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Abstract

Abstract

The electrochemical reduction of carbon dioxide (CO2RR) to value-added chemicals using excess
intermittent electric power from renewable energy sources is considered a promising approach
to mitigate global warming caused by anthropogenic CO, emissions.

The product selectivity of the CO;RR can be controlled by the chemical nature and the
morphology of the catalyst material. Among the various products of the CO;RR, the production
of carbon monoxide (CO) is highly desirable because it can be used as feedstock in the Fischer—
Tropsch synthesis to produce higher long-chain hydrocarbons and alcohols. Silver is well known
as a promising catalyst material for CO production.

Most of the screening experiments to test the activity, selectivity, and stability of an
electrocatalyst have been carried out in H-type cell configurations using aqueous electrolytes.
However, the low solubility of CO; in aqueous electrolytes under ambient conditions imposes
severe mass transport limitations. This PhD thesis has addressed this challenge, by carrying out
classical half-cell measurements in agueous environments extended to a zero-gap gas-fed
electrolyzer. The catalytic properties of two colloidal silver nanomaterials with different
morphologies were studied (nanocubes and nanowires).

The electrocatalysts studied herein present high selectivity and activity towards CO formation,
e.g., in the case of silver nanocubes, a partial current density of ~625 mA cm™ and a faradaic
efficiency of ~85% for CO were attained. Besides, it is particularly pointed out that the reaction
environment plays an essential role in the product distribution of the reaction; formate is
generated with higher selectivities and activities in a highly alkaline environment than in a weak
one.

Furthermore, identical location scanning electron microscopy (IL-SEM) is herein demonstrated as
a powerful technique to study the structural degradation of the electrocatalysts. By imaging the
same spot on the catalyst before and after the CO2RR, it is possible to directly visualize changes
of the catalyst morphology on a nm-length scale attributed to the electrolysis reaction.
Limitations of this analysis technique are discussed based on surfactant-protected nanocatalysts.

Additionally, a new electrochemical surfactant removal method based on potentiostatic CO2RR
electrolysis was developed to remove polyvinylpyrrolidone or PVP (the capping agent) from Ag
nanowire and nanocube surfaces, resulting in a substantially improved selectivity towards CO
formation.

Overall, the studies presented herein clearly demonstrate the importance of performing CO2RR
under more realistic conditions to bring this process closer to what is needed for the scale-up of
this reaction, which means that high faradaic efficiencies, partial current densities, and long
stability are pursued.
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Theoretical background

1. Theoretical background

1.1 Climate system

Climate is a statistical description of the state of the climate system, and it is defined as the
average condition of the weather over a long period of time. The Earth’s climate system is
complex and dynamic. Its components are the atmosphere, hydrosphere, cryosphere, terrestrial
surface and biosphere (Figure 1.1). All are interactive, interrelated, and driven by the energy
coming from the Sun.%?

Hydrosphere: ocean, Biosphere: all living
rivers and lakes organisms on the planet

Figure 1.1. Components of the climate system.

To understand better how the climate system works, it is essential to know about the flow of
solar energy into and out of the Earth, also defined as the Earth energy budget (Figure 1.2). The
average solar radiation that reached the Earth per year is 342 W m~2 (energy delivered per unit
time per unit area). About 22.5% (77 W m™) of that energy is reflected by clouds, aerosols, and
the atmosphere, and 8.8 % (30 Wm™) is reflected by the white and bright surfaces of the Earth
(like ice, snow and sand, which are also known as albedo). The Earth’s surface absorbs 49.1%
(168 W m™2) and 19.6% (67 W m™) is absorbed by the atmosphere. The energy absorbed by the
Earth’s surface and atmosphere (235 W m™) should be radiated back into space to maintain an
energy balance.

The radiation absorbed by the Earth’s surface is transferred to the atmosphere through sensible
heat (24 W m™2 are transferred in the form of heat from a warmed surface to the air), latent heat
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(78 W m™ are involved in the process of evaporation and condensation of water molecules) and
thermal infrared radiation (66 W m™).

The atmosphere is composed mainly of 78.08% nitrogen, 20.95% oxygen, and 0.934% argon
(volume percentage), and all of these gases are transparent to the incoming sunlight and the
outgoing infrared radiation. If the atmosphere were composed only of these constituents, the
energy emitted by the Earth (235 W m™) could leave it directly. However, the other gaseous
components of the atmosphere, gases with a less than 0.05% concentration, absorb and re-emit
infrared (IR) radiation. These gases are denoted as greenhouse gases.

The most important greenhouse gases are water vapor (H0), carbon dioxide (CO,), methane
(CHa), nitrous oxide (N»0), ozone (0s), and chlorofluorocarbons (CFC). The two with the most
significant effect are H,0 vapor and CO,. Greenhouse gases absorb infrared radiation emitted by
the Earth’s surface, atmosphere and clouds, and then re-emit infrared radiation in all directions.
Some of this energy can be back-radiated to the surface resulting in trapped heat that warms the
Earth’s surface. This cycle is known as the natural greenhouse effect and is responsible for
raising the Earth’s temperature to an average of 15 °C. Without the greenhouse effect, the
temperature of the Earth would be around -18 °C.

Due to the greenhouse gases, 324 W m™2 are back-radiated to the Earth’s surface, adding this
amount of energy to the infrared radiation coming from the incoming solar energy (66 W m™2),
resulting in a total of 390 W m™2 emitted by the surface of the Earth. Of this amount, 235 W m™
goes to space (40 W m2 passes directly to space from the surface through the atmospheric
infrared window, and 195 W m™2 are part of the upward infrared emission), and 155 Wm™ are
retained by the greenhouse gases, leaving a system in a steady-state.> 3>

Reflected solar Incoming solar Outgoing longwave
radiation, radiation, 342 Wm® radiation, 235 Wm
107 Wm> SPACE

Solar radiation reflected

IR emission
by clouds, aerosols ang P o a8
atmosphere, 77 Wm 66 Win® 2 A.tmosp eric IR-2 ! -
Solar radiation window, 40 Wm pvs./ali
absorbed by : emission,

2
atmosphere, 67 Wm > 195 Wm

o ., GREENHOUSE GASES
@ (/f’\\‘\)

Back IR emission

. ¢ radiation, from surface
Solar radiation S 324Wm'z and IR P
reflected by atmospt 3

P 30 Wm’ : Latent heat, 350 Wm
el L Sensible heat, 78 W
o 24 Wm' IR asorbed by
Solar radiation surface, 324 Wi e -
absorbed by " urface ra |a_zon,
surface, 168 Wm EARTH 390 Wm

Figure 1.2. Energy budget of the Earth. Adapted from References 2—4.
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1.1.1 Climate change

Any disturbance in the “steady-state” of the Earth’s energy budget that affects how much energy
enters or leaves the system will produce climate change. Variations in the solar processes,
changes in the Earth’s orbit, and large volumes of reflecting-light particles ejected in volcanic
eruptions are examples of natural effects that can disturb the climate system.

Climate change has occurred naturally since the formation of the planet, and it typically happens
over long time scales of thousands of years. However, anthropogenic activities like aerosol
production, change in land use (caused by urbanization, deforestation, and agriculture), and the
increase of greenhouse gas concentration (Table 1.1) have dominated and accelerated this
process since the middle of the 19t century.

Even though water is the most abundant greenhouse gas, it is not considered in Table 1 because
its atmospheric lifetime is short (in terms of days), and it can be removed from the atmosphere
through the hydrologic cycle. However, the situation related to the increase of CO; in the
atmosphere is different from that of water.%”’

Table 1.1. Atmospheric concentration of greenhouse gases before 1750 and in 2018%7

Atmospheric Atmospheric .
Greenhouse . L. Lifetime,
concentration concentration in Increase, %
gas years
before 1750, ppm June 2018, ppm
CO; 280 410 46 1-hundreds
CH,4 0.70 1.86 166 12
N:0 0.27 0.33 22 114

1.1.2 Carbon cycle

Carbon dioxide is part of the planet’s carbon cycle, which describes its (natural) formation and
consumption and, most importantly, how human activities affect this cycle (Figure 1.3). Carbon is
the 17" most abundant element on the Earth’s crust,® and all living organisms contain carbon.
The carbon in the Earth is contained in different reservoirs. The three largest ones are the deep
ocean that contains about 37,100 gigatons of carbon (GtC), vegetation and soil that contain
2,300 GtC, and the atmosphere with 597 GtC.

Using photosynthesis, plants on land remove atmospheric CO; (fixation) and form part of their
structures with it. When the plants die, they transport carbon back to the soil. Animals and
microbes gain energy from the breakdown of organic carbon and respiration, releasing CO; back
to the atmosphere (or CH4 under anaerobic conditions).

At the ocean surface, CO; from the atmosphere dissolves in seawater (forming bicarbonate and
carbonate ions), and marine phytoplankton use that CO, for photosynthesis. When animals
consume the phytoplankton, they breathe out the carbon or pass it through the food chain.
When the animals and plants die in the ocean, they decompose. Parts of their bodies can sink

onto the ocean floor, forming sediments that consist of another reservoir of 150 GtC. Ocean
3
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currents bring carbon from the deep ocean up to the surface, where it can be released as a gas
into the atmosphere. By recirculating vast amounts of carbon, the oceans help to regulate the
climate.

The movement of carbon from the atmosphere to rocks starts when carbonic acid, resulting
from the dissolution of CO; in raining water, dissolves the rock through chemical weathering that
releases calcium, magnesium, potassium, and sodium ions that are transported by rivers to the
ocean. Calcium ions react with carbonates dissolved in the water to produce calcium carbonate
that is then deposited onto the ocean floor. Over time, layers of sediments and shells (from
marine organisms like corals) are cemented together and turn to rock, storing carbon in stoles
such as limestone and its derivatives. Volcanoes are also part of the carbon cycle because they
release millions of metric tons of CO, during their eruptions.®

The continuous movement of carbon between the atmosphere, ocean, and land constitutes the
natural carbon cycle. These processes occur at different rates going from short periods of time,
like days or seasons, until very long periods that can take millions of years.% 1°

According to the analysis of ice cores in Antarctica, the concentration of carbon dioxide in the
atmosphere has remained constant for thousands of years before the industrial revolution, at a
value of 280 + 10 ppm (Figure 1.4a). After 1750, the carbon cycle has been altered by the release
of large amounts of CO; into the atmosphere originating from the burning of fossil fuels (coal,
petroleum oil, and natural gas, which form another carbon reservoir of the Earth), cement
manufacturing, deforestation and changes in land use.!
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Figure 1.3. The carbon cycle showing reservoirs in GtC yr™* (in black font, inside boxes) and changes caused by
anthropogenic activities (red font), natural fluxes (blue arrows), and fluxes altered by human activities (red
arrows). Adapted from References 2 and 6.
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1.1.3 Keeling curve

In 1958, Charles David Keeling began to measure the CO, concentration in the atmosphere at the
Mauna Loa Observatory, Hawaii, performing direct, accurate, and continuous quantification of
CO; amount in dry air. Keeling’s measurements of CO, concentration are presented in a plot
known as the Keeling curve (Figure 1.4b).11 12

Keeling’s observations showed for the first time that the CO; concentration in the atmosphere is
lower in the day than in the night because CO; is taken up by vegetation during the day. In the
course of the night, CO; is released from the soil and by respiration.

Keeling also identified oscillations in the concentration of CO; in the atmosphere because of
different seasons in the year. During spring and summer in the northern hemisphere, CO; levels
decrease because of plants growing and photosynthesis. Throughout autumn and winter, CO;
levels increase because carbon is released when the plants and trees lose their leaves. This
process is known as the Earth’s breathing cycle.!® 14

The greatest importance of the Keeling curve is that it was the first experimental proof that the
CO; levels tend to increase every year as a result of anthropogenic activities. The atmospheric
CO; increase as a fraction of the total anthropogenic CO; emissions is defined as the airborne
fraction, and knowing this value is very important because an increase in the amount of CO; in
the atmosphere means more heat is trapped, warming the Earth and, consequently, changing
the climate system.
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Figure 1.4. a) Atmospheric CO2 concentration data from Antarctic ice cores analysis (adapted from Reference 1)
and b) Keeling curve: atmospheric CO2 concentration at the Mauna Loa Observatory.!!

1.1.4 Further evidence for climate change

One of the consequences of the enhanced greenhouse effect is global warming, which consists
of increasing the planet’s average surface temperature (land and oceans) by almost 1 °C in the
last 40 years (Figure 1.5a); 2016 and 2020 were the warmest registered years.’® With the
increase of the Earth’s temperature, other consequences appear: snow cover and mountain
glaciers are decreasing in area and thickness, the Arctic sea ice has declined over the last
decades (Figure 1.5b), the mass of ice sheets (in Greenland and Antarctica) is shrinking (Figure
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1.5¢)Y, and the melted water in the sea has increased. Therefore, the sea level has risen around
200 mm in the last century (Figure 1.5d).%®

Other impacts of the Earth’s temperature increase are that the oceans are removing
atmospheric CO; less effectively because this gas is less soluble in warmer water. At the same
time, oceans experience more acidification resulting from higher CO, concentrations in the
atmosphere. As a consequence of a lower ocean pH, marine animals have reduced their ability
to build skeletons and shells.2% 20

Extreme weather events such as heatwaves, droughts, changes in precipitation amounts,
stronger hurricanes, and species extinction are also likely attributable to climate change.?
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Figure 1.5. a) Temperature anomaly of the Earth (change in global surface temperature relative to 1951-1980
average temperatures).’® b) Average monthly Arctic sea ice extent each September since 1979, derived from
satellite observations.'® c) Antarctica and Greenland mass variations since 2002, derived from satellite
observations.'” d) Global mean sea level (GMSL) from 1880 to 2014.18

1.1.5 International agreements on climate change

The United Nations and the World Meteorological Organization (WMO) created the
Intergovernmental Panel on Climate Change (IPCC) in 1988 to prepare assessments reports (ARs)
of the state of knowledge of human-induced climate change and its causes, impacts, and
responses. Five assessment reports have been issued from 1990 to 2014.
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The ARs are an invaluable resource for scientific information and improved understanding of
climate change. The ARs play an essential role in the United Nations Framework Convention on
Climate Change (UNFCCC) because they set the scientific input for diplomatic decisions.

The ultimate objective of the UNFCCC is the “‘stabilization of greenhouse gas concentrations in
the atmosphere at a level that would prevent dangerous anthropogenic interference with the
climate system” through the provisions of the Kyoto protocol (which commits 192 Parties to
reduce their anthropogenic greenhouse gas emissions: CO;, CHa, N2O, hydrofluorocarbons,
perfluorocarbons, and sulfur hexafluoride) and the Paris Agreement (adopted by 196 member
countries that commit to hold the increase of global average temperature to well below 2 °C
above pre-industrial levels and pursue efforts to limit it to 1.5 °C).> 1% 2!

1.2 Strategies for reducing CO; emissions

Given the problems caused by high CO; emissions, the scientific community has conducted
intensive research on different approaches to tackle this problem.

