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Figure D.1: Stirred spectroscopic cell. This setup is used for all measurements in
CO saturated 0.1 M hydroxide withchemically deposited
polycrystalline Cu film working electrode, a graphite rod counter
electrode, and an Ag/AgCl reference electrode. Inset: Scanning
electron microscope image of the polycrystalline Cu film............. 168

Figure D.2: Stirred reactivity cell. This setup is used for all measurements in CO
saturated 0.1 M hydroxide with a Cu foil or carbon paper supported
polycrystalline Cu micropécle working electrode......................... 169

Figure D.3: Full ATR-SEIRAS spectra of the traces presented in Figure 5.1a. The
bands in the 1600 ar8#00 cm' regions represent the OH water
bending and stretching modes, respectively. The peaks in the
2300 cmt' region belong to gas phase £@hile the peaks between
1800 and 2100 crhrepresent adsorbed CO described in more detail in
Chapter 5. Sgctra presented correspond to 64 coadded scans
collected with @ 4 cmlresolution.............cc.ccveeeeieieeee e, 170

Xviii
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Figure D.10: ATR-SEIRAS spectra in CO saturated 0.1 M KOH with 0.1 M crown
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ABSTRACT

The electrochemical COeduction reaction (C£&RR) is a method to convert a
greenhouse gas, GQOinto chemicals and fuels using electricity generated from
renewable sources. CO is emermediate in this process which can be split into two
steps. The first is the conversion of £@ CO while the second is the further
reduction of CO into hydrocarbons and oxygenates. This secondkstepn as the
electrochemical CO reduction reacti@ORR) occurs on the surface of Cu catalysts
under alkaline conditions. The CORR produceg@ducts like methane and the more
commercially favorable & products such as ethylene, ethanol, acetate, land
propanol but suffers from competition from thedesirable hydrogen evolution
reaction

The goal of thisdissertationis to elucidate selectivity trends in the &R
with a view to developing design principles for optimizing the production of C
products. Effects such &u catalyst preparation methaeactant mass transpamd
nature of the electrolyte cation can all impact the reaction selectivity. However, these
effects remain a topic of discussion in recent literature. Indibgertationwe employ
in-situ attenuated total reflection surface emdel infrared absorption spectroscopy
(ATR-SEIRAS) coupled with reactivity studies to probe the electrochemical interface
and obtain mechanistic insights into the 88 pathway.

Our results show thabxide derived copperQD-Cu) enhances the CORR
activity compared to polycrystalline Cu catalysts at low overpotentials because of its

ability to expose the € coupling active Cu(100) facae also fiow thatCO mass

XXi



transport limitationsdo not alter the @/C; product ratiowhich suggests that CO
adsorbs in gtches on the Cu surfacEurther, hydratedelectrolyte cations do not
impactthe CO:RR reactivity by buffering the interfacial ptut instead through their
electricand nonelectric fieldnteractions Thesecation effectsare not exclusive but
can beobtained bychangng the structure and composition of the elechemical

interface highlighting its interdependent nature.d&ancesin both the temporal and
spatial resolution of currenh-situ spectroscap techniquesare reededto further

probehow the elecimchemicalnterface impacts electrodeediated reactian
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Chapter 1

INTRODUCTION

1.1 Motivation to Study the Electrochemical CQ Reduction Reaction

With renewable electricity increasingly available and affordable
electrocatalytic processes are expecteglay a key role in the future energy and
chemical landscapeThe ability of electrochemical systems to facilitate scabiog
i.e., deployment in a distributed fashion, rather than scalmg.e., deployment in a
centralized manner, makes them highly compatible with dispersed renesnaintgy
sources, such as solar and wind power. However, electrochemical processes remain
relatively undeveloped, often due to poor selectivity and energy efficiency. One such
electrothemical reactionthat has garnered a lot of recent attention is the
electrochemicatarbon dioxidgeduction reactioiCORR).

The CO:RR provides amethodto convert a greenhouse g&, into useful
chemicalsand fuels Greenhouse gases such @6» that are released into the
atmosphere by burning fossil fuels are a major cause for concern as they lead to global
warming and contribute to climate charfgén electrochemical CERR system would
not only reducethe amount ofthese harmful C® emissions butcould also be
sustainablypowered by connecting it #n electric grid supplied by renewable sources
of energy. These renewable soursash as solar and wind powae intermittent and

there areperiodic spikes where the electricity produced is more than theewu



demand. This excess electricity can be used to co@@rbn a metal catalyst surface
via electrochemical reduction into fuels and chemicals, thus, converting electrical into
chemical energy for storage and potential later Uike. storage of excesdectrial

energy provides a second potential benefit from electrochemicétESystems.

1.2 Mechanistic Understanding of the Electrochemical CQ Reduction Reaction

There is a general agreement in the scientific community thatCthe
reduction mechanism cdre split into two step$The first step imolves reduction of
CQO into carbon monoxid€CO). This step is most selective on gold or silver catalysts
in neutral electrolyted Further reduction o€Qinto hydrocarbons and oxygenates has
mainly been reported on copper based catalyStspper has the unique ability to bind
CO weakly enough to allow two CO molecules to couple forming longer chain
hydrocarbons and oxygenafe®n the other hand, metals like gold hardly bind any
CO to the surface while nickel and platinum bind CO too styondich poisons the
catalyst and prevents any further coupling or reduction.

Despite this knowledge about the suitability of copper catalysts, there is much
debateabout thefactors than can affect the selectivity ©O, reduction especially
after the formation of COThus, the second step, whighthe further reduction of CO
to hydrocarbons and oxygenates is often studied independently. This reaction is
known as the electrochemical CO reduction reaction (CORR) and is most favorable
under alkaline conditions on Cu catalydtds believed that thpathway from CO to
C: products such as methane occurs through an initial hydrogenation step of surface
adsorbed CO moleculégzurther, the pathway to-Gnd longer chain hydrocarbons
and oxygenates (& products) such as ethylene, ethanol, acetate, lamapanol

occursthrough an initial GC coupling step of two adjacent CO molecules forming a



OC-CO dimer? Both the CGRR and CORR occur in aqueous electrolytes where
water is the most abundant species. Thus, the hydrogen evolution reaction (HER) from
the reduction of water is a significant compgtireaction’ The goal of the C&RR
communitytoday is to further the mechanistic understanding of theRBOwith a

hope to tailor the selectivity of the electratediated reactions towards the
commercially viable Co+ products. Factors such as potential, pH, reactant mass
transport, catalyst bindingites, electrolyte species among others can impact the
reaction selectivity. The current techniques used to probe the effect of these factors on
the mechanism of electrochemical reaction systems have been summarized in the next

section with a specific fars on the role of wsitu characterization methods.
1.3 Methods toProbe Electrochemical Reactions

1.3.1 Activity and Selectivity Evaluations

Cyclic voltammetry (CV) and electrochemical reactivity tests represent the
most widely used techniques in assessing the performance of electrocatalysts.
Accurate determination of both activity (overall rates) and selectivity are critical in
evaluating theeffectiveness of electrocatalystSelectivity plays an equally, if not
more important role than activity in electrocatalysis, as overpotential may, to an
extent, drive higher rates, but selectivity depends strongly on the properties of the
electrocatalystFor electrochemical processes without strong competing read@ivhs,
allows for preliminary activity evaluations of electrocataly$tss method works well
for many organicelectrochemical reactiongarticularly in organic solventsbut
proves less informativéor aqueous systemn which strong hydrogen or oxygen

evolution activityoften obscuresCV features corresponding to reactions of intetést.



Additionally, competitive adsorption may cause cathodic shifts in CV peaks for mixed
reactant systems compared to the individual sp@éideading to difficulty in
interpreting voltammograms. For these reasons, reactivity testmtch or flow
reactors with essitu chemical quantifications, e.g., nuclear magnetic resonance
(NMR) and gaschromatography{(GC), are often preferred over CVs for selectivity
evaluation These reactivity tests, and associated analytical techniques, have been
extensively usefbr agueous systems with strong hydrogenolution activity such as

the CQ and CO reduion reactions:° While most reactivity studies focus on the
potential dependence, other electrochemical parameters, such as dataist

and the electrolyte catibh'® have also been varied to investigate their effects on
reaction selectivity. Generally, reactivity tests show the impact of a given
electrochemical parameter on the overall rate and selectivity, but, in most cases do not
provide mechanistic information texplain the observed impact. The complex and
interconnected nature of interfacial species make it difficult to elucidate the precise
effect of altering an electrochemical paraméténodifying one experimental variable
may trigger a multitude of changaisthe electrochemical interface, making it difficult

to attribute changes in reactivity or selectivity to a specific cause. The impact of
potential on the CE@RR product distribution provides an example. In this case,
changing the applied potential affetisth intrinsic rates and thaterfacial pH. For
optimal efficiency, the C&RR typically occurs in near neutral electrolytes, e.g.,
sodium bicarbonate solutidf. At large overpotentials, the strong reduction rates
increase the pH near the surface, altering the locab C@hcentration and,
consequently, product distributioffs?* This convolution of potential and interfacial

pH precludes a clear understanding of the effect of potential on s&yeatithout in-



situ characterization techniques capable of decoupling these effects. Reactivity trends
with other experimental parameteaiee likely similarly convoluted This complexity
makes reactivity data alone insufficient for understanding selgctivends and

reaction mechanisms.

1.3.2 Ex-Situ Characterizations

Ex-situ characterizatioof prepared catalysts typically provides a starting point
for understanding catalytic materials, but not a complete picture. Electrocatalytic
research routinely employsx-situ characterizations, such as scanning/transmission
electron microscopy, physi/chemisorption andra¥ photoelectron spectroscopy
(XPS), as well as electrochemical methods, such as CV and capacitance, to
characterize catalysts before and after reacfidhese techniques allow confirmation
of catalyst composition or structure and, in some cases, can provide quantitative
information, such as surface area or particle size. Oftesitexneasurements are also
employed to understand catalyst selectivitactivity, by correlating catalyst structure
with reactivity data. Unfortunately, correlating-situ measurements with trends in
selectivity or activity may prove misleading, as catalysts can, and often do, change
under reaction conditiorf$:23 This concern appears especially acute in electrocatalysis
for three reasons: Hectrocatalytic reactions are intrinsically redox reactions, which
tend to change the oxidation state of the catafy®), no widely applicable esitu
titration method exists for active sites in electrocatalysis, as certain redox sites may
only manifest under reaction conditiofi$>?® e.g., potential; and 3) many
electrocatalysts are prepared by nonelectrochemical methtfd8such that potential
and current represent stress factors exqgierienced during synthesis and may cause

structural changes. Combined, these considerations make it difficult to accurately



estimate imsitu properties by egitu means. This difficulty makes -Bitu
characterization a critical complement to-stu teclmiques to establish reliable
structureactivity relations. Further, the more reliablesitu characterizations also

provide representative models to assisdilito electrocatalytic investigations.

1.3.3 In-Silico Investigations

Rapid improvements in both the accuracy and availability of modern electronic
structure calculations have madesitico investigations an indispensable component
of electrocatalytic research. Electronic structure calculatiortdy as those based on
Density Functional Theory (DFT), can provide: 1) guiding principles for catalyst
design by identifying key properties or
band t%haado2) motecular level mechanistic information typically inaccessible
to experimental methods, e.g., didireaction pathways or the structures of activated
compl exes. Predi chtamd st hbeaocsreyddo oann dt hoet hfedr
binding energies, have been repeatedly verified experimeftdlyjemonstrating
their reliability. Despite this general effectiveness, the representativeness of the
computational model generally limits the accuracy of calculations for a given system.
These limitatios typically stem from three main factors: 1) the maximum number of
atoms incorporated in the model;tBg ability to accurately model key parameters in
electrocatalytic systems, e.g., elecke potential, solvenmoleculesand ions; and 3)
the knowledge of atomic or molecular level structural information for the experimental
system. The first limitation has become increasingly alleviated as computational
resource becomes more abundant. The second challenge falls on mgactici
computational electrochemical researchers, while on the third fresettu methods

can play an important role. Experimental insights gained fresitintechniques ¢a
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Figure 1.1: Schematic of the role of igitu characterization techniques indging
reactivity and computational studies.

help bridge the gap between information accessible through reactivity asitli ex
characterization techniques, and that required to construct accurate and representative
computational models to achieve a molecukevel understanding of reactions at

electrochemical interfaces (Figure 1.1).

