linear
sweep voltammogram of COz-saturated 0.1 M KHCO3 electrolyte at 0 barg and room
temperature. Goyal et al. 37 demonstrated that an increase in rotation speed of a
disk Au electrode leads to a decrease in the overall current density in a CO»-
saturated NaHCOs3 electrolyte, which is opposite of Figure 6.4a. This decrease was
attributed to the inhibition of HER caused by the reduction in local alkalinity near
the electrode surface, thereby observed primarily at low current densities (up to
3.5 mA/cm?), while other factors such as bubble formation and release become
prevalent at higher current densities. We observe a similar behavior at lower
current densities as shown in Figure E.4 and briefly described in Note 2 in the
Supporting Information. Therefore, we attribute the enhancement in the overall
current, more pronounced at current densities above 15 mA/cm?, to the improved
bubble removal facilitated by the higher rotation speed.

The impact of temperature on the CO2;RR and HER was investigated in a CO»-
saturated KHCO3 electrolyte while maintaining constant rotation speed (750 rpm)
and pressure (5 barg). Figure 6.4b reveals a pronounced effect of temperature on
the overall current density. For instance, the current density of around -70 mA/cm?
at -1.8 V and 22°C increased to around -200 mA/cm? at 65°C. However, CO;
solubility generally decreases with increasing temperature, negatively impacting
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the CO2RR rate. Detangling the specific influence of temperature on CO2RR and HER
solely from Figure 6.4b is not possible. Nevertheless, previous work by Vos et al., 13
and Schellekens et al.2® demonstrates that at ambient pressures, temperatures
around 50°C can favor the production of multi-carbon products, such as ethylene,
on Cu electrodes. Therefore, while increasing temperature might adversely affect
CO2 conversion due to decreased CO; solubility, it can simultaneously play a
significant role by modifying catalytic rates and/or changing adsorption modes,
potentially leading to a more selective product spectrum.
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Figure 6.5 a) LSVs recorded in COz-saturated electrolyte at different pressures under
22°Cand 750 rpm; b) LSVs recorded in COz-saturated electrolyte at 750 rpm and 22°C,
but normalized by the CO2 concentration; c) LSVs recorded in Ar-saturated electrolyte
at 750 rpm and 22°C; and d) Langmuir isotherm fitting at -1.5V and 750 rpm using j =
Jmax * (K * P)/(1 4+ K * P) equation.
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Figures 6.5 illustrate the effect of pressure at a constant rotation rate of 750
rpm at room temperature. Figure 6.5a demonstrates the CO pressure effect on the
overall current when using a CO;-saturated KHCO3 electrolyte. Notably, the current
density at -1.5 V increases roughly 5-fold as pressure rises from 0 barg to 50 barg.
It has been reported that CO; solubility in water as a function of pressure has a
logarithmic dependence 38-41, However, at pressures below 50 bar, CO2 solubility
increases linearly with a rate of 0.0099 molcoz/L per bar increase 38. Despite the
linear rise in CO2 concentration from 1 to 50 bar, no corresponding linear increase
in current density is observed. Figure 6.5b illustrates the impact of pressure on the
overall current density normalized by the CO2 concentration at that pressure. The
normalized current density exhibits a significant decrease from 0 barg to 50 barg.
We hypothesize that the increase in CO2 concentration might partially inhibit the
competitive HER by the adsorption of either CO; or CO onto the gold electrode,
which could also explain the overall decrease in the normalized current density.

Figure 6.5¢ support this hypothesis. In an Ar-saturated electrolyte, in which
only HER takes place, the pressure minimally affects the overall current, indicating
that the observed pressure effect in Figure 6.5a and 6.5b is primarily due to the CO;
concentration. Furthermore, Figure 6.5d shows the total current density as
function of CO; pressure at-1.5 V, which resembles a Langmuir isotherm, indicating
that the current density is related with CO2 pressure through an adsorption
process. Specifically, by fitting the experimental data with j =
Jmax- (K * P)/(1 4+ K * P) Langmuir equation, where K is the adsorption coefficient,
P is pressure, and j is the current density, we achieved a fitting with an R2 value of
0.99. Therefore, the overall current density over pressure seems to be directly
related to the CO; (or CO) adsorption. This would explain why the increase in
current density levels off at higher pressures, as CO; adsorption cannot increase
infinitely. Furthermore, it indicates that HER can be inhibited by increasing the CO>
pressure as the increased CO; (or CO) coverage leaves less active sites for HER.
Moreover, Figure E.5 suggests reversibility of the effect of CO, pressure as the
current density returns to its initial range when the CO; pressure is reduced from
50 barg back to 0 barg. This observation further supports the hypothesis that the
overall current density is primarily influenced by the CO. concentration in the
electrolyte.

To evaluate the impact of temperature and pressure on the selectivity, gaseous
products were measured using gas chromatography during 3h electrolysis at
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constant potential. This is possible in our cell design as it is a system which can
operate in semi-continuous mode, where CO; is continuously bubbled into
electrolyte and out of the high pressure cell. This makes it possible to connect the
cell to an online gas chromatograph to detect H and CO. Figure 6.6a shows the
impact of temperature on the FE to CO at 0 barg and 750 rpm. No liquid products
were identified by liquid chromatography within the detection limit. H, was the
sole byproduct detected, alongside CO from the CO2RR process. As a general trend,
for all evaluated potentials, the FE for CO slightly increases from room temperature
to 50 °C before decreasing again at temperatures exceeding 50°C. Hp, on the other
hand, follows the opposite direction. This result is consistent with our earlier
findings 19, in which an optimal temperature of 55 °C for CO; conversion to CO on a
gold electrode was observed, followed by a decrease at higher temperatures,
attributed to the decreasing solubility of CO; at elevated temperatures, thereby
favoring HER over CO2RR. The initial increase of the FE towards CO with increasing
temperature was ascribed to the differences in kinetics, as CO2RR shows higher
apparent activation energy and therefore the activity of CO2RR increases faster
with temperature than the HER activity. In that work, we concluded that an
increase in COz solubility would likely extend the optimal temperature for CO;
reduction.

If the observed decrease is indeed primarily linked to CO; availability,
increasing pressure could mitigate this decline at temperatures exceeding 50 °C, as
the concentration of CO2 would increase accordingly. Figure 6.6b illustrates the
influence of temperature and pressure on the FE to CO at 750 rpm and -1.35 V. No
liquid products were detected within the detection limit of the liquid
chromatography, with H; as the sole byproduct from CO;RR. Remarkably, the FE
for CO increases from 42% at room temperature to 62% at 2 barg and
approximately 86% at pressures exceeding 6 barg. At pressures exceeding 6 barg,
there are minimal changes in FE with variations in temperature, although the
partial current density for CO increases with pressure (Fig. 6¢). Interestingly, the
effect of temperature on the FE decreases by increasing the pressure. This may be
due to the fact that even at room temperature the FE is already high, leaving less
room for improvement at elevated temperatures. Another interesting observation
is that the decline at temperatures exceeding 50°C is significantly mitigated by
increasing pressure, confirming that CO: availability is a critical factor in
suppressing HER at higher
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Figure 6.6 a) Faradaic efficiency to CO in different temperature at -1.1V, -1.35V, and -
1.6V under 0 barg and rotation speed of 750 rpm. b) CO2 reduction at different
temperatures and pressures with constant potential of -1.35 V and constant rotation
speed of 750 rpm; c) recorded current densities towards CO at different pressures at
constant potential of -1.35 V and constant rotation speed of 750 rpm at 50°C; and d)
recorded current densities towards CO at different temperatures at constant potential
of -1.35 V and constant rotation speed of 750 rpm at 6 barg.

temperatures. It also corroborates our hypothesis raised in relation with Figure 6.5,
where higher CO2 concentration might partially inhibit the competitive HER,
explaining the lower the current density normalized by the CO; concentration in
different pressures. Thus, elevated pressures increase the FE towards CO and make
the effect of temperature on the FE insignificant. However, temperature has still a
positive effect on the current density towards CO as shown in Figure 6.6d. At the
constant pressure of 6 barg, the current density increases one order of magnitude
by increasing the temperature from room temperature to 65 °C, with no negative
impact in the FE to CO (~90%). Therefore, Figure 6.6 demonstrates the substantial
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impact of pressure and temperature on catalytic performance towards CO. When
pressure and temperature are combined, there is potential to simultaneously
enhance the FE and the overall current density, thereby providing opportunities for
future studies on materials that are more active and selective for CO2RR.

The CO2RR at high pressure has been shown to exhibit an enhancement
towards CO compared to atmospheric pressure. On similar electrode surfaces
(polished flat surfaces), FE towards CO reaches approximately 80% under optimal
conditions of potential, rotation speed, temperature, and electrolyte 19374243 n this
study, an FE of 90% was achieved at pressures exceeding 6 bar. This value could
potentially be improved through further optimization. For instance,
nanostructured gold electrodes, which have demonstrated >90% FE towards CO at
atmospheric pressure 44, could be a promising class of materials to investigate at
high pressure and temperature for enhanced current density and stability. Cu
electrodes, capable of producing more valuable compounds such as ethylene,
ethanol, and n-propanol, have not yet been comprehensively explored in terms of
their fundamental aspects under both high pressure and temperature. There are
numerous opportunities for further investigation in this direction. Additionally,
different classes of metals, typically inactive for CO2RR, may become active under
high pressure and temperature conditions. Hara et. al 28 have already indicated this
possibility. For instance, Fe electrodes, which exhibit low activity towards COzRR,
demonstrated an FE of 40% towards formic acid under high pressure. If similar
investigations are conducted under high temperature, “electrochemical Fisher-
Tropsch” type reactions could potentially be discovered. Finally, we recently
reported the impact of bubbles on HER 4546, and expect that bubble dynamics will
be pressure and temperature dependent. Such studies will be possible using the
system presented in this work.

6.4 Conclusion

The impact of pressure, temperature, and mass transport on the CO; reduction
on Au electrodes was successfully investigated using a high-pressure and high-
temperature rotating disk electrode electrochemical cell. This system offers the
opportunity for fundamental surface characterization without apparent metal
contamination, as demonstrated by 300 reproducible cycles of the well-known
blank voltammetry of polycrystalline Pt and Au in 0.1 M H2SO4. Additionally, we
examined how Au cyclic voltammograms are affected by increasing temperature
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and pressure up to 150°C and 50 bar, although CI- leakage from Ag/AgCl reference
electrode may occur when operating at high temperatures. The system operates in
a semi-continuous mode, with CO (or any other gas) continuously bubbling into
the electrolyte, and can be easily connected to an online gas chromatograph and
mass spectrometry for investigating CO2 reduction at different pressures and
temperatures on the rotating disk electrode. Linear sweep voltammograms of
CO2RR on the Au electrode indicated that current densities were positively
influenced by increasing rotation speed, temperature, and pressure. The total
current density follows a Langmuir dependence on CO; concentration explaining
the smaller pressure effect at the highest pressures and suggesting that CO; or CO
adsorption may block active sites for the competing HER. Electrolysis experiments
show that elevated pressure can inhibit the effect of temperature on the CO
efficiency, but both pressure and temperature can significantly increase the current
density towards CO. This result suggests that increasing both pressure and
temperature allows for sustained CO; electrolysis at high activities outcompeting
HER.

This work suggests several promising avenues for future investigations. On a
fundamental level, voltammetry techniques can be employed to explore the surface
changes on the electrode induced by variations in temperature and pressure. From
a catalysis viewpoint, the designed high-pressure and high-temperature cell
presents a platform for discovering novel catalysts for COzRR. As demonstrated
here, using a gold electrode, these parameters dramatically enhance catalytic
performance. Similar improvements are expected for Cu electrodes leading to the
formation of more valuable Cz. products. As commented in the introduction,
altering temperature and pressure pushes the electrochemical system towards the
well-known thermochemical regime. Consequently, it is expected that previously
inactive materials at ambient conditions might become active under temperature
and/or pressure, leading to the discovery of new material classes for
electrochemical conversion. Moreover, the system can be easily extended to
investigations beyond CO: conversion, offering prospects for electro-oxidation
studies, nitrogen-based reactions, and organic electrosynthesis.
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7. Change in the C-C coupling mechanism during CO2RR on Cu at elevated T and P

Abstract

Future practical applications of the electrochemical CO; reduction reaction
(CO2RR) will likely involve the use of higher pressures and temperatures. However,
most research on e.g. the copper-catalyzed CO2RR is typically performed at ambient
conditions, and hence the mechanistic conclusions drawn also pertain to these
conditions. Using a special high-pressure high-temperature electrochemical cell, we
show that on copper electrodes, the C-C coupling mechanism changes from the
typical CO dimerization mechanism at low temperatures to a Fischer-Tropsch-like
chain growth mechanism at temperatures above 125 °C (requiring higher
pressure). Additionally, temperature influences the selectivity more significantly
than pressure, however copper stability is compromised at elevated temperatures.
The stability can be improved with increasing pressures, which also suppresses the
competing hydrogen evolution reaction significantly. These results show that
temperature and pressure are crucial parameters to consider in applied and
mechanistic studies of the electrochemical reduction of CO».
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7.1 Introduction

7.1 Introduction

Electrochemical CO; reduction (CO2RR) offers an interesting strategy to
recycle CO; into fuels and chemicals using renewable electricity 1-4. Copper is a
unique catalyst for this reaction, as it is the only catalyst that can make C-C bonds
with significant Faradaic efficiencies >-7. Multicarbon products in CO2RR are
typically formed via a CO dimerization or carbonyl coupling mechanism 8-13,
although recently research has provided evidence for a chain growth mechanism as
alternative C-C coupling mechanism on for example Ni electrodes!4-17, Many factors
influencing the CO2RR on Cu have been studied, such as morphology 18-21,
electrolyte effects 22-25 and electrode potential 7.11.24-26, Recently, more attention has
been given to parameters such as pressure 27-30 and temperature 1431-34,
Electrochemistry research in general and CO2RR studies specifically are often
performed at ambient pressure and temperature and hence conclusions and
fundamental insights are drawn at these conditions. However, for practical
applications, ambient conditions might not be the most relevant, as industrial
electrolyzers typically operate at elevated temperatures 35, for example due to
thermal losses 36-38 and /or hot feedstocks. Moreover, pressure and temperature can
improve the selectivity and activity of CO2RR 27-2931.32 gpen up new mechanistic
pathways 3039 and elevated pressure could enable better integration with up- and
downstream processes 304041,

Temperature has a significant effect on the activity and selectivity of CO2RR on
Cu at ambient pressure 32. Below 48 °C, increasing temperature has a positive effect
on both the selectivity as activity towards C2+ products, but above 48 °C the
competing hydrogen evolution reaction (HER) takes over. Other studies 27-3040,42-44
have shown that increased CO; pressures can suppress the HER, which might mean
that the optimum in C2+ selectivity with temperature changes at elevated
pressures. Moreover, under elevated pressures the studied temperature window
can be increased and experiments in aqueous electrolytes can even be performed
above 100 °C. This could bridge the fields of electrocatalysis and thermal catalysis,
where C-C bonds are made via a chain growth mechanism in the Fischer-Tropsch
reaction 45-47 (although Cu produces mainly methanol in thermal heterogeneous
catalysis 48-50). This raises the question if the electrochemical CO; reduction on Cu
at high temperatures in aqueous electrolyte is more similar to electrocatalysis at
ambient conditions, to thermal catalysis or to neither of them.

Recently, we have developed an electrochemical cell in which both pressure
and temperature can be regulated up to 200 °C and 140 bar 5. In this study, we use
this setup to study the combined effect of elevated pressure and temperature and
we show a change in the C-C coupling mechanism on copper electrodes above 100
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°C, at a pressure of 24 bar. Whereas at low temperatures C-C bonds are mostly
formed via the traditional CO dimerization mechanism, at high temperatures the
chain growth mechanism takes over and from 125 °C onwards this is the dominant
mechanism making C-C bonds. Moreover, even up to 75 °C, both temperature and
pressure already substantially influence the selectivity and activity of the
traditional CO2RR products on Cu. This study illustrates that temperature and
pressure are crucial parameters to consider in applied and fundamental studies of
the electrochemical reduction of COx.

7.2 Experimental
7.2.1 Chemicals

The electrolyte was prepared from KHCO3 (99.95%, Sigma-Aldrich) with Milli-
Q water (=18.2 M{Qicm, TOC < 5 ppb) and stored with Chelex (100 sodium form,
Sigma-Aldrich) to clean the electrolyte from any metal impurities 52. H,SO4 (95-
98%, Sigma-Aldrich), H202 (35%, Merck) and KMnO4 (99%, Sigma-Aldrich) were
used to clean the cells. Ar (5.0 purity, Linde) and CO; (4.5 purity, Linde) were used
for purging the electrolytes.

7.2.2 HP cell setup

We used an adapted high-pressure, high-temperature cell from Parr
instruments; this cell has been described in detail in a recent paper 51. The cell was
designed to work up to 140 bar and 200 °C. The cell was used in semi-continuous
mode, where either CO or a mixture of CO2 and Ar were constantly purged through
the cell. The outlet of the cell was coupled to a condenser and a cooler (Cool-Care,
Van der Heijden Labortechnik GMbH) to keep all volatile products in the liquid
phase in the setup. The outlet gas was analyzed every 6 min with a Micro-GC from
Agilent with two TCD detectors. A combination of a MS6A and a CP-PORABOND Q
column was used to detect Hz, CO and CHs4, and an Al,03 column was used to detect
the C2 and C3 hydrocarbons. For the detection of the higher hydrocarbons, another
GC with an RTX-1 column and an FID detector was used. The experimental
limitation in the first part of the paper were due to the limitations of the Micro-GC
which could not handle too much CO,. Later these limitations were solved by
stripping the CO2 with NaOH before injecting the outlet gas in the GC. This allowed
for the use of a pure CO; stream and larger injection volumes in the GC, increasing
the detection limit by a factor 40. The pressure in the cell was maintained by
controlling both the inlet and outlet flow with flow controllers (SLA5850, Brooks
Instruments), while for the mixed gas experiments the flow was also checked with
a flow meter (Defender 530+, Mesalabs). The temperature was controlled with an
electric heating mantle. A homemade two-compartment PEEK cup was used inside
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7.2 Experimental

the stainless steel chamber and all metal parts from the thermocouple and
reference electrode were covered by Teflon tape. Moreover, the lid of the vessel was
covered with Viton rubber to prevent any contamination from the stainless steel.

7.2.3 General electrochemistry

The homemade PEEK cup was cleaned prior to experiments by storing in
permanganate solution overnight (0.5 M H2S04, 1g/L KMnO4). Afterwards, the cell
was rinsed, submerged in a diluted mixture of H,S04 and H,0; to remove any traces
of MnO4 and MnOg, rinsed again and boiled three times with Milli-Q water. A 1mm
thick Cu wire (99.99%, Mateck) was used as working electrode. Before experiments,
the working electrode was electropolished in 85% H3PO. (Suprapure, Merck) by
applying +3 V versus a graphite counter electrode for 20 s and subsequently rinsed
with Milli-Q water. Due to the large difference in current at the various conditions
used, 4 different sized wires were used to ensure the current stays between 10 mA
(for product detection) and 200 mA (for stability of the system) during the
experiment. The areas of different working electrodes were normalized using their
double layer capacitance, measured from -0.3 to 0.2 V vs SHE at scan rates from 200
to 1400 mV/s 33. The areas of the electrodes can be found in Table S1.

During experiments, a DSA counter electrode (Magneto) was separated from
the working and reference electrode by a PiperlON membrane (Versogen)>455. The
experiments were performed with a Gamry Interface 1010B potentiostat and
current interrupt>¢ was used to correct for the Ohmic drop. Experiments were
performed for 60 or 90 minutes at constant potential. Gaseous products were
determined every 6 min with GC as described above, while liquid products were
determined afterwards by sampling the 65 ml catholyte and analyzing this using
high performance liquid chromatography (HPLC, Shimadzu) with an Aminex HPX-
87H column (Bio-rad). During experiments the pressure was maintained within an
error of 0.1 bar, while temperature was maintained within an error of 2 °C. Before
reaching the conditions used for the experiment (which typically takes up to an
hour), the working electrode was always under potential control at a potential of -
0.8 V vs Ag/AgCl. Due to time restraints, individual experiments have not been
repeated and no error bars are plotted.