In the early 2000s, some strategies were proposed to keep CO; emissions stable and eventually
reduce them. These actions involve the increase of the energy efficiency of vehicles and their
reduced use; insulation of buildings (so they will require less heating or air conditioning); fuel
shift from coal to gas or oil (because coal emits 1 kg CO, per kWh of electric energy generated
while oil and gas produce 0.75 kg and 0.5 kg, respectively); capturing CO, from industrial
powered plants and its storage (CO, capture and storage); increasing use of renewable energy
sources such as wind, solar, hydro and geothermal, nuclear and biofuels in the electricity grid

and transportation sector; reducing deforestation; reforestation and conservation tillage.?? 23

1.2.1 CO; conversion and utilization

Carbon dioxide is used as a feedstock in various industrially important chemical reactions, such
as the synthesis of urea, salicylic acid (precursor of aspirin), carboxylic acids, organic carbamates,
pigments, inorganic and organic carbonates, formic acid or used as an additive in the synthesis of
methanol.24-26

Different approaches for CO, conversion and utilization include technological utilization (physical
process), enzymatic conversion (biological/biochemical process), and chemical/catalytic
conversion (chemical process).?” 28

Technological utilization refers to changing the physical nature or state of CO,. It includes
compressing, recycling, or phase transition. It is important because, in this way, CO; can be used
directly in many applications, for example, in the production of carbonated beverages, dry ice,
and fire extinguishers. CO; can be applied as a solvent (e.g., in organic and polymerization
reactions and for the extraction of caffeine and fragrances), a refrigerant (for food preservation
and controlling reactors temperatures), an inert agent, a process fluid, and a welding medium.
Additionally, CO; is used in large-scale industries to indirectly boost a process as in the enhanced
fuel recovery and enhanced geothermal systems (EGS). In the previous applications, CO; is not
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converted and can be recovered at the end of the application or released to the atmosphere.
Therefore, these applications are not suited to reducing CO content in the atmosphere.?3 24 28,29

Enzymatic conversion of CO; involves using enzymes or microorganisms to convert CO; into
other chemicals through bioreactions. One advantage of this process is that it usually occurs at
low temperature and pressure; however, it is generally a slow process. The most critical strategy
to bioconversion technologies is to find enzymes or microorganisms to convert CO; into the
desired product with high selectivity, yield, and a fast conversion rate.3%3! One example is the
Rheticus project that aims to convert carbon monoxide and hydrogen (produced using
electrochemical reduction of CO;) into alcohols by fermentation utilizing two different species of
Clostridium bacteria.3°

Chemical conversion of CO, comprises thermochemical, mineralization, photochemical,
electrochemical, and photoelectrochemical approaches.® ?’

1.3 Electrochemical reduction of CO

The industry uses approximately 120 Mt CO; per year, excluding the use for enhanced oil
recovery. However, this amount of CO; represents only 0.5% of the total anthropogenic CO;
emissions, or about 24 Gt CO; annually.?® Therefore, converting carbon dioxide into useful
chemicals is a very attractive route that not only considers CO; as a new source of fuels and raw
materials but also represents a method to mitigate the effects of rising atmospheric CO;
concentration.??

Of the different CO;, conversion approaches, of particular interest is the electrochemical CO;
reduction reaction (denoted as CO2RR hereinafter). This approach uses the surplus of renewable
electric power from solar, wind, and hydro sources to convert CO; into value-added chemical
feedstocks. This concept is also known as “Power to X” because it evolves around converting
power (electricity) to chemicals (X), as shown in Figure 1.6.3® This approach allows CO, to be
seen as a valuable raw material instead of an environmentally dangerous waste and may also
provide a solution for the storage of excess renewable (hydro-, solar or wind) energy.3% %
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Figure 1.6. Schematic representation of CO2RR driven by renewable electric energies.
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The research conducted for this PhD project focuses on the half-reaction that involves CO3RR.
The catalytic properties, in terms of CO2RR activity, product selectivity, and catalyst durability, of
two different kinds of silver-based nanomaterial were studied using two different types of
electrochemical cell configurations. In the following sections, the most relevant aspects required
to discuss the main results of this project are presented.

1.3.1 Chemical and physical properties of CO>

Carbon dioxide is a triatomic molecule with two oxygen atoms, each covalently double bonded
to a single carbon atom. It has a linear structure in which each C and O bond has a length of
116.3 pm. The bond energy of C=0 in CO; is 803 kJ mol™, which is much higher than the oxygen
and hydrogen bond in water molecules (463 kJ mol™). This molecule has two o bonds and two 1t
bonds (orthogonal to one another). The carbon-oxygen bonds are polarized due to the higher
electronegativity of O compared to C, such that the C atom has a partial positive charge, and the
O atoms have a partial negative charge.

CO; is a symmetrical molecule with one inversion center, a circular axial symmetry, and one
horizontal plane of symmetry. The combination of high bond energy and symmetry and low
polarity are the main reasons for the high stability of the CO, molecule. Another feature is that
CO; can coordinate with metals, and this coordination modifies the electron distribution and
molecular geometry, which results in changes in its chemical reactivity.

CO; is the ultimate product of the oxidation of carbon and hydrocarbons. It has high
thermodynamic stability as illustrated by its standard Gibbs free energy of formation, AG¢®, equal
to -394.4 k) mol™* (the superscript 0 refers to standard conditions of temperature and pressure,
298.15 K and 10° Pa or 1 bar, respectively). This means that CO, conversion is highly endergonic
from a thermodynamic point of view.?” 36

1.3.2 Thermodynamic considerations

Electrochemistry is the branch of chemical sciences that deals with electrical and chemical
phenomena and studies two kinds of processes: galvanic and electrolytic. A galvanic reaction is a
spontaneous process that involves the generation of electric energy utilizing chemical
transformations. A non-spontaneous transformation of a chemical compound is achieved in an
electrolytic process by applying an electric potential or passing an electric current through the
electrolysis cell. CO2RR is one example of this type of a “forced” electrolysis processes.?’

An electrochemical cell is a device where an electrochemical reaction occurs. A complete
electrochemical reaction consists of two independent half-reactions: an oxidizing reaction (loss
of one or more electrons by an atom, molecule or ion) and a reduction reaction (gain of one or
more electrons by an atom, molecule or ion). Each of the two half-reactions happens
simultaneously at separate parts of an electrochemical cell, called a half-cell. Each half-cell
comprises an electrode (electron conductor named anode or cathode) in contact with an
electrolyte (an ionic conductor). The electrode at which oxidation occurs is called the anode, and
the electrode at which reduction occurs is called the cathode.
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The electrodes in an electrochemical cell may need to be placed in different electrolytes. Then,
an electrolytic conductor, such as an ion-exchange membrane or a salt-bridge, is employed to
ensure electrical contact between them. A conducting polymer or a solid electrolyte might be
used in an electrochemical cell instead of a liquid electrolyte.

Each half-reaction has a specific standard reduction potential, which is reported as the potential
difference of the reduction reaction with respect to the standard hydrogen electrode (SHE)
(under standard conditions, 298.15 K, 1 bar and a hydrogen ion activity of 1).3 In practice,
experimental results are stated as being obtained vs. a specific reference electrode (RE) or
converted to potentials vs. SHE. Silver/silver chloride electrode (Ag/AgCl) and
mercury/mercurous sulfate (Hg/Hg.504) are examples of commonly used REs.

Most of the time, only one of the half-reactions in an electrochemical cell is of particular
interest, and the electrode at which it occurs is called the working electrode (WE). The other one
is referred to as the counter electrode (CE). Within the study of the electrochemical reduction of
CO,, the WE is the cathode because the reduction process takes place at the surface of this
electrode. The oxidation reaction that occurs on the CE surface when an aqueous electrolyte is
used is typically the oxygen evolution reaction (OER).3%4!

Depending on the electrode material, electrolyte, temperature, or pressure, CO2RR can generate
more than 16 different products.*>*® Table 2 provides a list of some of the half-reactions related
to CO2RR, the number of required electrons (n), and their standard potentials.

The electrode potential of the half-reactions in an electrochemical cell can be combined to
calculate the cell potential (AE):

AE = Ecsthode — Eanode (1)

The maximum amount of electrical work obtainable from a reversible reaction produced in an
electrochemical cell is defined by the Gibbs free energy change (AG) through Equation (2):

AG=—nFAE (2)

where n is the number of electrons involved in the reaction, F is the Faraday’s constant (electric
charge per mol of electrons, 96485.33 C mol™?), and AE is the cell potential. The importance of
Equation 2 is that it indicates the quantitative relationship between the chemical and electrical
energy in cell reactions.

As the reaction Gibbs energy is related to the composition of the reaction mixture by Equation 3,

AG= AG® +RTInQ, (3)

where AG?® is the standard reaction Gibbs free energy, R is the universal gas constant, and Q; is
the reaction quotient (]_[J a}”), then the cell potential (AE) can be rewritten as:

AE AG® RTI Qo AE® RTI a (4)
= — — — —|n = — —1n ,
nF nF r nF r

10
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Equation 4 is known as the Nernst equation, and AE® is denoted as the standard cell potential. 3%
41

An electrochemical reaction will not be spontaneous if AE is negative. However, with
Equation (2) and knowing that AG = AH(T) - T AS(T) (where AH is the enthalpy change, T the
temperature, and AS the entropy change), it is possible to calculate the minimum potential that
an electrochemical reaction requires to start to proceed forward using Equation (5).** In
Table 1.3, AE values at standard conditions are given for several CO; reactions.

AH(T) =T AS(T) (5)
-

Table 1.2 Reduction potential of possible CO2RR products and of the anode reaction** %

Product Half-cell reaction n Standard Reduction
potential vs. potential vs.
SHE, V Ag/AgcCl’, v
Formic acid CO; + 2H* + 2e” — HCOOH 2 -0.25 -0.46
Formate CO; + H,0 + 2e” — HCOO™ + OH~ 2 -1.078 -1.288
Carbon CO; + 2H*+2e” — CO + H,0 2 -0.106 -0.316
monoxide CO; + H,O +2e™ — CO + 20H" 2 -0.934 -1.144
Oxalic acid 2C0O2 + 2H" + 2e™ — H2C204 2 -0.500 -0.71
Oxalate 2C0; +2e” > C,0F 2 -0.590 -0.8
CO; + 4H* + 4e” — CH,0 + H,0 4 -0.070 -0.28
Formaldehyde _ _
CO; + 3H,0 + 4e™ — CH,0 + 40H 4 -0.898 -1.108
CO; + 6H* + 6e” — CH30H + H,0 6 -0.016 -0.226
Methanol _ _
CO; + 5H,0 + 6e” — CH30H + 60H 6 -0.812 -1.022
CO; + 8H*+ 8e™ — CH4 + 2H,0 8 0.169 -0.041
Methane _ _
CO; + 6H,0 + 8 e™ — CH4 + 8OH 8 -0.659 -0.869
2C0O; + 12H* + 12e™ — CaH4 + 4H,0 12 0.064 -0.146
Ethylene - -
2CO; + 8H,0 + 12e™ — CyH4 + 120H 12 -0.764 -0.974
Ethanol 2C0; + 12H* + 12e™ — C3HsOH +3H,0 12 0.084 -0.126
ano
2C0; + 9H,0 + 12e™ — CHsOH + 120H™ 12 -0.744 -0.954
CO; anion _ —
. COz +e” — CO, 1 -1.90 -2.11
radical
Hydrogen 2H*+2e” > H» 2 0.0 -0.21
Oxygen
(anode 2H,0 = O, + 4H" + 4e” 4 1.23 1.02
reaction)

" For the sake of comparability of the results, the standard reduction potentials were converted
to the Ag/AgCl (3M KCI) reference electrode scale, considering that the electrode potential of
the reference electrode used is 0.210 V vs. SHE.

11
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The conversion of CO, to several products is an endergonic process at standard conditions
(AG® > 0), which means that it will require a certain amount of energy to proceed depending on
the target product.?’” Moreover, AE in Table 3 are negative values, and this further confirms that
CO3RR is a non-spontaneous process (independently of the generated product); a cell potential
must be applied to proceed forward.

Table 1.3 Cell reactions and corresponding Gibbs free energy, enthalpy, entropy and cell
potential values of some CO, conversions processes (considering OER as the counter-reaction) at
standard conditions3% 4647

. AGS, AH®, Asd, AE,
Product (cathode) Overall reaction _ _ o
kImol* kJmol? Jmol?K1? '}
Hydrogen H,0 S H, + %0, 237.3 286 163.30 -1.23
Carbon monoxide CO; S CO + %50, 257.2 283.1 86.55 -1.33
Formic acid CO2 + H,0 S HCOOH + %0, 285.5 270.3 -52.15 -1.48
Formaldehyde COz + H,0 S HCHO + 03 522 563 140.25 -1.35
Methanol COz + 2H,0 5 CH30H +1.50; 703 727 80.85 -1.21
Ethanol 2C0O; + 3H,0 5 C3HsOH + 30, 1325.56 1366.90 138.75 -1.14
Methane COz + 2H,0 5 CH4 + 20, 818.4 890.8 242.90 -1.06
Ethane 2C0O; + 3H,0 S CHg + 3.50; 1468.18 1560.51 309.80 -1.09
Ethylene 2C0O; + 2H,0 S CoHy + 30, 1331.2 1411.2 267.30 -1.15
Propanol 3C0O; +4H,0 S C3H70H +4.50,  1962.94 2021.24 195.65 -1.13

1.3.3 Kinetics of CO2RR

Experimentally, higher cell potentials than the thermodynamic minimum must be applied to
accelerate the reaction. Considering the thermodynamic standard potential alone does not allow
a conclusion about the potentials that must be applied to obtain a reasonable current density or
reaction rate. Thermodynamics deals only with the equilibrium and related potential differences,
whereas kinetics starts when the system abandons the equilibrium, and a certain current density
is attained.

In CO2RR, the energy barriers or resistances (Riotal, EQuation 6) that must be overcome include
activation energies of the electrochemical reactions occurring on the surfaces of the cathode
(Reathode) and anode (Ranode), ohmic losses from conduction of ions (Rions) in the bulk electrolytes,
ion transport across the membrane (Rmembrane), l0ss of active area due to partial coverage by gas
bubbles formed on the cathode and anode surfaces (Rbubble, cathode @aNd Rbubble, anode, respectively)
and the sum (R) of electrical resistances in other cell components and contact resistances
between components.* 49

Rtotal = Rcathode + Ranode + Rions + Rmembrane + Rbubble, cathode T Rbubble, anode t R (6)

12
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The difference between the thermodynamic potential needed for a half-reaction to occur and
the applied potential that is needed for the reaction to occur experimentally is referred to as the
overpotential (Ncathode OF Nanode fOr the different electrode half-reaction, respectively).>°

Under mild experimental conditions, this means when gas bubble formation and concentration
differences can be neglected, the cell potential (AE) of a CO2RR process can be expressed as:

AE = AES&” * Neathode + Nanode + iROhmiC (7)

where AEY, is the equilibrium cell potential, and the term iRonmic represents voltage losses
caused by the finite ionic conductivity of the electrolyte solution, the form of the electrodes, and
the cell design.3% %

The object of study of electrode kinetics involves determining the dependence of the current
(— scales with the reaction rate) on the applied potential. As outlined above, an overpotential
must be applied for a non-spontaneous electrochemical reaction to occur. This overpotential is
defined as the difference between the applied potential and the equilibrium potential of a
specific electrode reaction (this is when no current flows).> °2 Large overpotentials and low
selectivity at industrially relevant current densities are the main kinetic obstacles for the
CO,RR.?3

The total reaction rate or current density depends on the kinetics of the system (charge transfer)
and on mass transport, and those aspects must be treated separately. The slowest process will
be the rate-determining step. At low reaction rates, the rate-determining step is the charge
transfer (electron transfer), and at higher reaction rates, mass transport is the rate-determining
step.

