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ABSTRACT OF THE DISSERTATION

Designing Active Electro-Catalysts and Reactors for Electrochemical CO;, Transformation

by

Taewoo Kim

Doctor of Philosophy in Chemical Engineering

University of California San Diego, 2022

Professor David P. Fenning, Chair

Electrochemical CO, conversion into value-added chemical feedstocks, if powered with
renewable electricity, is a promising path to approach carbon neutrality. However, developing
active and selective catalysts is necessary to enable energy efficient conversion. In this thesis, I
provide strategies to design active electrocatalysts with enhanced selectivity for CO; electrolysis
via tuning of the local reaction environment. First, I show that modulating the surface strain of a
model Cu (001) catalyst epitaxially grown on a single-crystal Si substrate results in an increase
of the Cu 3d band center position. This change in the electronic structure causes a suppression of
the CO production pathway, increasing selectivity to multi-carbon products. I demonstrate that

multi-carbon products can be further selected for by an operando restructuring of the micro- and

X1V



nanoscale morphology of Cu-based catalysts. An electrochemically reduced Cu(OH), nanowire
catalyst enhances the selectivity of multi-carbon products at moderate electrolysis potentials
where a hierarchical morphology evolves. A final level is the tuning of the chemical state of
the catalyst surface. By switching the initial surface oxidation state of tin oxide catalysts to be
Sn'l-rich, the selectivity and energy efficiency of formate generation are promoted, offering a
possible nearest-term path to carbon-negative CO; electrolysis. Optimizing electrolyzer design
is also crucial to facilitate mass transport of CO, to reach industrial relevance. The importance
of the mass transport of CO; to enhance overall activity is also demonstrated by controlling flow
rate of partially concentrated CO; stream. These findings reveal the importance of surface strain,
morphology and chemical state on designing efficient CO, catalysts, providing fundamental

guidelines and direction toward carbon neutral CO; conversion.
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Chapter 1

Introduction

1.1 A Brief Introduction to Electrochemical CO, Transfor-
mation

According to NASA, the global surface temperature has been increased as compared to
the 1950-1980 average temperatures as shown in Figure 1.1A.[1] Comparing the increase in the
global temperature and the trend in the atmospheric CO; concentration observed at Mauna Loa
observatory (Figure 1.1B)[2] highlights the fact that the amount of atmospheric CO; is critically
co-related to the global warming. The electrochemical conversion of CO; to carbonaceous
chemicals is a potential strategy to mitigate global warming with an advantage of readily
accessible renewable energy.[3, 4, 5] The electrochemical CO, reduction in aqueous media can
produce variety of carbonaceous chemicals from single-carbon products (CO, HCOOH, and
CHy4) to multi-carbon products (C,Hy, acetate, EtOH, and n-PrOH). Those anticipated products
from the process have benefits of high volumetric energy density and facile integration with
current industrial infrastructure that enables to accommodate the greater need of carbon-based
feedstocks that helps to achieve net negative carbon emission.[6, 7, 8] Also, coupling it with
renewable energy can use chemical bonds as a medium to store the intermittent energy and
perhaps leads to economic benefits. According to California Independent System Operator (ISO),
the emerging penetration of renewable energy into the grid system occasionally lowers the price

of the electricity and the price temporarily becomes negative during the daytime where high
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penetration of renewables to the grid system appears.[9] The recent techno-economic-analysis
foresees the impact of electrochemical CO; reduction on global warming.[10] According to
the study, current production of carbon-based feedstocks from fossil-based sources are one
of main sources of CO; emission, which indicates a great impact of e-synthesized chemicals
on carbon neutrality. In case of producing multi-carbon products (e.g., CoHy and EtOH), an
attractive economic benefit is expected from their global market size of $230 and $75 billions,
along with possible reduction of 860 and 550 metric tons of CO; emissions if produced via
electrochemical approach, respectively. However, due to their high energy densities, producing
multi-carbon compounds from electrochemical CO, conversion requires significant energy input
from the existing grid system, which is detrimental to the carbon neutrality. In this context,
single carbon products generation (e.g., formate and CO) might be an alternative way to achieve
carbon neutrality as they requires less energy and if no further penetration of the renewables to
the grid system is expected. De luna et al.[10] speculates that increasing energy efficiency of the
CO; conversion system is the most important toward carbon neutrality. Increasing selectivity
and lowering kinetic overpotential of the CO; reduction reaction are critical to improve the
overall energy efficiency since it is a function of selectivity (Faradaic efficiency) and cell voltage
(Ecarhode—Eanoae)- To achieve those goals, designing active catalysts and optimizing electrolyzer

are necessary steps, and they will be discussed in the following sections.

1.2 Designing CO, Conversion Catalysts

Electrochemical CO; reduction involves multiple reaction pathways.[11] Similar to
the electrochemical hydrogen evolution[12], electrochemical CO, conversion also sensitive to
the reaction intermediates and their binding energy to the catalyst surface. To enhance CO,
conversion activities in terms of current density, an optimal binding energy of the key reaction
intermediate is important. In general, it is suggested that the first intermediate of CO, reduction

is either *COOH or *OCHO, as shown in Figure 1.2, and the entire reaction path is determined
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Figure 1.2. Scheme of the electrochemical CO, reduction pathways.

whether CO; is bound to the surface with carbon atom or oxygen atom. If starts with oxygen
bound intermediate, *OCHO, CO; reduction is directed to the formate generation, and it is
widely suggested that *OCHO is a key reaction intermediate for formate generation. Among
transition metals, Sn, Bi, In, and Pb tend to preferably bind *OCHO instead *COOH, resulting
in high preference of formate generation. In case CO; binds with carbon atom, *COOH, the
transition from *COOH to *CO occurs quickly. Toward highly energy dense products, binding
energy of *CO takes important role as it determines the rest of reaction paths. As *CO binds
weakly on the catalyst surface, *CO is readily released as a final products, CO, and this appears
on the surface of Ag and Au. If *CO binds to the surface extremely strong, further reduction
is substantially suppressed due to the surface poisoning. Among other transition metals, Cu
is capable of producing value-added products such as hydrocarbons and oxygenates owing
to its moderate adsorption energy to *CO, while its poor selectivity is a main challenge to
overcome.[4, 13, 14, 15] Among Cu-based catalysts, defect abundant surface with enriched
strong *CO binding sites have been reported to show a correlation with CO, reduction selectivity
to multi-carbon products.[16, 17] Strong *CO adsorption is accompanied with an increase in

its surface population that promotes CO-CO dimerization to form *COCO intermediate.[18] In
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Figure 1.3. *CO binding energy dependency of CO; reduction reaction.[14]

the mean time, parasitic hydrogen evolution is inevitable as the most of CO, electrolysis system
involves aqueous medium.

As mentioned in the above section, the ultimate goal toward carbon neutrality is to
increase overall energy efficiency of the CO, conversion system, and this requires designing
active electrode catalysts. In this section, I briefly introduce three strategies that enhance
selectivity, lowers kinetic barrier, increase activities. First, Tuning *CO binding energy on Cu
surface can be a way to enhance selectivity toward multi-carbon products. As shown in Figure
1.3, overall CO; reduction reaction has volcano-type relationship with *CO binding energy.
To promote multi-carbon products selectivity, I hypothesize that non-optimized *CO binding
energy on Cu induces poor selectivity. However, tuning *CO binding energy is not the first idea.
Electrodeposited polycrystalline Cu thin layer on polycrystalline Pt substrate shows inhibited
CH, production while favorable C-C bond formation.[19] It is assumed that surface lattice
tensile strain between Cu film and Pt substrate may induce the change in the adsorption energy
of essential intermediates. Nanoparticle synthesis provides ample opportunity for developing
strained surfaces. Pd icosahedra nanoparticle experiences tensile strain on its surface that induces

decreased Gibbs free energy of *COOH formation, resulting in increased CO formation.[20]



Examining the electrochemical CO stripping voltammetry reveals the increased adsorption of
*CO in the presence of tensile strain in the nanoparticle. However, one of the practical challenges
to understanding the effect of changing adsorption energy of *CO on CO; reduction activity is
that there are difficulties to exclude geometric contributions in the experimental conditions such
as surface defect, surface roughness, and nanoparticles. In Chapter 2, I will discuss this in detail.

Secondly, structuring surface morphology of Cu can enhance overall CO, reduction
activity.[5] Besides atomically flat surface, the structured morphology can provides abundant
defects such as undercoordinated sites on the high index facets, nanoscale transport of the reaction
intermediates within pore structure along with the increased retention time, and increasing local
pH due to limited mass transport of proton, which are favorable reaction environment for
multi-carbon products formation. Cu nanoparticles with rough surfaces show higher ratio
of multi-carbon products to single carbon products formation than planar Cu surfaces.[21].
Electrochemically deposited Cu with high surface area also shows possibility of improving
multi-carbon products generation.[22]. Also, the nanowire morphology seems to be an optimal
surface structure toward multi-carbon products generation.[23] In Chapter 3, I will discuss the
effect of hierarchical surface morphology derived from electrochemically reduced Cu(OH),
nanowires on overall CO, conversion efficiency.

Lastly, chemical state of the Sn oxides takes an important role to enhance selectiv-
ity toward formate. Sn is one of the most active transition metals showing CO;-to-formate
conversion.[24] The Sn oxides seems to be necessary to avoid parasitic hydrogen evolution and
to enhance overall selectivity toward CO; reduction products as compared to the metallic Sn.[25]
The improved CO;, conversion to formate is demonstrated as Sn monoxide is co-existed with
Sn dioxides.[26] In Chapter 4, I will discuss the importance of the initial oxidation state of the

thermally evaporated Sn oxides for CO; conversion to formate.



1.3 The CO,; Electrolysis System

For decades, most of efforts are made to unravel fundamental understandings on reaction
mechanisms and parameters of catalyst design in conventional aqueous-phase batch-type CO;
conversion reactors. In general, the batch-type CO; conversion reactors are consisting of three
electrodes system with a working electrode (cathode), a reference electrode, and a counter
electrode (anode). Figure 1.4 shows a scheme of the half of the reactor. Electrolyte is split
into catholyte and anolyte separated by membrane. A thin polymeric sheet with ion channels
toward either cation or anion is used as membrane. In my Ph.D. research, especially for the
batch-type reactor, a Ag/AgCI(KCI gel) electrode (low profile, 3.5 mm OD, 74 mm length,
Pine research) and platinum gauze (100 mesh, 99.9% metal basis, Sigma-Aldrich) is used as a
reference electrode and a counter electrode, respectively. Also, anion exchange membrane (AEM,
Selemion) is mainly used as it was confirmed that cation exchange membrane (CEM, Nafion)
gave high ohmic resistance from the preliminary test in the lab. A conductive planar sheet is
used as current collector and substrate for cathode where catalytic materials are grown/coated on
the surface. CO; is continuously supplied into the electrolyte to maximize CO; availability to
the catalytic sites.

Given low solubility of CO, in aqueous electrolyte (~34 mM), mass transport of CO,
onto the catalytic sites is limited that gives substantial challenges to enhance catalytic activities in
terms of current density. CO, conversion with a high current density is critical to meet industrial
level performance where more than 500 mA cm™ is required.[10] To overcome this obstacle, gas
diffusion layer (GDL) is introduced to the electrolysis system. GDL is typically constructed by
two layers: macro- and micro-porous layer.

The macro-porous layer consists of cross-linked carbon fibers, giving sufficient porosity
where CO, gas can diffuse into the catalyst surface (Figure 1.5A). On top of the macro-porous
layer, the micro-porous layer takes place and it consists of fine-size carbon particles with varying

content of PTFE-coating (depending on the manufacturer) to control hydrophobicity, eventually
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Figure 1.4. Scheme of half cell batch-type reactor consists of planar electrode, aqueous eletrolyte
and membrane. The Conversion of CO; to formate is illustrated.



Figure 1.5. Scanning electron microscopy images of GDL surfaces. (A) Macro-porous layer
(Toray carbon paper 060 with 10% PTFE content). (B) micro-porous layer (AvCarb GDS2230).

avoiding a flooding over long-term electrolysis (Figure 1.5B). Mass transport of CO, will be
suppressed if the pore structure is blocked by water.

Gas diffusion electrode (GDE) is prepared after a layer of catalyst is coated on top
of the GDL. A schematic of a GDE-incorporated electrolyzer is shown in Figure 1.6, which
shows how gaseous CO; is supplied directly to the interface between a layer of catalyst and
electrolyte. This configuration facilitates the rapid mass transport of CO; to the reaction site,
where proton and electron are also engaged to complete the CO, reduction reaction. Although
GDE promotes facile mass transport, this type of electrolyzer is limited to the gaseous products.
If liquid products (i.e., formate, acetate, EtOH, or n-PrOH) are targeted, the presence of aqueous
electrolyte remains diluted products which leads to additional seperation process.

In following section, I will briefly describe the batch-type electrolzyer and the GDE
incorporated electrolyzer in the lab. Also, I will describe approaches to effectively quantify CO;
reduction products that I have developed and used to study CO, reduction reaction during my

Ph.D. research.

1.3.1 Batch-type Electrolysis Cell

Introduction to the Cell Compartments. The design of each polycarbonate compart-

ment in Figure 1.7 (i.e., anolyte and catholyte chamber, cathode holder, glassy carbon disk
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Figure 1.6. Scheme of a half cell electrolyzer with gas diffusion electrode incorporated. The
Conversion of CO, to formate is illustrated. The membrane represents a cation exchange
membrane.
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Figure 1.7. Components of the batch-type reactor in the lab.

holder, and end plates) are based on the previous work [4] and machined after modification. The
polycarbonate is chosen since it has chemical compatibility with potassium bicarbonate with a
range of pH from 6 to 8, which is used as electrolyte in the system. All of CO; electrolysis is
performed with CO,-saturated 0.1 M KHCOj3 solution as electrolyte. The pH of the electrolyte
is changed from weak alkaline to weak acidic condition (from 8.2 to 6.8) after 30 min of CO,
purging process. Purification of electrolyte prior to any CO, electrolysis is necessary to remove
metallic impurities.

The electrolyte purification process takes 3 steps with regeneration of Chelex regin
(product No. 1421253). To purify 250 ml of 0.1 M KHCO3 solution, 9.38 g of Chelex regin is

used. Chelex is regenerated in 1 M HCl solution for 12 hrs under vigorous stirring, followed by
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washing and filtering with 5 L of D.I. water and using 0.45 micron filter (Corning polystyrene)
. Subsequently, the filtered regin is immersed in 1 M KOH solution at 60 °C for 24 hrs under
vigorous stirring, and then washed and filtered again until the pH of the filtered solution reaches
to neutral. During the 24 hours of stirring, a condenser is used to avoid change in concentration
from any solvent evaporation. During the neutralizing process, the heated KOH solution should
be cooled down to room temperature to facilitate the process. Finally, the purified 0.1 MKHCO3
solution is prepared by mixing the as-prepared 0.1 M KHCOj; solution with the regenerated
Chelex regin for 24 hrs under vigorous stirring and subsequent filtering.

Dry CO; gas stream is fed into the catholyte chamber through gas dispersion tubes with
fine size pores (5x135 mm, porosity E filter, Aceglass) to facilitate mass transport. The CO, gas
feed is also supplied to the anolyte chamber to achieve pH balance.

Preparation of the cell components. The purity of the inside of the batch-type reactor
is important to CO; electrolysis. Any trace amount of metal components from the previous
electrolysis can be deteriorate for the next electrolysis. The CO; electrolysis of planar electrode
with limited active site is sensitive to the trace amount of contaminant especially when Cu-based
electrode is used as catalyst.[27] It is encouraged to clean the polycarbonate body with diluted
10 vol.% HCI solution at least an hour after each electrolysis. More than 3 hours of immersion
of the polycarbonate body in the HCI solution may cause etching the surface, so should be
avoided. Meanwhile, the gas dispersion tube from the catholyte chamber should be cleaned in
the concentrated HCl solution (20 vol.%) for overnight. After cleaning in the HCI solution, there
should be no residue acid solution on the cell body and the gas dispersion tube after rinsing
them with D.I. water otherwise it causes critical changes in the reaction environment during the
electrolysis.

Ensuring air-tightness of the electrolysis system is important to perform accurate quan-
tification of the gas products and precise evaluation of the catalyst activity coupled with current
density. To have leak-free system, tightening volts and nuts with evenly distributed torque secur-

ing each component is necessary to balance pressure throughout the cell. Digitized torque wrench
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1s used to assemble the component in this consideration and 4.10 in—1b of torque is applied. Rule
of thumb is that overtightening is not an answer toward leak—free and this may worsen the system
via deformation of the thread, cutting the tube, or cracking the cell body materials. Another
approach that should be considered is clean surface of O-rings. In the batch-type electrolyzer
in the lab, Viton O-rings are used. This polymer—based O-rings are chemically inert and helps
air-tight via concentrated force along with the perimeter. However, if the surface of the O-rings
are not properly prepared (i.e., surface crack and dust on the surface) it can be a source of the
leak. To prepare clean surface, Ultra-sonication in D.I. water for at least 20 min and rinsing with
IPA solution is required prior to use. In case surface is cracked, it should be replaced to fresh
one.

