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The electrocatalytic interface between a metal electrode and its electrolyte constitutes a
complex reaction environment involving binding sites on the electrode surface and various
molecular components on the liquid side of the interface. To add to the complexity, this
environment can evolve during catalysis as a function of the applied potential, pH, support-
ing electrolyte identity and current density. Therefore, breaking down the impact of the
individual components on the catalytic interface requires in-situ techniques. In this thesis,
employing in-situ surface-enhanced infrared absorption spectroscopy (SEIRAS), we elu-
cidated some of the molecular components of the electrocatalytic interface that influence
CO, reduction. We applied this technique to study the reaction on polycrystalline Cu and
Au electrodes. In the first part of this thesis, using surface-adsorbed CO, CO,q4s, a reaction
intermediate during the reduction of COs to hydrocarbons, as a vibrational probe to study
the evolution and speciation of the Cu electrode surface under alkaline pH conditions. We
showed that the electrolyte pH and the applied potential drive irreversible reconstruction of
the Cu surface to favor the binding of multiply bonded CO (COy,igge). We found COyyigge
to be electrochemically inert. Instead, the singly bound CO,;,, is the primary on-pathway
CO intermediate for further reduction to hydrocarbons. In another study, we analyzed
the vibrational band of the CO,,,, intermediate to observe how the presence of molec-
ular additives in the form of N-arylpyridinium-derived films impacts the selectivity for
COs reduction. We found that certain types of N-arylpyridinium-derived films block ad-

sorption of CO,yp, on undercoordinated Cu sites, thereby halting hydrocarbon formation.



Other N-arylpyridinium-derived films do not impact the CO,,, population, but provide
a porous barrier between the electrode and electrolyte that increases the interfacial pH.
We found that the increase in interfacial pH is likely responsible for the observed sup-
pression of Hy and CH, formation in comparison with the respective formation rates of
these products on unmodified Cu electrodes. In Chapter 5 of this thesis, we investigated
to what extent anions of the supporting electrolyte control the adsorption of CO,yop. This
intermediate plays a central role in the mechanisms of CO; reduction. Under 1 M anion
concentration, we found that specifically adsorbed C1~ destabilizes CO binding through
ligand effects. Hydrated SOZ’ and CIO; block a fraction of CO,y,p, sites. Under 10 mM
anion concentration, the identity of the anion did not affect CO,,, adsorption. This study
demonstrates that the identity and concentration of anions can affect CO,;,;, adsorption in
complex ways. In the final part of this work, we focused on the effects of alkali metal
cations on CO, reduction. We determined the surface concentration of alkali metal cations
on Au electrodes (that is, the population of specifically adsorbed alkali metal cations).
We probed the surface concentrations by using the CH3 deformation band of the organic
cation tetramethylammonium (methyl;N™) as a vibrational probe of the electrochemical
double layer. We found that the concentration of the alkali cations at the electrode surface
is dependent on the cation’s free energy of hydration. The rate of CO,-to-CO correlates
with the measured surface concentration of the alkali metal cation. The ability of a cation
to undergo partial dehydration therefore is a critical factor in the cationic promotion CO,

reduction.
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Chapter 1

Introduction

1.1 Introduction

In 2019, 38 gigatons of CO, was emitted into the atmosphere in the consumption of fossil
fuels [1]. According to the most recent report from the International Panel on Climate
Change, in 2019, the amount of CO; in the atmosphere was at its highest point in the last
2 million years and the amount of N,O and CH, were at their highest in the last 800,000
years [2]. With these alarming estimates, it is no debate that the global average temperature
is rapidly rising due to greenhouse gas emissions from human civilization. Further, the fos-
sil fuel resources that civilization relies on for chemical feedstocks and as an energy source
exists in a finite quantity. Therefore, renewable energy sources and low-emission chemi-
cal feed stocks need to be rapidly implemented to keep pace with human energy demands
and prevent a climate disaster of apocalyptic proportions: at current global emission rates,
worst case-scenario estimates predict a 4.4° C increase in the global average temperature
at the turn of the century [2]. As the amount of wind and solar energy sources increases to
curb the consumption of fossil fuels and meet increased energy demands, technologies that
can store or use the energy during peak production hours need to be developed. Further,
the fossil fuel emissions from the production and use of petrochemical feedstocks in the

chemical industry continues to grow as the world-wide demand increases [3]. These chal-



lenges need to be approached from a wide range of sectors with manifold technologies. A
critical component to address these challenges will involve electrocatalysis. Electrocatal-
ysis powered by renewable energy resources can provide a sustainable strategy to convert
abundant small molecules like H,O, N5, and CO- into fuels for long-term energy storage
and commodity chemical usage. This environmentally sustainable approach can be fur-
ther translated to synthetic organic chemistry of larger molecules, providing even higher
levels of regio- and chemoselectivity [4, 5]. These later stage electrochemical transfor-
mations have been successfully used on the industrial scale, such as in the production of
the fragrant molecule lysmeral, which is produced through electrochemical oxidation on
a >10,000 ton per year scale[6]. Further, electrochemistry has been implemented in the
splitting of water to produce hydrogen [7, 8], the conversion of biomass to value-added
products [9, 10] and the reduction of CO, [11-13]. Even with these successes, electro-
catalytic conversions can still suffer from a myriad of issues, such as limited selectivity,
high overpotentials, and catalyst deactivation [14—18]. With the promise of both mitigat-
ing greenhouse gas emissions and providing a carbon-neutral or carbon-negative source of
fuels and feedstock chemicals, the aim of this work is to study the fundamentals of CO
and CO, electrochemical reduction on prototypical Cu and Au electrodes to understand its
mechanisms and ultimately optimize this process.

While the electrode material and morphology play a fundamental role in electrocataly-
sis, it is the entirety of the electrochemical double layer that ultimately drives the catalysis.
The electrochemical double layer is a complex landscape that can be broken down into
fundamental molecular components, each with multifaceted impacts on electrocatalytic
reactions. As depicted in Figure 1.1, some of these key molecular components on the
liquid side of the interface are adsorbed ions, interfacial water, and co-catalyst additives.
These individual components can result in modulation of the electric field, blocking of

surface sites, changes in reactive partners, interfacial pH buffering, proton donor effects,
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Figure 1.1: Depiction of the molecular components of the electrode/electrolyte interface,
including the surface structure of the electrode, adsorbed ions, intermediates, interfacial
water, and co-catalyst additives.

electronic structure changes of the electrode, and mass transport limitations to and from
the surface [19-30]. Further, the electrochemical double layer is a dynamic environment
and subject to evolve during catalysis [31-33]. Therefore, it is of great importance to un-
derstand how these components combine under operando conditions to form the complex
active site. With this understanding, the active site can be tailored to optimize catalytic
efficiency and product selectivity.

Understanding the electrocatalytic interface during the reduction of CO5 and CO is a
formidable challenge. Starting with the electrode side of the catalyst, the rate of reduc-
tion is highly dependent on the nature of the active site [34—37]. Even when employing a
single-crystal Cu electrode that supposedly contains primarily one distinct surface facet,
different surface preparations result in drastically different selectivity for CO, reduction to
hydrocarbons [38]. With a polycrystalline or nanostructured electrode surface, many dif-
ferent surface facets coexist, making it extremely difficult to pinpoint the most catalytically
active sites. This is further complicated by the dynamic nature of the electrode surface. For

example, Cu can undergo reversible reconstruction that is a function of surface adsorbed



CO coverage and the applied potential [31]. As other irreversible changes can occur as
a reaction proceeds, particularly with Cu surfaces [39—42], real-time characterization of
the surface, detection of reaction intermediates, and product determination is crucial to
optimize CO, reduction and better understand its complex mechanism.

A multitude of in situ techniques have been employed and developed to study the elec-
trochemcial reduction of CO and CO,, [43, 44]. For probing the catalyst structure during
catalysis, in situ X-ray techniques, including X-ray Diffraction (XRD) [45], X-ray Pho-
toelectron Spectroscopy (XPS) [46], and X-Ray Absorption Spectroscopy (XAS) [47],
have become powerful tools. While these techniques can provide vital catalyst structure
information, they can be very challenging to interface with electrochemical cells and use
expensive X-ray sources. Direct imaging techniques like electrochemical scanning tun-
neling microscopy may offer a way to probe both the surface structure and detect ad-
sorbed intermediates [48], however its application is limited by disturbances from the
large currents that are associated with CO, reduction. Alternatively, vibrational spectro-
scopic methods such as Fourier Transform Infrared (FTIR) and Raman spectroscopy can
simultaneously provide structural information of the catalyst, detection of critical inter-
mediates, and molecular structure of the electric double layer under real CO, reduction
conditions [49]. However, under real reaction conditions, the detection of surface inter-
mediates and species of interest in the electric double is still challenging: they are often
only present in sub-monolayer quantities or obfuscated by the bulk electrolyte. Surface
enhanced infrared (IR) absorption spectroscopy (SEIRAS) in the attenuated total internal
reflection configuration (ATR) provides a convenient and powerful method to overcome
these issues [50].

SEIRAS is fundamentally a surface sensitive technique. In order to successfully carry
out SEIRAS, a nanoscopically rough metal film is deposited onto an ATR crystal. The

nanoscopic roughness results in a wide plasmonic resonance in the mid-infrared spec-



trum. This gives rise to an enhancement in the infrared absorption signals within 5 nm of
the surface [51], allowing the detection of sub-monolayer quantities of surface adsorbed
species. Coupled with the surface selection rule, only molecular vibrations with dipole
changes normal to the surface result in absorption, reducing strong absorption from the
randomly ordered bulk electrolyte solution [52]. To fully take advantage of this technique,
the species of interest need to be vibrationally active. For CO, and CO reduction on Cu
electrodes, the principal intermediate for all hydrocarbon products, surface adsorbed CO
(CO.4s), 1s a powerful vibrational probe [50]. As a vibrational probe, the C=O0 stretch fre-
quency of CO,q4s provides insight into the local reaction environment of the electrochem-
ical double layer: it is sensitive to the coordination to the metal surface, the relative CO
population, local electric fields, and the presence of co-adsorbates [50]. As an on-pathway
intermediate for CO, and CO oxidation, the information gleaned from a SEIRAS analysis
of CO,qs 1s extremely valuable. To have a complete understanding of the electrochemical
interface, intermediate detection is just one part of the overall picture. Beyond surface
adsorbed intermediates, evidence for how cations and anions impact CO, reduction has
been severely lacking. It has been demonstrated that both the choice of cations and anions
can play a significant role in tuning the rate and selectivity of CO, reduction [53-55]. The
analysis of cations and anions in the electrochemical double layer during CO, reduction is
challenging for many in situ techinques, including SEIRAS. This is fundamentally due to
the choice of cations and anions that modulate CO, reduction: much of this research has
employed IR-inactive alkali metal cations or halide anions [55-61]. The work in this thesis
challenges these hurdles by taking novel approaches in the analysis of vibrational modes
in the hydration shell of anions, IR-active organic additives, and the use of an IR-active
organic cation in the presence of alkali metal cations.

While prior work from our team has contributed significantly to the understanding

of the catalyst structure and morphological dynamics during CO, and CO reduction with



SEIRAS [31, 62], this thesis focuses on using CO,4s and novel vibrational probes to under-
stand molecular factors on the liquid side of the electrified interface. However, this does
not preclude the impact that the liquid side has on altering the catalyst structure under
reaction conditions, as will be demonstrated in this thesis. The discussion will be broken
down into four main components: pH dependent surface dynamics of key intermediates,
the influence of additives on intermediates, the impact of anions on intermediates, and
determining the distribution of metal cations at the interface.

After a brief introduction into some of the theoretical concepts relevant to this thesis
in Chapter 2, we will investigate Cu electrodes in alkaline electrolytes. In Chapter 3 of the
thesis, this discussion will focus on the principal intermediate for the reduction of CO, and
CO to hydrocarbons on Cu electrodes, CO,q45. It has been demonstrated that electrolytes
with basic pH [22, 63, 64] favor the formation of valuable hydrocarbons and oxygenates.
Therefore, identifying the adsorption configuration of CO,qs under alkaline pH conditions
can allow us to identify the on-pathway reduction routes to these valuable products and
provide a set of guidelines for the theoretical treatment of CO adsorption. Using SEIRAS,
we are able to control the applied electrode potential and observe the resulting dynamics
of CO,q4s as a function of pH, time, and potential. We observe that under alkaline pH
conditions (pH = 11.5) in CO saturated 0.05 M Li,COg3 during cathodic polarization of
the electrode, there appears to be two distinct sub-populations of COgqs: COyt0p With a
C=O0 stretch frequency in the 2000-2100 cm™! range and COpyigge With a C=0 stretch
frequency in the 1800-1900 cm~—!. Besides the shift in C=0 stretch frequency, the CO,qs
populations have different dynamics. The CO,,, appears to adsorb/desorb reversibly with
the applied potential, while a significant hysteresis in adsorption is present with COyiqge.
In the anodic reverse scan of a cyclic voltammogram, the applied potential of the electrode
must oxidize the Cu surface before COy,igqe can be liberated. Interestingly, we observe

that under prolonged cathodic polarization (tens of minutes) and further increase in elec-



trolyte alkalinity (pH = 13), the COyyiqqe population continues to grow. We demonstrate
that when the total CO coverage drops below saturation, CO,;., can convert to COpyigge.
To probe the relative reactivity of the CO,,p,, We stepped the potential to a reactive poten-
tial of -1.75 V vs SHE. Under these conditions, only CO,,,, reacts away from the surface
while COy,iqqe remains. We determined that the accumulation of this spectator COpyigge
species is likely the result of reconstruction of the polycrystalline Cu surface to predomi-
nately Cu(111) or Cu(100) facets during a combination of alkaline and prolonged cathodic
polarization conditions. This work demonstrates that we can track the dynamics of surface
intermediates that are on-pathway with CO,,, and use COy,;qq. as a probe of the local pH
and pH-driven alteration of the electrode surface structure with catalysis. The differing
reactivity of CO,qop and COpyigee Serves as a cautionary reminder that computational and
micro-kinetic modelling needs to specify the adsorption configuration of CO to accurately
describe catalytic interfaces.

While the electrolyte pH has been used as a tool to alter the reactivity of CO, reduc-
tion, an alternative route is adding a molecular cocatalyst [44, 65-68]. It was recently
demonstrated that by adding derivatives of N-substituted arylpyridinium compounds, the
selectivity of CO, reduction can be significantly modulated [69]. Compared to the bare
Cu electrode surface, when 1-(4-tolyl)pyridinium (T-pyr) was added to the electrolyte, the
Faradaic efficiency for C>, products increased from =~ 25% to ~ 80%, while the addition
of 1-(4-pyridyl)pyridinium (P-Pyr) prevented any C-, products. Prior work determined
that the arylpyridinium additives would deposit on the surface to form an organic film, but
the mechanisms for how the film regulated the reaction selectivity was not understood.
In Chapter 4, we demonstrate how the presence of T-Pyr does not significantly impact
the population of CO,q4, but impedes the mass transport of OH™ from the interface re-
sulting in a locally alkaline pH. This is evident by the accumulation of solution phase

carbonate observed in IR spectra in the presence of T-Pyr, which can be simulated on



the bare Cu electrode by stopping convection of the electrolyte. Increasing the local pH
at the Cu/electrolyte interface has been demonstrated to lower the rates of hydrogen and
methane formation, therefore boosting the selectivity towards Cx, hydrocarbon products.
P-pyr alternatively does impact the CO,qs population. The CO,,, band is normally com-
prised of a lower frequency component corresponding to CO adsorbed on terrace sites and
a higher frequency component assigned to CO adsorbed on comparatively lower coordi-
nated or defect sites. In the presence of P-pyr, the high frequency band, or CO adsorbed on
defect sites, is completely missing. By using the molecular additive pyridine, which has
the analogous pyridyl functional group but does not form an organic film, we demonstrate
that CO,p, adsorbed on defect sites can be displaced as the concentration of pyridine is
increased in the bulk solution. This supports two key conclusions: that the pyridyl func-
tional group poisons undercoordinated Cu sites, and that these sites are crucial to reduce
CO,q4s to C>9 hydrocarbons. We demonstrated that seemingly similar additives can have
drastically different impacts at the electrified liquid interface, and in sifu techniques are
necessary to identify the underlying mechanisms.

This thesis will demonstrate that CO,q4s is a powerful probe of the pH environment, the
electrode structure, and changes in the on-pathway population with the addition of molec-
ular additives. Beyond this, we want to understand what are the fundamental driving forces
for CO adsorption on metal electrodes. On Au electrodes, it has been shown that CO ad-
sorption occurs at applied potentials near the potential of zero charge (PZC), significantly
more positive than where CO, reduction takes place [70]. On Cu electrodes however, CO
adsorption occurs at more negative potentials of the PZC, which probably contributes to
the overpotentials to drive further reduction of CO,q4s. It has been previously suggested
that the desorption of specifically adsorbed anions drives the potential dependence of CO
adsorption. However, the systematic study of anion identity and concentration dependence

has yet to be carried out on Cu electrodes. To bridge this gap in understanding, we show



in Chapter 5 CO adsorption studies on Cu electrodes in the presence of three anions with
increasing affinity for the Cu surface (C1O,, SO, , C17) at two extremes of concentration
(10 mM and 1 M). While these anions are either IR-inactive or have observable modes out
of the IR-window of study, under 1 M concentrations, we can observe their relative popu-
lation with the change in their respective hydration shell band and the resulting impact on
the C=0 stretch band as a function of applied potential. Under low anions concentrations,
we show that there is virtually no difference in the CO adsorption curve of CO,gop. At
high anion concentrations, the CO,,, saturation is generally lower; however, the mag-
nitude and mechanisms by which anions modulate CO adsorption are anion dependent.
Weakly and non-adsorbing anions (ClO, and SOj ) counter intuitively block a fraction
of the CO adsorption sites. This blocking is dependent on the CO coverage, which can
originate from reversible reconstruction of the Cu with CO adsorption. The specifically
adsorbing C1~ anion lowers the CO coverage by altering the CO adsorption energy, as ev-
idenced by the large C=O0 stretch frequency shift and the independence of the adsorption
on CO coverage. This work demonstrates that anions can have an unexpected influence on
surface intermediates: specific adsorption is not necessary for site blocking, and adsorbed
anions can exist on Cu even at relatively cathodic potentials. Ultimately, the adsorption
onset potential of CO on Cu is relatively unchanged by anion identity, necessitating alter-
native methods than altering the anion identity in order to modulate the overpotential of
adsorption.

While the relative population of anions in the electrochemical double layer can indi-
rectly be be observed with SEIRAS, determining the distribution of metal cations is an
even greater challenge. The choice of cation used during electrocatalytic transformations
can drastically impact the energetic landscape at the electrode/electrolyte interface [23].
The mechanisms for how cations influence the electrochemical double layer during reac-

tions is still a matter of debate. The mechanisms that have been proposed include electro-



static and/or chemical interactions with intermediates, [71-74], interfacial water restruc-
turing [25], site-blocking, [75, 76], and interfacial pH modulation [77-79]. To understand
the effects of cations and properly leverage their influence on electrocatalytic processes, it
is critical to illuminate the potential-dependent distribution of cations in the electrochem-
ical double layer. This is particularly true for the reduction of CO, on metal electrodes.

It has been demonstrated that on Ag, Cu and Au electrodes in 1 mM H,SO,, CO,-
to-CO conversion only takes place when metal cations are added to the electrolyte [56].
Further, the identity of the metal cation can control the rates and tune the product selectiv-
ity during the reduction of CO, [56, 74, 80—82]. However, these studies have been limited
in determining the distribution of the alkali metal cations in the electrochemical double
layer. In Chapter 6, we show that the CH3 vibrational mode of methyl,N* is a novel probe
of cations in the electrode/electrolyte interface under catalytically relevant CO,-to-CO re-
duction conditions on Au electrodes. We show that there are two distinct sub-populations

of methyl,N: surface adsorbed methyl,N* (methyl,N . ) and bulk-like methyl,N*. In

ads

+
ads

a mixture of methylyN* and K*, K* is able to displace methyl,N_, as the potential is
tuned negatively. Product detection studies on a roughened Au electrode allow us to lin-
early correlate the displacement of methyl,N;',_ by K™ to the rate of CO production. This
method is extended to smaller and larger alkali cations (Li* and Cs™ respectively). It is
observed that the magnitude of displacement by each metal cation correlates to the hydra-
tion energies of the cations in the order of Li* <K*<Cs™. This is further corroborated by
product detection studies demonstrating the increasing rate of CO,-to-CO with increasing
cation size in accordance to their free energies of hydration. This is the first spectroscopic
evidence supporting the key role of cation hydration in the surface concentration of alkali
cations in the double layer.