CO2RR kinetics is influenced mainly by the concentration of reactants and by the use of
electrocatalysts. The most important aspects of CO2RR kinetics relevant to this PhD project will
be reviewed in the following sections.

1.3.3.1 Electrocatalysts for the CO.RR

The activation barrier associated with CO2RR is high. One method of decreasing this activation
barrier and reduce the applied overpotential (to achieve a certain current density) involves the
use of electrocatalysts (Figure 1.7).>*

The function of an electrocatalyst in an electrochemical reaction is to provide alternative
pathways with a lower energy of activation and hence to permit such electrode reactions to
occur at high current density close to the equilibrium potential, in other words, accelerating the
target reaction.3® 5> For example, in the electrochemical reduction of CO, to produce CO,
HCOOH, or HCOO™ (a two e~ process), the rate-determining step is the formation of the radical
anion CO;~, which has a standard potential of -1.9 V vs. SHE. This step significantly increases the
energy requirement. Figure 1.7 shows a qualitative reaction scheme for CO, conversion to CO
with and without a catalyst. It is evident that the activation energy to form the CO;~

13
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intermediate without a catalyst is too high. Electrocatalysts and electrolytes acting as co-catalyst
can decrease the activation energy of the intermediate CO,.%®

One major goal of applied electrocatalysis research is the development of electrode materials
that are selective, active, inexpensive, and stable towards the production of desired products.®’

To determine the catalytic activity of different electrocatalysts, one can compare the current
density at a constant overpotential or measure the overpotential at a constant current density. A
more active electrocatalyst shows a given partial current density at a lower overpotential or
provides a larger partial current density at a given overpotential.>’

During the electrochemical conversion process, the provided overpotential is relatively high to
activate carbon-oxygen bonds in CO, molecules, thus improving the rate constant of the
electrode reaction, which increases the faradaic current. The most direct indication for the
electrocatalytic effect is the shift of the electrode reaction to lower overpotentials at a given
current density.?”- 6!

Hydrogen evolution reaction (HER) occurs at similar potentials than the CO,RR. Therefore, if
aqueous electrolytes are used, the parasitic HER tends to compete with CO2RR for catalytic sites.
The adsorbed *H intermediate is more stable than adsorbed *CO or *COOH intermediates,

making the HER dominant at more negative potentials.>® >% 5

An effective electrocatalyst for CO2RR needs to have different active sites for CO2RR and HER,
and it should be sluggish toward HER while exhibiting a low overpotential for CO,RR.%°

E, (uncatalized reaction)

____________ F-x

Energy

Products E, (catalized reaction)

Reaction progress

Figure 1.7. Schematic reaction pathway energy diagram for CO2RR showing energy profiles in the absence and
presence of an electrocatalyst represented by the black and red lines, respectively. The activation energy of the
reaction (Ea) is decreased when a catalyst is used.

1.3.3.2 Performance metrics of CO2RR

The performance of a CO2RR catalyst and the complete process can be described with the
following figures of merit:

1. Cathode potential (Ecathode in V vs. RE) scales with the energy required to carry out the
CO; electroreduction reaction at the cathode.
14
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Cathode overpotential (Ncathode in V) indicates the difference between the cathode
potential (Ecathode) at which the reaction is experimentally observed and the
thermodynamic minimum cathode reduction potential (E;4e, assuming that the CO,RR
experiments were conducted under standard conditions):

— 0
ncathode - Ecathode_ Ecathode (8)

Faradaic efficiency or current efficiency (FEi in %) is a measure of the selectivity of the
CO2RR towards a product i. It is defined by the ratio of the amount of charge used to
form a product calculated from Faraday’s law to the total charge supplied:

nm;F (9)
FE; = x 100
Q

where n represents the number of electrons exchanged to form the product i, m; is the
number of moles of the product i, F is the Faraday’s constant, and Q is the amount of
charge passed. The sum of FEs of all products of CO2RR should be close to 100%. If this is
not the case, other non-identified faradaic processes are occurring (e.g., reduction of
surface oxides), or there are leaks in the electrolyzer.5? 63

Current density (j in mA cm™) represents the electrochemical reaction rate at a specific
applied potential. It is obtained by normalizing the total electric current with the surface
area of the electrode. In some cases, the total electric current is normalized according to
the electrochemically active surface area (ECSA).

Partial current density (ji or PCD; in mA cm™2) is the activity of CO2RR to the formation of
the product i (if it is normalized to the ECSA). It is calculated as follows:

j = xFE; (10)

Catalyst durability or stability (in hours) denotes the durability of the catalyst under
investigation, or it expresses for how long the catalyst is active.

Cell potential (AE in V) denotes the potential difference required to drive the reduction
of CO, at the cathode and the oxygen evolution at the anode (if the reaction is
performed in an aqueous electrolyte). It is defined by the Equation (11):

AE = Ecathode_ Eanode (11)

Cell overpotential (nen in V) points out the difference between the value of the cell
potential experimentally observed (AE) and the equilibrium cell potential (AESe”, at

standard conditions). It is defined by:

Nee= AEcen — AE (12)

Energetic or energy efficiency for the product i (EEi in %) is a measure of the net energy
consumption toward a specific product. It is expressed by Equation (13) as a ratio of the
amount of energy used to produce a specific product to the net electric energy supplied
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to the system, assuming that the CO,RR experiments were conducted under standard
conditions.

AEQy x FE;  AEgy x FE; (13)

AEce” AESe” +n

EE;

cell

When the experiments are conducted at nonstandard conditions (pressure, temperature, and
activity), the equilibrium potential is estimated based on the Nernst equation (Equation 4). That
value should be used in Equations (8), (12), and (13). > 64

It is important to mention that the figures of merit described in the points list 1-6 are essential
to describe the metrics of the interested half-reaction, the electrochemical reduction of CO,. The
figures of merit 7-9 are used to analyze the complete cell reaction, which is out of scope in this
project.

1.3.3.3 Classification of electrocatalysts for the CO2RR

In the 1980s and 1990s, Hori and co-workers at Chiba University in Japan screened different
metals for CO2RR. They classified them according to their selectivity towards different products
when a KHCOs solution was used as the electrolyte, and four groups were identified (Figure 1.8).
The first group includes Pb, Hg, In, Sn, Cd, Tl, and Bi; they hardly bind the CO,~ intermediate and
therefore transform CO; to formate or formic acid. The second group includes Au, Ag, Zn, Pd,
and Ga; they can bind the CO;~ intermediate and form CO as the main CO2RR product. Cu is the
only catalyst in the third group, and it produces hydrocarbons and oxygenates. The fourth group
includes Ni, Fe, Pt, and Ti; these metals have strong CO adsorption properties; consequently,
they might become poisoned by adsorbed CO, and in this way, H, is the major generated
product.®>-68

Although CO2RR was first described by the pioneering work of Royer in 1870,%> % more than 150
years ago, the research performed by Hori and his colleagues represented the starting point of
intensive investigations by several research groups that have focused on the design and
development of CO2RR catalysts with better activity, selectivity, and stability towards different
products.’®

HCOO™ catalysts: CO catalysts:
Pb, Hg, In, Sn, Cd, Tl and Bi Au, Ag, Zn, Pd and Ga

Metal electrocatalysts for CO,RR

Hydrocarbons and oxygenates catalyst: H, catalysts:
Cu Ni, Fe, Ptand Ti

A%

Figure 1.8. Classification of metal electrocatalysts for CO2RR according to Hori et al. Adapted from References
65 and 67.

Hori’s classification of metal electrocatalysts for CO2RR is meant only for monometallic catalysts.
Today, other types of catalysts have been developed that do not fit in that classification scheme.
Consequently, Larrazabal et al.”! proposed an extended classification of the different catalyst
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materials for CO2RR that consists of six families of materials (Figure 1.9): transition metals, p-

block metals/oxides, chalcogenides, carbon-based materials, and molecular catalysts and

enzymes.’>’>

Transition
metals
Metallic
surfaces
Au, Ag, Cu P-Block
Chalcogenides metals/oxides
Edge sites Metastable
Mos, wse, / / oxides
In, Sn, Pb, Bi
Catalyst
\ materials for
Carbon-based CO,RR Molecular

materials catalysts

Isolated metal
sites

C-N(-metal)
sites

Immobilized Co
porphyrin

Nanotubes,
nanofibers

Enzymes

Atomically
bifunctional
sites

[NiFe]-CODH

Figure 1.9. a) Classification of catalyst materials for CO2RR (in bold), kind of active sites and some examples (in
italic). Adapted from Reference 71.

At the same time, the electrocatalysts for CO2RR can be non-supported or supported. The non-
supported electrocatalysts work as the WE itself (e.g., metal foils). The supported ones need to
be deposited on a carbon substrate, such as glassy carbon or carbon fibers that work as the WE.
Metal nanoparticles, like the silver-based nanoparticles used in this project, are examples of
supported electrocatalysts.

1.3.3.4 Sabatier principle and volcano plots

According to the Sabatier principle, a good catalyst should bind the reaction intermediates
sufficiently strongly to activate the reactants but weakly enough to allow for the easy release of
the product. If the binding between the catalyst and the reactants is not strong enough, no
interaction will occur. If the binding is too strong, the reaction intermediates or the products will
tend to stick to the active sites, thereby irreversibly poisoning the catalyst.

This fundamental principle in catalysis can be expressed in the form of a so-called “volcano” plot
correlating the activity of a catalyst material (measured quantity) with one or more key kinetic
descriptors of the system of interest (often derived from modeling/theory).

These volcano plots rationalize variations in the activity (or selectivity) for a series of catalyst
materials.>> ’® 77 This is exemplified in Figure 1.10a for various monometallic CO,RR catalysts
relating the partial current density (— selectivity towards CO;RR) for a constant electrolysis
potential to the binding strength of chemisorbed CO (denoted *CO), which is considered as the
key CO2RR intermediate, at least for those CO;RR pathways proceeding via a metal-carbon
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bonding. Catalysts found on the right side of the volcano maximum (e.g., Au, Ag, and Ag — weak
*CO binding) demonstrate a facile CO(g) desorption, thus rationalizing why CO is the main CO2RR
product in these cases. Catalyst materials located on the left side of the volcano maximum (e.g.,
Pt, Ni — extremely strong *CO binding) tend to become poisoned by the formed CO
intermediate, thus resulting into a catalyst degradation. Only Cu demonstrates a metal-CO
binding that is sufficiently low to prevent such poisoning but high enough to allow for further
consecutive reactions of the *CO intermediate as a mechanistic prerequisite for the production
of hydrocarbons or oxygenates. Such right balance in the metal-CO binding might even allow for
C-C coupling reactions on the Cu, which is particularly appealing when liquid CO2RR products of
high energy density are targeted (e.g., ethanol, n-propanol).>” 78 7°

A volcano plot that shows similar trends can be derived when the binding strength of the *COOH
intermediate is considered as a descriptor for the CO2RR and related to the experimentally
derived partial current densities towards CO (Figure 1.10b).%°
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Figure 1.10. a) Volcano plot of CO2RR partial current density at -0.8 V vs. RHE vs. CO binding strength
(Reprinted with permission from J. Am. Chem. Soc. 2014, 136, 40, 14107-14113. Copyright 2014 American
Chemical Society);’® b) Volcano plot of CO partial current density at -0.9 V vs. RHE vs. *COOH binding energy
(Reprinted with permission from ACS Catal. 2017, 7, 7, 4822-4827. Copyright 2017 American Chemical
Society).%

1.3.3.5 CO2RR mechanisms

The CO2RR is of catalytic nature, and therefore takes place at the interface between a solid
catalyst surface and the electrolyte. The latter can be a liquid electrolyte solution or an ion-
conducting polymer (see below).

The overall reaction can be subdivided into three individual steps: 1) the chemisorption of the
CO; reactant on the surface of the electrocatalyst, 2) the electron transfer and proton migration
leading to the dissociation of C=0 bond(s) and/or the formation of new C-O and C-H bonds, and
3) the desorption of the formed products from the catalyst surface.?!

Simpler reaction mechanisms involving only two electron transfer steps, e.g., leading to CO2RR
products like formate and carbon monoxide, are much better understood than those involving
multiple electron transfer steps or more complex C-C coupling reactions (— Cz« products). Figure
1.11 depicts the reaction mechanism proposed for the formation of CO, e.g., on Ag catalysts. The
first reaction step consists of forming the *CO,~ radical anion (*denotes an adsorption state) by
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a single electron transfer followed by a proton transfer that leads to the formation of the
chemisorbed carboxyl intermediate (denoted *COOH). A second coupled proton-electron
transfer to the *COOH intermediate yields water and *CO that desorbs from the active site as
the CO3RR product due to the reasons detailed above. The formation of the *CO,~ radical anion
is suggested as the rate-determining step for the conversion of CO, into CO. An alternative
mechanism assumes the coupled proton-electron transfer to the CO; directly yield the carboxyl
intermediate *COOH.8% 8 |f there is a strong CO binding to the surface, the CO desorption could
become the rate-limiting step.8% 8!
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Figure 1.11. Mechanistic pathway of CO formation. Adapted from References 82 and 83.

Different reaction pathways are discussed in the literature for the formation of formate and are
depicted in Figure 1.12. Particularly on oxophilic catalysts (e.g., Sn), CO is assumed to bind
through the oxygen atoms to the active sites (met-O pathway). The reaction likely proceeds
through (individual) consecutive electron/proton/electron transfer reactions.

An alternative reaction pathway assumes binding through the carbon of the CO; (similar to the
CO pathway), also involving the formation of *CO,~ or *COOH intermediates (Figure 1.12). A
third possible pathway involves the hydrogenation of the CO, through adsorbed H (or metal
hydrides). A prime example of this reaction pathway is Pd which forms hydrides even under mild

HER conditions that allows for the hydrogenation of the CO; at particularly low overpotentials.®%
83

Recently a new pathway of formate formation, a “sub-carbonate” pathway, has been discovered
for oxidic Bi,Os3 catalysts involving the embedment of CO; into the oxide catalyst matrix prior to
the CO; reduction into formate.®*
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Figure 1.12. Mechanistic pathways towards formate formation. Adapted from References 82, 83 and 85.
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The formation of C; products like CHs and CH3OH is more complex because, as shown in Figure
1.13, it requires eight or six electrons and protons, respectively, and involves the formation of
multiple intermediates. Due to their complexity, the Cy. pathways are less well understood.??
Still, as outlined above, the binding energy of adsorbed CO is the crucial descriptor for products
that require more than two electrons/protons.>’
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Figure 1.13. Mechanistic pathway of methane and methanol formation (Reprinted with permission from Chem.
Rev. 2020, 120, 2, 1184-1249. Copyright 2020 American Chemical Society).?