1.3.4 RealTime and In-Situ Techniques
In this section we discuss a selected group oftrersd and insitu techniques
that can provide the muateeded mechanistic insights to furttiee understanding of

electrocatalytic system$/lechanistic insight can be obtained by modifying reactivity



tests through techniques such as isotopic labeling. Although the analysis in this
method occurs egitu, isotopic labeling provides -gitu insights by preserving
mechanistic informatio®1 n t his technique, key at oms
with isotopes (without changing their readyyj and then are monitored throughout
the reaction to help elucidate intermediate species and reaction mechiism et

al. used &%0 to elucidate the reaction intermediate for theslemtrolysis of CO and

NH; to acetamidé® They observed®O labeled acetamide as the dominant product,
and suggested that the acetamide was formed through the nucleophilic attack of NH
on a ketendike intermediaté® Chang et al. employed isotopically labeled G& Q)

and acetaldehyde (GDDO) to determine the-C cowpling pathway forl-propanol in

the CORR. Their results suggested that CO attacks the carbonyl carbon in
acetaldehyde during the cressupling between them and ends up being hydrogenated
to the hydroxymethyl groupGHzOH) in 1-propanof*

Differential electrochemical mass spectrometry (DEMS) is a technique
allowing for real time analysis of volatile products in electrocatalytic reactions.
Although variations of DEMSare typicaly not considered Hsitu, they do provide
mechanistic insights inaccessible to the conventional techniques such as GC and
NMR. Clark et al. used a DEMS setup to study theRR®on Cu and showed that the
concentration of aldehydes relative to alcoholsha vicinity of the cathode was
higher than in the bulk electrolyté This observation suggested that aldehydes
produced near the surface undergo further reduction to alcbéfiee diffusing into
the bulk electrolyté® The ability of DEMS to readily differentiate isotopically labeled
species also makes a coupling of DEMS and isotopic labeliraptie63" Neither

technique can directly identify active sites or provide other surface insights,dbut su



information can be inferred from changes in reaction pathways or reactive
intermediates and in conjunction with the other techniques discussed below.

In-situ spectroscop can provide detailed molecular information for species
within the double layer (mmer and outer Helmholtz planes, IHP and OHP, respectively,
in Figure 12) under reaction conditions and can complement macroscopic information
obtained from conventional electrochemical techniquassitu X-ray absorption
spectroscopy (XAS) can probe tb&idation state and coordination environment of
metal atoms at, or near, reaction conditions, allowing for more accurate structure
selectivity relationships than eitu methods. The main limitatiasf this techniques
in its surface sensitivity, as XAS probes bulk, as well as surfaimens, and bulk
signals may overwhelm those from the surffc€he discrimination of Xay based
techniques gainst lighter atoms generally makes XAS insensitive to most species in
the electric double layer, e.g., water and organic spele@sthese species, surface
enhanced vibrational spectroscopies, i.e., surface enhanced infrared absorption
spectroscopy (SRIAS) and surface enhanced Raman spectroscopy (SERS), prove
more informative because of their higiterfacial sensitivity?® 42 In this dissertation
we employ a special configuration of SR to further our understanding of the
electrochemical interface at experimental conditions. Further details about the

spectroscopy method employed are outlined in the following section.
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Figure 12: Schematic of the electrochemical interface SEIRAS and SERS
experimers. IHP and OHP stand for the inner Helmholtz plane and the outer
Helmholtz plane, respectively. R and P represent reactant and product, respectively.
R, I’ and P stand for adsorbedactant, intermediate and product, respectively.

1.4 Surface Enhanced Infrared Spectroscopy

Despite the potential for increased surface sensitivity using SEIRAS, the strong
IR adsorption of water can present a challenge for aqueous electrochemical systems.
However, theuse of aKretschmann attenuated total reflection (ATR) configuration
largely mitigates this issue making AT$EIRAS an increasingly popular, and

powerful, technique in modern speetlectrochemistry®*4 In ATR-SEIRAS, a thin

1C



metal catalyst layer is deposited onto a Si (or Ge) ATR crystal to act as the working
electrode. An IR beartotally internally reflects off the Si/metal infece, creating an
evanescent wave which penetrates into the soluffoguie 12). Importantly, the
presence of anetal layercreates electron resonance teahances the evanescent
wave, but only near the catalyst surface, effectively limiting signahsitieto within

5-10 nm from the catalyst surfate® This configiration makes SEIRAS surface
sensitive as in the absence of the metal film, the evanescent would penetrate up to
depths of 2¢ minto the electrolyt®“® with the signal being overwhelmed Hulk

species

1.5 Structure of the Dissertation

In this dissertatiorwe combine the insights obtained from ABEIRAS and
reactivity experiments with computational studiesm literature to improve the
mechanistic understanding of the electrochemicalRFOThe goal of thisvork is to
understand the role of the factorattttan tailor the CERR selectivity towards £
products. In Chapter 2, we investigate the effects of catalyst preparation method, while
in Chapter 3 we focus on the effect of reactant mass transport limitations. Chapter 4
and 5 study the impact of elediyte cations on the CARR reactivity while Chapter 6
provides an outlook into the future of spectroscopy as a technique to probe

electrochemical systems.
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Chapter 2

OPERANDO SPECTROSCOPIC INVESTIGATIONS OF COPPER AND
OXIDE -DERIVED COPPER CATALYSTS FOR ELECTROCHEMICAL CO
REDUCTION

Oxide-derived copper (OBCu) has shown to favor.Cand G products in
electrochemical CO reduction at lower overpotentials than polycrystalline copper (Cu
poly). Despite numerous studies and proposed mechanisms, the exact nature of the
active phase is still a topic of discussion. In tblsapter we employ operado
attenuated total reflection surface enhanced infrared absorption spectroscopy (ATR
SEIRAS) to investigate different sites available onpgdly and ODCu surfaces using
CO as a probe molecule. We identify a CO adsorption band c€®Bt 2058 cm
thatis different from those on CGpoly but resembles CO bound to the Cu(100) facet.

In accordance with reactivity studies, we propose that this band corresponding to
distinct CO binding sites is responsible for@u 6 s enhanced CO reduct

This chaper is reprinted with permission froMalkani, A. S.; Dunwell, M.;

Xu, B. Operando Spectroscopic Investigations of Copper and Dadged Copper
Catalysts for Electrochemical CO Reducti&€S Catal2019 9, 474 478 Copyright
2019 American Chemical Siety.
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2.1 Introduction

COz and CO reduction reactions (eRR and CORR, respectively) powered
by renewable electricity are key electrochemical transformations in mitigating
anthropogenic climate chan§@he ability to produce high value chemicals and fuels
through these reactions is crucial to their lasgale implementation. CORR has
received recent attention because CO is a known intermediate in the formatign of C
hydrocarbons and oxygenates in 88822 Copper is the only metal with appreciable
selectivity for hylrocarbons and oxygenates in {RR and CORR, however, only at
high overpotential§.

Among the strategies to improve the selectivity for @roducts in CORR,
OD-Cu developed by the Kanan group stood out-@Dwas shown to favor-C
coupling reactions at low overpotentials, e.g., a Faradaic efficiency (FE)dowar
products of 57% a0.3 V2 All voltages in thischapterare referenced to the reversible
hydrogen electrode (RHE) unless otherwise noted. Timeareed activity and
selectivity for GC coupling on OBCu were attributed to the presence of strong CO
binding sites on grain boundari$however, the exact nature and structure of these
active sites remain unclear. Alternatively, increased roughness of Cu surfaces has been
proposed to be in part responsible for the enhanced selectivity-€@rc@ipling
reactions on roughened and nanostructured Cu catdy/&arlier work by Hori et al.
showed that rougher electrodes promote the formation pfa@ucts like ethangThe
Kenis group found that higher current densities towardgr@ducts were obtained in
an electrolyzer when using Cu nanoparticles with ttghést surface roughneSs.
Jeon et al. showed similar trends with rough Cu prism nanocatalysts and suggested
that surface roughness was the cause for the enhanGedo@pling!! In addition,

trace amounts of residual oxygen from the CuO used to forrCOMave been
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proposed tagenerate active sites responsible for its enhanced activity. Mistry et al.
proposed that the Cusites formed from residual oxygen are the active sites for the
CORR, however, the residual oxygen disappeared after an hour of reddaditart
et al. claimed that subsurface oxygen detected {wgyXphotoetctron spectroscopy
and transmission electron microscopy electron energy loss spectroscopy may aid in the
stabilization of CO to the surfaé&However, isotopic labelling studies by Lum et al.
using secondary ion mass spectrometry showed that the top 100then@if surface
did not have oxygen during GRR conditions? Similarly, in-situ Raman
spectroscopy conducted by Yeo and coworkers showed thaD Gabrations
disappeared within 200 s @99 V1°16

The discussion in recent literature regarding the originemfianced €
coupling activity on OBCu and nanostructured Cu for CORR could be at least in part
attributed to the difficulty in establishing a reliable correlation between the activity
and active sites present during reaction. In particular, the scastityperando
characterization techniques is a key barrier. We recently developed an operando cell
for ATR-SEIRAS (Figure2.1) which enables characterization of catalysts under
identical conditions to CORR. In thchapter we employ operando ATBEIRAS to
identify distinctive CO binding sites on GQu compared to Gpoly that are
responsible for the €€ coupling reaction in CORR at a low overpotenti@l4 V) and

correlate these findings with reactivity studies.
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Figure 2.1: Stirred spectroscopic cell @d for all measurements in CO saturated
0.05 M KOH with Cupoly or OD-Cu particles ashe working electrodea graphite

rod counter electrode, and an Ag/AgCI reference electrode. Inset: Scanning electron
microscope images of Gaoly and OBCu on a goldilm.

2.2 Materials and Methods

2.2.1 ATR-SEIRAS and Reactivity Cell Setup

We used a two compartment, three electrode glass cell for all electrochemical
reactions. A schematic of the setup used for spectroscopic studies is shown in Figure
2.1. One compartment contes a graphite counter electrode (CE) and is separated
from the other by a Nafion ion exchange membrane (IEM, Nafion 211, Fuel Cell
Store). The other compartment contains the working electrode (WE), an Ag/AgCl
reference electrode (RE, 3.0 M NaCl, BASI) agas inlet and purge lines. Scanning
electron microscopy (SEM) images (Auriga 60 CrossBeam) of thpoGuand OD

Cu working electrodes are shown in the inset of Figuie A 0.05 M potassium
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hydroxide solution (Sigmaldrich, 99.99%), preelectrolyzed for24 hours using a
constant reducing current €0 mA to deposit most of the metal impurities on to a Cu

foil (SigmaAldrich, 99.998%), was used as the electrolyte for these reactions. The
electrodes were connected to a potentiostat (Solartron 1260/1#28Avds used for
electrochemical measurements. The cell is integrated into the Agilent Technologies
Cary 660 FTIR spectrometer equipped with a liquid nitregemled MCT detector.

All spectra were collected at a 4 @énspectral resolution and are presentad
absorbance units where a positive and negative peak signifies an increase and decrease
in the interfacial species, respectively.

A similar setup was used for reactivity studies except the WE was suspended
from a port at the top just like the RE and the glass cell was closed off at the bottom
(Figure A.1). During both reactivity and spectroscopic studies, the electrolyte in the
working el ectroded6s compartment was stirred
of the gaseous products in these reactivity tests was determined by injecting samples
from the headspace of the glass cell into a Gas Chromatograph (Agilent Technologies
7890B equipped with a Flame lonization Detector (FID) and Temperature
Conductivity Detector (TCD). Electrolyte samples were prepared for Nuclear
Magnetic Resonance (NMR) spectroscopy (Bruker AVIII6O0) to determine the
composition of the liquid products througin integrated peak area ratio with a

DMSO/D;0O internal standard.

2.2.2 Metal Film and OD-Cu Preparation
Copper films directly deposited on the silicon crystal were prepared using a
similar process to the one reported by Gunathunge'éfak silicon ATR crystal was

first immersed in an aqua regia (75% hydrochloric acid and 25% nitric acid) solution

23



for five minukes to remove any letiver metals from previous films. The crystals were
then rinsed with distilled water and dried using compressed air. They were then
polished using a 0.05 em alumina solution
becomes hydromibic. The alumina powder was washed off the surface of the crystals
by sonicating in alternate baths of water
reflecting face was immersed in a 40% ammonium fluoride (Sigldach, 98%)
bath for one minute to eate a hydridéerminated surface. The crystal face was then
immersed in a copper seeding solution (0.5 wt% hydrofluoric acid (SAddrech,
99. 99 %) and 4(BigmMaAldrith, 99.9986)) for two minutes followed by a
plating solution (0.25 M HCHO (Siga-Aldrich, 37 wt%), 0.02 M CuS©(Sigma
Aldrich, 99.99%), 20 mM N#&DTA (ACS Reagent, 3201%), and 0.3 mM 252
bipyridine (Reagent Plus, 99%); pH 12.2 (adjusted using KOH pellets (Si¢pmah,
99.99%)); T = 55 °C) for six to seven minutes. The reflgctinrface of the crystal
was gently rinsed with water and air dried before immersing it in each solution. SEM
images of the Cu films before and after spectroscopic tests are shown inARjure

Oxide derived copper (Ofu) particles were prepared usingpeocedure
similar to the one performed by Jouny et®alMlicron copper particles (APS, 99%)
were annealed at 500 °C for 6 hours in a muffle furnace under air to produce copper
oxide (CuO) particles. These particles were suspended in an ink (100 mg CuO
paricles inisep r op y | al cohol with 20 ¢l of 10 wt %
D1021 Dispersion, Fuel Cell Store)), sonicated for 15 minutes and drop casted on to a
support (carbon paper (Sigracet 29 BC, Fuel Cell Store) or gold foil (Alfa Aesar,
99.9990)). The CuO particles were then electrochemically reduced t&CQOIh an

argon environment before reaction
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The gold films used to support the CuO and micron copper particles for
spectroscopic studies were chemically deposited on the silicon crystajsdgeaure
described by Dunwell et &.The particles were suspended in an ink (as described
above) and sprayed uniformly on to the gold film using an air brush. The silicon
crystal, now with the particles and chemically deposited gold film was placad in
oven at 90 °C for 15 minutes to evaporate any traces qfrcgayl alcohol before
using it for a spectroscopic test. SEM images of the particles supported on metal films

before and after spectroscopic tests are shown in Ffgdre

2.3 Results and Discussio

The product distribution in CORR on GQu and Cepoly surfaces atd.4 V in
a reactivity cell (Figuré\.1) under otherwise identical conditions shows that@Dis
uniquely effective in catalyzing-C coupling reactions at low overpotentials. ahd
Cs hydrocarbons and oxygenates are produced with a combined Faradaic efficiency of
over 20% on OBCu, whereas only hydrogen is detected onpGly (Figure2.2).
These results are consistent with the literat3f8 The relatively poor charge balances
for the ODCu samples are likely due to the reduction of poorly connected CuO
particles during reaction. Cyclimltammograms of OBCu and Cepoly do not reveal
any detectable differences that could account for the drastic difference in product
distribution (FigureA.3).