The efforts presented in this thesis validate the efficacy of in situ SEIRAS in breaking

down the complexities of the electrochemcial double layer to their core components during
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a sophisticated reaction like CO, reduction. The knowledge developed from this work is
expected to improve the development of electrocatalysts for the reduction of CO, and
optimize the liquid side of the electrode/electrolyte interface. The final chapter of this
thesis (Chapter 7) will provide a summary and outlook of this field, discussing limitations
of the techniques provided, improvements to the experimental setup, and applications of

the methods developed herein to future work.
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Chapter 2

Theory

2.1 The Electrochemical Double Layer

Electrochemistry occurs at the interface between a charged electronic conductor (the elec-
trode) and an ionic conductor (electrolyte) [83]. In this thesis, we will limit this to the
study of metal electrodes immersed into aqueous electrolyte. During electrochemical re-
actions, an understanding of the molecular makeup of the electrode/electrolyte interface
starts with modeling how the liquid and metal sides interact. The ordering of this structure
is known as the ’electrochemical double layer’, with a drop in potential leading from the
metal surface into the electrolyte. This concept was first realized in 1853 by Hermann von
Helmholtz, who discovered that when a charged electrode is immersed into an electrolyte,
ions of like charge were repelled by the metal while counter ions were attracted to the
surface [84]. While this initial model may oversimplify the electrode/electrolyte interface,
it provided foundations for how the electric double layer can be described and impact the
arrangement of cations, anions, and interfacial water during electrocatalysis.

In this section, we will briefly present some of the classic theories to describe the
electrochemical double layer. Albeit somewhat primitive, the predictions of these models

can successfully reproduce gross experimental features of real electrochemical systems.
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2.1.1 Helmholtz Model

In the most basic model used to describe the electrode/electrolyte interface, the electrode
is assumed to be perfectly polarized and the electrolyte treated as a continuum dielectric
medium. In the model proposed by Helmholtz, the charged electrode is immersed into
the electrolyte and the charges at the surface are screened by the counter ions in the elec-
trolyte [85]. The counter ions at the electrode surface make up the Helmholtz plane and
are separated by a molecular radius (Figure 2.1A). These compact layers were initially
treated as hydrated ions that are electrostatically adsorbed at the surface, and later in an
updated model treated as specifically adsorbed. In these two scenarios, the position of the
compact layers are respectively referred to as the outer and inner Helmholtz planes of the
Helmholtz layer. With either treatment, the surface of the electrode and Helmholtz plane
resemble the sheets of a parallel plate capacitor. As such, the double layer can be modeled

with a differential capacitance:

Cq=— 2.1

where d is the distance between the two layers, e represents the dielectric constant
of the medium, and ¢, is the permittivity of free space [83]. From this equation, the
differential capacitance is regarded as a constant regardless of the applied potential. In a
real electrochemical system, this tends to break down as the C; is found to depend on both

the applied potential and solution species concentration [86].

2.1.2 Gouy-Chapman Model

To rectify the limitations of the Helmholtz model, the solution side of the interface needs

to be treated differently. With an electrode, the charge is confined to its surface. The same
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Figure 2.1: Depiction of the electrochemical double layer with a negatively charged
electrode surface/electrolyte interface and the corresponding potential drop according to
the (A) Helmholtz, (B) Gouy-Chapman, and (C) Stern double layer models.

is not necessarily so for the solution side of the interface. In particular, at low concen-
trations of supporting electrolyte, the liquid phase contains a relatively small density of
charge carriers. Therefore, it may take a significant thickness of electrolyte solution in or-
der to balance the charge on the electrode surface. This brought about the idea of a diffuse
electrolyte layer, independently proposed by Louis Georges Gouy in 1910 [87] and David
Leonard Chapman in 1913[88]. The statistical mechanical treatment of the electrolyte
layer allows both the concentration and potential dependence to be added to the poten-
tial drop and differential capacitance, now known as the Gouy-Chapman model. Here,

the width of the diffuse layer is represented by the Debye screening length (Figure 2.1B):

1/k = 1/\/2F?22Cy/(eRT), where Cj is the molar concentration of a mono-valent elec-

trolyte [83]. This leads to the differential capacitance determined to be as follows:

GC()

7zF
27RT ¢

Cd =zF X ORT

X cosh(

) (2.2)

where 2 represents the ion valency, F is Faraday’s constant, € is the dielectric constant,
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() is the concentration of the electrolyte, R is the gas constant, and ( is the zeta potential.
This model is successful in determining the double layer capacitance near the potential of
zero charge (PZC) for very dilute electrolyte solutions. However, the value of the predicted
capacitance is overestimated at higher electrolyte concentrations and potentials further

away from the PZC.

2.1.3 Stern Model

To solve both of the issues inherent to the Helmoltz and Gouy-Chapman models, Otto
Stern introduced into the Gouy Chapman model the idea that the electrolyte ions have a
finite size, and therefore are limited by their ionic radii in their approach to the electrode
surface. This essentially combines the compact layer of the Helmholtz model with the
diffuse layer of the Gouy-Chapman model. Overall, this results in the capacitance of the
interface being represented by the Helmoholtz and Gouy-Chapman capacitances in series
(Cy and Cgo) [83]:
1 1 1

= 23
Ca ~ Cn ' Cac 23)

This model is known as the Stern or Gouy-Chapman-Stern (GCS) model. When the
electrolyte concentration is large or even the applied electrode potential is large in dilute
solutions, the counter ions are located very near the electrode surface and resemble the
Helmholtz model. This results in the capacitance of the diffuse layer (Cg) becoming so
large that the overall capacitance is dominated by the compact layer (Cy). While there are
still some discrepancies, the Stern model is able to predict gross features in real electro-

chemical systems.
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2.2 Fourier Transform Infrared Spectroscopy at Electri-
fied Interfaces

Conventional electroanalytical methods can provide extensive amounts of mechanistic and
kinetic information regarding charge-transfer processes at an electrocatalytic interface.
However, these techniques probe the bulk electrode/electrolyte properties and can be lim-
ited in discerning the interfacial molecular structure. The molecular understanding of the
interface is critical to improving the rates and desirable selectivities during electrochemi-
cal processes. Traditional electrochemical methods are particularly limited in discerning
electrode processes that involve multiple proton/electron transfers to adsorbed intermedi-
ates. In order to probe the molecular components of an electrochemical interface, surface
sensitive in situ techniques need to be employed in addition to traditional electrochemical
methods. One of the techniques that can achieve this is based on infrared (IR) absorption
spectroscopy.

IR absorption spectroscopy is one of the most powerful and important spectroscopic
techniques for the structural elucidation of chemical compounds. This technique relies on
the interaction of infrared electromagnetic radiation with vibrational modes of matter re-
sulting in absorption of the radiation. The frequency of absorbed radiation is dependent on
the characteristics of the chemical structure, which in turn is influenced by its surrounding
environment. This makes IR spectroscopy particularly powerful in identifying molecular
structures and reaction environments at an electrochemical interface. In this section, we
will outline some of the key theories for IR spectroscopy and how the technique is applied

to study electrode surfaces.
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2.2.1 Selections Rules for IR Absorption

In order for a molecule to interact with an electromagnetic field and absorb a photon of a
particular frequency v, it must have a dipole that oscillates at that frequency. This can be
expressed quantum mechanically in terms of the transition dipole moment, 1:p;, between

two states g and 1 :

pe = /%ZJT o dr (2.4)

where /i is the dipole moment operator. The integral represents the propagator and
therefore the probability of the transition between the states. Only if the transition dipole
moment is nonzero will it contribute to the spectrum. When applied to the vibration of
a diatomic molecule, we can express the transition dipole moment in terms of the bond

length r between the atoms:

1= /¢ivib p(1)to vip dr (2.5)

The dipole moment is a function of the displacement x = r — r, from an equilibrium
bond length r.. The dependence of the dipole on its displacement from its equilibrium
position can be expressed through a Taylor expansion of the equilibrium dipole moment:

1d%u

dp 2
o= fe + Ehe (r—fe)+7§W|re(f—re) + .. (2.6)

By combining equations 2.5 and 2.6 and omitting the latter terms after the linear term,

we get:

fo1 = e / U vin Yoib AT + /% vib (T = Te)Wo vin dT (2.7)
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As the first term in 2.7 equals zero because the vibrational wavefunctions of the same
electronic state are orthogonal to each other, we are left with only the second term. There-
fore, the intensity of a vibrational transition is proportional to the square of the change in

the dipole moment with bond distance, expressed by:

d?u

dr2

2 (2.8)

Te

I oy o

It follows that there must be a change in the dipole moment with a change in bond

length for a vibrational transition to absorb infrared light.

2.2.2 Attenuated Total Reflection Surface Enhanced IR Absorption

Spectroscopy (ATR-SEIRAS)

In the early applications of IR spectroscopy to study metal electrode/electrolyte inter-
faces, one of the primary methods employed was IR reflection-absorption spectroscopy
(IR-RAS). This technique has been used extensively on many single crystal and polycrys-
talline electrode surfaces [89]. Even so, it has some inherent limitations that arise from the
experimental cell geometry. One of the biggest issues arises from the need to reflect the
IR beam off of the metal surface: to reach the metal surface, the IR beam needs to travel
through the bulk electrolyte. In aqueous electrolyte, water and potentially other species
will absorb a significant proportion of the incoming IR radiation, increasing the interfer-
ence from the bulk and lowering the signal intensity for species adsorbed on or near the
electrode surface. Figure 2.2A [90] shows a typical experimental cell geometry for how
this is achieved and the bulk-interference minimized for an IR-RAS experiment. In this
setup, an IR transparent prism is pressed up against the cathode compartment, with an
electrolyte layer of 1 — 10 uM between the prism and the working electrode. The thin

electrolyte layer lowers the IR absorption from the bulk as much as possible. However,
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Figure 2.2: Depiction of the (A) traditional IR-RAS cell geometry and the (B) SEIRAS
cell geometry in the ATR configuration. Adapted with permission from Ref [90]. Copy-
right 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

thinning the electrolyte too much has further consequences. The first is that reactants in
this layer may be depleted rapidly leading to mass transport limitations. The second is an
increase in the solution resistance. While in cases where the reaction rates are low, the
applied potentials are modest, and the time scales are slow, these effects may be able to
be ignored. However, during reaction conditions like CO5 reduction on Cu or Au where
significant current densities can occur, or where a quick reaction response is needed, the
IR-RAS cell geometry is limited.

To overcome this, the IR spectroelectrochemical cell is set up in an attenuated total
reflection (ATR) configuration. Figure 2.2B [90] shows a typical ATR configured cell ge-
ometry, where a thin-metal film working electrode is layered onto an IR transparent prism,
with the thin-film blanketed by the electrolyte. IR light is transmitted through a Si or Ge
prism and totally reflected off of the back of the electrode. Under total internal reflection
of the IR beam, to satisfy the condition that the tangential components of the electric and
magnetic fields be continuous across the boundary, a powerless transmitted field called the
evanescent wave emerges [91]. The evanescent wave propagates through the film paral-

lel to the interface decaying exponentially into the medium, here the electrode/electrolyte.
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The evanescent wave can interact with IR active species at the electrode surface, absorbing
the light and attenuating the beam intensity, ergo the name ’attenuated internal reflection’
(ATR). When the ATR configuration is coupled with a nanoscopically roughened electrode
surface, the signal adsorption by molecules at the electrode surface can be one to three or-
ders of magnitude larger. This resulting effect is known as surface-enhanced IR absorption
spectroscopy (SEIRAS), and the effect is localized to a distance of only a few monolayers
from the surface [90]. This ultimately results in comparable signals for the surface species
and the bulk solution, allowing the cancellation of the latter much more easily than with
IR-RAS, where the solution component of the spectra is dominant. Further, the electrolyte
solution resistance can be kept low and have free mass transport, allowing measurement
under large current densities with a quick measurement time.

Since it’s discovery in 1980 by Hartsein et al.[92], SEIRAS has been a powerful tech-
nique to probe surface reactions at electrochemical interfaces. It has been applied to study
electrochemical processes on a broad range of metal thin films, including but not limited
to Rh, Ru, Pd, Pt, Sn, Cu, Ag, and Au [93-98]. The breadth of different metals that can
maintain the SEIRA effect has made this technique indispensable.

The SEIRA effect that this spectroscopic method relies on is similar to the prominently
used surface-enhanced Raman scattering (SERS). The basis for the surface-enhancement
is generally considered to result from two distinct mechanisms, an electromagnetic and a

chemical mechanism. Representing the infrared absorption as A, we can write[99]:

A x| ou/oQ - E |*=| 0u/0Q |*| E |? cos®d (2.9)

where 0p/0Q) is the derivative of the dipole moment with respect to normal coordinate
0, E is the electric field exciting the molecule, and 6 is the angle between 0y/0() and

E. In distinguishing the two mechanisms, the electromagnetic is a result of an increase
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Figure 2.3: Depiction of the electromagnetic mechanism on an island metal film, where
the incident photon field polarizes the metal particles to form the dipole p, exciting the
(blue) adsorbed molecules. The electric field is represented by the curves and arrows.
Adapted by permission from Springer Nature [99]: Springer-Verlag Berlin Heidelberg,
Surface-Enhanced Infrared Absorption by Masatoshi Osawa Copyright 2001.

in |E|? while the chemical is largely based upon an increase in the absorption coefficient,
| 9u/OQJ*.

The most common SEIRAS experimental setups rely on a chemically deposited or
vacuum-evaporated metal thin film. These thin films are generally made up of metal is-
lands and it is these metal islands that result in the SEIRA effect. Specifically, it is the
nanostructure of these metal islands that gives rise to the electromagnetic mechanism for
the signal enhancement. Shown in Figure 2.3, the metal islands are modeled as ellipsoids.
The incident photon field of the IR light polarizes the metal islands through the excitation
of localized plasmon modes. This induced dipole p on the island generates a local electro-
magnetic field that is stronger than the incident photon field that surrounds the island. The

magnitude of the induced dipole moment p generated by the incident electric field (E) can
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be represented as [51]:

p=aVFk (2.10)

where « is the polarizability and V is the volume of the metal island. This dipole in
turn induces a local electric field (lines in Figure 2.3) where the molecules adsorbed on the
surface of the metal islands can be excited. The magnitude of this field is generally larger
than the incident electric field, leading to an increase in the | £ |2 term of equation 2.9,
enhancing the IR Absorption (A in equation 2.9). The magnitude of this local electric field

can be represented as [51]:

| Eocar | = 4p°/1° 2.11)

with / being the distance from the center of the metal island. This relationship between
| Ejocar |* and [ explains the rapid decay in the signal with distance away from the elec-
trode surface. This restricts the SEIRA effect to primarily adsorbed layers within a few
monolayers of the interface, preventing large contributions from the bulk electrolyte.

The chemical mechanism for explaining the SEIRA effect arises from the observa-
tion that chemisorbed species on the metal surface tend to have a larger enhancement
than physisorbed species. As mentioned previously, the chemical effect assumes that the
| Ou/OQ|* from equation 2.9 increases in magnitude. This can result from charge oscil-
lations between the metal surface and the metal surface enlarging the absorption coeffi-

cients [100, 101].
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2.3 Chemisorption of CO on Transition Metal Surfaces

CO adsorption on transition metal surfaces is a touchstone of characterizing metal surfaces
and has been studied extensively [102, 103]. A deep understanding of the adsorption of CO
on metals has allowed the spectroscopic study of such phenomenon to become a powerful
too in studying catalytic processes at electrode/electrolyte interfaces [S0].

A classic interpretation of the CO transition metal bond is based on the Blyholder
model. The Blyholder model explains this bond in terms of frontier molecular orbitals,
as a combination of the charge transfer from the filled 5 o orbital of CO to empty metal
orbitals and the charge transfer from the filled metal orbitals to the empty 27* orbital of
CO [102]. Based on this model, the chemisorption energy is predicted to increase with
the coordination number of the CO molecule. This is due to the increase in the charge
transfer from the filled metal orbitals to the empty 27* orbital of CO, referred to as -
backdonation. In this way, for a given metal surface, CO adsorbed on an atop site (CO,top)
has a lower chemisorption energy than CO adsorbed on a bridge site (COpyiqge). In its most
basic application to IR spectroscopy, the increase in w-backdonation to CO lengthens the
average CO bond length, red-shifting the frequency of absorbed IR radiation.

More sophisticated models have since been developed. Using ab initio calculations,
Hammer, Morikawa and Ngrskov (HMN) have presented a new model that describes the
bonding of CO with transition metals by determining the interaction between the density
of states (DOS) of the CO molecular orbitals and the DOS of the transition metals [104].
In this model, as the CO approaches the metal surace, the 5 ¢ and 27* frontier molecular
orbitals renormalize through the interaction with the sp-states of the metal and hybridize
with the d-states of the metal, splitting into bonding and anti-bonding orbitals. For late
translation metals, the 27* — d hybridization determines the degree of d contribution to

the CO metal bond. This is because the 5 ¢ — d contribution is generally small as both
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the bonding and antibonding orbitals from this hybridization are below the Fermi level,
while the 27" — d hybridization results in a bonding orbital below the Fermi level and an
anti-bonding orbital that is partially unoccupied. The 277* — d interaction becomes stronger
as the energy gap narrows between the center of the metal’s d-band and the 27* orbital of
CO. The trend of energy gap narrowing follows the decreasing coordination number of the
metal surface atom and metal identity from right to left for a given row on the periodic
table. It was found that these trends correlate with the CO binding strength to a transition

metal surface.
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Chapter 3

Understanding Key Intermediates
during CO Reduction: Identifying an
Electrochemically Inert Population of

CO on Cu electrodes under Alkaline pH

3.1 Introduction

Cu is the only pure metal that is able to electrochemically reduce CO to Cx4 hydrocarbons
at significant rates [36, 63, 64, 68, 77, 105-119]. In this capacity, Cu can be employed
as an electrocatalyst to provide value-added hydrocarbons from CO, and disrupt the use
of fossil fuels in both commodity chemical synthesis and energy consumption. However,
Cu suffers from a number of drawbacks, namely high over-potentials and low selectivi-
ties [63, 105, 120, 121]. The parasitic side reaction of hydrogen evolution is particularly
challenging to mitigate during CO, reduction. A general strategy to suppress hydrogen
evolution is to carry out the CO, reduction reaction under alkaline conditions. Under alka-
line (0.1 M OH™) to extremely alkaline (10 M OH™) conditions, Faradaic efficiencies of
>60% have been achieved for the multicarbon product ethylene with current densities up
to >1 Acm?[13, 111, 115, 117, 119]. Understanding the impact of alkaline conditions on
the mechanism of CO- and CO reduction is therefore of great importance to determining

the key components that boost the selectivity towards ethylene on Cu electrodes.
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Through numerous experimental and theoretical studies, the rate- and potential-limiting
step of CO reduction to value added hydrocarbons such as ethylene has been identified
as the reduction of surface-adsorbed CO.[35, 105, 122-127] Thus, understanding the sur-
face dynamics of surface-adsorbed CO under reaction conditions is crucial to optimizing
the formation of hydrocarbons. A number of theoretical studies using Density Functional
Theory (DFT) have been carried out to understand the adsorption and further reduction of
CO on Cu [35, 128-130]. However, these studies have used a variety of CO adsorption
configurations, often omitting the vibrational frequency of CO, resulting in confusion as to
what is the true binding mode of CO under reaction conditions. In these models, CO can be
adsorbed on atop sites, two-fold bridge, three-fold bridge, and four-fold bridge sites. For
a variety of electrocatalytic processes involving adsorbed CO, experimental studies have
shown that differently coordinated CO on the surface can exhibit distinct reactivity [129,
131-133]. As we will demonstrate in the following work, during the electrochemical re-
duction of adsorbed CO, the reactivity of CO can drastically change depending on the
binding configuration of CO. Further, experimental analysis of the electrochemical ad-
sorption of CO on Cu has primarily been carried out on atop-bound CO. The result is a
disconnect between experimental and theoretical interpretations regarding the reduction of
adsorbed CO to hydrocarbons on Cu electrodes.