Preparation of membrane. The membrane should be cut to fit the area between anolyte
and catholyte chamber. The total area of membrane needs to be adjusted to cover the O-ring but
not reach to screws. Before assembling the cell, the membrane should be thoroughly rinsed with
D.I. water. After rinsing, it is necessary to do ultra-sonication in D.I water for 20 min, followed
by D.I water rinsing. Then, the cleaned membrane should be stored in D.I. water unless it is used

for the next CO, immediately.

1.3.2 The GDE-incorporated Electrolyzer

Introduction to the Cell Compartments. The customized membrane electrode assembly
(MEA) type electrolyzer (Fuel Cell Technology, Inc.) is designed to enhance overall activities of
CO; conversion system via facilitating a rapid mass transport of CO; to the catalyst sites. To
take advantage of facile mass transport from GDE and to optimize electrolzyer design for liquid
products (formate in this thesis), a catholyte-free electrolzyer is developed via benchmarking the
membrane-electrode-assembly type electrolyzer. The catholyte-free electrolzyer is sandwiching
GDE with flow field and membrane. In this thesis, cation exchange membrane (Nafion 117,
Fuelcellstore) is applied to feed protons from the anode chamber to the cathode chamber diffusing

through the membrane. Due to the direct contact of catalyst layer to the membrane, the ohmic
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resistance of the electolyzer is maintained around 3 ohm. The nafion membrane is pre-cut
(1.5%1.5cm?) and stored in the anolyte at least 12 hours prior to electrolysis after DI water
sonication for 20 min. The interdigitated flow pattern is used to achieve well-distributed CO,
feed and anolyte circulation. A sodium phospate buffer solution (0.5 M, pH 3) is used as an
anolyte and it is circulated via analogue peristaltic pump. Considering the standard reduction
potential (Pourbaix diagram), graphite and Ti are used as materials for cathodic and anodic flow
field. The produced gas products and liquid product at the interface between the membrane
and the catalyst layer are diffused out from the GDE, as shown in Figure 1.8. Air-tightness is
achieved via PTFE gaskets and O-rings. The gaskets has a window to accomodate 1x 1¢m? area
of GDE. IrO; coated Ti mesh is used as an anode. Gold-plated thin metal plates are used as a

current collector and all of the components are clamped via end plates as shown in Figure 1.9.

1.3.3 Quantification of CO, Reduction Products

Separate efforts have been made to quantify gas and liquid products generated in the
electrolyzer. In the current CO; electrolysis system, the expected gas products are CO, C;—-C,
hydrocarbons (CH4, C,H4, and CyHg) and parasitic Hy. In case of liquid products, formate,
EtOH, n-ProH, and acetate are the major products that have been reported and detected during
my research.

The gas products are formed on the catalyst surface and they are simultaneously delivered
to the sampling loop in the gas chromatograph (GC, SRI GC, 8610C) through outlet of the
electrolyzer via unreacted CO, gas stream as a carrier gas. Once 1 ml of gas samples are collected
from the inner loop of GC, Ar carrier gas (at 15 psi) transports the sample gases into columns
equipped in the oven (temperature range from 50 to 90 °C). A molecular sieve SA is used to
separate H, and a haysep D column is used to separate CO, CHy, CoHy, and CoHg. A thermal
conductivity detector (TCD) for H, detection and a flame ionization detector (FID) for CO, CHg4,
C,Hy, and CyHg detection are applied. CO is detected via methanizer that is equipped to the

FID (separate H, gas pressure to the methanizer is set to be 20 psi). Within an hour of CO,
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Figure 1.8. Scheme of a half cell electrolyzer with membrane-electrode-assembly configuration.
The Conversion of CO, to formate is illustrated. The membrane represents a cation exchange
membrane.
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Figure 1.9. Components of the membrane-electrode-assembly type reactor in the lab.
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Figure 1.10. GC spectrums of gas compounds from FID and TCD channels using calibration
gas.
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electrolysis, 4 times of online quantification is designed to ensure repeatability and also monitor
the activity of the catalysts as a function of the electrolysis time. Prior to the CO; electrolysis
per day, GC is calibrated by using calibration gas mixtures. The standards contains 100 ppm of
CO, CHy, CyHg, and Hj, 200 ppm of C2H4, and 400, 2500, and 17000 ppm of CO,, oxygen, and
Nitrogen, balanced with Ar, respectively. The corresponding gas chromatography is shown in
Figure 1.10. GC columns are baked at 250 °C on weekly basis to remove any residue compounds
in the columns.

The liquid products are accumulated in the catholyte chamber (the batch-type reactor) and
liquid products resolvior (the catholyte-free electrolzyer) during the electrolysis, and sampled at
the end of electrolysis to ensure air-tightness of the electrolyzer. To quantify, two instruments of
"H nuclear magnetic resonance (NMR) is utilized (AVA300, Bruker and ECA500, JEOL). The
calibration curves are shown in Figure 2.5. Additional details are described in the Experimental

procedures of the Chapter 2 and Kim et al..[5]
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Chapter 2

Role of Strain: the Importance of Control-
ling Reaction Intermediate

2.1 Tuning CO, Reduction Pathway via Introducing Tensile
Strain on Model Cu (001) Surfaces

Carbon dioxide electrolysis powered by renewable energy is a potentially attractive
approach to close the carbon cycle and produce key chemical feedstocks. Here, we demonstrate
the substantial influence of tensile strain on the selectivity of CO, reduction toward higher
value-added, multi-carbon products by modulating the residual mismatch strain of Cu (001) thin
film catalysts grown epitaxially on single crystal Si substrates. By decreasing film thickness
from 100 nm to 20 nm, up to 0.22% tensile strain is introduced in-plane, shifting the measured
Cu d-band center at the surface upward, in good agreement with theory. CO; electrolysis at
moderate overpotential (-0.9 V vs RHE) in 0.1 M KHCO3 electrolyte reveals that the shift in
d-band center results in the suppression of single-carbon products, while activity for multi-carbon
products is maintained. Examination of the ratio of partial current densities for multi-carbon
products relative to CO and CH4 suggests increased CO insertion and hydrogenation on the
tensile-strained Cu (001) surface, driven by a change in the adsorbate bonding because of an
increased interaction with the upshifted d-band. This work provides direct experimental evidence
on model thin film CO, catalysts that strain can be systematically manipulated as a valuable tool

— independent of catalyst composition — for the design of efficient CO, electrocatalysts toward
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energy dense products.

2.2 Introduction

The electrochemical reduction of CO, to carbonaceous fuels and chemical feedstocks
is a potential strategy to mitigate global warming, leveraging readily accessible renewable
energy.[4, 3, 5] CO; electrolysis in aqueous media can produce a variety of carbonaceous
chemicals from single-carbon (C;) products (CO, formate, and CH4) to multi-carbon (C2+)
products (CoH4, acetate, EtOH, and n-PrOH). In general, these products have high volumetric
energy density and potentially facile integration with current industrial infrastructure. If produced
using renewable sources of electricity, they have the potential to provide carbon-bearing feedstock
chemicals with net negative carbon emission.[6, 7, 8]

Among transition metals, Cu is capable of producing value-added products such as
C,H4 and oxygenates, while its poor selectivity is a key challenge.[4, 13, 14] Among many
intermediates during electrochemical CO, reduction, it is widely suggested that *CO is a
selectivity-determining intermediate for formation of C;“ products.[28, 29, 30, 31, 32, 33, 34]
Defect-rich Cu surfaces with strong *CO binding sites have been reported to show enhanced
CO;, reduction selectivity to C2+ products.[16, 17] Strong *CO adsorption is accompanied with
an increase in its surface population, which promotes CO-CO dimerization to form *OCCO
intermediate.[ 18] Extensive efforts have been made to understand the reaction pathway to
improve selectivity toward various target products. For example, abundant low-coordinated
sites on small Cu nanoparticles increase chemisorption of CO,d and H,d, leading to increased
syngas formation.[35] Metal substitution can induce weakened *H binding energy, leading
to increased selectivity for liquid carbonyl products.[36] However, pathways to C;“ products
are still in need of clarifying experiments to validate theoretical predictions regarding the
reaction intermediates. Furthermore, testing of model catalyst surfaces, excluding structural and

compositional complexities, can help isolate the effect of binding energy of key intermediate
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that tunes overall catalytic activity.

Remnant strain that arises from catalyst growth on a lattice-mismatched substrate has
been proposed as one way to alter product distribution by modulating the adsorption strength of
the selectivity-determining intermediates on the catalyst surface.[37, 19, 20] The effect of strain
on the catalytic reactivity of a metal surface can be attributed to the change in the electronic
structure. d-band theory[38, 39, 40] suggests that tensile strain on late transition metals shifts
the d-band center up closer to the Fermi level and narrows the bandwidth. This shift decreases
electron occupation in the anti-bonding states of the metal-adsorbate interaction and therefore
results in stronger adsorbate binding on the metal surface. Prior study of CO; reduction on an
electrodeposited polycrystalline Cu thin layer on a polycrystalline Pt substrate shows inhibited
CH4 production and favorable C-C bond formation, suggesting the possible contribution of strain
on the product distribution.[19] A computational study of nanoparticle Pd icosahedra reveals that
tensile strain at their surface induces a decreased Gibbs free energy of *COOH formation, which
is a precursor of the *CO intermediate.[20] One of the practical challenges to understanding
the effect of strain on the adsorption energy of CO, reduction intermediates is the experimental
difficulty in excluding structural contributions such as surface defects,[ 16] surface roughness,[17]
and nanoparticulate geometry.[41] Well-defined planar surfaces such as single crystal Cu[42]
and epitaxially grown Cu[43, 44] can be used as model catalysts to evaluate the effect of strain
on CO; reduction activity. First-principles calculations suggest that terrace of Cu (100) surface
has a relatively lower reaction barrier for CO-CO coupling reaction as compared to closed-pack
Cu (111) surface that facilitates activity of C2+ products formation.[18, 45] As tensile strain is
applied on Cu (100) surface, the *CO adsorption energy is predicted to increase, increasing its
coverage on the surface, which may improve CO dimerization or chemical coupling reactions
with nearby C; intermediates.[ 18] One can also expect an increase in *H adsorption with tensile
strain due to the scaling relations that indicate its adsorption energy scales with *CO across
surfaces.[46] Increased *H can foster hydrogenation of reaction intermediates, which is proposed

to be an essential step for formation of C;“ products.[18]
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Herein, we demonstrate the role of strain on catalytic activity in the electrochemical CO;
reduction on Cu (001) surface by adopting a series of epitaxially-grown Cu films. The magnitude
of strain is controlled by varying Cu film thickness, which modulates the relaxation of tensile
strain originating from lattice mismatch between the Cu film and Si substrate.[19, 47, 48] As film
thickness decreases, increased tensile strain leads to an upshift in d-band center. This change
in electronic structure at the surface leads to reduced activity toward single-carbon products
while activity for C;r products is maintained, resulting in greatly improved selectivity. The
results suggest that tensile strain on the epitaxially grown Cu (001) surface increases adsorption
energy of both *CO and *H, hindering the generation of single-carbon products but sustaining
dimerization and hydrogenation to C;r products in the face of abundant hydrogen evolution. This
work demonstrates that the overall activity and selectivity of electrochemical CO, reduction on
Cu (001) surfaces can be modulated by tuning the magnitude of tensile strain, resulting from
changes in the d-band center that enhance the adsorption energy and population of key reaction

intermediates on the surface.

2.3 Experimental Procedures

Preparation of Epitaxial Cu (001) on Single Crystal Si (001) Substrate. Single-side
polished Si (001) wafers (University Wafers, p-type, 1-100 ohm cm) are used as a substrate
to achieve epitaxial growth of Cu (001) films. The wafers are diced into 2.15x4.5¢m? sized
pieces that are sonicated in a mixture of Acetone:IPA:DI water (6:3:1 v/v), followed by DI
water for 10 min each, and subsequently dried with a N, gun. To remove the native oxide
layer and trace amount of metal impurities, the substrates are immersed in 20 vol% of HF for
5 min and then transferred to 20 vol% of HCl solution for 5 min. Prior to Cu deposition, the
cleaned substrates are submerged into 20 vol% of HF solution again to establish an H-terminated
surface. Immediately after HF treatment, the Si substrates are transferred into an ultra-high

vacuum (~ 4 x 10~ Torr) chamber for sputter deposition of Cu in an AJA ATC Orion DC
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Figure 2.1. Film thickness and sputtering rate determination by profiler and ellipsometer

magnetron sputtering system. The pressure and flow rate of Ar are set to be 3 mTorr and 10 sccm,
respectively. Cu (99.999%, AJA) is sputtered at a rate of 1.73(8) A s~ at room temperature to
fabricate 20, 30, 40, and 100 nm of Cu films. The thickness of the films and sputtering rate are
carefully determined by a Dektak 150 surface profiler and J.A. Woollam M-2000D spectroscopic
ellipsometer (Figure 2.1). For the film annealed post-growth, we grow 100 nm epitaxial Cu (001)
film on a Si substrate at room temperature and subsequently anneal it at 65 °C for 14 hrs in the
high vacuum chamber (1.7 x 10~8 Torr). The as-prepared film catalysts are individually stored in
a vacuum bag when not in use to inhibit partial oxidation of the film in ambient air.

Physical Characterization of Films Out-of-plane and in-plane crystalline texture of the
epitaxial Cu (001) film is examined by X-ray diffractometry (XRD, Rigaku, Smartlab) using
Cu-Ka radiation. The medium resolution parallel beam optics are used for the analysis. The
tensile strain is calculated from the bulk lattice constant of Cu and the estimated lattice constant

at the surface of the films measured via in-plane grazing-incidence X-ray diffraction (GI-XRD).
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The X-ray angle of incidence is selected to be the critical angle (0.4°) where the X-ray interaction
produces only an evanescent wave at the surface, producing diffraction patterns specific to the
surface. The Bragg angle of the Cu (200) peak decreases with decreasing film thickness (the inset
of Figure 2.7A), indicating that the epitaxial mismatch results in in-plane tension at the surface of
the Cu thin films. Out-of-plane X-ray diffraction confirms a Cu (001) surface on the Si substrate
with a native Cu oxide layer present (Figure 2.2). The oxide layer is formed upon air exposure
during transportation of the films from the vacuum growth chamber. The surface morphologies
are characterized by scanning electron microscopy (SEM, Zeiss, Sigma 500) and atomic force
microscopy (AFM, Veeco, Dimension 3100), operating in “tapping mode”. Surface valence
band and core-level electronic structure of the as-prepared films are determined by Ultra-violet
photoelectron spectroscopy (UPS) and angle-resolved X-ray photoelectron spectroscopy (XPS)
with 90° emission angle with respect to film surface (Kratos, AXIS Supra) with He-1 and Al-Ka
radiation, respectively. The UPS and XPS spectra are recorded using pass energies of 160 eV
for the XPS survey and 20 eV for the UPS and XPS narrow scans. The binding energies are
calibrated using both Fermi edge (-0.06 eV) and the Au 4f 7/2 second-order peak (84 eV).
Caron Dioxide Electrolysis The electrochemical reduction of carbon dioxide is carried
out in a customized electrochemical cell[5] using a three-electrode setup at room temperature
and ambient pressure. The working and counter electrode compartments are separated by an
anion exchange membrane (Selemion AMYV, AGC inc.). Pt gauze (100 mesh, 99.9% metal basis,
Sigma-Aldrich) and Ag/AgCl (in KCI gel, Pine Research) are used as a counter and reference
electrode, respectively. CO,-saturated aqueous 0.1 M KHCOj3 solution (> 99.95% metal basis,
Sigma-Aldrich) is applied as an electrolyte (pH = 6.8). Additional purification of electrolyte
is carried out to remove metallic impurities by using chelating agent (Chelex 100, Bio-Rad
Laboratories, Inc.) prior to CO; electrolysis.[49] Research grade CO; is continuously purged
into the electrolyte at flow rate of 5 sccm during CO, electrolysis, controlled via mass flow
controller (Smart Track 100, Sierra). The electrochemical analysis of the electrodes is conducted

using a potentiostat (VSP-300, biologic). The potentials reported herein are corrected by 85%
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Figure 2.2. Theta-2theta scan of a representative epitaxial Cu (001) film on single crystal Si
(001) substrate. Bragg diffraction angles are confirmed by using Cu (ICSD PDF No. 43-493),
CuO (ICSD PDF No. 16-025), and Si (ICSD PDF No. 51-688) references.
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Figure 2.3. Linear sweep voltammogram on epitaxial Cu (001) films with varied thickness at
20 mV s~ ! of scan rate. (A) 20 nm, (B) 30 nm, (C) 40 nm, and (D) 100 nm. Removal of native
oxide layer is confirmed by disappearance of reduction peak at > 0 V vs RHE after 10 min of
pre-electrolysis at the corresponding potentials.

automatic iR-compensation and 15% manual compensation and converted to the reversible
hydrogen electrode (RHE) scale.[4, 5] Prior to CO, electrolysis, the as-prepared epitaxial Cu
(001) film surfaces undergo pre-electrolysis for 10 min at the corresponding potentials to remove
the native oxide layer, and the corresponding data is shown in Figure 2.3.