7.2.4 Reference electrode corrections

In this study, all potentials are reported vs SHE(T). During experiments, an
Ag/AgCl electrode (Ultradeg, 0.1 M KCl, Corr Instruments) was used as a reference
electrode. However, with changing temperature, one should make several
corrections to convert the potential from Ag/AgCl to SHE. The Nernst equation is
used to determine the shift of the Ag/AgCl reference electrode against SHE:
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Epgjaga = E/(x)g/Agcz (1) — * 108(“61— (T)) (7.1)

In(10) = RT
nF
with EY being the standard potential, R the gas constant, T the temperature, n the
number of electrons, F Faradays constant and ac. the activity of the chloride anion.
The standard potential of Ag/AgCl vs SHE is a function of temperature and can be

calculated using the following formula>7:

Ef(l)g/AgCl(T) = —0.111658 + 0.011134 * T — 0.001757268 * T * In(T) (7.2)

The temperature dependence of the activity of the chloride ions can be determined
from a formula from Bogaerts et al.58:

ac-(T) = exp |log(ac,-(25 °C)) — £ * (AT — A25°C) (7.3)

1 +1’1Cl

where ac.is the activity of the chloride anion at room temperatures®, I is the ionic
strength of the chloride anion, and 4, is the Debye-Huckel parameter5s.

With these formulas, the shift between an Ag/AgCl reference and SHE could be
determined at different temperatures as shown in Table S2. Even though the SHE
potential is defined zero at all temperatures, there is a difference in potential
between SHE(T) and SHE (25°C)®0. One could correct for this difference too, but we
decide to limit the corrections to the necessary corrections and therefore report on
a SHE(T) scale. In previous studies we reported on the RHE(T) scale 14313261 but in
this study the potential could not be reported vs. RHE because the pH should be
known to convert SHE to RHE. However, it is impossible to measure the exact pH of
the electrolyte at elevated CO; pressures and temperatures.

7.3 Results and Discussion
7.3.1 Screening temperature, pressure and potential

As the research space increases tremendously when pressure and temperature
are opened up as parameters, we first screened the effect of these parameters at
different potentials. We mainly focused on -1.4 V vs SHE as shown in Figures 7.1 and
F.1. This potential corresponds to -1.0 V vs RHE at ambient conditions in 0.2 M
KHCO3, a potential which is commonly used for electrochemical CO; reduction on
Cu. However, we also performed screening experiments at -1.3 and -1.5 V vs SHE
(Figure F.2 and FE.3), as the potential can change the effects of temperature and
pressure 3161 Experiments have been performed from 25 to 125 °C and with
pressures up to 40 bar. All screening experiments were performed with 50% CO;
and 50% Ar. Moreover, all experiments have been performed in 0.2 M KHCO3
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Figure 7.1 Faradaic efficiency towards the main CO2RR products as function of
temperature and pressure at-1.4 V vs SHE in 0.2 M KHCO3 with a 50/50 ratio of COz and
Ar. The white dots give the measured points and the maps are constructed via
interpolation between these points. FE for a) hydrogen b) carbon monoxide c) formic
acid d) methane e) ethylene and f) ethanol
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because changing the electrolyte as well would increase the research space beyond
reasonable measure.

Figure 7.1 shows that temperature has a more significant effect on the
selectivity than pressure. With increasing temperature, more H; is generated and
the selectivity for all CO2RR products decreases. With increasing pressure, the
effect of temperature can be suppressed and the CO2RR stays active up to higher
temperatures. At room temperature, there are only subtle effects on the selectivity,
while the effect of pressure becomes more clear at 50 and 75 °C. These trends can
also be observed at the other potentials. The exact values of the FE for the different
products depends on the potential applied, but the overall trends for temperature
and pressure seem independent of potential, at least in this potential window.
Figure F.1 shows the 2D maps for the minor products. In general, the trends are
similar to the major products in Figure 7.1, however the effect of pressure at room
temperature is more clear, especially for methanol and acetate. Acetate and
ethylene glycol seem to form even at very high temperatures. Moreover, we observe
longer hydrocarbon formation (C3+) at the highest temperatures.

7.2 Switching mechanism at high pressure and high temperature

At the highest pressures and temperatures used in this study, above 100 °C,
mainly hydrogen is produced, but also small amounts of interesting and unusual
CO2RR products such as ethylene glycol, propene and butene. To detect these minor
products, we have used a pure CO; flow which allowed for more sensitive product
detection. Figure 7.2a shows the selectivity for CO2RR at temperatures up to 150 °C

a) b) MEMco@c1[]c2[]c3 Ml HCOOH]
80 -

FE (%)

25 50 75 100 125 150 3.5 6 12 24 40
T (°C) at 24 bar P (bar) at 125 °C

Figure 7.2 Faradaic efficiencies for the CO2RR products at function of a) temperature

at 24 bar of CO2 pressure b) pressure at 125 °C, both at -1.3 V vs SHE in 0.2 M KHCO:s.
The remaining FE goes towards hydrogen, which is shown in Figure F.5.
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at -1.3 V vs SHE. This potential was chosen as Cu is very unstable at higher
overpotentials at temperatures above 100 °C, as can be seen in Figure F.4, and only
produces H, within the total experiment time (Figure F.5b). However, at lower
overpotentials some COZ2RR is still possible, even at 150 °C. The product
distribution changes from mainly CO and HCOOH to hydrocarbons, besides the
dominant H; production, which is shown in Figure E5. Figure 7.2b shows that
pressure also influences the CO2RR selectivity compared to HER at 125 °C, where
higher pressures lead to higher CO2RR rates and a more stable operation, as seen
in Figure F4a. The selectivity of the CO2RR products changes as well, as higher
pressures lead to more CO and hydrocarbons, and less HCOOH. The selectivity has
a less clear trend with potential, although a potential of -1.3 V vs SHE seems to be
the optimum for hydrocarbon formation, as shown in Figure E.5b. Interestingly, the
CO produced at high temperatures is mainly produced at the start of the experiment
as shown in Figure FE7, while the hydrocarbons are produced throughout the
measurement. This observation coincides with an significant change in the current
at the start of the experiment, after which it stabilizes as shown in Figure F.4b. If
only the gaseous products of the last 30 minutes are analyzed, almost no CO is
produced and the optimum for the hydrocarbon formation becomes more apparent,
as shown in Figure E.8.

Cu is known to be able to form C-C bonds and produce C2+ products. However,
longer chain hydrocarbons are usually not observed on Cu. Either C1 or C2
hydrocarbons are formed, or C3 oxygenates, such as propionaldehyde and 1-
propanol. In rare instances higher hydrocarbons have been observed before on Cu
62-64 glthough they are more often found on other electrochemical CO2RR catalysts
1617,65-68 with the highest selectivities on Ni 1415, These longer hydrocarbons are
presumed to be formed via a CHx chain growth mechanism 1567 similar to the
thermal catalytic Fischer-Tropsch reaction, while Cu traditionally forms C-C bonds
via a CO dimerization (pathway C-D-E in Figure 7.4) or carbonyl coupling
mechanism (pathway F-G-E). Figure 7.2a shows that at low temperatures, mainly
CO and HCOOH are formed at -1.3 V vs RHE, but also some ethylene is formed via
the CO dimerization mechanism. When the temperature is increased, longer-chain
products are detected and from 75 °C onwards an Anderson-Flory-Schultz (AFS)
plot can be constructed, as C4 products such as butene and butane are observed.
From the AFS plot in Figure 7.3, it can be seen that at 75 and 100 °C, two
mechanisms are active to form C-C bonds on Cu. One is the chain growth mechanism
previously observed on Ni, resulting in a linear relationship in the AFS plot.
However, the C2 products do not fit this linear relationship, as they are also
produced via the CO dimerization mechanism, which produces mainly ethylene,
leading to a peak in the AFS plot. At 125 and 150 °C, the product distribution fits
the linear relationship in the AFS plot, including the C2 products, which shows that
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at these temperatures, all hydrocarbons are formed via the chain growth

mechanism and the CO dimerization/carbonyl coupling mechanism has become
inactive.

From the slope of the linear relationship in the AFS plot, the chain growth
probability can be determined. The chain growth probability gives an indication for
the product distribution, where a chain growth probability of 0 leads to only
methane and a chain growth probability of 1 leads to very long hydrocarbons
consisting of more than 20 carbon atoms. Figure 7.3 shows that the chain growth
probability on Cu increases with increasing temperature. Table F4 shows that
pressure and potential also seem to influence the chain growth probability,
decreasing with increasing pressure and higher overpotential.

In(W,_/n)

—m—75°C
-7 - 100 °C

125 °C
—w—150 °C

0.22

Figure 7.3 Anderson-Flory-Schultz plot (dotted lines) for Cu at -1.3 V vs SHE at 24 bar
in 0.2 M KHCOs at as function of temperature. The slope of the graph gives the chain
growth probability a as given on the left and in Table S3
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Figure 7.4 Overview of the different C-C coupling mechanisms on Cu. In blue the final
products. Pathways are indicated with an arrow. We did not indicate the number of
water molecules and electrons necessary for each pathway. A is the CO2 reduction to
form *CO, B the desorption of CO, C the CO dimerization and G is the carbonyl coupling
to form the C-C bond. D, F H, I and Q are the further hydrogenation of intermediates. P
is the direct CO dissociation, K the CHx coupling, M is CO insertion and E, ], L, N and O
consist of multiple steps to form of the final hydrocarbons and oxygenates.
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Figure 7.4 shows a overview of the different reaction pathways leading to C-C
coupled products. At high temperatures the traditional C-C coupling pathways via C
and G do not take place anymore as discussed above. This could be due to a lower
*CO coverage, as this pathways is second order in *CO, and the *CO coverage is thus
an important determinant for this pathway 69-73. The chain growth mechanism is
expected to take place via a CHy intermediate 1567 and would be less sensitive to the
*CO coverage. Desorption of *CO (pathway B) should be faster at higher
temperatures, which could lower the *CO coverage. However, we only observe little
CO as product at high temperatures and only at the start of the reaction. This
indicates that the *CO mostly reacts before it can desorb.

Hydrogenation is important in the chain growth mechanism and in all cases
where this mechanism is observed during CO2RR, it is under conditions where HER
is dominant and very little CO is formed 1415.17.66-68, Hydrogenation of the *CO can
take place via a so-called H-assisted dissociation to form *CHx intermediates
(Pathway F-H-I). Alternatively, in the thermo-catalytic Fischer-Tropsch reaction a
direct dissociation of *CO is possible, which is followed by hydrogenation of the *C
to form the *CHy intermediates (pathway P-Q). It might be that the latter pathway
is opened up at high temperatures or that the high temperatures facilitate the fast
dissociation of the *HCO. In any case, either F or P should become so fast that B and
C are outcompeted. In both cases hydrogenation is important and therefore we can
not distinguish between these pathways.

At low temperatures methane is already formed on Cu 7117374 yia pathway F-
H-I-], but pathway M and K seem not possible as no longer hydrocarbons (apart
from ethylene) have been observed. Therefore, for the chain-growth mechanism
high temperatures should enhance the C-C coupling compared to CH4 formation, as
also shown by the increase in chain growth probability with temperature. The chain
can grow either by CHy coupling (Pathway K) or by CO insertion (Pathway M). It is
still ambiguous which pathways is followed in the electrochemical chain-growth
mechanism. However, we argue that on Cu at high temperatures the C-C bond is
probably formed via CHy coupling, because if pathway M would be active, pathway
G is also expected to be active. However as discussed above, very little *CO is
available, making these pathways unlikely. Moreover, pathway M should result in
some oxygenates. However, neither long or short chain oxygenates have been
detected at high temperatures. High temperatures should thus open up pathway K
and must make this competitive to pathway ] (the termination of the chain) to
explain our results.
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7.3 Effect of temperature

Temperature influences the stability and selectivity of Cu at temperatures
much lower than 125 °C. Figure F.9 shows the effect of temperature on the FE of the
major products at different pressures. These experiments were performed at-1.5V
vs SHE, as formation of C2+ products is increased at this potential. The trends at
ambient pressure are very similar to the trends we reported before in a different
setup 32, However, in this study Cu is more unstable than observed before and no
optimum in C2+ products with temperature is detected. Moreover, hydrogen
evolution increases very rapidly with temperature, although this effect is
suppressed by increasing the pressure (Figure F.11). Figure 7.5 shows the
selectivity towards C2H4 as a function of temperature and time. Initially, at 1 bar, the
effect of temperature is very similar to what we reported before. There is an
optimum in ethylene selectivity at ca. 50 °C. However, in the setup used in this work
the Cu seems to be less stable than before and with time the selectivity towards
ethylene decreases, which gives a negative trend with temperature over the entire
experiment. This electrochemical cell is very different to the design that we have
used before, but also the electrode is now a wire instead of a disk, as it was
previously. Additionally, the increased electrolyte concentration might explain the
differences in stability. At 6 and 12 bar, similar behavior is observed, in the sense
that with increasing time, the FE towards ethylene decreases. Interestingly, after 20
min, the selectivity towards ethylene remains high, even up to temperatures of 75
°C. This shows that even at a few bars of elevated pressure, formation of C2+
products can be performed at higher temperatures, most likely because the CO»
concentration in the electrolyte is maintained at a reasonable concentration due to
the increased pressure.

Figure F.12 shows the ratio in FE towards ethylene at 40 and 60 min compared
to the initial FE at 20 min, as a descriptor for stability. This clearly shows that the
Cu becomes less stable with increasing temperature, but increasing pressure can
increase the stability. To make experiments at elevated temperatures on Cu
possible, it is important to stabilize Cu at temperatures up to 75 °C, which are
reasonable industrial operation temperatures 7576, but also at higher temperatures,
to utilize the chain growth mechanism discussed above. We hypothesize that the
stabilization of Cu through pressure is due to the suppression of HER and an
increase of the coverage of CO2 and/or CO. However, other strategies are probably
needed to obtain long term stability of the Cu catalyst at elevated temperatures.
Some possible strategies may include pulsing of the potential or alloying the Cu to
make it more stable at high temperatures 6.
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Figure 7.5 Faradaic efficiency towards ethylene as function of temperature after
different electrolysis times at -1.5 V vs SHE in 0.2 M KHCO3 ata) 1 bar b) 6 bar and c)
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7.4 Effect of pressure

Pressure does not only influence the stability of the Cu catalyst or increase the
operating temperature window, but can itself also affect the activity and selectivity
of the CO2RR. Figure 7.1 showed that the effect of pressure on the selectivity is
smaller than the effect of temperature, but it is not negligible. Figure 7.6 shows the
effect of pressure on the selectivity of the major products during CO2RR at-1.5 Vvs
SHE at room temperature, while the minor products are shown in Figure F.13. The
pressure has been increased both with COz and with Ar to be able to distinguish
between the effect of pressure itself and of CO; pressure specifically.

Figures 7.6 and F.15 show that increasing CO; pressure can decrease the
selectivity towards H, and that this effect already plateaus at a relatively low
pressure of 3 and 6 bar at 25 and 75 °C, respectively. This same pressure is the
optimum pressure for C;Hs selectivity, and for C2+ selectivity in general. At 25 °C,
the initial pressure increase from 1 to 3 bar leads to a rapid increase in C2+
selectivity, but with further increasing pressure, the selectivity slowly decreases in
favor of the simple C1 products CO and HCOOH, although the selectivity of the minor
liquid products does keep increasing with increasing CO; pressure. Even though the
selectivity towards HCOOH increases at high pressures, we never observe very
selective COZRR towards HCOOH as described in the literature 2930, Figure F17
shows that this is not due to differences in electrolyte concentration between these
studies.

During CO reduction on Cu, a continuous increase in C2+ selectivity with
increasing pressure was observed 77,78, which was attributed to the increasing *CO
coverage. However, Figure 7.6 evidently shows this is not the case for CO; reduction,
especially at higher pressures of 20 bar. It would be interesting to compare CO2 and
CO reduction at elevated pressures and temperatures but unfortunately, due to
safety concerns, we are not able to perform CO reduction experiments at elevated
pressures at this moment. Moreover, it would also be interesting to observe the *CO
coverage during CO2RR at elevated pressures, which is unfortunately not possible
with our current setup. However, from the product analysis, we hypothesize that
the *CO coverage does not continuously increase with increasing CO, pressure,
which might be due to faster desorption of CO due to increased CO; adsorption 5179,
This limit in *CO coverage would explain the observed optimum in C2+ products at
relatively low pressure and shift to simple C1 products with higher pressure.

Figure 7.6a evidently demonstrates that the suppression of Hy at elevated
pressures is due to the increase in CO2 pressure. When the pressure is increased
with Ar instead of CO>, the FE towards H; increases at 25 °C, although at elevated
temperatures Ar pressure does suppress HER slightly (Figure F.16a). This might be
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due to the very high initial HER selectivity or the improved stability, even from Ar
pressure. Moreover, when Ar is used to increase the pressure, most CO2RR products
show lower selectivities than in a pure CO2 atmosphere as shown in Figures 7.6 and
F.13. For ethanol and methane this is not the case, but also for these products the
activity is lower with Ar than in a pure CO; atmosphere as shown in Figure F.14 and
F.16. So the increase in selectivity for these two CO2RR products is merely due to a
relatively smaller decrease in activity compared to for example ethylene. These
results show that the main reason for suppression of HER is not pressure itself, but
CO; pressure, although Ar pressure might slightly help at elevated temperatures
when HER is very active. We hypothesize that the HER suppression is due to
competition of adsorption sides between CO2 and H; intermediates, where elevated
CO; pressures lead to less adsorption sites for HER 51,

7.4 Conclusion

In this study we have investigated the combined effect of pressure and
temperature on the electrochemical CO; reduction on Cu. We show that
temperature has a larger effect on the selectivity than pressure, although the effect
of the latter is not negligible. Elevated pressures allow the performance of CO2RR
at temperatures above 100 °C in aqueous systems. For the first time, we
demonstrated CO2RR experiments at these high temperatures with liquid
electrolytes. Although HER dominates at these conditions, we observed a change in
the C-C coupling mechanism. Traditionally, C-C bonds are believed to form through
a CO dimerization mechanism on Cu. However, by increasing the temperature, the
chain growth mechanism, by which higher hydrocarbon chains can be formed,
becomes more active, and it becomes dominant at 125 °C.

At temperatures below 100 °C, increasing the temperature can increase the FE
towards traditional C2+ products and increasing the pressure can broaden the
temperature range in which Cu catalysts can operate, both by increasing the CO»
available and the Cu stability. At ambient temperature, increased CO; pressure itself
can significantly suppress the competing hydrogen evolution reaction, even at a few
bar. It is important to make the distinction between pressure and CO; pressure, as
these do not have the same effect on the CO; reduction. For positive effects, it is in
most cases crucial to increase the CO2 pressure and not just the total pressure in the
system.

In this study, we illustrate that temperature and pressure are crucial
parameters to consider as they have significant effects both on selectivities and
activities, but also on the mechanism for CO2RR. With our high-pressure, high-
temperature electrochemical system we opened up the parameter space for much
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broader study. This also means that there are too many parameters to investigate
in this single study. In this study, all experiments were performed in 0.2 M KHCO3
electrolyte, but it would be interesting to study the electrolyte effect at elevated
pressures and temperatures. Moreover, it is important to study the stability of Cu at
elevated pressures and especially elevated temperatures. We observe that at high
temperatures, the Cu seems instable and new methods to increase the stability
under these conditions must be developed. Alloying Cu with more stable metals or
pulsed experiments are examples of possible ways to increase Cu stability.
Furthermore, CO reduction instead of CO; reduction as well as experiments in
different systems such as flow cell and GDE systems at both elevated pressures and
temperatures are interesting and important to gain more insight into the combined
effects of pressure and temperature.
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8. Screening of various metals for electrochemical CO2RR at elevated T and P

Abstract

Traditionally, the catalysts for the electrochemical CO; reduction reaction (CO2RR)
have been categorized in 4 groups, producing mainly H;, CO, HCOOH or C2+
products. However, this categorization is based on experiments at ambient
conditions. With our high-pressure, high-temperature electrochemical cell, we are
able to perform CO; reduction at vastly different conditions. In this study we have
screened 20 metal catalysts for their ability to perform CO; reduction at conditions
up to 30 bar and 100 °C in aqueous electrolyte. We show that catalysts that have
average activity at ambient conditions, can reach near 100% efficiency for CO2RR
at 30 bar and maintain this at high temperatures. Both temperature and pressure
can increase the CO2RR activity significantly. However, if a catalyst does not
perform CO2RR at ambient conditions, increasing pressure and temperature will
only increase CO2RR selectivity to maximum 30%. Nevertheless, some of these
inferior CO2RR catalysts do show interesting products beyond CO and HCOOH, such
as long chain hydrocarbons and methanol.