1.3.3.6 Electrolytes for the CO2RR

The main function of an electrolyte is to provide ionic current flow between the electrodes. The
type and concentration of the electrolyte will affect the selectivity and activity of the catalysts.®?
The most frequently used electrolytes for CO2RR are CO;-saturated aqueous solutions, which
commonly comprise alkali cations (e.g., Na* and K*) and anions such as CI-, SOﬁ', and HCOs3.
Furthermore, water itself serves in the aqueous electrolytes as a proton source for the coupled
electron/proton transfer reactions.®*

The pH of the electrolyte is a key parameter for the selectivity and overpotentials for the CO2RR.
It is important to distinguish between bulk electrolyte pH and local pH at the interface. A high
local pH can be generated due to the CO; electroreduction reaction itself because either H* are
consumed, or OH™ are generated (depending on the pH of the electrolyte) and also due to the
HER (hydrogen evolution reaction) associated with the reductive water splitting, which is
superimposed on the CO,RR.®? A decrease of the proton concentration leads to an increase in
the local pH and therefore to a decrease in the local CO; concentration.>® &>

In general, lower pH electrolytes favor the undesirable HER; therefore, weakly acidic or alkaline
aqueous electrolytes are preferred for the CO2RR.8? Bicarbonate solutions are one of the most
frequently applied electrolytes as the bicarbonate anions act as a buffer for the local pH at the
electrode surface during CO2RR.*® On the other hand, it has been found that highly concentrated
potassium hydroxide (KOH) solutions suppress the parasitic HER and reduce the activation
energy barriers for CO;RR. Moreover, OH™ anions exhibit excellent ionic conductivity, which
improves the reaction performance.5% 8-

In addition to electrolyte pH and cations and anions effects, it is crucial to consider some aspects
of the solvents, such as their conductivity, electrochemical stability (potential window), viscosity,
cost, ease of handling, storage, and safety and mainly their solubility for the reactant (CO,).* !
One of the disadvantages of using water as a solvent of the electrolyte for CO2RR is the low
solubility of CO; in water: 33 mM at 25 °C and ambient pressure.*°
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Organic solvents have been used as electrolytes for CO2RR as they have a broader potential
window for electrolysis and a higher solubility for CO; than water. For example, acetonitrile (AN),
dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and methanol have a solubility for CO, of
314, 194, 131, and 151 mM, respectively.5? 9% 92

Room temperature ionic liquids (RTILs) are organic salts that consist of ionic species in the liquid
state at room temperature. They represent another alternative for CO2RR electrolytes, exhibiting
high CO; solubility, thermal stability, a broad potential window, high ionic conductivity, and low
vapor pressure.®> Furthermore, some RTILs can form a complex with the intermediates during
CO;RR, thus lowering the energy barrier of the reaction. In other words, they act as a co-catalyst
for CO2RR, lowering the required overpotential .*® >8

Although organic solvents electrolytes offer another alternative as electrolytes for CO2RR, they
have some disadvantages, as their high cost, volatility, flammability, and possible toxicity have
narrowed their use. At the same time, RTILs are also expensive, and their viscosity is high, which
limits the CO; diffusion and their current densities, and those aspects have limited their direct
application in the CO,RR.* 62

1.3.4 Mass transport in CO2RR

Previously, it was pointed out that the total reaction rate or current density of the CO2RR
depends on charge transfer and mass transport. The aspects related to the first process were
discussed in the previous section. The important aspects of mass transport will be discussed in
the following paragraphs.

Several steps are needed for an electrochemical reaction to happen: 1) mass transfer or
transport of reactants from the bulk electrolyte to the electrode surface, 2) charge or electron
transfer to the reactant in the interface of the electrode and electrolyte, 3) mass transfer of the
products away from the electrode surface into the bulk of the electrolyte.

The steps for CO2RR are shown in Figure 1.14. First, CO; is dissolved in the electrolyte, then
transported and adsorbed on the electrode surface, and then it is reduced. The adsorption of
CO; on the electrode surface presumably takes place simultaneously with the first electron
and/or proton transfer due to the high energy requited to bend the CO, molecule. %

Electrode Surface Region

CO, + H,0 +2e" > CO +20H Bulk Solution

Douefce ‘Q{_\Q‘\ CO Mass transfer
S "
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Lixco 0e$°‘ Homogenous
g3 Reactions HCO,- HCO;5(aq)
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Figure 1.14. Schematic representation of CO2RR consisting of an electrode surface region, mass transport layer,
and bulk solution.®*
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Mass transport and charge transfer are two consecutive processes, and the slowest step will be
the rate-determining step. The reaction rate of the CO2RR is usually limited by charge transfer at
lower applied overpotentials because it is slow, and mass transport limitations can be ignored.
At high applied overpotentials, charge transfer becomes the faster process and stops influencing
the overall rate. A further increase of the overpotential will increase the rate of charge transfer,
but this will not affect the overall rate, which is now limited by mass transport of CO, to the
electrode surface. The rate of consumption of the reactants is linearly dependent on the current
density. Therefore, the reactant concentrations at the cathode decrease with increasing current
density and can eventually reach a negligible value. The result is a current that is independent of
potential and referred to as the mass transport limited current density. It represents the
maximum current density at which the electrochemical reaction can occur.> 5% 8

Mass transport to the interphase of the electrode can occur through three independent
mechanisms: migration, convection, and diffusion. Migration refers to the movement of charged
particles due to the electrical field. Convective mass transport denotes the bulk movement of a
fluid, and the driving force is an external energy, like stirring, rotating the electrode, or pumping
a liquid or gas close to the electrode. Mass transport by diffusion consists of the transport of
particles due to the local difference in the chemical potential caused by a gradient in
concentration.3”-51,52

The concentration and environment of the reactants and the cell design can influence the mass
transport in the CO,RR. Before describing those aspects, it is important to consider the following
reactions to have a better understanding of the processes that affect the CO2RR reaction rate
under a mass transport regime (especially when CO is the main product of CO2RR):

CO, +2e” +H,0 > CO+2 0OH” (14)
2H,0+2e > H,+20H" (15)
CO, + H,0 2 H,CO, (16)

CO, + OH™ = HCO;3~ (17)
HCO;™ + OH™ = CO3™ +H,0 (18)

Reactions 14 and 15 represent the reduction of CO; to CO and HER (from water splitting),
respectively. Reactions 16-18 exemplify homogeneous reactions. Reaction 16 is
thermodynamically uphill and kinetically slow. At high current densities (relevant for practical
application), reactions 17 and 18 play a critical role in carbon-mass balance that must be
considered.®’

The general trend for FE and PCD in the function of the applied overpotential for an
electrocatalyst selective for CO (for instance, Ag-based catalysts) in an H-type cell and a gas flow
cell (with a GDE)! is shown in Figure 1.15, where three regimes are observed: |, Il and Ill.

The regime | of CO;RR performed in an H-type cell occurs at low overpotential and is
characterized by low activity for CO, reduction and HER. The CO faradaic efficiency (FE(CO) or

1 H-type cell and gas-flow cell are electrochemical devices to carry out the CO2RR and will be described in
further detail in Section 1.3.4.1.
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FEco) starts to increase with the onset of CO production while HER activity remains low. As the
PCDco is low, mass transport and Reactions 16 and 17 do not affect CO production. When a high
overpotential is applied, regime Il is reached, the FEco rises, and a maximum value is reached
(with some catalysts, this value can reach almost 100%); however, the PCDco is still too low for
practical applications. Regime Ill occurs at higher overpotentials, and its main feature is a
decrease in FEco due to mass transport limitations caused by the low solubility and slow diffusion
of CO; in aqueous solutions. Moreover, in this regime, the homogeneous reactions become
relevant because as the PCDco and PCDy, increase (Reactions 14 and 15), more OH" is produced
at the electrode surface (leading to a higher local pH), and OH™ reacts with CO; to generate
bicarbonate ions (Reaction 17) that decrease the CO; concentration near the electrode surface.
Additionally, the production of bicarbonate enhances HER because this is a viable substrate for
the reaction. In other words, high-rate CO2RR results in substantial CO, consumption via a local
pH effect (high local pH).»®
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Figure 1.15. Faradaic efficiencies and partial current densities for CO2RR and HER in an H-cell and a gas-flow
cell. Adapted from Reference 95.

An option to circumvent the mass transport limitations of CO2RR in aqueous electrolytes implies
using gas-flow cells equipped with GDEs, where CO; is fed in a gaseous phase. In a gas-flow cell,
CO; is continuously and rapidly delivered in the GDE, which prevents the gaseous porous
agglomeration and blocking of the catalyst surface and, in the process, facilitates the adsorption

of incoming C0,.%%%8

Figure 1.15 also shows the FEco and PCDco when a GDE in a flow cell is used. As seen with this
configuration, higher FEco is attained with higher PCD in regime Ill due to increased mass
transport, reaching what is needed for industrial applications.®® Highly basic electrolytes have
been shown to increase FEco and decrease HER in flow cells. However, at high current densities,
CO; is rapidly consumed by OH™ to produce bicarbonate and carbonate (Reactions 17 and 18),
limiting the conversion efficiency of CO,.>” For that reason, it is also necessary to address the loss
of CO; to bicarbonate and carbonate (analysis of the mass balance of carbon) in flow cells, as CO;

acts as a reactant and a buffer.%% 1%
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1.3.4.1 CO:zRR cell designs

Several CO2RR reactor concepts have been proposed through the last decades. In general, they
work when either a constant electric current or an electric potential difference is applied in
either galvanostatic or potentiostatic mode, respectively.°* When the electrolytic cell is working
in a potentiostatic mode, a third electrode is necessary, a reference electrode or RE (with a
known electrode potential value) that allows measuring the electric potential difference applied
on the working electrode (WE) and simultaneously the electric current between the WE and CE
is measured.'%? Additionally, the surface of the CE should be at least ten times larger than the
surface of the WE.1® As the mass transport in CO2RR is affected by the cell design, the main
features of the different kinds of CO2RR cell designs found in the literature are described in the
following paragraphs.

1.3.4.1.1 H-type cell

More than 95% of CO2RR studies have been performed in an electrolytic cell called an H-type
cell.®* 194 As shown in Figure 1.16, the H-type cell consists of two compartments: one for the
cathode or WE (negative electrode) where the CO,RR takes place and another for the anode or
CE (positive electrode) where an oxidation reaction occurs (oxygen evolution in the case of an
aqueous electrolyte being used) both immersed in the electrolyte and separated by a membrane
(cation or anion exchange membrane).

The WE and RE are held by air-tight caps and located in the cathode compartment. An ion-
exchange membrane (usually a Nafion membrane, a cation exchange membrane) separates it
from the anode compartment. The function of the membrane is to prevent an undesired cross-
over of reduction products from the catholyte to the anolyte, followed by their re-oxidation on
the anode. This type of cell receives its name because it shows a typical “H” form.

During the electrolysis experiments, CO; is dissolved and continuously purged through the
catholyte (with a flow rate of 1020 mL min~%, controlled by a flow meter). The CO; bubbling
further transports the formed gaseous products from the liquid electrolyte phase into the gas
chromatograph (GC), where they are analyzed. H-type cells are gas-tight so that the faradaic
efficiencies of the products can be determined accurately.

Non-volatile reaction products are detected and quantified directly from the liquid catholyte
using ion-exchange chromatography, high-performance liquid chromatography (HPLC), or
nuclear magnetic resonance (NMR) spectroscopy.

WE RE CE

CO,— - CO, +
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Catholyte lon-exchange Anolyte
membrane

Figure 1.16. H-type electrolysis cell. Adapted from Reference 101.
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H-type cells are commonly used for lab-scale CO2RR experiments because this configuration is
simple and low cost, and they offer a rapid catalyst and electrolyte screening.19>-1%7

One of the limitations of H-type cells is the slow diffusional transport and the low CO; solubility
in aqueous electrolytes (0.0016 mm?/s and 33 mM, respectively), which limits the CO2RR partial
current density typically to values below 100 mA ¢cm~2,104 108

To bring the CO2RR technology close to industrial-scale implementation and to be economically
viable, it is necessary to develop systems that reach high current densities (> 200 mA cm™2), with
operation times longer than 8000 h or one year, and with high selectivity and low
overpotential.®® 108 109 Therefore, inspired by the technology of water electrolyzers and proton-
exchange membrane fuel cells (PEMFC) (systems with efficient mass transfer efficiency that
fulfill high current densities), similar electrolyzers have been designed for the CO,RR application,
where the reactants and products are continuously circulating to and away from the electrodes,
and this flow surmount mass transfer limitations.8% 1% These devices are denoted as flow cells®®
110 gas-flow cells, flow reactors!®® 111112 or continuous-flow electrolyzers.%4

1.3.4.1.2 Gas diffusion electrodes (GDE)

Most of the flow cell electrolyzers rely on the use of gas diffusion electrodes (GDE), where CO;
can be fed to the cell in the gas phase.!'> ' A conventional GDE comprises a gas diffusion layer
(GDL) coated by a catalyst layer (Figure 1.17).%% 106

A GDL is a hydrophobic, porous, and conductive structure consisting of two layers: a
macroporous substrate (MPS) and a microporous layer (MPL). The MPS or macroporous layer
consists of an array of hydrophobic carbon fibers that form a so-called carbon cloth or carbon
paper. On top of the MPS, a smooth microporous layer is located to improve the water
management, electrical conductivity (reduce the contact resistance between the catalyst layer
and the MPS) and provide better structural integrity to the GDE.*® 11> The MPL is a thinner and
denser layer that contains carbon powder or nanofibers held together by a wet-proof binder
such as PTFE, >% 111,116

GDE

Catalyst layer
(1~10pum)

Gas flow channel Microporous layer

(10 ~ 100 pm)

Macroporous layer

100 ~ 500 ym
Current collector ( i}

GDL CL

Figure 1.17. Schematic diagram of GDE, its components, and typical thickness range for micro and
macroporous and catalyst layers. Adapted from References 95 and 106.
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The functions of the GDL are to support the catalyst layer mechanically; allow easy diffusion of
CO; and products between the gas flow channel and the catalyst layer while providing electric
conductivity between the current collector, the external circuit and the catalyst layer; and
separate the electrolyte from the gas channel.®® 17 The catalyst layer is frequently prepared by
depositing an ink that contains the catalyst, an ionic polymer binder, and sometimes, a carbon
support on top of the MPL. The binder holds the catalyst particles together and may provide
ionic conductivity within the catalyst layer. The most common methods to immobilize the
catalyst layer on the GDL are drop-casting, hand-painting, air-brushing, electrodeposition,
sputtering, or incorporating a catalyst into the material of the GDL itself.® 104

The immobilization of catalysts on the GDL creates a high density of active sites per geometric
electrode area, promoting an efficient conversion of CO; to desired products. The GDE with the
catalyst layer for CO2RR is located over a gas flow channel or field in the flow cell. Additionally, a
continuous supply of electrolyte and CO; is needed to ensure that the cell functions in a
kinetically limited regime rather than in a mass transport-limited regime,108 109 111,118

Nowadays, three main flow cell architectures have been presented in the literature (Figure 1.18):
zero-gap membrane reactor, hybrid reactor, and microfluidic reactor. CO2RR takes place on the
cathode side of every reactor, and an oxygen evolution reaction occurs on the anode side. The
main feature of those kinds of cells is that the local CO, concentration is not limited by the CO»
solubility in an aqueous electrolyte.!?
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Figure 1.18. Schematic representations of the different types of CO2RR flow cell: a) zero-gap membrane
reactor, b) hybrid reactor, and c) microfluidic reactor. Adapted from References 106 and 110.
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1.3.4.1.3 Zero-gap membrane reactor

The zero-gap membrane reactor, membrane electrode assembly electrolyzer, or gas-phase
electrolyzer (Figure 1.18a) resemble a proton-exchange membrane water electrolyzer and a
polymer exchange membrane fuel cell. This electrolyzer comprises a cathode GDE and an anode
(that can also be a GDE) separated by a solid polymer electrolyte (ion-exchange membrane, IEM)
to form a membrane electrode assembly (MEA) that is fit in between two flow plates or gas flow
channels, where gaseous reactants and products flow in and out of the reactor. This
configuration leaves no space between the membrane and the catalysts on the electrode; the
cathode is directly pressed against the ion exchange membrane leading to a zero-gap
configuration. The proximity of the electrodes decreases the cell resistance. The membrane
transports ionic species and circumvents the crossover of CO, and electrochemical products
between the electrodes.'®

Because there is no liquid electrolyte present in the zero-gap gas-flow cell, the CO; gas inlet
stream must be humidified, or the water required for CO2RR should be provided by using an
aqueous anolyte; this would also keep the membrane hydrated during operation. The
elimination of the aqueous catholyte reduces the risk of GDE flooding and catalyst poisoning
from impurities in the catholyte (which can potentially deactivate the catalyst), thereby
improving the system’s stability.%°

One drawback of the zero-gap electrolyzers is that the generated liquid products from CO2RR can
accumulate in the GDE and obstruct CO; diffusion to the active catalyst sites.