Quantification of gas and liquid products At least three electrolyses are performed
at each film thickness for repeatability. All gas products produced in the working electrode
compartment are collected directly into a gas-sampling loop and quantified by online gas

chromatography (GC, SRI 8610C, Sri) (Figure 2.4) with a molecular sieve SA and a Haysep D
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Figure 2.4. GC spectrums of gas compounds from FID and TCD channels using calibration gas.

column, a TCD/FID detector, and using Ar as a carrier gas. The partial current density of each gas
product is averaged over 4 GC injections during 1 hr chronoamperometry (CA) measurements.
The liquid products from both working and counter electrode compartments (total volume of the
cell: 16 ml) are quantified at the end of the electrolysis using 'H nuclear magnetic resonance
(NMR) spectroscopy with a 300 MHz spectrometer (AVA300, Bruker), as shown in Figure 2.5.
Additional details can be found in our previous work.[5] Geometric partial current density of CO;
reduction products is calculated from steady state current density during chronoamperometry
and quantification of the reaction products by GC-TCD/FID and 'H NMR. The partial current
densities, Faradaic efficiencies and the standard-deviations between electrolysis are shown in

Table 2.1 and S2, respectively.

Table 2.1. Geometric partial current density of the electrochemical CO; reduction products over
the epitaxial Cu (001) film catalysts on Si (001) substrates.

Thickness Ip strain d-band j-total

center / H (6(0] CH,4 C,H; Formate Acetate EtOH n-PrOH
/nm ! % )
/eV mA cm

20 0.22 549 4.42 3.36 0.03 0.01 0.27 0.04 0.05 0.14 0.12
(0.03) ' (0.46) (0.38)  (0.01) (-) (0.06) -) (0.01) (0.02) (0.01)
30 0.10 251 2.04 1.52 0.04 0.02 0.30 0.06 0.04 0.11 0.08
(0.11) ' 0.47) (0.24)  (0.01) (-) (0.05) (0.02) (-) (0.01) (0.02)
40 0.03 253 1.62 0.77 0.04 0.02 0.34 0.10 0.06 0.14 0.09
(0.03) ' (0.15) (0.15)  (0.01) (-) (0.03) (0.01) (0.01) (0.02) (0.03)
100 0.01 257 1.38 0.58 0.04 0.04 0.30 0.10 0.05 0.13 0.10
(0.03) ' (0.09) (0.11)  (0.01) (0.01) (0.06) -) (0.02) (0.01) (0.04)
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Figure 2.5. '"H NMR spectrum of electrolyte after 1 hr of electrolysis on epitaxial Cu (001) film
(100 nm of thickness) on Si (001) substrate at -0.9 V vs RHE in CO;-saturated 0.1M KHCO;3

electrolyte.
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2.4 Changes in the Electronic Structure via In-plane Tensile
Strain

Strained epitaxial Cu (001) thin films of thickness 20 to 100 nm are grown on single
crystal Si (001) substrates, leveraging the epitaxial relationship between the rotated lattices.[43,
50, 51, 52] The epitaxial relationship of Cu thin films and Si substrate is confirmed by phi scans
as shown in Figure 2.6A, indicating the expected 45° in-plane rotation of Cu lattice with respect
to Si substrate.[52]

Surface-sensitive grazing-incidence X-ray diffraction conducted at the critical angle
reveals 0.22% in-plane tensile strain in the 20 nm film, which decreases to 0% at the surface of
the 100 nm film, as shown in Figure 2.7A. These data indicate that changing film thickness can
modulate the remnant tensile strain at the surface.

The tensile strain is a function of film thickness, since the critical thickness where
misfit dislocation appear is in principle only several nanometers from the Cu (001)/Si (001)
interface.[53] This is consistent with the results (Figure 2.7A) in which decreasing tensile
strain is observed with increasing film thickness, indicating strain relaxation.[19, 47, 48] Figure
2.6B shows the in-plane texture of the as-prepared films measured with an incidence angle of
0.5°, above the critical angle for external reflection. The corresponding in-plane tensile strain
samples the bulk of the film (Figure 2.6C) and is larger in magnitude than the surface-specific
measurement (Figure 2.7A), confirming the strain gradient from the growth interface to the
surface.

Comparison of the valence band (VB) spectra from ultraviolet photoelectron spectroscopy
(UPS) as a function of film thickness reveals systematic alteration of the surface electronic
structure. The spectra of Figure 2.7B shows a narrowing bandwidth as a function of tensile strain.
This is suggestive of a reduced overlap of the wavefunctions because of the expanded distance
between Cu atoms at the surface under tensile strain.[40] We note that the native oxide layer and

trace surface contaminants are removed by Ar-ion sputtering (for 90 sec at 5 keV) prior to VB
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Figure 2.6. X-ray diffractometry on as-prepared epitaxial Cu (001) on single crystal Si substrate.
(A) phi scan of a representative epitaxial Cu (001) film on single crystal Si (001) substrate. (B)
In-plane X-ray diffraction patterns of each film at 0.5° angle of incidence. (C) Corresponding
in-plane strain as a function of film thickness. Bragg diffraction angles are confirmed by using
Cu (ICSD PDF No. 43-493) and Si (ICSD PDF No. 51-688) references.
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Figure 2.7. Structural properties of as-prepared epitaxial Cu (001) on single crystal Si (001).
(A) In-plane strain at the surface measured as a function of film thickness by grazing-incidence
X-ray diffraction. The inset shows the shift of the Bragg peak to lower angle with decreasing
film thickness. (B) He-I UPS valence band spectra. (C) d-band center from UPS as a function
of in-plane strain. The 99% confidence interval is shown with dotted lines. SEM images of Cu
(001) films: (D) 100 nm, (E) 40nm, (F) 30nm, and (G) 20 nm.

measurement. Post-cleaning, Cu 2p XPS spectra indicate a surface of purely metallic Cu, as seen
in Figure 2.8A-B, analogous to the surface on which the catalytic reaction occurs. We extract the
d-band center by fitting the VB spectra[54] (Fig. 2.8C), and the resulting d-band center is shown
as a function of strain at the surface of the catalyst films in Figure 2.7C. The data indicate that
the d-band center shifts upward toward the Fermi level by about 80 meV as tensile strain at the
surface reaches 0.22 %, a trend in agreement with the prediction by d-band theory.[38, 39, 40]
The film catalysts exhibit a columnar microstructure, as seen in the scanning electron
micrographs of Figure 2.7D-G and Figure 2.9. The average column size decreases with decreas-
ing film thickness, and in all films gaps between the columns exist, with more gaps in thinner
films. This microstructures agrees well with the Structure-Zone Model (SZM) for physical vapor
deposition at room temperature.[55, 56] While the XRD indicates the crystallites are perfectly

textured, the gaps between crystallites may expose step and kink sites. Electric double-layer
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Figure 2.8. Electronic structure of the as-prepared epitaxial Cu (001) films. (A) XPS survey
spectra of a representative Cu (001) film on Si substrate before (blue) and after (orange) Ar™ ion
etching. All sample surfaces were etched similarly prior to UPS and XPS measurements. (B) Cu
2p XPS spectra of Cu (001) films with varying film thickness. (C) UPS valence band spectra
collected using He-I excitation. The red * indicates d-band center estimated to the weighted
average energy of the valence band spectra.[54]
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Figure 2.9. Full size SEM images of Cu (001) films: (A) 100nm, (B) 40nm, (C) 30nm, and (D)
20nm.

capacitance (EDLC) measurements of the films yield roughness factors between 1.1 to 1.6, as
shown in Figure 2.10, confirming minimal nanoscale roughness.

The strained Cu (001) film catalysts exhibit stable current densities during 1 hr of CO,
electrolysis at -0.9V vs RHE in 0.1M KHCOs; (Figure 2.11). After the electrolysis, the film
morphology remains largely unchanged, though pinholes form across < 5% of the area because
of film delamination (SEM shown in Figure 2.12, post-electrolysis EDLC shown in Figure 2.10).
The background current from any exposed Si (001) substrate is extremely small (~4 uA cm™2),
indicating that the effect of any possible substrate exposure through the pinhole on CO; reduction

is negligible.

2.5 Effect of Tensile Strain on CO, electrolysis activities

Figure 2.13 shows the dependence of CO; reduction activity on the d-band center of the
strained Cu (001) film catalysts. The corresponding data are detailed in Table 2.1. Grouping CO,
reduction products according to the number of constituent carbon atoms makes clear in Figure

2.13A that an upshift in the d-band center suppresses formation of single-carbon products, while
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Figure 2.10. Double-layer capacitance of the as-prepared epitaxial films. (A-B) Typical cyclic
voltammograms of the epitaxial Cu (001) film before and after 1hr of electrolysis. Scan rates
are 5, 10, 20, 40, and 80 mV s~ !. (C) Plot of the current density vs scan rates. (D) Roughness
factor of the films with respect to film thickness before and after electrolysis. Error bars indicate
a standard deviation of measurements across at least three samples. Consistent purging of CO,
for more than 30 min before and during the analysis ensures no remaining pre—dissolved gases
such as oxygen in the electrolyte. The cyclic voltammetry is performed in the potential range
where the major current is capacitive current.[42] The capacitance is estimated by (j,—j.)/2 at the
centroid potential of given potential range (where j, and j. are the anodic and cathodic current
densities, respectively) against the scan rate. The shift in the potential range between before
vs. after electrolysis is due to the small alternations of the film surface during electrolysis. The
spikes in the voltammogram are simple artifacts coming from the automatic current range setting
of the potentiostat and do not affect the analysis. Roughness factor is calculated by using the
capacitance of a polycrystalline Cu foil as a reference value of 1.[5]
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Figure 2.12. SEM images of epitaxial Cu (001) on Si (001) substrate after electrolysis at 0.9 V
vs RHE for 1 hr. Scale bars are 200 nm.
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Figure 2.13. Geometric partial current densities of (A) hydrogen, multi-carbon (C,+), and single-
carbon (C) products, (B) single-carbon products, and (C) multi-carbon products formation at
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multi-carbon products are sustained despite an increase in hydrogen evolution. We performed a
statistical analysis to quantitatively examine whether shift in the d-band center is responsible
for the changes in the partial current densities of hydrogen, C2+ , and Cy products. Ordinary
least-squares (OLS) regression is used to fit a quadratic model (equation 2.1) between d-band
center (dcenrer) and the geometric partial current density (jgeo) of hydrogen, Cy, and C; products.
The regression results are subjected to an F—test[57], which quantifies the explanatory power
of the regression in comparison to an intercept-only model (i.e. does the independent variable
dcenter Influence the dependent variable jg.,?). The F-test generates a p—value for the overall

regression.

jgeo =a+b X deenter +¢ X dgenter (2.1)

As shown in Figure 2.13A, the confidence intervals for the increase in hydrogen evolution
and decrease in C; products formation clearly include non-zero coefficients, where the C2+ bands
include coefficients of zero. This is substantiated by the resulting p—values, where a trend of
hydrogen evolution and the C; trend with the shift in the d-band center are significant at p
<0.001 and p < 0.001, respectively, while there is no meaningful trend for C;“ (p = 0.983). This
confirms the dependence of CO, reduction selectivity and activity on the d-band center of Cu
(001) surfaces.

Focusing more finely on the single-carbon products, Figure 2.13B shows that an 80 meV
upshift in d-band center reduces the partial current densities for formate by 60% (from 0.10 to
0.04 mA cm~2) and for CHy by 75% (from 0.04 to 0.01 mA cm~2). The partial current density
for CO also decreases from 0.04 to 0.03 mA cm~2. Single-carbon product formation is clearly
sensitive to the change in the electronic structure.

In contrast, the partial current densities for oxygenate products (EtOH, n-PrOH, and
Acetate) are steady across d-band positions, as shown in Figure 2.13C (at ~0.13, 0.10, and 0.05

mA cm~2, respectively). The partial current density for C;Hy is roughly unchanged at ~0.3
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mA cm~2, perhaps decreasing modestly (<10%) at the highest strains. The flat trend of the C;“
products with d-band center position suggests that strain on the (001) surface of the catalysts
does not dominate the C-C coupling efficiency.

The Faradaic efficiencies of the Cu (001) catalysts as a function of d-band center are
shown in Figure 2.14 and detailed in Table 2.2. As the d-band center shifts upward, the Faradaic
efficiencies of all CO, electrolysis products decline because of parasitic hydrogen evolution
reaction (HER). In the discussion below, we focus on insights into the reaction pathway for CO,
reduction through analysis of the partial current densities of CO; reduction products as a function
of strain on the Cu (001) surface. However, we emphasize that at high strains, HER increasingly
outpaces CO, reduction on Cu (001) and dominates the Faradaic efficiency. Use of a gas
diffusion electrode architecture[58, 59] could be a path to circumvent such high parasitic HER
and leverage the tuning of CO; reduction intermediates by strain. In addition, one can expect
that using an alkaline electrolyte would shift the overall overpotential for CO; reduction products
more positive.[29] While the experiments reported here focused on CO; electro-reduction, no
substantive shift in overpotential for multi-carbon product formation is expected upon changing
the starting reactant from CO, to CO, based on previous results indicating CO,-to-CO conversion

is not the rate-limiting step on Cu surfaces.[29]

Table 2.2. Faradaic efficiencies of the electrochemical CO; reduction products over the epitaxial
Cu (001) film catalysts on Si (001) substrates.

Thickness  Ip strain d-band FE_total
center H, CO CHy4 C,H; Formate  Acetate EtOH n-PrOH
/ nm ! % JRY, ! %

20 0.22 249 91.55 75.91 0.67 0.19 6.24 1.05 1.27 344 2.93
(0.03) ’ (2.18) (2.02) (0.11) (0.07) (1.45) (0.11) (0.31) (0.86) (0.27)

30 0.10 251 92.12 64.06 1.95 0.80 15.79 3.10 2.21 5.40 4.16
- (0.11) ’ (0.01) (6.04) (0.88) (0.31) (4.47) (1.37) (0.64) (0.85) (1.14)

40 0.03 253 94.44 47.57 2.56 1.39 21.39 5.86 3.58 8.83 5.02
(0.03) T (2.64) (5.53) (0.72) (0.36) (1.75) (0.19) (0.86) (2.01) (1.81)

100 0.01 257 96.37 41.60 2.90 2.55 22.18 7.59 3.63 9.48 7.41
(0.03) ’ (1.57) (5.59) (0.55) (0.39) (4.84) (0.44) (1.29) (0.65) (2.94)
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Figure 2.14. Faradaic efficiencies of CO, reduction products on epitaxial Cu (001) film catalysts
as a function of d-band center. (A) multi-carbon, (B) single-carbon products, and (C) Hydrogen
and total Faradaic efficiency at -0.9 V vs RHE in CO;-saturated 0.1 M KHCOs electrolyte.
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2.6 Comparison to State-of-the-art Catalysts

To examine the trends in CO, reduction activity and selectivity for the strained Cu (001)
catalysts and compare them with previously reported planar Cu surfaces, we show the geometric
partial current density of C;“ products vs. that of C; products in Figure 2.15. The data is
tabulated in Table 2.3. For our strained Cu (001) thin film catalysts, the partial current density
for single-carbon products is continuously suppressed as the in-plane tensile strain increases
while that for C2+ products is rather flat. This leads to a 7-fold higher activity toward CQL products
relative to single-carbon products on the 20 nm Cu (001) film catalyst (0.22% tensile strain).
In part, the suppression of single-carbon products with increasing tensile strain at the surface
could be because of an increase in the rate of hydrogenation of single-carbon intermediates.
According to d-band theory, the adsorption energy of reaction intermediates, and hence their
surface population, can be increased as the density of states near the Fermi level increases
upon upshifting of d-band center position.[40, 60, 61] Computationally, tensile strain is seen
to increase the adsorption energy of CO; reduction reaction intermediates, especially *CO, on
Cu (001).[18] The predominant hydrogen formation with a higher d-band center (Figure 2.13A)
indicates that the adsorption energy of *H is also governed by tensile strain on Cu (001). We
conclude that upshifting d-band center increases the adsorption energy of not only *CO but also
*H, as expected from scaling relations.[46] We focus on how the modulation of *H and *CO by
strain influences the pathway of CO; reduction reaction, since the impact of strain on hydrogen
evolution is well demonstrated.[29]

The increase in surface population of *H in the presence of tensile strain may promote
hydrogenation of carbonaceous intermediates, e.g. *CO-to—*CHO, leading to reduced desorption
of single carbon intermediates and further reduction. It is well-established that the Cu (001)
surface facilitates C-C coupling,[42, 43, 44] lead to selectivity above the 1:1 line. A more stable
adsorption of *CO on Cu (001) than Cu (111) is found to be energetically favorable to *CO

dimerization to the *OCCO intermediate and subsequent C; products.[18, 45, 62]
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Table 2.3. Geometric partial current densities for multi-carbon products and single carbon
products on planar model catalysts.