Ge

El
=

[~— 25°C, 1 bar
——25°C, 30 bar Selectivity
N——100 °C, 30 bar
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8.1 Introduction

8.1 Introduction

The electrochemical CO; reduction reaction (CO2RR) is an interesting reaction
to study as it could produce sustainable fuels and feedstocks for the chemical
industry, and in this way fits in a sustainable green society 1-4 Metals can be
excellent catalysts for this reaction and these catalysts are traditionally classified in
4 groups 56; metals as Au, Ag an Zn produce mainly CO from CO2, metals such as Pb,
Sn and In form mainly HCOOH, and Cu is the special one being able to form C-C
bonds and produce products such as ethanol and ethylene. Lastly, there are metals
such as Pt, Pd and Ni which are more active for the competing hydrogen evolution
reaction (HER). This classification is based on data at ambient conditions, but these
are probably not the typical conditions under industrial applications. Therefore, it
is important to study the effect of temperature and pressure on a wide range of
metal catalysts for CO2RR.

Temperature has been shown to increase the selectivity towards CO2RR
compared to HER on Au, Cu and Ni at ambient pressures 7-9. Often an optimal
temperature is found, as too high temperatures can lead to too low CO:
concentrations in electrolyte, or to instability of the metal catalyst. Temperature not
only influences the selectivity but also significantly enhances the activity, both of
CO2RR and HER. These trends are not only observed in H-cell configurations, but
also in GDE setups, with catalyst such as Ag10 and Sn11.

Pressure can also significantly influence the CO; reduction reaction. Hara et
al.12 showed that even catalysts which at ambient conditions mainly produce Ha,
such as Zr and Pt, could produce some CO2RR products at 30 bar. Also for catalysts
of the other categories, pressure can improve the activity and selectivity towards
CO or HCOOH13.14, Moreover, elevated pressures could even lead to new products,
for example hydrocarbons on Nil3, oxygenates on Aglé and 2-propanol on Cu?’.

Recentlyy, we have developed a high-pressure, high-temperature
electrochemical cell, which can be used to study the CO2ZRR at both high
temperature and high pressure simultaneously!8. This combination gives us the
opportunity to study this reaction under new experimental conditions and perform
experiments at or above 100 °C in aqueous electrolyte. The combination of elevated
pressure and temperature can improve both selectivity and activity, as has been
shown for CO on Au!® and for ethylene on Cu. Moreover, at high temperatures and
pressures new reaction pathways can be open up, such as the chain growth
mechanism for C-C coupling on Cu as shown in the previous chapter.

In this study, we use our high-pressure high-temperature electrochemical cell
to screen 20 metal catalysts for CO2RR. The effect of pressure and the combined
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effect of high temperature and pressure on these metals is studied to establish if
poor COZ2RR catalysts can become decent, and if decent catalysts can become
excellent. We study how selectivity and activity changes with experimental
conditions and if new products are produced. We show that elevated pressures can
inhibit HER significantly and COZRR can reach almost 100% FE, even at 100 °C.
Although traditional HER catalysts do not reach very high FEs for CO2RR, even at
high pressures, some of them do produce interesting products such as long chain
hydrocarbons and methanol. This study shows what is possible and which
interesting directions exist to further understand electrochemical CO; reduction at
high temperatures and pressures in aqueous systems.

8.2 Experimental
8.2.1 Chemicals

The 0.1 M electrolyte was made from KHCO3 (99.95%, Sigma-Aldrich) with
Milli-Q water (218.2 MQcm, TOC < 5 ppb) and stored with Chelex (100 sodium form,
Sigma-Aldrich) to clean the electrolyte from any metal impurities.1® H,S04 (95-98%,
Sigma-Aldrich), H202 (35%, Merck) and KMnO4 (99%, Sigma-Aldrich) were utilized
to clean the cells. CO; (4.5 purity, Linde) was used for purging the electrolyte.

8.2.2 HP cell setup

An adapted high pressure, high temperature cell from Parr instruments with
an Ag/AgCl reference from Corr instruments was used in this study. More details on
the cell have been described before in a recent paperl8. The cell was designed to
work up to 140 bar and 200 °C and was used in semi-continuous mode where CO>
was constantly purged through the cell with a flow rate of 150 ml/min. After going
through a condenser coupled to a cooler (Cool-Care, Van der Heijden Labortechnik
GMDbH) to keep all volatile products in the liquid phase in the setup, the outlet gas
was analyzed every 6 min with a Micro-GC from Agilent with two TCD detectors. A
combination of a MS6A and CP-PORABOND Q column was used to detect Hz, CO and
CHs and a Al;03 column was used to detect the C2 and C3 hydrocarbons. The
pressure in the cell was maintained by controlling both the inlet and outlet flow
with flow controllers (SLA5850, Brooks Instruments). The temperature was
controlled with an electric heating mantle. A homemade two-compartment PEEK
cup was used inside the stainless steel chamber and all metal parts from the
thermocouple and reference electrode were covered by Teflon tape. Moreover, the
lid of the vessel was covered with Viton rubber to prevent any contamination from
the stainless steel.
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8.2.3 Electrochemical experiments

The homemade PEEK cup was cleaned prior to experiments by storing in
permanganate solution overnight (0.5 M H2S04, 1g/L KMnO4). Afterwards, the cell
was washed, cleaned in diluted mixture of H2SO4 and H20; to remove any traces of
MnO4 and MnO2, washed again and boiled three times with Milli-Q water. As
working electrodes, 1mm thick wires were used. Table G.1 gives an overview of the
supplier and the purity of the wires. The wires were used as received, except for the
Cu, which was electropolished in 85% H3PO4 (Suprapure, Merck) by applying +3 V
versus a graphite counter electrode for 20 s before the experiment. The working
electrode was separated from a DSA counter electrode (Magneto) with a PiperION
membrane (Versogen)202l, The experiments were performed with a Gamry
Interface 1010B potentiostat and current interrupt?2 was used to correct for the
Ohmic drop. Experiments were performed for 60 minutes at constant potential, in
principle -1.5 V vs SHE. Gaseous products were determined every 6 min with GC as
described above, while liquid products were determined afterwards by sampling
the 65 ml catholyte and analyzing this using high performance liquid
chromatography (HPLC, Shimadzu) with an Aminex HPX-87H column (Bio-rad).
Methanol was not detected with HPLC but using a liquid GC with a SH-I-MS column
(Nexis GC 2030 with AOC-30i autosampler, Shimadzu). During experiments the
pressure was maintained within an error of 0.1 bar, while temperature was
maintained within an error of 2 °C. Before reaching the conditions used for the
experiment (which could take up to an hour), the working electrode was always
under potential control at a potential of -0.8 V vs Ag/AgCl. Due to time restraints,
individual experiments have not been repeated and no error bars are plotted.

8.2.4 Reference electrode corrections

In this study, all potentials are reported vs SHE(T). During experiments, a high
pressure Ag/AgCl electrode (Ultradeg, 0.1 M KCl, Corr Instruments) was used as a
reference electrode. However, with changing temperature, one should make several
corrections to convert the potential from Ag/AgCl to SHE as we described
previously (REF to HP Cu paper). The Nernst equation is used to determine the shift
of the Ag/AgCl reference electrode against SHE:

«log(ag-(T)) (8.1)

In(10) * RT
Esgraget = Engrager(T) — —F

with EY the standard potential, R the gas constant, T the temperature, n the number
of electrons, F Faradays constant and ag the activity of the chloride anion. The
standard potential of Ag/AgCl is a function of temperature and can be calculated
using the following formulaZ23:
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Ef(l)g/AgCl(T) = —0.111658 + 0.011134 * T — 0.001757268 * T * In(T) (8.2)

The temperature dependence of the activity of the chloride ions can be determined
from a formula from Bogaerts et al.24:

NI o
ac-(T) = exp |log(ac,-(25 °C)) — 1+—Cll * (AT — A25°C) (8.3)
c-

where ag. is the activity of the chloride at room temperature?s Ig is the ionic
strength and 4, is the Debye-Huckel parameter?4

With these formulas, the shift between an Ag/AgCl reference and SHE could be
determined at different temperatures, as shown in Table G.2. The potential could
not be reported in RHE as the pH should be known to convert SHE to RHE. However,
itis impossible to measure the exact pH of the electrolyte at elevated CO; pressures
and temperatures.

8.3 Results
8.3.1 Selective screening

We have performed experiments on a selection of metal catalysts for CO2RR at
elevated pressures and temperatures. Because our setup opens up the parameter
space for both pressure and temperature, many combinations of conditions are
possible, especially when electrolyte composition and potential are also taken into
account. Therefore, in this study we have limited the parameter space and all
experiments are in principle performed in 0.1 M KHCO3 at -1.5 V vs SHE, which is
equivalent to -1.1 V vs RHE at ambient conditions. Moreover, we study six
temperature and pressure combinations for seven main metal catalysts. Ambient
conditions are studied as reference point, room temperature and 30 bar to study
the effect of pressure, and to be able to compare with known literature. The effect
of temperature is studied at 50 and 100 °C, at 30 bar, and to observe the effect of
pressure at these temperatures also experiments at 5 bar were performed. Figure
8.1 shows part of the periodic table and the main CO2RR products of these metals
at ambient conditions >6. We have chosen to study Cu, as it is the only one making
products beyond CO. Zn and Ag are studied as typical CO producing catalysts, while
Cd and Sn typically make HCOOH. Ni and Pd are studied to complete the set with
catalysts that at ambient conditions produce mainly Hz. With the exception of Sn,
the studied metals all surround Cu as we expect this gives the highest chance to
observe products beyond CO when the temperature and pressure are altered.
Besides these 7 metals, 16 other metal catalysts such as Au, Pb, Pt and Fe are studied
as well, although in less detail, in Figure 8.4.
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Figure 8.1 Faradaic efficiency at six different conditions for Cu, Ag, Zn, Ni, Pd, Cd and Sn
at -1.5 V vs SHE in 0.1 M KHCOs. These metals were studied as they represent the
different groups of metals as shown in the Periodic Table in the middle(REF); hydrogen
as main product, CO or HCOOH and Cu as catalyst able to make C2+ products.

Figure 8.1 shows the Faradaic efficiency towards the main products at the
different pressure and temperature combinations for Cu, Ag, Zn, Ni, Pd, Cd and Sn.
The competing hydrogen evolution reaction can be significantly suppressed on
most of these metals at elevated pressures. Ag, Zn, Cd and even Pd show hardly any
H at 30 bar at room temperature, while Cu and Sn only produce up to 10%. Only Ni
still produces significantly amounts of H; at these conditions, although with 70%
also significantly less than the almost 100% at ambient conditions. With increasing
temperature up to 50 °C, the HER efficiency remains low. At 100 °C, H selectivity
rises slightly for most metals, although only very significantly for Cu and Ni. At
elevated temperatures, high pressures are needed to keep HER suppressed as at 5
bar the H: selectivity increases again, especially at 100 °C, where it starts to
dominate not only on Ni, but also on Cu, Sn and Zn. The dominance of hydrogen at
100 °C and 5 bar is not simply due to low CO2 solubility, as at this condition the CO>
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solubility is higher than at ambient conditions but CO; reduction performance is
worse.

Low efficiency towards H, means that most current is used to make CO2RR
products. While Pd and Ag are very selective and produce almost 100% CO at
elevated pressures, Cd, Sn and Zn produce both CO and HCOOH. While at ambient
conditions Zn and Sn produce mainly the product they are expected to produce (CO
and HCOOH respectively)>6, Cd already produces a mixture of CO and HCOOH at
these conditions even though it is expected to produce mainly HCOOH. How the
ratio between CO and HCOOH changes in general with pressure and temperature,
will be discussed in more detail in section 8.3.3. It is interesting to notice that when
almost 100% efficiency towards CO2RR is reached, it is either towards CO (for Pd
and Ag) or towards a mixture of CO and HCOOH (for Cd, Sn and Zn), but never only
towards HCOOH. In the literature, HCOOH has been observed as the dominating
CO2RR product at elevated pressures, even reaching efficiencies above 90% 26.
However, the FE towards HCOOH strongly depends on potential?6, so it might be
that we are not at the optimal potential for the formation of HCOOH.

Athigh pressure and low to medium temperatures, Ni is able to perform CO2RR
in significant amounts and it produces a mixture of products; not only CO and
HCOOH, but also hydrocarbons. These hydrocarbons are mainly methane, but also
ethane, ethylene, propene and trace amounts of C4 products are observed. The
formation of ethane and propene indicates that a chain growth mechanism is active,
as has been shown before for Ni 927, Interestingly, not only Ni produces these longer
chain hydrocarbons but also Cu and Pd produce some longer chain hydrocarbons at
elevated temperatures. Cu produces a mixture of products, as expected. At ambient
conditions, mainly hydrocarbons are produced on Cu, but the selectivity towards
these decrease with both temperature and pressure and at 50 °C and 30 bar there
is a relatively equal mixture of all product categories. These trends fit with the
trends observed before in a more detailed study to the combined effect of pressure
and temperature on Cu in Chapter 7. The only metals that are able to produce
oxygenates in detectable amounts besides Cu are again Ni and Pd. Both metals can
produce methanol, but only under very specific conditions. On Pd, a trace of acetate
has been detected at 100 °C and 30 bar. From literature it is known that Ag can
produce oxygenates at elevated CO pressures 16, but we did not observe any during
CO2RR. Besides that we use CO; and not CO, these rates are also so small that it
would not lead to any significant amount of FE for these oxygenates. Moreover, Kuhl
et al.28 have shown that several metals can produce methane and methanol, even at
ambient conditions, such as Zn, Ag and Au. However, this was only observed at very
specific potentials and with very low activity.
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Figure 8.2 shows the same data of Figure 8.1, but plotted in a different way, to
gain further insights in the trends. It shows how the selectivity towards the main
products CO, HCOOH and H; changes with the different conditions on the different
metal catalysts. Figure 8.2a gives an even more pronounced illustration than Figure
8.1 how H; selectivity is influenced by pressure and temperature. H, can be almost
completely suppressed with increasing pressure except on Ni. This suppressing
effect can be maintained with increasing temperature. However at high
temperatures, elevated pressures are needed to maintain high CO2RR selectivity
because high FE towards H; are mainly observed at 100 °C and 5 bar.

Pd and Ag produces CO with almost 100% FE under most conditions. Cu, Zn,
Cd and Sn show more variation in the CO selectivity with temperature and pressure.
On Zn, the selectivity towards CO remains fairly constant at low temperatures and
only slightly decreases at 100 °C, or at the combination of elevated temperatures
and low pressures. For Cu, Cd and Sn, the FE towards CO seems to increase with
increasing temperature, although mainly at 30 bar. For the selectivity towards
HCOOH, itis apparent that the highest efficiencies are reached at room temperature,
especially for the metals known for producing formic acid. With increasing
temperatures, these catalysts are becoming less selective towards HCOOH, which is
similar to what has been observed before on Cu under ambient pressures 8 and on
Sn and In at elevated pressures2?. Although in general higher pressures increase the
selectivity towards formic acid (for example at room temperature on Cu, Zn and Cd),
in some cases higher pressure actually decreases the selectivity towards formic acid
(50 °C on Zn and Sn).

Figure 8.3 shows the partial current densities which accompany the selectivities of
Figure 8.1 and 8.2. Note the breaks in the y-axis. These breaks are necessary to be
able to spot the details at low current densities, while also showing the few extreme
cases. Especially for Hy, the partial current densities can go to very high values at
high temperatures, mainly in combination with low pressure. In these conditions,
some metals are not very stable and produce large amounts of H». To illustrate this,
the current vs time for Cu and Ni at high temperature and low pressure have been
plotted in Figure G.3. For all products, the highest current densities are observed at
100 °C. For the CO2RR products, the effect of pressure on the partial current
densities is also apparent as the highest current densities are reached at elevated
pressures. Even though the FE towards HCOOH decreases often with temperature
as discussed above, the partial current density still increases significantly. When the
metal catalyst is stable, increasing either pressure or temperature is an effective
strategy to increase the activity of CO2 reduction, as is illustrated for Ag, Zn and Cd
in Figure G.3 and as shown before in the same setup for Auls.
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Figure 8.3 Partial current densities for a) hydrogen b) all CO2RR products c) carbon
monoxide and d) formic acid at six different conditions for Cu, Ag, Zn, Ni, Pd, Cd and Sn
at-1.5Vvs SHE in 0.1 M KHCOs.

8.3.2 Broader screening

In the above discussion, we have studied a small selection of possible metal
catalysts. However, many more metals could be studied, of which some are known
to be good COZRR catalysts at ambient conditions. However, it is also interesting to
investigate the catalysts that produce mainly H; at ambient conditions to study if a
poor COZRR catalyst can turn into a good catalyst when the conditions, such as
pressure and temperature, are optimal. Ni and Pd are examples of the this, where
both significantly improve their CO2RR activity and selectivity under the right
conditions. Therefore, we decided to study a larger range of metals and see what
the effect of pressure and temperature is on the CO2RR. To limit the parameter
space, we only study these catalysts under three conditions, namely ambient
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conditions as reference point, room temperature and 30 bar to study the effect of
pressure, and 100 °C and 30 bar to observe the effect of temperature. These
conditions have been chosen as Figures 8.1 and 8.2 show that elevated temperature
with low pressure is not a good combination for CO2RR. Moreover, the difference
between 50 and 100 °C is in most cases not that significant at 30 bar, but at 100 °C
some other products have been observed on Pd and Cu. Ni does show that for a poor
CO2RR catalyst, 100 °C might be too high and leads to mainly H», but in that case
the 50 °C does not provide much more insight than the case at 25 °C and 30 bar.
Therefore, it was decided to study 100 °C and not 50 °C for this broader screening.

Figure 8.4 shows the effect of pressure and temperature on the CO2RR on Tij,
Zr, Cr, W, Fe, Ry, Co, Rh, Ir, Pt, Ay, In and Pb. The last three metals are known to be
good catalysts at ambient conditions for CO2RR, while the others mainly produce
H; at these conditions. While Au, In and Pb can reach very high CO2RR selectivities
at high pressures both at 25 and 100 °C, the other catalysts remain producing
mostly hydrogen at all conditions. Thus, a poor CO2ZRR catalyst at ambient
conditions can not become a good catalyst by simply changing the pressure and
temperature, as further illustrated in Figure 8.5.

In Figure 8.5 we plot the Faradaic efficiency towards CO2RR at different
conditions against each other to clearly illustrate how these conditions improve the
COZ2RR selectivity (compared to HER). For example, Figure 8.5a show the effect of
pressure on the CO2RR selectivity by plotting the FE for CO2RR at 30 bar and 25 °C
vs the FE for CO2RR at 1 bar and 25 °C. This Figure shows that a poor CO2ZRR
catalyst at ambient conditions (on the far left side of the graph) cannot be turned in
a good one by increasing the pressure (on the top side of the graph). A poor catalyst
can be turned in a slightly better catalyst at best, as shown in Figure 8.5b, where
none of the catalysts reaches much more than 25% FE towards CO2RR. However, a
reasonable CO2RR catalyst with FE toward CO2RR as low as 30% at ambient
conditions (at these potentials), such as Au, In and Pd, can become a very good
catalyst with less than 10% FE for HER at elevated pressures (Figure 8.5a), even at
high temperatures (Figure 8.5c and d).

Even though the poor CO2RR catalysts do not have high CO2RR selectivity,
there are still some interesting observation to be made from Figure 8.4. For these
poor CO2RR catalysts, the main product at high T and p is HCOOH. Pt and Zr are
exceptions, as they produce also significant amounts of CO. Coincidently, from all
the poor CO2RR catalysts, Pt and Zr also produce the least hydrogen at elevated
pressures. Moreover, we observe that some of these catalysts are able to produce
long chain hydrocarbons and methanol, which we will discuss in more detail in
section 8.3.3.
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Figure 8.5 The Faradaic efficiency towards CO2RR plotted against different conditions
as an illustration of the improvement (p,T) conditions can have. For example, a) shows
the effect of pressure at room temperature, where medium CO2RR catalysts at ambient
conditions can become very good at high pressure, but poor catalysts at ambient
conditions at best become mediocre. b) is a zoomed-in version of a) showing the poor
CO2RR catalysts. c) shows the effect of temperature at 30 bar and d) shows the
combined effect of pressure and temperature.