Operando ATRSEIRAS studies reveal that there are multiple distinctdCO
sites on the Cypoly surface. When the Guoly surface is first brought te).4 V in
CO saturated 0.05 M KOH, one band centered at 2073amd a weak shoulder at
2089 cm* are observed (Figur23, bottom trace). Adsorbed CO bands located in the

20002150 an? region are generally attributed to linearly bound €&? In

25



100

= Ethane
90 -

u Ethylene
80 { wAcetate

= 1-propanol
70 | Prop:

= Ethanol
60 1 = Hydrogen
40 +
30 -
20 -
10 ] I
o A

OD-Cu@C Cu-poly OD-Cu@Au Operando Cu@Au
OD-Cu@Au

Faradaic Efficiency (%)
wn
o

Figure 2.2: Faradaic efficiency of products formed in CORR on-OD@C,Cu-poly,

OD-Cu@Au,operando OBCu@Auand Cu@Au in CO saturated KOH-&4 V vs.
RHE.

particular, the two C@ bands that are 15 chapart on Cu surfaces have been
assigned to CO bound to step (higher wavenumber) and terrace (lower wavenumber)
sites?® 2 The intensity of the 2089 chpeak increases at the expense of the 2073 c¢cm
peak with time as the potential is held-@# V for 30 min (Figure.3). We note that

the system is saturated with CO before applying the potential, so the change in relative
intensity of the two bands with time cannot be explained by CO slowly pap g
surface. The peak intensity of adsorbed CO typically equilibrates to a constant
intensity within 1 min in a CO atmosphere. The intensity of the 2089 peak is
enhanced via dipoldipole coupling with the 2073 chband so the intensities of
thesetwo bands are not representative of the actual populations of the two types of

surface site$* Previous ATRSEIRAS studies on CO adsorption on Cu showed only a
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Figure 2.3: Operando ATRSEIRAS spetra at-0.4 V vs. RHE in CO saturated
0.05 M KOH showing the time evolution of the different CO binding sites epdlu
Spectra presented correspond to 64 coadded scans collected with &esotation.

single band centered around 2075'chh’ The difference between our results and
these studies could be attributed to the faat those experiments were conducted in
less alkaline electrolytes (bicarbonate, Fighr4).

The evolving spectra with time suggest that thepBly surface undergoes

reconstruction at0.4 V in the presence of CO, which is consistent with recent
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reportst’? Interestingly, a band at 2131 ¢nappears overhe course of 30 min,
which has been assigned to CO adsorbed dif’@lt is unlikely that metallic Cu is
oxidized to CuO at a potential-0.4 V) much lower than the equilibrium potential for
its oxide phases (~0.5 ¥) so we attribute this feature to G either on reconstructed
Cu site$® or interacting with cationic species in the electrical double layer, €g., K
Further investigations are needed to elucidate the origin of this band. We do not
observe any spectroscopic feature attributable to CO adsorbed on Wi€h has
been suggest to promote the reduction of CO and L£L®o ensure th@131 cm'
band is not caused by contaminants in the electrelgetrochemically deposited on
the electrode surface #.4 V, control experiments are conducted with a gold film, as
well as in KHCQ produced by C@saturating KOH on the Gpoly surface, under
otherwise identical conditions. No CO adsorption band at ~213bigrabserved in
either case (FiguseA.5 and A.6), confirming that this band corresponds to CO
adsorbed on Cu sites.

Operando ATRSEIRAS investigations on ODu particles suggest that they
possess distinct CO binding sites aside from those present on {pelyCsurface.
CuO particles are sprayed on to a polycrystalline Cu film and then electroclgmica
reduced to OBCu (OD-Cu@Cu). The loading of CuO patrticles is between 0.6 and 0.8
mg/cn?, comparable to those in the reactivity tests. WherQI@Cu is brought to
-0.4 V in CO saturated 0.05 M KOH, the spectrum looks similar to that gfaGu
(Figure 2.4ab), which suggests that either they possess similar sites or the signal from
OD-Cu in the OBCu@Cu sample is overwhelmed by that of the Cu substrate. To
differentiate these two possibilities, we conduct a similar experiment usin@uOD

particles suported on a gold film (OBCu@Au). Au is employed as the substrate as it
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Figure 2.4: Operando ATRSEIRAS spectra showing CO binding sites on different
catalyst surfaces a0.4 V vs. RHE in CO saturated 0.05 M KOH. Spectra presented
correspond to 64 cdded scans collected with a 4 ¢mesolution.

does not adsorb CO at the relevant potentiald (k¥ V, FigureA.5). The intensity of
CO bands on OECu@Au is almost two orders of magnitude lower than that on Cu
poly. This difference could be attributedtb® micronsize of the OBECu particles and
the fact that the evanescent wave in SEIRAS only prodds rim from the SEIRA
active Au film® so only a small fraction of the QDu particles is sampled.
Importantly, in addition to bands similar to those ongly (2073, 2089 and 2131
cm?l), a prominent band at 2058 dmis observed (Figures 2.4c and A.7),

demonstrating that OfQu possesses distinct sites from those oip@uy surfaces. To
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exclude the possibility that the 2058 ¢rhand is caused by CO adsorbed on sites at
the Cu/Au interface, a control experiment with miegize Cuparticles supported on
a gold film (Cu@Au) is also conducted. Only CO adsorption bands similar to those on
Cu-poly appear (Figurg.4d) with almost no € coupling products (Figur2a2). This
confirms that the 2058 cfband corresponds to CO adsorbed on-QDsites. All
spectra in Figur@.4 are taken af0.4 V when spectra no longer change with time, i.e.,
at the steady state. SEM images of fresh and spent catalysts (Kiguneveal no
discernable morphological chges. Faradaic efficiencies of liquid phase products in
CORR on OBCu@Au in the spectroscopic cell are similar to those orGDDN the
reactivity study (Figure2.2 andA.8), demonstrating that the spectroscopic tests are
conducted under operando condisorGaseous products are not quantified in the
spectroscopic experiments because CO is continuously bubbled throughout the test.
The combined reactivity and operando spectroscopic investigations indicate
that the CO adsorption sites corresponding to thel lzd 2058 cm are most likely
correlated with OBCu 0 s abil i ty-C tcaupling aeadtidns tatalowe C
overpotentials. CO adsorption sites corresponding to the 2073, 2089 and 2131 cm
bands are shared by both -Galy and ODCu (despite slight differeces in their
relative intensities among the surfaces investigated incthapte), and thus cannot
account for the difference in the product distribution on these two materials. The
2058 cm' band is similar to the CO adsorption band observed on ttiEQusurface
at a similar potential vs. the standard hydrogen electrode potential by Hori'et al.
Thus, we hypothesize that GQu preferentially exposes the (100) facet which
enhances its CORR activity at low overpotentials. This is consistent with a number of

recent experimental and comational studies claiming that Cu(100) is particularly
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effective in mediating € coupling. Schouten et al. experimentally showed that
ethylene formation begins at a lower overpotential on Cu(100) than Cdf1lidhg et

al. attributed the superior-C coupling activity primarily to the (100) facet of Cu
which showed the lowest activation barrier for theC@oupling step® This peak
assignment is consistent withet lower wavenumber of the distinctive band on-OD
compared to those present on-@aly because of the stronger interaction of CO with
undercoordinated (100) sit¥sThe presence of strong CO binding sites on-QD

also agrees with the recent temperature programmed desorption report of CO from Cu
surface$. However, we do not observe the CO dimer species reported by Koper and
coworlers, possibly due to the interference of bending mode of water and absorbance

of Si®

2.4 Conclusions

In summary, we demonstrated that @D possesses distinct CO adsorption
sites from those on Cpoly via operando ATRSEIRAS, and correlated the prase
of these siteswith Ol u 6 s abi | i t-€ cotupbng inthecCORR at-CedtVe C
The distinctive CO adsorption band at 2058%amm OD-Cu could be attributed to the

preferentially exposed Cu(100) facet.
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Chapter 3

IMPACT OF FORCED CONVECTION ON SPECTROSCOPIC
OBSERVATIONS OF THE ELECTROCHEMICAL CO REDUCTION
REACTION

The electrochemical CO reduction reaction (CORR) has been shown to suffer
from mass transport limitations owing to the low solubility of CO in aqueous
electrolytes (~1 mM). However, no direct observation of the impact of the mass
transport on the adsorb&@D coverage on Cu, and in turn the CORR activity, has been
reported due to the lack of suitable experimental techniques. Inchiister we
employ operando surface enhanced infrared absorption spectroscopy with and without
stirring to investigate the COiraling sites at potentials relevant to the CORR and
correlate with reactivity studies. The significant loss in CO peak intensity observed in
the spectra at belowD.6 V without stirring highlights the importance of including
forced convection in spectrogmo studies to obtain information representative of
typical reaction conditions. Despite roughly one order of magnitude lower CO
coverage on Cu ab.7 V without stirring, as compared to the case with stirring, the
relative distribution of CORR products &® not change appreciably, suggesting that
adsorbed CO on Cu exists in patches rather than distributing uniformly.

This chapter is reprinted with permission frddalkani, A. S.; Li, J.; Anibal,

J.; Lu, Q.; Xu, B. Impact of Forced Convection on SpectroscOfservations of the
Electrochemical CO Reduction ReactidxCS Catal.202Q 10, 941 946. Copyright

2020 American Chemical Society.
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3.1 Introduction

Elucidating the reaction mechanism of the electrochemical r€fDction
reaction (CORR) oRuis critical in he catalyst design for the renewable upgrading of
COz because CO is a known intermediate in the elsstactionof CO; to valuable
hydrocarbons and oxygenafesThe CORR performed independently in alkaline
environments favors the production ofGCcoupling products, e.g., ethylene and
ethanol, however, the low solliby of CO in aqueous solutions (~ 1 mM) could
become a limiting factot This was highlijhted by the recent work which attributed a
shoulder in the CVs on polycrystalline Cu-8t65 V vs. RHE in hydroxide to a CO
mass transport limitation phenomerforfll potentials in this chapter will be
referenced to the reversible hydrogen electrode (RHE) scale unless otherwise noted. It
is important to understand the impact of massgport of CO on the activity and
product distribution in the CORR, and in this regard, spectroscopic results could
provide key information of the CO surface coverage. Linearly bonded CO bands
reported in infrared studies show a trend of increasing iiyewgth coverage which
allows for a semguantitative method to estimate CO surface covetdgBurface
enhanced infrared spectroscopy (SEIRAS) is a sensitivhnitpee to probe
electrochemical interfacés! although signal penetration depths may vary based on
the nature and thickness of the metal fif®3 In all cases though, the spectra are
dominated by species within the electrical double layer without much influence from
bulk species? However, conventional spectadectrochemical cells for SEIRAS do
not have the capability of stirring, thus limiting its application in understanding the
effect of mass transport of CO on the reaction. Further, S&IRvestigations of
CORR in alkaline conditions, especially at the potential range commonly employed in

reactivity studies ¢ -0.6 V) have been scarée!® This could be in part due to the
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instability of Cu films needed for this technique in the alkaline conditions and another
impediment caused by the lack of forced convection insfiertreelectrochemical

cells that is discussed in thebapter Recently, we developed a customade stirring
SEIRAS cell (FigureB.1) to improve mass transport of reactants during spectroscopic
investigations in a configuration that resembles a standacdll typically used for
electrochemical measuremeftsS. Previous spectroscopic work on electrochemical
oxidation reactions have employed the use of flow cells as an alternate way to improve
mass transport in spectroscopic studiéé.in this chapter we enploy the SEIRAS

stir cell to demonstrate the impact of stirring on CO coverage on Cu surfaces at
potentials relevant to the CORR, highlighting the importance of forced convection in
obtaining reliable spectrogpic information to correlate with reactivity results.
Further, we show that the relative selectivity for various CORR products is insensitive
to the surface CO coverage, indicating adsorbed CO exists in patches rather than being

uniformly distributed ontte Cu surface
3.2 Materials and Methods

3.2.1 Spectroscopic Studies

We used a two compartment, three electrode custesignedTeflon cell for
all spectroscopic measurements. A schematic of the setup used for spectroscopic
studies is shown in Figuig 1. One compament contains a graphite counter electrode
(CE) and is separated from the other by a Nafion ion exchange membrane (IEM,
Nafion 211, Fuel Cell Store). The other compartment contains the working electrode
(WE), an Ag/AgCI reference electrode (RE, 3.0 M NaBASIi) and gas inlet and

purge lines. The WE is a polycrystalline Cu film chemically deposited on a silicon
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ATR crystal. The deposition process is adapted from Gunathung&etnal.has been
described in detail in our previous wdfkA 0.1 M potassiumhydroxide solution
(SigmaAldrich, 99.99%), preelectrolyzed for 24 h using a constant reducing current

of -10 mA to deposit most of the metal impurities on to a Cu foil (Sigidach,
99.998%), was used as the electrolyte for the spectroscopic testelettiedes were
connected to a potentiostat (Solartron 1260/1287) that was used for electrochemical
measurements. The cell is integrated into the Agilent Technologies Cary 660 FTIR
spectrometer equipped with a liquid nitrogmoled MCT detector and a poizer in

the p-polarized light setting. All spectra were collected at a 4 spectral resolution

and are presented in absorbance units where a positive and negative peak signifies an
increase and decrease in the interfacial species, respectively.|lyibeaded CO