Catalysts J-C1 products j,C;r products
Epitaxial Cu(001)
20nm (this work) 0.08 0.59
Epitaxial Cu(001)
30nm (this work) 0.11 0.53
Epitaxial Cu(001)
40nm (this work) 0.16 0.63
Epitaxial Cu(001)
100nm (this work) 0.18 0.58
Epitaxial Cu(001)[43] 0.27 0.34
Epitaxial Cu(111)[43] 0.49 0.03
Epitaxial Cu(751)[43] 0.34 0.2
Single crystal Cu(001)[42] 0.18 0.27
Single crystal Cu(111)[42] 0.35 0.01
Single crystal Cu(110)[42] 0.41 0.04
Epitaxial Cu(001)[44] 0.33 0.33
Polycrystalline Cu[4] 0.45 0.05

In addition, *CHO formation via hydrogenation of *CO with nearby *H is favored on
Cu (001) surface owing to its lower coordination than Cu (111), which in turn increases the
coverage of *CHO on the surface.[18] With the increment of *CHO intermediate on the surface,
the C-C coupling reaction through OC-CHO or *OHC-CHO are expected to be facilitated
producing *COCHO and/or *COCHOH, other selectivity-determining intermediates to C-C
bonding products.[32, 63, 64] This reinforces our speculation that the inhibited activity for
single-carbon products formation may be because of facile *CHO formation in the presence of
strain on Cu (100) surface. We note that epitaxial Cu films in the literature included in Figure
2.15 are over 100 nm in thickness -— at this thickness, mismatch strain would be completely
relaxed, resulting in reduced *CO and *H binding energies with respect to the strained film
catalysts in this study.

Interestingly, the partial current density for C;“ products on the strained (001) Cu film
catalysts are substantially higher than those previously reported for Cu (001) catalysts (Figure

2.15). We first presumed that the enhanced activity for C;r products on the film catalysts in
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this study as compared to the previously reported Cu (001) films results from defects along the
edges and sides of the columnar crystallites seen in Figure 2.7D-G. Perhaps similar to these
edges, defects at grain boundaries have been shown to play an important role in C-C coupling
reaction.[65, 66, 67] To test whether the catalytic activity for C; products is related to these
edge sites, a mild post-growth annealing of the 100nm Cu (001) film is performed at 65°C for 14

hrs to fill the voids, increase columnar grain size, with no change in strain expected.[66]

2.7 Structural Properties And CO, Reduction Activities on
the Heat-treated Epitaxial Cu (001) Film Catalyst

Figure 2.16A shows AFM images of (1) the as-prepared and (ii) the post-growth annealed
100 nm film catalysts. The AFM height data reveal a collapse of the columnar structure, a
reduction of void fraction, and thereby fewer edge sites present the surface after annealing.
These outcomes are particularly apparent in the amplitude images in Figure 2.17A-B, in which a
decreased density of the columnar grain boundaries upon heat treatment is observed. Consistent
with this observation, a densified surface morphology is revealed by SEM imaging after annealing
as shown in Figure 2.16B. We confirm that the post-growth annealed 100 nm film catalyst is
still purely (001) oriented and exhibits no strain (Figure 2.18A-B), indicating that the epitaxial
relationship of the films on the Si (001) substrate is maintained during the mild post-growth
anneal.

The surface-area-normalized partial current density for C;r products is modestly reduced
in the densified, post-growth annealed 100 nm film catalyst (Figure 2.16C). Because the annealing
definitively reduces the exposure of edge sites, this trend suggests that these edge sites contribute
some to C; product formation. The increase in partial current density for single-carbon products
and decrease in hydrogen partial current density of the post-growth annealed film may be
accounted for by the increase in the area of unstrained (001)—oriented surface in the densified

film catalyst. Here we note that the partial current density of Figure 2.16 is normalized by
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Figure 2.16. A 100nm Cu (001) film with post-growth annealing at 65°C for 14 hrs (orange)
and a 20nm Cu (001) film grown at 65°C (dark brown). AFM height images of (A,i) as-prepared
100nm film, (A,ii) post-growth annealed 100nm film, (D.,i) as-prepared 20nm film, and (D,ii)
the heated-grown 20nm film. Scanned area of 1 um x 1 um at a scan rate of 1 Hz. SEM image
of (B) the post-growth annealed 100nm film and (E) the 20nm heated-grown 20nm film. Scale
bars indicate 200nm. Comparison of surface-area-normalized current densities for single-carbon,
multi-carbon products and hydrogen on (C) the as-prepared and the post-growth annealed 100nm
Cu (001) film catalysts and (F) the as-prepared and the heated-grown 20 nm Cu (001) film
catalysts.
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Figure 2.17. AFM amplitude images of the as-prepared and the heat-treated epitaxial Cu (001)
films on Si substrate before electrolysis. Scanned area of 1 ymx1um at a scan rate of 1 Hz.
Scale bars indicate 200 nm.
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Figure 2.18. Grazing-incidence X-ray diffraction of the epitaxial Cu (001) films on Si substrates.
(A) In-plane X-ray diffraction patterns of each film at 0.5° angle of incidence. (B) Corresponding
in-plane strain as a function of film thickness.

roughness factor estimated by EDLC (Table 2.4) to exclude possible influence of surface area on

this comparison.

Table 2.4. Roughness factor of the as-prepared and the heat-treated Cu (001) films.

Film conditions Roughness factor by EDLC
As-prepared 20 nm 1.62
Heated-grown 20 nm 1.85
As-prepared 100 nm 1.15
Post-growth annealing 100 nm 1.33

Were the edge sites to dominate catalytic activity towards Cz+ products, a correlation
between the decreasing columnar crystallite size seen in the thinner film catalysts and activity
for C;’ products would be expected. However, we find rather consistent activity for C;’ products
across film thickness and increasing activities for HER with thinner films that is in contrast with
a previous report.[67] We therefore conclude that we cannot attribute the activity for C; products
predominantly to edge effects.

Secondly, we conjecture that the drop in the activity for single-carbon products on
our thinner films is largely attributed to increasing tensile strain. To extend our test of this

hypothesis, we grow a 20 nm Cu film on a single crystal Si (001) substrate maintained at 65°C
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during deposition to increase the expected mismatch strain upon cooling because of the differing
coefficients of thermal expansion (CTE).[68, 69]

We compare the surface texture of 20 nm thick Cu (001) film resulting from (i) the
baseline room-temperature growth and (i1) the 65°C heated-growth via AFM height and amplitude
images, as shown in Figure 2.16D and 2.17C-D. An increase in crystallite size is seen in the
heated-growth film, as compared to the as-prepared 20 nm film. The surface morphology ends
up similar to the as-prepared 100 nm film. The SEM imaging of Figure 2.16E also shows that the
20 nm film grown at the elevated temperature exhibits reduced void fraction relative to the room-
temperature growths (Figure 2.7G). This may suggest fewer edge sites remain on the surface.
The modest elevation of substrate temperature works to reduce void fraction, following the
SZM.[55] As expected, the heated-grown Cu film maintains (001) oriented crystalline structure
and exhibits 0.31% strain (Figure 2.18), larger than the corresponding 20 nm film grown at room
temperature (0.22%) because of the increased lattice mismatch due to differing CTE.

However, the differences in activity and selectivity for CO, electrolysis between the 20
nm room-temperature and heated-growth film catalysts are marginal, as shown in Figure 2.16F.
Even though the surface texture of the 20 nm film catalyst grown at 65°C is quite similar to
the as-prepared 100 nm film catalyst, the selectivity of the 20 nm Cu film catalyst grown at
65°C maintains nearly 7-fold enhancement, as estimated by the ratio of current density for C2+
products to C; products. This result supports our second hypothesis that the tensile strain largely
governs the overall CO; reduction reaction pathway rather than the amount of edge sites on the
catalyst surface. The strain effect may saturate when tensile strain reaches 0.2-0.3% as seen here.

Increased out-of-plane tilting and in-plane twisting is also observed in thinner films as
indicated by comparing the full width half maximum (FWHM) of the rocking curve and phi
scans in Figure 2.19, respectively. Moreover, the heated-grown 20 nm Cu film shows increased
misorientation, while that of the post-growth annealed 100 nm Cu film decreases. The increment
in the misorientation may result in an increase in defect density (e.g. step and kink sites) at the

surface of the thinner films, resulting from distortion of epitaxial building blocks with respect

45



20nm grown at&5sC
20nm

30nm
40nm
100nm
100nm annealed at&5C

h
u
=

Normalized intensity fa.u.

5 20 25 30 35 40 45
w [ deg.

-

20nm grown at&5sC
20nm

30nm

40nm

100nm

100nm annealed at&5C

Tilting misorientation / deg
B
O, W
Twisting misorientation / deg

a
L/

Film thickness / nm

Normalized intensity f a.u.

=
en
=

165 170 175
¢ 1 deg.

Figure 2.19. Crystalline structure of each Cu film (A) Rocking curves and (B) phi scans of each
Cu film with respect to film thickness and deposition condition. (C) Corresponding tilting and
twisting misorientation of the Cu films.

8 |A * «30.12} B « 3040 C
= o H: . E E o035 1
E Gt I E 040pE -l E ---------- b ,'l
E 4 G é E - ‘e‘-.l E 0301077, CHy k
F 0.08] - FOIMA i 0.25 l g EtOH *
E z A E -Co i E ogo - ™POH +
5 r‘_'"""-"__‘:"** 2 0.06f -»-CHs i = Acetate ‘+
et - P et u_!j
L Ll L T — a]l LD il POV S0 ¢
E [ E ¥l + E 010 &
S o0 T S oaml T -4 O 4
L vy O 002 &, o
B 005 = * B 005
£ ooo 5 000 2 5 000
o 80 60 40 20 O = 100 80 60 40 20 0 o 100 80 60 40 20 0
Film thickness / nm Film thickness/ nm Film thickness / nm

Figure 2.20. CO, reduction activity of strained Cu (001) surfaces as a function of film thickness.
Geometric partial current densities of (A) hydrogen, multi-carbon (C2+ ), and single-carbon (C)
products, (B) single-carbon products and (C) multi-carbon products formation at -0.9 V vs RHE
in CO,-saturated 0.1M KHCO3 electrolyte.
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to each other.[70] Growing thicker epitaxial films beyond the critical thickness will lead to
the generation of threading dislocations that relax the strain energy[71, 72] and increase the
microstrain. However, the microstrain in the films here is largest for the thinner films, suggesting
it is dominated by the twist/tilt misorientations in the early stages of film growth. We perform
additional CO; electrolysis on 10 nm Cu (001) films, where a further upshifted d-band center
is expected (Figure 2.20). We observe that the 10 nm film follows the overall trend for partial
current densities of hydrogen, multi-carbon, and single-carbon products. However, diminishing
changes are seen in the partial current densities for carbonaceous products on the 10 nm films vs
the thicker films. This is consistent with Figure 2.7C, which shows that the shift in d-band center
position, and hence the catalysis, appears to saturate at higher strains.

Even so, the increasing misorientation in our thinner film catalysts does not correlate with
an increased activity for C;r products, although C-C coupling can be expected with increasing
step and kink sites revealed on the surface.[73] This further suggests that the defect density
at the strained surfaces may not be the dominant factor in the change in the CO; reduction
reaction activity seen in Figure 2.13 and 2.15. The larger misorientation of our film catalysts
(e.g. 100 nm Cu film, FWHM=2.87°) with respect to previously reported (001) Cu films on Si
(FWHM=2.1°)[44] may be responsible for the difference in the partial current density for C;’

products between our film catalysts and the other Cu (001) model catalysts (Figure 2.15).

2.8 CO; Reduction Reaction Mechanism under Tensile
Strain

Combining our experimental observations with recent theoretical calculations suggests
that the reaction mechanism of CO; reduction on Cu (001) is quite strain sensitive. The reaction
scheme in Figure 2.21A seeks to identify the role of strain while taking into account previously
proposed reaction pathways.[28, 31, 33, 18, 11, 74] We draw *COO-, *OCHO, and *H as

starting intermediates since they are the first CO; reduction intermediates bound to the surface.
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Figure 2.21. Effect of in-plane tensile strain on CO, reduction. (A) Summarized CO, reduction
reaction pathways including parasitic hydrogen evolution reaction.[28, 31, 33, 18, 11, 74] The
numbers on y-axis represents number of electrons transferred upon reaction coordinates. All
single-carbon products are in the orange color regime and multi-carbon products are in the
green color regime. All lines drawn here is a proposed reaction pathway combined recent
theoretical insights. Red line indicates a proposed CO insertion reaction or hydrogenation to
carbonaceous intermediates and black line indicates proton-electron transfer reaction. (B) Ratio
of the geometric partial current density for multi-carbon products to CO and CH4 with respect to

d-band center position.
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Figure 2.22. Ratio of geometric partial current density for formate to other carbonaceous
products with respect to d-band center position.

From our results above and previous computational results,[18] we expect an increasing
population of both *CO and *H on a tensile—strained Cu (001) surface, promoting not only
the *CO coupling reaction but also hydrogenation of *CO to *CHO.[75] This may result in
the suppressed formation of single-carbon products and facilitate C—C coupling kinetics,[63]
although kinetically-facile HER consumes most of electrons at the highest degrees of strain. The
Cu (001) surface is known to have a lower energy barrier for CO; reduction to *CO than CO; to
*OCHO, the formate intermediate, that intrinsically guides the reaction path to hydrocarbon or
alcohol formation instead of formate on the strain-free surface.[76] The selectivity to formate
is further suppressed on Cu (001) surface with upshifting d-band center position, as shown in
Figure 2.22, which is probably attributed to the increased surface coverage of *CO and *H. We
speculate that hydrogenation of *CO to *CHO can be promoted owing to abundant[77] *H upon
introducing tensile strain. Therefore, the increased population of both *CO and *CHO may lead
to facile transformation of single-carbon intermediates to multi-carbon intermediates and, thus,
accelerate *CO dimerization and/or *CO insertion into *CHO that generates either *OCCO,

*OCCHO, or *OCCOH.[28, 31, 33, 18, 74]
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The reaction path beyond these C, intermediates branches into multiple, complex reaction
paths, as shown in Figure 2.21A. The subsequent proton-electron transfer reactions with C-C
containing intermediates produce C;“ products such as acetate, CoH4 and EtOH.[31, 33, 34, 78]
The reaction path for C3 products such as n-PrOH is proposed to be through coupling of *CO
with *OCHCH; or C,H4 molecules nearby.[28, 74] We tentatively speculate that the modestly
decreasing CoHy4 activity and rather steady alcohol formation rate (Figure 2.13C) with increasing
tensile strain may be attributed to the increasing distance between Cu atoms along that may
hamper substitution of oxygen in *OCHCHjy, resulting in suppressed C,Hy formation.[28, 31, 63]

Ultimately, we conclude that the manipulation of the d-band center position of Cu (001)
by tensile strain modulates the reaction pathway and alters the product distribution as seen in
our experiments above. Comparing activity for C;r products to the activity of CO and CHy
formation is informative as the reaction path selected after *CO formation heavily relies on
the *CO coverage.[79] Figure 2.21B shows ratio of partial current density for C2+ products
compared to C; products, CO and CH4 with respect to d-band center position. It is clearly seen
that selectivity for the C; products is higher on more strained films, where a stronger adsorption
energy for reaction intermediates is expected due to the upshifted d-band center. Evidently, the
ample *CO coverage resulting from tensile strain leads to C-C coupling that hampers both CO
and CH,4 formation. We propose that the selectivity for C2+ products on Cu (001) surface with
higher d-band center is largely due to the increased adsorption energy for both *CO and *H,
which together with their increasing surface coverages suppresses reaction pathways toward

single-carbon products.