The poor CO2RR catalysts at ambient conditions do not become very active at
elevated pressures, not even at room temperature. This is different than observed
before by Hara et al.12 as they observed reasonably high FE for CO2RR on metals as
Zr (40%), Pt (57%) and Rh (80.8%). Figure G.4 compares our results with the
results of Hara et al. and Figure G.4c indeed shows that for the poor CO2RR
catalysts, we observe significantly more H, than Hara et al. However, for some of the
good CO2RR catalysts, we observe much more CO than Hara et al. There is not a
systematic difference between the studies of Hara et al. and this study for Hz and
CO, although we observed in general less HCOOH for the most active HCOOH
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producing metals as Pb and Sn. Both studies were performed in the same
electrolyte, at similar pressures and temperatures, but a key difference is that we
employ constant potential measurements while Hara et al. employ constant current
measurements. Therefore, the potential in their experiments can be very different
depending on the metal studied, and this might explain the different results
between the two studies. A comparison between the study of Hori® and this study
in Figure G.5 leads to a similar observations. However, the HCOOH efficiency in the
study of both Hara and Hori is exceptionally high and was not reached in many other
studies30-33, or only at certain conditions of potential, electrode roughness and
temperature 263435 Therefore, we expect that under (slightly) different conditions,
near 100% FE towards HCOOH should also be achievable in our setup.

8.3.3 Discussion activity, stability, selectivity

Figure G.6 shows that the activity towards CO2RR increases with both
increasing temperature and pressures. This is similar to what we have shown
before in a more detailed study on Au using this setup 18. Only under conditions
where CO; availability becomes limited, or when the catalyst becomes unstable, this
relationship does not hold. In Figure G.6 this is most clearly illustrated by the data
points at 100 °C and 5 bar, which are often lower than expected based on the other
results. Moreover, Figure G.3 illustrates that not all metals are stable under the
conditions applied in this study. Especially at high temperatures and low CO;
pressures, we observe instabilities, which are illustrated by the increase of the total
current due to the increase in HER selectivity in time. This instability also influences
the product distribution, as can be seen in Figure 8.5c and d, because the
instabilities lead to more HER and relatively less CO2RR. Therefore, while all other
reasonable CO2RR catalyst cluster together in the top right corner of Figure 8.5c,
Cu is the only one significant below that. This means that for most CO2RR catalyst,
they produce very little H, when the pressure is increased to 30 bar and this
remains the case even at 100 °C because they are stable. However, Cu becomes
unstable at these temperatures and as a consequence starts producing significant
amounts of Hz, which lowers the CO2RR selectivity and makes Cu and outlier in
Figure 8.5c.

The selectivity of the reaction and especially the competition between the main
products CO and HCOOH is analyzed in more detail in Figures G.8, G.9 and G.10.
Figure G.8 shows the selectivity towards hydrogen, formic acid and CO plotted
against the H* binding energy calculated by Bagger et al.6 They argue that H*
binding energy is the key descriptor predicting the main product, although recently
it has been argued that the crystal lattice also works as descriptor3¢. In these plots,
the different classes of CO2RR catalysts can clearly be seen and seem to reasonably
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hold even at these different conditions. However, there are some exceptions of
which Pd is a clear example. Based on its *H energy, Pd is expected to produce
mainly Hy, as it was classified before by Bagger et al.6 However, we observed that
HER can be suppressed almost entirely on Pd, maybe because one should consider
a palladium hydride surface instead37-41. Also Ni and Pt move away from the cluster
on top, but only at elevated pressures. Even though the H* binding energy still
seems a reasonable descriptor even at high temperature and pressure, the
difference between the CO and HCOOH producing metals becomes less sharp and
more gradual in these conditions. Zn, which is classified as producing CO, makes
relatively less CO by increasing pressure and temperature while Cd and the HCOOH-
producing metal move in opposite direction and seem to produce more CO with
increasing pressure and temperature. Figure G.8 illustrates that with increasing
pressure the Faradaic efficiency towards HCOOH can either increase or decrease
and this seems to depend on the *H binding energy. For metals known for producing
HCOOH, the FE decreases with increasing temperature, while the metals with
stronger *H binding energies slightly increase their selectivity towards HCOOH. As
formic acid and CO are the main CO2RR products for most catalysts, it is interesting
to see how the ratio between these products changes with changing operation
conditions. Figure G.9 illustrates that both with increasing pressure and
temperature in most cases the CO selectivity increases more than the HCOOH
selectivity, at least for the potential and electrolyte used here.

Figure G.10 shows that some metal catalysts (Fe, Co, Ni, Pd, Cu) have the ability
to make hydrocarbons at high pressures, sometimes only in combination with high
temperatures (Zr and Cd). Various metals show some methane production and
others show even longer hydrocarbons. These efficiencies are very low, but not
uninteresting as this shows that these metals are capable of producing C2+
products and this is not limited to Cu only. Because no other liquid C2+ products are
detected at any other metal than Cu (except for trace of acetate on Pd) and because
these metals are able to produce longer hydrocarbons, we expect that these metals
perform C-C coupling via a chain growth mechanism instead of the traditional CO
dimerization mechanism. Maybe not coincidentally, some of the metals that
perform this electrochemical chain growth mechanism are also able to do this
thermocatalytically and are active for the Fischer-Tropsch reaction*?-44, such as Fe,
Co and Ni, although Ru does not show the formation of hydrocarbons in this study.
Also interestingly, some metals are able to produce methanol as well (Figure G.11).
Fe produces methanol both at 25 and 100 °C at 30 bar, while Ni and Cu only produce
it at 25 and 50 °C and Pd only at 100 °C. Curiously, the only metals that produce
methanol also produce longer hydrocarbons, which could indicate that that these
products share a common intermediate, such as *HC0Z845, Based on this, one might
expect Co to also be able to form methanol, even though this was not observed in
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our experiments. Moreover, Ru has shown to be active in methanol production
before, but no methanol was found in these experiments. However, in the literature
often RuO; is used instead of metallic Ru and lower overpotentials are applied*é.

8.4 Conclusion

Figure 8.6 summarizes the trends and observations of this study, showing the
selectivity of all the metals studied at ambient conditions, at elevated pressure and
for the combination of elevated pressure and temperature. Section G.9 contains the
details how this figure was constructed. The top periodic table shows the selectivity
towards CO2RR compared to HER. Increasing the CO; pressure can significantly
improve COZRR and intermediate COZRR catalysts at ambient conditions can

[~— 25°C, 1 bar
—— 25 °C, 30 bar
— 100 °C, 30 bar

[~— 25°C, 1 bar
—— 25 °C, 30 bar Selectivity
— 100 °C, 30 bar

Figure 8.6 Periodic table to summarize the trends with pressure and temperature at a
big variety of metal catalysts for electrochemical COz reduction at-1.5 V vs SHE in 0.1 M
KHCOs3. The upper Periodic table shows the selectivity towards CO2RR in competition
with HER. The lower Periodic table shows the selectivity of the CO2RR products, unless
so little is produced which leads to a red color for HER. Per metal, the outer box gives
shows the results at ambient conditions, the middle box at high pressure and the inner
box at high pressure and temperature.
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become very good as HER is significantly suppressed by increasing pressure. The
CO producing metals can reach very high FE with increasing pressure, even at 100
°C, while for the HCOOH producing catalysts, this high efficiency is reached at high
pressures but at different temperatures depending on the catalyst. The left side of
the periodic table stays more red and only at elevated pressures Faradaic
efficiencies for CO2RR above 1% can be reached, although hardly ever exceeding
10%. The bottom periodic table shows the product distribution of the CO, reduction
reaction. It can be seen that the CO producing metals always keep producing CO,
while Cu and the HCOOH producing metals produce relatively more CO at elevated
temperatures. The poor CO2RR catalysts produce mainly HCOOH as CO2RR product
at high pressures and low temperatures. Cu is not the only metal able to produce
hydrocarbons, as also Ni and Fe can produce them in significant amounts under the
high pressures and temperatures.

This study has screened various metals as electrocatalysts for CO; reduction
and specifically looked at the effect of temperature and pressure. Potential and
electrolyte were kept constant during all experiments, because otherwise the
parameter space would be too large. However, these parameters can have
significant influence on catalyst performance 263447-50, Therefore, this screening
study gives first insights, but further in-depth studies are needed in which the effect
of potential and electrolyte are studied on selected catalysts. Moreover, we only
studied six temperature-and-pressure combinations. Medium pressures of 10-20
bar and medium temperatures of 50-75 °C may still yield deviating results. This
study therefore gives guidance in deciding future experiments. The most interesting
catalysts to study for CO2RR appear to be the known catalysts as Cu, Ag and Zn, but
also Pd, Ni, Fe, Zr and Pt, especially at elevated pressures and temperatures. Beyond
the pure metal catalysts, these metals could also be studied as carbides, nitrides and
phosphides for example 9275152, Moreover, combining these metals in metal alloys
could lead to new results and improve activity or selectivity beyond the
performance of a single metal 53-58,
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A. Supporting information to Chapter 2

A.1 Standard equilibrium potential

The standard equilibrium potential of CO2 reduction towards CO has a temperature
dependence itself. Using equations A.1la and A.1b, and the thermodynamic data
tabulated in Table A.1, we can calculate the equilibrium potential at different
temperatures. Table A.2 shows that the equilibrium potential shifts towards more
negative potentials with increasing temperature, although the shift is relatively
small.

AG = —nFE (A.1a)
AG = AH — TAS (A.1b)
CO, +2e” 4+ 2H* - CO + H,0 (A.2a)
H, > 2e  +2H*  (A.2b)

Table A.1 The tabulated enthalpies and entropies for species involved in the CO2
reduction towards CO

AH (k]J/mol) AS (J/mol)
Co2 -393.509 213.74
Co -110.525 197.674
H20 -285.8 69.9
H2 0 130.7

Assuming the entropy and enthalpy are constants in this temperature range, the
standard equilibrium potentials can be obtained at different temperatures as seen

in Table A.2.

Table A.2 Equilibrium potential versus RHE of CO2RR towards CO with temperature
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[TT0_707]
25 -0.104
30 -0.106
35 -0.108
40 -0.110
45 -0.112
50 -0.114
55 -0.116
60 -0.118
65 -0.120




A.2 Exchange current density determination

A.2 Exchange current density determination

Figure A.1 is an example of a Tafel plot used to determine the exchange current

density by extrapolation.

In(j)

414 1.0 09 08 07 -06 -05 -04 0.3 0.2
E (V)

Figure A.1 Determination of the exchange current density using an extrapolation in the
Tafel plot of the partial current density for CO formation

A.3 Plateau in activity of CO formation

-1.0 1
-1.5 1

-2.0 1
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o
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-3.0 T T T T
20 30 40 50 60 70
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Figure A.2 The partial current density of CO2RR towards CO formation at -0.7V vs RHE

plotted against temperature in 0.1M NaHCOs to illustrate the plateau in the activity

starting around 55 °C.
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A.4 SHE scale

When pH dependent studies have been performed on CO2RR, it has been argued
before that the partial current densities of CO should be plotted on an SHE scale as
this reaction is pH independent 2. Because in our experiments the RHE and the
SHE scale are not exactly similar, we have plotted our data on a SHE scale as well
(Figure A.3). This shows that there is no qualitative difference between the SHE and
RHE scale in the temperature range used in this study. Moreover, for the
quantitative data obtained in the kinetic analysis later in this study, the differences
are minor. So, we decided to show our data on a RHE scale in this study as this was
the reference scale used to measure and requires no further operations.

E (V vs SHE)
1.4 1.2 -1.0 -0.8 -0.6 0.4
0 1 2 L 2 L " [ "

—25°C
30°C
—35°C
—40°C
——45°C
—50°C
—55°C
—60°C
——65°C

j(mA/cm?)

Figure A.3 The partial current density for CO formation in 0.1M NaHCOs on a gold
RRDE at 2500 rpm and 20 mV/s at different temperatures plotted on a SHE scale
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A.5 Temperature dependent variables

A.5 Temperature dependent variables
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Figure A.4 Different parameters which change with temperature, (some values
originate from literature); a) the CO2 concentration in water (oranges3, green?, blue®), b)
the diffusion coefficient of COz in water (orange®, green’, blue?), c) the resistance of 0.1M
NaHCOs, d) the pH of 0.1M CO2 saturated NaHCOs
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A.6 Partial pressure experiments

-0.6
1

E (V vs RHE)
-0.4

0.0
-0.54
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——1.00 atm ~ 25°C
——0.70 atm ~ 40°C
——0.52 atm ~ 55°C
——0.42 atm ~ 70°C
——0.35 atm ~ 85°C
——0.31 atm ~ 100°C

Figure A.5 The partial current density for CO formation at different partial pressures
of COz (and the equivalent temperature with 1 atm of CO2) on a gold RRDE at 2500 rpm

and 20 mV/s in 0.1 M NaHCOs,
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Figure A.6 The In of the exchange current density at different concentrations of CO2 to

determine the reaction order of CO>
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A.7 Limiting current densities and Koutecky Levich plot

A.7 Limiting current densities and Koutecky Levich plot

211 1
j. = 0.201nFD3w2v76C = Biwz  (A.3)

Koutecky-Levich equation

Levich equation

1 1 + 1 1 + 1 (A 4)

jm Jk jmr Jk BLw®? '
where j;, is the Levich current, n moles of electrons transferred, D is the diffusion
coefficient, w the angular rotation rate in rpm, v the kinematic viscosity, C the
concentration of the CO2, By, the Levich constant, j,,, the measured partial current
density jk the kinetic current density and jyt the mass transport current density

Table A.3 The limiting current densities at different temperatures and 2500 rpm
calculated using the Levich equation 58

J(mA/cm?) T (K) D (cm?/s) v (cm?/s) C (mmol/ml)
103.98 298.12 1.92E-05 8.90E-03 0.034
100.41 303.15 2.16E-05 8.00E-03 0.030
97.34 308.15 2.40E-05 7.24E-03 0.027
94.68 313.15 2.66E-05 6.60E-03 0.024
92.49 318.15 2.93E-05 6.03E-03 0.021
90.77 323.15 3.21E-05 5.50E-03 0.019
89.19 328.15 3.50E-05 5.11E-03 0.018
88.13 333.15 3.80E-05 4.70E-03 0.016
87.12 338.15 4.11E-05 4.41E-03 0.015

Table A.4 Kinetic current density and Levich constant from data of Figure A.4

T(K) jk (mA) 1/8B ((s*rpm)°4/C)
298 1.9 3317
313 4.9 4354
328 10.6 5677
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Figure A.7 Koutecky-Levich plot of CO2RR towards CO at -0.8V vs RHE

A.8 Hydrogen evolution reaction with increasing temperature

E (V)
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0 2 i 1 2 J
1]
24
.34
o 4]
E L
S 51 ——25°C
= 6 —30°C
= ] ——35°C
] ——40°C
.3.. —45°C
9] 50°C
1 55°C
10 ——60°C
11 - —65°C

Figure A.8 The current density of HER in 0.1M Ar saturated NaHCO3 on a gold RRDE at
2500 rpm and 20 mV/s
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A.9 Qualitative effect of temperature on CO formation rates

Table A.5 The ratios between the partial current densities towards CO at different
temperatures compared to the partial current density at 25 °C

I —

30°C 35°C 40 °C 45°C 50 °C 55 °C 60 °C 65 °C

04v 148 1.71 197 336 344 | 389 316  3.34
05V | 133 180 215 272 | 335 346 355 365
06V | 124 164 199 235 277 292 311  3.06
07V | 129 170 196 226 256 263 266 271
08V | 126 156 1.8 206 222 232 224 226
09V | 123 149 169 1.8 19 197 201 195
40V | 123 148 165 181 18 195 195 182

A.10 Apparent activation energies

The Arrhenius equation can be used to determine the apparent activation energy.

-E,
k=AeRT  (A.5)

where k is the reaction rate constant, A is the pre-exponential factor, E, is the
activation energy, R is the gas constant and T the absolute temperature. Since the
exchange current density depends on the reaction rate constant, the jo will also
follow an Arrhenius relation. We can substitute equation A.6 in equation A.5 to get
equation A.7a. This equation can be rewritten to equation A.7b to obtain the
apparent activation energy.

jo, =nFk°C  (A.6)

—Eq —Ea
jo = nFCAeRT = A’eRT (A.7a)

E, 1
In(jo) =In(A") — —*= A.7b
() =AY~ 2+ (ATH)
where jo is the exchange current density, F the Faraday constant, k the reaction rate
constant, n the number of electrons transferred, and C the concentration of CO,.
However, we need to correct for the temperature dependence of the CO;
concentration:

., . Casec
Jo =Jo—¢ (A.8)
T
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where Casc is the concentration of COz at 25 °C and Cr the concentration of CO> at
the temperature of the experiment. Instead of equation A.6, equation A.8 can now
be substituted in equation A.5 to get equation A.9a. This equation can be rewritten
to equation A.9b. Substituting equation A.8 back in equation A.9b and equation A.9¢c
is obtained.

_Ea
jh=AeRT  (A.9a)

In(j}) = In(A") Ea 1 A.9b
= —_ — % —
n(jo n R *T (A.9b)

Casec E, 1
In(j 1 =In(A) — —=*= A9
nGio) +1n () =) = Feg (A90)
So, to correct for the changing concentration of CO; with temperature, we use the
: Casec
correction factor In (C—).
T

The standard equilibrium potential changes with temperature as can be seen in
Table A.2. This change has been taken into account in the Arrhenius plot of Figure
2.5. For each temperature, the exchange current density has been calculated at the
corresponding standard equilibrium potential according to Table A.2.

-7.51

£

8.0 =
$. R E, ,p, = 44 kJ/mol
1 S
~

4

-10.0 4

-10.5 +—rgr—p—vr-or1-—-+—v4-—-+—7—"—"T7""—"7"—""""7"
295 3.00 3.05 3.10 3.15 3.20 3.25 3.30 3.35 3.40
1/T (1/K*1000)

Figure A.9 Arrhenius plot of COz reduction in 0.1M NaHCOs in the temperature range
of 25-60 °C, not corrected for the changes in CO2 concentration with temperature
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A.10 Apparent activation energies
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Figure A.10 Arrhenius plot of CO2RR towards CO formation in 0.1M NaHCO3 using data
from Figure 2.2, so at constant COz concentration
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Figure A.11 Arrhenius plot of HER in Ar saturated 0.1M NaHCOs3
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A.11 Transfer coefficient
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Figure A.12 The apparent activation energy of CO2 reduction towards CO formation in

0.5M NaHCO3 plotted against the applied potential
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Figure A.12 The apparent activation energy of CO2 reduction towards CO formation in

0.1M CsHCO3 plotted against the applied potential
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A.11 Transfer coefficient

The entropic contribution to the transfer coefficient can be determined from the
slope of the In of the pre-exponential factors with potential °.