To bridge the prior experimental and theoretical work, we carried out systematic stud-
ies of CO adsorption and reduction on Cu under alkaline conditions with SEIRAS. Our
previous work was carried out under neutral (pH=6.8) or mildly basic conditions (pH 8.3)
to study the CO population as a function of potential and alkali metal cation identity [31,
82]. Under these pH conditions, the CO population was found to adsorb primarily in the
atop-configuration (CO,.p). However, when transitioning to a more alkaline pH, we ob-
serve the coexistence of two sub-populations of adsorbed CO: the aforementioned CO,yop

and CO adsorbed in a bridging configuration (COpyigge). While COyyigge had been ob-
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served in a limited capacity previously, the dynamics of this species and relationship to
the electrolyte pH had yet to be determined [82, 134-136]. Based on the observations that
an alkaline electrolyte leads to an enhancement of ethylene formation and the appearance
of COy,iqge 1n alkaline conditions, we want to answer two key questions: (1) Is COpyigge
the electroactive population of CO,4;, that leads to ethylene or other multicarbon products?
(2) Does the presence COy,iqqe broadly affect the catalytic properties of the Cu/electrolyte
interface, such as the adsorption of CO,y.p, and/or hydrogen?

With the use of SEIRAS in the attenuated total reflectance configuration (ATR) and
complimentary DFT calculations of the Cu electrocatlytic interface, we demonstrate a
comprehensive account of the surface dynamics and reactivity of COy,igqge On Cu. In this
Chapter, we demonstrate the conversion of CO,yop t0 COyyigqe When the total coverage of
CO drops below saturation conditions. This COy,iqge Species is irreversibly bound to the
Cu surface and can only be removed upon oxidation of the Cu surface. However, under
the coverage range studies, COpyigge does not measurably impact the adsorption of CO0p,
the on-pathway intermediate towards further reduction. These results provide evidence
that not all adsorbed species are on-pathway intermediates in CO, reduction on copper
electrodes. Here, we find pH and potential driven reconstruction of the Cu surface as
the likely source of the increase in COy,iqge population. This work highlights the role
of the pH in the liquid side of the electrolyte in determining the speciation of CO on
Cu. The possibility that the different adsorbed CO populations have different reactivity
warrants further investigation into the pH dependent speciation of both oxide species and

CO adsorbed at the interface.
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3.2 Results

Potential Dependence of CO.4; and Assignment of CO Vibrational Bands. To inves-
tigate the populations of CO adsorbed (CO,qs) on the Cu electrode surface, we collected
IR spectra of the Cu/electrolyte interface with SEIRAS on chemically deposited polycrys-
talline Cu thin-film electrodes during cylcic voltammograms (CVs) in CO saturated 0.05
M Liy,COg electrolyte. The nominal turning potentials of the CVs were 0.11 to —1.1 V
vs. standard hydrogen electrode (SHE) with a scan rate of 10 mV/s. For clarity, all poten-
tials in this chapter will be referenced versus the SHE scale. Each turning potential was
maintained for 2 minutes before continuing the cycle.

Shown in Figure 3.1A is the potential dependent CO spectra in the 2000 — 2100 cm™?
region collected during the CV experiment. The band observed in this region is ascribable
t0 COutop [31, 82, 136-145]. In order to estimate the relative coverage of CO,op, We
integrated the C=O0 stretch band and plotted its potential dependence in Figure 3.2A.

In accordance with previous studies, the adsorption and desorption of COy,., demon-
strates a high degree of reversibility [31, 82, 136]. The unique asymmetry in the lineshape
with potential (at ~ —0.8 V of Figure 3.1A) has been investigated previously by our
group [31]. In brief, it is the result of CO,,p coordinated environment, stemming from
CO-induced reversible reconstructions and a complex combination of dynamical dipole
coupling between terrace and defect sites [62]. In contrast, a large hysteresis in the po-
tential dependence of the band in the ~ 1800 — 1900 cm™~! region (Figure 3.1B, labeled
COmyrigge) 1s observed. Like with CO,y,p, the integrated band area of COpyigge, plotted in
Figure 3.2A, demonstrates the relative potential dependent population of this species. We
initially observe that the onset adsorption potential for both species occurs in the same
range. However, the population of COy,iqge 18 maintained well into the anodic region of

the reverse scan. By comparing the COpy,iqq. area to the Cu current profile of the CV (Fig-
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Figure 3.1: Representative IR Spectra in CO-saturated 0.05 M Li,CO3 (pH of 11.4) at a
scan rate of 10 mV/s plotted in the regions of (A) CO,top and (B) COpyigee. The cathodic
forward and anodic reverse scans are shown on the left and right panels, respectively.
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ure 3.2B), the disappearance of COy,qg. correlates with the oxidation of Cu at ~ —0.1 V.

As spectroscopic studies on CO adsorption on Cu have primarily investigated COpop,
we employed density functional theory (DFT) to unambiguously assign the band we have
labeled as COpyigge. The adsorption of CO was investigated in Cu(111) and Cu(111) facets
with a coverage of 1/4 of a monolayer. Figure 3.3 shows the ab initio determined C=0
stretch frequency in various surface-bound configurations as a function of an applied elec-
tric field. To confirm the validity of this model, the calculated frequencies need to be
compared with experimental studies. For COyp, the calculated frequencies are found
to be within a respectable ~ 20 — 50 cm~! of the experimentally observed values (Fig-
ure 3.1) [31, 82, 136, 139-146]. Further, the calculated frequencies for a 4-fold bridg-
ing site for CO adsorption on Cu(100) agree similarly with previous experimental in-
vestigations [133]. Comparing the experimentally observed band in this work from the
~ 1800 — 1900 cm ™! region (figure 3.1B) with those obtained from the DFT calculations
(Figure 3.3) reveals that the COy,igqe band likely originates from a population of 3-fold
bridged CO on Cu(111) sites and/or a 2-fold bridged CO on Cu(100) sites.

Time- and pH-Dependence of CO Populations. To probe the surface dynamics of
COyigge and COpytop, we carried out chronoamperometry experiments to monitor the CO,q
populations as a function of potential, time, and dissolved gas. Operating under the as-
sumption that the integrated band area is proportial to the CO surface coverage, we can
monitor the relative populations of each CO species. Plotted in Figure 3.4A is the change
in CO coverages, with blue squares representing the integrated band area of CO,;,,, plotted
against the left y-axis and red circles representing the COy,iqq. band area in the right y-
axis, over an experiment comprising of three distinct regions. The light colored boundary
lines indicate the 95% confidence intervals of the respective band areas. In region 1 of
the experiment (grey shaded area), the electrode potential was stepped from the reference

potential to —1.1 V and held for (A) 25 min and (B) 1 min with CO saturated 0.05 M
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Figure 3.3: Dependence of DFT-calculated C=O0 stretch frequencies of CO bound to
various adsorption sites on applied electric field. The CO coverage was 1/4 of a monolayer.
A more positive electric field represents a more cathodic potential.

Li,COg3, and (C) 1 min with CO saturated 0.1 M LiOH. Following region 1, the electrode
polarization and gas purging were identical for Figure 3.4: in region 2, the applied poten-
tial was maintained at —1.1 V for 25 min, however the gas purging was switched from 5
standard cubic centimeters (SCCM) of CO to Ar. In region 3, the Ar purging was main-
tained, but the electrode potential was stepped to —1.75 V. This experiment was crafted
in such a way to achieve the following goals in each region: (1) Saturate the Cu surface
with CO and observe how the pH and length of CO surface saturation effect the initial and
ultimate populations of CO sites. (2) Remove CO from the electrolyte and observe any
shifts in CO coverage between sites. (3) Step to a reactive potential where CO reduction
occurs for any remaining adsorbed species. First, we focus on the CO,,,, population. In
all three panels of Figure 3.4, the same general trend of CO,y,, is observed. With the
initial potential jump, the CO,q,, reaches a maximum value, and remains relatively con-
stant. Once the gas purge is shifted from CO to Ar, the CO,y,, declines, consistent with

previous reports that COg,p, 18 in dynamic equilibrium with the CO in the electrolyte [134,
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147, 148]. Finally, in region 3, any CO,,, left on the surface is reduced away, indicated
by an integrated band area of 0. The main differences between the three panels of Fig-
ure 3.4 arise from COyyigee. In panel A, we initially observe that the COy,iqq. cOverage is
relatively low and slowly increases to an integrated band area of ~ 45 mOD cm™! after
25 minutes. However, when the gas is changed from CO to Ar, despite the decrease in
CO,top coverage, the COy,iq5 monotonically increases. In stark contrast to COgop,, region
3 sees no change in the COy,;iqqc cOverage at a electrode potential where CO should easily
be reductively desorbed. Taken together, these observations suggest that when the CO 0,
coverage dips below saturation, it can be converted to COyiqge, and the COpyiqge 1S inert to
further electrochemical reduction.

In order to further probe the time dependent dynamics of the COytop and COpyigge
bands, the same experiment was carried out, but with an initial polarization time shortened
to 1 min (Figure 3.4(B), gray shaded area). While COy,,, is not significantly impacted
by this change, we observe that this 1 min polarization results in very little increase in
the COpyigge band area when the gas was changed from CO to Ar. This suggests that
the conversion of CO,op t0 COpyigee 15 a result of changes in the interface that occur
under negative electrode polarization on the time scale of tens of minutes. Under such
conditions applied here, a change that can occur on this time scale is an increase in the
interfacial pH due to the consumption of protons during hydrogen evolution [44, 149].
Interestingly, previous spectroscopic studies have indicated that CO,q4s on Co, Ni, and Pt
is predominantly in the COy,iqge configuration under alkaline pH conditions [150-153].

To determine the impact of local pH on the adsorption configurations of CO,q4s, We
carried out the same experiment in Figure 3.4B in 0.1 M LiOH, increasing the initial bulk
pH to 12.4. This concentration maintains the same cation concentration as 0.05 M Li,COs,
as our previous work has demonstrated that the coverage of CO is cation-dependent [82].

Figures 3.4C shows that the increase in pH had an immediate effect on the COyyigge COV-
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Figure 3.4: Change in integrated band areas of CO,,p, (blue squares; left y-axis) and
COyrigge (red circles; right y-axis) over time: With an initial polarization at —1.1 V for
(A) 25 min and (B) 1 min (Region 1) in CO-saturated 0.05 M Li,CO3. (C) Same ex-
periment as in panel (B) but in 0.1 M LiOH. Light-colored solid lines indicate the 95%
confidence intervals. The main source of uncertainty is the variation in IR enhancement

for independently prepared films.
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erage, with an initial increase in relative coverage by 10 times after region 1, ultimately
reaching a coverage 25 times greater in 0.1 LiOH than in 0.05 M Li,COg3. This experi-
ment clearly shows that alkaline pH conditions promoted the accumulation of a significant
COyrigge population.

Possible Origins of Observed CO Surface Dynamics. The observed CO surface dy-
namics can be explained best by three possible explanations relating to electrostatics and
surface reconstruction. The first scenario operates under the assumption that increasing
the charge density on the electrode favors COpyigge OVer COyyop sites. This originates from
studies on Ni, Co, Pt, and Rh electrode studies, where the ratio of COyyigge t0 COytop COV-
erage increases with decreaseing potential [153—157]. The change in binding preference
was rationalized by the increase in back donation from the metal electrode to the 7* orbital
of CO with an increase in electron density on the metal. Compared to CO,op, CObyridge
is able to facilitate a higher degree of back donation and becomes the dominant surface
species as the potential becomes increasingly negative.

Generally, the potential of zero charge (PZC) under the SHE scales with the pH, be-
coming 59 mV more negative per pH unit: £, syg = £, pa—0—0.059 V xpH [158]. There-
fore, the PZC is invariant on the RHE scale: F, gug = £, spp+0.059 VxpH = constant.
This dependence can be traced back to the adsorption of hydroxide anions on the surface of
the electrode increasing with the electrolyte pH [158]. However, in the presence of CO, the
adsorption of hydroxide can be disrupted, resulting in a £, g that is invariant with pH
and an I, pyp that shifts positively with pH. Under these conditions, for a given applied
potential on the RHE scale, the charge density should be more negative under an alkaline
pH than a relatively more acidic pH. Assuming more charge density favors COyyigge, the
coverage of this population should increase.

This explanation based on electrostatics does not apply to this case. First, the applied

potentials in this chapter are reported against the SHE scale. Thus, if the applied potential
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on this scale is independent of pH, the charge density on the electrode would be invariant
of the pH for a given SHE potential. Further, under the assumption the F, gy has the
theoretical pH dependence of —0.059 V x pH, [158], the absolute negative charge density
would actually decrease with increasing pH.

The observed surface dynamics of CO are more likely to emerge as a result of the
reconstruction of the Cu surface during catalytic conditions. It has been shown that Cu
surfaces can readily reconstruct under a variety of experimental conditions [31, 39, 41, 42,
159-163]. The reconstruction observed in this study can likely manifest in two possible
ways, with the first being slow reduction of Cu oxide phases during cathodic polarization.
It is possible that kinetically stable Cu oxides can persist at a potential of —1.1 V, where
they are no longer thermodynamically stable [164], and influence the adsorption behavior
of CO. This subject has been the matter of debate, with some studies finding no evidence
of Cu oxides under CO, reduction conditions [165-167], and others both observing ox-
ides under cathodic polarization and implicating them as key promoters of hydrocarbon
formation [112, 116, 168]. To investigate the possible presence of oxide phases on Cu, we
collected spectral data with surface-enhanced Raman scattering (SERS). In Ar saturated
0.05 M Li,COg3, SERS spectra obtained at open circuit and —0.5 V showed the presence
of clear copper oxide/hydroxide bands (Figure 3.5). However, when the potential was po-
larized to —1.1 V, no oxide phases were detected. This suggests that the Cu surface is fully
reduced and refutes that kinetically stable oxides are influencing the dynamics of surface
adsorbed CO.

We postulate that the CO population dynamics are the result of differing degrees of
polarization- and pH-dependent reconstruction to unique surface facets that favor COyiqge
binding. Strong evidence for this comes from scanning tunneling microscopy imaging
studies of Cu electrodes under prolonged cathodic polarization [39, 163, 169]. It was

observed that under alkaline and mildly alkaline pH conditions, cathodic polarization of
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the Cu surface on the scale of tens of minutes, the initially polycrystalline Cu surface
reconstructed to Cu(111) and then to Cu(100). Our experiments demonstrate that under
increased pH and prolonged electrolysis conditions, COy,qge Sites increase in coverage.
Taken together, we therefore ascribe the observed CO population dynamics to pH induced
surface reconstruction of Cu. Specifically, it is likely that Cu(100) or Cu(111) like sites
are formed during this surface reconstruction, allowing CO to irreversibly bind in 2-fold
and/or 3-fold bridging configurations. However, co-adsorption of hydroxide ions may
additionally favor the irreversible adsorption of CO [170].

Insensitivity of CO,,, Coverage to CO\,iq,. Population. With the accumulation
of an irreversible adsorbed species like COpyigqe at the Cu surface, it is possible that this
species can modulate catalysis in the blocking of sites for hydrogen or by modulating
the adsorption energy of CO,op [72, 130]. To test this hypothesis, we probed how the
amassing of COy,iqge coverage affects the CO,y,, coverage. This was done by carrying out
a series of consecutive CVs. Figure 3.6 shows the integrated band area at the beginning
and end of each turning potential as a function of time during CVs, the second cycle of
which was previously described in Figure 3.2. As the potential is cycled between —1.1
and 0.11 V, the COy,iqqe integrated band area montonically increases. In contrast, the band
area of CO,.p remains virtually the same across the four cycles. Therefore, under this
coverage range, the population of COy;, remains unaffected by the increase in coverage
of COpyigge- This observation demonstrates that the total coverage of adsorbed CO is well
under one monolayer [72] at this potential and that CO,, and COy,iqge are adsorbed at
different sites.

Origin of the Electrochemical Inertness of COy,iq... To gain insight into the elec-
trochemical inertness of COy,iqge, We carried out DFT analysis of the further reduction
of adsorbed CO species. Again, Cu(100) and Cu(111) surface facets were used as model

electrode surfaces. Figure 3.7 shows the formation energy of CO at differently configured
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right y-axis) COy,iqge at the turning potentials of (hollow symbols) —1.1 and (solid sym-
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adsorption sites as a function of electric field. The more positive electric field is indicative
of a more cathodic potential.

When the electric field is increased from —0.25 to 1 V/A, the formation free energy
of CO,top remains relatively constant, while the COy,iqge formation energy becomes more
negative by ~ 0.1 eV. This suggests that more negative potentials (positive electric fields)
favor bridge binding for CO.

We further used DFT to justify the difference in reactivity between CO,p, and COypigge.
This was accomplished by calculating the thermodynamics and corresponding activation
barriers for the HyO-assisted hydrogenation of CO to CHO on Cu(100) as a function of
electric field (Figure 3.8). The activation barrier for CO,,, to 2-fold CHO exhibits little
change with an increasingly large applied electric field. In contrast, the activation bar-
rier between 2-fold and 4-fold COp,iqee and 4-fold CHO increases in the presence of an
increasingly large applied electric field. This is a result of this increased stability that
COy,iqge maintains as the potential is more cathodic and the applied electric field becomes
more positive. Therefore, the electrochemical inertness of COy,iqg. likely originates from

its stabilization at increasingly negative potentials on Cu electrodes.
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3.3 Conclusions

This chapter demonstrates that under alkaline pH conditions in the liquid side of the
Cu/electrolyte interface, a COyyiqqc population develops. This population growth is pro-
moted by irreversible surface reconstruction originating from high pH and extended ca-
thodic polarization of the electrode over the course of tens of minutes. This leads to
the formation of sites that favor a multiply bonded CO species. We find that COyyigge
is unexpectedly inert to electrochemical reduction, but does not significantly impact the

adsorption of the on-pathway CO,,,, population.

3.4 Experimental Procedures

Materials. HF (48 wt%), NH4F (40 wt% in H50), and Li;CO3 (99.999%; trace metals
basis) were aquired from Fisher Scientific. CuSO,4-5H>0 (99.999%; trace metals basis),
HCHO (35 wt%; 10% methanol as stabilizer), LIOH-H5O (99.95%; trace metals basis),
Na,EDTA (99.0-101.0%; ACS Reagent), NaOH (99.99%; trace metals basis), and 2,2-
bipyridine (<99%; ReagentPlus) were purchased from Sigma-Aldrich. Polycrystalline
diamond pastes were purchased from Ted Pella (Redding, CA) or Electron Microscopy
Sciences (Hatfield, PA). Ar (Ultra High Purity) and CO (99.999%) were procured from Air
Gas. High purity water (18.2 M) cm) was sourced from a Barnstead Nanopure Diamond
system (APS Water Services; Lake Balboa, CA) and used for all experiments.