Due to the configuration of this reactor, it is hard to place a reference electrode in the cathode
compartment. Hence, CO;RR is carried out by controlling current or cell voltage, and this makes

the study of the CO,RR process difficult to separate from the corresponding anodic process.%

The ion-exchange membrane is a critical component in the performance of a gas-phase
electrolyzer because it allows the transport of ions to produce either acidic or basic conditions at
the electrodes. Three main classes of membranes are used in CO; flow reactors. They are
classified by the type of ion they conduct: anion exchange membranes (AEMs) transport anions
from a basic cathode to the anode, cation exchange membranes (CEMs) mediate cations
transport from an acidic anode to the cathode, and bipolar membranes (BPMs) enable the
dissociation of H,0 under an applied potential and transport H* to the cathode and OH™ to the
anode.

In the absence of a catholyte, the type of membrane provides the local environment, and
therefore it enormously affects the CO2RR. Hence, the selection of the membrane is based on
the target products and the reaction environment.!!

The majority of CO2RR studies in gas-phase electrolyzer have been performed using CEMs, but
over operational time, the acidification of the cathode side (caused by the transport of H* from
the anode to the cathode) accelerates HER at the expense of CO2RR, especially at high current
densities. The use of a buffer layer between the catalyst and the membrane could circumvent
the acidification of the cathode side.?°
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Currently, AEMs are receiving more attention because they can be used efficiently in both
neutral and alkaline media, which work best for CO2RR. When AEMs are used instead of CEMs,
humidification of the CO; gas stream is very important because water dissociation provides the
protons for COzRR. Usually, there is less HER in AEM reactors because of lower proton
availability at the catalyst surface. Another advantage of working in an alkaline environment is
that non-precious metals can be used as a catalyst for the oxygen evolution reaction.

BPMs are formed when an AEM and a CEM are laminated. Recently they have been applied for
CO2RR electrolyzers because the dissociation of water at the interface of the CEM-AEM interface
under applied potential keeps a constant pH at both sides of the reactor as protons migrate
towards the cathode and OH™ ions move to the anode. This enables the operation of cathode
and anode at different pH, which means that in the anode alkaline environment, inexpensive
catalyst materials can be used as a catalyst for oxygen evolution instead of rare earth metal
catalysts.’'® However, the H* migrating to the cathode side lowers the pH and affects the CO,RR
selectivity. 1117 Consequently, BPMs require a buffer layer, such as a solid-supported aqueous
NaHCOs; or KHCO3 layer, on the surface of the catalyst to be efficient for CO,RR.1?°

1.3.4.1.4 Hybrid reactor

The hybrid reactor or liquid-phase electrolyzer design consists of three flow channels, one for
the CO; gas, one for the catholyte and one for the anolyte, as is shown in Figure 1.18b. A GDE
separates the catholyte and CO; channel; the catalyst layer of the GDE faces the electrolyte,
while CO; is continuously delivered to the catalyst through the backside of the GDE. The gaseous
products are diffused back to the CO, gas phase while the liquid products enter the liquid
electrolyte. In this type of electrolyzer, it is possible to place a reference electrode in the
catholyte compartment next to the cathode to study and control the cathode’s potential.’°* The
catholyte and anolyte streams are separated by an IEM and are continuously circulated via a
peristaltic pump. The membrane prevents the CO2RR products from reaching the anode (where
they are oxidized), and it also restricts evolved oxygen to be reduced back to water in the
cathode.

The choice of the IEM depends on the products of interest and the pH of the used electrolytes.
This configuration allows for precise control and optimization of the reaction environment to

achieve high CO, conversion efficiency.%

The use of alkaline electrolytes (high KOH concentration) in liquid-phase electrolyzers results in
reduced overpotentials and higher selectivity for CO on Ag catalysts!?¥124 and also slows the
kinetics of water reduction. Strongly adsorbed OH™ blocks hydrogen evolution sites on the
catalyst.'?> Moreover, the high ionic conductivity of the hydroxide electrolytes (KOH and NaOH)
compared to that of the pH neutral electrolytes (KHCOs3) reduces ohmic losses and increases the

overall energy efficiency of the system.?’

The presence of an electrolyte can promote impurity depositions on the catalyst and the
potential penetration of electrolyte in the GDE, also called flooding or perspiration,?® 127 which
is a common source of instability that reduces CO; diffusion to the catalyst and decreases the
performance in the system. The presence of electrolytes can also increase ohmic resistance
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through bubble production. CO; reacts with alkaline electrolytes, leading to bicarbonate and
carbonate formation, which reduce electrolyte conductivity because of their lower mobilities.
Additionally, the formation of bicarbonate and carbonate modifies electrolyte pH and salt
precipitation blocks GDE and membrane pores, hindering the CO,RR.%& 118

1.3.4.1.5 Microfluidic reactor

The microfluidic reactor resembles a hybrid reactor without membrane, but instead, a thin (< 1
mm) electrolyte flow field channel separates the electrodes, CO; is supplied from the gaseous
channel to the catalyst layer on a GDE, while oxygen is released directly into the air on the anode
side. See Figure 1.18c.

The crossover of reactants and products is controlled by laminar flow conditions. Also, the
electrolyte flow can be adjusted to control operation conditions, including pH and water
management. A reference electrode can be placed in the outlet of the electrolyte, which allows

the measurements of electrode potentials.20°

This kind of design was first proposed by Kenis et al. for formate production,'?® and later it was
also used to produce C0.%%1?° |n particular, an AEM was inserted in between the electrolyte flow
field channel, to separate the catholyte and anolyte chamber, when a mixture of liquid and
gaseous products was generated (ethanol and ethylene),'3% 13! this resembled an architecture
like the hybrid reactor.

Microfluidic reactors are appropriate to work with strong alkaline electrolytes. However, the
scale-up is challenging due to the pressure of the microfluidic architecture, which limits their
potential industrialization.10®

1.3.5 Economically viable products: CO and HCOO™ and their importance

From the economic point of view, it is crucial to identify which products from CO2RR are
economically viable to generate. Durst et al.3* estimated the production costs of different CO2RR
products, compared them with the current processes used to generate them and determined
that CO and HCOO/HCOOH are the most promising and profitable target products for CO2RR.
However, it is known that the global market for HCOO"/HCOOH is much smaller than the one for
C0.2* This hypothesis was further confirmed by other analyses performed by Verma et al.,**?
Kibria et al.,®° and Jouny et al.!3 In Table 4, we can see that the generation of CO employing
CO3RR costs from 0.27-0.54 S kg™, which is below the current market price of 0.65 $ kg™.
Additionally, the global market for CO is extremely large (210000 Mt y1).

CO production by means of CO2RR is promising because it is utilized as a precursor for several
industrial processes. For example, when combined with H, (denoted as synthesis gas or syngas),
liquid fuels can be produced via the Fischer-Tropsch synthesis.®* 1% CO is also used to produce
methanol, the Monsanto/Cativa acetic acid synthesis, and the hydroformylation of olefins to
aldehydes and alcohols.?” 134 To further note the importance of CO produced electrochemically,
it is worth mentioning that in 2018, Siemens and Evonik launched the Rheticus project, which
aims at coupling the production of CO via CO2RR (Siemens) with a biotechnological fermentation
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process (Evonik) to produce alcohols such as butanol and hexanol as intermediates for the
production of specialty plastics or food supplements.3% 116135 On the other hand, silver-based
materials have been identified as some of the best electrocatalysts toward CO formation due to
their excellent selectivity and activity in the CO2RR process.?1, 124, 136-138

The production of HCOO/HCOOH from CO2RR appears to be also promising as the production
price is 2—4 times cheaper than the current market price, see Table 1.4. Formic acid is used as a
preservative and an antibacterial agent in animal feeds, and its demand keeps rising in
pharmaceutical and biotechnological synthesis and paper and pulp production.'® It can also be
used as chemical fuel for direct formic acid (or formate) fuel cells and hydrogen storage.4

Table 1.4. Current and estimated costs of production of several CO;RR products®*

Current Current Production

market roduction riceb
Product Produced by . P P y.
price, volume, electrolysis,

Skg? Mty Skgt

Steam reforming, partial oxidation of methane
H2 T 2-4 65 4
or gasification of coal

CH4 Methanogenesis or hydrogenation of CO» <0.08 2400 2-4
C2H4 Pyrolysis or vapocracking 0.8-105 141 1.6-3.2
co Boudouard reaction 0.65 210000 0.27-0.54
HCOO~

Hydrolysis from methyl formate and formamide

/ o . 0.8-1.2 0.8 0.17-0.34
or by-product of acetic acid production

HCOOH

CHsOH From natural gas, coal biomass, waste 0.4-0.6 100 0.70-1.4

1.4 Thesis outline

The electrochemical conversion of CO, to value-added chemicals by using the surplus of
renewable electric power is considered a promising approach to mitigate anthropogenic CO;
emissions, which at the same time offers a solution for the storage of excess renewable energy.
Among the various products of the CO2RR, carbon monoxide is particularly valuable due to its
high demand in the chemical industry as a platform chemical for the large-scale production of
long-chain hydrocarbons and alcohols via the Fischer—Tropsch synthesis, and silver is well known
as a promising catalyst material for CO production.

Two methods are used to fabricate silver-based electrocatalysts in our research group: a classical
colloidal synthesis approach and electrodeposition. The object of study of this PhD project are
two different types of silver-based nanomaterials with different morphologies (prepared
through the first-mentioned method) applied as electrocatalysts for the CO;RR: silver nanowires
and silver nanocubes, Ag NWs and Ag NCs, respectively.
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The main goal of this PhD thesis consists of achieving the transition of CO2RR catalyst screening
from H-type cells to gas-flow cells. For this purpose, a methodology was designed to test
electrocatalysts under controlled mass transport conditions using a novel gas/liquid flow setup.

As a first step, the selectivity, activity, and stability of these catalysts were studied in a classical
H-type cell. A systematic study determined that the removal of capping agents (employed in the

|"

synthesis process of nanomaterials) is essential to observe the “real” performance of Ag NWs
and NCs towards CO formation. Scanning electron microscopy analysis (SEM) was used to
identify that corrosion (appearance of smaller nanoparticles) is observed after the CO2RR
process when Ag NCs are used as electrocatalysts. On the other hand, identical location SEM (IL-
SEM) is a technique that shows some limitations when used to characterize the morphological

changes of surfactant-capped Ag nanoparticles after CO2RR.

Due to the low solubility and diffusion of CO; in aqueous electrolytes under ambient conditions,
which impose severe CO; mass transport limitations, the classical half-cell measurements carried
out in aqueous environments using Ag NWs and NCs as electrocatalysts were extended to a zero-
gap gas flow cell, where CO3RR current densities are realized that are more relevant for future
industrial applications.

Remarkably, it was observed that when changing the environment of the reaction to neutral or
to basic (by using two electrolytes with different pH) with Ag NCs as electrocatalyst, the activity
and product distribution of the CO;RR vary. Furthermore, bicarbonate and carbonate
precipitation, loss of hydrophobicity and flooding of the electrode during CO2RR were the main
reasons for failure when high current densities were reached (more than 300 mA/cm?). The
changes in the morphology of the electrocatalysts when performing experiments in the zero-gap
electrolyzer were monitored by SEM and IL-SEM. Similar observations obtained from the
experiments carried out in H-type cell were detected with the last technique.

The strategy followed in carrying out the CO;RR catalyst testing in the Interfacial
Electrochemistry Group is presented in the following scheme, Figure 1.19, where the main
achievements and findings are also summarized. Green bullets denote the topics related to this
PhD project.
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Ag nanowires (Ag NWs)  Ag nanocubes (Ag NCs) Metal foams (primary and secondary porosity)
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O Activation matters: removal of capping agents in Ag O Higher selectivity and activiy towards CO formation
NWs and Ag NCs is essential (Publication 1 and 2). (Publication 4 and 5).
O Corrosion phenomenon is observed on Ag NCs O Environment matters: change of product distribution
(Publication 3) during CO,RR. with different electrolytes (Publication 4).
O Limitations of IL-SEM approach (Publication 3). O Carbonate/bicarbonate precipitation and electrode

flooding are limitations (Publication 4).

O Limitations of IL-SEM approach (Publication 4).

Figure 1.19. Outline of the strategy developed for CO2RR catalyst testing for CO production in the Interfacial
Electrochemistry Group. Green bullets show the topics related to this PhD project and its main achievements.
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2. Results and discussion

Carbon monoxide is one of the most promising and profitable products from CO;RR (Section
1.3.5), and silver-based catalysts show excellent catalytic properties towards CO formation
(Section 1.3.3.3-1.3.3.4). The results of this PhD thesis encompass diverse investigations about
CO3RR using silver nanomaterials with two different morphologies as electrocatalysts: Ag NWs
and Ag NCs. The former can form networks, and the latter are distributed as single particles or
clusters with more than one particle on the electrode surface.

The main findings will be presented in two sections, according to the device employed to test
their catalytic properties. In the first section, the results of experiments performed in an H-type
cell are presented, emphasizing the main findings of those experiments in two subsections: the
development of an electrochemical method to remove organic capping agents (surfactants) from
silver nanoparticles and the limitations of IL-SEM as a method to monitor the morphological
changes of silver nanomaterial-based electrocatalysts.

The second section will show the results of experiments performed under mass-transport-
controlled conditions. Ag NCs and NWs were tested for CO2RR using a zero-gap flow cell setup.

Further details of this section can be found in the peer-reviewed publications listed in Chapter 5
of this thesis, and the respective numbers of those publications are indicated through the text.

1.5 CO:RR using Ag nanomaterials as catalysts in an H-type cell

1.5.1 Electrochemical looping as an effective method for surfactant removal

Surfactants or capping agents are commonly used in colloidal electrocatalyst synthesis because
they control the size distribution and shape of the resulting nanoparticles and prevent them
from agglomeration during and after the synthesis. However, the presence of surfactants on the
nanoparticle surface after the synthesis is highly detrimental for their application as
electrocatalysts because the capping agents sterically block the access of reactants to the active
catalyst sites during the electrocatalyzed reaction of interest. Several methods, such as thermal
annealing, chemical washing, or electrochemical treatments, have been established to remove
surfactants from the surface of the electrocatalyst.