2.9 Summary

In summary, we provide quantitative analysis of electrochemical CO, reduction on model
strained Cu (001) surfaces to demonstrate strain engineering as a path to tune the product

distribution. Increasing tensile strain is observed as the film thickness of epitaxially-grown
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Cu (001) film on Si (001) single crystal substrates decreases. The tensile strain shifts the d-
band center toward the Fermi level. The change in electronic structure and resulting adsorbate
interaction suppresses the kinetics for CO; reduction to single-carbon products, while the
activity for C;“ products is steady. The higher d-band center is positively correlated overall
to enhancing selectivity for C; products relative to CO and CHy4, suggesting an increase in
adsorption energy and surface coverage of *CO and *H. At the same time, due to the linear
scaling relation between *CO and *H, as tensile strain increases the increasing favorability
of hydrogen adsorption leads to hydrogen evolution outstripping the Faradaic current for CO,
reduction. These experimental demonstrations of the role of strain in model catalysts facilitate
the rational design of nanoparticulate CO; reduction electrocatalysts. The results of this work
highlight the opportunity to design electrocatalysts explicitly using strain engineering to focus

the reaction pathway toward highly energy dense CO; reduction products.
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Chapter 3

Effect of Surface Morphology: Shifting
CO; Reduction Products Selectivity

3.1 Enhanced Multi-carbon Products Selectivity on the
Mesostructured Cu Catalyst

The electrochemical conversion of CO, to hydrocarbons and alcohols for use as a renew-
able energy storage medium is a promising approach to CO, utilization and energy sustainability.
Herein, we demonstrate that the selectivity of an electrochemically reduced Cu(OH);, nanowire
catalyst towards C,-C3 compounds (ethylene, EtOH and n-PrOH) is systemically modified by
surface morphology, which is governed by the electrolysis potential. The total Faradaic efficiency
of CO; reduction to C-C3 compounds is found to be 38% at a moderate potential of -0.81
V vs RHE, and stable electrocatalytic performance is observed for 40 hrs of CO, electrolysis.
Electro- and physicochemical analysis indicate that the Cu(OH), nanowires are completely
reduced to metallic Cu forming a mesostructured catalyst after a few minutes of electrolysis.
The shift in product selectivity is strongly correlated with this change in mesoscale catalyst
morphology, offering additional dimensionality and multiple length scales for catalyst design to

achieve efficient CO; reduction to valuable C,-C3 compounds, especially alcohols.
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3.2 Introduction

CO; emissions from expanding use of fossil fuels and cement production continue
to worsen global warming. To keep global temperatures from increasing above 2 °C, a
drastic decline of global carbon emissions (50%) is necessary, requiring yet-to-be-developed
technologies.[80, 81] One promising strategy utilizes exhausted CO, as an energy storage
medium coupled with intermittent solar and wind renewable energy resources.[82, 83, 84]
However, the difficult kinetics of CO;-to-fuel reactions require an effective catalyst, and no
sufficiently active, selective, and durable catalyst has been identified.[85, 4] Selectivity continues
to be a particularly challenging issue[86, 87] given the many intermediates in the reduction of
CO; to fuels. Among the CO; reduction products, C; and C3 compounds such as ethylene,
EtOH, and n-PrOH exhibit higher energy densities and commercial value as compared to C;
compounds such as methane and carbon monoxide (CO).[88, 89, 90] Furthermore, recycling
of CO; to highly-valued synthetic precursors can lead to net zero carbon emissions, promising
a sustainable carbon resource.[91, 92] Development of active catalysts with high selectivity
is necessary to enable a cost-competitive solar-driven CO,—to—fuel conversion with minimal
post-separation processes.

The catalytic activity of Cu electrodes has been the subject of extensive study, owing to
their production of hydrocarbons and alcohols with promising reaction rates.[85, 86] However,
despite their general activity, Cu electrodes are hampered by their poor selectivity, which
consequently yields undesired products and low energetic efficiency.[4, 93] The wide range
of C1-C3 compounds that is produced on polycrystalline Cu electrode can be ascribed to the
heterogeneity of catalytic sites present.[4] Moreover, the rapid degradation of electrocatalytic
performance during electrolysis remains a challenge.[22, 94, 95]

The distribution of C;-C3 products depends on the micro- and nanostructure of the Cu
catalyst.[13, 96, 97, 98, 99, 100, 101, 21] In porous electrodes, pore depth and diameter can

affect the selectivity of CO, reduction.[96, 97] It is well established in heterogeneous catalysis
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that pore structure, for example of zeolite catalysts, confines intermediates and leads to an
increase in their residence time that enhances product selectivity.[98, 99, 100] In the particular
case of CO; reduction, reaction selectivity can be improved by reducing Cu,O materials to create
catalysts that present a highly-defective, large-area surface.[101] Such oxide-derived catalysts
reveal higher Faradaic Efficiency (FE) of formic acid (31.9%) and CO (20.7%) at -0.65 V vs
RHE as compared to polycrystalline Cu electrode[4] (8.6% and 18.4%, respectively) and sustain
stable current density and energetic efficiency.

Achieving higher hydrocarbon and alcohol products efficiently remains a significant
challenge. Studies on model single—crystal Cu catalysts reveal a strong dependence on crystal
orientation for CO; reduction.[13] Ethylene formation is favorable on Cu (100), whereas methane
is mainly generated on Cu (111). Cu nanoparticle catalysts with rough surfaces can take
advantage of higher order facets with undercoordinated sites and show a higher ratio of C; to
C; products than planar Cu catalysts.[21] Selective CO; reduction toward C, compounds can
be also produced by electrodeposition of high surface area Cu catalysts.[22] The favoring of C,
compounds on such surfaces (CoHy (33.3%) and CoHg (3.7%) at -1.1 V vs RHE) can be attributed
to not only the higher specific surface area of the electrode but also suppressed CH4 formation.
Alcohols, as easily-stored and energy dense liquids, are of particular interest. Planar Cu catalysts
show a FE of only 6% for EtOH and 4% for n-PrOH at -1.0 V vs RHE.[4] On the other hand,
oxide-derived Cu catalysts achieve a 16.4% FE for EtOH at -1.0 V vs RHE.[102] The increased
formation of alcohols has been ascribed to the increase in local pH at the electrode-electrolyte
interface of these porous catalysts.[102, 103, 104] Furthermore, controlling the density of surface
defects can enhance the formation of n-PrOH. Agglomerated Cu nanocrystals exhibit a partial
current density for n-PrOH that is ~25 times higher than on a planar Cu electrode at -0.95 V vs
RHE, leading to 10.6% of FE for n-PrOH.[105]

Interestingly, the formation of C,-C3 alcohols can be favored on nanowire catalysts, where
multiple geometric design variables are available such as diameter and aspect ratio.[23, 106, 107]

A CuO nanowire array electrode shows the CO; conversion to EtOH and n-PrOH with 5% and
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9% of FE at -1.1 V vs RHE, respectively, while hydrogen evolution was suppressed (44% FE).
The nanowire morphology might contribute to favored CO dimerization due to the increased
local pH close to the catalyst surface, leading to selective CO» reduction to higher C2" products,
albeit inefficiently at low overpotential.[4, 101, 107, 108, 109]

In this study, we demonstrate an improved electrocatalytic activity and selectivity for
CO; reduction to C,-C3 products using the potential-dependent morphology of a mesostructured
Cu catalyst that is derived from Cu(OH), nanowires. These mesostructured catalysts exhibit
selective production of C,-C3 hydrocarbons and alcohols at moderate overpotential. The total
FE for alcohols, and n-PrOH in particular, is enhanced relative to the state-of-the-art for Cu
catalysts.[4, 101, 103, 105, 23, 107] FE for both EtOH and n-PrOH is > 10% with > 1 mA cm 2
and ~0.5 mA cm™~? partial current density, respectively, at -0.81 V vs RHE. Nanowire Cu(OH),
catalyst precursors are prepared by a facile solution-immersion process, and mesostructured
Cu catalysts are formed by reduction of the Cu(OH); nanowires after a few minutes at CO,
electrolysis potentials. The Cu catalyst morphology derived from Cu(OH), reduction appears
to contribute significantly to the enhanced catalytic performance. The catalysts are also stable
for long-term bulk electrolysis, retaining > 94% of the original FE for n-PrOH for 40 hrs. The
results herein indicate that highly selective and stable CO; electroreduction catalysts can be
achieved by formation of mesostructured catalysts via reduction of Cu(OH); nanowires at select
potentials, owing to the change in surface properties and/or mesostructure that arises during

electroreduction.

3.3 Experimental Procedures

Fabrication of Cu(OH), nanowire electrodes. Cu foil (0.1 mm, 99.9999%, Alfa Aesar)
is used as a substrate. The substrate is first mechanically polished using sandpaper (400G,
SiC) and cleaned in acetone, iso-propanol, and then distilled water under sonication for 5 min

each. Cu(OH), nanowire electrodes are fabricated using a one-step solution-immersion method
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Figure 3.1. GC spectrums of gas compounds from FID and TCD channels using calibration gas.

reported previously.[110] Briefly, a 2.67 M aqueous solution of NaOH (> 97.0%, Sigma-Aldrich)
is mixed with 0.13 M (NH4)2S,0g (> 98%, Sigma-Aldrich) solution while stirring. The mixture
is allowed to cool to room temperature under vigorous stirring, and the mechanically polished
Cu foil is immersed into the solution for 10 min without agitation. The as-prepared Cu(OH),
nanowire electrodes are rinsed with distilled water several times and dried with nitrogen. For
comparison with the nanostructured catalyst, a planar Cu electrode is mechanically polished, and
then electropolished under constant potential of 4 V vs Ti wire (99.99%, Alfa Aesar) at room
temperature for 5 min in phosphoric acid (85%, Macron Fine Chemicals).

Catalyst Characterization. The morphology and microstructure of the Cu(OH),
nanowire electrodes before and after CO, electrolysis are obtained by scanning electron mi-
croscope (SEM, ZEISS, Sigma 500). The crystallinity and phase are characterized by X-ray
diffraction (XRD, Bruker, VANTEC 500). The electrochemical analyses of the catalysts are
executed using a potentiostat (VSP-300, bio-logic). Surface roughness factors are examined
by measuring electrochemical double-layer capacitance (EDLC) in 0.1 M KHCOj3 (99.95%,
Sigma-Aldrich) electrolyte under CO,.

Carbon dioxide electrolysis. The electrochemical reduction of CO; is conducted in a
customized electrochemical cell based on the design of Kuhl et al.[4] using a three-electrode

setup at room temperature and ambient pressure (see section 1.3.1 for details). The working
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Figure 3.3. Calibration curves for the liquid products.

57



and counter electrode compartments are separated by an anion exchange membrane (Selemion
AMYV, AGC Inc.). Ag/AgCl (in KCI gel, Pine Research) and Pt gauze (100 mesh, 99.9% metal
basis, Sigma-Aldrich) are applied as a reference electrode and counter electrode, respectively.
COs-saturated aqueous 0.1 M KHCO3 solution (> 99.95% metal basis, Sigma-Aldrich) is used
as an electrolyte, and CO; is continuously purged into the electrolyte at flow rate of 5 sccm during
CO; electrolysis, controlled via mass flow controller (Smart Track 100, Sierra). The potentials
reported herein are corrected by 85% automatic iR-compensation and 15% manual compensation
and converted to the reversible hydrogen electrode (RHE) scale.[4] All gas products formed in the
working electrode compartment are collected directly into a gas-sampling loop and quantified by
online gas chromatography (GC, SRI 8610C, Sri) (Figure 3.1). In addition, 'H nuclear magnetic
resonance (NMR, ava 300, Bruker) is used to identify and quantify the liquid products (spectra
and calibrations shown in Figure 3.2 and 3.3). Analysis of liquid products is carried out after
completion of CO, electrolysis, typically 1 hr in duration.

All potentials in this study are shown against the reversible hydrogen electrode (RHE), and
corrected with 85% iR-compensation in addition to 15% post-correction using the following equa-
tions: E100%ir—compensated = E85%iR—compensated ~13% X Raverage X I, WhereV 1009%ir—compensated and
V85%iR—compensatea are the corrected potentials (in volts), Rayerqge 18 the average resistance before
and after 1 hr electrolysis (in Ohm), and I is the averaged current at plateau (in amps).[4] The
electrochemical double-layer capacitance of the as-prepared catalysts are measured by using
cyclic voltammograms in aqueous CO;-saturated 0.1 M KHCO3 solution with different scan
rates in the range from 20 to 120 mV s~!. The current densities are then plotted as respect to the
scan rate to obtain a linear plot. The roughness factor is obtained by the ratio of the slope of the
as-prepared catalyst to that of the pristine Cu foil. We define the roughness factor for the pristine
Cu foil as 1.

At least 2 measurements are carried out at each potential in an attempt to ensure the
repeatability of the electrode and compensate the effect of differences in factors such as the

electrode surface condition between electrolyses. All gas products are quantified by online gas
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chromatography (GC, SRI 8610C, SRI) with a molecular sieve 5A and a haysep D column
using Ar as a carrier gas. A thermal conductivity detector (TCD) for H, detection and a flame
ionization detector (FID) for CO, CHy, CO», ethylene, and ethane detection are applied. The GC
is calibrated by using calibration gas mixtures (Precision calibration mixtures, GASCO) and the
set of representative chromatograms are shown in Figure 3.1. The standards contain 100 ppm
of CO, methane, ethylene, ethane, and H», and 405, 2500, and 17000 ppm of CO,, oxygen and
nitrogen, respectively. The high signal-to-noise in Figure 3.1 indicates the setup’s instrumental
sensitivity to CO; reduction products. To ensure that the data is collected in a steady-state
condition, the analysis is carried out during the current plateau after 10 min of electrolysis and
the FEs of each product are averaged over 3 GC injections during 1 hr CA measurements. The
FEs and the standard-deviations between electrolysis are shown in Table 3.2. The equations to
calculate the FE for the formation of each product can be found in the paper.[5]

The liquid products from both working and counter electrode compartments are analyzed
at the end of the electrolysis using 'H nuclear magnetic resonance (NMR) spectroscopy. To
prepare sample of the electrolyte, 700 il of electrolyte solution is mixed with 300 ul of internal
standards solution which consists of 0.5 mM of Phenol (99%, liquified, Fisher scientific) and 23
mM of DMSO (> 99.9%, Sigma-Aldrich) dissolved in D20 (99.8 at%, TCI America), and then
transferred to a NMR sample tube. "H NMR is performed with a 300 MHz spectrometer (ava
300, Bruker) to analyze the liquid products. A typical NMR spectrum and the peak assignments
for the liquid products are shown in Figure 3.2 and Table 3.3, respectively. Each spectrum is
collected after 256 continuous scans. The peak areas are integrated, and the relative peak area of
each product is calculated by comparing with that of the internal standard. The concentration of

the liquid products is determined using the calibration curves shown in Figure 3.3.
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Table 3.1. Double layer capacitance of the as-prepared electrodes and other electrodes with
their respective roughness factors. (* Selected C,-C3 compounds: ethylene, ethane, EtOH, and
n-PrOH, ** this work)

Electrodes Capacitance  Roughness  FE for

/ mF cm ™2 factor selected C2-C3 compounds* at -0.81 V vs RHE
Pristine Cu foil** 0.03 1.00 -
Electropolished planar Cu** 0.13 3.83 2.60%
Cu(OH); nanowire** 2.39 79.80 -
Mesostructured Cu
(at-0.81 V vs RHE) ** 1.12 37.33 35.48%
Mesostructured Cu
(at -1.08 V vs RHE) ** 0.73 24.33 2.18%
Cu foil[4] - 2 1.84%
Annealed Cu[101] 13.90 475 19.9%
Electrodeposited Cu, O[103] 0.14 4.7 12%
Agglomerated Cu Nanocrystals[23]  0.70 24 37.1%

Table 3.2. Faradaic efficiencies of the electrochemical CO, reduction products over the
mesostructured Cu catalyst.

P(Ol;ir;}g;l ! (mA i m-2) H; CcO Methane  Ethylene  Ethane Formate  Acetate EtOH  n-ProH T;Ei !

79.27 0.05 0.05 0.90 0.03 0.04 1.09 0.11

-1.08 39.60 - 81.66
(1.80)  (0.01) (0.05) (0.29) (0.01) 0.01) (0.24) (0.13)
79.57 0.05 0.01 0.44 0.07 0.04 0.95 0.21

-0.93 37.52 - 81.32
(6.46)  (0.01) ) (0.11) (0.04) 0.01) (0.11)  (0.21)
43.92 0.54 0.03 12.47 1.26 0.38 1.26 10.39 1.81

-0.85 10.55 72.25
(5.81)  (0.35) (0.01) (5.08) (1.01) (0.02) 0.77)  (0.19)  (0.03)
42.74 2.06 10.60 3.37 8.94 2.18 9.16 12.36

-0.81 6.85 - 91.40
(1.34)  (0.53) (1.37) (0.74) (2.43) 0.17)  (1.43)  (1.10)
34.00 7.73 5.67 1.84 25.01 1.89 8.23 11.22

-0.75 2.29 - 95.59
(1.87)  (0.84) (1.24) (0.01) (0.08) 0.01) (498 (049
16.27 20.38 3.08 1.13 47.38 2.38 4.41 4.79

-0.66 1.01 - 99.82
(5.61) (4.70) (0.73) (0.63) (7.57) (0.39) (3.04) (3.58)
17.90 29.71 0.73 0.89 35.61 2.54

-0.57 0.66 - - - 87.38
427) (4.84) (0.02) O] (2.40) 0.67)
53.69 19.92

-0.45 0.23 - - - - - - - 73.60

(11.31)  (5.84)

3.4 Evolution of the Mesostructured Cu Catalysts

During synthesis, a dense layer of Cu(OH), nanowires develop on the surface of the Cu
foil substrate with random orientation as shown in Figure 3.4A. The randomly-oriented nanowires
have a length of over 7 um and a diameter in the range of 150400 nm. The crystallinity of

the initial Cu(OH), nanowires is confirmed by X-ray diffraction (XRD), with peaks indexed
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Table 3.3. NMR peak assignments for CO; reduction products and standards.