Cu Thin Film Deposition. Cu thin films were electrolessly deposited onto the reflect-
ing pane of a 60° Si ATR prism (Pike Technologies; Madison, WI). This was accomplished
by first polishing the Si prism reflecting pane by hand on a polishing pad with 6 and 1 M
diamond slurries for 10 min each. Following this, the surface was polished with 0.5 uM

diamond paste with a cotton swap for 5 minutes. The surface was then polished with
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fresh cotton swabs until the paste was completely removed from the surface. The Si prism
surface was then wiped with a folded Kim-wipe under flowing high purity water for 5 min-
utes. Following this, the prism was placed into a PTFE holder and sonicated consecutively
in alternating baths of water and acetone for 10, 5, and 5 min each. During this time, the
seeding and plating baths were prepared as follows. The seeding bath was made up of a 25
mL volume of 0.5 w.t% HF with 750 uM CuSO,. The plating bath (20 mM Na;EDTA, 0.3
mM 2,2-bipyridine, 20 mM CuSO,, and 250 mM HCHO; pH 12) was made up of initially
two separately prepared solutions: a 5 mL solution Na,EDTA and 2,2-bipyridine adjusted
to a pH of 12 with solid NaOH was added dropwise into a 10 mL of a mixture of dissolved
CuSO4 and HCHO and diluted to a total volume of 25 mL. The final pH was adjusted to
12.05-12.20 with solid NaOH. This plating bath was first heated for 10 minutes in a water
bath set at 54-55°C. Following this, the Cu thin-film was deposited by first dipping the
reflection plane of the Si prism in 40 wt% NH4F for 30 s. The surface was rinsed with
high purity water and immediately dipped into the seeding solution for 1.5 min. The prism
was then gently rinsed with water and placed into the plating bath for 3.5 min. Following
the deposition, the film was rinsed, dried under gentle N» gas flow, and the resistance of
the film measured to be 5-30 €2. The cell was then immediately assembled and the Cu film
subsequently covered in 4 mL of either 0.05 M Li;COg3 or 0.1 M LiOH. This electrolyte
was then purged with Ar or Ny to remove dissolved O, and subject to cleaning and capaci-
tance CVs (—0.13 to —0.6 V vs. Ag/AgCl at 50 mV/s scan rate and —0.6 to —0.7 V at 20,
40, 60, 80, and 100 mV/s). The capacitance measurements allowed the determination of
the surface roughness factor to be between 10-12, in good agreement with previous reports
(Addendum, Figure A3.2) [31].

Electrochemical methods for ATR-SEIRAS Measurements. SEIRAS experiments
were carried out in a single-compartment polyetheretherketone (PEEK) cell (Addendum,

Figure A3.1). The PEEK components of the cell were cleaned in an acid bath (30 wt%
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HNO; + 30 wt% H2SO,) for 1 hour followed by sonication in water for 1 hour. The overall
cell was assembled with the chemically deposited Cu-thin film working electrode, a Au
wire (99.999%, 0.5 mm thick, Alfa Aesar) counter electrode, and a Ag/AgCl (RE-5B,3 M
NaCl, BASI Inc,; West Lafayette, IN) reference electrode. The potential was manipulated
using a VersaStat3 potentiostat (AMETEK; Berwyn, PA). 85% of the solution resistance
was compensated in-situ for all electrochemical experiments.

ATR-SEIRAS Measurements. FTIR spectra were collected with a nitrogen-purged
Bruker Vertex 70 FTIR spectrometer (Billerica, MA) interfaced with a liquid nitrogen-
cooled MCT detector (FTIR-16; Infrared Associates; Stuart, FL). Spectra were collected
with a 40 kHz scanner velocity and 4 cm ™! resolution. To determine the potential and time
dependent spectra, the change in the absorbance (AOD) was calculated with the following;
AmOD = —10%log(S/R), where S and R represent the respective sample and reference
single beam spectra.

SERS Measurements. SERS data were collected in a Horiba Scientific Xplora Raman
microscope (638 nm laser) interfaced with a water immersion objective (NA = 1.0, WD
= 2.0 mm; LUMPLFLN-60X/W; Olympus Inc.; Waltham, MA) wrapped in a 0.006 mm
thick protecting Teflon sheet with a drop of water between the objective and the sheet.
Spectra were collected over an acquisition time of 25 s, a 600 lines/mi grating, 300 pm
hole, and 100 pm slit. A Si standard was used to calibrate the instrument prior to each
experiment.

SERS data was collected with the same Cu-thin film used for SEIRAS deposited onto a
Si wafer. The Cu-coated Si wafer was assembled into a custom Raman cell. After cleaning
the cell in with the same method used for the SEIRAS cell, 50 mL of 0.05 M Li,CO3 was
placed on top of the Cu-coated Si wafer and purged with Ar for ~ 30 min. The Cu film
was then cleaned with CVs and the roughness factor determined as described previously.

Spectra were taken every two minutes throughout the following experiment: the potential
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was held at open circuit for ~ 2 min before applying —0.5 V vs. SHE for 20 minutes,

followed by a potential step to —1.1 V vs. SHE maintained for 50 min.
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3.5 Addendum
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Figure A3.1: Cartoon depiction of the electrochemical cell used in this chapter.
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Figure A3.2: (A) Representative capacitance CVs taken at scan rates of (red) 20, (blue)
40, (green) 60, (yellow) 80, and (purple) 100 mV/s. The CVs were used to determine the
double layer charging current vs. scan rate plotted in B with a linear fit. The roughness of
the film was calculated by dividing the slope of the line by a factor of two and a reference
capacitance value for a smooth Cu surface (28Fcm ™) [171].
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Chapter 4

Modulation of Interfacial pH and
Intermediates with N-Arylpyridinium
Tons: Impact on Selectivity of CO-
Reduction at the Cu/Electrolyte
Interface

4.1 Introduction

Chapter 3 demonstrated that electrocatalysis in an alkaline pH can be a strong driving-
force for the liquid side of the interface to alter the catalyst structure. Reconstruction of
the catalyst morphology led to a significant coverage COyigge. With SEIRAS, we were
able to determine that the COpy,iqqe formed under these conditions is an inert species in
the further reduction of CO on Cu electrodes. Even though COpyigg. 1s €lectrochemically
inert on Cu electrodes under alkaline pH conditions, these pH conditions have been em-
ployed to improve the product selectivity during CO, reduction. Coupled with optimized
Cu electrode morphologies, high pH electrolytes have enabled the conversion of CO- and
CO to Cs hydrocarbons with selectivities of >70% [111, 115, 119, 172, 173]. Besides
altering the pH, a simple strategy for impacting the catalyst structure, surface intermediate
populations, and ultimately the catalytic selectivity and rates during CO5/CO reduction is

with organic additives [65-69, 174-185]. For example, during CO, reduction on Ag elec-
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trodes, the presence of diaminotriazole improves the selectivity towards CO over hydrogen
by one order of magnitude compared to when it is absent [65, 186]. Modification of the
Au and Cu electrode surfaces with a variety of organic compounds can also substantially
tune catalysis. In comparison to the unmodified surfaces, enhancements in the selectiv-
ities towards valuable products have been observed with Cu and Au electrodes modified
with amino acids [66], poly-amides [176], and thiol-containing compounds [67]. Han and
coworkers have reported selectivities as high as 70 — 80% for Cs, products generated
from CO, reduction with the presence of an organic film derived from N-arylpyridinium
compounds at the Cu electrode/electrolyte interface [69].

The origins of these changes in selectivity is manifold: it can include the modulation
of adsorption energies of key intermediates, change in the reaction pathway, or blocking of
catalytic sites. Understanding what mechanisms are at play with surface modifications are
critical to utilizing them effectively to alter catalysis. However, many of these mechanisms
remain largely unexplored.

In this Chapter, we used SEIRAS to probe the Cu/electrolyte interface to determine
the impact that organic films derived from N-arylpyridinium compounds have during CO-
reduction. The impact of these films on CO, reduction was intriguing; the product selec-
tivity changed drastically. For some of these films, Faradaic efficiencies for C>, hydro-
carbons reached up to =~ 80% [69]. However, the changes in selectivity varied greatly
with the chemical structure of the N-arylpyridinium compound. In the presence of a dif-
ferent organic film, the formation of hydrocarbons was essentially shutdown. Therefore,
this system provided the opportunity to understand the interfacial properties of molecular

additives that can be beneficial or detrimental to electrocatalytic selectivity.
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4.2 Results and Discussion

Choice of Additives. In this work, we chose two arylpyridinium chloride derivatives, 1-
(4-tolyl)pyridinium (T-Pyr) and 1-(4-pyridyl)pyridinium (P-Pyr), that had been reported
to modulate the product selectivity during CO, reduction on polycrystalline copper elec-
trodes in contrasting ways [69]. The chemical structures of each are shown in Figure 4.1.
It was previously discovered that the presence of 10 mM of each compound dissolved in
the electrolyte, under cathodic polarization of the electrode, resulted in the reductive de-
position of the compounds onto the electrode surface. The white, visible films that formed
at the surface were demonstrated to exhibit unique influences on the product selectivity
during CO, reduction. The partial currents for the main CO, reduction products mea-
sured by Han et al. [69] are summarized in Table 4.1. In the presence of the organic film
formed from T-Pyr, the rate of methane and hydrogen formation fell greater than an order
of magnitude in comparison to the unmodified Cu electrode, while the rates of C>, species
(ethylene, ethanol, and propanol) were only slightly reduced. In contrast, the films derived
from P-Pyr virtually shut down the rates of production for all hydrocarbons species, while
maintaining the same rate of hydrogen formation of the unmodified Cu electrode. This
chapter will use SEIRAS to identify the physical and chemical origins of the observed
impact on the CO, reduction product distribution dealt by the T-Pyr and P-Pyr films at the
Cu/electrolyte interface

Formation of T-Pyr- and P-Pyr-derived Films. The formation of the organic films
was monitored with cyclic voltammetry coupled with SEIRAS. A similar experimental
setup was used with Chapter 3, where a chemically deposited polycrystalline Cu thin film
was deposited onto the reflecting pane of a Si ATR element. In order to prevent the cross-
contamination of oxidized products, an updated two-compartment cell with an anion-

exchange membrane and stirring functionalities was employed(Addendum, Figure A4.5.
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Figure 4.1: Chemical structures of T-Pyr, P-Pyr, and the T-Pyr dimer.

Table 4.1: Partial current densities of various reduction products for polycrystalline Cu
electrodes in the presence and absence of 10 mM T-Pyr/P-Pyr in COs-saturated 0.1 M
KHCOgs at an applied potential of —1.1 V vs RHE, as reported by Han and coworkers [69].

Current Density (mA cm—? )

Compound CH,; H, Cso
Unmodified Cu  0.90 1.91 1.16
T-Pyr 0.01 0.16 0.80
P-Pyr 0.001 1.94 0.00

Aqueous solutions of 0.5 M KHCOj; (pH 7.4) with and without 10 mM P-Pyr and T-Pyr
were saturated with CO, and used as the electrolytes. These electrolytes and electro-
chemical setup allowed us to observe the film-induced changes in the product selectivities
reported in Table 4.1. In this chapter, all potentials are referenced against the silver/silver
chloride electrode (Ag/AgCl) unless otherwise noted.

Shown in Figure 4.2 is the cyclic voltammograms (CVs) in the presence and absence
of 10 mM P-Pyr and T-Pyr. In the absence of these additives, the current density rapidly
and monotonically increases in magnitude in the cathodic forward scan. In contrast, the
presence of either P-Pyr or T-Pyr results in a reduction wave at =~ —0.9 V. This wave is due
to the reduction of P-Pyr and T-Pyr [69]. The reduction of either of these species forms

a visible white film on the Cu electrode that is maintained even after the cell is disas-
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Figure 4.2: CVs of Cu thin films in CO,-saturated aqueous solutions of 0.5 M KHCO;
in the absence (black) and presence of 10 mM P-Pyr (blue) and T-Pyr (red). The scan rate
was 2 mV s~!. The inset shows the waves due to the reductions of P-Pyr and T-Pyr.

sembled. For T-Pyr, ex situ NMR spectroscopy has demonstrated that the reduced species
is a hydrogenated T-Pyr dimer (Figure 4.1) [69]. The spectra corresponding to —1.1 V
of the CV where the organic films have formed are shown in Figure 4.3A. These spectra
are difference spectra, with the reference taken before the addition of T-Pyr or P-Pyr to
the bulk electrolyte. This results in the presence of spectral features from both solution
species and the solid film. In order to delineate the film formation from their precursors,
IR spectra of T-Pyr and P-Pyr is shown in Figure 4.3B. We focused our analysis on the
feature that appears during the CV at ~ 1685 cm~! (indicated by the dashed line in Fig-
ure 4.3A). In comparison to the solid and solution phase spectra, this band is only present
in the spectra at the electrochemical interface in the presence of T-pyr and P-Pyr. These
observations demonstrate that the band at ~ 1685 cm~! emerges from the film formation
at the interface. The frequency of the band is also consistent with the C=C stretch of an
alkene group [187]. Upon dimerization of T-Pyr and P-Pyr, the aromaticity of the ring
systems is lost, thereby resulting in the observation of the alkene group (Figure 4.1). The

observation of this band confirms that T-Pyr and P-Pyr are in a reduced state during their
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Figure 4.3: (A) IR spectra of the Cu/electrolyte interfaces in the presence of 10 mM T-Pyr
(red) and 10 mM P-Pyr (black) in COs-saturated 0.5 M KHCOj at a potential of —1.1 V.
The reference spectrum was taken at —0.6 V immediately before the arylpyridiniums were
added. The band indicated by the dashed line is consistent with the C=C stretch of an
alkene. (B) Transmission IR spectra of solid-phase T-Pyr (red) and P-Pyr (black) and their
aqueous solutions.

film formation and CO, reduction conditions.

The presence of the films significantly reduces the magnitude of overall reductive cur-
rent compared the unmodified Cu interface (Figure 4.2). This is expected and originates
from the reduced partial currents for the respective products measured at a potential of
—1.1 V vs RHE by Han and co-workers [69]. The lower current with T-Pyr is primarily

from the > 10 times lower partial currents for hydrogen and methane in comparison to the

unmodified Cu surface. In contrast, the lower current with P-Pyr primarily originates from
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the drastically reduced currents for hydrocarbons.

Spectra taken after the reduction wave at —0.9 V reveal little changes in the organic
film features with potential, suggesting the organic film growth is a self-limiting process
(Addendum, Figures A4.1 and A4.2).

Effect of T-Pyr on Interfacial Characteristics. The impact of T-pyr on CO, reduc-
tion product selectivity is revealed through the analysis of interfacial carbonate (CO3™).
Figure 4.4 shows representative potential dependent IR spectra of the three interfaces in
the region of 1300 — 1600 cm™. For clarity, these spectra represent the change in ab-
sorbance (optical density) at the indicated sample potential with respect to the reference
potential of —0.6 V, taken at the end of the CV. The bands around 1330/1350 cm~! and
1515 cm™! in the presence of T-Pyr (Figure 4.4A) and P-Pyr (Figure 4.4B) correspond
to Stark tuning of film-related vibrational modes with potential. The broad negative band
at &~ 1525 cm™! in the unmodified Cu/electrolyte interface is due to the desorption of
surface-adsorbed carbonate and/or bicarbonate [82, 188].

Lat

In the presence of the T-Pyr film, a large broad positive band appears ~ 1410 cm™
cathodic potentials (Figure 4.4A). As the potential is tuned positively, this band decreases.
A similar band is present at the P-Pyr modified Cu/electrolyte interface (Figure 4.4B), but
with a substantially smaller amplitude. This band is completely absent at the unmodified
Cu/electrolyte interface (Figure 4.4C). These observations lead to the distinction of T-Pyr
modified Cu/electrolyte interface from the others with the presence of the relatively larger
magnitude of the band at ~ 1410 cm ™!,

The ~ 1410 cm™! band at the Cu/electrolyte interface has previously been attributed to
the out-of-phase stretching vibrations of solution-phase carbonate (CO3 ") in the vicinity of
the electrode [145, 189—191]. We believe this is a reasonable assignment due to a number

of explanations: The first being that other possible intermediate species that could appear

in this IR region are most likely to be at very low surface concentrations, preventing their
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Figure 4.4: Potential-dependence of the carbonate band (=~ 1410 cm™?) during the anodic
reverse scan of the CV (Figure 4.2) in the absence and presence of the organic films as
indicated. The final spectrum at the anodic end of the scan (—0.6 V) served as the reference
spectrum.
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detection. Next, the IR transmission spectrum of 10 mM K,COj3 shows a feature at a
similar frequency and a comparable width (Addendum, Figure A4.3). Finally, for every
electron-transfer in CO, reduction and hydrogen evolution, a hydroxide ion is produced
according to:

A+H,0+e — B+OH, (4.1)

Where A and B represent the respective oxidized and reduced species. In the absence of
efficient mass transport, we therefore expect the local pH in the vicinity of the electrode to
increase due to the Faradaic current. The increase in pH will lead to the deprotonation of

the electrolyte’s bicarbonate anions:

HCO; + OH™ — CO2™ + H,0. 4.2)

To test the correlation of this bands’ amplitude with deficient mass transport at the in-
terface, we recorded IR spectra of the unmodified Cu/electrolyte interface with and without
stirring at a potential of —1.5 V. Shown in Figure 4.5A, during the time period after stirring
stops att = 0's, the band at ~ 1410 cm~! indeed grows in. After the stirring is restarted in
Figure 4.5B, the band disappears within a few seconds. These observations confirm that
the appearance of this band is linked with poor mass transport at the surface. Based on the
peak frequency and large pool of bicarbonate in the electrolyte, we attribute this band to
solution-phase CO%’ produced according to reaction 4.2. Ultimately, an increase in this
band indicates an increase in the local pH in the vicinity of the electrode.

According to reaction 4.2, the electrochemical interface with the largest Faradaic cur-
rent should have the largest carbonate band. However, further inspection of Figure 4.2
reveals that the smallest current is observed with the T-Pyr-modified Cu/electrolyte in-
terface. However, the presence of the largest carbonate feature occurs with the T-Pyr-

modified Cu/electrolyte interface, indicating the largest pH increase. We would expect the
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Figure 4.5: Time-evolution of the carbonate band at the unmodified Cu/electrolyte inter-
face with the Cu electrode held at a potential of —1.5 V: (A) after stirring of the electrolyte
was stopped and (B) after stirring at 900 rpm was resumed. The stop/start time is ¢ = 0 s

in each panel. The reference spectrum was taken at —1.5 V, right before the stirring was
initially stopped.
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Figure 4.6: Comparison of the C=0 stretch bands of CO,,;, on Cu at an applied potential
of —1.5 V at the three different interfaces as indicated. The green dashed line represents a
fit of the model, the sum of the two (skewed) Gaussian functions, [31, 192] to the spectrum
of CO,top at the unmodified Cu electrode (black). The solid green lines represent the
Gaussian functions.

T-Pyr modified interface to have the smallest increase in local pH at the interface. Base
on this observation, the presence of the T-Pyr-derived film may be physically obstruct-
ing the electrode from buffering species in the bulk electrolyte. SEM images of the T-Pyr-
and P-Pyr-derived films shows that the films exhibit unique surface structures (Addendum,
Figure A4.4 ). Taken together, the results indicate that the T-Pyr-derived film limits the in-
terfacial mass transport due to its unique morphology, thereby leading to an accumulation
of hydroxide in the vicinity of the electrode.

An increase in pH and lower buffering capacity at the Cu/electrolyte interface has been
previously been demonstrated to decrease the rates of hydrogen and methane evolution,
while the rates of ethylene formation remains indifferent to pH changes [22, 64, 193]. The
same argument has been invoked to explain the increase in CO, reduction selectivity and
decrease in hydrogen evolution on porous metal electrodes [194-196]. Further, a high
(local) pH can limit the availability of surface-adsorbed hydrogen, a common reaction

intermediate during the production of methane and hydrogen gas [197]. Our spectroscopic
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results clearly demonstrate the comparatively highest pH gradient at the T-Pyr-modified
Cu/electrolyte interface (Figure 4.4). Consequently, the rate of methane and hydrogen
formation are reduced with the T-Pyr-derived films.

Effect of P-Pyr on the Adsorption of CO. In contrast to T-Pyr, P-Pyr-derived films
result in little to no hydrocarbon evolution but rather an unperturbed rate of hydrogen evo-
lution with respect to the unmodified-Cu/electrolyte surface (Table 4.1). To determine the
physical origin of the lack of hydrocarbon formation in the presence P-Pyr, we analyzed
the C=O0 stretch band of atop-bound CO (CO,4,p) on the Cu electrode in the presence and
absence of the films. As discussed in Chapter 3, CO,,p, is an on-pathway intermediate in
the electrochemical reduction of CO, [124, 148].