(CQOL) bands are typically in the 20100 cm' region? Thus, the CO peak area
calculations are performed by including the area under the curve between 2020 and
2100 cmt to account for small shifts in CO peak position because of changes in

coverage, dipole coupliigr the impact of hydroxide adsorbed on adjat sites?

3.2.2 Reactivity Studies

The CO electroreduction performance of Cu foil (Alfa Aesar, 0.1 mm thick,
99.9999% metal basis) was evaluated using arPMMA two-compartment
electrochemical cell separated by an argonducting membrane (Selemion AMV
AGC Inc.). The electrolyte in theathode chamber was 18.0 ml, leaving a headspace
volume of 15.8 ml. The electrolysis was conducted in 0.1 M sa@ratedKOH
(SigmaAldrich, 99.99%) at0.7 V vs. RHE with and without stirring. The stirring rate
used was 800 rpm. The electrolyte solutioresserprepared using MillQ water (18.2

Mq cm). A g r a pAldrich, 89.99980wag uSed gsntkee counter electrode
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and a Hg/HeCl (saturatedKCl, BASI) electrode was used as the reference electrode.
The reference potentials were converted to RHEguie formula as belaw
Potential (vs. RHE) = Potential (vs. Hg/A@,) + 0.241 V + 0.0591 V x pH
The electrodes were connected to a Gamry reference 600+ potentiostat for
electrochemical measurements.

Prior to CO electroreduction, the Cu foil electrodes\eectropolished in 85%
ortho-phosphoric acid (Sigma Aldrich, 85% in water) at 2.1 V vs graphite for 5 min.
CO gas (Air Liquide, 99.999%) was delivered into the electrolyte through a gas
di spersion frit to ensur e swrdtedfof 0keht gasT
min' ! The flow rate was controlled by a mass flow controller (MKS Instruments Inc.)
and calibrated using an ADM flow meter from Agilent Technologies. The headspace
gas was vented directly into the sampling loop of a gas chromatogpalent
7890B) and quantified every 17 min for galsase products. Liquid products were
quantified by a Bruker AVIIl 400 MHz NMR spectrometer. TN&R sample was
prepared by mixing 500 I(Sigmnd Aldech,e8.9%),01 yt e
and 1.67 ppn{m/m) dimethyl sulfoxide (Alfa Aesar, 99.9%) as an internal standard.
The water signalvas suppressed using thegseguration methodlhe uncompensated
resistance (B was determined by potentiostatic electrochemical impedance
spectroscopy. The potentiastompensatefbr 85% of R, during the electrolysis, and

the remaining 15% was manually corrected afterwardsrive at the actual potential

3.3 Results and Discussion
Stirring has a drastic impact on the observed spectroscopic features of
adsorbed CO on polycrystalline Cu surfaces at potentials relevant to CORR,

highlighting the importance of the forced convection in operando spectroscopy.
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Linearly adsorbed CO, referréd as CQ, on polycrystalline Cu surfaces in alkaline
electrolytes is known to be responsible for CORR activities, while CO adsorbed on
bridge sites are ndt. The SEIRAS spectrum of the C®and on Cu in 0.1 M KOH

with a stirring rate of 800 rpm shows the main band centered at 206itin a
shoulder at 2081 cth(blue trace in Figur&.1a), attributable to COdsorbed on the
terrace and step sites, respecti@l? There is no peak for solution phase CO
detectable becaus# its low solubility in aqueous solutions (FiguBe2). A ~70%

drop in the intensity of the GOband is observed when the stirring is turned off.
Moreover, the shoulder corresponding to CO adsorbed on step sites completely
disappears. The drastic decreas the intensity of the GCband without stirring, as
compared to the stirred case, indicatgsexipitous drop in the surface CO coverage.
This could be attributed to the slow mass transport of dissolved CO to the surface, as
adsorbed CO is consumed tine CORR. We note that literature shows detectable
current densities towards CORR products at potentials beldw5 V on
polycrystalline Cu in CO saturated 0.1 M KOH electrof/he disappearance of the
COL band on step sites without stirring indicatkeat adsorbed CO on these sites are
preferentially consumed in CORR, i.e., stépsare more active than terrace sites on
Cu in CORR which is consistent with literatdr&. Similar measurements are
conducted at0.7 V (Figure3.1b). While CQ bands corresponding to CO adsorbed on
terrace and step sites are observed whennsgtirno clear CO band appears without
stirring. This contrast highlights the importance of including forced convection in the
design of operando spectroscopic cells, as the lack eft@@d at-0.7 V could be
mistakenly interpreted as lack of adsorbed @@ing CORR in reactivity studies at

this potential. We note that the need for forced convection in electrocatalytic systems
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Figure 3.1: ATR-SEIRAS spectra in CO saturated 0.1 M KOH showing the linearly
bonded CO peak region on a chemically deposited polycrystalline Cu film when
switching from stirring at 800 rpm to no stirring. Spectra presented correspond to 64
coadded scans collectedtivia 4 crh resolution. Background spectrum was taken at
0.1 V in argon saturated electrolyte.

is well recognized;?* and thus, the impact of stirring on spectroscopic observations,
manifested in the CORR in thiiaptey is expected to be universal.

With the stirred SEIRAS celktirring rates beyond 300 rpm do not appear to
have any ppreciable impact on the spectroscopic observations. SEIRAS experiments
with four stirring rates, i.e., 0, 300, 800 and 1300 rpm, are conducted on Cu in CO
saturated 0.1 M KOH a0.6 V. The intensity othe CO. band with a stirring rate of
800 rpm decrea&s gradually with time (FigurB.3a), which is attributed to surface
reconstruction of the Cu surface at this condition. Reconstructionthef

polycrystalline Cu surface at typical @RR and CORR conditions has been reported
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in the literature and our preis work!%2>2°The integrated area of the COand vs.

time is plotted as a baseline in Fig®2 (black symbols and trace) by normalizing to
the intensity at the beginning (to account tbe variability of absolute intensities
among individual SEIRAS experiments). In a separate experiment, SEIRA spectra are
collected at0.6 V in CO saturated 0.1 M KOH with the stirring rate decreasing every
2 min starting at 1300 rpm, to 800 rpm, 30@nrpand finally O rpm. The integrated
area of the COband is also plotted vs. time by normalizing to the initial intensity
(Figure 3.2). The trace collected at different stirring rates almost overlap with the
baseline at stirring rates equal to or greater than 300 rpm but is significantly lower
without stirring. A similar result is obtained when the stirring rate is increased from
300 to 1300 rpm (Gure B.3b), indicating stirring rates beyond 300 rpm do not
provide additional benefits. All further stirred experiments are conducted at a stirring
rate of 800 rpmThe observed lack of change in CO concentration at the surface with
stirring rates abov&00 rpm is consistent with two simple mass transport models
detailed in the supporting information section (FigiBe5-17).

Following the CQ peak area in different electrolytes and at different potentials
provides insights into the fefct of cations and potential on the CORR. Similar to the
investigations at various stirring rates, a trace of the normalized integrated area of the
COL band vs. time is first collected in 0.1 M KOH-&7 V with stirring to serve as
the baseline to accatifor the gradual reduction in C®and intensity with time due
to surface reconstruction (black trace in Fig8/ga). In 0.1 M LiOH at0.4 V, the
area of the COband over time is barely impacted by turning stirring off after 2 min
and back on after Bnin, as evidenced by its extensive overlap with the baseline

(Figure3.3a). This is expected as no detectable CORR occufsday 1%®and thus
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Figure 3.2: Tracking the linearly bonded CO peak area (normalized to the peak area at
the first data point at minute 0) with time at different stirriages in CO saturated

0.1 M KOH at-0.6 V on a chemically deposited polycrystalline Cu film. Baseline is
also collected a0.6 V in CO saturated 0.1 M KOH.

the surface CO coverage should be independent of stirring. The slight increase in the
peak area right after the resumption of stirring could be attributed to the coalescing
and desorption of bubbles formed vihe hydrogen evolution reactiofHER)
facilitated by stirring. Conducting similar experiments in 0.1 M LIOH-G®& and

-0.7 V show minor but increasing reduction in the area of the &Dd when the
stirring is switched off. This is consistent with increasing CORR rate when stepping
from -0.6 t0-0.7 V in 0.1 M LiOH previously reported by the Koper grdéip 22%

and 39% drop in peak area is observedOa® and-0.7 V in LIOH when stopping

stirring respectively, suggesting the reduction in CO coverage without stirring. It is
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Figure 3.3: a) Tracking the linearly bonded CO peak area (normalirethé¢ peak

area at the first data point at minute 0) with time at each potential to highlight the
impact of stirring on CO coverage at CORR potentials on a chemically deposited
polycrystalline Cu film. Baseline is collected-&t7 V in CO saturated 0.1 MOH.

b) Current profiles (absolute value) at different potentials on polycrystalline Cu foils

highlighting the impact of stirring on the rate of reaction in CO saturated 0.1 M LiOH

and c¢) 0.1 M KOH solutions.

noteworthy that the traces obtained@®6 arm -0.7 V quickly recover to the baseline

upon resuming stirring, further suggesting that the steady state CO surface coverage in
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LiOH relative to its initial coverage with stirring similar to that in KOH despite the
higher CORR activity in KOH® This is an indication that the mass transport of CO is
able to keep up ith its consumption in the CORR with stirring. In contrast, more
drastic reductions in the C®and by ~70% and 90% occur when similar experiments
are conducted in 0.1 M KOH a0.6 and-0.7 V, respectively, determined from the
spectra presented in FiguBel. Upon resumption of stirring the CO peak intensity
recovers at0.6 and-0.7 V in KOH to a steady state within 2 min, however, it is 16%
and 44% lower than the baseline, respectively. These observations show that the lack
of stirring in KOH promotes #hreconstruction and deactivation of the polycrystalline
Cu surface, while this effect is negligible in LIOH. At4 and-0.6 V in both LiOH

and KOH, when stirring is stopped after 2 min, the current decreases concurrently,
which quickly recovers when th&irring is resumed (Figur8.3b,c). This has been
attributed to the enhanced rate of bubbles coalescing and desorption due to?Stirring.
Similar stirring dependent current response is observed. atv in KOH, however,

the effect of stirring on the current is diminished aspared to the cases-&4 and

-0.6 V. This is likely because bubble formation is already quite facile in KOH at
-0.7 V at a steady state current density of ~1.9 mA{#igure3.3c). In contrast, the
current increases slightly in LiOH &.7 V upon stopping stirring (Figu@3b). This

could be rationalized by the reduced CO coverage at this potential (RQae
which opens up sites for the competing HE# the dominant reaction in Li based
electrolyes at the potential range investigated based on previous studies by the Bell
and Koper group¥3°The Bell group reported a&fold higher HER current density
compared to CORR a0.8 V in CO saturated 0.1 M LiHGGolutions®® From the

perspective of the HER, the surface is almost completely poisoned by the unreactive
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adsorbed CO at0.4 and-0.6 V in LiOH, resulting in the low current densities
compared to those in KOH.