Compounds Proton Chemical Shift IH splitting Coupling Constants
(marked in bold font) (ppm) (Hz)
Formate HCOO- 8.34 Singlet -
Phenol - 7.2 Triplet 7.97
DMSO - 2.6 Singlet -
Acetate CH;C(=0)0O- 1.79 Singlet -
EtOH CH3;CH,OH 1.06 Triplet 7.04
n-Propanol CH3;CH,CH,OH 0.76 Triplet 7.42

to the orthorhombic Cu(OH); (COD card No. 9011547) as shown in Figure 3.4B (bottom,
filled squares). Substrate peaks from the Cu foil are marked with filled triangles (COD card No.
9012043).[111, 112, 113]

The operating Cu catalyst forms in situ by reduction of the Cu(OH), nanowires within 10
minutes at CO, electrolysis potentials. After 1 hr of CO, electrolysis at -0.75 V vs RHE, ex situ
XRD reveals no crystalline Cu(OH), peaks remain, indicating complete reduction of hydroxide
during CO, electrolysis (Figure 3.4B). Only metallic Cu and Cu;0 peaks appears in the “after
electrolysis” diffraction pattern in Figure 3.4B, where a thin, spontaneous Cu,O layer forms after
removing the sample from the electrolyte and en route to diffractometry. No systematic variation
in the XRD pattern of the reduced Cu catalysts are observed after 1 hr of CO; electrolysis as the
electrolysis potential is varied from -0.45 to -1.08 V vs RHE (Figure 3.4C), suggesting similar
crystallinity amongst catalysts produced over a wide of potentials. Cu;O peaks are also measured
on pristine Cu foil, indicating XRD detection of a native oxide layer in all cases (Figure 3.4C
and D). The Cu(OH); diffraction peaks disappear after 10 min of reduction at moderate potential
(-0.81 V vs RHE) as shown in Figure 3.4D. Electrochemical impedance spectroscopy (EIS)
measurements confirms the transition during CO; electrolysis from a resistive Cu(OH), surface
to a reduced Cu surface within 10 minutes (Figure 3.6). The operating Cu catalysts develop
morphologies distinct from the original Cu(OH); nanowire morphology after CO, electrolysis

for 1 hour, with the morphology relatively unique to each reduction potential.
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Figure 3.4. Structural properties of Cu(OH); nanowire precursors and operando catalysts. (A)
45°-tilted SEM surface view of Cu(OH), nanowires on Cu foil. Scale bar 1 um. X-ray diffraction
patterns of (B) Cu(OH); nanowires on Cu foil before CO; electrolysis and after 1 hr of CO,
electrolysis at -0.75 V vs RHE, (C) The operando Cu catalysts after 1 hr of CO; electrolysis for
all potentials measured, (D) The pristine Cu foil (bottom), the reduced Cu(OH); electrode after
10 min of CO; electrolysis at -0.81 V vs RHE (middle), and the active Cu catalyst after 40 hrs of
CO; electrolysis at -0.81 V vs RHE (top) in CO;-saturated 0.1 M KHCO3 solution.
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Figure 3.5. Structural and electrochemical properties of the operando catalysts. (A)-(E) SEM
images of Cu(OH); nanowire catalyst after 1 hr CO; electrolysis at the representative potentials.
Scale bars 2 um. (F) Roughness factor retention of the mesostructured Cu catalyst with respect to
the electrolysis time and potential. (G) Average current density during 1 hr chronoamperometry
for mesostructured Cu catalyst (green, filled squares) and electropolished planar Cu (red, open
squares) as a function of potential.

3.5 Shifting Selectivity toward Multi-carbon Products

The morphology of the catalysts after 1 hr of CO; electrolysis is shown in Figure 3.5A-E,
as a function of the CO, electrolysis potential. Nanoparticles and nanorods form within the
remnants of the original nanowire frameworks, leading to the formation of a complex structure
that varies with potential and a corresponding 2—-3x decrease in surface area relative to the
Cu(OH); nanowires as quantified by electrochemical double layer capacitance (Table 3.1).

Measuring the change in the roughness factor relative to Cu foil as a function of time
during CO, electrolysis clarifies the dynamics of the operando reduction of Cu(OH), nanowires.
As shown by the relative retention of the original roughness factor vs. time in Figure 3.5F for
each potential tested in this work, the roughness factor is reduced in all cases by 40-60% during
the first 10 min of electrolysis, consistent with the reduction of the Cu(OH), nanowires verified
by XRD and EIS (Figure 3.4C-D and 3.6). EIS is carried out with frequencies ranging from 100

mHz to 200 kHz at 0 V vs open circuit voltage (OCV) in CO,-saturated 0.1 M KHCOj5 electrolyte.
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Figure 3.6. EIS of the Cu(OH), nanowire precursors and the formation of the active catalysts as
a function of electrolysis time measured at -0.81 V vs RHE. (a) Nyquist plots. (b) Nyquistplots
at higher magnification near the origin. (c) Impedance magnitude vs. frequency. (d) Phase angle
vs frequency.
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In the resulting Nyquist plot (Figure 3.6a-b), a higher interfacial resistance for charge-transfer
(R¢)[114] appears for the pristine catalyst compared to all mesostructured Cu catalysts. Figure
3.6¢ shows that the impedance after any electrolysis is lower than that of pristine catalyst over the
whole frequency range, suggesting the improved surface conductivity as compared to the pristine
catalyst. Figure 3.6d shows that the phase angle of the catalysts after electrolysis is higher than
that of the pristine catalyst, resulting from lower R,; for the mesostructured Cu catalyst than
the pristine catalyst.[?] The pristine catalyst shows an additional phase feature at intermediate
frequency that is a common property of the oxidized surface, indicating the reduced surface of
all mesostructured Cu catalysts that consist of Cul[115, 116]

After 10 min of electrolysis, the roughness factor stabilizes for the duration of the 1
hr of CO,; electrolysis, except for the catalyst measured at —1.08V vs RHE where a slight but
consistent continued reduction in surface area is seen. Collectively, these results indicate not
only that the Cu(OH), nanowires on Cu foil substrates are completely reduced during the first
minutes of CO; electrolysis (< 10 min), but also that the CO, electrocatalysis measurements
reported below take place on the modified morphology of the reduced catalyst. Based on these
observations, the operando catalysts are hereafter denoted as mesostructured Cu catalysts.

Comparison of chronoamperometry (CA) of the operando mesostructured Cu catalysts
with electropolished planar Cu reveals a clear change in the electrochemical properties (Figure
3.5G). The average current density during 1 hour of CA of the mesostructured Cu catalyst shows
a clear turn on of catalytic activity and Tafel-like dependence with shifted onset potential (130
mV) as compared to the planar Cu. The geometric current densities of the mesostructured Cu
catalyst and electropolished planar Cu foils show a stable current density during 1 hr of CO;
electrolysis (Figure 3.7), indicating no deactivation from contamination or poisoning of either
the higher-surface area mesostructured catalysts or the planar Cu.

The FE of the mesostructured Cu catalyst as a function of potential is shown in Figure
3.8A, calculated from steady state current density during CA and chemical analysis of the

reaction products to establish partial current density for each product, as shown in Figure 3.8B
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Figure 3.8. Catalytic activity of the mesostructured Cu catalyst. (A) Faradaic efficiencies of
each CO; reduction product on the mesostructured Cu catalyst as a function of potential. (B)
Geometric partial current density and (C) surface area normalized partial current density of
mesostructured Cu and electropolished Cu.
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Figure 3.9. Comparison of mesostructured Cu catalysts FE for C;-C3 compounds with
state-of-the-art Cu-based catalysts. Catalysts compared in this figure: Agglomerated Cu
nanocrystals,[105] Cu nanowire,[23] Annealed Cu,[101] Electrodeposited Cu,O film,[21] Cu
foil.[4]

and Figure S4 in Kim et al.[5]. Results are detailed in Table 3.2. In the low overpotential range
(£-0.75 V vs RHE), CO and formate are predominantly observed, except for a small amount of
acetate formation (< 3%). To the best of our knowledge, the FE of acetate is reported herein
for the first time at such low potential (< -0.7 V vs RHE). At the lowest overpotentials only
H, and CO are produced, due to insufficient overpotential for C-C bond formation. H, gas
production prevails at the most negative potentials (> -0.93 V vs RHE) from the competing
hydrogen evolution reaction, suggesting that proton-coupled electron transfer is predominant
at such negative potentials.[4, 102, 117] The trend in increased hydrogen evolution at the most
negative potentials is consistent with other Cu catalysts active for CO; reduction.[4, 101, 105, 23]
In general, a significant cause of this transition in the product distribution toward hydrogen are
mass transport limitations at the high current densities at higher overpotentials (here for example,

40 mA cm~2 at -1.08 V vs RHE). The FE for CHy is minimal at all potentials.
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The Cu catalysts show a dramatic change in product selectivity toward C, and alcohol
products at moderate potentials from —0.85 to —0.66 V vs RHE. The maximum FEs for ethylene
(12.5%), EtOH (10.4%), n-PrOH (12.4%) and ethane (3.4%) are achieved in this range of
moderate overpotential, while CO and formate are suppressed (FE < 1%). These maximum
FEs for ethylene and EtOH are achieved at potentials similar to previous works.[4, 101, 103,
105, 23, 107] On the other hand, the onset of n-PrOH production and its peak FE are both
approximately 100 mV more positive than previous reports for metallic catalysts, indicating
enhanced electrocatalytic activity of the mesostructured Cu catalyst. The peak FE for n-PrOH
surpasses 12% at -0.81 V vs RHE, also improved relative to the state-of-the-art. From —0.81 to —
0.85 V vs RHE, the maximum partial current density for ethylene and ethanol exceeds 1 mA cm >
and that for n-PrOH approaches 0.5 mA cm~2 (Figure 3.8B). Figure 3.9 shows a comparison
of catalyst selectivity toward C,-C3 compounds at -0.81 V vs RHE for the mesostructured Cu
catalyst and other state-of-the-art Cu based catalysts.[4, 101, 103, 105, 23] The mesostructured
Cu catalyst achieves the highest FE for alcohols (21.5%) and n-PrOH specifically (12.4%). The
sum of FEs for the selected C,-C3 compounds are 37.7%, 37.1%, 26.6%, 19.9%, 12.8%, and
1.8% for the mesostructured Cu catalyst, agglomerated Cu nanocrystals,[105] Cu nanowire,[23]
annealed Cu,[101] electrodeposited Cu,O film,[103] and Cu foil,[4] respectively. Moreover, by
inspection of Figure 3.9, planar catalysts appear incapable of significant formation of n-propanol
at this overpotential, while engineering the catalyst morphology appears to lead to an effective
environment for forming alcohols.

By normalizing geometric partial current density by roughness factor to examine the
surface-area normalized current density -— a better metric of catalyst activity, we find that the
mesostructured Cu catalyst shows significantly improved activity toward C,-C3 compounds
(especially, ethylene, EtOH, and n-PrOH) relative to planar Cu, while its activity toward forming
C; products is suppressed (Figure 3.8C for major products and Figure S4b[5], minor products).
The mesostructured Cu catalyst shows ~56x increased surface-area normalized partial current

density of ethylene as compared to planar Cu at -0.81 V vs RHE. Notably, the mesostructured
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Cu catalyst shows unprecedented production of EtOH and n-PrOH at the moderate potential
(£ -0.85 V vs RHE), where no alcohol formation occurs on planar Cu. The mesostructured
Cu catalyst exhibits maximum surface area normalized partial current densities of EtOH and
n-PrOH at ~250 mV more positive potential than those of planar Cu. The enhanced FE of the
mesostructured Cu catalyst toward desirable C,-C3 compounds can be first accounted for by low
H; evolution activity in the range of moderate overpotential (< -0.85 V vs RHE), as shown in
Figure 3.8C.[65] The surface area normalized partial current density of H, on the mesostructured
Cu catalyst appears to be lower in the moderate potential range (< -0.85 V vs RHE) than that of
on the electropolished planar Cu electrode. This would suggest that the parasitic H, evolution
reaction is suppressed on the mesostructured Cu catalyst at moderate overpotentials.

While the local nanostructure is a key component of the shift in selectivity, analyzing
roughness factor of various Cu catalysts[4, 101, 103, 105] against their FEs for C,-C3 compounds
(Table 3.1) illustrates that surface roughness does not account wholly for the improvement of
the mesostructured Cu catalyst. An oxide-derived annealed Cu catalyst[101] with a roughness
factor of 475 shows an FE for C;-C3 compounds of 20%, while a FE of 37% for C,-Cj
compounds is found on agglomerated Cu nanocrystals[105] with a roughness factor of only
24. The mesostructured Cu catalyst produced in situ at -0.81 V vs RHE has a roughness factor
of 37.3, but an FE for C,-C3 compounds of > 37.7%. Little trend of C,-Cj selectivity with
roughness factor is evident.

Comparing Tafel slopes of the mesostructured Cu catalysts against previously-reported
Cu-based catalysts indicates that the rate determining step may be similar to other nanostructured
catalysts (Figure 3.10). The Tafel plot shows that the mesostructured Cu catalysts have a lower
Tafel slope (266 mV dec™!) than Cu foil[4] (492 mV dec™!), but a slope similar to agglomerated
Cu nanocrystals[105] (270 mV dec™!) in the potential range of high C,-C3 production (-0.7 to
-0.9 V vs RHE). Although difficult to interpret for complex multi-step reactions such as CO,
reduction, the Tafel analysis highlights the significance of the structure produced by in situ

reduction to Cu® on reaction kinetics.[105]
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Figure 3.10. Comparison of Tafel slope with Cu-based CO; reduction catalysts of various
morphologies. Catalysts compared in this figure: Agglomerated Cu nanocrystals,[105] Cu
nanowire,[23] Annealed Cu,[101] and Cu foil.[4] The intermediate overpotential region where
significant C,-C3 production is seen is highlighted in gray.
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Figure 3.11. Investigation of the effect of catalyst morphology on selectivity for CO, reduction
products. (A) Geometric current density vs. time for catalysts held at -0.81 V for 1 hr (green),
-1.08 V for 10 min and -0.81 V for 50 min (yellow), and -1.08 V for 1 hr (red). (B) FE of
C,-C3 compounds with respect to the applied potential during catalyst formation and during
electrolysis. (left) Catalyst formation and bulk CO; electrolysis at -0.81 V vs RHE. (center)
Catalyst formation at -1.08 V vs RHE and bulk CO, electrolysis at -0.81 V vs RHE. (right)
Catalyst formation and bulk CO, electrolysis at-1.08 V vs RHE. (C) SEM images of the catalysts
after electrolysis for: (i) 10 min at -0.81 V vs RHE, (ii) 10 min at -1.08 V vs RHE, (iii) 50 min at
-0.81 V vs RHE, (iv) 10 min at -1.08 V vs RHE and 40 min at -0.81 V vs RHE (v) 50 min at
-1.08 V vs RHE, (vi) 60 min at -0.81 V vs RHE (vii) 10 min at -1.08 V vs RHE and 50 min at
-0.81 V vs RHE, and (viii) 60 min at -1.08 V vs RHE. Scale bar 1 um for all images.

The improved FE of the mesostructured Cu catalyst toward C,-C3 production at interme-
diate potentials may be attributable to the particular mesostructure morphology that develops
operando. We observed that a hierarchical structure only appears on the catalysts that experi-
enced moderate potentials -0.75, -0.81, and -0.85 V vs RHE (Figure 3.5B-D), and these potentials
are those where the formation of C,-C3 compounds is favored. In contrast, the catalysts ex-
posed lower and higher overpotentials (-0.45 and -1.08 V vs RHE) show only agglomerated
nanoparticles on the surface (Figure 3.5A and E). The dominant formation of gases (H, and
CO) at low or high overpotential may collapse developing mesostructure, leading to relatively
featureless nanoparticulate surfaces outside the mid-overpotential range that will be discussed in

detail below.
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To test the hypothesis that the hierarchical mesostructured morphology that is produced
in situ at a moderate overpotential is responsible for enhanced C;,-C3 production, we reduced
Cu(OH); nanowires at higher potential (-1.08 V vs RHE) for 10 min to produce a more wire-like
geometry and then tested the selectivity during CO, electrolysis at the optimal potential of -0.81
V vs RHE. Figure 3.11A and B shows a comparison of the FE for C,-C3 compounds for three
cases: (1) a mesostructured Cu catalyst formed and tested at -0.81 V vs RHE for 1 hr (2) a Cu
catalyst held at -1.08 V vs RHE for 10 minutes and then tested during extended CO, reduction
electrolysis for 50 min at -0.81 V vs RHE, and (3) a Cu catalyst formed and tested at -1.08 V vs
RHE for 1 hr.