Figure 4.6 shows the representative C=0 stretch bands of CO,,, at a potential of
—1.5 'V for the three different interfaces. With no modification to the Cu interface, the line-
shape of CO,op, 1s clearly asymmetric. The overall CO population can be well-described
as a sum of two populations, represented by the sum of a broad and narrow Gaussian func-
tions (Figure 4.6, green lines). The narrow band at ~ 2070 cm™! is a result of COatop
adsorbed on undercoordinated Cu sites (step and kink sites), while the broad band at
~ 2040 cm ™! is attributed to CO,,, adsorbed on comparatively more highly coordinated
Cus sites (terrace sites) [31]. For clarity, we will refer to the narrow band at ~ 2070 cm™~! as
the high frequency band (HFB). It is important to note that the integrated band areas of the
individual bands are not directly proportional to the relative population of CO,p, on the
two different types of sites. The large amplitude of the HFB relative to the broad band can
be a manifestation of intensity-borrowing due to dynamical dipole coupling [198-200].

Compared to the unmodified Cu/electrolyte contact, the C=O stretch frequency and
lineshape of CO,,, with the T-Pyr-modified interface is relatively unchanged. This ob-
servation demonstrates that the T-Pyr film does not substantially alter the chemisorption

of CO on Cu. In stark contrast, the HFB is virtually absent in the presence of the P-Pyr-
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Figure 4.7: Evolution of the C=0 stretch bands as a the concentration of pyridine in
the electrolyte increases while the potential is maintained at —1.3 V in CO saturated elec-
trolyte.

modified interface. This suggests that P-Pyr may partially block CO adsorption sites. We
hypothesized that the nitrogen atom with an available electron lone pair unique to P-Pyr
may compete with CO for adsorption sites.

The absence of the HFB in the presence of P-Pyr is most likely caused by two possible
mechanisms: (1) P-Pyr may broadly bind to a mixture of Cu sites, lowering the overall
CO,top coverage. Under low-coverage conditions, dynamical dipole coupling is weak and
the signal borrowing intensity may prevent the observation of the HFB. (2) P-Pyr may
preferentially bind to the relatively undercoordinated Cu sites, thus blocking CO adsorp-
tion on these specific sites.

We tested the first hypothesis by monitoring the C=0 stretch frequency at the unmod-
ified Cu/electrolyte contact at a fixed potential as a function of coverage. This was done
by saturating the electrolyte with CO, and maintaining the potential to generate CO,yop.
The gas was then switched to Ar, continuously lowering the coverage of COy,p, . Even at
a CO,op coverage at ~ 1/5 the amplitude observed at saturation coverage, the HFB is still

clearly observable. Therefore, an indiscriminately lower coverage of CO,;,,, cannot solely
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account for the absence of the HFB with P-Pyr.

The second hypothesis was tested by conducting an experiment in CO-saturated elec-
trolyte and observing how pyridine in the electrolyte impacted the CO population. Like
P-Pyr, pyridine also possesses a nitrogen atom with an electron lone pair, but does not
reductively form an organic film on the surface. Further, it similarly suppresses hydro-
carbon formation [69]. To test the effect of pyridine on CO adsorption, a potential of
—1.3 V was applied to the Cu electrode, saturating the surface with CO. Then, pyridine
was added to the electrolyte in a stepwise manner and its impact on the C=0 stretch line-
shape of CO,,, monitored. Figure 4.7 demonstrates that increasing the concentration of
pyridine in the electrolyte is detrimental to only the HFB, decreasing and eventually dis-
appearing completely. The final C=O0 stretch spectrum with 10 mM pyridine is similar to
that observed in the presence of P-Pyr, suggesting that both additives similarly impact CO
adsorption. Taken together, these observations suggest that pyridine and P-Pyr selectively
poison undercoordinated Cu sites.

Interestingly, even though a significant population of CO,4,, remains on the electrode
with P-Pyr and pyridine, no significant formation of hydrocarbons is observed during CO-
reduction (Table 4.1). This observation is to the best of our knowledge, the first spectro-
scopic evidence that undercoordinated Cu sites are the more catalytically active sites in
the reduction of CO to hydrocarbons. This conclusion is consistent with prior and more

recent reports [38, 108, 128, 201].

4.3 Conclusions

In this chapter, we investigated the effects of two N-substituted arylpyridinium derivatives
on the electrocatalytic properties of the Cu/electrolyte interface during CO, reduction.

We showed with SEIRAS that the unique morphology of the organic film derived from
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T-Pyr increases the local surface pH even at modest current densities (< 5 mA cm™2)
as evidenced by the appearance of a significant population of solution-phase carbonate
(CO3") in the vicinity of the electrode. This increase in local pH is not achieved under
even greater current densities where interfacial proton consumption occurs in the presence
of the P-Pyr modified and unmodified Cu electrode. Taken together, the T-Pyr film is
uniquely able to impede mass transport and buffering to/from the Cu surface. This results
in a lower availability of protons for Hy and CH, formation, while minimally impacting
C>4 hydrocarbon production rates in the presence of this film. While P-Pyr also forms an
organic film, it significantly impacts the adsorption of CO,,,. With the use of a molecular
analogue pyridine, we were able to show that N-heterocycles with an electron lone-pair can
selectively poison undercoordinated sites, thereby blocking CO adsorption on these sites.
This results in the prevention of further hydrogenation of adsorbed CO to hydrocarbons.
On this basis, these more undercoordinated sites are implicated as the active sites for CO,

reduction to hydrocarbons.

4.4 Experimental Procedures

Materials 1-(4-pyridyl) pyridinium chloride hydrochloride (TCI Chemicals, >98%) and
pyridine (Fisher Chemical, >99%) were used as received. 1-(4-tolyl) pyridinium chlo-
ride was synthesized from 1-(2,4-dinitrophenyl)pyridinium chloride (Oakwood Chemi-
cals, 97%) and p-toluidine (Sigma Aldrich, 99%) according to reported microwave-assisted
methods and purified with silica flash chromatography [202]. KHCO3 (>99.98%) was
obtained from Sigma Aldrich. High purity water (18.2 M(2 cm) was sourced from a Barn-
stead Nanopure Diamond system and used for all experiments. CO, (research grade) and
Ar (ultra high purity) were procured from Air Gas.

SEIRAS Measurements SEIRAS experiments were carried out in a custom two-
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compartment glass/polyetheretherketone (PEEK) cell (Addendum, FigureA4.5) equipped
with stirring capabilities [191]. The cell was placed into a horizontally mounted ATR
Accessory (VeeMax III; Pike Technologies; Madison, WI). The cell was equipped with
a Ag/AgCl reference electrode (3 M NaCl; Basi Inc.; West Lafayette, IN) and a graphite
rod counter electrode (99.995%; 3 mm thick; Sigma Aldrich). The potential was manipu-
lated with a Versastat 3 potentiostat (AMETEK; Berwyn, PA). The solution resistance was
measured with the Versastudio software and compensated by 85% for all measurements.
The Cu thin film preparation, spectroscopic methods, and electrochemical methods were

previously described in Chapter 3, Experimental Procedures.
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4.5 Addendum
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Figure A4.1: (A) IR spectra of the Cu/electrolyte interface in the presence of 10 mM P-
Pyr in CO,-saturated 0.5 M KHCO3 during the CV in Figure 1 of the main text and (B) a
repeated experiment. The main organic film features at 1610 and 1511 cm™* are consistent
with the ring stretch of the pyridyl moiety of the film dimer. A reversibly appearing peak
at 1599 cm~! that reaches the maximum intensity at ~ —1.1 V is attributed to pyridinium
ions that adsorb/desorb or change their orientation.
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Figure A4.2: (A) IR spectra of the Cu/electrolyte interface in the presence of 10 mM
T-Pyr in CO,-saturated 0.5 M KHCOj3 during the CV in Figure 1 of the main text and (B)
a repeated experiment.



A mOD
»
I
T

| | | |
1200 1300 1400 1500

Frequency (cm'1)

Figure A4.3: IR spectrum of a 10 mM aqueous solution of KyCOj3. The spectrum of pure
water served as the reference spectrum.
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Figure A4.4: SEM images of Cu foils. (A) Pristine copper surface, (B) P-Pyr-derived
film on Cu, (C) T-Pyr-derived film on Cu. The organic films were deposited during a CV
under conditions as those employed for SEIRAS (Figure 2 of the main text). The films
were deposited on a 1 cm? Cu foil. After removal of the electrode from the catholyte,
the films were rinsed with deionized water, gently dried with N, and placed into a Ny-
flushed container before SEM images were taken. A JEOL JSM-6340F Scanning Electron
Microscope was used for all measurements.
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Figure A4.5: Depiction of the custom-built two-compartment cell setup[191]. The
catholyte and anolyte were filled with 17 and 10 mL of 0.5 M KHCOg3, respectively. The
catholyte was purged with 5 SCCM gases through a fin-porosity gas dispersion tube to
ensure quick saturation of gases in the electrolyte. Before each experiment, the Cu sur-
face was cleaned and the roughness factor determined with CVs as reported in Chapter 3,
Experimental Procedures. Before each experiment, the Cu surface was fully reduced by
cycling the potential between —0.6 V and —1.2 V, and without going back to open circuit,
holding the potential at —0.6 V for 20 minutes while purging the gas of interest. After
20 minutes, the reference spectrum was collected and subsequently 0.5 mL of the aque-
ous electrolyte containing T-Pyr or P-Pyr was added to the catholyte. The potential was
maintained for two more minutes at —0.6 V to allow the additives to disperse into the
electrolyte. This was immediately followed by the electrochemical experiment.
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Chapter 5

Impact of Electrolyte Anions on the
Adsorption of CO on Cu Electrodes

5.1 Introduction

In the electrochemical conversion of CO, to hydrocarbons on Cu electrodes, the rate-
limiting step is the further reduction of the population of surface-adsorbed CO (CO,45) on
the electrode surface [31, 136, 148, 203, 204]. It is the intermediate binding energy of
CO,q4s on Cu that allows comparatively high rates of hydrocarbon formation not observed
on any other pure metal electrodes [205, 206]. The adsorption energies of atop bound CO
on the (111) facets of Au and Pt, for example, are respectively 0.04 and 1.45 eV [207].
This results in the desorption of CO,4s on Au electrodes rather than further reduction and
the poisoning of Pt during CO, reduction conditions [205, 206]. However, the binding
energy on CO on Cu(111) sites at 0.62 eV [207], falls in a relatively intermediate strength
and coverage during CO, reduction conditions. This enables the co-adsorption of hydro-
gen, [144, 197, 206] and therefore the further reduction of CO,g4s at significant rates [205,
208]. Regardless, to achieve these rates requires a substantial overpotential (= 1 V), re-
sulting in the excess of the parasitic side reaction of hydrogen evolution and poor product
selectivity [205]. In optimizing the selectivity and catalytic performance of C, reduction

on Cu, it is critical to determine the molecular underpinnings of the adsorption of CO on
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Cu electrodes under low overpotential conditions.

The adsorption of CO on an electrode surface can be modulated through the coor-
dination environment of exposed surface atoms through roughening or alloying of the
surface [108, 209-213]. For a given metal surface, the adsorption energy is not a static
value, but is sensitive to the coverage and identity of the adsorbed species. As shown in
Figure 1.1 of chapter 1, there are many species that may directly interact with the elec-
trode surface. The sensitivity of CO coverage on adsorption energy has been previously
demonstrated on Pt(111), dropping by a factor of two when the coverage shifts from 1/4 to
a single monolayer [214]. Similarly, the presence of co-adsorbates can substantially affect
CO adsorption energies and possibly block adsorption sites [215-218]. During CO adsorp-
tion on Cu, the components of the electrolyte make up the main co-adsorbates. Therefore,
changing the components their concentrations in the electrolyte can be used to control the
CO coverage and ultimately the catalytic activity and product selectivity.

Previous studies have suggested that it is specifically adsorbed anions from the sup-
porting electrolyte that limit the adsorption of CO on Cu. With cyclic voltammograms
(CV) on Cu electrodes, it was demonstrated that in the presence of specifically adsorb-
ing anions in the CO saturated electrolyte, redox waves appeared [140, 142, 188, 219].
These charge transfer peaks were attributed to the desorption of specifically adsorbed an-
ions during the adsorption of CO. This assignment was rationalized with the help of in
situ infrared (IR) spectroscopic measurements: the C=0 stretch band area of CO,, Was
correlated with the charge of the redox peak and inversely correlated with the bands of
interfacial carbonate [70, 220] and phosphate [188] of the electrolyte as the potential was
scanned negatively.

These foundational studies established a relationship between the desorption of anions
and the adsorption of CO on Cu electrodes. However, the scope of these earlier studies

was relatively limited because the effect of relative CO coverage and anion concentration
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were not investigated fully. While the characterization of the redox peak during CVs was
studied with a large variety of electrolyte anions and concentrations, the coverage of CO
investigated with IR spectroscopy was only reported in perchlorate [219], phosphate [188],
and carbonate [70, 140] at concentrations limited to 0.1-0.2 M. While the anion identity
and concentration may influence the potential-dependent CO coverage, the formation of a
CO adlayer intrinsically alters the properties of the electrode interface [31, 221, 222]. An
in depth study systematically determining the relationship between anion identity, concen-
tration, and CO coverage is thus lacking. We address this key issue in this work.

Here, we employed SEIRAS to investigate the effect of anion concentration and iden-
tity on the adsorption of CO on polycrystalline electrodes. With this technique, we sur-
veyed the potential dependent C=O0 stretch frequency and band area with 10 mM and 1 M
aqueous solutions of NaCl, Na,SO,4, and NaClO,4. In 10 mM electrolytes, the adsorption
and desorption of CO with electrode potential are found to be insensitive to the identity of
the anion in the supporting electrolyte. At 1 M NaySO, and NaClOy, the saturation cov-
erage of CO reaches 2/3 of what is observed in 10 mM electrolytes. This is indicative of
site blocking effects by the quasi-adsorbed anions. In every electrolyte except 1 M NaCl,
a hysteresis is observed between the adsorption and desorption of CO during the CV. We
attribute this hysteresis to the increased stability of the CO adlayer during the reverse scan
induced by a CO-driven reversible reconstruction of the electrode surface. We attribute
the lack of hysteresis in the 1 M NaCl electrolyte to the co-adsorption of C1~ anions and
subsequent decrease in the adsorption energy of CO. The decrease in adsorption energy
due to C1~ co-adsorption is manifested in a substantial blue-shift in the C=0 stretch fre-
quency of CO,op, compared to the other electrolytes. Further, the relative concentration
of the anions can be tracked near the electrode surface with the O-H stretch of the anion
hydration-shell. At 1 M, CI™ is the only anion that does not have a significant hysteresis

during the CV, indicating its interplay with CO. However, the initial onset of CO adsorp-
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tion was similar for the different electrolytes. Overall, the anion identity and concentration
can significantly influence the coverage of adsorbed CO on Cu electrodes, but minimally

impact the effective onset potential for CO adsorption.

5.2 Results and Discussion

Choice of Electrolytes. To investigate the interdependence of CO adsorption with anions
of the supporting electrolyte, we carried out SEIRAS in the attenuated total reflectance
(ATR) configuration on chemically deposited polycrystalline Cu electrodes. During these
experiments, the electrolyte was continuously purged with CO and stirred. The electrolytes
chosen for this experiment were 1 M and 10 mM aqueous solutions of NaCl, Na,SO,, and
NaClO,. The anions in the supporting electrolyte were chosen on the basis of different
interactions with the Cu surface to all, allowing us to describe a range of anion-Cu interac-
tions and their effect on the adsorption of CO. Prior studies have found that SO3~ and C1~
can specifically adsorb on Cu [223-225], whereas CIO, can only physisorb on Cu elec-
trodes [224]. As these solutions are not buffered, DO was chosen as the solvent rather
than H»O. This is a result of the kinetic isotope effect minimizing the Faradaic current
resulting from hydrogen evolution [226]. Therefore, the production of hydroxide during
hydrogen evolution is limited. Despite this, the pH of the bulk electrolyte increased from
7.1 to 10.1 in the course of each experiment. However, previous work indicates that the
adsorption of CO on Cu is insensitive to the pH in this range[136].

Impact of Anions on CO Adsorption. Plotted in Figure 5.1 is the C=O0 stretch spec-
tra of COyop as a function of potential during a CV with nominal turning potentials of
—0.6 to —1.4 V versus Ag/AgCl in 10 mM NaClOy solution. In this chapter, unless oth-
erwise specified, all potentials will be reported against the Ag/AgCl electrode. With the

10 mM concentration electrolytes of Na;SO,4 and NaCl, a similar potential dependent CO
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Figure 5.1: Representative C=0 stretch spectra of CO,;,, on Cu as a function of applied
potential during the cathodic forward (red) and anodic reverse scans (blue) in 10 mM
NaClOy in D;O. The reference potential used was —0.6 V.

adsorption profile is observed (Addendum, Figure AS5.1). Further analysis of this spectra
relies on multiple assumptions that are justified in prior work: at a scan rate of 2 mV s~ !,
a pseudo-steady state CO population is achieved [136], and the integrated band area un-
der of the C=0 stretch band is approximately proportional to the surface coverage [136,
140, 142]. The latter may be partially impacted by deviations from Beer’s law at high CO
surface coverage resulting from dynamical dipole coupling [199].

By integrating the C=O0 stretch band area in the different electrolytes, the effect of the
anion identity on the potential dependent CO,;,,, coverage is observed. Figure 5.2A show

such analysis in the 10 mM solutions of the sodium electrolytes. In this figure, the forward

scans are represented by reddish traces and the reverse scans by bluish ones. Between the
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Figure 5.2: Integrated C=0 stretch band areas of CO,,, on Cu as a function of applied
potential with the indicated (A) 10 mM and (B) 1 M electrolytes. FW and RV refer to the
forward and reverse scans, respectively. Error bars represent the standard errors from an
average of at least three independent experiments.

different electrolyte anions, there is almost no difference in both the potential dependence
and magnitude of the integrated band areas. Interestingly, the CVs demonstrate a clear
hysteresis between the forward and reverse scans, with the latter shifted anodically by
~ 95 mV. This hysteresis is not due to irreversible changes in the electrode structure, as
the hysteresis is also observed in a second consecutive CV (Addendum, Figure A5.2). The

hysteretic behavior is the result of a reversible interfacial process.

In the 1 M electrolytes (Figure 5.2B), there is a clear dependence of the electrolyte
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anion and the potential dependent CO,,, coverage. The differences between the 1 M
and 10 mM electrolytes manifest in the saturation coverage and potential dependence.
In the presence of 1 M ClO; and SO7, the band area saturation coverage is ~ 35%
lower than in the corresponding 10 mM electrolytes. This suggests that these anions are
able to partially block CO adsorption sites. This is counter-intuitive, as the ~ —1.3 V
potential applied to saturate the Cu surface with CO is approximately 0.4 V more negative
than the potential of zero charge (PZC) of polycrystalline Cu (—0.93 V in NaClO, under
acidic pH conditions) [227], and should electrostatically repulse the anions. This suggests
that an interaction is occurring between the anions and the electrode. However, SO7~ and
ClIO; are not expected to specifically adsorb on Cu electrodes at this potential range, [224]
precluding a direct chemical interaction.

While a direct interaction is unlikely, the electrolyte anions may still interact with an
electrode mediated by another species. With an applied electrode potential of ~ —1.3
V, the Na* cations are the predominant charged species in the double layer. It has been
demonstrated with density functional theory (DFT) studies that alkali metal cations can
specifically adsorb on Cu and other metal electrodes in this potential range [72, 228]. Fur-
ther, surface-enhanced Raman (SERS) studies have observed that the specific adsorption
of phosphate anions on Ag electrodes is stabilized under cathodic polarization in the pres-
ence of alkali cations in the electrolyte [229]. On the basis of our observations and these
prior investigations, we attribute the blocking effects to anions that are quasi-specifically
adsorbed, mediated by Na™.