Reactivity results of CORR in KOH ad.7 V with and without stirring provide
insights into the impact of surface CO coverage on product distributionshand
distribution of adsorbed CO on the surface. Since the surface CO coverage decreases
by approximately an order of magnitude in KOH-@t7 V upon stopping stirring
(Figures 3.1b and3.3a), reactions conducted with and without stirring could reveal the
impact of CO coverage on the reactivity. Tharadaic efficiency KE) for HER
increases from 64% when stirred to 78% without stirring (Fiddd@), which is
expected as more surface sites are available for the competing HER when the CO
supply is limited byits mass transport without forced convection. Importantly, the
relative selectivities for different CORR products are not impacted by the drastically
different CO coverage (Figure 3.4b). This is unexcepted because a lower CO
coverage should lead to lowsglectivity for GC coupling products given that there is
a consensus in the literature that the rate limiting step©foBupling in the CORR is
the coupling of two surface adsorbed CO molecules, supported by the lack of pH
dependence in the rates of@Ccoupled productd 2 The only reasonable explanation
for these observations is that adsorbed CO molecules are not evenly distributed on the
Cu surface. Instead, it is likely that adsorbed CO exists in patches so that a lower
overall CO coveragkads to a lower density of these patches, rather than a decrease
in the average probability of an adsorbed CO finding an adjacent CO to couple with
(Figure 3.4c). Previous studies have reported a change in product distribution (from
Co+ to G products) ader mass transport limitation conditions induced by higher

overpotential$:>* However, it is un@ar whether this change is caused by the
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Figure 3.4: a) Faradaic efficiency of products formed along with the CORR current
density with and without stirring on polycrystalline Cu foil electrode®at V in CO

saturated 0.1 M KOH. b) Faradaic efficiency of CORR products in a) renormalized
after omitting thehydrogen Faradaic efficiency. ¢) Schematic of the change in CO

surface coverage when stirring is stopped 41.6 V on a polycrystalline Cu electrode
in CO saturated 0.1 M KOH.

electrode potential, the CO coverage, or a combination of bottontrastchanging

the surface CO coverage by controlling the forced convection could isolate the impact
of CO coverage on the product distribution. Other reports have shown that a decrease
in partial pressure of CO or GBhows a decrease in the rate of formaidrall

CORR or CORR products (€and G.) respectively;*>> which is consistent with our
results. The lack of peak shift when the CO coverage decrégse§0% upon
stopping stirring at0.6 V in KOH (Figure3.1a) indicates that the average distance
among adsorbed CO molecules does not change substantially. This is consistent with

the hypothesis that adsorbed CO on Cu exist in patches, though it mugedehat
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these shifts in peak position with CO coverage on Cu are usually small (<0 cm
hence may not be detectednother possible cause for the rapid decrease in CO on
Step siteds peak i ntensity3la)sis thetintemsityt er r ac
borrowing of the highewavenumber band (step site) at the expense of the lower
wavenumber bandterrace sitef' Borguet and coworkers showed that the rate of
decrease of CO on step and terrace sites with decreasing coverage was similar except
at high CO coveragéd.lt is unlikely for the band corresponding to the stepssite
disappear preferentially as the surface CO coverage decreases solely because of the
lack of the dipole coupling (Figui®.4). Thus, we conclude that under mass transport
limitation conditions, the rapid decrease of CO on step sites is due to thasettre
CORR activity and not due to a change in the proximity of adjacent CO molecules.
Previous studies have mentioned-adsorbed hydroxide could impact the CO
coveragé! but we note that no appreciable difference is observed in the OH stretching
or bending modes with and without stirring (FiguBeb), suggesting no detectable

level of change in surface coverage of adsorbed OH (if any) affecting our

interpretation

3.4 Conclusions

In conclusion, thischapter demonstrates the impact of mass transport
limitations on the CO coverage at reaction potentials and the need for spectroscopic
techniques with forced convection to produce reliable insights to construct reaction
mechanismm. CO mass transport limitations reduce the overall CO coverage on the Cu
surface which promotes HER at the expense of the CORR. The remaining CO adsorbs

in patches such that the local density of adsorbed CO is relatively independent of the
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overall CO coveage, which explainthelack of dependence of selectivity for various

CORR products on the overall surface CO coverage
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Chapter 4

CATION EFFECT ON INTERFACIAL CO 2 CONCENTRATION IN THE
ELECTROCHEMICAL CO 2 REDUCTION REACTION

The capacity of larger alkali metal cations to maintain therfat@al CO;
concentration by buffering the interfacial pH has been proposed to enhance the
electrochemical C&reduction reaction (CERR). In-situ spectroscopy is employed to
determine the trend in interfacial @@oncentration with different alkali metal cations.
Contradictory to the cation buffering hypothesis, the interfaCi@ concentration
decreases with increasing size of alkali metal cations aRR@onditions on Au. The
interfacial CO, concentration isdrgely dependent on the rate of Cdepletion by
reduction or reaction with OHyenerated at the electrode, and not on the proposed
buffering effect.

This chapter is reprinted with permission fréfalkani, A. S.; Anibal, J.; Xu,

B. Cation Effect on Interidal CQy Concentration in the Electrochemical £0
Reduction ReactiorACS Catal.202Q 10, 14871 14876.Copyright 2020 American

Chemical Society.
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4.1 Introduction

The electrochemical carbon dioxide reduction reaction.RE) powered by
renewable electricitysia promising strategy to convert £i@to chemicals and fuels.
3 While much effort has been dedicated to the development of active and selective
electrocatalystd ! there has been a growing recognition that the nature of the alkali
metal cation in the electrolyte can significantly impact theRRO activityl? 1’
However, the molecular underpinning of this cation effect remains a topic of
discussion. Recent computational work suggested that the cations stabibiR&R CO
intermediateswith dipole moment$® The stabilization improves the GRR
energetics and ifavorably impacted by the increased tendency for the larger cations
to gather at the Outer Helmholtz Plane (ORfRGation size in thishapterrefers to
the size of alkali metal cation without including the hydration shell, i.&.<INa" <
K* < Rb" < Cs.. Larger cations at the OHP have almenshown to affect several
nearelectrode properties such as the water structure around surface
intermediates>"'8and the local electric field intensity Recent studies have shown
that some of these effects can be interdepertdéhtin particular, it has been
proposed that in neutral electrolytes at high overpotential®.{<V, all potentia in
this chapterare referenced to the reversible hydrogen electrode, or RHE), hydrated
cations experience sufficient electrostatic interaction with the negatively charged
electrode surface to lower their pif hydrolysis below the local pk.The reduced
interfacial pka of larger alkali medl cations leads to the partial hydrolysis of the
cationds hydrati on ®whieH Hufferatedocar pHineaathee s pr o
electrode surfact¥. The enhanced buffering capacity of larger cations limits the
depletion of interfacial COwhich otherwise reacts with the Oldroduced in the

CO:RR and the competing hydrogeno&stion reaction (HER¥? To date, no direct

58



experimental determination of theemd in interfacial C@concentration with different
cations under the GBR conditions has been attempted to verify this hypothesis

In this chapter we employin-situ attenuated total reflection surface enhanced
infrared absorption spectroscopy (ATBEIRAS), a technique capable of providing
molecularlevel insights into the species at the electrochemical intetfate,
determine the imact of the nature of alkali metal cations on the dissolved CO
concentration near the electrode surface. Chemically deposited Au films are employed
as the working electrode (WE) as they are CO seléétivand the penetration depth
of the evanescent wave into the electrolyte is well establishedd (rm)?528 The
limited penetration depth emes that the dissolved GQconcentration at the
electrochemical interface, rather than the bulk electrolyte, is measured. The dissolved
CO; band area is used to qualitatively estimate the interfacial d@@centration as
they are known to be positively welated with each othéf.We note that an Au WE
is employed in thichapterbut the cation hydrolysis theory was developedel on
Ag and Cu surfaces. Previous work suggested thaeffieet of cation buffering on
interfacial CQ concentration was expected to be similar on Au, Ag and Cu, if not
more pronounced on Au, despite the difference in the potential of zero charge (pzc) on
these metal surfaces at the &R conditions® A customdesigned flow cell is used
(Figure 4.1) to enable the quick switch of electrolytes at a constant potential (or
current) without having to return to the open circuit potential (OCP). This technique
avoids damage to the Au film, which can impact¢he anescent waveods p
depth, thus, ensuring that the intensity of spectral features obtained with different
cations (in bicarbonate electrolytes) can be directly compared. Our results show that

the interfacial CQ@concentration reduces, ratherrthacreases, with increasing alkali
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Figure 4.1: Schematic of the two compartment, three electrode -SBHRAS flow

cell used for all measurements in £8aturated 0.25 M alkali metal bicarbonate with a
chemically deposited polycrystalline Au film working electrode (WE), a graphite rod
counter electrod¢CE), an Ag/AgCl reference electrode (RE) and an ion exchange
membrane (IEM) separating the two compartments. Inset: Side view of the Si ATR
crystal showing the Au film WE, IR beam path and evanescent wave.

metal cation sizat -0.8 V, which contradicts # prediction based on the interfacial

pKatheory.
4.2 Materials and Methods

4.2.1 Spectroscopic Studies
A two compartment, three electrode Teflon flow cell was employed for all
spectroscopic measurements. A schematic of the setup used is shown indRigure

One conpartment contained a graphite counter electrode (CE, fine extruded graphite
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rod, Graphite Store) and is separated from the other by a Nafion ion exchange
membrane (IEM, Nafion 211, Fuel Cell Store). The other compartment contained the
working electrode (WEAu film), an Ag/AgCI reference electrode (RE, 3.0 M NaCl,
BASI) and inlet and purge lines. The working electrode chamber was filled with 12 ml
of liquid electrolyte and had a 6 ml gas headsp#&be. gold film working electrode

was chemically deposited tina silicon ATR crystal using a method described in
detail in our previous workl The silicon ATR crystal was first immersed in an aqua
regia (75% hydrochloric acid and 25% nitric acid) solution for five minutes to remove
any leftover metals from a previous filnT.he crystal was then rinsed with distilled
water and dried using compressed air. |t
alumina solution until the reflecting surface becomes hydrophobic. The alumina
powder was then washed off the surface of thetaryy sonicating in alternate baths

of water and acetone. Further, the cleane:
40% ammonium fluoride (Sigmaldrich, 98%) bath for 105 s to remove the native
oxide layer and create a hydritegminated surfacelhe reflecting surface was then
immersed in a 4.4:1 by volume mixture of 2 wt.% HF and a gold plating solution
consisting of 5.75 mM NaAu@RH.O + 0.025 M NHCI + 0.075 M NaSC; + 0.025

M NaS03:5H.0 + 0.026 M NaOH at 55 °C for-& minutes to deposit the gold film
working electrode.Complete characterization of the gold electrode surface was
performed in our previous studyA 0.25 M alkali metal hydroxide solution (Sigma

Al dri ch, O 9 Saturatétvernight doscon@mM it into the corresponding
alkali metal bicarbonate and used as the electrolyte. The electrolyte wisapee

using a soliesupported iminodiacetate resin (Chelex 100, Sigiaaich) to further

purify it of any metal contaminants thaould deposit on the gold surface under
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CORR conditions. The pH of all the GGaturated 0.25 M alkali metal cation
bicarbonate electrolytes was 7.2 £ 0.1 unit both before and after the experiment. The
electrodes were connected to a potentiostat ($otatt260/1287) that was used for
electrochemical measurements. The solution resistance detsrmined using
electrochemical impedance spectroscopy and was compensateddoivéoat the
desired potential. The cell was integrated into the Agilent TechresoCary 660

FTIR spectrometer equipped with a liquid nitrogmoled MCT detector and a
polarizer in the gpolarized light setting. All spectra presented correspond to 64

coadded scans collected with a 4' dnesolution

4.2.2 Reactivity Studies

A similar two compartment, threelectrode configuration in a conventional
glass Hcell with the capability of stirring was used for all reactivity studies (Figure
C.1). Our earlier work quantifying the liquid phase products during an electrochemical
reaction has showthat the reactivity data in a stirred spectroscopic cell and stirred
reactivity cell are comparabfeln this study, we employ a flow cell for the
spectroscopic studies where the electrolyte flow rate is sufficiently mgking it
comparable toa stirredspectroscopic cell. The working electrode chamber of the
reactivity cell was filled with 14 ml of liquid electrolyte and had a 9 ml gas headspace.
The chamber was purged by bubblingakrough it for 20 mins before it was sealed
for a reactivity test. Té solution resistance watetermined using electrochemical
impedance spectroscopy and was compensated famrit@ at the desired potential.
The reactivity tests for the different alkali metal bicarbonate electrolytes were run until
6 C of charge was pa=s before the products were analyzed. Faradaic efficiency of

the gaseous products in these tests was determined by injecting samples from the
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headspace of the glass cell into a Gas Chromatograph (Agilent Technologies 7890B)
equipped with a Flame lonizatioDetector (FID) and Temperature Conductivity
Detector (TCD). Electrolyte samples were prepared for Nuclear Magnetic Resonance
(NMR) spectroscopy (Bruker AVIII600) to determine the composition of the liquid

products through an integrated peak area ratio &yibMSO/DO internal standard

4.3 Results and Discussion

The nature of the cation in bicarbonate electrolytes impacistéréacial CQ
concentration and the GRR activity. The change in concentration of interfacial £LO
can be tracked by monitoring the infrared band at 2343 correspondingto
dissolved C@2°% This band istypically masked by the gas phase Q@aks (a
doublet) in this region, however, a wdkfned peak corresponding to dissolvedCO
can be obtained by carefully controlling the gaseous Il in the optical path and
subtracting a reference spectrum of gas phasg(EiQureC.2). -0.8 V is selected as
the potential to compare the dissolved C&ncentration with different cations
electrolytes (Figurd.2a), because previous work suggests that potentials b@law
are suficiently low to induce the buffering effects of hydrated alkali metal cattbns.
CO, saturated bicarbonate solution for a particular cation is flowed throegtethat
24 ml/min for two minutes to purge out the previous electrolyte before recording a
spectrum under continued flow. A tireentrolled experiment shows that our flow cell
requires less than two minutes of flowing £%aturated electrolyte to purgatan Ar
saturated electrolyte and attain a constant dissolvedp€ék area (Figur€.3). The
peak area of the 2343 cnband determined for different cations (peak area calculation
method described in Figui@.4) provides a cleamonotonic trend of the interfacial

CO, concentration with cation size when normalized to the area withHigure
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Figure 4.2:a) ATR-SEIRASspectra in C@saturated 0.25 M alkali metal bicarbonate
at-0.8 V showing the interfacial dissolved €@and for the different metal cations.
The background spectrum was taken-@8 V in an argon saturated electrolyte.

b) Tracking the interfaciaCO. concentration by measuring the peak areas of the
dissolved CQ band in a) for the different alkali metal bicarbonate electrolytes by
normalizing to the band area with Li. The error bars represent a 5% tolerance for
experimental variation.