The morphology of the catalyst held at -0.81 V vs RHE retains a complex nanoparti-
cle/nanorod surface in a mesostructured morphology throughout (Figure 3.11 top row, i, iii, and
vi). On the other hand, it is clear that the surface morphology at -1.08 V vs RHE does not retain its
structure during 1 hr of electrolysis (Figure 3.11 bottom row, ii, v, and viii). The initial wire-like
morphology collapses during the time period of 10-50 min of electrolysis into an agglomerated
nanoparticle structure, with continued minor evolution of the structure until the end of testing
at 60 min. This collapse of mesostructured is consistent with the low surface roughness seen
in Figure 3.5F. This structural collapse may be due to the significant H, gas generation on the
electrode surface at -1.08 V vs RHE (Figure 3.8A), resulting in an agglomerated nanoparticulate
morphology. The catalyst formed at -1.08 V vs RHE but held at -0.81 V vs RHE for extended
CO; electrolysis largely retains the initial wire-like structure during bulk extended electrolysis
at -0.81 V vs RHE (Figure 3.11 ii, iv, and vii). By the end of electrolysis, it shows a somewhat
intermediate structure between those held the entire time at -0.81 V and -1.08 V vs RHE (cf.
Figure 3.11 (vi) and 3 (viii)), suggesting that the surface morphology may evolve slightly during
CO; reduction at -0.81 V vs RHE perhaps due to product evolution from the surface.

We find that the sum of FE for C,-C3 products at -0.81 V vs RHE for the catalyst with
the complex nanoparticle/nanorod morphology (Figure 3.11vi) is ~150% of that for the catalyst

with the wire-like morphology (Figure 3.11vii) operating at the same CO; electrolysis potential.
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Because a large fraction of the current during the first minutes of electrolysis (< 10 min) is con-
sumed to reduce the Cu(OH), electrode surface and form the operando mesostructured catalyst,
these differences in product distribution arise predominantly from the different selectivity of
these catalysts during extended electrolysis at <0.81 V vs RHE. The enhanced C,—C3 production
from the catalyst formed at —0.81 V vs RHE can therefore likely be attributed to the particular
hierarchical morphology of this catalyst. The production of C;—C3 compounds with the catalyst
formed at —1.08 V vs RHE and tested at —0.81 V vs RHE is still an order of magnitude higher
than that of on the catalyst formed and tested at —1.08 V vs RHE (~2%), indicating that the CO,
electrolysis potential is of course still a strong determinant in product selectivity toward C,-C3
compounds.

These findings demonstrate that the enhanced selectivity of CO; reduction to C,—C3
compounds and especially alcohols at moderate overpotentials using a mesostructured Cu
catalyst can be attributed to the formation of a favorable, potential-dependent morphology. This
structure may lead to an increased local pH, which has been found previously to favor the
formation of C,—C3 compounds,[86, 97, 105, 106] and increased local concentrations of reaction
intermediates near the surface. In parallel, the volume change during the in situ reduction from
Cu(OH); to produce the catalyst may induce significant surface strains and generate active defect
sites.[105] Further study is needed to fully attribute the mechanisms underlying the enhanced
C,-C5 formation seen here to atomic-scale effects on the catalyst surface or mesoscale chemical
reaction kinetics of the intermediates and products within the complex 3D structure of the
catalyst.

The mesostructured Cu catalyst is robust against degradation during extended bulk CO,
electrolysis at -0.81 V vs RHE, as shown in Figure 3.12. The current density maintains a steady
value of ~ -4.4 mA cm~? throughout the duration of the test. The FEs of CO; reduction gas
products exhibit a 1% decrease (Figure 3.12A), while that of H, fluctuates around 40%, indicating
steady electrocatalytic activity favoring CO, rather than H,O reduction. The FE for n-PrOH

remains remarkably stable, retaining > 98% of its original value over 24 hrs, > 94% over 40 hrs,
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as shown in Figure 3.12B. The FE of EtOH and acetate also remain relatively stable throughout
the CO, electrolysis. The low propensity toward methane generation (Figure 3.12A) may limit
poisoning of the nanostructured catalysts by the intermediates in CHy production.[105, 108, 118]
The decrease in the FE of these liquid products cannot be attributed solely to the activity of
the electrode itself, as membrane crossover and subsequent oxidation during the long CO;
electrolysis may occur. The counter electrode compartment contents are included in the NMR
analysis and routinely indicate liquid products (e.g. formate and acetate) have crossed over. In
general, the degree of purity in the electrolyte can affect the deactivation of catalyst for CO,
reduction.[119, 27] The mesostructured Cu catalysts appear robust to such effects. We further
note that the morphological alteration of the catalyst itself (Figure 3.5B-D) does not reflect an
ongoing degradation of the electrode, but represents a systemic change that appears after 10 min
of CO; electrolysis. The catalyst retains its physical structure over 40 hrs of CO; electrolysis, as

shown in Figure 3.13.

3.6 Summary

The electrocatalytic activity and selectivity for CO; reduction of operando Cu catalysts
prepared from Cu(OH), nanowires are strongly governed by a potential-dependent mesostruc-
ture. Tuning the morphology produces catalysts with Faradaic yields for C;—C3 compounds,
and especially alcohols, that are enhanced at lower overpotentials relative to state-of-the-art
catalysts. Total FE for C,—C3 products reaches 38% at moderate potentials (—0.81 V RHE). The
mesostructured Cu catalyst shifts selectivity from Cy—C; to C,—C3 products relative to planar Cu
electrodes after formation of a hierarchical nanorod/nanoparticule morphology that creates an
effective reaction environment for forming C,—C3 compounds. Furthermore, the mesostructured
Cu catalysts maintained activity and selectivity for 40 hrs of CO, electrolysis, indicating stable
catalysis. These findings highlight the potential opportunity to use multiple length scales in

catalyst design from the immediate interactions at the surface atomic scale to the mesoscale
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morphology to construct active and selective electrocatalysts for difficult multi-electron reactions

such as CO, reduction.
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Chapter 4

Shifting Chemical State of Sn and Tuning
CO, Mass Transport to Enhance CO,-to-
formate Conversion

4.1 Introduction

Electrochemical CO; transformation is an attractive way to meet carbon neutrality and
introduce a new route to supply valuable carbonaceous chemicals. With emerging penetration of
intermittent renewable energy into the grid, electrochemical recycling of waste CO; can also
offer larger—scale storage of renewable electricity in chemical bonds.[120, 121] Among possible
value-added electrochemical CO; conversion products, formate is of particular interest to meet
net negative carbon emissions[10] since electrochemical synthesis of formate requires less energy
than producing multi-carbon products. Integrating the e-synthesized formate into formic acid
fuel cells enables the formate to be an alternative energy-dense carrier.[122]

Sn is one of the attractive transition metals for electrochemical CO,-to-formate con-
version. Sn has an optimal binding energy of *OCHO rather than *COOH among transition
metals,[24] which suppresses the reaction path toward CO, hydrocarbon or alcohols. Also, its
low cost can take advantages of larger—scale application.[123] Comparing the overall activity of
CO,-to-formate, oxide-derived Sn catalysts shows improved Faradaic efficiency and geometric

current density of formate relative to metallic Sn catalyst.[25] It is also reported that the catalyst

78



surface where SnO and SnO, are co-existing shows improved Faradaic efficiency as compared
to the surface where only SnO; or metallic Sn is present.[26] Despite of those efforts to unravel
fundamental insights on the catalytic material, the industrially feasible electrochemical CO;-to-
formate system is yet-to-be-developed due to lack of integration of fundamental understanding
on materials and electrolysis system. A bottleneck of bridging the knowledge gap is originated
from the mass transport limitation of CO, into the catalytic sites in the conventional electrolysis
system.

For decades, many efforts have been made to understand the reaction mechanisms in a
batch-type electrochemical reactor, relying on solubilized CO; in an aqueous electrolyte.[11]
Larger-scale operations that requires high current density are limited due to the low solubility of
CO,.[124] To overcome the solubility issue, utilizing the gas diffusion layer (GDL) should be
highlighted as it facilitates the direct feed of gaseous CO; to the electrode surface where the cat-
alyst layer and an electrolyte interfaces.[59, 58] A challenge is remained as including electrolyte
in the cathode chamber inevitably dilutes the liquid-phase products, which causes a necessity
for the separation process. To date, membrane electrode assembly (MEA) type electrolyzer
where cathode and membrane contacts without a catholyte has been considered as a promising
alternative although more experimental perspectives are necessary to understand engineering
parameters for larger-scale device performance.[125, 126, 127, 128] Also, investigation of the
effect of partially concentrated CO; stream on the overall catalytic activity is necessary as the
flue gas contains less than 15% of CO; in general.[129]

In this work, we report a strategy to promote electrochemical conversion of CO, to
formate in a catholyte-free electrolyzer via modulating chemical state of the Sn oxides layer and
controlling mass transport of the CO, stream. Post-heat treatment shifts the initial oxidation
state of the thermally evaporated Sn oxide layer from co-existing of SnO and SnO, to SnO,-rich
environment, which is consistent with our previous work.[130] We find a promoted Faradaic
efficiency toward formate on the Sn oxide layer (~83%) where SnO and SnO, were co-existed

as compared to the SnO;-rich layer (FE ~74%). The calculated energy efficiency also appears to
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be improved up to 36% at -3.0 V of cell voltage when SnO is present at the beginning of the CO,
electrolysis. With partially concentrated CO; stream, to explore flue gas composition, the energy
efficiency and geometric partial current density of formate is linearly decreased along with
decreasing CO; concentration. We find that increasing flow rate of CO, stream can overcome
the lower CO; availability and improve reaction kinetics as it facilitates rapid CO, feed onto the
catalytic sites. This work demonstrates that the energy efficiency and activity of electrochemical
CO, reduction to formate on Sn oxide layer can be promoted by modulating the initial oxidation

states and flow rate of CO, stream even at low CO, concentration.

4.2 Experimental Procedures

Electrode preparation To prepare Sn oxides electrodes, SnO; nanoparticles (99.7%
purity, 35-55 nm, US Research Nanomaterials) are placed in an alumina-coated tungsten boat in
a high vacuum (< 7x10~7 mTorr) chamber for thermal evaporation at a rate of 0.14-0.2 A s~!
onto GDLs. GDLs are purchased from Fuelcellstore (AvCarb GDS2230) and cut into 1 cm?
sized pieces. The cut GDLs are used with no further pre-treatment. The thickness of the Sn
oxides layers is monitored via quartz crystal microbalance (QCM). For the post-heat treated
electrodes, the as-prepared electrodes are annealed at 300 °C for 5 hrs in the muffle furnace.
The surface morphologies of the as-prepared electrodes are characterized by scanning electron
microscopy (SEM, Zeiss, Sigma 500). Surface valence band and core-level electronic structure
of the as-prepared electrode are characterized by X-ray photoelectron spectroscopy (XPS) with a
90° emission angle with respect to electrode surface (Kratos, AXIS Supra) Al Ko radiations at
vacuum levels below 5x 1078 Torr. The XPS spectra are recorded using pass energies of 160 eV
for the XPS survey and 20 eV for the narrow scans. The binding energies are calibrated using
both Fermi edge (0.06 eV) and the Au 4f7/2 second-order peak (84 eV). The Ir oxides anode is
prepared via modified thermal pyrolysis.[131, 132] Surface-etched Ti meshes (Fuelcellstore) are

used as substrates. The meshes are cut into 1 cm? sized pieces that are sonicated in a mixture of
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acetone/IPA/DI water (6:3:1 v/v), followed by DI water for 10 min each. The cleaned substrates
are etched in 20 vol.% of HCI solution for 5 min and then transferred to 10 wt.% boiling oxalic
acid solution for 10 min prior to final cleaning with DI water in a bath sonication. A precursor
solution is prepared by dissolving 26 mg of Iridium (III) chloride hydrate (99.9% purity, Sigma
Aldrich) in a mixture of 6.71 ml IPA and 2 ml of concentrated HCI solution. The precursor
solution is subsequently dropped onto surface-etched Ti meshes that are pre-heated to 125 °C

2 is achieved. The electrodes are finally annealed at 500

until the total loading of 1.0 mg cm™
°C for 3 hrs in a muffle furnace. The contact angles of H,O are measured using a Goniometer
(rame-hart’™ Model 200). The crystalline structure of the Sn oxide electrodes are characterized
by X-ray diffractometry (XRD, Rigaku, Smartlab) with parallel beam configuration.

Electrolyzer configuration A customized catholyte-free electrolyzer (Fuel Cell Tech-
nologies, Inc) with an active area of 1 cm? is used for all CO, electrolysis. The interdigitated
flow channels are applied to both graphite and Ti current collectors (for cathode and anode,
respectively). A Nafion 117 is used as a membrane to transport protons from the anode chamber
to the cathode surface. Ir oxides on Ti mesh electrodes are used as anode. Prior to CO, elec-
trolysis, the membrane is rinsed and sonicated with DI water, and then immersed in the anolyte
solution for at least overnight. PTFE sheets (0.01 inch) were used as gaskets. The electrolzyer
is compressed with 8 hex screws sequentially torqued (8-10-12 N m) with an electronic torque
wrench.

Carbon Dioxide electrolysis The electrochemical analysis is performed in the two-
electrode system using a potentiostat (VSP-300, biologic). Prepared cathodes, the Nafion
membrane, and Ir oxides anode are positioned and sandwiched together via current collectors
with PTFE gaskets. 40 ml of 0.5 M sodium phosphate buffer (98% purity, Fisher scientific)
solution (pH 3) is circulated using a peristaltic pump through the backside of the Ti flow channels
on the anode side. Research-grade CO, gas is supplied to the backside of the graphite flow
1

channels on the cathode side through a home-made bubbler setup at the rate of 200 ml min™

unless otherwise mentioned. The flow rate is controlled by a mass flow controller (Smart
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Track 100, Sierra). The partially concentrated CO; stream (3 and 15% of CO,) is formulated
via balanced with research-grade N, gas. At least three electrolysis are carried out at each
experimental condition for repeatability.

Online quantification for gas products is started after 20 min of initial electrolysis to
account stabilization of the cathode. All gas products produced from the cathode are collected
directly into a gas-sampling loop and quantified by gas chromatography (GC, SRI 8610C, SRI)
with a molecular sieve of 5A and a Haysep D column, a TCD/FID detector equipped with a
methanizer, and using Ar as a carrier gas. The partial current density of each gas product is
averaged over 4 GC injections during 1 hr electrolysis with chronoamperometry. The liquid
product is quantified at the end of each electrolysis using 'H nuclear magnetic resonance (NMR)
spectroscopy with a 500 MHz spectrometer (ECAS500, JEOL). The water peak is suppressed via
a presaturation sequence. Additional details can be found in our previous work.[126] Raman
analysis is applied to identify salt after 1hr of CO, electrolysis. Raman spectra are taken on an
inVia confocal Raman microscope (Renishaw) using a 633 nm excitation laser and 600 I/mm.
Each spectrum is summed from 25 scans across a 2 x2mm? area with 2 seconds of exposure per

scan.

4.3 Controlling Chemical States of Sn Oxide Electrodes

The chemical state of the 100 nm Sn oxide electrodes on GDL are controlled by post-heat
treatment (at 300 °C for 5 hrs in air), and the corresponding oxidation states are determined via
X-ray photoelectron spectroscopy (XPS). The O 1s core-level spectra in Figure 4.1A reveals
that the as-prepared Sn oxide surface consists of co-existing SnO and SnO; while the annealed
Sn oxide surface is SnO; predominant, which is consistence with our previous work.[130]
Comparing the valance band maximum (VBM) spectra in Figure 4.1B further supports that
SnO is present on the as-prepared Sn electrode and it disappears after heat treatment. To

note, semiconducting metal oxide layers growing through thermal evaporation exhibit oxygen
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Figure 4.1. Structural properties of Sn oxide electrodes. X-ray photoelectron spectroscopy
(XPS) of (A) O 1s core level and (B) valence band maximum (VBM) spectra. Scanning electron
microscopy (SEM) images of (C) as-prepared and (D) annealed Sn oxide electrode.

deficiency in general.[133, 134]

Surface morphology is sustained regardless of heat treatment. The Sn oxide electrodes
shows accumulated spherical particles with gaps between the features (Figure 4.1C-D), similar
to the surface structure of the GDL (Figure 4.2). The annealing temperature is decided based on
the contact angles of H,O on the series of the annealed GDL surfaces to ensure no structural
changes on the GDL during heat treatment (Figure 4.3).