An electrochemical method was applied in this study to remove surfactants from Ag-NWs
produced via polyvinylpirrolydone (PVP)-assisted polyol synthesis. The Ag-NWs mean thickness
was approximately 162 nm with a length range from ca. one to several um, see Figure 2.1. This
method, called electrochemical looping (ec-l), uses the CO;RR itself to achieve the desired
catalyst deprotection in an H-type cell configuration. This method consists of applying a forward
run of a defined sequence of potentiostatic electrolysis experiments in a stepwise manner from
a less cathodic potential (Estart) to @ more cathodic potential (Evertex). The electrolysis loop is
closed through the corresponding backward run of electrolysis experiments from the Eyertex and
ends at the initial starting potential (Estart = Eend).
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Figure 2.1. a-b) SEM images of the Ag-NWs drop cast on a glassy carbon (GC) support electrode. Readapted
with permission from ACS Catal 2020, 10, 15, 8503-8514. Copyright 2020 American Chemical Society.

In a single catalyst approach (the use of one electrode to carry out all the ec-l steps), an
electrolysis time of 40 min and an Estart and E vertex Of 0.6 V and -1.3V vs. RHE, respectively, in
CO,-saturated 0.5 M KHCOs, were the conditions that provide better results in terms of product
distribution, where a profound hysteresis in the forward and corresponding backward run of the
ec-l was observed. See Figure 2.2a. In the forward run, it is possible to see that the FEco is lower
than in the backward run, and an anti-correlated effect is observed for H,, where the backward
run presents lower FE than the forward run. CO efficiencies of > 80% were achieved in the
corresponding backward scan; this means that an efficient catalyst activation towards CO
formation was achieved by the ec-l.
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Figure 2.2. a) Hysteresis effects appearing in the forward and backward runs of the electrochemical looping
experiments (40 min duration at each potential) carried out over Ag-NW catalysts in COz-saturated 0.5 MKHCOs
(single catalyst approach), the total cathodic charge transferred during the “electrochemical looping” is
indicated. b) CO2RR product distribution of 1 h duration electrolysis experiments comparing the as-prepared
Ag-NW catalysts and those pretreated by electrochemical looping. c) Steady-state total current densities of the
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electrolysis experiments correspond to the data in panel b. Readapted with permission from ACS Catal 2020,
10, 15, 8503—-8514. Copyright 2020 American Chemical Society.

I”

A multicatalyst approach was applied to check the “real” product distribution (after the
surfactant removal) when using Ag-NWs as the catalyst for CO2RR, which means that several
electrodes were treated with the ec-l and were further used for each applied potential. The
results are shown in Figure 2.2b. The FE of the as-prepared Ag NWs catalyst is also plotted for
comparison. It is evident that due to the efficient surfactant removal, FEco ~100% were obtained
in the potential range between —-0.9 and -1.0 V vs. RHE. Moreover, the observed total current

densities are slightly higher after the ec-l than with the as-prepared electrodes; see Figure 2.2c.

This catalyst deprotection protocol was transferred to a carbon-supported Ag-NWs catalyst
system and it was demonstrated that the ec-l also works when the NWs are embedded into a
technical carbon matrix. An improvement of FEco values in the corresponding backward run of
the electrochemical looping was observed.

In addition, X-ray photoelectron (XPS) analysis was used to confirm that the PVP (and its
removal) is the main origin of the observed hysteresis effects in the product distribution. A more
detailed description of these findings is provided in Publication 1.

To deepen our research and bring it closer to the conditions applied in flow cell electrolyzers, Ag
NCs embedded in a carbon support matrix on a porous gas diffusion layer (consisting of a MPS
and a MPL, Section 1.3.4.1.2) were subjected to ec-l. The results are shown in Figure 2.3. As in
the case of Ag NWs, higher CO selectivity in the backward run is observed, and even at lower
applied cathodic potentials, ~85% FEco is reached in the potential range between -0.7 and -0.85
vs. RHE. In contrast to what was observed in the ec-l of the Ag-NWs, the CO PCDs (and therefore
charges) are not the same in the forward and backward scans. This might indicate that besides
the PVP removal from the Ag NCs, other changes are taking place.

A post-ec-| SEM analysis of the electrodes was carried out and showed the appearance of smaller
nanoparticles around the Ag NCs (Figure 2.4). This might explain that higher partial current
densities are reached in the backward scan (Figure 2.3b) because a larger catalyst surface is
available. Further details of these studies are shown in Publication 2.
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Figure 2.3. Potentiostatic electrolyses were carried out using PVP-coated Ag NCs drop cast on a GDE, used as
electrocatalysts of CO2RR in a COz-saturated 0.5 M KHCOs solution. a) Faradaic efficiencies and b) partial
current densities of CO (green) and H2 (red) are shown as a function of the IR-drop corrected electrode
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potential. Data (dots) were recorded by gas chromatography; trends (curves) were created by spline
interpolation. Arrows show the direction of the potential excursion.

before

200 nm
G——

Figure 2.4. Ag NCs drop cast on a GDE, observed before and after applying the electrochemical treatment
shown in Figure 2.3. Panels a) and c) show the secondary electron, b) and d) the back-scattered electron
images of the NCs. The arrows point to smaller Ag particles formed by the degradation of the NCs during the
potential-induced activation.

1.5.2 Identical location scanning electron microscopy (IL-SEM) as a method to
characterize Ag nanomaterial based electrocatalysts for CO,RR

IL-SEM is a prominent method to study catalyst degradation in the field of CO2RR, mainly
because it is a non-destructive method. IL-SEM analysis consists of imaging identical sample
positions of the electrode before and after it is subjected to an electrochemical reaction.'# 142 A
catalyst is presumed to be stable if it does not present structural changes after long periods of
electrolysis, which makes it to be considered as a potential candidate for up-scaled experiments.
However, special attention must be paid when surfactant capped nanoparticles are used as
electrocatalyst for CO2RR experiments.

Ag NCs are synthesized using PVP as a capping agent because PVP is strongly bound to the (100)
facets of Ag, which facilitates the formation of nanocubes. A systematic IL-SEM study on the
morphological changes of PVP functionalized Ag nanocubes (like those described in the previous
section with a side length of about 100 nm) under CO2RR conditions was carried out. A glassy
carbon electrode was used as support of the Ag NCs (with and without carbon support) to better
observe the changes on the nanocubes.

The IL-SEM micrographs in Figure 2.5a-b show that after the CO2RR experiments at —=1.0 V vs.
RHE, no significant changes are observed. However, when a random spot was imaged, a
significant number of smaller nanoparticles were observed. Therefore, it is clear that during the
pre-electrolysis scan, the electron beam of the SEM induces changes on the catalyst surface (the
formation of a carbonaceous layer most probably made of by the remnant PVP capping agent
used in the synthesis procedure), which might become partially deactivated for the catalyzed
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process. Consequently, after the CO2RR, the pre-scanned area of the sample may show little or
no changes at all. In the meantime, the Ag NCs that were not affected by the pre-electrolysis
SEM scanning preserve their activity and show the effects of degradation, Figure 2.5c.

Figure 2.5. Secondary electron - SEM investigation of the degradation of non-supported Ag NCs used as
catalysts of CO2RR. The same spot of the WE surface is shown before a) and right after b) the electrode was
used for a 20-hour electrolysis of a COz-saturated 0.5 M KHCOs solution at -1.0 V vs. RHE. A different spot of
the same sample is shown after electrolysis in c).

IL-SEM turned out to be unsuitable for the characterization of colloidal catalyst because the
remaining surfactants on the Ag NCs (from the synthesis method) suffer alterations with the
SEM beam, leading to the formation of a shell that hides the changes of the catalyst after the
CO3RR reaction. The passive carbonaceous layer on the Ag NCs formed after the SEM scanning is
better observed when the sample is exposed to longer times under the beam of the SEM and
when the images are recorded with higher acceleration voltages, Figure 2.6.

Special attention must be paid when nanoparticles with surface-adsorbed capping agents are
used as an electrocatalyst for CO2RR because, as was shown before, the pre-electrolysis scanning
can contaminate (and subsequently disable) the catalyst sample in a way that the post-
electrolysis scan would unrepresentative show no degradation. Accordingly, it is very important
to consider that the non-destructiveness of IL-SEM cannot be granted for all types of catalysts. A
more detailed description of these observations is given in Publication 3.

Figure 2.6. SEM images of Ag NCs after electron beam irradiation was carried out for 10 min. a) Secondary
electron SEM image taken at 1.5 kV acceleration voltage. b) Secondary electron SEM image obtained at 20 kV.

1.6 CO2RR using Ag nanomaterials as catalysts in a zero-gap flow cell

1.6.1 Ag nanocubes

Among the various types of CO; electrolyzers under development, zero-gap flow cells seem to be
one of the best options because they present reduced ohmic losses and attenuate complications
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that arise from poor membrane hydration and electrode flooding at high current densities.
However, their long-term operation (needed for the commercial deployment of these
technologies) has not been achieved. One reason may be related to the deterioration of the
catalyst material, but unfortunately, this issue has been insufficiently studied. Motivated by this,
morphologically tailored Ag nanomaterial, Ag nanocubes (Ag NCs) assembled in a GDE (Ag NCs —
GDE), were chosen to establish correlations between structure, environment, electrocatalytic
performance, and degradation mechanism under highly alkaline conditions.

The catalyst activity, selectivity, and the evolution over time of the electrochemical performance
and the nanostructure of the Ag NCs (Figure 2.7a-b) were studied in a zero-gap flow cell*43-148
resembling the one shown in Figure 2.7c-d. It is important to mention that this cell was initially
designed to benchmark oxygen reduction reaction electrocatalysts under realistic mass transport
conditions. Similar to a real fuel cell, in this setup, the gaseous reactant is guided to the catalyst
layer through a GDL, avoiding mass transport limitations. The catalyst layer is not in contact with
any liquid electrolyte. Instead, a membrane electrolyte separates the working electrode
compartment from an electrochemical cell housing the liquid electrolyte, the CE, and the RE.
Thus, a realistic condition for the WE environment is combined with the advantages offered by a
three-electrode setup. Through some modifications, it was possible to employ this flow cell
setup for CO2RR experiments.

The two main products when using Ag NCs as electrocatalyst and 2 M KOH as anolyte were CO
and Hj. Their FE and PCD are shown in Figure 2.8a-b. As seen in these figures, the system
exhibits a remarkable and competitive CO; to CO conversion with a FEco ~85% and a PCD¢o ~625
mA cm™2. Two regimes were identified with the temporal system stability (in terms of FE and PCD
values). From -1.5 V to -1.8 V vs. Ag/AgCl, the CO2RR process improved or remained stable over
time, reaching PCDcos >300 mA cm™ and FEco ~85% (Figure 2.8c,e). However, at more cathodic
potentials, the selectivity and activity towards CO increased, but after ~30 min, there was an

abrupt decrease in both the FEco and PCDco with increasing applied overpotentials (Figure
2.8d,f).
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Figure 2.7. SEM images showing an Ag NC on the surface of an Ag NCs — GDE: a) image acquired with BSD
detector and b) image acquired with InLens detector. c) Depiction and assembly of the zero-gap flow cell used
in this work for the CO2RR. d) Cross-sectional view of the assembled cell with RE and CE immersed in the
anolyte compartment. Reprinted with permission from ACS Catal. 2020, 10, 21, 13096—-13108. Copyright 2020
American Chemical Society.
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Figure 2.8. Potential-dependent FEs a) and PCDs b) of the gaseous products obtained from CO2RR on the gas-
fed Ag NCs — GDEs 10 min after beginning CO2 electrolysis. Time evolution of the FEco at ¢) mild (-1.5V > E >
-1.8 V) and d) high applied potentials (-1.83 V > E > -2.1 V). Corresponding time evolution of the PCDco at mild
e) and high f) applied potentials. All experiments were carried out using 2 M KOH in the anolyte compartment.
The solid lines in all panels are visual guides to show the trends. The experimental error was accounted for
using +5% error bars. Reprinted with permission from ACS Catal. 2020, 10, 21, 13096—-13108. Copyright 2020
American Chemical Society.

IL-SEM was employed to characterize the morphological changes of the Ag NCs before and after
the CO2RR experiments; see Figure 2.9a-d. Independently of the applied overpotential, no
detachment of the Ag NCs was observed. Effects similar to those observed with Ag-NCs in an
aqueous environment (H-type cell) with glassy carbon as support were detected; see Figure 2.5a-
b. The nanocubes are also deactivated after the pre-electrolysis SEM imaging when they are
supported on a GDL. EDX mapping of the Ag NCs after the CO,RR, shown in Figure 2.9e-f, further
confirms no changes on the Ag NCs after the electrochemical process.
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Before After
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Figure 2.9. Representative IL-SEM images of Ag NCs — GDEs cathode surfaces before and after having
conducted dedicated gas-fed CO2RR experiments at -2.07 V for 32 min (1600 C cm™2) captured using both BSD
and InLens SE detectors. e-f) Elemental EDX mappings showing the spatial distribution of C (dark blue) and Ag
(yellow) corresponding to the same sample location of c-d. CO2RR experiments were carried out using 2 M KOH
in the anolyte compartment. Readapted with permission from ACS Catal. 2020, 10, 21, 13096—13108. Copyright
2020 American Chemical Society.

Accordingly, the morphological changes of the Ag NCs were analyzed using post-electrolysis SEM
and EDX mapping investigations. At low and mild applied overpotentials, no significant changes
in the morphology of the Ag NCs were observed. However, at harsher cathodic conditions, the
catalyst corrosion leads to the appearance of smaller Ag nanoparticles close to the Ag NCs
(Figure 2.10).

.  = 100 nm
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Figure 2.10. a-b) Representative SEM images of Ag NCs — GDEs cathode surfaces after conducting dedicated
gas-fed CO2RR experiments at -2.07 V for 32 min (1600 C cm™) captured using both BSD and InLens SE
detectors. c-d) Elemental EDX mappings showing the spatial distribution of C (dark blue) and Ag (yellow), red
arrows identify Ag nanoparticles formed upon cathodic corrosion of the Ag NCs catalyst. CO2RR experiments
were carried out using 2 M KOH in the anolyte compartment. Readapted with permission from ACS Catal. 2020,
10, 21, 13096—-13108. Copyright 2020 American Chemical Society.
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Complementary experiments were performed using a neutral environment (2 M KHCO3) to
determine whether the highly alkaline conditions were responsible for those changes. Results
similar to those obtained from the more alkaline electrolyte were observed, except that with a
less alkaline electrolyte, lower PCDcos were reached. This outcome would suggest that the
system’s failure could be attributed more to other factors, for example, electrode flooding (due
to the degradation of the hydrophobic PTFE coating of the MPL) and salt precipitation on the
GDE (confirmed using changes in the contact angle images for water droplets on the as-prepared
Ag NCs — GDEs and after CO,RR and by EDX-analysis), than to the catalyst morphological
degradation. Reactions (17) and (18) indicate that the neutralization of CO; by OH leads to the
formation of bicarbonate and carbonate salts that form the precipitate observed on the Ag —
GDE after the CO2RR.