It 1s relevant to note that in a previous study, the onset potential for CO adsorption
on Cu(100) electrodes was reported as more positive in Cl1O, -containing electrolyte com-
pared to electrolytes containing specifically adsorbing anions. In this study, we define the
onset potential where the integrated band area reached ~ 1% of the saturation coverage.

As such, the onset potential observed in Figure 5.2 with our polycrystalline Cu electrode
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is between —0.65 and —0.7 V, despite the differences in cation identity and concentra-
tion. As the interaction of electrolyte species with an electrode surface can significantly
depend on the morphology of the electrode [23, 230, 231], we attribute the difference in
our observation with the differing electrode surface facets.

Another key difference observed in Figure 5.2, with 1 M CI~, the saturated CO cov-
erage only decreases by ~ 12% compared to that in 10 mM CI~. This indicates that the
in contrast to C1O; and SO?~, Cl~ does not block the CO adsorption sites in a significant
manner.

Finally, the hysteresis observed between the forward and reverse scans is uniquely ab-
sent in the 1 M NaCl electrolyte. Specifically, in desorption of CO in the reverse scan is
shifted to more cathodic potentials in this electrolyte. The presence of a hysteresis for an
adsorbed species like CO can emerge due to irreversible changes at the electrode interface.
These irreversible changes can result from surface reconstruction and an increase in the
interfacial pH due to reduction reactions. To see if the hysteresis is due to one of these
irreversible processes, we carried out a consecutive CV to see if the potential dependent
adsorption of CO returns to its initial potential dependence. Demonstrated in Figure AS.2
of the Addendum, with both 10 mM and 1 M Na,SO,, the consecutive CVs had overlap-
ping CO adsorption and desorption profiles. This observation and the lack of substantial
change in the Cu electrode surface roughness indicates that the hysteresis is not the result
of an irreversible change in electrode structure during the CV, but is rather reversibly tied
to the CO coverage and a general feature of the Cu/Electrolyte interface. Our results agree
with previously reported hysteresis in CO adsorption behavior both the C=0 stretch band
areas of CO,op 0n Cu and the redox peaks that have been tied to the desorption of anions
in the presence of CO on Cu [136, 188].

To understand the pronounced absence on the hysteresis in CO,p, adsorption and des-

orption on Cu with 1 M NaCl, we first need to understand what is the origin of the hys-
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teresis in the CVs.

Origin of the Hysteresis. The hysteresis observed with the integrated C=0 stretch
band areas of CO,,, can emerge from a number of different explanations. In a simi-
lar case, IR bands at the ionic liquid/electrode interface encountered potential dependent
hysteresis [232]. This was attributed to the activation barrier associated with rearranging
the ionic liquid components at the electrode surface. Due to the observation of a similar
hysteresis with multiple different anions in a wide concentration range, we believe that
the rearrangement of these species with potential is not the underlying explanation for the
hysteretic behavior. It is more likely that the formation of the COy;,,, adlayer is the driv-
ing force for the hysteretic behavior. Prior reports help support this claim: DFT studies
have demonstrated that the CO binding energy is strongly related to the surface coverage
of CO [206, 214, 233]. In a specific example, on Pt(100) surfaces, the chemisorption
energy of COyop, lowers from 1.8 to 1.16 eV as the coverage goes from 1/4 to one mono-
layer [214]. This change in binding energy is primarily a result of repulsive interactions
between neighboring CO,;., molecules [214]. The decrease in binding energy with cov-
erage is generally observed with CO at the vacuum/metal interface [206, 214, 233]. While
there is a correlation observed with CO coverage in this prior work, it trends in the oppo-
site direction of CO binding energy. We observe that the desorption of CO shifts to more
positive potentials (Figure 5.2), suggesting that CO,,,, 1s increasingly stabilized with its
increasing coverage on polycrystalline Cu. This indicates that the CO coverage alone does
not lower the binding energy, but contributes to another factor that modulates its binding
energy. It’s been observed that under a variety of conditions where CO adsorbs on a metal
surface, it can alter the surface structure [41, 82, 234, 235]. This is in contrast to the DFT
studies where the surface structure is invariant to the CO coverage.

The adsorption of CO can induce changes in the morphology of metal surfaces [41, 82,

234, 235]. We have previously demonstrated with the same SEIRAS technique with poly-
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crystalline Cu electrodes, CO adsorption can drive a reconstruction that renders the further
adsorption of CO as more favorable [31]. This was further corroborated with SERS experi-
ments. CO adsorption induces a reversible surface reconstruction that increases the density
of relatively more undercoordinated Cu surface sites that bind to CO more strongly. Taken
together, we posit that these stronger CO binding sites that are only significantly present
at sufficient CO coverages result in the observed hysteresis in the reverse scan of the CV
(Figure 5.2). This is in agreement with studies observing a hysteresis attributed to CO-
induced reconstruction at the gas/Pt(100) interface during CO adsorption/desorption as a
function of temperature [234]. Likewise, a reversible reconstruction induced by CO ad-
sorption has been observed on Au(100) electrodes in alkaline electrolyte [221]. Therefore,
we suggest that the hysteresis observed with the C=0 stretch band areas of CO,,, are
primarily attributed to the CO-induced reconstruction of the surface.

Interplay of CO,;., and Anions. To gain a greater insight into the interplay between
the formation of the CO,;,, adlayer and the anions of the electrolyte, we monitored the
local changes in anions concentration as a function of applied potential. Due to the IR-
invisible nature of C1~ and the limited spectral window disallowing the observation of the
vibrational modes of CIO, and SO?~, we monitored the hydration shells of the anions.
We would be remiss if we did not specify that this is looking at the anions in the bulk of
the electrochemical double layer; we cannot differentiate between specifically adsorbed or
anions not directly in contact with the electrode surface.

Plotted in Figure 5.3 is the IR spectra in the 2500—2850 cm™*! region in the 1 M
electrolytes and at a sample potential of —1.2 V. Here, the potential-dependent spectra are
due to the changes in O—D stretch of interfacial DoO. We observe a biphasic feature with
a positive component at ~ 2710 cm~! and a negative component at ~ 2660 cm~!. The
band at ~ 2710 cm™! has been previously assigned to interfacial D,O that is hydrogen

bonded with surface adsorbed CO [25]. The negative band at ~ 2660 cm™' has been
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Figure 5.3: Representative O—D stretch spectra at a potential of —1.2 V in the 1 M
electrolytes as indicated. The reference potential used was —0.6 V.
previously demenostrated to be due to the water in the hydration shell of the anions in the
bulk electrolyte [236, 237]. This feature is observed as a negative band as the IR spectra
here are difference spectra. As the potential is tuned negative, anions and their hydration
shells are displaced from the interface. It should be noted that the band at 2660 cm ™!
may not be solely from hydration shells of anions. For example, with NaCl, it may be
the solvation environment around specifically adsorbed CI°~/Na* pairs [238]. This band
could only be observed in 1 M electrolytes as the signal was too low in 10 mM electrolytes.
To obtain a numerical value for the local anion concentration related to this band, we fit
the 2500—2850 cm ™! region with a linear background and two Gaussian functions.
Shown in Figure 5.4 is the normalized 2660 cm~! band area (right y-axis, dashed lines)
in direct comparison to the normalized C=O0 stretch band area (left y-axis, solid lines) as a
function of potential with each anion. As previous studies correlated the adsorption of CO
on polycrystalline Cu electrodes with the desorption of specifically adsorbed phosphate
and carbonate anions [70, 188, 220], we wanted to observe if a similar process occurs with

these different anions. Figure 5.4 reveals a more complicated relationship between inter-
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facial anions and CO,;.,,. Like prior observations with carbonate and phosphate [70, 188,
2201, in the presence of ClO, and CI~, the rise of the integrated band area of C=0 stretch
can be correlated with the decrease in the integrated 2660 cm ™' band area associated with
these anions (Figure 5.4A, C). The band associated with SOF~ appears to decline at po-
tentials more positive than —0.9 V (Figure 5.4B), possibly from the higher charge density
this anion carries over the other two.

In the reverse scan, SO3~ and ClO; repopulate the interface at a steeper rate in com-
parison to their initial rate of depletion. The hysteresis also occurs in the consecutive
CV (Addendum, Figure A5.3). However, if the populations of anions and COy,, are
believed to replace each other as a function of potential, the coverage of CO,,, should
be destabilized during the reverse scan. We did not observe this. This demonstrates that
the stabilization of the COyy,p, adlayer by CO-induced reconstruction is strong enough to
prevent the desorption of CO by ClO; and SO3™ as the potential is scanned positively.

Like the CO,4,p band, in the presence of 1 M CI™, virtually no hysteresis is observed in
the 2660 cm ™! integrated band area (Figure 5.4C). This band also appears to be inversely
correlated with the growth of the C=0 stretch band area. These observations suggest that
CO adsorption on Cu is affected by the presence of Cl~.

Interaction of CO,,,, and CI~. To probe the possible interactions between CI~ and
CO,t0p, we compared the C=0 stretch band peak frequencies in the presence of the differ-
ent electrolytes. In order to minimize complications due to frequency shifts arising from
dynamical dipole coupling [62, 239], we restricted the C=O0 stretch analysis to potentials
(= —0.85 V) where the CO,p, coverage is low. Representative spectra of COyp, Spec-
tra at an applied electrode potential of —0.85 V are plotted in (Addendum, Figure A5.4).
By fitting this peak with a linear background fit and a single Guassian, the C=0 stretch
band peak frequencies of CO,,, can be quantitatively compared in the different elec-

trolytes. In the 10 mM electrolytes, the C=0O stretch frequencies between potentials of
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Figure 5.4: Normalized band areas of the C=0 stretch band (left y-axis) and 2660 cm ™!
O—D stretch band (right y-axis) as a function of applied potential in 1 M solutions of (A)
NaClOy, (B) NaySOy, and (C) NaCl.
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—0.75 and —0.85 V are relatively similar regardless of anion identity (Addendum, Fig-
ure AS.5). Shown in Figure 5.5 are the C=O0 stretch frequencies in 1 M anion electrolytes
in the same potential range (—0.75 to —0.85 V), with the frequencies of 10 mM NaClO,
as a reference. With respect to this reference, the stretch frequency in 1 M NaClOy is
very similar. This is in contrast to 1 M SO?~ and Cl~. In SO?", a moderate blue-shift

of ~ 5 cm™!

is observed with respect to 10 mM NaClO,. With Cl~, an even stronger
blue-shift of &~ 19 cm™! is observed across the potential range. This trend in C=0 stretch
frequency shift follows the increasing tendency of the anion to specifically adsorb on the
Cu electrode surface (C10,; < SO;~ < ClI7) [223, 224]. These results further confirm that
specifically adsorbed Cl~ ions modulate the interaction between adsorbed CO and the Cu
surface. In contrast, SO?~ and ClO; are expected to be quasi-adsorbed on the electrode
at more negative potentials (< —0.85 V). This results in the lowering in saturation CO
coverage in 1 M of these anions (Figure 5.2) due to site blocking by these anions and not
the modulation of CO adsorption energy.

It has been shown at the vacuum/metal interface that some co-adsorbates can impact
the binding energy and subsequently the C=O0 stretch frequency of adsorbed CO [215,
216]. While these "ligand effects” can be the result of multiple mechanisms, they are often
interpreted successfully in terms of the surface charge distribution among co-adsorbates
and adsorbed CO molecules. In this case, the blue shift in the C=0 stretch mode can be
described by the bonding competition of CO,;, with specifically adsorbed Cl~. Specifi-
cally, less charge donation from the Cu surface to the 7* orbital of CO,4,p, 0ccurs compared
to the absence of specifically adsorbed Cl~. With less charge back donation to the 7* or-
bital of COycp, a blue-shift in the C=0 stretch frequency is expected [216], consistent
with the observations in Figure 5.5.

Less back donation to the 7* orbital of COy;,y, 1s presumed to lower the overall binding

energy of CO to the electrode surface [102]. This is expected on Cu, with DFT calculations
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Figure 5.5: Peak frequencies of the C=0 stretch band as function of applied potential
at low CO,y,p coverage. Each trace is an average of a minimum of three independent
experimental results. Error bars represent standard errors.

showing that the co-adsorption of I~ on Cu weakens the binding energy by 0.07 to 0.33
eV, depending on the crystallographic facet [72]. A smaller binding energy for CO,op,
should lower the ability of CO-induced reconstruction, consistent with the observation of
a lack of hysteresis with 1 M NaCl electrolyte (Figures 5.2 and 5.4C). This regulation of
the CO,0p binding energy by C1~ may partially explain the dependence of the product
selectivity and/or rate of CO; reduction on the identity of the supporting electrolyte’s
halide anion [58-60, 240].

Prior computational [225, 241, 242] and experimental [243—-245] studies have found
that C1™ desorbs from Cu electrodes at potentials more negative than ~ —0.56 to —0.88 V
versus Ag/AgCl, depending on the surface coverage and crystallographic facet. However,
these experiments were typically carried out in low CI~ concentrations in the electrolyte.
With 1 M CI™ in the electrolyte, a small coverage of Cl™ is expected to linger on the Cu
electrode surface at much more negative potentials. Recent work has demonstrated that
after 1 hour of CO; reduction in 0.1 M KHCOj3 + 0.3 M KCl at a potential of —1.0 V versus

the reversible hydrogen electrode, small amounts of Cl1~ remain on the surface [240].
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Further, the magnitude of reduction current was linearly correlated to DFT calculations
of the adsorption potential of the halide in the electrolyte. While halide-induced surface
reconstruction has been demonstrated to take place on Cu, this has been suggested to not be
the primary enhancement of CO, reduction with differently prepared Cu electrodes [57—
61]. This further supports our notion that the CI~ coverage on the electrode is sufficiently
large enough to alter the binding energy of CO,, even at the most negative potentials

applied in this work (—1.4 V).

5.3 Conclusions

With SEIRAS, we investigated the degree that anions in the supporting electrolyte affect
the adsorption of COy;.p, a key intermediate towards hydrocarbon production, on Cu elec-
trodes. We achieved this by using anions with increasing tendencies to specifically interact
with Cu (NaClOy4, Na,SO,, and NaCl) with a wide concentration difference (10 mM and 1
M). We found that at a concentration of 10 mM anions in the electrolyte, the adsorption of
CO was virtually independent of anion identity. In contrast, the 1 M electrolytes resulted
a dependence of the saturation coverage of CO on the anion identity. Interestingly, weakly
and non-specifically adsorbing anions (ClO, and SO?[) limit the CO,,p, saturation cov-
erage. This suggests that quasi-specifically adsorb anions can block a fraction Cu sites
for CO adsorption. However, this blocking effect is dependent on the CO,,,, coverage, as
observed with the hysteresis in the CO desorption shifted to more positive potentials. We
posit that the this hysteresis is primarily due to the higher stability of the CO,,, adlayer
driven by a CO-induced reversible reconstruction of the Cu surface [31]. In contrast, in 1
M NaCl, almost no hysteresis is observed in either the adsorption/desorption of CO,,, Or
in the anion depletion/enrichment profiles of hydrated C1~ anion near the interface. The

correlation between CI™ and CO,,,, coverage suggests that specifically adsorbed C1™ im-
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pacts the chemisorption of CO,,p,. This is further supported by the distinct blue-shift in
the presence of 1 M NaCl to all other electrolytes studied. The blue-shift is likely a result
of the specifically adsorbed C1~ weakening the CO adsorption energy, limiting the ability
of CO to restructure the surface and therefore lack the hysteresis in the CO,,,, potential-
dependent profile. This work demonstrated that anions can play a significant role in the
chemisorption of CO on Cu electrodes, leading to changes in the CO, reduction rates and
selectivities. While the anions can impact CO chemisorption and block sites, the onset po-
tential is surprisingly insensitive to anion identity and concentration. In order to carry out
further reduction of CO and subsequently the adsorption of CO to more anodic potentials,

other strategies than changing the electrolyte anions may be more effective.

5.4 Experimental Procedures

Materials Sodium chloride (99.999% trace metals basis) and Sodium perchlorate hydrate
(99.99% trace metals basis) were aquired from Sigma-Aldrich. Sodium sulfate (99.9955%
metals basis) was obtained from Alfa Aesar Puratronic. D,O (99.8 atom% D) from Acros
Organics was used in all experiments. CO (ultra high purity) and Ar (ultra high purity)
were procured from Air Gas.

SEIRAS. SEIRAS experiments were carried out in a home-built two-compartment
polyetheretherketone (PEEK) cell (Addendum, Figure AS5.6 with the catholyte (6 ml) and
anolyte (4 ml) separated by a Selemion AMV anion exchange membrane (AGC Engineer-
ing Co.; Chiba, Japan). The counter electrode was graphite rod (99.995%; Sigma Aldrich)
and the reference an Ag/AgCl electrode (3 M NaCl; Basi Inc.; West Lafayette, IN). The
catholyte was stirred at all times at 900 rotations per minute (rpm) with a magnetic stir
bar. The cell was connected to a nitrogen-purged attenuated total internal reflection (ATR)

accessory (VeeMax III; Pike Technologies; Madison, WI) in the sample compartment of
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a Bruker Vertex 70 Fourier-transform infrared (FTIR) spectrometer, which was interfaced
with a liquid nitrogen-cooled mercury cadmium telluride (MCT) detector (FTIR-16; In-
frared Associates; Stuart, FL). The potential was controlled with a Versastat 3 potentiostat
(AMETEK; Berwyn, PA). Details of the Cu chemical thin film deposition and spectroelec-
trochemical data collection were provided in Chapter 3. To clean the thin film electrode,
the film was subjected to 5 CVs from —0.13 to —0.6 V versus Ag/AgCl at a scan rate
of 50 mV s~! under Ar purge at 5 standard cubic centimeter per minute (sccm). Follow-
ing these cleaning CVs, the interfacial capacitance and solution resistance were measured.
85% of the solution resistance was compensated in situ. The remaining 15% was manually
corrected following each experiment. To avoid potential complications due to Cu oxides
and hydroxides, [246, 247] a CV was carried out from —0.6 to —1.2 V versus Ag/AgCl
at 10 mV s~! to remove residual surface oxides and hydroxides. Following this CV, the
cell was never returned to open circuit until completion of the experiment. To saturate the
electrolyte with CO, the gas purge was then switched from Ar to CO. CO was purged for
20 min at a flow rate of 5 sccm while the potential was maintained at —0.6 V. Then, the
spectroscopic measurements were carried out during the CVs from —0.6 to —1.4 V versus
Ag/AgCl at a scan rate of 2 mV s~1. CO was continuously purged until completion of the

experiment.
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5.5 Addendum
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Figure A5.1: Representative C=0 stretch spectra of CO,p, as a function of applied
potential during the cathodic forward (red) and anodic reverse scans (blue) in (A) 10 mM
NaySO, and (B) 10 mM NaCl.

91



1 l 1 l 1 l 1 1 l 1 l 1 l 1

_ 1(A) 10 mM Na,SO, | _ 1(B) 1MNa,SO, |
i — FW CV #1 - — FW CV #1

& 800— —RVCV# | 5 o | — RVCV#1 |

A ---FWCV#2 &) ---FWCV#2

cE> ---RVCV#2 % ---RVCV#

© ©

Q 2

< 400 - <

© ©

C C

@ ©

[a] - - m

o] o

O O

o . T I T I T I T I~
-1.4 -1.2 -1.0 -0.8 -0.6 -1.4 -1.2 -1.0 -0.8 -0.6
Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl)

Figure A5.2: Integrated C=O0 stretch band areas of COy,p, for two consecutive CVs in
(A) 10 mM and (B) 1 M NaySO,, with the second CVs indicated with dashed traces. FW
and RV denote the cathodic forward and anodic reverse scans, respectively.
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Figure A5.3: Normalized integrated 2660 cm~! band areas for two consecutive CVs in 1
M Na,SOy. The dashed traces represent the second CV. The normalization constants were
—33.89 and —12.87 mOD cm ™! for the first and second CVs, respectively.
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Figure A5.4: Representative C=0 stretch spectra in the indicated 1 M electrolytes. The
dashed lines signify the C=0 stretch peak frequencies of the Gaussian fits (circles).
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Figure A5.5: Peak frequencies of the C=0 stretch mode as function of applied potential
at low COyt,p, coverage in the 10 mM electrolytes. Each trace is an average of a minimum
of three independent experimental results. The peak frequency in 1 M NaCl is shown for
comparison. Error bars represent standard errors.
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Figure A5.6: Depiction of the updated fully polyetheretherketope (PEEK) custom-built
two-compartment cell [62] .
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Chapter 6

Hydration Free Energies of Alkali Metal
Cations Determine Their Surface
Concentrations During CO»-to-CO
Conversion

6.1 Introduction

The electrochemical interface involves a complicated mixture of molecular components
that can impact surface intermediates and the resulting electrocatalysis. The previous
chapters have demonstrated the utility of surface enhance infrared absorption spectroscopy
(SEIRAS) in delineating impacts of specific components in the electrolyte like pH and an-
ions on the catalyst structure, mass transport limitations with solution buffering species,
and blocking of surface-bound intermediates. A fundamental component of the electro-
chemical interface that so far has not been addressed is the cation. Herein, we focus on
determining the surface concentrations of alkali cations during CO,-to-CO conversion on
Au electrodes with the help of a novel molecular probe.