4-
34
| /.
| P g
—_ n_ -
<, Phd
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e
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-0.9 -0.8 -0.7 -0.6 -0.5 -0.4

E (V)

Figure A.14 The In of the pre-exponential factor plotted against the applied potential
for CO2 reduction towards CO in 0.1M NaHCOs3

A.12 Cation volume occupation

Assuming 1.5M of K+ at the surface ', and an effective interfacial cation radius of
4.5 for K+, the volume these cations occupy is percent:

(1.5 * 6.022E23 + 2 m (6E — 10)3 )/ 1073 % 100% = 34%
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B.1 Photo and scheme of the H-cell and jacket
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Figure B.1 Photos from the H-cell surrounded by the water jacket used to control the

temperature
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Figure B.2 Schematics of the H-cell surrounded by the water jacket used to control the
temperature. a) Frontal-section of the cathodic chamber and (b) cross-section of the

electrochemical H-cell with heating jacket
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B.2 CO; reduction selectivity and activity at -1.1V vs. RHE

B.2 CO; reduction selectivity and activity at -1.1V vs. RHE
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Figure B.3 Carbon Efficiency of CO2RR at different reaction temperatures in 0.1 M
KHCO3 at-1.1 V vs. RHE for a) CO b) formic acid c) ethylene d) methane e) ethanol, and
f) 1-propanol. The error bars are determined from at least 3 separate experiments. The
gray background indicates the second regime and the dotted lines are a guide to the
eye.
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Table B.1 Faradaic and Carbon efficiency for CO2RR at different temperatures at -1.1V
vs. RHE

11V FE/CE
(%)

18°C 25°C 32°C 40°C 48°C 55 °C 62°C 70°C

H; 294/- 27/- 28.7/- 293/-  410/- 487/- 623/- 840/-

co 47 / 64 / 53 |/ 59/185 45 / 77 / 59 / 19 /

15.9 19.6 15.4 17.5 34.4 419 485

CH, 215 / 179 / 201 / 181 / 135 / 66/72 42/63 12/58
20.5 19.3 21.2 16.6 16.5

CzH 59/90 135 ,/ 188 / 211 / 219 / 166 / 99 / 22 /

18.9 26.9 30.6 34.8 29.5 22.4 21.2

HCOOH 133 / 113 / 99 / 657239 47 / 35 / 37 /[ 12 [

496 35.7 25.9 193 17.6 22.9 24.5

EtOH 26/33 41/46 64/85 72/81 69/97 44/95 26/54 06/01

PrOH 14/18 18/19 17/22 21/24 16/22 09/18 05/1L1 00/00
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Figure B.4 Faradaic efficiency (in dark circles) and partial current density (in light
squares) of CO2RR at different temperatures in 0.1M KHCO3 at -0.95V vs. RHE for a)
hydrogen b) CO c) methane d) formic acid e) ethylene f) ethanol g) 1-propanol. Dotted
lines are a guide to the eye and error bars are determined from at least 3 measurements.
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Figure B.5 Carbon efficiency of CO2RR at different temperatures in 0.1 M KHCOs at -
0.95 V vs. RHE for a) formic acid b) CO c) ethylene d) methane e) ethanol f) 1-propanol.
Dotted lines are a guide to the eye and error bars are determined from at least 3
measurements.
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Table B.2 Faradaic and Carbon efficiency for CO2RR at different temperatures at-0.95V

vs. RHE
-095V FE/CE (%)
25°C 40 °C 48 °C 55°C 70°C

H: 454 /- 429 /- 53.5/- 53.7 /- 83.9/-
co 16.8/438 153/442 135/495 12.1/455 7.6/716
CHa 0.4/0.1 0.5/03 1.2/ 07 03/04 0.0 /0.0
C2H 1.2/12 40/ 4.4 81/7.7 48 /64 1.0 /3.4
HCOOH 13.7 /514 173/482 125/389 11.7/440 2.8/24.1
EtOH 1.0/14 1.9/18 1.7 /17 1.9/25 03/10
PrOH 1.5/21 1.1/11 1.4 /15 1.0/13 0.0/0.0

B.4 CO; reduction selectivity and activity at -0.7 V vs. RHE
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Figure B.6 Faradaic efficiency of CO2RR at different temperatures in 0.1 M KHCOs3 at -
0.7 V vs. RHE for a) hydrogen b) CO c) formic acid
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Figure B.7 a) Total consumption of COz of CO2RR at different temperatures in 0.1 M
KHCOs3 at -0.7 V vs. RHE and the carbon efficiency towards b) CO and c¢) HCOOH. Dotted
lines are a guide to the eye and error bars are determined from at least 3 measurements.

Table B.3 Faradaic and Carbon efficiency for CO2RR at different temperatures at -0.7V
vs. RHE

-0.70V FE/CE (%)

25°C 40°C 48°C 55°C 70°C
H; 865/ - 73.7 / - 70.0 / - 739/ - 829/ -
co 6.3/29.5 7.0 /29.5 6.9/33.1 8.0 /378 2.7 /359
HCOOH 15.6 /705 152/705 126/669 113/622  4.8/64.1
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Figure B.8 Faradaic efficiency of CO2RR at different COz bulk concentrations by
changing the partial pressure in 0.1 M KHCO3 at -1.1 V vs. RHE for a) hydrogen b) CO c)
methane d) formic acid e) ethylene f) ethanol g) 1-propanol. Dotted lines are a guide to
the eye and error bars are determined from at least 3 measurements.
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Table B.4 Faradaic efficiency of CO2RR at different COz bulk concentrations by
changing the partial pressure in 0.1M KHCO3 at -1.1V vs. RHE

Partial FE (%)

pressure

[CO2] 100 % 70 % 52 % 42 % 35%
Hz 27.0 20.8 24.5 30.5 35.1
co 6.4 4.0 3.6 3.1 2.4
CH4 17.9 285 24.8 31.0 35.5
C:H 13.5 15.7 11.7 13.2 15.8
HCOOH 11.3 8.1 7.1 5.0 4.2
EtOH 4.1 5.6 5.3 4.0 5.5
PrOH 1.8 1.8 1.2 1.2 1.3

Table B.5 Faradaic efficiency of CO2RR at different temperatures with constant CO2
bulk concentrations by changing the partial pressure in 0.1M KHCO3 at -1.1 V vs. RHE

[COy] FE (%)
constant

25°C 40°C 55°C 70 °C
Hz 263 35.7 55.5 86.5
co 33 49 55 1.8
CH4 325 137 45 0.7
CzH 13.7 17.0 16.6 1.7
HCOOH 6.5 5.8 5.0 13
EtOH 338 7.9 5.9 0.4
PrOH 1.2 1.7 1.4 0.0
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Figure B.9 Faradaic efficiency of CO2RR at different temperatures with constant CO2
bulk concentrations by changing the partial pressure in 0.1 M KHCO3 at -1.1 V vs. RHE
a) hydrogen b) CO c) methane d) formic acid e) ethylene f) ethanol, and g) 1-propanol.
Dotted lines are a guide to the eye and error bars are determined from at least 3
measurements.
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B.6 Stirring experiments
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Figure B.10 Faradaic efficiency of CO2RR at different temperatures while stirring with
a stirring bar at 1000 rpm in 0.1 M KHCOs at -1.1 V vs. RHE for a) hydrogen b) CO c)
methane d) formic acid e) ethylene f) ethanol, and g) 1-propanol. Dotted lines are a
guide to the eye and error bars are determined from at least 3 measurements.
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Table B.6 Faradaic efficiency for CO2RR at different temperatures at -1.1V vs. RHE
while stirring with at stirring bar at 1000 rpm

stirring FE (%)
25°C 40 °C 55°C 70°C

Hz 33.2 42.1 58.7 86.2
co 5.2 5.7 5.8 2.7
CH4 22.0 12.8 4.9 1.7
CzH 18.9 20.6 13.5 5.0
HCOOH 10.3 3.5 3.0 1.1
EtOH 5.6 8.4 5.1 0.7
PrOH 3.4 2.6 1.2 0.0
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B.7 Raman spectroscopy measurements
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Figure B.11 Example of the data processing of the Raman data. Panel a) shows an
example with small peak area ratios and b) with large peak area ratios. From top to
bottom the Figure B.hows the original spectrum, the background corrected spectrum
and then the data that is fitted with a Gaussian peak fitting procedure to calculate the

b) Max. peak area ratio at 20°C
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area of the 280 cm! and 360 cm! peaks in blue and red, respectively.
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Supporting Discussion: As mentioned in the experimental section, the obtained
spectra were baseline corrected using the SNIP algorithm for background
elimination. ! After this background correction, a Gaussian fit was performed on the
individual spectra to calculate the area of the 280 and 360 cm! features. The Raman
shift window between 250 and 400 cm-! was used for the fits, with a set boundary
between the two peaks at 310 cm1. The ratio of the 360 and 280 cm-! peaks areas
was then used to determine the CO coverage qualitatively.
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Figure B.12 The ratio between 360 and 280 cm-! peak areas on Cu in 0.1 M KHCO3 vs.
the peak intensity of the 360 cm! peak, which is used as a proxy for the intensity of the
Raman spectra. Three different conditions are shown to illustrate that this trend is not
a coincidence. It can be seen that the ratio depends on the intensity of the peaks: at
higher intensities the peak area ratio increases.
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Figure B.13 The ratio between 360 and 280 cm-! peak area on Cu in 0.1 M KHCO3 vs.
temperature at -0.95 V vs. RHE. It can be seen that the intensity of the Raman spectra,
here indicated by the peak intensity of the 360 cm™! peak, influences the peak ratio. The
effect of temperature on the peak ratio and thus the CO coverage is more pronounced
with more intense peaks.

Supporting discussion: In Figure 3b, the 280 and 360 cm-! Raman features with
the lowest intensities were not taken into account, because we observe that the
peak area ratio also seems to depend on the intensity of these peaks, as can be seen
in Figure B.12. When the spectra are more intense, as indicated by the peak height
of the 360 cm! feature, the peak area ratio increases as well. This might be caused
by the inhomogeneity of the copper surface or by the extent to which the different
bands respond to the surface enhancement. Therefore, we isolate the effect of
temperature on the peak area ratio by only comparing peak area ratios of spectra
with similar intensity, as can be seen in Figure B.13. It can be seen that at all
intensities, the CO coverage increases with temperature, although the trend
becomes more pronounced when the peak area is larger. When all measured points
are taken into account, the trends of Figure 3 are still observed, as can be seen in
Figure B.14. However, at -0.7 V the trend is less pronounced due to the data point
at 50 °C, as the measurements at this temperature contained many low intensity
peaks with a lower ratio. At -0.95 V the entire trend is less pronounced as there are
more low intensity peaks in general. Additionally, the peak position is potential
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dependent due to the electrochemical Stark shift (Figures S15 and S16), but we find
that this has negligible effect on the calculated peak ratios. From this analysis of the
Raman spectra, we thus conclude an increasing trend in CO coverage with
temperature, independently of the exact methods used to analyze the data.

The interfacial electric field that is generated at the electrode/electrolyte interface
has implications for the energetics of the vibrational modes of the adsorbed
intermediates. This is known as the vibrational Stark effect and has been
researched for Raman spectroscopy during the CO2RR, where the adsorbed CO
vibrations are known to show an electrochemical Stark shift due to the large dipole
moment and sensitive interaction with the electrode surface. 23 Since the direction
of the molecular vibration associated with the 280 cm-! (assigned to the restricted
rotation vibration of adsorbed CO) and 360 cm-! (assigned to the Cu-Co stretching
vibration) Raman bands with respect to the electric field is different, the expected
Stark effect for these two vibrations should also be different. The molecular
vibration associated with the 280 cm-! Raman band is parallel to the electric field,
while the molecular vibration associated with the 360 cm-! Raman band is
perpendicular to the electric field, hence a positive and negative Stark tuning is
expected, respectively. Figure B.14 shows this positive and negative Stark tuning
for the 280 and 360 cm-! Raman bands, as they move in the opposite direction.
These Raman spectroscopy measurements were conducted at the same applied
potential and temperature, but at different locations at the Cu electrode surface.
This indicates that there is an inhomogeneity in the experienced interfacial electric
field per measurement spot, showing the necessity to perform these experiments
at multiple measurements spots as has been done in this study.
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Figure B.14 The ratio between 360 and 280 cm™ peak areas on Cu in 0.1 M KHCO3 vs.
different temperatures at a) -0.7 V and b) -0.95 V. The blue line shows the average when
all measured data points are taken into account, the green line shows the average when
the peaks with low intensity are not taken into account.
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The previously mentioned Gaussian fits resulted in values for the peak maxima for
both the 280 and 360 cm-1 peaks. These values are plotted in S15, showing their
dependency on applied potential and temperature. The 280 cm-1 peak position
seems to change little with applied potential (-0.7 V and -0.95 V vs. RHE, blue and
orange lines, respectively). The 360 cm-! peak position, however, shifts more
drastically towards higher Raman shifts with higher applied potential. Both the
280 and 360 cm-! peak position seem to shift towards lower Raman shift at the
highest temperature measured, which might indicate a change in the interfacial
potential at elevated temperatures.

Stark shift
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Figure B.15 Raman spectra to highlight the changing 280 and 360 cm-! peak position
at different measurement spots on the same Cu electrode. The spectra were both
measured at 20 °C and -0.7 vs. RHE. The blue line shows the highest 280 cm-! peak
position, while the orange line shows the lowest 280 cm! peak position. The dashed
lines indicate the peak maxima obtained from the Gaussian fitting procedure
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Figure B.16 Temperature- and potential-induced Stark tuning of the 280 cm! (left)
and 360 cm! (right) peak maxima. The blue lines show the measurements at -0.7V vs.
RHE, the orange lines at -0.95V vs. RHE. The data points are the average of 5-10 spots
measured at every potential and temperature and the error bar shows the standard
deviation of the peak positions of these spots.

The previously mentioned Gaussian fits resulted in values for the peak
maxima for both the 280 and 360 cm-! peaks. These values are plotted in S15,
showing their dependency on applied potential and temperature. The 280 cm-!
peak position seems to change little with applied potential (-0.7 V and -0.95 V vs.
RHE, blue and orange lines, respectively). The 360 cm-! peak position, however,
shifts more drastically towards higher Raman shifts with higher applied potential.
Both the 280 and 360 cm-! peak position seem to shift towards lower Raman shift
at the highest temperature measured, which might indicate a change in the
interfacial potential at elevated temperatures.
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B.8 CO reduction experiments
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Figure B.17 Faradaic efficiency of CO reduction at different temperatures in 0.1 M KOH
+ 0.2 M K2S04 at -0.7 V vs. RHE for a) hydrogen b) ethylene c) ethanol, and d) acetate.
Dotted lines are a guide to the eye and error bars are determined from at least 3

measurements.
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Figure B.18 Currents for CO reduction at different temperatures in 0.1 M KOH + 0.2 M
K2S04 at -0.7 V vs. RHE for a) hydrogen and b) ethylene. Dotted lines are a guide to the
eye and error bars are determined from at least 3 measurements.
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B.9 Activation Energy
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Figure B.19 Arrhenius plot of Hz production during CO2RR at -1.1 V vs. RHE in -0.1 M
KHCOs. The striped line gives the trendline with the corresponding R? value to illustrate
the linearity of the trendline.

Supporting discussion: We have shown previously that on a gold electrode, the
(apparent) E, for the CO2RR towards CO is higher than for the HER, which results
in an increase in CO selectivity with increasing temperature. ¢ However, Zong et al.
5 showed that on copper, the HER seems to have the highest apparent activation
energy. We have tried to determine the apparent activation energy from our
dataset as well, however this does not give straightforward results (Figure B.19 and
S20). Ethylene and ethanol give semi-linear trends up to 48 °C. If the data point at
18 °C is not considered, they exhibit E; of 27 + 7 and 31 #* 8 kJ/mol, respectively,
comparable to the results by Zong et al.. However, including the 18 °C data point,
the E, increases to 53 * 16 and 50 * 12 kJ/mol, respectively, showing that our data
set is not sufficient to determine a reliable E,. Unfortunately, the other products
show non-linear trends. Only for HER we are able to determine a relatively accurate
value (Figure B.19). Interestingly, the E, for H, determined from our experiments
is significantly lower than the value determined by Zong et al. (38 + 2 k] /mol vs. ~
60 kJ/mol, respectively).
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Figure B.20 Arrhenius plots of a) CO, methane, formic acid production and b) ethylene,
ethanol and 1-propanol during CO2RR at -1.1 V vs. RHE in -0.1M KHCOs. The striped
lines gives the trendline with the corresponding R? value to illustrate the linearity of
the trendline. The light doted lines for the C2+ products are the trendlines without the
point at 18 °C. It can be seen that the slope changes significantly.
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Figure B.21 Pb UPD CVs from 0.3 to 0.0 V vs. RHE at 5 mV/s in 0.1 M NaClO4 + 1ImM
NaCl + 2 mM PbClOa4. A) blank CV after only polishing before CO2RR and after CO2RR
for 20 min at-1.1V vs. RHE in 0.1M KHCO3 at b) 25 °C ¢) 40 °C d) 48 °C e) 55°Cf) 70 °C.
The red, black and purple lines are separate experiments to illustrate reproducibility.
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Figure B.22 Pb UPD CVs from 0.3 to 0.0 V vs. RHE at 5 mV/s in 0.1 M NaClO4 + 1mM
NaCl + 2 mM PbClO4. The copper sample was first used for CO2ZRR for 20 min at -1.1V

vs. RHE in 0.1 M KHCOs at different temperatures, while the blank is before CO2RR was
performed.
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Figure B.23 Pb UPD CVs from 0.3 to 0.0 V vs. RHE at 5 mV/s in 0.1 M NaClO4 + 1ImM
NaCl + 2 mM PbClO4. a) after CO2RR for 20 min at -1.1V vs. RHE in 0.1M KHCOs at a) 48
°Cb) 70 °C and c) 20 min at 70 °C and 30 min at 48 °C. The red and black line represent
two different measurements.
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B.11 SEM-EDX measurements
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Figure B.24 Elemental composition measured using SEM-EDX of the copper surface
after CO2RR at -1.1V at different temperatures and the blank before CO2RR
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B.11 SEM-EDX measurements
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Figure B.25 SEM micrographs after CO2RR at -1.1V vs. RHE at a) 25 °C b) 48 °C c) 70
°C
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Figure B.26 Capacitance measured by double layer capacitance studies from CVs in the
range -0.2 to 0.3 V vs. RHE at scan rates from 200 to 1400 mV/s before and after 15 and
30 min of CO2RR at different temperatures. The capacitance was determined at 0.0 V
vs. RHE.
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Figure B.27 Roughness factor determined from the data from Figure B.23 by setting
the capacitance at 25 °C as 1 at every time interval and normalize the other values.
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Figure B.28 Reversibility experiments, control experiment to Figure 6. The upper
panel shows the Faradaic Efficiency of the gaseous products of CO2RR at -1.1V vs. RHE
after 5 and 19 min at 48 °C, and after cooling down at 5, 19 and 32 min at 48 °C. The
magenta dots show the patial current density towards Hz. The lower panel shows the
temperature profile.
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C.1 Picture and scheme of the H-cell and jacket
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Figure C.1 Photos from the H-cell surrounded by the water jacket used to control the
temperature
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Figure C.2 Schematics of the H-cell surrounded by the water jacket used to control the
temperature. a) Frontal-section of the cathodic chamber and (b) cross-section of the

electrochemical H-cell with heating jacket
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C.2 CO; concentration as function of temperature

80 4

70 1

60 -
S'50-
O 401
30
20

u
10 +

T T T T T T T T T

0 10 20 30 40 50 60 70 80
T(°C)

Figure C.3 the CO: concentration in water (yellow?, red?, blue3) as function of
temperature

C.3 Partial pressure experiments
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Figure C.4 Partial current densities at different partial pressures to change the bulk
concentration of COz at-1.1 Vvs RHE at 20 °C in 0.1 M KHCOs3
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Figure C.5 Temperature effect of the partial current densities for CO and the FE for CO
on Ag in 0.1 M KHCOs at constant COz pressure of 1 bar for the full dark circles and at
constant COz concentration in electrolyte of 14 mM by changing the partial pressure
accordingly in dashed light triangles at a) at-0.8 V.and b) -1.1 V vs RHE
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Figure C.6 Reaction order of CO: at different potentials in 0.1 M KHCOs. From the plot
in a) the reaction order in b) has been determined
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Figure C.7 Map of the Faradaic efficiency of CO on Au in the GC setup vs temperature
and pressure in 0.1 M KHCO3

C.5 Mass transport effect
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Figure C.8 a) the CV of K3Fe(CN)e at 20 mV /s without an flow in CO2 saturated 0.1 M
KHCOs3 b) the limiting current of KsFe(CN)esat 0.1 V vs RHE in the GC cell showing that
increased flow rates lead to improved mass transport
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Figure C.9 Effect of mass transport on the COz reduction on Ag in the GC cell in 0.1 M
KHCOs3 on a) the Faradaic efficiency at different temperatures and the effect on the
partial current densities to CO and Hz at b) -0.8 Vand c) -1.1 V vs RHE.
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Figure C.10 Roughness factor determined from the double layer capacitance
normalized to pure Cu
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Figure C.11 the fitted Cu2p and Ag3d peaks determined with XPS
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C.6 Different CuAg surface alloys

Table C.1 The area’s from the Cu2p and the Ag3d peak and the calculated
concentrations for the different CuAg samples

Cu (Area) Ag (Area) Cu% Ag %
20 uM AgNOs 8662156.76 596090.53 95.28 4.72
in air
20 uM AgNOs 17175963.16 2665294.88 89.95 10.05
in Ar
50 uM AgNOs 19319787.10 2429221.06 91.70 8.30
in air
50 uM AgNOs 10443265.50 4545023.51 76.14 23.86
in Ar