Figure 2.11a presents optical images showing the typical appearance of the employed Ag NCs —
GDEs at different experimental stages (as-received GDE, as prepared Ag NCs — GDE and Ag NCs —
GDE after having sustained CO;RR at -2.07 V for 32 min (1600 C cm™2). The EDX spectra and
mapping displayed in Figure 2.11b-c further support that potassium carbonate and bicarbonate
precipitation on the catalyst-modified GDE surface and its periphery takes place under these
drastic cathodic conditions.
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Figure 2.11. a) Representative optical micrographs of GDEs at different experimental stages. The white circle in
the central part of the as-prepared Ag NCs — GDE shows the catalyst-modified area of the GDE that is in direct
contact with the anion exchange membrane. The Ag NCs — GDE on the right was subjected to gas-fed CO2RR at
-2.07 V for 32 min (1600 C cm™) with 2 M KOH in the anolyte compartment. b) EDX spectra acquired on
indicated locations along the sample surface of the Ag NCs — GDE after having been subjected to CO:
electrolysis. ¢) EDX mapping of the flooded border region showing O and K intensities in green and magenta,
respectively. Reprinted with permission from ACS Catal. 2020, 10, 21, 13096-13108. Copyright 2020 American
Chemical Society.
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Interesting results were observed regarding the spectrum of the products yielded in different
kinds of electrolyzers. In the zero-gap flow cell, formate was detected post-electrolysis by ion-
exchange chromatography over a large potential window when 2 M KOH and KHCO3 were used
as electrolytes; see Figure 2.12. Specifically, with the most alkaline electrolyte, a FEncoo- of
~20.1% and a PCDucoo- of ~148 mA cm™ at —-1.87 V vs. Ag/AgCl were quantified. A FEucoo- of
~12.6% and a PCDucoo- of ~72.7 mA at -2.14 V vs. Ag/AgCl were obtained with the weakly
alkaline electrolyte. However, when the H-cell was used, formate was only detected at the
highest applied overpotential with a FEucoo- and PCDwcoo- of ~2.6% and 7.5 mA cm@,
respectively. This result highlights that the acquired knowledge from experiments performed in
H-type cells cannot be translated directly to more practical approaches (gas-flow cells) because
the reaction environment plays an essential role in the product distribution of the CO3RR.

As stated by some other recent works,’® 14° CO,RR investigations must be carried out using
technical approaches that allow reaching conditions close to those needed for industrial
applications. Further details of this research can be found in Publication 4.

E 35 ' . . I . ‘ E 200 ‘ . .
30 O 2MKOH O 2MKOH
25 )~ 2MKHCO; | o 150} a 2MKHCO, |

(< L i caic \
520 IL __—»——-?\n < a %
= gl - o 3. i € 100} 1
Q ‘ \ = y
3 i ) 'o y
LUI10' g 4 ] 8 55 ; X
4 = = D - g
s M-p ] Q ‘&n
Or ] & T
b ot ==
-5 1 1 1 1 1 1 L L L L 1 L
22 21 -20 -19 -18 -17 -6 22 21 20 -19 18 -7 -16

(Evs. Ag/AgCl) | V (E vs. Ag/AgCl) / V

Figure 2.12. Potential dependence of a) FE,.,,- and b) PCD,.,o On the gas-fed Ag NCs — GDEs after 60 min
CO2RR in highly (green) and weakly alkaline (yellow) anolytes, obtained by post-electrolysis ion
chromatography analysis. The solid lines in all panels are visual guides to show the trends. The experimental
error was accounted for using £ 5% error bars. Reprinted with permission from ACS Catal. 2020, 10, 21, 13096—
13108. Copyright 2020 American Chemical Society.

1.6.2 Ag nanowires

The approach used to study the Ag NCs under controlled CO; mass transport conditions was
extended to study other silver nanomaterials with a different shape, Ag nanowires (Ag NWs).
Carbon monoxide and hydrogen were the only products detected by online gas chromatography
(GC), and formate was detected post-electrolysis by ion-exchange chromatography. The FE and
PCD of the products detected when using Ag NWs as a catalyst material for CO2RR are shown in
Figure 2.13.

The FE vs. applied overpotential can be subdivided into three regimes. H; is the main product at
potentials > —-1.55 V vs. Ag/Cl with FE values not lower than 40%, while the FEco does not exceed
35%. In the second regime, from -1.55 to -1.9 V vs. Ag/AgCl, the FEy, starts to decrease, and the
CO selectivity reaches a maximum of ~70% at -1.75 V vs. Ag/AgCl. Formate appears as a by-
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product at potentials of <-1.6 V vs. Ag/AgCl and reaches a maximum of ~25% at -1.9 V vs.
Ag/AgCl. In the third characteristic regime, the parasitic HER becomes dominant at potentials
<-1.9 V vs. Ag/AgCl, and the FEco decays abruptly at the two most cathodic overpotentials.
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Figure 2.13. a) Product distribution of the CO2RR carried out in the gas-fed flow cell using Ag NW-based
electrocatalysts (85% wt.% Ag NW and 15% wt.% of C) at different applied potentials (2 M KOH electrolyte);
each value for FEco and FE, is the average from six measurements taken every 10 min for a total of 1 h of
electrolysis. The error bars indicate the standard deviation; b) corresponding partial current densities (PCDs).

The corresponding PCDs at different applied overpotentials are displayed in Figure 2.13b. It is
seen that by using GDE, a PCDco of ~130 mA cm™2 with a FEco of 70% was determined at ~-1.78 V
vs. Ag/AgCl. Pre-screening experiments on the same catalyst, carried out in an H-cell
arrangement, resulted in higher selectivity for CO, reaching more than 95% of FE. However, the
corresponding PCDco did not reach more than ~16 mA cm™ at ~-1.73 V vs. Ag/AgCl. CO2RR
current densities can be achieved by using gas diffusion electrodes that are ~1 order of
magnitude higher than the ones typically observed in classical half-cell electrolysis
measurements carried out in unstirred aqueous electrolytes.

The stability of the Ag NWs was analyzed employing IL-SEM and post-electrolysis SEM analysis
after the CO2RR at -1.88 V vs. Ag/AgCl (after 133 min, with an applied charge of 2,453C cm™),
and neither severe morphological changes nor particle detachment were observed; see Figure
2.14. More specific information about these results is shown in Publication 5.

Figure 2.14. IL-SEM analysis of the Ag NW before (a) and after (b) performing the CO: electrolysis at -1.88 V vs.
Ag/AgCl for 133 min (total charge density applied = 2,453C cm™).
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3. Concluding remarks and future directions

The work presented in this PhD thesis was motivated by the urge to transfer the CO2RR
electrocatalyst screening from H-type cells where there are mass transport limitations due to
low solubility and diffusivity of CO2 in aqueous electrolytes to systems without those problems
and where technical current densities can be reached. A successful method of overcoming CO;
mass transport limitation during CORR was proposed to tackle this situation. This method
consists of using a zero-gap flow cell as a fast approach to investigate the electrocatalytic
properties of silver nanomaterials under technical conditions. Two silver nanomaterials,
nanocubes and nanowires, were identified as excellent catalysts for the electrochemical
reduction of CO; in terms of selectivity and activity for CO production.

Especially, the system formed by the Ag NCs as electrocatalyst in the zero-gap flow cell exhibited
remarkable CO; to CO conversion figures in terms of FE and PCD (FEco ~ 85% and PCDco ~ 625
mA cm™2). Through a systematic study, it was possible to deconvolute the catalyst structural
stability from the system performance stability. The system remains stable over time at mild
applied potentials. The system stability fails at large cathodic potentials because of flooding of
the electrode and salt precipitation rather than by catalyst degradation.

In addition, IL-SEM is a very useful technique to study the degradation of electrocatalysts upon
CO;RR; however, it should be used carefully when capped nanomaterials are used as an
electrocatalyst because pre-electrolysis exposure to the electron beam can modify the catalyst
surface and hide the actual catalyst changes after the electrochemical reaction.

The presence of surfactants on the electrocatalyst surface negatively affects the CO3RR.
Consequently, electrochemical looping was introduced as a surfactant removal method, which
allowed us to observe the authentic response of unprotected Ag nanowires. This methodology
was efficiently transferred to carbon-supported Ag nanowires and nanocubes and used with
different electrode material supports.

CO3RR performed in gas-flow cell reactors is one of the best options to bring CO2RR closer to
realistic operation conditions; however, many challenges must still be addressed.

First of all, it has been demonstrated that the catalyst knowledge acquired in H-type cells cannot
be immediately transferred to gas-flow cells; even though some electrocatalysts have been
identified as a scalable option through experiments with H-type cells, their performance must be
verified in flow cells before scaling because the product distribution changes with different
reaction environment.

The election of the gas-flow cell design and operation conditions has to be made according to
the electrocatalyst and the different products that can be generated. Additionally, it is vital to
investigate the interrelation of all the reactor components and operation parameters to achieve
not just excellent selectivities and activities towards a specific product but also to maintain the
system operation for long periods.

Flooding, loss of hydrophobicity and salt precipitation on the gas diffusion electrodes are
common problems that hinder the system’s stability. One possible solution is developing new
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gas diffusion electrodes and a better understanding through more advanced techniques like
focused ion beam or X-ray tomography. Another solution may involve developing models that
could explain and describe the effects happening there during and after the CO2RR.

The anode-side reaction must also be studied because it plays a significant role when the energy
efficiencies are calculated.

Because CO; reacts as a reactant and buffer in aqueous systems, it is fundamental to study the
carbon balance in both the cathode and anode compartments of the reactor.

Last but not least, mass transport is the main factor determining the amount of product that can
be produced in a specific reactor per unit of time. Hence, once an excellent electrocatalyst has
been identified, electrolyzers with high rates of mass transport must be designed to take full
advantage of the improvement of the catalytic activity.
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Highlights: In this work, Ag nanowires (produced via PVP-assisted polyol synthesis) are
presented as an excellent catalyst for CO;RR after being subjected to a surfactant removal
electrochemical pre-treatment. The electrochemical pre-treatment is called electrochemical
looping and consists of a sequence of potentiostatic CO; electrolysis experiments with defined
starting, vertex, and ending potentials. The resulting product distribution undergoes a profound
hysteresis in the forward and corresponding backward run of the electrochemical looping
experiment, pointing to an effective PVP removal of the catalyst, which was further confirmed
utilizing post-electrolysis XPS inspection.
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the results.
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ABSTRACT: Colloidal electrocatalysts are commonly synthesized using organic capping agents (surfactants), which control the
size distribution and shape of the resulting nano-objects and prevent them from agglomerating during and after synthesis. However,
the presence of a surfactant shell on the catalyst is detrimental, as the resulting performance of the electrocatalyst depends crucially
on the ability of reactants to access active surface sites. Techniques for postsynthesis deprotection are therefore mandatory for
removing the capping agents from the otherwise blocked reactions sites without compromising the structural integrity of the
nanocatalysts. Herein, we present silver nanowires (Ag-NWs)—produced via PVP-assisted polyol synthesis (PVP,
polyvinylpyrrolidone)—as effective catalysts for the electrochemical CO, reduction reaction (ec-CO,RR), which reach Faradaic
efficiencies close to 100% for CO formation after deprotection by a so-called “electrochemical looping” (ec-l) pretreatment.
Electrochemical looping refers to a sequence of potentiostatic CO, electrolysis experiments that exhibit well-defined starting (E..),
verteX (Eexey), and end (E.,4) potentials. The resulting product distribution undergoes a profound hysteresis in the forward and
corresponding backward run of the electrochemical looping experiment, thus pointing to an effective deprotection of the catalyst as
made evident by postelectrolysis XPS inspection. These results can be considered as a prime example demonstrating the importance
of the catalyst’s “history” for the resulting ec-CO,RR performance. These transient (non-steady-state) effects are crucial in particular
for the initial stage of the CO, electrolysis reaction and for catalyst screening approaches carried out on the time scale of hours.

KEYWORDS: CO, reduction reaction, silver nanowires, surfactant removal, catalyst deprotection, electrochemical looping

H INTRODUCTION be used as a reactant on a large scale (e.g., in the Fischer—
The conversion of environmentally harmful carbon dioxide Tropsch synthesis of aliphatic hydrocarbons [synthetic fuels] or
(CO,) into value-added products is one of the major alcohols).® Cost estimates suggest that the electrochemical
intersectoral challenges that we currently face." In this context, coelectrolysis of water/CO, might indeed become competitive
electrochemical approaches of CO, valorization deserve with more well-established routes of CO production.” The
particular attention as they can utilize the “green” electric electrochemical production of CO via the coelectrolysis of
power—generated by renewables such as solar or wind water/CO, can be considered to be a versatile “synthesis

energy—as energy input for the highly endergonic process of
CO, electrolysis, thereby rendering the overall process more
sustainable.”™* One of the main target products of the
electrochemical CO, reduction reaction (hereafter referred to
as ec-CO,RR) is carbon monoxide (CO), which is currently
produced on an industrial scale via the “Boudouard” reaction
and reaches a yearly production volume of approximately
210000 Mt.> CO is considered to be a valuable intermediate
(current market price: ~0.65 $ kg™')° and has the potential to

module”, which also can be coupled to other process units for
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the production of valuable end products. A promising
alternative to interlinking this process to the heterogeneous
gas-phase Fischer—Tropsch reaction has recently been
proposed by the Siemens/Evonik consortium"’ and couples
the ec-CO,RR (CO production; Siemens) to a biotechnological
fermentation process (Evonik), thereby yielding fine chemicals
such as butanol and hexanol as key intermediates for the
production of specialty plastics.” The first test plant is expected
to become operative in 2021' and thus demonstrates the
enormous efforts that are currently underway to bring the ec-
CO,RR process from the lab to the market.'

Catalysts are essential for ec-CO,RR, as they direct the
electrolytic reaction toward the desired target product (e.g.,
CO). The pioneering work by Hori et al.*'* identified silver
(Ag) as one of best (electro)catalysts, in addition to Au and Zn,
which yielded CO with Faradaic efficiencies (FEs) that reached
81.5% (E = —1.14 V vs NHE).” In these early studies, catalyst
screening was mainly based on the use of polycrystalline
electrode materials as active catalysts (e.g., metal foils).
However, substantial progress has been made during the last
two decades in the development of tailored nanomaterials with
an improved surface-to-volume ratio and well-defined shapes,
the latter being important for the rational design of active
surface sites.'”'? In future, these nanomaterials have the
potential to be used in gas diffusion electrodes (GDEs) as a key
component of advanced gas-flow electrolyzer systems.””'*~'°
From a technical point of view, it is mandatory to use a gas-flow
approach to reach the current densities that are targeted by
industry (100 to 1000 mA cm™2) to cover the capital and
operating costs of these systems."”'”'® Typically, these
nanomaterials are produced via colloidal synthesis, which also
allows the process to be easily scaled up and which is
considered to be a key perquisite for any industrial application.
A wide range of particle morphologies can be obtained usin
this colloidal approach, ranging from spheres,'” cubic shapes,”
and triangular platelets (confined 2-D systems)”' to 1-D nano-
objects such as rods'® and wires.”>~*° To rationally design these
nano-objects, a multiparameter space needs to be considered,
which includes but is not limited to (i) the reaction
temperature, (ii) the convective transport of reactants (e.g.,
stirring speed), (iii) the ratio of reactants (e.g, metal ion
precursor, reducing agent, etc.), (iv) reaction times, and (v) the
injection speed of chemicals.”’~* However, the most
important aspect to consider is the action of the so-called
surfactants and capping agents.'””>*° Their presence in the
reaction medium crucially affects the nucleation and growth
kinetics of the nano-objects and could even cause crystal growth
to be anisotropic, which is required for the synthesis of metallic
nanowires (NWs).>! The physical origin of this anisotropic
growth behavior is the preferential surfactant adsorption on
certain surface facets (e.g., [100] textured), which reduces their
growth rate relative to surfaces with different surface
orientations (e.g,, [111]).”>**7* In this sense, the role of the
surfactants is a result of the steric blocking of surface sites that
are active for the (e-less) metal deposition by selectively
limiting the access of precursor metal ions in the liquid reaction
medium to the emerging surface of the nanocrystals (NCs).*
Note that not only the monomeric'"*” or polymeric (e.g,,
polyvinylpyrrolidone, PVP**) organic surfactants need to be
considered, but also anionic species (e.g, halides) that are
added to the reaction media along with the metal precursors.
These counteranions usually play a crucial role in the initial
nucleation process of the nano-objects (concept of self-seeded
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grovvth25’35) and further tend to chemisorb on the emerging
facets in an advanced stage of NC growth.”"