4.2b). Thetime interval between collecting successive spectra in different electrolytes
is approximatelythree mimtes during which the electrode is maintained-@8 V
(chronoamperometric data in Figuges). The Au film is sufficiently stable during the
entire exyeriment, as a control experiment shows that the area of the interfacial

dissolved CQ@band in 0.25 M NaHC®recovers to a comparable value (within 5%)
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after the system is sequentially exposed to four different alkali metal cation
electrolytes at0.8 V (FgureC.6).

The dissolved C&concentration decreases witiesize of alkali metal cations
at -0.8 V (Figure4.2), which is in stark contrast to the previous computational
prediction!® At a constant electrode potential 8 V on Au, theintegrated area of
the dissolved C®band in 0.25 M alkali metal bicarbonate electrolyte, decreases by
69% from Li" to Cs. The decline in the interfacial COconcentration ismore
pronounced from Lito K* thanfrom K" to Cs, suggestinghatincreasinghe cation
size beyond Kdoes not hava significant impact. There is a simultaneous increase in
the interfacial carbonate band with cation size (Figtii@, which indicates increases
in the interfacial pH with the larger catioffisThese observations differ from the
computational predictions which suggest that larger alkalial cations have lower
interfacial pks, better buffering capacity and higher interfacial Bf©ncentrations at
CO.RR relevant potentials (.7 V).

Reactivity results for the GBR in alkali metal bicarbonate electrolytes on Au
show that larger alkali metal cations increase the rate and selectivity towasBRCO
products, which isconsistent with previous studies on Ag and€1:1® The total
current density (all current densities in tlzapterare reported on a geometric area
basis), from both the GBR and the HER, a0.8 V on a polycrystalline Au surface
increases from 0.99 mA/Gwvith Li* to 1.98 mA/cm with Cs" (Figure 4.3a), which
represents a-Bld increase. The partial current density for the:RR also increases
with the size of alkali metal cations with CO being the major product (F§8kg.

The increase is more drastic from"td K*, and relatively modest from'o Cs. The

partial current density for the HER remains stable across all cations, suggesting that
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Figure 4.3: a) Faradaic efficiency and total current density -8 V on a
polycrystalline Au electrode in different GOsaturated 0.25 M alkali metal
bicarbonate electrolytes. b) Partial current density towards the HER and tRRCO
determined from the reactivity data in a). The error bars represent the standard
deviation from at lasttwo independent measurements.

the nature of the cation does not have a significant impact on the HER (&igjo)e
These results are similar to the £RR activity on Agt>*®which is expected, as it is
generally believed that the reaction proceedsagharednechanism on Au and AY.

The increasing trend of the partial current density for theREOfrom Li" to Cs
parallels the decrease in the interfacial >CQ@oncentration determined
spectroscopically (Figuré.2), and can be attributed to the accelerated consumption of
CO, at the electrochemical interface. Thus, the combination of reactivity and
spectroscopic results suggest that the interfacial @@centration in the CBR is

dependent on the reaction rate rather than the proposed buffering capacity of‘€ations.
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Control experiments performed at constant current density provide additional
evidence against the theory that the interfaciab C@ncentration is impacted by the
alkali metal cation induced change in the interfaciak.pRhe comparison of the
interfacial CQ conceentration at a constant electrode potential in different cations to
assess the effect of their proposed buffering cap&citgmplicated by the impact of
the current density because electroaediated reactions reduce the interfacial,CO
concentration in two ways: tpnsumption of O- in the CQRR as a reactant, and 2)
OH produced either in the GAR or the competing HER which reacts with 0
form bicarbonate or carbonate. In the absence of the proposed reductida an p
enhanced Wffering capacity of larger alkali metal cations, their ability to accelerate
the CORR rate is expected to reduce the interfacial £@oncentration. To
deconvolute the impact of current density on the interfacial €@centration from
that of the naturef cations, spectroscopic measurements are performed at a constant
current density 0f1.77 mA/cnt (Figure4.4). This current density is sufficiently large
to ensure that the electrode potential on Au for all atkalialcationsis below-0.7 V
(Figure4.4c). Although a generalecreasing trend of the interfacial @&ncentration
with increasing cation size is observed (Figdib), the reduction in the interfacial
CO;, concentration for Csrelative to Li is much lower at a constant current density
(~40%) than that at a constant potential (~70%, Figu2b). This is a clear indication
that the CQ@ consumption is a major driver of the interfacial 8©ncentration during
the CQRR. The lower interfacial C£xoncentration with larger cations relative td L
can be attributed to the higher selectivity for the.RR with larger cations. Two
electrons lead to the production of two QR the HER, which can convert two GO

molecules to bicarbonatén contrast, two electrons in the @RR to CO not only
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Figure 4.4:a) ATR-SEIRAS spectra in COsaturated 0.25 M alkali metal bicarbonate
at-1.77 mA/cnt showing the interfacial dissolved G®and for the different metal
cations. The background spectrum was takeri. @7 mA/cnt in an argon saturated
electrolyte. b) Tracking the interfacial G@oncentration by measuring the peak areas

of the dissolved C®band in a) for the different alkali metal bicarbonate electrolytes
by normalizing to the band area with Li. The error bars represent a 5% tolerance for
expeimental variation. ¢) Tracking the potential at which the spectrum was recorded
for each alkali metal bicarbonate electrolyte. The potential is an average over the 30 s
period needed to collect the spectrum.

produce two OHbut also consume one G@olecuk (CO; to CO is a Zelectron
transfer procegsthus consuming 3 molecules of dissolved interfaciab.G4&nce,
higher selectivity for the CERR with larger cations is expected to lead to faster

consumption rates of interfacial @@ven at a constant totalirrent density, which is
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consistent with our observation (Figutgl). To confirm the integrity of the Ailm

during the test, LiIHC®electrolyte (0.25 M) is fed into the specttectrochemical

flow cell a 29time afterall alkali metalcationshave been tested. The integrated peak
areas of dissolved GQas well as the electrode potergjah the £ and 29 round of
LIHCOs electrolyte are identical within experimental err65%, Figurs 4.4b,c),
suggesting that the Au film maintains the sdenel of surface enhancement. Control
experiments at 0.1 V, at which the &R is inactive, show that the interfacial £0
concentration is independent of the cation identity at potentials wheres @6t being
depleted by the CARR (FigureC.8). Mearwhile, the interfacial C@concentration at

-0.5 V, at which the C@RR is active but the identity of cations is not predicted to
have much of an impact on buffering, decreases with cation size (Fi9e
Together with data collected &.8 V (Figure4.2), the trend in the interfacial GO
concentration is consistently impacted by the ability of larger cations to accelerate the
CO.RR, regardless whether the potential at which the reaction is conducted is above

or below the threshold@.7 V) predicted by thenterfacial pk theory?®

4.4 Conclusions

Although results presented in thikaptershow that the proposed enhanced
buffering capacity of larger cations is unlikely to account for the cation effect in the
CO:RR, the mechanisms through which cations impact th€RROemain unresolved.
Effects such as cation induced changes to the interfacial electric field inteosity
water structuré’ and stabilization of CERR intermediaté$ have been proposed to
rationalize the enhanced @RR activity with larger cations. Thishaptercan neither
support nor refute any of these theories, which highlights the need for further

investigations.
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Chapter 5

UNDERSTANDING THE ELECTRIC AND NONELECTRIC FIELD
COMPONENTS OF THE CATION EFFECT ON THE ELECTROCHEMICAL
CO REDUCTION REACTION

Electrolyte cationsaffect the activity of surfacenediated electrocatalytic
reactions however, understanding the modes of interaction between cations and
reaction intermediates remains lacking. We vshibat larger alkali metal cations
(excluding the thickness of the hydration shell) promote the electrochemical CO
reduction reaction on polycrystalline Cu surfaces in alkaline electrolg@sbined
reactivity and irsitu surfaceenhanced spectroscopiwéstigations show that changes
to the interfacial electric field strength cannot solely explain the reactivity trend with
cation size suggesting the presence of a nonelectric field strength component in the
cation effect.Spectroscopic investigations wittation chelating agents and organic
molecules show that the electric and nonelectric field components of the cation effect
could beaffectedby both cation identity and composition of the electrochemical
interface. The interdependent nature of interfasjacies indicates that the cation
effect should be considered an integral part of the broader effect of composition and
structure of the electrochemical interface on electroddiated reactions

This chapter is reprinted frodalkani, A. S.; Li, J.; Oliveira, N. J.; He, M;
Chang, X.; Xu, B.; Lu, Q. Understanding the Electric and Nonelectric Field
Components of the Cation Effect on the Electrochemical CO Reduction Re&ation.

Adv.202Q 6, eabd2569CC BY-NC (https://creativecommons.org/licensesfin/4.0)
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5.1 Introduction

Electrochemical reduction of G@nd CO, a key reaction intermediate in the
conversion of CQ driven by renewable energy offers an appealing pathway to
mitigate the impacbf anthropogenic climate change and produce valuable fuels and
chemicals? The electrochemical COand CO reduction reactions (@RR and
CORR, respectively) are typically conducted in an aqueous electrolyteupjlies
the required protons for the reduction. It is well established that Cu is the only
monometallic electrocatalyst that can convert;@@d CO to @: hydrocarbons and
oxygenates with appreciable activity and selectivity However, substatial
improvements in the selectivity for higlalue hydrocarbons and oxygenates at lower
energy costs, i.e., lower overpotentials, are needed to enhance the economic viability
of the CORR and CORR for largecale implementation. The GRR and CORR
occurat the interface between the metallic electrode and the aqueous electrolyte, and
thus the catalytic performance could be influenced by both the electrode surface and
electrolyte. Much research effort has been dedicated to the development of
electrocatalysts with elaborate compositions and structures to optimize the production
of valuable poducts*® The importance of cations that are electrostatically attracted to
the electrochemical interface at reducing potentials in theRB@nd CORR has been
increasinglyrecognized recent){f 1* although it was first reported decades .40

Multiple potential pathway through which cations couldffect surface
mediated electrocatalytic reactions have been put forward, without a consensus due to
the lack of direct experimental evidence. Specific alkali metal cation adsorption has
been proposed as a pathway for catidmsexert an influence on the hydrogen
oxidation reaction on Hiased catalysts primarily using density functional theory

calculations'**> However, direct experimental evidence for the specific adsorpfion o
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cations is lacking, especially below the potentiakefo charge (PZC5$%1° Bell and
coworkers proposed that alkali metal cations affectedCi®RR by modifying the
interfacial electric field and stabilizing adsorbed intermediates subistantiadipole
moments’ Chan and coworkers showed that multiscale modeling was able to achieve
impressive agreement with experimental results, supporting they thieatr cations
affectelectrocatalytic reactions by altering the interfacial electric fisddcording to

the GouyChapmarStern (GCS) doublayer model, the strength of the electric field
within the double layer at a given potential below the PZC cbaldffectedby the

size of the hydrated cations in the electrolyte, as the center of larger cations cannot get
as close to the electrode surface as smaller ones, thus leading to weaker interfacial
electric fields. This phenomenon has been previously denave$ by Rothand
Weavef’ and more recently by Waegele and coworkets Their studies used
tetraalkylammonium cations of different sizes and determined the Stark tuning rates of
the linearly bonded CO on Pt and Cu surfaces, respectively, in the presence of these
cations?>2! In both cases, thStark tuning ratewhich is representative of the electric

field strength, decreases with the increase in cation alkyl chain [&fgdtHowever,
Waegele and coworkers concluded that the change in the interfacial electric field
strength is too small to be the main cause for the observed difference in the CORR
activity, which they attributed to the varying interaction between adsorbed CO and
interfacial water in the presence of different cations instéa@ur recent work on the
concentration effect of Naon the CORR showed that at the same pH, increasing the
cation concentration by an order of magnitude {6.1 M) significantly enhances the
reaction rate without changing the Stark tuning rate or the acietfelectric field

strength, appreciabff This substantial increase in the CORR rates withh Na
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concentration suggests that the interfacial electric field strength is not the decisive
parameter in the conditions investigatédLiterature discussions have touched upon
both the electric and nonelectric figlNEF) strength components of the cation effect,
albeit in different contexts, i.e., inorganic and organic catibAsThus, systematic
studies of the cation effect on the CORR encompassing betleléttric andNEF
strength components are key to understanding their connections and contributions to
the cation effect on electrogeediated reactions in general