233




C. Supporting information to chapter 4

Figure C.12 SEM of CuAg20 on the left and CuAg50 on the right at different
magnifications (800, 2000, 5000, 15000x)
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C.6 Different CuAg surface alloys

Figure C.13 EDX maps of the CuAg20 catalyst on the left and the CuAg50 catalysts on
the right; pink is Cu, blue for Ag. The EDX map shows that Ag is uniformly distributed
over the surface in both catalyst, as expected from galvanic exchange.
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Figure C.14 Faradaic efficiencies for a) CuAg20 b) CuAg50 as function of temperature
at-1.1 Vvs RHE in 0.1 M CsHCO3
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Figure C.15 a) Total current density and b) current density towards CO2RR and
faradaic efficiency for c) hydrogen d) CO e) C2+ products f) CH4 for CuAg20 in purple
and CuAg50 in blue at -1.1 V vs RHE in 0.1 M KHCOs (light dashed) and in 0.1 M
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Figure C.16 Comparison of the Carbon efficiency for a) CO b) HCOOH c) ethylene d)
ethanol e) methane for Cu, CuAg20 and CuAg50 at -1.1V vs RHE in 0.1 M CsHCO3 and

also in 0.1 M KHCOs for Cu.
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Figure C.17 Comparison of the partial current densities for a) CO b) HCOOH c)
ethylene d) ethanol e) methane f) for Cu, CuAg20 and CuAg50 at-1.1Vvs RHE in 0.1 M
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C.8 Minor CO2RR products on CuAg20
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Figure C.18 Carbon efficiency and partial current density for minor liquid products on
CuAg20 at-1.1 Vvs RHE in CsHCO3 a) acetate b) 1- propanol c) propionaldehyde and
d) acetaldehyde based on the HPLC data
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Figure C.19 [llustration of the evaporation experiments, a) the peak area and b) In of
the peak area of acetaldehyde and propanol at 70 °C vs. time
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C.8 Minor CO2RR products on CuAg20

Some liquid products have low boiling points and could evaporate during the
experiment, especially at elevated temperatures. To ensure this does not influence
the measurements we have performed controlled evaporation studies. A solution
containing 0.5 mM ethanol, 1-propanol, acetaldehyde and propionaldehyde was
tested in the normal electrolysis setup, so with CO; flow rates of 40 sccm. After 0, 5,
19, 32, 46 and 60 min a liquid sample was taken and analyzed with HPLC. This
experiment was performed at 20, 30, 40, 50, 60, 70 °C. The evaporation
experiments show a ‘first-order-like’ behaviour, where the amount of evaporation
depends on the concentration of the species in solution as can be seen in Figure
C.13.

dc
Rateevaporation = a = —kyc (D)

In(c) = —k,t+ In(cy) (82)

Where c is the concentration, t is time in seconds and ki is the rate constant of
evaporation. Equation S1 can be integrated to get equation S2, which illustrates that
the rate constant can be obtained from the slope of Figure C.13b. This can be done
for every product at every single temperature. If we assume the electrochemical
production rate is constant over the experiment, we can define k; as the rate
constant of the electrochemical reaction.

Then the accumulation of the product in the electrolyte is:

dc
Rate,ccumulation = a = —kic+k; (83)

Solving this differential equation gives
k
c(t) = =2 + xekat (S4)
kq

Where c is the concentration, t is time in seconds and Kk is the rate constant of
evaporation, k; is the rate of the electrochemical reaction and x is a variable. This
equation can be solved as we have 2 boundary conditions:

A:Attoc=0
B: At t3600 ¢ = the measured amount in the HPLC of a particular measurement

With boundary condition A we can fill in equation S4:

ko ko -kt
C(t)_k_l_k_le 1 (S5)
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c(3600) =k,
2 =T _gkdeo O

And we can solve for k; with boundary condition B for every individual
experiment and the electrochemically produced amount of the volatile liquid
product is then given by: k; *3600

For the aldehydes, significant amounts of product evaporate. For the alcohols,
only at the very high temperatures we see some evaporation, which is still very
minor. Interestingly, the C3 products evaporate more than the C2 products, so
propanol evaporates more than ethanol and acetaldehyde evaporates more than
propionaldehyde. This is probably caused by the constant purging of the
electrolyte. We also observe that without purging, hardly any of these compounds
evaporate, even at 70 °C. We have corrected the graphs of the minor products from
Figure C.12 and the result can be seen in Figure C.14. This correction for the
evaporations does not influence the trends significantly. Only for propionaldehyde
now also an optimum at 40 °C can be observed.
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D.1 SEM-EDX images
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Figure D.1 SEM image of the Ni deposited electrode before CO2RR at respectively a)
1500 and b) 5000 magnification. EDX maps at 50 000 magnification showing c) the
SEM image d) nickel e) oxygen f) phosphor.
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D.1 SEM-EDX images

Figure D.2 SEM image of the Ni deposited electrode after CO2RR for 32 minutes at
respectively a) 1500 and b) 5000 magnification. EDX maps at 50 000 magnification
showing c) the SEM image d) nickel e) oxygen f) phosphor.
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D.2 Effect of deposition
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Figure D.3 Activity for COz reduction on a polished polycrystalline Ni electrode with
and without Ni deposition. Deposition shows higher activities at -1.175 V vs RHE at 18
°C
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Figure D.4 a) Determination of the double layer capacitance by cyclic voltammetry.
The double layer capacitance was determined at 0.075 V vs RHE and used to calculate
a roughness factor (Rf). b) the roughness factor was used to normalize the deposited
layer to the non-deposited catalyst, showing that the enhancement is not due to a
roughness effect.
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D.3 Anderson-Flory-Schultz plot
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Figure D.5 Chain growth probability for CO2 reduction on a polished polycrystalline
Ni electrode with and without Ni deposition at-1.175 V vs RHE at 18 °C. Deposition
shows higher chain growth probability
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Figure D.6 Example of an Anderson-Flory plot to obtain the chain growth probability
on the Ni electrode
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D.4 Faradaic efficiency; temperature effect

a) ,] I b)
i 100 -
3 @ = ‘? —1.\ N
E T VRt :; . ;\ 804
—_ - 0= N\ —_
=, 7 2 \f\\\\} E 6o
L - T \ L
T8 + ' \\ 18
1 \\ 40
—@— Averaged \
—@— 5min 20+
04 —®- 19 min \
32 min 0 Total
0 10 20 30 40 50 60 0 10 20 30 40 50 60
T(°C) T(°C)

Figure D.7 Faradaic efficiency as function of temperature on Ni in 0.1 M KHCO3 at -
1.175 V vs RHE towards a) the total hydrocarbon formation (C1 up to C4
hydrocarbons) during CO2z reduction both averaged and as function of time and b)
towards Hz and total FE

D.5 Deactivation by coke formation
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Figure D.8 Deactivation ratio as function of temperature and potential
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D.5 Deactivation by coke formation
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Figure D.9 a) Time dependence of current at different temperatures b) Time
dependence of current at 45 °C both with the deposited electrode and the plain Ni

electrode

Figure D.10 Photographs of the electrode after a) CO2RR and b) HER showing that
the coke only forms after CO2RR
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100 ym

Figure D.11 Microscopy picture of the electrode after CO2RR showing the black
deposits on the surface.

D.6 Faradaic efficiency; potential effect
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Figure D.12 Faradaic efficiency as function of potential and time on Ni in 0.1 M KHCO3
at18°C
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D.7 Comparing chain growth probabilities
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Figure D.13 Chain growth probability in time for 2 different experiments with similar
activity showing that higher temperature causes deactivation of the catalyst

D.8 Cation dependence of the deactivation ratio

Figure D.13 Deactivation ratio as function of cation identity
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D.9 Arrhenius plots
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Figure D.15 a) Arrhenius plot after 5 min for methane, b) and for the other
hydrocarbons which have similar activation energies

D.10 Relationship chain growth probability and activity
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Figure D.16 chain growth probability a plotted vs the activity at different conditions:
a) at different potentials (data from figure 3) b) at different anions and with CO or CO2
as reactant (data from Figure 5) c) at different temperature (data from Figure 1) d) with
different cations (data from Figure 4)
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E.1 High-pressure and High-temperature Rotating Disk Electrode (RDE)
electrochemical cell design

(@)

Gas outlet

Reference Electrode
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Condenser
Counter Electrode

Mechanical Rotating

Gas inlet
Shaft

(b)

Thermocouple

wrapped with Teflon
tape
Rotating Disk
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in a PEEK matrix

Reference Ag/AGCIkcysat)

wrapped with Teflon tape PEEK inlet gas
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DSA counter electrode
PEEK cup

Stainless Steel vessel
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E.1 High-pressure high-temperature rotating disk electrode electrochemical cell design

(c)

Teflon Cylinder Support
for lowering the
headspace

Conter-Electrode
Compartment

Stainless Steel Vessel

Working-Electrode
Compartment

Working-electrode
compartment

Membrane window PEEK cup
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()

Figure E.1 Several pictures from the high-pressure electrochemical rotating disk
electrode cell and its components (a) main mechanical parts of the high-pressure cell;
(b) electrochemical parts of the high-pressure cell; (c) PEEK cup and membrane
separator, and Teflon cylinder in the stainless steel vessel; (d-f) PEEK cup and
membrane separator; (g) rotating disk electrode (gold); (h-i) reference electrode,
thermocouple, and all other metal surface covered with Teflon tape; and (j) Teflon
cylinder used to decrease headspace.
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E.2 Cyclic voltammograms of Au and Pt
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Figure E.2 Cyclic voltammograms of a) Au and b) Pt in 0.1M H2SO4 at scan rate of 100

mV/s, 0 barg, and 22°C.
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E.3 Gold CVs at temperatures exceeding 100°C

Initially, when the temperature exceeds 100°C, an oxidative peak is observed
when the potential is swept to negative potentials in the Au CVs, as shown at 1.10V
(Figure E.3a). Additionally, the reduction peaks were drastically suppressed even
though the oxidation peaks increased in intensity from 100°C to 145°C, indicating
that phenomena other than the surface oxidation of Au were taking place. When the
cell was cooled down and the temperature reached 40°C, the Au CV exhibited a
marked change from the starting point (Figure E.3b), indicating a significant
surface change and/or electrolyte contamination. This CV profile is very similar to
the Au CV in the presence of Cl- species, as shown in Figure E.3b, representing an
Au CV recorded in 0.1M H2SO4 containing 100 puM KCI. These tests indicate that
leakage of Cl species from the Ag/AgCl reference contaminated the electrolyte, and
higher leakage is enhanced at higher temperatures.

We have identified that we can extend the operating limit up to 125°C by
storing the reference electrode in 0.1 M KCl instead of saturated KCl. By rinsing the
reference electrode surface thoroughly with ultrapure water and replacing the
Teflon tape covering before each measurement, we did not observe
electrodissolution behavior at temperatures up to 125°C. This indicates that Cl-
contamination originates from the liquid junction rather than the internal
compartment of the reference electrode. However, at present, we lack sufficient
information to ascertain whether very small amounts of chloride also release over

time, which can potentially be a problem for long-term measurements.
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E.3 Gold CVs at temperatures above 100 °C
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Figure E.3 Cyclic voltammograms in 0.1M H2SO: at different temperatures: (a) from
30°C to 100°C; (b) at 100°C; (c) from 100°C to 145°C; (d) at 145°C; (e) after cooling the
temperature down from 145°C to 40°C; (f) and at 25°C in a fresh electrolyte containing
100 uM KCl. All measurements were recorded at 0 barg and with scan rate of 100 mV/s.

259



E. Supporting information to chapter 6

E.4 Linear Sweep Voltammogram at different rotation speed

Figure E.5 shows, at different current density scales, the effect of rotation
speed on the linear sweep voltammogram (LSV) of COz-saturated 0.1 M KHCO3
electrolyte at 0 barg and room temperature for 500, 700, and 1000 rpm (data
extracted from Figure 6.4a). At high current densities, the higher the rotation speed
(w), the higher the measured current (Figure E.4a and Figure 6.4a). However, at
lower current densities, the opposite is observed in agreement with Goyal et al 1 as
shown in Figure 6.4b. They argue that this decrease in current with rotation is due
to suppression of HER by improved mass transport of OH-. We hypothesize that the
increase in current with rotation at higher current densities is due to improved

bubble removal facilitated by the higher rotation speed.
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E.4 Linear Sweep Voltammogram at different rotation speed
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Figure E.4 Linear sweep voltammograms (LSVs) in 0.1 M KHCO3 at different scan
rates. b) is zoomed in of a) at lower current densities. LSVs recorded at 0 barg and
22°C.
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Figure E.5 Comparison of Linear sweep voltammograms (LSVs) in COz-saturated 0.1M
KHCOs before increasing pressure, then at 50 barg, and then returning pressure to 0

barg.
Reference
1. Goyal, A., Marcandalli, G., Mints, V. A. & Koper, M. T. M. ] Am Chem Soc 142, 4154-

4161 (2020).
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F. Supporting information to chapter 7

F.1 Working and reference electrode

Table F.1 Geometric electrode area based on double layer capacitance measurements.
A, B, Cand D are 1 mm Cu wires of different lengths, while E is a reference Cu disk
(8mm diameter) with known geometric surface area

Electrode | A | B | C D E
C [nF| 25 139 44.3 21.1 27 .8
Area [em?| | 4.556 | 2.513 | 0.8010 | 0.3815 | 0.5027

Electrode A was used for experiments at all potentials and 25 °C, -1.3 V vs SHE up
to 75 °C, -1.2 V vs SHE and 125 °C,

Electrode B was used for experiments at -1.5/-1.4 V vs SHE and 50 °C,-1.3 V vs
SHE and 100 to 125 °C

Electrode C was used for experiments at-1.5 V and 75 °C, -1.4 V vs SHE and 75 to
125 °C, -1.3 Vvs SHE and 150 °C

Electrode D was used for experiments at -1.5 V vs SHE above 75 °C

Table F.2 Shift of the Ag/AgCl reference with 0.1 M KCI at different temperatures,
compared to SHE(T)

T [°C] | 25 | 50 | 75 | 100 | 125 | 150
EASASCH(T) [mV] | 230.3 | 214} | 195.9 \ 174.6 | 151.1 \ 125.5
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F.2 Screening temperature, pressure and potential
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Figure F.1 Faradaic efficiency towards the minor CO2RR products as function of
temperature and pressure at -1.4 V vs SHE in 0.2 M KHCO3 with a 50/50 ratio of CO2
and Ar. The white dots give the measured points and the maps are constructed via
interpolation between these points. FE for a) methanol b) acetate c) ethylene glycol d)
acetaldehyde e) propionaldehyde and f) 1-propanol
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b) CO
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Figure F.2 Faradaic efficiency towards the main CO2RR products as function of
temperature and pressure at -1.3 V vs SHE in 0.2 M KHCO3 with a 50/50 ratio of CO2
and Ar. The white dots give the measured points and the maps are constructed via
interpolation between these points. FE for a) hydrogen b) carbon monoxide c) formic

acid d) methane e) ethylene and f) ethanol
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F.2 Screening temperature, pressure and potential
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Figure F.3 Faradaic efficiency towards the main CO2RR products as function of
temperature and pressure at -1.5 V vs SHE in 0.2 M KHCO3 with a 50/50 ratio of CO2
and Ar. The white dots give the measured points and the maps are constructed via
interpolation between these points. FE for a) hydrogen b) carbon monoxide c) formic
acid d) methane e) ethylene and f) ethanol
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F.3 Instable currents at elevated temperatures
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Figure F.4 Current as function of time for a) 4 and 40 bar at -1.5 V vs SHE at 75 °C and
b) 24 bar at 125 °Cat -1.3 V and -1.5 vs SHE. This illustrates that at elevated
temperatures the current is not stable, especially at low pressures as seen in a). In b)
the typical current profile at 125 °C and -1.3 V is observed, where the current is unstable
in the first 20 minutes and first decreases and then increases again after which it stabilizes.
It also shows the instability at higher overpotentials, where even the smallest electrode goes
to currents above -300 mA, while at the start is was only -30 mA.
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F.4 Switching mechanism at high pressure and high temperature
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Figure F.5 Faradaic efficiencies for the CO2RR reduction as function of a) pressure at
24 bar and -1.3 V vs SHE b) potential at 24 bar and 125 °C and c and d) temperature at
24 bar and -1.3 V vs SHE. a) and c) show total FE. b) shows the CO2RR products with
the remaining FE being H2 and d) shows only the hydrocarbons
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Figure F.6 Partial current density for the CO2RR products as function of a) pressure
at 24 bar and -1.3 V vs SHE b) temperature at 24 bar and -1.3 V vs SHE ¢) potential at

24 bar and 125 °C.
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F.4 Switching mechanism at high pressure and high temperature

—&— 24 bar; -1.3V

40 bar; -1.3V
24 bar; -1.4V
1.0 - —&— 24 bar; -1.3V
ye]
N o8-
©
£
o 0.6
c
>
'S 0.4
=
[T
©
o 0.2
(&)
0.0 -
20 30 40 50 60
t (min)

Figure F.7 The normalized CO activity as function of time for several conditions, all at
125 °C. This illustrates that CO is only produced at the start of the experiment as it
decreases rapidly and from 32 min the activity is 0
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Figure F.8 Partial current density for the CO2RR products at function of as function of
a) pressure at 24 bar and -1.3 V vs SHE b) temperature at 24 bar and -1.3 V vs SHE, but
only taking into account the gaseous products during the last 30 minutes of the
experiment.
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Table F.4 Chain growth probability as function of temperature, pressure and potential

Temperature (°C) Pressure (bar) Potential (V vs Chain growth
SHE) probability
75 24 -1.3 0.22
100 24 -1.3 0.30
125 24 -1.3 0.33
150 24 -1.3 0.41
125 12 -1.3 0.35
125 40 -1.3 0.30
125 24 -1.2 0.41
125 24 -1.4 0.34
125 24 -1.5 0.31
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F.5 Effect of temperature on the CO2RR at -1.5 V vs SHE
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Figure F.9 Faradaic efficiency towards the main CO2RR products at different
pressures as function of temperature at-1.5 V vs SHE in 0.2 M KHCO3. FE for a)
hydrogen b) carbon monoxide c) formic acid d) methane e) ethylene and f) ethanol
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Figure F.10 Faradaic efficiency towards the minor CO2RR products at different
pressures as function of temperature at -1.5 V vs SHE in 0.2 M KHCOs. FE for a)
methanol b) acetate c) ethylene glycol d) acetaldehyde e) propionaldehyde f) 1-
Propanol
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F.5 Effect of temperature on the CO2RR at -1.5 V vs SHE
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Figure F.11 Partial current density towards the main CO2RR products at different
pressures as function of temperature at -1.5 V vs SHE in 0.2 M KHCOs3. FE for a)
hydrogen b) carbon monoxide c) formic acid d) methane e) ethylene and f) ethanol
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Figure F.12 Stability as function of temperature and pressure. Stability is here defined
as the FE that remains after 40 and 60 minutes compared to the FE at 20 minutes at a
certain condition.
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F.6 Effect of pressure on the CO2RR at -1.5 V vs SHE
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Figure F.13 Faradaic efficiency towards the minor CO2RR products as function of CO2
and total pressure at -1.5 V vs SHE in 0.2 M KHCOs at 25 °C. Red lines are performed in
pure COz and blue lines are at 2 bar of CO2 and pressure is increased with Ar. FE for a)
methanol b) acetate c) ethylene glycol d) acetaldehyde e) propionaldehyde and f) 1-
propanol
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Figure F.14 Partial current density towards the main COZRR products as function of
COz and total pressure at -1.5 V vs SHE in 0.2 M KHCO3z at 25 °C. Red lines are
performed in pure COz and blue lines are at 2 bar of COz and pressure is increased
with Ar. FE for a) hydrogen b) carbon monoxide c) formic acid d) methane e) ethylene
and f) ethanol
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F.6 Effect of pressure on the CO2RR at -1.5 V vs SHE
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Figure F.15 Faradaic efficiency towards the main CO2RR products as function of COz
and total pressure at -1.5 V vs SHE in 0.2 M KHCOs at 75 °C. Red lines are performed in
pure COz and blue lines are at 2 bar of COz and pressure is increased with Ar. FE for a)
hydrogen b) carbon monoxide c) formic acid d) methane e) ethylene and f) ethanol
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Figure F.16 Partial current densities towards the main CO2RR products as function of
COz and total pressure at -1.5 V vs SHE in 0.2 M KHCO3z at 75 °C. Red lines are
performed in pure COz and blue lines are at 2 bar of COz and pressure is increased
with Ar. FE for a) hydrogen b) carbon monoxide c) formic acid d) methane e) ethylene
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F.6 Effect of pressure on the CO2RR at -1.5 V vs SHE

The behavior of CO2RR with increasing CO; pressure at 75 °C as shown in
Figure F.15 is similar for the C2+ products as at room temperature (Figure 7.5). An
initial increase in pressure is needed as at low pressures and high temperatures
no significant C2+ products are observed due to the instability of the Cu as
discussed above. At 6 bar there is a sharp rise in C2+ activity (Figure S16) and
selectivity, which slowly decreases with further increase of pressure. For the
simple C1 products CO and HCOOH, the behavior at 75 °C is a bit different than at
25 °C, as the FE towards these products increases with increasing CO; pressure. At
25 °C, the FEs first decrease, but at 75 °C this is not possible as they already start
near 0 at low pressures. Moreover, for most CO2RR products, the selectivity
increases even when the pressure is increased with only Ar, contrary to the case at
25°C.
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Figure F.17 Faradaic efficiency as function of pressure and electrolyte concentration
at room temperature and -1.5 V vs SHE.
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G.1 Catalyst overview

Table G.1 Overview of metal wires used with suppliers and purity

Metal Supplier Purity
Ti Thermo Fischer 99.99
Zr Mateck 99

Cr Mateck 99.95
W Mateck 99.95
Fe Mateck 99.99
Ru Mateck 99.95
Co Mateck 99,995
Rh (0.5 mm diameter) Goodfe llow 99.9

Ir Mateck 99.9
Ni Mateck 99.99
Pd Mateck 99.9
Pt Mateck 99.99
Cu Mateck 99.99
Ag Mateck 99.99
Au Mateck 99.99
7n Mateck 99.999
Cd Mateck 99.999
In Mateck 99.99
Sn Mateck 99.9
Pb Thermo Fischer 99.998

Table G.2 Shift of the Ag/AgCl reference with 0.1 M KCI at different temperatures,
compared to SHE(T)

T [°C] | 25 | 50 | 75 | 100 | 125 | 150
EALIASCH(T) [mV] ‘ 230.3 ‘ 2145 ‘ 195.9 ‘ 174.6 | 151.1 ‘ 125.5
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Table G.3 Overview with some of the highest reported Faradaic Efficiencies towards the
CO2RR products in literature for the metals studied in this study. Only metal wires and
foils in aqueous electrolyte in an H-cell configuration have been considered as these are
comparable to this study.