It has been known for almost a century that cations influence the energy landscape of
electrocatlytic transformations [19, 23, 248, 249]. These cation effects offer a chance to
tune the rates and selectivity for important yet challenging electrocatlytic processes like

water splitting [250], nitrogen and nitrate reduction [251, 252], and CO, reduction [253—
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255]. For example, during water oxidation on RuO,(110), changing from 0.1 M LiOH
electrolyte to 0.1 M KOH results in a drop of the activation barrier from 0.53 to 0.42 eV at
a constant overpotential of 0.32 V [256]. For CO, reduction at —1.1 V versus the reversible
hydrogen electrode (RHE) on Cu(100) electrodes, switching from 0.1 M LiHCOj to 0.1
M CsHCOgs electrolyte results in an increase in the rate of ethylene evolution by a factor
of ~3.7 [257]. Even though clear cation effects have been demonstrated for a wide range
of reactions, the mechanisms by which cations modulate these processes are still a matter
of debate [23]. Mechanisms proposed include chemical and/or electrostatic interactions
with adsorbates, [56, 71-73, 82, 231, 258-260], site-blocking, [75, 76, 261] changes in
water structure, [25, 27] and modulation of the interfacial pH [77-79]. Under certain
conditions, an interplay of multiple mechanisms can be expected to coexist [55, 74, 262,
263]. Intrinsically, these mechanisms are intertwined with the surface concentration of the
cations. To delineate the conditions under which mechanisms are dominant, understanding
the potential-dependent surface concentration of alkali metal cations is essential.
Pioneering studies have determined the surface coverages and structures of adlattices
of alkali and alkaline earth metal cations on single crystal electrodes using Auger spec-
troscopy and low energy electron diffraction [264, 265]. These techniques rely on an
ultra-high vacuum environment, necessitating the removal of the electrodes from the elec-
trolyte prior to characterization. It was assumed that the structure of the electrochemical
double-layer was preserved after transferring from a liquid to an ultra-high vacuum en-
vironment. To avoid this disturbance, modern approaches have employed surface X-ray
diffraction. This approach provides significant alkali cation structural information at an
electrode surface while remaining immersed in an aqueous electrolyte environment. How-
ever, the structure of alkali cations at an electrochemical interface under reaction condi-
tions remains to be demonstrated. The electrolyte dependence of the electric field under

operating conditions can been probed with vibrational stark spectroscopy [25, 74, 82, 262,
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266, 267]. However, this technique is unable to determine the surface concentrations of
alkali cations. To achieve the important goals in understanding the predominant cation
effects, a general technique to probe the surface concentration of alkali cations in the elec-
trochemical double layer under reactions conditions, like CO5 reduction, is essential. In
this work, we introduce such a technique and aim to achieve this task.

Using surface-enhanced infrared absorption spectroscopy, we have developed a novel
probe to determine the relative surface concentration of alkali metal cations in the electro-
chemical double layer under CO, reduction reaction conditions on polycrystalline Au elec-
trodes. This technique employs the organic cation tetramethylammonium (methyl;N™) as
a potential-dependent probe of the cation surface concentration in the presence of alkali
metal cations. By analyzing the CH3 asymmetric stretching mode of methyl;N*, we reveal
two distinct sub-populations of methyl,N* in the electrochemical double layer: hydrated

methyl,N* and specifically adsorbed methyl,N* (methyl,N7, ). As the electrode potential

ads

_l’_
ads

is tuned negatively in a mixture of methyl;N™ and alkali cations, methyl,N, is displaced
from the surface by the alkali cation. This makes the CH3 asymmetric stretching mode of
methyl4N!,  a direct measurement of the relative surface concentration of alkali cations.
The degree of methyl, N, displacement is found to be sensitive to the alkali cation iden-
tity: for the same bulk concentration, the surface concentration increases with the size
of the cation in the order of Lit < Na™ < K™ < Cs™. Specifically, the relative surface
concentration determined spectroscopically correlates to the hydration free energy of the
respective cation. Cesium, with the least tightly bound hydration shell, has the highest
surface concentration, and lithium, with the most tightly bound hydration shell has the
lowest surface concentration. During CO, reduction on Au, we observe that the rate of
CO production monotonically increases with the surface concentration of alkali cations.

This observation reveals that the partial dehydration of the alkali metal cations is a crucial

component in their ability to promote the CO, reduction reaction on electrode surfaces.
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6.2 Results and Discussion

Potential-Dependence of Methyl,N* in the Electrochemical Double Layer. To inves-
tigate the potential-dependent behavior of methyl;N*, we collected SEIRAS spectra in
the attenuated total reflectance (ATR) configuration of the asymmetric CH3 deformation
mode (v,s) [268] of this cation. Figure 6.1 shows representative spectra taken during the
cathodic forward scan of cyclic voltammograms (CVs) of Au electrodes CO»-saturated 0.1
M bicarbonate solutions of (A) 100 mM methyl,;N* and 0 mM K, (B) 90 mM methyl,N*
and 10 mM K, and (C) 50 mM methyl;N* and 50 mM K*. The corresponding current
densities and reverse scan spectra are provided in Figure A6.1 of the Addendum. The scan
rate of the CVs was 2 mV s~! with nominal turning potentials of +0.2V and —1.1 V ver-
sus the reversible hydrogen electrode (RHE) scale. All potentials in this chapter will be
reported versus RHE unless otherwise noted. The change in optical density of the spectra

were calculated according to AmOD = —10%log,, ggz , where S Bg and S Bp, refer to the

single-beam spectra at the sample and reference potentials, respectively. +0.2 V was used
as the reference for all spectra unless otherwise noted.

In Figure 6.1, a remarkable dependence of the v, lineshape on electrolyte composition
is observed. When only 100 mM methyl;N™ is present, the predominant feature is a posi-
tive band at ~1490 cm™! that appears with decreasing potential (Figure 6.1A). When the
electrolyte contains 10 mM K* and 90 mM methyl,N™, a biphasic feature appears with
decreasing potential (Figure 6.1B), with the positive component centered at ~1490 cm™*
and the negative portion at ~1482 cm™!. Increasing the concentration of K* further to
50 mM balanced by 50 mM methyl,N*, the positive feature at ~1490 cm™! is no longer
present, and only the negative feature centered at ~1482 cm™! appears as the potential is

tuned cathodically. These spectral features are not due to irreversible chemical processes:

the peaks disappear in the reverse scan of the cyclic voltammograms with negligible hys-
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Figure 6.1: Representative potential-dependent spectra during the cathodic forward scan
in (A) 100 mM methylyN*, (B) 90 mM methyl,N* and 10 mM K*, and (C) 50 mM
methyl,NT and 50 mM K. The spectra are vertically offset for clarity.

teresis (Addendum, Figure A6.1). The reproducibility of these results is demonstrated in
independent, duplicate experiments in Figure A6.2 of the Addendum.

The presence of these two bands under different electrolyte conditions suggest two dis-
tinct sub populations of methyl;N™. In order to distinguish these two populations, plotted
in Figure 6.2 are spectra from each electrolyte at -0.8 V from Figure 6.1 for direct compar-
ison to bulk solution IR spectra of 100 mM methyl,N*. The solution spectra only contain

! corresponding to hydrated methyl,N*. Based

the single positive feature at ~1490 cm™
on this, the peak observed at ~1490 cm™! in 6.1 is the same hydrated methyl,N* species
that electrostatically accumulates near the electrode surface as it is negatively charged.
This assignment is further corroborated by the increase in the peaks amplitude with in-
creasing bulk methyl;N* and decreasing K™ concentration (Figure 6.2).

Differentiation of Two Methyl,N™ Populations. We now focus on identifying the

nature of the band at ~1482 cm~!. We will detail below that our experimental evidence

suggests that this feature corresponds to adsorbed methyl,N* that is displaced by K+ as the
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Figure 6.2: Representative spectra taken during the cathodic forward scan at —0.8 V at
different concentrations of methyl;N™ balanced by K* to a total cation concentration of
100 mM. The green dashed line represents a spectrum of 100 mM of methyl,N™ in bulk
solution.

potential is tuned negatively. When a cation specifically adsorbs onto an electrode surface,
it is usually accompanied by a partial charge transfer from the surface to the cation: [228,

269]

MZE 4 % 4 dem ="M, (6.1)

where M is the cation and z is its charge. de™ describes the partial electron transfer upon
specific adsorption on a surface site, denoted with *. With methyl;N*, we therefore ex-
pect to reduce the amount of positive charge on the cation by an amount de~ upon spe-
cific adsorption. To assess the change in v,s of methylyN* with charge, we carried out
spectroscopy on a molecular analogue, trimethylamine. By simply altering the acid/base
chemistry of trimethylamine, we can change the charge on the nitrogen and observe the
shift in the CH3 deformation mode frequency. Figure 6.3 shows the bulk solution spectra
of trimethylamine and its protonated form, trimethylammonium. Upon losing the positive

charge during deprotonation of the nitrogen, the v, of trimethylammonium red-shifts by
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Figure 6.3: Spectra of trimethylamine (black, 10 mM methyl3N plus 10 mM NaOH) and
trimethylammonium (red, 10 mM methylsN plus 10 mM HCI) in bulk aqueous solutions.
approximately ~12 cm~'. Based on this observation, we assign the negative going feature
at ~1482 cm™' to methyly,N}, , which is red-shifted from bulk methyl,N* upon adsorp-
tion due to the partial charge transfer from the electrode surface via equation 6.1. It is
probable that the red-shift in frequency is partly due to the different dielectric environment
that occurs with partial dehydration during specific adsorption [270].

It is important to emphasize that the compounds in Figure 6.3 are only used as molec-
ular analogues. We are not positing that there is decomposition of methyl;N* into either
trimethylamine or trimethylammonium. Recent work has demonstrated that methyl,N* is
stable under similar reaction conditions [271]. Further, the reversibility of the ~1482 cm™!
band magnitude in the reverse scan of the CV(Addendum, Figure A6.1) suggests that no
irreversible chemical process is occurring.

There are two plausible explanations for why a loss of absorbance occurs for the
~1482 cm~! band: A restructuring of the electric double layer with potential that an-

gles the transition dipole moment of v,; away from the surface normal, or a displacement

of methyl,N'. by K* with decreasing potential. It has been demonstrated with tetraalky-

ads
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Figure 6.4: Change of lineshape of v, with addition of K™ to an electrolyte initially
containing only 100 mM methyl,N(HCO3) (black) at an electrode potential of —0.45 V.
Small aliquots of 2 M KHCOj3 were added to achieve the desired concentration of K
indicated in the legend.

lammonium cations that as an electrode potential is tuned negatively, the cation can be
re-oriented at the electrode surface [272]. However, this is expected to occur around the
potential of zero charge (PZC) of the electrode. The potentials where we observe the

1

loss of absorbance at ~1482 cm™" occur significantly negative of the PZC on Au elec-

trodes (PZC = 0.16 V versus the standard hydrogen electrode) [273]. Therefore, it is

+

unlikely that a potential dependent reorientation of methyl,N |,

is occurring in the po-
tential range studied. It is much more likely that methyl,N, is being replaced by K™
with decreasing potential. To confirm this, we carried out an experiment in which small
aliquots of 2 M KHCO3 are added to the electrolyte while maintaining a constant potential
of methyl;N*. In Figure 6.4, spectra are taken at -0.45 V in an electrolyte initially contain-
ing only 100 mM methyl,;N(HCO3). KHCO3 was then added to the electrolyte to achieve
final K* concentrations of 10, 30, and 50 mM, with the solution resistance measured and
re-compensated (85% in situ) to account for the changes in solution conductivity. Like

in Figures 6.1 and 6.2, Figure 6.4 demonstrates a similar negative feature at ~1482 cm™!
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with increasing K* bulk concentration. Figure A6.3 in the Addendum demonstrates the
reproducibility of these results. Taken together, the band at ~1482 cm™! is a spectroscopic

measurement of the surface concentration of K.

+

ads

To ascertain the physical origins of why K* displaces methyl;N", with decreasing po-
tential in Figure 6.1, the potential-dependent adsorption of these cations was examined on
an Au(111) surface with DFT. The Au(111) surface was chosen due to the (111)-character
of the chemically deposited films used for the SEIRAS experiments [62]. The model
employed was used to determine the electrosorption valvency (e,). Within this model,
the electrosorption valency of the adsorbed cation, or the effective number of electrons
transferred upon adsorption (de™~), governs the rate at which the free energy of adsorption
becomes more negative with decreasing potential. The electosorption valency upon ad-
sorption of Au(111) was calculated for the series of alkali metal cations including K* and
methyl;N* (Addendum, Table 6.1). The electrosorption valency for methyl,N* (0.51) is
smaller than that of K* (0.66). This indicates that the specific adsorption of K* is favored
over methyl,N™ under a sufficiently negative applied electrode potential. Based on these
findings, we submit that the difference in electrosorption valancy is a possible physical
origin of the potential-dependent displacement of methyl;N* by K.

Methyl,N;", as a Probe of Alkali Cation Surface Population. With the band at
~1482 cm™! established as a spectroscopic measurement of the surface concentration of
K™, we wanted to expand this study to determine the surface concentration of other alkali
metal cations. Accordingly, we carried out the same experiment in Figure 6.4 with Li*,
Na™, and Cs* (Addendum, FigureA6.4), where small aliquots of each cation were suc-
cessively added to the 100 mM methyl,N* base electrolyte while observing the spectra
at -0.45 V. The spectra were fitted with two Gaussian functions to determine the depen-
dence of the ~1482 cm™! band area on the bulk alkali cation concentration (Figure 6.5).

This fitting procedure is further described in the Experimental Methods section with ex-
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Figure 6.5: Dependence of the alkali cation surface concentration at an electrode potential
of —0.45 V, as measured by the change in the methyl,N, band at ~1482 cm™!, as a
function of bulk cation concentration as indicated. All electrolytes contained 100 mM
methylyN*. Error bars (+ 1 standard deviation) were calculated on the basis of at least 3
independent experiments.
ample fits in Figure A6.5 of the Addendum. The integrated area of the ~1490 cm™! band
monotonically decreases with increasing alkali metal cation concentration (Addendum,
Figure A6.6). To quantify the surface concentration of the alkali metal cation concentra-
tion, we focused the analysis on the ~1482 cm™! band. In Figure 6.5, we observe that the
surface concentration, as measured by the ~1482 cm™! band area, is clearly dependent
on the alkali cation identity. The surface concentration follows the trend of alkali cation
size in the order of Lit < Nat < K™ < Cs™. Intriguingly, the magnitude of displacement
of methyl,N;"_ is linearly correlated to the free energy of hydration of the alkali cation
(Figure 6.6).

Impact of Alkali Cation Surface Population on the Reduction of CO,. To deter-
mine the relationship between alkali metal cation surface concentration and electrocat-
alytic properties, we carried our CO; reduction product determination studies on rough-

ened Au electrodes at -0.45 V. At this potential, the rate of CO, reduction is not limited by

mass transport, but by the adsorption of CO,. The electrolysis was carried out in an H-cell
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Figure 6.6: Dependence of the displacement of methyl4,N;f, at ~1482 cm™ on the free
energies of hydration determined at 1 M and 300 K [274] of (blue) Li*, (green) Na™,
(red) K™, and (black) Cs after addition of a bulk concentration of 30 mM to an electrolyte
initially containing only 100 mM methyl;N(HCO3) at an electrode potential of —0.45 V.
The dashed line is a linear fit to the data. The error bars represent + 1 standard deviation
and are calculated based on at least 3 independent experiments.
with CO, saturated 100 mM methyl,NHCOj electrolyte containing 30 mM of the respec-
tive alkali cation MHCOj3. The head-space was analyzed with gas chromatography to
measure the product formation. The representative electrochemical current densities and
average Faradaic efficiencies are provided in Figure A6.7 and Figure A6.8, respectively,
of the Addendum. The rates of Hy and CO production as measured by partial current den-
sity were plotted as a function of alkali cation surface concentration, as measured by the
~1482 cm™! band area, in Figure 6.7. In Figure 6.7A, the rate of CO formation increases
monotonically with the surface concentration of the cation, with Cs™ achieving the highest
rate. This observation suggests that the inclination of an alkali cation to accumulate at the
electrode surface is a foundational factor in promoting the electrochemical reduction of
CO..

While this technique is currently unable to describe the mechanism of alkali metal

cation promotion of CO, reduction, an increase in the local cation concentration has pre-
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Figure 6.7: Dependence of the displacement of methyl4,Nf, at ~1482 cm™ on the free
energies of hydration determined at 1 M and 300 K [274] of (blue) Li*, (green) Na™,
(red) K™, and (black) Cs after addition of a bulk concentration of 30 mM to an electrolyte
initially containing only 100 mM methyl;N(HCO3) at an electrode potential of —0.45 V.
The dashed line is a linear fit to the data. The error bars represent + 1 standard deviation
and are calculated based on at least 3 independent experiments.
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viously been suggested as a possible factor in the promotion of CO, reduction to ethylene
on Cu electrodes with larger cations like Cs™. It has been previously demonstrated that
the adsorption of CO, accompanied by an electron transfer is the rate-determining step in
during CO,-to-CO conversion [132, 275, 276]. Recently it has been suggested that these
cations play a critical role in this rate-determining step by stabilizing the transition state
leading to the adsorbed CO, intermediate [56]. This can be accomplished by stabilizing
electrostatic interactions and/or the coordination of cations to the nucleophilic oxygens of
adsorbed CO,, [56, 277].

In Figure 6.7B, the rate of hydrogen evolution appears to be relatively insensitive to
the cation identity. However, the rate of hydrogen produced in Li* and Na™ containing
electrolytes is comparatively fast. This is likely due to the lower rates of CO, reduction to
CO. Protons that would otherwise be consumed during CO, reduction or in the reaction
with OH™ are available to form hydrogen. This argument regarding the competition of
protons in parallel interfacial reactions has been invoked in prior studies regarding COy

and O reduction reaction [278-280].

6.3 Conclusions

In this study we establish methyl;N™ as a molecular IR spectroscopic probe for the relative
surface concentration of alkali metal cations during electrocatalytic conditions. By ob-
serving the the CH3 deformation mode of methyl,N* with SEIRAS on Au electrodes, we
identified two distinct sub-populations of this cation: hydrated methyl;N* at ~1490 cm~*
and methyl,N;, at ~1482 cm™'. In the presence of alkali cations, the methyl N,  is
displaced as the electrode potential is tuned negatively, allowing the determination of the

relative alkali cation surface concentration under catalytically relevant conditions. For a

given bulk electrolyte cation concentration, the surface concentration is found to increase
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with the size of the alkali cation and correlate with the cation’s free energy of hydration.
This work indicates that the ability of a cation to undergo partial dehydration is critical to

it’s ability to promote the electrochemical reduction of COs.