In this chaptey we show that the nature of alkali metal cations has a significant
impact o the rate and the Faradaic efficiency (FE) of the CORR on polycrystalline Cu
in alkaline electrolytes. hsitu attenuated total reflection surfasehanced infrared
absorption spectroscopy (ATEEIRAS Figure D.1) on polycrystalline Cu films
shows that cationaffectthe distribution of sites, i.e., steprgusterrace, on which CO
adsorbs. Stark tuning rate measurements in the presence of five alkali metal cations
show that the electrochemically relevant casare follows the sequence of @0
~ Rb"@H,0 ~ K'@H,0 < Nad@H-0 < Li*@H-0, which is in complete agreement with
that obtained from correlations verified by transport measurerfigmiisis in contrast
to that obtained using diffraction methdd$® Combined reactivity and spectroscopic
investigations show that the interfacial electric field strength estimated by the Stark
tuning rate correlates welith the reactivity trend in i Na', and K. The Stark
tuning rate levels ofbbut the CORR rate increases as the size of the alkali metal cation
increases further from'Kto Cs, suggesting &EF strength component in the cation
effect. We note thain thischapteyt he ter m fAcation sizeo refe
without theassociated hydration shell, while the size of hydrated cations is denoted as

the fAnelectrochemically relevant cation si:
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crown ethers and a linear organic ether suggest that the electidERncbmponents

of the cation effect could baffectedby changes to the chemical structure and charge
distribution of cations, i.e., the composition of the electrochemical interface. The
interdependent nature of interfacial species indicates that the cation effect should be
considered as an integral part of the broader effect of composition and structure of the

electrochemical interface on electreaediated reactions
5.2 Materials and Methods
5.2.1 Spectroscopic Studies

5.2.1.1 Setup

The spectreelectrochemical setup used has been describdteisupporting
information section of our previous works® It resembled a typical electrochemical
H-cell with the capability of stirring to mimic reaction conditions while collecting
spectroscopic information (Rige D.1). One compartment contained a graphite
counter electrode (GHine extruded graphite rod, Graphite Store) and was separated
from the other by a Nafion ion exchange membrane (Nafion 211, Fuel Cell Store). The
other compartment contained the working electrdgie film), an Ag/AgCl reference
electrode (3.0 M NaCl, BASi)and gas inlet and purge lines. The electrodes were
connected to a potentiostat (Solartron 1260/1287) that was used for electrochemical
measurements. Thieflon cell was integrated into the Agilefiechnologies Cary 660
FTIR spectrometer equipped with a liquid nitrogmmoledmercury cadmium telluride

(MCT) detector and a polarizer in thepplarized light setting
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5.2.1.2 Cu Film Electrode

The chemically deposited Cu film preparation process was adapied f
Gunathunge et &P and has been described in detail in our earlier work%dde
roughness factor of the chemically deposited Cu filimsesdetween 1Gand 12,290
Atomic force microscopy AFM) results show that the gsepared Cu film has a
faceted island morphology with #hickness of ~80 nrf Scanning electron
microscopyimages before and after potential steps in hydroxide show no difference in
particle size® X-ray diffraction patterns of the adeposited Cu film show the
presence of the (111) and (200) Cu faéétbut polycrystalline Cu is known to
undergo reconstruction in alkaline conditions at reducing potentials and ioxidat

when exposed to aimaking its thorough characterization challengifg

5.2.1.3 Electrolyte
A 0.1 M alkali metal/organic cation hydroxide solution (Sigkad dr i ¢ h, o)
99.9%), preelectrolyzefbr 24 roursusing a constant reducing current-6fmA cm?
to deposit most of the metal impurities on to a Cu foil (Sigxttaich, 99.998%), was
used as the electrolyte for the spectroscopic tests. For the experiments involving the
use of crown ether @crown6, Acros Organics, 99.0% or Lbown5, Sigma
Aldrich, 98%) or tetraglyme (Sigm&l dr i ¢ h, O 99%), they were

hydroxide electrolyte in an equimolar portion
5.2.2 Reactivity Studies

5.2.2.1 Setup
A Gamry Reference 600-potentiostat was usedorf all electrochemical

measurements. All electrolysis experiments were conducted in a highBlkaitiall-
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poly(methyl methacrylate)PMMA) two-compartment electrochemical cell separated

by a piece of aniogonducting membrane (Selemion AMV AGC Inc.) (kg D.2).

A graphite rod (Sigm&ldrich, 99.999%) was used as tl@gE. Potentials were
measured against an Hg/@ reference (saturated K@ASI), which was calibrated

using a homemade standard hydrogen electrode. The measured potential was
converted to the RHE reference scale usinegfollowing equation

Potential (vs. RHE) = Potential (vs. Hg/@,) + 0.241 V + 0.0591 V x pH

CO gas (A Liquide, 99.999%) was delivered into the electrolyte through a gas
dispersion frit to ensure sufficient gakectrolyte mixing at a flow rate of 10.00 ¢m

min' ! The flow rate was controlled by a mass flow controller (MKS Instruments Inc.)
and calibratd using an ADM flow meter from Agilent Technologies. The headspace
gas was vented directly into the sampling loop of a gas chromatograph (Agilent
7890B) and quantified every 17 min for galsase products. Liquid products were
qguantified by a Bruker AVIII 80-MHz nuclear magnetic resonancé&NMR)
spectrometer. Typically, the NMR sampl e \
el ectrol yt e QubSignmaAldtich,099.2%4) and .67 ppm (m/m) dimethyl
sul foxi de ( 999%)aas Aneistermal, stanGarfhe water signal was
suppressed using the presaturation method. The uncompensated resisfamees (R
determined by potentiostatic electrochemical impedance spectroscopy. The
potentiostat compensated for 85% af during the electrolysis, and the remaining

15% was manually corrected for afterward to arrive at the actual potential

5.2.2.2 Cu Faoil Electrode
Cu foils (Alfa Aesar,0.1 mm thick, 99.9999%)vere first mechanically
polished using sandpaper (P1200, STARCKE) and then electropolished ior8&o
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phosphoricacid (SigmaAldrich, 85% in waterpat 2.1 V versus a graphite rod (Sigma
Aldrich, 99.999%)CE for 5 min. After rinsing with MillilQ water( 1 8. 2 Mg ¢ m)
foils were dried under a vacuum. Then, a Cu wire current collector was attached to one

end of theelectrode using silver epoxy

5.2.2.3 Polycrystalline Cu Microparticle Electrode

8 mg of Cu micropatrticles (Sigm@ldrich, <4 5 € m, asunif@grdy  w
dispersed onto an 8 énsigracet 39 BC (Fuel Cell Store) carbon paper to achieve a
catalyst loading of approxiately 1.0 mg cm?  Ne x tl of a 25w8ight & Nafion
solution (SigmaAldrich) was uniformly deposited onto the catalyst layer. After drying
in air, the catalyst was further dried under vacuum to thoroughly remove the residual
solvent. Then, the catalywas cut into individual electrodes that were approximately
0.5 x 1.5 cri A nickel wire current collector was subsequently attached to one end of
the electrode using silver epoxBefore CO electroreduction, all electrodes were
pretreat ed mintinan@rgor(Air\Liguide, ©9.999%)purged electrolyte

to stabilize the surface conditians

5.2.2.4 Electrolyte

Lithium hydroxide monohydrate (99.995% metals basis) was purchased from
Alfa Aesar. Sodiunhydroxide (semiconductor grade, 99.99% trace metals)baas
purchased from Sigmaldrich. Potassium hydroxide (semiconductor grade, 99.99%
trace metals basis) was purchased from Sigidach. Rubidium hydroxide hydrate
(15 to 20% HO, 99% metals basis) was purchased from Alfa Aesar. Cesium
hydroxide monohydite (99.95% trace metals basis) was purchased from Sigma

Aldrich. The electrolytes used for all reactivity studies were purified with Chelex resin
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(SigmaAldrich, Chelex 100 sodium form). To further remove the trace metal
contamination in 0.1 M RbOH, presitrolysis of the electrolyte in an Ar atmosphere
was carried out for 2 hours using electropolished Cu foil electrodes at a constant
current density of5 mA cm?. The electrolyte pH, which was detected ugimgOrion

Star A111 Benchtop pH Meter (Thermasiker Scientific), showed no significant

change after the electrolysis

5.3 Results and Discussion

To understand the differences in the CORR activity and selectivity for different
alkali metal cation hydroxideshe potentialdependent CO adsorption bands on Cu in
alkali metal hydroxides are investigated with SEIRAS. Chemically deposited
polycrystallineCu films on Si ATR crystals whose composition and morphology have
been thoroughly characterized by us and otffetsare used as the catalyst. Surface
oxygencontaining species, including € and CuQ/(OH)y, have been detected at
potentials as low a€).8 V[all voltages in thixhapterare referenced to the reversible
hydrogen electrode (RHE) unless noted othefjwiseboth the chemically deposited
Cu films and commercially available Cu miometersized paticles (microparticles}*
However, they dmot appear closely correlated with the CORR activity. The adsorbed
CO bands observed in thebaptercorrespond well with those reported on metallic Cu
surfaces under the ultrahigh vacuum conditfoh®® and thus the possibility of CO
adsorbed on these oxygeantaining species is not considered. Furtieg the
product distribution in the CORR on the chemically agfed Cu films and Cu
microparticlesis similar at-0.6 V.3! Thus, the spectral features observed in the
SEIRAS experiments should be representative of the surface of Cu microparticles,

which are frequently used in the eRR and CORR in both batch and flow
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configurations?®3%37 Linearly bonded CO (CQ SEIRA bands emerge in the2900

cmit regiort®383%and migrate to higer wavenumbers as the potential is lowered from
-0.1t0-0.5Vin 0.1 M KOH (Figire5.1a, full spectra in Figre D.3). This blueshift is
contrary to the expected Stark tuning effedtich typically leads to a redshift of CO
bands with decreasing poteaitdue to the more effective” 2" * back donatiorf® 42
Similar blueshifts of CO bands on Cu have been reported at lower pH values and
attributed to potentiaihduced reconstruction of the polycrystalline Cu surfice
Another possible cause for the blueshift ig timcreased CO coverage at lower
potentials, which leads to dipet®upling that favors the intensity of the higher
wavenumber band$43 At more negative potentials, the CBand begins to redshift,
which could be attributable to the $tauning effect. The maximum intensity of the
COL band is reached ad.5 V, indicating a saturation CO coverage on the Cu surface.
CORR activity at this potential is mod&sfFigure 5.1b,), and thus is not expected to
affectthe CO coverage in any substantial way. The diminished intensity of the CO
band at potentialsdbow -0.5 V is likely due to the rapid CO consumption in the
CORR (Figuire 5.1b,0), although the SEIRA spectra are collected in a stirred spectro
electrochemical cef® This claim is supported by our recent observation that the
intensity of the CO band dropped precipitously with a simultaneous enhancement of
the competing hydrogen evolution reaction (HER) wistiing is stopped’ At

-0.9 V, the CORR becomes completely mass transport limitetbdihe high reaction
rate and is manifested by the lack of the.@@nd.A shoulder to the COband starts

to develop at0.4 V and becomes increasingly prominent at lower potentials. The

lower and higher wavenumber bands at 2@7Ad 2087 cm at -0.4 V have been
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Figure 5.1: ATR-SEIRAS spectra and reactivity data in CO saturated 0.1 M KOH.
a) The traces show the evolution of CO adsorption bands with potential. Spectra
presented correspond to 64 coadded scans collected with a' 4resolution.

b) Faradaic efficiency and c) current density of products formed at CORR conditions
on plycrystalline Cu foil electrodes. The error bars represent the standard deviation
from at leasthreeindependent measurements.

assigned to terrace and step sites on Cu surfaces, respettizdlyshould be noted
that, asiddrom the major spectroscopic band of linearly bonded CO, a bridge bonded
CO band in the 180fb 1850 cm' region is also observed (Fige 5.1a). However, it
has been deemed inactive for the COREnd thus is not discussed further in this
chapter