Cataly | Product | Efficien | Conditions Ref
st cy
Ti HCOOH 4.6% -1.57 Vvs Ag/AgCl, 0.1 M KHCO3, 30 bar | !
Zr Co 32.5% -1.73 Vvs Ag/AgCl, 0.1 M KHCO3,30 bar | !
HCOOH 7.6% -1.73 Vvs Ag/AgCl, 0.1 M KHCO3, 30 bar | !
Cr CO 11.8% -1.49 Vvs Ag/AgCl, 0.1 M KHCO3,30 bar | !
HCOOH 8.2% -1.49 Vvs Ag/AgCl, 0.1 M KHCO3, 30 bar | 1
w HCOOH 31.9% -1.61 Vvs Ag/AgCl, 0.1 M KHCO3, 30 bar | !
Fe Co 10.0% -1.63 Vvs Ag/AgCl, 0.1 M KCIO4, 30 bar | 2
HCOOH 59.6% -1.61 Vvs Ag/AgCl, 0.1 M KCIO4, 30 bar | 1
CH4 2.0% -1.63 Vvs Ag/AgCl, 0.1 M KHCO3,30 bar | !
Ru MeOH 30.5% -0.8 Vvs SCE, 0.5 M NaHCO3, *RuOx 3
Co CO 15.8% -1.54 Vvs Ag/AgCl, 0.1 M KHCO3,30 bar | !
HCOOH 21.9% -1.54 Vvs Ag/AgCl, 0.1 M KHCO3,30 bar | !
CH4 3.1% -1.54 Vvs Ag/AgC], 0.1 M KHCO3, 30 bar | 1
Rh Co 61.0% -1.41 Vvs Ag/AgCl, 0.1 M KHCO3, 30 bar | !
HCOOH 19.5% -1.41 Vvs Ag/AgCl, 0.1 M KHCO3,30 bar | !
Ir CO 17.5% -1.55Vvs Ag/AgCl, 0.1 M KHCO3,30 bar | !
HCOOH 22.3% -1.55 Vvs Ag/AgCl, 0.1 M KHCO3,30 bar | !
Ni Co 33.5% -1.59 Vvs Ag/AgCl, 0.1 M KHCO3,30 bar | !
HCOOH 31.3% -1.59 Vvs Ag/AgCl, 0.1 M KHCO3, 30 bar | 1
CH4 1.78% -1.8 Vvs Ag/AgCl, 0.1 M KHCO3, 60 bar | ¢
Pd Co 46.1% -1.56 Vvs Ag/AgCl, 0.1 M KHCO3, 30 bar | 1
HCOOH 44.0% -1.76 Vvs Ag/AgCl, 0.1 M KHCO3, 30 bar | !
Pt Co 6.1% -1.48 Vvs Ag/AgCl, 0.1 M KHCO3,30 bar | !
HCOOH 50.4% -1.48 Vvs Ag/AgCl, 0.1 M KHCO3, 30 bar | 1
Cu CO 47.5% -1.45 Vvs Ag/AgCl, 0.1 M KHCO3, 30 bar | 5
HCOOH 53.7% -1.64 Vvs Ag/AgCl, 0.1 M KHCO3, 30 bar | !
CH4 56.7% -1.59 Vvs Ag/AgCl, 0.1 M KHCO3, 30 bar | 5
C2H4 25.5% -1.44 V vs NHE, 0.1M KHCO3 6
Ag Co 81.5% -1.37V vs NHE, 0.1M KHCO3 6
HCOOH 20.5% -2.2V vs SCE, 0.05 M KHCOs3, 0 °C 7
Au Co 87.1% -1.14V vs NHE, 0.1M KHCO3 6
HCOOH 11.8% -1.30 Vvs Ag/AgCl, 0.1 M KHCO3, 30 bar | 1
Zn CO 79.4% -1.54V vs NHE, 0.1M KHCO3 6
HCOOH 40.5% -1.70 Vvs Ag/AgCl, 0.1 M KHCO3,30 bar | !
Cd Co 3.7% -2.2V vs SCE, 0.05 M KHCOs3, 0 °C 7
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HCOOH 55.9% -2.2V vs SCE, 0.05 M KHCO3z, 0 °C 7
In Co 14.7% -2.2V vs SCE, 0.05 M KHCO3, 20 °C 7
HCOOH 94.9% -1.55V vs NHE, 0.1M KHCOs 6
Sn Co 8.0 % -1.39 Vvs Ag/AgCl, 0.1 M KHCO3, 30 bar | 1
HCOOH 92.3% -1.39 Vvs Ag/AgCl, 0.1 M KHCO3, 30 bar | 1
Pb HCOOH 97.4% -1.63V vs NHE, 0.1M KHCO3 6

Table G.2 shows an overview of the highest efficiencies to CO2RR products found in
literature at the different metals studied in this study. To keep this table
representative of our study, we only included studies which are performed with
similar systems. The studies that are included in this table are in aqueous
electrolyte with no unusual cation or anions. If we would include more exotic
electrolytes, other products could be included, such as 44% FE towards oxalate on
Pb in 0.1M NH4Cl 8 or 95% FE towards CO on Zn with a CTAB cation®. All
experiments in this table have been performed in H-cell configuration; with GDE
setups sometimes better results can be obtained such as 33% FE toward CO, 35%
towards CH4 and 2.3% for ethanol on Pt at 30 bar pressure 10. Moreover, we only
included pure metals wires and foils in this table. So for example alloys, oxides,
carbides and phosphides are not included (there are studies in literature producing
for example long chain hydrocarbons on phosphate derived Nill). Moreover, we
have only reported products with a reported FE above 1% FE. Very minor products
such as methanol and methane have been observed on metals as Ag, Au and Zn 1213,
Also long chain hydrocarbons have been observed before in very small amounts on
many metal catalysts 14.
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G.2 Focused screening extra data
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Figure G.1 Faradaic efficiency at six different conditions for Cu, Ag, Zn, Ni, Pd, Cd and
Sn at-1.5 Vvs SHE in 0.1 M KHCOs as shown in Figure 1 but categorized per condition
a) 25°Cand 1 bar b) 25 °C and 30 bar c) 50 °C and 5 bar d) 50 °C and 30 bar e) 100 °C

and 5 bar f) 100 °C and 30 bar

286



G.3 Broad screening extra data

G.3 Broad screening extra data

a) 100

80

FE (%)
2

Y
o

Ti 2Zr

Ti 2Zr

Ti 2Zr

Cr

Cr

Cr

W Fe Ru Co Rh

W Fe Ru Co Rh

W Fe Ru Co Rh

Ir

Ir

Ir

CH4
HCOOH
CoO

B -2

Mn25°C
‘I ‘ -

5 bar
Pt Au In Pb

N 25°C
30 bar

e I

Pt Au In Pb
M 100 °C
30 bar
T
Pt Au In Pb
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V vs SHE in 0.1 M KHCOs as shown in Figure 4 but categorized per condition a) 25 °C
and 1 bar b) 25 °C and 30 bar c) 100 °C and 30 bar
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G.4 Stability
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Figure G.3 Current vs time for the different conditions for a) Agb) Sn c) Cu d) Ni. Higher
temperatures lead to more unstable currents, especially on Cu and Ni.
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Figure G.4 Comparison of Faradaic efficiency at 30 bar and room temperature between
this study and the study of Hara et al.! The dotted line shows the same efficiency; above
this line, our study has higher efficiencies and below this line, the study of Hara shows
higher efficiencies. a) shows the Faradaic efficiency towards CO, b) towards HCOOH and

c) towards Ha.
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Figure G.5 Comparison of Faradaic efficiency at 1 bar and room temperature between
this study and the study of Hori et al.6 The dotted line shows the same efficiency; above
this line, our study shows higher efficiencies, and below this line, the study of Hori
shows higher efficiencies. a) shows the Faradaic efficiency towards CO, b) towards

HCOOH and c) towards Ha.
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Figure G.6 The partial current density for CO2RR as function of pressure and
temperature for Ag, Zn and Cd. Both temperature and pressure increase the CO2RR
current density, except when high temperatures are used at low pressures
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G.7 Selectivity
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Figure G.7 The Faradaic efficiency at different experimental conditions for all metals
tested as function of the binding energy determined by Bagger et al.15 a) hydrogen b)
CO and c) HCOOH. The symbol illustrates to which group the metal is typically classified.
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Figure G.8 Trend of formic acid efficiency with increasing temperature at 30 bar plotted
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30 bar.
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G.8 Hydrocarbon and methanol production
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Figure G.10 Hydrocarbon production for all metals studied at a) 30 bar and 25 °C and
b) 30 bar and 100 °C. The metals in green can produce longer hydrocarbons already at
25 °C, while the orange metals only produce these at higher temperatures. For the
metals in blue hydrocarbons have been found in literature with more than 0.1% FE 14,
for the metals in gray no hydrocarbons longer than methane have been observed in this
study at - 1.5V vs SHE in 0.1 M KHCO3
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Figure G.11 Methanol production for all metals studied at a) 30 bar and 25 °C and b)
30 bar and 100 °C. The metals in green can produce methanol both at low (25 °C) and
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high or low temperatures. For the metals in blue methanol has been detected in
literature3813, while in gray no methanol has been detected in this study or in literature.

Tl Pb
o6

295



G. Supporting information to chapter 8

G.9 How the periodic table in Figure 5 was constructed

For the top figure with the FE of CO2RR vs HER, we looked at the total FE towards
CO2RR products and categorized this in 5 different categories. Excellent CO2RR
catalysts with efficiencies over 90%, good catalysts with efficiencies between 40
and 90%, intermediate catalysts with efficiencies between 10 and 40%. Poor
catalysts with efficiencies lower than 10% and non-active catalysts with efficiencies
lower than 1%.

For the bottom figure, we categorized the selectivity towards CO2RR products. If
the catalyst was non-active, i.e. less than 1% FE towards CO2RR, we classified it as
H2. Then we look at only the COZRR products and if the catalyst could produce
hydrocarbons over 20% FE (excluding Hz), we categorize it as CHas. This is to show
the unique ability to produce hydrocarbons, where 20% is significant, but also quite
the limit without further optimization. The remaining catalysts were categorized in
CO or HCOOH depending on their dominant product. However, if the activity
towards one of these products was not more than two times larger than the activity
towards the other one, we categorized it as mixed products.
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. Summary

Summary

One of the largest and most pressing issues of this time is the changing climate
due to manmade emissions of greenhouse gasses, most importantly COz. To limit
the effects of climate change, a rigorous change is needed in the way modern society
uses energy and materials. A transition is needed from a world based on fossil fuels
to a world based on renewable resources. Electrocatalysis can play a significant role
in this transition as it can use renewable electricity to convert molecules as H>0,
CO; and N; into energy carriers or chemical building blocks such as hydrogen, CO,
ethylene and ammonia. Electrochemical CO; reduction (CO2RR) can be used to turn
CO; from a pollutant into a resource by transforming it into valuable chemicals as
CO, formic acid or ethylene. Therefore, in recent years the interest in this reaction
has grown tremendously. Electrochemical research in general and CO2RR studies
specifically are often performed at ambient pressure and temperature and hence
conclusions and fundamental insights are drawn at these conditions. However, for
practical applications, ambient conditions might not be the most relevant, as
industrial electrolyzers typically operate at elevated temperatures, for example due
to thermal losses and/or hot feedstocks. Therefore, it is important to study the CO>
reduction reaction at elevated temperatures and pressures to gain fundamental
insights in the effects of these parameters.

Chapter 2 to 5 study the effect of temperature at ambient pressures on Au, Cu,
Ag, CuAg alloy and Ni electrodes. Chapter 2 shows that on Au, in a rotating-ring-disk
setup, the activity and selectivity of CO2RR increases with temperature. We
attribute this to the improved kinetics. We have performed partial pressure
experiments to study the effect of temperature and CO; solubility independently
and show that at high temperatures the reaction is limited by the CO, concentration.
Moreover, we show that temperature experiments can be used to extract kinetic
information such as the transfer coefficient and the apparent activation energy. The
latter is influenced by the cation and therefore the magnitude of the temperature
effect depends on the electrolyte used.

In Chapter 3, we investigate how reaction temperature affects the
electrochemical CO; reduction on copper in the temperature range from 18-70 °C.
We show that there are two distinct temperature regimes. From 18 up to ~ 48 °C,
C2+ products are produced with higher Faradaic Efficiency, while methane and
formic acid selectivity decreases, and hydrogen selectivity stays approximately
constant. From 48 to 70 °C, it was found that the Hydrogen Evolution Reaction
(HER) dominates and the activity of CO2RR decreases. Moreover, the CO2RR
products produced in this higher temperature range are mainly the C1 products,
namely CO and HCOOH. The observations in the first regime can be explained by an
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increase in the CO coverage on the surface as evidenced by in situ Raman
spectroscopy, in combination with increased local pH and faster kinetics with
temperature. The second regime seems not to be related to any limited CO; mass
transport, but rather due to changes in the copper surface as shown with lead
underpotential deposition and double layer capacitance measurements, although a
too high local pH could also be a factor.

Chapter 4 illustrates that the performance of Cu catalysts at elevated
temperatures can be improved by alloying, in this case with Ag. By alloying, the
hydrogen evolution can be significantly suppressed at elevated temperatures.
However, at ambient pressures the optimum in C2+ production with temperature
remains, even at the different CuAg alloys. This chapter also demonstrates how
intertwined the temperature effect is with other parameters. Temperature
influences other parameters, such as the CO; solubility, and these should be
deconvoluted where possible. In this case we deconvolute the effect of temperature
and CO; solubility by partial pressure experiments. Moreover, the applied potential
significant influences the effect of temperature and both parameters should be
studied simultaneously. Lastly, mass transport and temperature also influence each
other’s effect on the activity and selectivity of CO2RR and therefore studies should
combine the study of both parameters.

In Chapter 5, we investigate a nickel-derived catalyst for the electrochemical
CO;z reduction. Ni is an interesting electrocatalyst as it has recently been shown to
have the unique ability to produce longer hydrocarbon chains via a chain growth
mechanism in low but measurable amounts. However, the effect of the many
parameters of this reaction remain to be studied in more detail. Here, we have
investigated the effect of temperature, bulk CO, concentration, potential, the
reactant, cations and anions on the formation of hydrocarbons via a chain growth
mechanism on Ni. We show that temperature increases the activity but also the
formation of coke, which deactivates the catalyst. The selectivity and thus the chain
growth probability is mainly affected by the potential and the electrolyte
composition. Remarkably, CO reduction shows lower activity, but higher chain
growth probability than CO; reduction. Furthermore, we discuss that the rate
determining step is most likely a hydrogenation step.

Chapter 6 to 8 discuss the development and application of a high-pressure
high-temperature electrochemical cell, which is able to operate up to 140 bar and
200 °C. This setup allows the combined study of temperature and pressure.
Moreover, it extends the temperature range that can be studied over 100 °C, even in
aqueous electrolyte. Chapter 6 shows, as a the proof of concept of this high pressure
cell, the temperature-dependent changes in the cyclic voltammograms of
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polycrystalline gold up to 150°C and 50 bar. Moreover, the catalytic performance of
CO2 reduction to CO on a rotating polycrystalline gold disk electrode was
investigated under different pressure and temperature. At ambient pressures
similar results were reached as in Chapter 2, but at elevated pressures the optimum
in CO selectivity with temperature disappeared and CO reaches selectivities around
90%. In these conditions, temperature and pressure can still significantly enhance
the activity of CO; reduction on gold.

Following the same order as the first chapters, we studied Cu in the high-
pressure high-temperature electrochemical cell after studying Au. We show a
change in the C-C coupling mechanism above 100 °C at pressures of 24 bar. Where
atlow temperatures most C-C bonds are formed via the traditional CO dimerization
mechanism, at high temperatures the chain growth mechanism takes over and from
125 °C onwards this is the only mechanism making C-C bonds. We also show that
temperature can improve the selectivity of the traditional CO dimerization
mechanism at temperatures up to 75 °C, and that pressure helps to keep the system
stable at these temperatures. Elevated pressures can reduce HER activity and
selectivity dramatically, even at pressures of only a few bar. However, it is not
pressure itself, but CO; pressure that enhances CO; reduction and C-C coupling
specifically.

Chapter 8 extends the field of electrocatalysts for CO2RR by screening 20
different metals for this reaction at different combinations of pressure and
temperature at conditions up to 30 bar and 100 °C in aqueous electrolyte. We show
that catalyst which are average at ambient conditions, can reach near 100%
efficiency for CO2RR at 30 bar and maintain this at high temperatures, because HER
is significantly inhibited at elevated pressures. Both temperature and pressure can
increase the CO2RR activity significantly. However, if a catalyst does not perform
CO2RR at ambient conditions, increasing pressure and temperature will not turn
this into a good CO2RR catalyst and CO2RR selectivity increases to maximum 30%.
Nevertheless, some of these poor CO2RR catalysts do show interesting products
beyond CO and HCOOH, such as long chain hydrocarbons and methanol. Chapter 6
to 8 give a glimpse of what is possible and thereby open up new promising avenues
for future investigations for electrochemical CO2 reduction at high temperatures
and high pressure in aqueous electrolytes.
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Outlook

This thesis has mainly discussed the effect of temperature on the
electrochemical CO; reduction. It has also shown the important effect of pressure
with the newly developed high-pressure high-temperature electrochemical cell.
However, this cell was only completed near the end of my PhD. Therefore, this work
is only the start of the understanding of the effect of temperature and many more
studies are possible in this unique setup. The next section presents suggestions for
future studies as well as some insights that I gained during my PhD, but could not
complete into a chapter of this thesis.