6.4 Materials and Methods

Materials. K,CO35 (99.997%, Puratronic, trace metals basis), Cs;CO3 (99.994%, Pura-
tronic, trace metals basis), tetramethylammonium hydroxide (25 wt % solution in water;
99.9999% trace metals basis), and Au foil (>99.9975%; metals basis, 0.1 mm thick)
were acquired from Alfa Aesar. Li;COg3 (99.999%, trace metals basis) was acquired
from Acros Organics. Graphite rods (3 mm diameter, 99.995% trace metals basis) and
Na,EDTA-2H50 (electrophoresis grade) were obtained from Sigma Aldrich. High-purity
water derived from a Barnstead Nanopure Diamond System was used for electrolyte prepa-
ration. CO; (research grade) and Ar (ultra high purity) were procured from Air Gas. For
electroless deposition of Au films on Si, Na;So035-Hy0 (99.999%; trace metals basis),
NaySO; (98.5%; anhydrous), HF (48 wt %), NH4F (40 wt %), and NaAu,4-2H50 (99.99%;
metals basis) were acquired from Fisher Scientific (Waltham, MA). Polycrystalline dia-
mond pastes were purchased from Ted Pella (Redding, CA).

Electrolyte Preparation. Electrolytes for all experiments were prepared by dissolv-
ing the appropriate combination of tetramethylammonium and alkali metal cation salts to
reach the desired cation concentration. With the exception of experiments in Figures 6.1
and 6.2, all electrolytes contained 10 uM ethylenediamine-tetra-acetic acid (EDTA) to
prevent unwanted electrodeposition of metal ion impurities onto the Au electrode sur-
face.[281, 282] The electrolyte was then purged with CO, at 40 standard cubic centimeters
per minute (sccm) for 2 hours or until the electrolyte pH reached a stable pH reading of

6.8£0.1.
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SEIRAS. SEIRAS experiments were carried out in a home-built two-compartment
poly-etheretherketone (PEEK) cell with the catholyte (6 ml) and anolyte (5 ml) separated
by a Selemion AMV anion exchange membrane (AGC Engineering Co.; Chiba, Japan).
The Au thin-film electrode was deposited onto the reflecting plane of a 60° Si prism [62].
The Au film deposition was carried out as follows: The Si prism was first polished with 6
uM and 1 yM diamond slurries consecutively for five minutes each. The prism was then
wiped under flowing DI water with a folded Kim wipe and sonicated in alternating high-
purity water and acetone solutions for a total of five times of five minutes each. The Au
film was deposited by first etching the surface of the Si prism in 40% NH,F solution for 90
s. Following the etching, the reflecting plane was submerged in a mixture of 2 : 1 mixture
of plating solution and 2% HF solution at 63°C for 180 s. The plating solution contained
15 mM NaAuCl,-2H50, 50 mM NayS,05-2H50, 150 mM NaySOj3, and 50 mM NH,Cl.
In order to get a better conducting film, this first deposition was washed away with 100 pl
of aqua regia, rinsed well with high-purity water, and blow dried with nitrogen. The prism
was then re-submerged into the plating bath for 180 s to achieve the final film. Following
the Au film deposition, the surface was rinsed with high purity water, blow-dried with N»
gas, and the resistance across the film was measured to be 5 — 15 (). The electrochem-
ical cell was then assembled with a graphite rod and an Ag/AgCl electrode (3 M NaCl;
Basi Inc.; West Lafayette, IN) as the counter and reference electrodes, respectively. The
catholyte was first purged with CO, at 10 sccm for 20 minutes under open-circuit condi-
tions and with stirring from a magnetic stir bar at 900 RPM. The Au film was then activated
by stepping the potential to —1.3 V versus Ag/AgCl and held for 60 s [283]. Then, the
potential was held at +-0.2 V versus RHE for 10 min while the catholyte was stirred and
CO,, purged at the previously specified rates. Within the final minute of this 10 min period,
10 single-beam spectra, each representing 20 co-added single-beam spectra averaged over

4.6s, were averaged to use as the reference single-beam spectrum. Without returning to
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open circuit, the electrode potential was then altered according to the experiment of interest
while single-beam sample spectra were accumulated, with the CO, purging rate and stir-
ring rate maintained for the duration of the experiment. Each subsequent sample spectrum
acquired is an average of 20 co-added single-beam spectra over 4.6s and used to calculate
the difference spectra shown in the respective figures (AmOD = —10?log,, %). Spectra

I resolution. The cell was

were collected with a 40 kHz scanner velocity and a 4 cm™
connected to a nitrogen-purged ATR accessory (VeeMax III; Pike Technologies; Madison,
WI) in the sample compartment of a Bruker Vertex 70 Fourier-transform infrared (FTIR)
spectrometer, which was interfaced with a liquid nitrogen-cooled mercury cadmium tel-
luride (MCT) detector (FTIR-16; Infrared Associates; Stuart, FL). The electrode potential
was controlled with a VSP-300 potentiostat (Biologic; Seyssinet-Pariset, France ). 85% of
the solution resistance was compensated in situ. The remaining 15% was manually cor-
rected following each experiment. For alkali cation addition experiments, compensation
of the solution resistance (85%) was readjusted after each addition of alkali cation solution
to account for the increase in conductivity in the electrolyte.

Peak Fitting Procedure. For determination of the integrated band areas shown in
Figure 6.5 and Figure A6.6 in the Addendum, a combination of a linear background and
two Gaussian functions were fit to the spectra. The peak positions and widths of the Gaus-
sians describing the negative-going and positive-going bands at 1482 cm~! and 1490 cm™!
were first determined as follows: For the peak at 1490 cm™ !, the best fit was determined
for a 100 mM methyl;NHCOj electrolyte in the absence of alkali metal cations where
no negative-going band is present (Figure A6.5 in the Addendum). For the peak at 1482
cm™ !, the best fit was determined in the 50 mM methyl,NHCO; and 50 mM KHCO3 mix-
ture, where no significant positive peak was present (Figure A6.5 B in the Addendum). To
find the optimum fit for the biphasic spectra, the extracted peak positions and widths were

kept constant and only the band amplitudes of the two Gaussian functions were used as
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fitting parameters (Figure A6.5C in the Addendum).

Product Detection. Product detection was carried out in a two-compartment custom
glass cell (Adams & Chittenden; Berkeley, CA). The catholyte and anolyte compartments
contained 8.5 mL and 9.5 mL of electrolyte, respectively, and were separated by a Se-
lemion AMV anion exchange membrane (AGC Engineering Co.; Chiba, Japan). To clean
the Au foil, the surface was treated with aqua regia for 30 s, rinsed plentifully with high
purity water, and blow-dried with Ny gas. The Au working electrode with an exposed geo-
metric surface area of 1.0 cm? was then introduced into the solution. The Au electrode was
first anodically roughened. This procedure involved cycling the potential between —0.6
and 2.3 V at 50 mVs~! in CO, saturated 0.1 M KHCO3 electrolyte for three cycles, with
a potential hold at 2.3 V for 30 min after the first cycle [284]. Immediately following the
roughening procedure, the potential was stepped to —0.45 V for 30 min to fully reduce the
Au surface. The electrode was then rinsed with high purity water and introduced into a
clean cell with a fresh membrane and the electrolyte of interest.

The catholyte was stirred with a magnetic stir bar at 900 rpm throughout the exper-
iments. Prior to the start of electrolysis, the catholyte was purged with CO, at 10 sccm
for 20 min. The potential was then stepped to —0.45 V and gas chromatography (GC)
measurements were obtained after the first 10 minutes of electrolysis. An SRI Instru-
ments (Torrance, CA) Mulit-Gas 5 Configuration GC was calibrated with a gas mix-
ture containing CO and H,. A thermal conductivity detector (TCD) and a flame ion-
ization detector (FID) were used to measure the produced amounts of Hy and CO, re-
spectively. The partial current density for each product was calculated according to:
partial current = gas product volume% x flow rate x 7;5—7{3 X %, where the gas prod-
uct volume% is determined from the calibrated GC measurement, the flow rate is in liters

per second, P = 101,325 Pa, T = 295.15 K, and A is the geometric surface area of the

electrode.
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Figure A6.1: Representative potential-dependent spectra and the respective current den-
sity profiles during a voltammetric cycle. The spectra during the forward scans are shown
in blue, green, and red and are reproduced from Figure 6.1. Spectra taken during the re-
verse scans at the same electrode potentials are overlaid and shown in green. Spectra are
offset from the baseline for clarity. +0.2 V was used as the reference potential and —1.1
V as the nominal turning potential for the cyclic voltammograms. After correcting for the
15% uncompensated solution resistance, the turning point ranged from —1.03 V to —1.08
V depending on the magnitude of the current density. (A, B) 100 mM methyl,N*, (C, D)
90 mM methyl,N* and 10 mM K™, and (E, F) 50 mM methyl;N* and 50 mM K.
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Figure A6.2: Comparison of the spectra shown in Figure 6.1 (shown in blue, black,

and red) with other sets of spectra obtained in independent, repeated experiments (brown
spectra) on freshly prepared Au electrodes. +0.2 V was used as the reference potential.
Spectra are offset from the baseline for clarity. (A) 100 mM methyl,N*, (B) 90 mM
methyl;N* and 10 mM K, and (C) 50 mM methyl;N* and 50 mM K™,
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Figure A6.3: Spectra obtained in a duplicate experiment as the one shown in Figure 6.4,
demonstrating reproducibility of the results.
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Figure A6.4: Spectra obtained in experiments as the one shown in Figure 6.4, but with
Li*, Na™, and Cs*. For each cation, spectra were obtained in two independent experi-
ments conducted on freshly prepared Au electrodes are shown.
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Figure A6.5:  Representative spectra and the corresponding fits for (A) 100 mM
methyl;N*, (B) 50 mM methylyN* and 50 mM K%, and (C) 90 mM methyl,N* and
10 mM K*. The center frequencies of the Gaussian fits were held constant at 1482.4 and
1490.0 with widths of 9.6 and 10.6, respectively.
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Figure A6.6: Displacement of hydrated methyl,N* at —0.45 V as measured by the inte-
grated band area of the 1490 cm™! band as a function of alkali metal cation concentration
in the bulk. All electrolytes contained 100 mM methylyN". Error bars (+ 1 standard
deviation) were calculated on the basis of at least 3 independent experiments.
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Figure A6.7: Representative chronoamperometric measurements conducted at an elec-
trode potential of —0.45 V. The electrolyte contained 100 mM methyl;N* and 30 mM of

the designated alkali metal cation. A sample of the head space for product analysis was
taken at 10 minutes.
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FE (%)

Figure A6.8: Average Faradaic efficiencies (FE%) corresponding to the measured partial
current densities for (blue) CO and (red) H, in Figure 6.7. The FE% were calculated by
dividing the partial current densities of the individual products by the total current density
and multiplying by 100%. Error bars (£ 1 standard deviation) were calculated on the basis
of at least 3 independent experiments.
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Table A 6.1: Electrosorption valency calculations for specifically adsorbed cations on the

Au(111) surface.

Evaluated Property Li* Na* K* Cst  methyl,N*
with vdW

Bader charge on ads. 0.89  0.81 0.83 0.81 0.72

cation

Surface dipole with —0.62 —-0.77 —-1.03 —-097 —-1.46

cation ads. (eA)

Electrosorption  va- 0.79 0.74 0.66 0.68 0.51

lency (e,)
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Chapter 7

Summary and Future Perspective

In this dissertation, we demonstrated that the molecular components of the electrolyte
side of the electrochemical interface can be be systematically studied to determine their
unique impacts on electrocatalysis. This electrode/electrolyte interface where electrocatal-
ysis takes place is a dynamic environment. Therefore, we employed in situ surface en-
hanced infrared absorption spectroscopy (SEIRAS), allowing us to capture the molecular
make-up of the electrochemical double layer as a function of time, potential, and elec-
trolyte species. This powerful technique facilitated the study COs reduction on Cu and Au
electrodes under operando conditions. Fundamentally, we gained a better understanding
of how the supporting electrolyte ’supports’ electrode interfacial processes.

On Cu, this was centered around the key intermediate for CO, reduction, adsorbed
CO. In Chapter 3, we investigated how an alkaline electrolyte environment influences the
relative coverages of CO,op and COyyigee 0N polycrystalline Cu. We showed that CO 0,
can convert to COy,iqg. When the total CO coverage dips below saturation values. The cov-
erage of COpyigge 18 found to increase with the interfacial pH and applied potential, likely
due to an alkaline-pH induced reconstruction of the Cu surface that occurs during electrode
polarization. Unlike CO,0p, COyyigge Was found to be inert to electrochemical reduction.
Using DFT calculations, we determined that, relative to atop-bound CO, the stability of

multiply-bonded CO increases with the increasing electric field under cathodic potentials,
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raising the activation barrier to further reduction. While COy,;qg. 15 not electrochemically
active, it may still modulate the electrode surface properties during catalysis.

In Chapter 4, we uncovered how different organic thin-films derived from various N-
arylpyridinium compounds drastically change the CO5 reduction product selectivity on
Cu. The (T-Pyr) organic film that increases the C>o products selectivity does so not by
changing the CO adsorption environment, but by limiting buffering near the electrode
surface and increasing the interfacial pH as a result of its unique porous morphology.
This was revealed by the increase in the interfacial carbonate IR band. In the presence
of the (P-Pyr) organic film containing a nitrogen lone-pair functional group, hydrocarbon
production is shutdown. This was observed to be a direct result of changes in the CO
adsorption environment. The pyridyl group containing the nitrogen lone-pair was found
to poison CO,4,, sites on undercoordinated Cu, lending credence to these sites being the
most active for further reduction adsorbed CO.

Chapter 5 revealed an interplay between anions of the supporting electrolyte and CO,cp,.
Under high aqueous concentrations (1 M), specifically (co-)adsorbed CI~ was found to
destabilize CO,p, binding, while non-specifically adsorbing SO, ? and ClO;, directly
blocked a fraction of CO,,, sites. However, the blocking ability of the latter anions is
dependent on the CO coverage, with a CO-induced stabilization with inreased coverage
requiring more positive potentials to displace CO,,,. At low anion concentrations (10
mM), the anion identity does not change CO adsorption behavior. Regardless of anion
identity and concentration, the onset potential for CO adsorption is relatively similar.

In Chapter 6, we pushed the boundaries of SEIRAS to probe the surface concentration
of alkali cations under catalytic conditions in the electrolyte. To achieve this, we intro-
duced a novel IR probe based on the CH3 deformation band of the organic cation tetram-
ethylammonium (methyl,NT). We observed that methyl,N™ specifically adsorbed on the

Au electrode can be directly displaced by alkali cations. The degree of this displacement is
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an experimental measure of the surface concentration of alkali cations under catalytically
relevant potentials. For the same bulk concentration of alkali metal cations, their relative
surface concentrations during CO,-to-CO reduction follows the order of Li* < Na® < K+
< Cs™. Interestingly, the observed surface cation concentration correlates with the alkali
cation’s free energy of hydration. Coupled with product determination studies, the rate of
CO,-t0-CO conversion increases as a function of the alkali cation surface concentration.
This chapter established the hydration energy of a cation and the ability to undergo partial
dehydration at the electrode/electrolyte interface as a critical descriptors in the ability of a
cation to promote CO,-to-CO reduction.

The work presented in this thesis attempts to provide a broad understanding of the
electrochemical double layer under catalytically relevant conditions through spectroscopic
insights into the effects of the electrolyte, including IR-inactive anions and cations. With
SEIRAS, there are still some limitations in the applications of this technique in general

and its application to advance the further study of CO, reduction.

* The study of IR-inactive electrolyte components with SEIRAS inherently requires
a probe. With the introduction of a probe, there is always a liability that the probe
alters catalysis. For our anion studies, tracking the local anion concentration in the
electrochemical double layer was limited by the small amplitude of the O-D stretch
band: anions could only be directly probed under 1 M concentrations. The cation
studies required the presence of methylyN*. This probe is powerful in determin-
ing the surface cation concentration, however it may disturb the some of the more
subtle cation effects. For Cu electrodes, surface adsorbed CO is powerful probe, es-
pecially when applied towards CO, reduction. However, the analysis of this CO,qs
is non-trivial, as the overall IR band is a complex mixture of CO coordination envi-
ronment, dynamical dipole coupling, coordination to electrolyte species, and local

electric fields[50]. The application CO,q4s on other electrodes like Au and Ag can
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also be challenging as the coverages tend to be very low during catalytically relevant
conditions. Recent advances in plasmon-resonant vibrational sum frequency gener-
ation have made the detection and analysis of CO,4, generated from CO, reduction

on Au more feasible.[263].

Like with CO detection during CO, reduction on Au, the utility of SEIRAS to study
reaction intermediates with low coverages can be held back by the signal inten-
sities. The further signal enhancement of low-coverage intermediates could poten-
tially come about with highly ordered nano-structures. Different patterns and shapes
of nano-structures have been demonstrated to generate significant electromagnetic
fields [285]. The resulting signals can achieve enhancement factors for SEIRAS on

the order of 10°.

In Chapters 3 and 4 we observed a crucial role of alkaline pH environments on the
electrode and double layer structure. The initial motivation for the work in Chap-
ters 3 was the observed increase in selectivity for CO5/CO reduction under alkaline
pH conditions. While the selectivity may be improved, CO, reduction under alkaline
conditions results in the consumption of CO, in homogeneous side reactions, signif-
icantly lowering the single-pass conversion of CO5[276, 286]. Recently, CO, reduc-
tion has been carried out under acidic conditions at significant reaction rates [280,
287, 288], greatly improving the single-pass conversion. Therefore, it would be of
great interest to study CO, reduction under acidic electrolyte conditions. This is
possible with chemically deposited Au thin-film electrodes, but highly unlikely with
Cu thin-film electrodes due to its dissolution under open circuit conditions in acidic

electrolytes.

While SEIRAS studies like the ones presented in this work have helped advance

the field of CO, reduction, they may be limited in developing the field further for
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industrially relevant conditions. This is due to the fundamental limitations of CO,
reduction in an H-cell type setup. During COs reduction, gaseous CO, must be dis-
solved in the electrolyte in order to be reduced at the electrode surface. Therefore,
at high reaction rates, this process is limited by the solubility and mass transport
of CO,. To overcome this, gas diffusion electrodes (GDE) have been successfully
employed to enhance the current density during CO, conversion to industrially rele-
vant rates[289, 290]. However, the engineering of the GDE design is fundamentally
inapplicable to our current SEIRAS setup. Thus, spectroscopic studies of GDE
setups requires other in situ techniques, like Raman spectroscopy [291] and/or elec-

trochemical atomic force microscopy (EC-AFM) [292], for example.

Even with some of these current limitations previously discussed, the future is still
bright for the application of SEIRAS and the study of the CO, reduction mechanism.
In combination with online product detection techniques like differential electrochemical
mass spectrometry (DEMS), interfacial structures as measured with SEIRAS can be di-
rectly linked to the product output as measured with DEMS. This technique has been pre-
viously demonstrated by our group [25, 62], however further upgrades to the electrochem-
ical cell to include a thin-layer flow cell configuration will further maximize its potential.
With SEIRAS on its own, there is opportunities to enhance the information available in
each spectrum. By rapidly polarizing the incoming light to the Si prism, structural in-
formation such as the angle of adsorbed intermediates and the orientation of interfacial
water may be accessed. This technique, known as polarization modulation, has been used
to characterize air/water interfaces in high detail [293]. It can be directly added to an IR
spectrometer without significant alterations of the current SEIRAS electrochemical cell
designs.

Even without these instrumental modifications, our SEIRAS investigations are ongo-

ing. While the modification of metal electrodes with organic films like those derived from
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N-arylpyridinium compounds can be messy, the use of porous crystalline materials can al-
low the modification of electrode surfaces in a purposeful and reproducible manner. This
could be achieved by growing thin layers of metal organic frameworks (MOFs) and co-
valent organic frameworks (COFs) directly on the electrode surface. On Au, with our
methyl;N* probe, we can expand the spectroscopic studies of surface cation concentra-
tion to include other cations such as alkaline earth metal cations or ionic liquids. It will
also be interesting to see if the phenomena observed on Au electrodes can be recreated on

Cu electrodes.
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