No crystalline structure of the Sn oxides on GDL is detected from X-ray diffractometry
(XRD) regardless of heat treatment as shown in Figure 4.4. This is due to the close proximity of
the Bragg diffraction angles of graphite to SnO; (110), SnO (102), and SnO; (220), which results
in a single Bragg diffraction for all samples that we are not able to confidently distinguished.

On the basis of these observations, the as-prepared and the annealed Sn oxides electrodes are
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Figure 4.2. Scanning electron microscopy (SEM) image of bare gas diffusion layer (AvCarb
GDS2230).
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Figure 4.3. The contact angle of H,O on the gas diffusion layers along with increasing annealing
temperature. The contact angle on the GDLs annealed above 300 °C decreases or the surface is
deformed during the measurement, indicating degradation of the structural property
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Figure 4.4. The crystalline structure of the Sn oxide electrodes, bare gas diffusion layer, and
SnO, nanoparticles.

hereafter denoted as SnO-rich and SnO;-rich catalysts, respectively.

4.4 Effect of the Chemical State of Sn Oxide Catalysts on
the CO; Electrolysis

Shifting the oxidation state of Sn modulates the catalytic activities as shown in Figure 4.5.
In the range of cell voltage from -3.0 to -3.4 V, formate appears to be the major CO, reduction
products with marginal formation of CO and hydrogen on the Sn oxide catalysts (Figure 4.5A).
The calculated geometric partial current density of formate on the SnO-rich catalyst increases

with more negative cell voltage (from -3.0 to -3.4 V) up to 34.9 mA cm_2,, while that of CO is

geo>

rather consistent (< 1.6 mA cmge%,). The SnO;-rich catalyst shows similar activities for formate

and CO, and slightly more activity of formate generation at -3.4 V of cell voltage (46.3 mA

cmgez{)). Although the parasitic hydrogen evolution tends to increase along with more negative
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cell voltage and maximize at the most negative cell voltage (-3.4 V) on both Sn oxide catalysts,
formate is still the predominant product. This indicates that: 1) the Sn oxide catalysts prepared
in this work are active for CO;-to-formate reaction and 2) kinetically facile hydrogen evolution
may start competing CO; reduction reaction and perhaps the limited mass transport of CO, at
high current density may promote hydrogen evolution at such high potential. Overall, shifting
oxidation state of the Sn oxide catalysts does not show distinguishable changes in the geometric
partial current densities.

However, the SnO-rich catalyst shows improved selectivity toward formate as compared
to the SnO,-rich catalyst, as shown in Figure 4.5B. The Faradaic efficiency of formate on SnO-
rich catalysts appears to be 80.0~82.7% in the given cell voltages. An opposite trend of Faradaic
efficiency of CO and hydrogen on the cell voltage is observed, and their maximum Faradaic
efficiencies are 7.3% and 13.0% at -3.0 and -3.4 V of cell voltage, respectively. On the SnO,-rich
catalysts, Faradaic efficiency of formate is suppressed down to ~74.0% in the given cell voltages.
Similar to the SnO-rich catalyst, Faradaic efficiencies of CO and hydrogen are swapped, which
suggests that CO and hydrogen formation on the Sn oxide catalysts are sensitive to the cell voltage
while formate generation is rather governed by the oxidation state of Sn oxides. The observed
Faradaic efficiency and geometric partial current density of formate on the SnO-rich catalyst is
comparable with the state-of-the-art catalysts (Figure 4.6).[128, 135, 125] Corresponding energy
efficiency of formate in Figure 4.5C shows that SnO-rich catalysts outcompete the SnO;-rich
catalyst over the range of cell voltage, with 36.0% of maximum energy efficiency at -3.0 V of
cell voltage. This catalytic activity may offer a possible nearest-term path to carbon-negative
CO;, electrolysis with given grid intensity in California (0.2 mTCO,/MWh).[9, 10]

Post-electrolysis XPS is performed to examine the changes in the chemical state of the
Sn oxides after 1 hr of CO, electrolysis, as shown in Figure 4.7. The O 1s core-level spectra
shows upshifted binding energy of O 1s on both Sn oxide catalysts after electrolysis, indicating
that a portion of SnO, are reduced to SnO during CO; electrolysis (Figure 4.7A). Interestingly,

the SnO,-rich catalyst remains a distinctive shoulder peak which is corresponds to SnO; even
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after electrolysis, suggesting that the SnO; species generated from post-annealing might be
resistive to electrochemically reducing environment, at least on the surface. The peak appeared at
around 537 eV is presumably originated from the bicarbonate salt, confirmed by Raman spectra
(Figure 4.8). VBM spectra in Figure 4.7B indicates the presence of metallic Sn on both Sn oxide
catalysts after electrolysis. However, the portion of metallic Sn relative to SnO; on the surface
of the SnO,-rich catalyst after electrolysis is remarkably higher than the surface of the SnO-rich
catalyst. On the basis of these observations, we tentatively speculate that the suppressed Faradaic
efficiency of formate on the SnO,-rich catalysts is attributed to the evolution of metallic Sn and
remaining SnO; during the CO; electrolysis as compared to the SnO-rich catalyst, which is
consistent with literature.[26]

We assume that the parasitic hydrogen evolution is possibly originated from GDL expo-
sure during electrolysis. Figure 4.9A shows agglomerated particles on both Sn oxide catalysts
after electrolysis, which indicates that the surface morphology evolves during electrolysis. Com-
paring contact angle of H,O suggests the agglomerated surface morphology exposes GDL to the
surface (Figure 4.9B—C), which is further confirmed from energy-dispersive X-ray spectroscopy
(SEM-EDS), as shown in Figure 4.10. Figure 4.11 exhibits that purely hydrogen is only product
on the surface of bare GDL without any marginal formation CO, reduction products. We conjec-
ture that the parasitic hydrogen evolution originated from the partial exposure of GDL during

electrolysis slightly impedes the formate selectivity.

4.5 Effect of CO, Concentration and Its Flow Rate on the
CO, Electrolysis

Overall CO; conversion activity on the SnO-rich catalyst is curtailed as the concentration
of CO, stream is reduced from 100% to 3% since the available CO;, at vicinity of catalyst
surface is limited with partially concentrated CO;, as shown in Figure 4.12A-B. The geometric

partial current density of formate decreases from 11.1 to 0.8 mA cm~2, and that of CO also
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Figure 4.8. Raman spectra on the surface of the representative Sn oxide electrode after 1hr of
CO; electrolysis.

substantially reduces down to < 1 mA cm™2 at a CO, flow rate of 100 ml min~!. In general,
the partial current density of CO is 10 times smaller than that of formate over the range of CO,
concentration, which confirms that, regardless of the CO, concentration, the CO;-to-formate
reaction is predominant on the SnO-rich catalyst and it is most likely competing with the parasitic
hydrogen evolution instead of CO generation. The hydrogen evolution reaction is promoted with
lower CO; concentration which is probably due to the limited mass transport of CO, (Figure
4.12C).

Increasing flow rate of the pure and partially concentrated CO, stream from 100 to 200

! results in x~1.5 times improved partial current density of formate while marginally

ml min~
increased partial current densities of CO and H, (~1.1 times) are observed at the increased
flow rate. We speculate that the improved formate activity is largely attributed to the rapid
mass transport of CO; to the catalytic sites. Possibly, the increased flow rate of CO, may help
diffusing out of the generated formate on the catalyst surface to the flow field, which further

facilitates CO, transport.[125]

It is known that the electrochemical CO, conversion to formate is the first order reaction
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Figure 4.9. Post-electrolysis characterizations. SEM image of A(i) SnO-rich and A(ii) SnO,-
rich catalyst after electrolysis The contact angle of H,O on SnO-rich B(i) before and C(i)
after electrolysis and on SnO;-rich B(i1) before and C(ii) after electrolysis. The electrolysis is
performed for an hour at -3.0 V of cell voltage.
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Figure 4.10. SEM-EDS on the SnO-rich catalyst after electrolysis.
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Figure 4.11. Comparison of hydrogen evolution on bare GDL and SnO-rich catalyst. No CO,
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as the reaction rate is proportional to the CO, concentration,[136], indicating that reaction
kinetics of formate generation can be improved with facile CO, mass transport. Increasing
temperature would enhance kinetics but it will decrease the amount of dissolved CO; in the
thin liquid layer on the catalyst surface which results in hampered CO, transport (Figure 4.13).
Considering the three-phase interface system of CO;(,)-aqueous medium-catalyst in our CO;
conversion system, in which the CO, diffuses through a very thin liquid layer (=water by osmotic
drag through membrane) to reach to the catalyst surface, it is important to account the internal
CO, mass transfer.[125, 127] In the three-phase interface system, the internal CO; mass transfer
flux, N, is a function of mass transfer coefficient and the CO; concentration gradient, which is

proportional to the current density:[137]

AC = [COz]bulk - [COZ]interface (4'1)

N =k-AC = jformate/nF (4.2)

where A C is the CO, concentration gradient, [CO2]p,x and [CO2linzer face are the CO,

concentration in the bulk gas phase and the interface, respectively, k is the mass transfer co-
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Figure 4.13. Scheme of the simplified CO, mass transportation to the catalyst surface. The
humidified COs is diffused to the catalyst surface through GDL (bulk) and the thin liquid layer
(interface). *OCHO is the reaction intermediate to the formate.

efficient, jformare 1s partial current density of formate, n is the number of electrons (=2 for
CO;-to-formate), and F is the Faraday constant.

The diffusivity of CO, during electrochemical CO; conversion is one of the key factors
that affects k. Diffusion of CO; to the thin liquid layer through gas diffusion electrode (GDE) has
higher CO, diffusion coefficient than the solubilized CO, (16 and 0.0016 mm? s, respectively),
suggesting an improved CO, transport in the GDE-incorporated CO; electrolysis system relative
to the batch-type reactor.[138] Also, it is assumed that the CO, mass transfer flux in the gas phase
is identical to that in the liquid because the diffusion length, x;, is negligibly thin as compared to
the bulk diffusion length, x;, as shown in Figure 4.13, which means that the internal CO, mass
transport is not the reaction limiting step and the CO, mass transfer flux is proportional to the
partial current density of formate (equation 4.2).

According to Shi et al.,[137] the mass transfer coefficient, k, is shown to be approx. 10
times higher in the three-phase interface system relative to the two-phase inter face system (liquid

- solid, batch-type reactor), indicating facile CO, mass transport in the GDE-incorporated CO;
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Figure 4.14. Effect of CO; transportation on the CO; conversion. (A) liquid-solid double-phase
contact interface system (DPC) and gas-liquid-solid three-phase contact interface system (B)
GDE immersed in electrolyte (Immersed TPC) and (C) GDE exposed to gas (Exposed TPC). (D)
CO, concentration at the interface as a function of geometric current density. Reproduced with
permission from Shi et al Copyright 2020, Springer Nature.
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electrolysis system. Figure 4.14 shows that the interface CO, concentration is rather sustained
even at the higher current density (> 50 mA cm™2) in the three-phase interface system while
the double-phase interface system shows rapid decrease in the CO, concentration at around 5
mA cm™2. This confirms that the entire CO, mass transport is the rate limiting step, as shown in
Figure 4.12. In the meantime, the cell voltage is consistent at -3.0 V to keep the effect of the
electrochemical reaction rate away from the consideration. Overall, we conclude that the rapid
mass transport of CO is a critical factor of designing CO; electrolysis system to enhance CO;

conversion activity.

4.6 Summary

The selectivity and energy efficiency of the electrochemical CO; conversion to formate
can be enhanced via controlling the initial chemical state of Sn species on the thermally evapo-
rated Sn oxide surface. The improved formate selectivity (83%) is observed as SnO and SnO,
are co-existed on the surface of GDE at the beginning of CO; electrolysis, which leads to 36%
of energy efficiency for formate generation at -3.0 V of cell voltage, offering nearest-term net
negative CO; conversion system. Also, increasing CO, flow rate enhances reaction kinetics
toward formate generation even at partially concentration CO; stream in the catholyte-free
electrolyzer, which confirms that sufficient CO, mass transport to the catalytic site is a critical
design parameter for CO, electrolysis reactor. These findings showcase the importance of
controlling chemical state of the catalyst and facile mass transport of CO; to achieve carbon

negative electrochemical CO, conversion system.
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Chapter 5

Conclusion

To date, there has been many efforts made to improve overall efficiency of CO, conversion
system to meet carbon neutrality. To increase the efficiency, in—depth understanding of reaction
mechanisms and their relationship with physico-chemical properties of catalytic materials are
necessary. Also, optimization of electrolyzer design is critical to deliver the insights from the
micro-environment to the practical operations, which eventually enables net negative carbon
emission.

This thesis provides strategies to design catalytic materials by engineering from nano—
to micro—scale characteristics of the materials that shift selectivity and energy efficiency of
CO; conversion system. Furthermore, this thesis builds bridges between the fundamental
understandings and electrolyzer engineering to lessen the knowledge gap to encourage further

development in the CO, electrolysis field. The main contributions of this thesis include:

* COj, reduction reaction pathway can be tuned by surface strain. Modulating the surface
strain of a model Cu (001) catalysts epitaxially grown on a single crystal Si (001) substrate
shows significant changes in the formation rate of the single carbon products. With
increasing tensile strain, the partial current density of single carbon products are suppressed
while that of multi—carbon products are rather maintained which gives relatively increased

selectivity toward highly energy dense products.

» The changes in the reaction pathway is derived from the electronic structure. The increase
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in tensile strain upshifts the Cu 3d band center position. This strengthens the binding
energy of *CO and *H to the surface, resulting in promoted coupling reaction between
*CO and its protonation that eventually suppresses sing carbon products formation. Along
with increased *H adsorption energy due to the scaling relation, however, the parasitic

hydrogen evolution is also promoted that should be addressed to increase energy efficiency.

Engineering surface morphology can further increase selectivity toward multi—carbon
products. The operando restructuring of the micro— and nanoscale morphology of Cu—
based catalyst shows enhanced selectivity shifting away from single carbon products but

toward multi—carbon products.

The enhanced selectivity can be attributed to the increased surface defects from structural
evolution. As the Cu(OH), nanowire catalysts are electrochemically reduced at moderated
CO; electrolysis potential, a hierarchical morphology appears that provides sufficient
surface defects such as surface strain from the volume expansion. Also, increased local

pH on the evolve surface structure that favors multi—carbon products formation.

Tuning the chemical state of catalysts is also a possible way to modulate CO, products
selectivity. Shifting initial surface oxidation state of tin oxides catalyst from SnO;-rich
to co-existing SnO and SnO; shows an improved selectivity and energy efficiency to
formate in a MEA-type electrolyzer, which bridges fundamental level strategies to quasi-
practical scale research. The improved energy efficiency on the SnO-SnO; catalysts in
the MEA-type electrolyzer provides a promising approach toward net negative carbon

emission.

Providing a rapid mass transport of CO; to the catalyst sites via increasing the flow
rate of feed gas can facilitate the CO,-to-formate reaction kinetics on the tin oxides
catalyst even at the partially concentrated CO; stream, which is relevant to the flue gas

composition. It is experimentally confirmed that the CO, mass transport is the rate limiting
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step as the electrochemical CO,-to-formate reaction is known to be the first order reaction,

proportional to the CO; concentration, which is consistent with our findings.

Of course, many questions could be raised by this work to find the breakthrough of the
remaining challenges on designing catalyst and the electrolyzer. For future work, integrating the
designing strategies provided by this thesis into preparing nanoparticulate catalysts will be the
first mission to apply these insights onto larger scale application. This will require multiple scale
characterization and performance evaluation to examine catalytic activities and stability. High
throughput screening system might be helpful to test already-existing knowledge and convey
them into the catalyst synthesis.

It is critical to avoid parasitic hydrogen evolution reaction during CO, conversion to
improve overall efficiency of the system. Introducing secondary component (i.e., bimetallic
composition) or promoter that has intrinsically low activities toward hydrogen evolution but
toward *CO could be an approach. A compressive strain on the single crystal Cu surface might
be an interesting research to avoid hydrogen evolution. As the compressive strain lowers 3d-band
center, it reduces binding energy of both *CO and *H according to the scaling relation that could
increase CO selectivity and suppress hydrogen evolution on its surface.

Lastly, it is necessary to have in-depth study of electrochemical CO, conversion in the
composition of flue gas where CO; concentration is limited and oxygen is present. Fundamental
understandings originated from usages of pure CO; are certainly limited to be more practical
(e.g., installation of the CO, conversion system at the end of point sources, such as power
plant). The presence of oxygen induces the other parasitic oxygen reduction reaction, which
requires further investigation to increase local CO, concentration via ligand engineering such as

incorporating amine functional group to leverage its high affinity to COs,.
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