While this facet-specific blocking by adsorbed surfactants is a
mechanistic prerequisite for any anisotropic growth mode, it is
highly detrimental to the desired (electro)catalytic performance
of the nanocatalysts. As capping agents sterically block the
access of reactants to the active catalyst sites during the
electrocatalyzed reaction of interest,”’ ** various “soft”
postsynthesis methods have been proposed to deprotect the
“capped” nano-objects without compromising their structural
integrity (e.g, loss of the shape, changes in size distribution, NP
agglomeration, etc.). These deprotection techniques range from
purely physical (e.g., thermal annealing®""** or exposure to light
of particular wavelength and intensity*”**) to chemical
treatments under nonreactive (e.g, “chemical” washingSs) or
reactive conditions (e.g., plasma treatment, the use of oxidizing
or reducing agents, etc.).””*%*73! Note that, under extremely
drastic experimental conditions (e.g, thermal treatment at
elevated temperatures), this type of catalyst pretreatment could
lead to the loss of surface texture or to the agglomeration of
nanoparticles.>”

Also, electrochemical treatments (anodic or cathodic polar-
ization) have successfully been applied to deprotect colloidal
catalysts.”>® For example, Oezaslan et al.>* reported on the
efficient removal of a PVP capping shell from Pt nanocubes by
applying an oxidative stressing protocol (electrochemical
cycling up to +0.8 V vs reversible hydrogen electrode [RHE]
in 0.1 M HCIO,), whereas the electrochemical deprotection
failed under alkaline conditions. Also, the chemical nature of
the capping agent (PVP versus oleylamine) has been shown to
play a crucial role in the structural integrity of the nanocatalysts
after electrochemical deprotection.”

So far, most studies on catalyst activation have considered
only one single electrocatalytic reaction, (e.g, the oxygen
reduction reaction [ORR],”>* the oxygen evolution reaction
[OER], or the hydrogen evolution reaction [HER] 7 etc.). For
these single reactions, there are straightforward electrochemical
descriptors and measuring approaches available to monitor the
effectiveness of the applied deprotection technique (e.g., via the
electrochemically active surface area [ECSA]), which is probed
either by Faradaic or non-Faradaic processes. Their increase is
directly proportional to the increase in the ECSA and is related
to an overall improvement in the reaction rate,””*%*>3%

However, the situation is more complex when considering
the ec-CO,RR owing to the fact that the CO, electroreduction
is necessarily superimposed on the parasitic HER when carried
out in an aqueous reaction environment, which leads to a less-
than-unity Faradaic efficiency of the ec-CO,RR. Thus, the
presence of the capping agents and the applied deprotection
treatment affect not only the overall reaction rate (current
density normalized to the geometric surface area) but also the
resulting product distribution.

Herein, we present a comprehensive study on an approach to
electrochemical catalyst activation (surfactant removal) that
utilizes the ec-CO,RR itself to achieve the desired catalyst
deprotection. As the catalyst of choice, we applied silver
nanowires (Ag-NWs) that were synthesized by a self-seeding
polyol process using high-molecular-weight PVP as the capping
agent.”"?7**7%% The coelectrolysis of water/CO, that is
performed over A§ catalysts yields only H, and CO as the
reaction products.” '”*” In the present study, we sought to
demonstrate that the formed CO acts as an excellent surfactant
removal agent that is capable of deprotecting the Ag-NWs,
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thereby further self-accelerating the ec-CO,RR at the expense of
the parasitic HER and leading to CO efficiencies of nearly
100%. This PVP removal by “cathodic” electrode polarization
complements the “oxidative” approach that was proposed by
Oezaslan et al.>*

B EXPERIMENTAL SECTION

Catalyst Synthesis. Ag nanowires (Ag-NWs) were
synthesized in a three-necked flask accord'n% to a modified
protocol introduced by Jiu et al. and others.”*"**>"*% For this
purpose, 0.2 g of PVP (M,, = 1 300 000 g mol !, Sigma-Aldrich;

see Figure 1) was dissolved at room temperature under

N~ ©

n

Figure 1. Polyvinylpyrrolidone (PVP) used as the capping agent for
the Ag-NW synthesis. The pyrrolidone functionality attached to the
linear aliphatic backbone is highlighted purple.

magnetic agitation in 25 mL of ethylene glycol (EG, Sigma-
Aldrich, 99.8%). Subsequently, 0.25 g of silver nitrate (AgNO;,
Sigma-Aldrich, ACS reagent, >99.8%) was added to the PVP
containing EG, followed by the addition of a solution of 1.95
mg of FeCl, (Sigma-Aldrich, 97%) predissolved in 2 mL of EG,
which serves as a solvent and reducing agent.”"*>*”>* This
mixture was then stirred for an additional 2 min before the
three-necked flask containing the transparent EG solution was
transferred to a preheated oil bath. This solution was kept at
130 °C for a total of 5 h. During the first hour, the solution was
continuously stirred, while no magnetic agitation was applied
during the last 4 h of the thermal treatment. The resulting Ag-
NW precipitate was separated from the EG solvent by
centrifugation at 4000 rpm for 10 min, followed by three
repetitive washing/centrifugation treatments using a mixture of
Milli-Q water and acetone (V,er:Viceton = 2:1), ultimately
yielding 24 mg of the Ag-NW catalyst (denoted “as-
synthesized”). The Ag-NW powder was finally redispersed in
8 mL of isopropanol (BASF SE, assay >99.0%).

Electrode Preparation. After 30 min of sonication, S0 uL
of the Ag-NW suspension was drop-cast onto a glassy carbon
support electrode (A = 0.8 cm™2, Alfa Aesar, 2 mm thickness).

For the sake of comparison, Ag-NW catalysts were also
dispersed onto a technical carbon support. For this purpose, 12
mg of the as-prepared Ag-NWs was suspended in 15 mL of
isopropanol, followed by 1 h of sonication. Technical carbon
powder (12 mg, Vulcan XC 72R, Cabot) was dispersed in 15
mL of isopropanol, and this was also followed by 1 h of
sonication. Both suspensions were subsequently mixed and
homogenized by sonicating for 30 min. The resulting
suspension was dried under vacuum conditions and yielded a
carbon-supported (C-supported) Ag-NW catalyst powder. This
powder was redispersed in 4 mL of isopropanol containing 400
uL of Nafion solution (Aldrich, S wt % dissolved in a mixture of
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lower aliphatic alcohols and water) and subjected to 30 min of
sonication. Subsequently, 50 uL of the resulting ink was drop-
cast onto the glassy carbon support electrode (see the
aforementioned protocol).

Electrode Characterization. The morphologies of the Ag-
NW films (nonsupported, C-supported) that were deposited on
the glassy carbon support electrodes were characterized by
means of scanning electron microscopy (Zeiss Gemini
SEM450). Complementary white-light interferometry (Con-
tourGT profilometer, Bruker) was applied to determine the
thickness and roughness of the Ag-NW films. For the
transmission electron microscopy (TEM) imaging and selective
area electron diffraction, an FEI Titan Themis instrument was
used with an accelerating voltage of 300 kV.

An X-ray photoelectron (XPS) inspection was performed on
a Physical Electronics (PHI) Quantum 2000 scanning ESCA
microprobe system using monochromated Al Ka radiation (hv
= 1486.7 eV). A hemispherical capacitor electron-energy
analyzer, equipped with a channel plate and a position-sensitive
detector, was operated under an electron takeoff angle of 45°.
For the acquisition of the high-resolution Ag3d, CI2p and N1s
photoemission data, the analyzer was operated with a constant
pass energy mode at 23.5 eV and an energy step width of 0.20
eV. The X-ray beam diameter was around 150 ym. The binding
energy was calibrated using the Cu2p;,,, Ag3ds,,, and Audf,,
emissions at 932.62, 368.21, and 83.96 eV, respectively, to
within +0.1 eV [see ISO 15472; 2010-05]. Built-in electron and
argon ion neutralizers were applied in order to compensate for
eventual surface charging effects. The base pressure of the XPS
system was below S X 1077 Pa. The XPS spectra were analyzed
using the MultiPak 8.2B software package and were subjected
to a Shirley background subtraction. The atomic concentrations
were determined based on the corrected relative sensitivity
factors that were provided by the manufacturer and normalized
to 100 atom %. The uncertainty was estimated to be ca. 10%.

Electrochemical Experiments. For all electrochemical
experiments, a potentiostat/galvanostat (Metrohm Autolab
302N) was used to control the potential, current density, and
transferred charge. The electrolysis experiments were carried
out using a custom-built, airtight glass-cell (H-type) as
previously described (see Figure $1).°°7%* For the iR
compensation, cell resistance was determined by means of
impedance spectroscopy (FRA module, Autolab Nova). Hence,
all potentials provided herein are iR-compensated to ~85% of
the measured cell resistance.

The three-electrode arrangement used here consisted of a
leakless Ag/AgClyy, electrode (Pine), a bright Pt-foil (15 mm X
S mm), and the Ag-NW catalyst film (nonsupported, C-
supported) serving as the reference, counter, and working
electrodes, respectively.

For the sake of comparability, all potentials measured versus
Ag/AgCls); are referenced herein with respect to the reversible
hydrogen electrode (RHE). The applied potentials (vs Ag/
AgClyy) were converted to the RHE scale using the following
equation:

Egp (V) = Eygagaiam (V) + 0210V + (0.059 V X pH)

Note that the anolyte and the catholyte were separated by a
Nafion 117 membrane (Figure S1). This cell design also
prevents the transfer of trace amounts of Pt ions from the
anolyte to the catholyte when using Pt as the material for the
counter electrode (see reference measurements presented in
Figures S2—SS) as made evident by ICP-MS measurements
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Figure 2. (a—c) Top-down SEM images of the Ag-NW film drop-cast on the glassy carbon (GC) support electrode; the inset in panel a shows a
histogram representing the thickness distribution of the Ag-NWs. (d—f) Corresponding SEM images of the C-supported (Vulcan XC 72R) Ag-NWs
drop-cast on the GC support electrode (for details, see the Experimental Section).

(NexION 2000 ICP-MS instrument, PerkinElmer). Also note
that no change of the ec-CO,RR product distribution is
observed when exchanging the Pt counter electrode by Ir (see
Figure S5).

Electrolysis experiments were carried out in 0.5 M KHCO;
(ACS grade, Sigma-Aldrich) electrolyte solutions that were
saturated with either Ar (blank) or CO, gas (99.999%,
Carbagas). The pH of the CO,- and Ar-saturated 0.5 M
KHCO; was 7.5 and 8.9, respectively.

Technical details of the CO,RR product analysis based on
online §as-chromatography have been previously de-
scribed.”” %% A so-called single-catalyst approach was applied
in order to demonstrate the pronounced hysteresis effects on
the potential-dependent CO,RR product distribution.”” The
same electrode was used for a defined sequence of
potentiostatic electrolysis experiments, which differed in both
the electrolysis time and the width of the potential window
applied to the catalyst. In a further step a multicatalyst approach
was applied,” in which a newly prepared (preconditioned)
catalyst was used for each applied electrolysis potential to
demonstrate the performance of the deprotected Ag-NW
catalysts.

Bl RESULTS AND DISCUSSION

Structural Characterization. Figure 2 displays top-down
SEM images of the two types of Ag-NW catalysts used in this
study. A three-dimensional network of randomly distributed
and loosely packed Ag-NWs is formed after drop-casting the
Ag-NW suspension on the glassy carbon support electrode
(Figure 2a—c). Complementary white light interferometry
reveals a homogeneous layer of Ag-NWs on the glassy carbon
electrode with a root-mean-square (RMS) roughness and film
thickness of 76 and 885 nm, respectively (Figure S6a—c). On
the nm length scale the network of Ag-NWs shows a more
inhomogeneous appearance. Note that the surface of the glassy
carbon support remains visible in the top-down SEM inspection
(Figure 2c). Therefore, the entirety of the Ag-NW film is, when
exposed to the aqueous environment, likely to be wetted by the
electrolyte down to the glassy carbon electrode. A statistical
analysis of the SEM images reveals that the mean thickness of
the Ag-NWs is approximately 162 nm (inset of Figure 2a),
whereas they range in length from ca. 1 to several microns.
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According to the literature,”>**®° the Ag-NWs exhibit a 5-fold
twinned face-centered cubic (fcc) structure with a preferential
orientation along the (110) crystallographic direction. The
sidewalls of the Ag-NWs consist of five (100) textured facets,
whereas the pentagonal apex of the Ag-NW is (111)
terminated. These hexagonal facets represent the actual growth
front in the Ag-NW synthesis in which the monovalent Ag*
precursor ions are reduced and added to the developing
nanowire. The origin of this highly anisotropic metal growth is
the chemisorption of additives/surfactants (e.g., chloride and
PVP), which is supposed to be weaker on the (111) facets,
thereby rendering them more active for the e-less metal
deposition than the (100) facets.”® The latter experience a
steric blocking by the more strongly chemisorbed surfac-
tants.”>%°

One drawback of the Ag-NW model catalyst drop-cast on the
glassy carbon support is the potential loss of catalyst material
during extended electrolysis, in particular when the electrolysis
reaction involves massive gas evolution, e.g, by the parasitic
HER that is inevitably superimposed on the CO,RR in an
aqueous environment.** This loss of catalyst material is a result
of the weak adhesion of the NW layer to the glassy carbon
support electrode and the loose packing of the Ag-NWs inside
the catalyst film. One possible approach to circumventing this
structural degradation is based on the mechanical stabilization
of the NW film. This stabilization can be achieved by the use of
a technical carbon support (e.g., Vulcan) in combination with a
Nafion binder, thereby substantially improving both the
adhesion of the catalyst film to the glassy carbon support and
the cohesion inside the film.”” Figure 2d—f depicts the
corresponding top-down SEM images of the C-supported Ag-
NW catalysts that were drop-cast on the glassy carbon
electrode, demonstrating that individual Ag-NWs were
embedded in the highly porous carbon support. However,
one possible drawback of this approach could be an increase in
the contribution of the porous carbon material to the resulting
product distribution in the form of an increase in the parasitic
HER (see the discussion of Figure 6 below). An alternative
approach to catalyst stabilization, which is based on a so-called
photonic curing, has recently been introduced by Hou et al.*’
This treatment induces a local melting and subsequent
solidifying of the NWs at their points of contact. Photonically
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