0.1 Cu instability
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Figure 0.1 The Pb UPD CVs under different conditions, all in 0.1 M NaClO4 + 1 mM NaCl
+ 2 mM PbCl04 pH 3 electrolyte at 5 mV/s. CVs are taken after electrolysis in 0.1 M KClO4
and, if not otherwise specified, at 70 °C in Ar atmosphere at -1.1 V vs RHE for 20 min.
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Figures alter one of these parameters a) effect of temperature b) effect of gas
composition c) effect of potential of electrolysis and d) effect of time of electrolysis.

In Chapter 3 we showed that the Cu surface is not stable during CO reduction
at elevated pressures, as the Pb under-potential (UPD) cyclic voltammogram (CV)
changes significantly after electrolysis at these conditions. In a follow-up study, we
have looked into this in more detail. The change in the Pb UPD CV of Cu is not caused
by CO; or bicarbonate because similar behavior is observed in Ar saturated KClO4
electrolyte as shown in Figure 0.1a. At room temperatures the Pb UPD CV changes
barely and at 40 °C it only changes slightly. However at higher temperatures the CV
changes drastically. Figures 0.1c and 0.1d illustrate that the degree of change not
only depends on the temperature but is also time and potential dependent.
Moreover, the change in the Pb UPD CV can be suppressed by the gas composition
during electrolysis, as shown in Figure 0.1b. The change is the largest in an Ar
atmosphere, while CO2, 02 and especially CO suppress the change in the Cu surface
during electrolysis at elevated temperatures. Therefore, our hypothesis is that this
change is caused by hydrogen evolution at elevated temperatures. What changes
exactly on the Cu surface is still unclear so more research is needed. However, we
have indications that the surface changes from mainly Cu(111) to predominantly
Cu(110), although it is not the full story and should be confirmed with other
techniques.

0.2 Mass transport

In Chapter 4 we showed that mass transport can play an important role in
influencing the selectivity towards CO2 reduction on a Ag catalyst. The similarities
between the Ag and the Au catalyst in the H-cell setup indicate that this can be
extended to Au and probably other catalysts as well. Previously, Goyal et al.! have
shown with an RRDE setup that enhanced mass transport indeed influences the
selectivity towards CO at the expense of H,. Faster rotation leads to better mass
transport, which lowers the OH- concentration near the surface. This leads to a
lower cation concentration near the surface, resulting in less HER. The activity of
the CO2RR towards CO is not influenced by rotation rate and therefore the
selectivity increases. However, these experiments have been performed between
800 and 2000 rpm. The experiments in Chapter 4 and Appendix C are performed in
an H-cell with a gas flow between 20 and 40 sccm. With ferricyanide experiments
we have established that these flowrates translate into rotation rates with an RDE
setup of 100-200 rpm. Therefore, we hypothesize that at low rotation rates the
effect of mass transport might be opposite to the effect at larger flow rates and HER
increases with increasing mass transport. However, this should be studied in more
detail and the high-pressure high-temperature cell developed in Chapter 6 is an
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ideal setup to do so as this setup allows an RDE setup to be connected to a gas
chromatograph. This provides the possibility to study Au at low rotation rates,
which is not possible with the RRDE setup employed in Chapter 2, as low rotation
rates would lead to too much noise in this setup. Moreover, this also allows to extend
the study to other metals such as Ag and Cu, and to study the interdependence of
the mass transport and temperature effects on the CO2RR.

0.3 Chain growth mechanism
0.3.1 Chain growth mechanism on Ni

In Chapter 5 we discussed the chain growth mechanism on Ni and in Chapter 7 we
showed that this mechanism becomes active on Cu as well at high temperatures and
pressures. Moreover, in Chapter 8 we showed that this mechanism is likely to also
take place at other metals as Fe, Pd and Cd. However, there is still much unknown
about the exact mechanism of the so-called electrochemical Fischer-Tropsch
reaction. Therefore, more research is needed to uncover the details of this
mechanism. In a preliminary follow-up study of Chapter 5, we have studied the
same Ni system under more conditions by changing the electrolyte and reactant. In
Chapter 5 we showed that both the activity and chain growth probability differ
when CO or CO; is used as reactant. In literature, Zhou et al.2 found that mixing CO
and CO; would give the highest activity for the chain growth mechanism. However,
Figure 0.2a and b show that in our system, mixing of CO and CO; leads to the mixed
results in both activity and chain growth probability. So no optimum is found while
mixing both reactants. We also determined the reaction order, which is 0.3 for CO;
and 1 for CO (between 100 and 70% of CO/COz). This indicates that CO is involved
in the rate determining step. Experiments changing the buffer concentration
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Figure 0.2 a) Total hydrocarbon activity and b) chain growth probability during CO(2
reduction with mixed CO CO: feeds at -1.175 V vs RHE in 0.1 M pH7 potassium
phosphate electrolyte on deposited Ni.
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showed that higher phosphate concentrations increase activity and decrease chain
growth probability up to 0.2 M after which it plateaus, while cation concentration
seems to have the opposite effect, as shown in Figure 0.3. The effect of water as
proton donor was studied by changing the water content by mixing water with
DMSO. This shows that more water leads to a higher activity. However, a kinetic
isotope experiment shows a inverse kinetic isotope effect, although mixed H>0 and
D20 experiments show similar results to H20. The exact interpretation of the
experiments with DMSO and D0 is still difficult as these different solvents not only
change the water concentration but also other parameters. All these preliminary
experiments indicate that the rate limiting step is the hydrogenation of CO which is
assisted by cations. However, it is still unknown how to exactly interpret the
experiments with water to determine its role. Moreover, more experiments are
needed to determine if the hydrocarbon chain grows via CHx coupling, via CO
insertion or via a different mechanism. Nickel seems the ideal catalyst to
understand this reaction in more detail because of its significant activity, but in a
later stage other active catalysts can be studied in more detail as well using the high-
pressure high-temperature setup described in Chapter 6.

0.3.2 Chain growth mechanism at elevated temperatures on Cu

Chapter 7 has shown that the C-C coupling mechanism can switch from a CO
dimerization or carbonyl coupling mechanism at low temperatures to a chain
growth mechanism at high temperatures on Cu. However, some open questions
remain. First of all, it would be interesting to study the time dependency in more
detail. What happens in the first 30 minutes with the Cu surface and is this related
to the initial production of CO? Raman spectroscopy, Pb UPD and SEM experiments
can be performed (ex-situ) to gain more insight in the mechanism. For example, if
Raman spectroscopy would show coke formation, this would indicate the direct CO
dissociation pathway is active. Moreover, experiments changing the electrolyte and
CO2 concentrations as discussed above on Ni could give more insights. An
interesting improvement of the setup would be if CO could be used as reactant at
elevated pressures, to not only study CO; reduction but also CO reduction.
Moreover, it would be interesting if a future version of the high-pressure high-
temperature electrochemical cell could be coupled to spectroscopy. In that way in-
situ spectroscopy could give more insights in the reactions on the surface.
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0.4 Further experiments in the high-pressure high-temperature cell

The high-pressure high-temperature setup described in Chapter 6 has shown
a lot of potential in Chapter 7 and 8. However, these studies were performed in a
short time as the setup was only finished near the end of my PhD. Therefore, we
limited these studies to a potassium bicarbonate electrolyte and only a few
potentials. This illustrates that a lot of follow-up studies are possible.

First of all, the electrolyte is an important parameter to study as it can
significantly influence the CO; reduction reaction and more studies are needed to
see its effect at elevated pressure and temperature. One could start relatively simple
by changing the cation identity from potassium to lithium and cesium or by
changing the anion identity from bicarbonate to sulphate or phosphate. Moreover,
one could play with the cation and buffer concentrations. Then one could start
adding less common salts and molecules to the electrolyte, such as surfactants3 or
organic cations#, as these have shown to either suppress HER or enhance CO2RR.
This all can be done on Cu, to extend the research shown in Chapter 7 and for
example see if the chain growth mechanism can be enhanced and optimized on Cu
or to suppress HER further at elevated temperatures. However, also the catalysts
studied in Chapter 8 can be studied in different electrolytes.

These screened catalysts of Chapter 8 need to be studied in more detail on
many different parameters, not only the electrolyte. Due to the large research space,
Chapter 8 only studied the metal catalysts at 6 or even 3 combinations of pressure
and temperature. However, for the catalyst that are excellent in performing CO2RR
such as Ag, Au, Pd, Sn and Pb, another optimum combination of pressure,
temperature and potential may exist. This was illustrated by Chapter 6 and 7, where
Au and Cu already show very high selectivity for CO2RR and suppression of HER at
pressures of a few bar instead of 30 bar in Chapter 8. Therefore, these catalysts
should be studied in more detail with smaller temperature and pressure steps and
at different potentials as well. It might still be interesting to study some of the
inferior CO2RR catalysts (even at elevated temperatures), as they can produce
interesting products such as hydrocarbons and methanol. For these catalysts, high
pressures seem to be needed, but one could also optimize the temperature and
especially the potential and electrolyte.

Besides activity and selectivity, stability is also an important parameter which
should be studied in more detail at elevated temperatures. We have shown in
Chapter 7 and 8 that Cu, but also other catalysts as Ni and Pd can become unstable
at elevated temperatures. Therefore, more research is needed into the causes of
these instabilities and strategies have to be developed to enhance the stability.
Chapter 4 illustrates that alloying could be a successful strategy in enhancing the
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stability at elevated temperatures. Besides stability, alloys could also enhance
activity and selectivity. Next to alloying, pulsing could be another possible strategy
to increase the stability of the metal catalyst at high temperatures.

Most experiments in this thesis have been performed in an H-cell configuration
with simple foil and wire electrocatalysts to keep the studied system as simple as
possible and gain fundamental insights. However, it is important to validate these
results in other configurations, especially gas diffusion electrodes (GDEs) setups as
these are more representative of scaled-up industrial setups.

Lastly, the high-pressure high-temperature setup gives the opportunity to
better compare electrocatalysis with thermocatalysis as it allows to go to pressures
and temperatures more comparable to thermocatalytic conditions. By combining
this with the use of non-aqueous electrolytes and specific substrates for catalysis,
one comes closer and closer to the thermocatalytic conditions. On the other hand,
thermocatalysis could introduce water and cations to simulate electrocatalytic
conditions. By doing this using the same catalyst in both systems, one could build a
bridge between thermocatalysis and electrocatalysis and hopefully gain further
understanding in the differences and similarities between both and find new ways
to control catalytic reaction in the desired way.
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Samenvatting

Een van de grootste en meest urgente problemen van deze tijd is het
veranderende klimaat als gevolg van door de mens veroorzaakte emissies van
broeikasgassen, met name CO;. Om de effecten van klimaatverandering te
beperken, is een rigoureuze verandering nodig in de manier waarop de
moderne samenleving energie en materialen gebruikt. Er is een transitie nodig
van een wereld gebaseerd op fossiele brandstoffen naar een wereld gebaseerd
op hernieuwbare bronnen. Elektrokatalyse kan een belangrijke rol spelen in
deze transitie, omdat het hernieuwbare elektriciteit kan gebruiken om
moleculen als H;0, CO; en N, om te zetten in energiedragers of chemische
bouwstenen zoals waterstof, CO, ethyleen en ammoniak. Elektrochemische CO-
reductie (CO2RR) kan worden gebruikt om CO; van een vervuilende stof te
veranderen in een grondstof door het om te zetten in waardevolle chemicalién
zoals CO, mierenzuur of ethyleen. Daarom is de interesse in deze reactie de
laatste jaren enorm toegenomen. Elektrochemisch onderzoek in het algemeen
en CO2RR-studies in het bijzonder worden vaak uitgevoerd bij omgevingsdruk
en -temperatuur en daarom worden conclusies en fundamentele inzichten
getrokken onder deze omstandigheden. Voor praktische toepassingen zijn
omgevingsomstandigheden echter mogelijk niet het meest relevant, aangezien
industriéle elektrolyzers doorgaans werken bij verhoogde temperaturen,
bijvoorbeeld door thermische verliezen en/of hete grondstoffen. Daarom is het
belangrijk om de CO.-reductiereactie bij verhoogde temperaturen en druk te
bestuderen om fundamentele inzichten te krijgen in de effecten van deze
parameters.

Hoofdstukken 2 tot en met 5 bestuderen het effect van temperatuur bij
omgevingsdruk op Au-, Cu-, Ag-, Ni-elektroden en op CuAg-legeringen.
Hoofdstuk 2 laat zien dat op Au, in een roterende-ring-schijfopstelling, de
activiteit en selectiviteit van CO2RR toeneemt met de temperatuur. We schrijven
dit toe aan de verbeterde kinetiek. We hebben experimenten met partiéle druk
uitgevoerd om het effect van temperatuur en CO;-oplosbaarheid onafhankelijk
van elkaar te bestuderen en laten zien dat bij hoge temperaturen de reactie
wordt beperkt door de CO:-concentratie. Bovendien laten we zien dat
temperatuurexperimenten kunnen worden gebruikt om kinetische informatie
te bepalen, zoals de overdrachtscoéfficiént en de schijnbare activeringsenergie.
Deze laatste wordt beinvloed door het kation en daarom hangt de omvang van
het temperatuureffect af van de gebruikte elektrolyt.
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In Hoofdstuk 3 onderzoeken we hoe de reactietemperatuur de
elektrochemische CO,-reductie op koper beinvloedt in het temperatuurbereik
van 18-70 °C. We laten zien dat er twee verschillende temperatuurregimes zijn.
Van 18 tot ~ 48 °C worden C2+ producten geproduceerd met een hogere
Faraday-efficiéntie, terwijl de selectiviteit van methaan en mierenzuur afneemt
en de waterstofselectiviteit ongeveer constant blijft. Van 48 tot 70 °C werd
vastgesteld dat de waterstofevolutiereactie (HER) domineert en de activiteit
van CO2RR afneemt. Bovendien zijn de CO2RR-producten die in dit hogere
temperatuurbereik worden geproduceerd voornamelijk de C1l-producten,
namelijk CO en HCOOH. De observaties in het eerste regime kunnen worden
verklaard door een toename van de CO-dekking op het oppervlak, zoals blijkt
uit in situ Raman-spectroscopie, in combinatie met een verhoogde lokale pH en
snellere kinetiek met temperatuur. Het tweede regime lijkt niet gerelateerd te
zijn aan een beperkt CO;-massatransport, maar eerder aan veranderingen in
het koperoppervlak zoals aangetoond met loodonderpotentiaalafzetting en
dubbellaagcapaciteitsmetingen, hoewel een te hoge lokale pH ook een factor
zou kunnen zijn.

Hoofdstuk 4 illustreert dat de prestaties van Cu-katalysatoren bij
verhoogde temperaturen kunnen worden verbeterd door te legeren, in dit geval
met Ag. Door te legeren kan de waterstofontwikkeling bij verhoogde
temperaturen aanzienlijk worden onderdrukt. Bij omgevingsdruk blijft echter
het optimum in C2+-productie met temperatuur, zelfs bij de verschillende CuAg-
legeringen. Dit hoofdstuk laat ook zien hoe verweven het temperatuureffect is
met andere parameters. Temperatuur beinvloedt andere parameters, zoals de
CO2-oplosbaarheid, en deze moeten waar mogelijk worden ontward. In dit geval
ontwarren we het effect van temperatuur en COz-oplosbaarheid door middel
van experimenten met partiéle druk. Bovendien beinvloedt de toegepaste
potentiaal het effect van temperatuur aanzienlijk en moeten beide parameters
tegelijkertijd worden bestudeerd. Ten slotte beinvloeden massatransport en
temperatuur elkaars effect op de activiteit en selectiviteit van CO2RR en daarom
zouden studies de studie van beide parameters moeten combineren.

In Hoofdstuk 5 onderzoeken we een van nikkel afgeleide katalysator voor
de elektrochemische CO;-reductie. Ni is een interessante elektrokatalysator
omdat onlangs is aangetoond dat het de unieke mogelijkheid heeft om langere
koolwaterstofketens te produceren via een ketengroeimechanisme in lage maar
meetbare hoeveelheden. Het effect van de vele parameters van deze reactie
moet echter nog nader worden bestudeerd. Hier hebben we het effect van
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temperatuur, bulk-CO,-concentratie, potentiaal, de reactant, kationen en
anionen op de vorming van koolwaterstoffen via een ketengroeimechanisme op
Ni onderzocht. We laten zien dat temperatuur de activiteit verhoogt, maar ook
de vorming van coke, die de katalysator deactiveert. De selectiviteit en dus de
kans op ketengroei wordt voornamelijk beinvloed door de potentiaal en de
samenstelling van de elektrolyt. Opmerkelijk genoeg vertoont CO-reductie een
lagere activiteit, maar een hogere kans op ketengroei dan CO,-reductie. Verder
bespreken we dat de snelheidsbepalende stap hoogstwaarschijnlijk een
hydrogeneringsstap is.

Hoofdstuk 6 tot en met 8 bespreken de ontwikkeling en toepassing van een
hoge-druk-hoge-temperatuur-elektrochemische cel, die tot 140 bar en 200 °C
kan werken. Deze opstelling maakt de gecombineerde studie van temperatuur
en druk mogelijk. Bovendien breidt dit het temperatuurbereik dat kan worden
bestudeerd uit tot meer dan 100 °C, zelfs in waterige elektrolyt. Hoofdstuk 6
toont, als een proof of concept van deze hoge-drukcel, de temperatuurs-
afhankelijke veranderingen in de cyclische voltammogrammen van poly-
kristallijn goud tot 150 °C en 50 bar. Verder werd de katalytische prestatie van
CO2-reductie tot CO op een roterende polykristallijne gouden schijfelektrode
onderzocht onder verschillende druk en temperatuur. Bij omgevingsdruk
werden vergelijkbare resultaten bereikt als in Hoofdstuk 2, maar bij verhoogde
druk verdween het optimum in CO-selectiviteit met temperatuur en bereikte CO
selectiviteiten rond de 90%. Onder deze omstandigheden kunnen temperatuur
en druk de activiteit van CO;-reductie op goud nog steeds aanzienlijk
verbeteren.

In dezelfde volgorde als de eerste hoofdstukken bestudeerden we Cu in de
hoge-druk-hoge-temperatuur-elektrochemische cel na bestudering van Au. We
tonen een verandering in het C-C-koppelingsmechanisme boven 100 °C bij
drukken van 24 bar. Waar bij lage temperaturen de meeste C-C-bindingen
worden gevormd via het traditionele CO-dimerisatiemechanisme, neemt bij
hoge temperaturen het ketengroeimechanisme het over en vanaf 125 °C is dit
het enige mechanisme dat C-C-bindingen maakt. We tonen ook aan dat
temperatuur de selectiviteit van het traditionele CO-dimerisatiemechanisme
kan verbeteren bij temperaturen tot 75 °C, en dat druk helpt om het systeem
stabiel te houden bij deze temperaturen. Verhoogde drukken kunnen de HER-
activiteit en selectiviteit drastisch verminderen, zelfs bij drukken van slechts
een paar bar. Het is echter niet de druk zelf, maar de CO.-druk die de CO--
reductie en C-C-koppeling specifiek verbetert.
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Hoofdstuk 8 breidt het veld van elektrokatalysatoren voor CO2RR uit door
20 verschillende metalen te screenen voor deze reactie bij verschillende
combinaties van druk en temperatuur bij omstandigheden tot 30 bar en 100 °C
in waterige elektrolyt. We laten zien dat katalysatoren die oké zijn bij
omgevingsomstandigheden, een efficiéntie van bijna 100% voor CO2RR kunnen
bereiken bij 30 bar en dit kunnen behouden bij hoge temperaturen, omdat HER
aanzienlijk wordt geremd bij verhoogde druk. Zowel temperatuur als druk
kunnen de CO2RR-activiteit aanzienlijk verhogen. Als een katalysator echter
geen CO2RR uitvoert bij omgevingsomstandigheden, zullen toenemende druk
en temperatuur deze Katalysator niet veranderen in een goede COZ2RR-
katalysator en neemt de CO2RR-selectiviteit toe tot maximaal 30%. Niettemin
vertonen sommige van deze slechte COZRR-katalysatoren interessante
producten naast CO en HCOOH, zoals lange koolwaterstoffen en methanol.
Hoofdstukken 6 tot en met 8 geven een inkijkje in de mogelijkheden en openen
daarmee nieuwe, veelbelovende wegen voor toekomstig onderzoek naar
elektrochemische CO2-reductie bij hoge temperaturen en hoge druk in waterige
elektrolyten.
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