The reduced CO coverage on Cu bek@b V determined spectroscopically

correlates well with the CORR activity on Cu foils in the same potential range. The FE
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for Hz increases with the decrease in potential frOmd to-0.9 V from 63.6 to 90.6%
(Figure 5.1b). This is consistent with the diminished CO coverage on Cu at more
negative potentials (Figre 5.1a) because a larger fraction of the surface is available
for the competing HER. The FE for the CORR products is lowed.&tV compared
to -0.6 V and thus does not follow the trend of decreasing FE with more negative
potential. This is likely due to the insufficient overpotential to drive the C3RRo
spectroscopic feature corresponding to adsorbedal #identified, suggesting that
Had has either a very short surface residence time or a low steady state coverage, or
both*® Among the CORR products, methane becomes increasingly preferred-ever C
products as the potential decreases. The FE for methane increases from-0.8% at
to 11.9% at0.9 V, while trat of G+ products drops from 36.2 to 2.0% in the same
potential range. This correlation could be interpreted in two related ways: 1) a lower
CO coverage reduces the probability of the coupling between adsorbed CO on the
surface, leading to reduced seleityi for Co+ products. Meanwhile, the higher
coverage of ki due to the availability of surface sites facilitates the hydrogenation of
adsorbed CO, which enhances the methane production. 2) Lower electrode potentials
intrinsically favor the direct hydrogation of adsorbed CO, rather than its
dimerization®** Our recent work suggests that the relative selectivity fep@ducts
is largely insensitive to the oradl CO surface coverage on Cu because CO adsorbs in
patcheg’ Thus, the effect of lower poteatiis more likely to be the primary driving
force for the increased methane selectivity

Although general potenti@lependent features of the Cland on Cu in alkali
metal hydroxide electrolytes, i.e., LIOH, NaOH, KOH, Rb@iHd CsOH, are similar

(Figures5.1a andD.4), subtle differences in spectroscopic features reveal the impact
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of cations on the adsorbed CO. The saturation CO coverage inferred from this band on
Cu is reached a0.5 V for all the equimolar (0.1 M) hydroxide electrolytes having the
same pH but different cations. Plotting the spectra with the k#dd at-0.5 and

-0.7 V for each cation (the intensity of COands at0.5 V is normalized to account

for variations of absolute intensities among independent experinféagtge 5.2a)

shows that the decrease in the.@f@and area from0.5 t0-0.7 V increases from ~6%

for LIOH to over 40% for the larger alkali metal cation hydroxidesyfag5.2aand

D.5). Since we have established above that the reduction of theb@@l at-0.7 V

and below is largely caused by the consumption of adsorbed CO via the £EORR
SEIRAS results suggethatthe CORR activity increases with the cation size. This is
also consistent with the observation of the.@and in LiOH at0.9 V, which is less
prominent in NaOH and absent in KOH, RbOH and CsOHufieg5.1a and D.4).

While the spectra in Fige 5.2ashow a decrease in peak area of CO on both the step
and terrace sites frorD.5 to -0.7 V, our previous work reporting tinresolved
spectra under mass transport limitation conditions shows that the step sites are
consumed preferentiallf This agrees with previous literature highlighting that
although both CO on terrace and step sites couldateethe CORR, the step sites are
orders of magnitude more actit&*’

The CORR activity in alkali metal hydroxide electrolytes correlates well with
the spectroscopic observation of relative CO coveragef.atvV compared to its
maximum at0.5 V. Quantitative assessments of the CORR activity in different alkali
metal cation hydroxides on polycrystalline Cu fodse challenging. It has been
reported that Cu foils are susceptible to impurities due to their loghreass factors

compared to nanostructured alternatite¥he foils also show low reaction rates
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Figure 5.2: ATR-SEIRAS spectra and reactivity data in CO saturated 0.1 M alkali
metal hydroxidea) The traces show the decrease in linearly bonded CO band intensity
from saturation coverage a0.5 V (solid line) t0-0.7 V (dashed line). Spectra
presented correspond to 64 coadded scans collected with a' 4resolution.

b) Current density and c) Faradaic efficiency of products formed at CORR conditions
on carbon paper supported Cu microparticleddat V. The error bars represent the
standard deviation from at leabsreeindependent measurements. Detailed selectivity
plots are provided in Figure D.6.

under CORR conditionsvhich necessitates extended reaction time8@{>min) to
accumulate product for gaosfication during which the catalyst is often poisorieds
a result, it is unreliable to use activity data on Cu foils in cations with low current

densities, e.gl.i* and N4, assignificantly longer run times (& 3 hourg are needed
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to accumulate sufficient products for accurate quantificdfidrnis challenge can be
partially addressed by preelectrolyzing the already -pigiity electrolyte to deposit

any remaining metal impurities on a sacrificial cathdzkfore use (deailed in
Materials and Methods). Further improvements can be achievagsibyg recently
reported carbon paper supported Cu microparticles, which show significantly
enhanced stability and reaction rate for the CORR compared to Ctffatls0.7 V,

the current density for £ products increase@most linearly when the cation in the
electolyte changes from Lito Na and then K, while the increase becomes more
gradual from K to Rb" and Cs (Figure 5.2b). Methane is a minor product for all
cations at0.7 V, while the hydrogen production rate increases gradually frortoLi

K™ and accelatesfor Rb" andCs" (Figures5.2b andD.6). Overall, both the CORR

and HER accelerate as the size of the cation in the electrolyte increases. This is
gualitatively consistent with the spectroscopic observations that the relative CO
coverage at0.7 V reldive to its maximum at0.5 V is inversely correlated to the size

of the cation (Figre D.5). We note that the CORR reactivity trend in the presence of
different alkali metal cations is in general agreement with that for theRROn
bicarbonate electrolgs reported by the Bell grodprhe HER activity increases with
cation size (Figre 5.2b), while Bell and coworkers reported that it is independent of
the alkali metatation siz€ This discrepancy could be attributed to the presence of a
different counter ion (hydroxideevsusbicarbonate) in the electrolyte. Hydroxide
derived oxygercontaining species are known to be present on the copper surface at
the CORR conditiond-*° Adsorbed hydroxide, along with cations at the outer
Helmholtz (OHP), has previously been proposed to affect the water dissociation

process needed to release protons for the.MER
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The distribution of CO adsorbed on terrace and step sites and the Stark tuning
rate varies with the size of alkali metal cations. By normalizing the intensity of the
CO. bands at0.7 V for all cations (Figre5.3), it is clearthat the nature ahe cation
has asignificant impact on the distribution of CO adsorbed on terrace and step sites.
The shoulder corresponding to CO adsorbed on the step sites of the Cu surface
becomes more prominent as the size of the cation increaseslif to K" and
remains largely unchanged for larger cations, i.€,,Rb", and Cs. This observation
is a direct indication that cations at potentials relevatite@€ O R R -0(7 ©) actively
interact with the surface adsorbed CO and affect their dtilsorpites. It is also
consistent with our earlier work showing that alkali metal and organic cations can
change the distribution of adsorbed CO on atop and bridge sites*oasPvell as
Waegel e and cowor kerso fi nd.ibagdpositomgnor t i ng
the identity of the alkali metal catidh We note that a more quantitative analysis of
the spectra regarding the terrace and step site distribution with different cations is
complicated by the weknown dynamic dipole coupling efféef? and thus is not
attempted in thishapter

The measured Stark tuning rates show a distinct trend with the size of hydrated
alkali metal cations from that of the bulkier organic cations. The Stark tuning rate
increases from 29 to 39 citv from Li* to K* and then levels off for larger cations at
39 to 41 cm¥/V (Table 5.1 and Figire D.7), which appears correlated with the site
distribution probed by CO adsorption with different alkaktal cations (Figire 5.3).

It is worth noting that the Stark tuning rate measurements are performed on the anodic
sequence of potential steps betwe@@ and-0.3 V, within which the coverage GO

for all cations remains largely unchanged. This is important because the surface
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Figure 53. ATR-SEIRAS spectra in CO saturated 0.1 M alkali metal cation
hydroxide at0.7 V. The traceshow the relative intensity ahe linearly bonded CO

on step site band with respect to the normalized jre@ksity of the terraceite band.

The spectra have been horizontally translated by the wavenumber mentioned above
each tracdor clarity. Spectra presented correspond to 64 coadded scans collected with

a 4 cm Yresolution.

reconstruction and changing CO coverage in the cathodic potential steps could
contribute to peak shift and thus complicate the data interpretation. Although a

4 cm! spectral resolution is used in determining peak positions in SEIRAS, control
experiments show that the peak positions obtained with spectral resslofi 2 and

4 cnit vary below 1 crit (Figure D.8). Spectra obtained at a 2 ¢mesolution show
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Table 5.1: Cation dependent spectroscopic trer®@tark tuning rate and peak position
of the linearly bonded CO on terrace site band in CO saturated Oytiruixide.

Cationin0.1 M St atukimg e Pe gpa&asi t i-00.n7
hydroxide ( c¥h V) ( ¢
L 29 2068
N & 32 2066
K* 39 2063
RDB 41 206 2
Cs 40 206 2
C-K* 28 2060
T-N & 28 2064
C-N & 25 2060

*Stark tuning rate and peak positiovery within £1 unit for the three independent
replicates performed with each cation.

poorer signal to noise ratio, and thiise 4 cm! spectral resolution isised in all
experiments, which is consistent witbcent studie&3°°%>*According to theGCS
doublelayer model, the Stark tuning rate reflects the strength of the electric field in

the double layer, the change of which causes the shift in vibrational. bandsgele
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and coworkers recently showed that the Stark tuning rate decreased with the
increasing size of tetraalkylammonium cations, which was rationalized by the
correlation of increased thickness of the double layer with the size of catidnghevit

GCS modef! The situation is more complex for alkali metedtions, as the
electrochemically relevant size of these cations in aqueous electrolytes is defined and
determinedin multiple ways, resulting in opposite trends. Crystal ionic radii of
alkaline cations are determin@sh the basis ofattice constants ofarious crystals
containing these cations, which do not take the hydration shell of the cation into
accounf*®® and thus are unlikely to reflect the effective size of cations at the
electrochemical interface. The position of the first maximum in the radial distribution
function of the ioAwater distance could beraore reliable representative measure of

the effective size of ion& 2% The size of hydrated cations has been determined by
diffraction methodg%2® which typically agrees with older computational
investigations’°® The sizes of hydrated LiNa', K*, and C$ are determined to be

2.1, 2.4, 2.7and 3.13A, respectively’* which are expected to lead to a decreasing
trend of Stark tuning rates. However, measured Stark turning rates for these cations
show the opposite trend (TalBel). This inconsistency could be attributed to the fact
that these sizes of hydrated cation$yaeflect the distance between the ion and the
first layer of the hydration shell. However, smaller cations like have a more
concentrated charge and consequently a thicker hydration shell than larger cations
such as Cs The hydration shell around thelatively hydrophobic alkyl ammonium
cations is relatively weakly bound to the cation, and ,tkhes size of these organic
cations relevant in electrochemistry is similar to that without including the hydration

shell®® Extended hydratin shells are difficult to detect with diffraction methods due
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to the weak interaction with the cation; however, they could still affect interfacial
electrochemistry and thus should be considered electrochemically relevant. Within the
GCS framework, the nasured Stark tuning rates could be used to determine the
relative electrochemically relevant sizes of hydrated alkali metal cations, i.e., a higher
Stark tuning rate corresponds to a thinner double layer and smaller hydrated cations.
The following size raking of hydrated alkali metal cations can be obtained by the
measured Stark tuning rates: *@8l.0 ~ RB'@H.O0 ~ K'GQH0 < NaQ@HO <
Li*@H20. Thi s sequence i s I n compl ete agr eeme
empirical correlationswhich were validated byransport properties such as the
temperature coefficient of -eodfficienvandthent c on ¢
partial molar ionic entropy® and is also similar to a recent computational trend
predicted and validated by Stark shift values at a fixed potential ®HR$ trend is

also consistent with literature that suggestat monovalent cations with more
concentrated charges tend to have a longer range impact on surrounding water
molecules® This size sequence shows that the electrochemically relevant hydrated
cations, especially for Liand N&, are likely to have hydration shells with more than

one layer of water molecules. The similarity between the trend in the Stark tuning rate
(Table5.1) and the distribution of CObands on terrace and step sites (Fegh.3)
suggests a shared origin. Onesgible explanation is that as the size of the hydrated
cations decreases from*Lto K*, the repulsive interaction between the hydrated
cations and the adsorbed CO increases, which pushes adsorbed CO from terrace to
step sites due to the better accessjbidf terrace sites for hydrated catidfisThis
interpretation entails that both the stronger interfacial electric field and the

redistribution of CO adsorption sites are consequences of the cation structure, rather
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than the interfacial electric field alerdriving changes in CO adsorption sites. The
remaining CO on terrace sites could be stabilized by the cations as previously
suggested by Bell and coworkgravhich leads to the redshifted peak position with
increasing cation size (Tab%l). Following the sae reasoning, the site distribution

and peak position for adsorbed CO with, Rb", and CS are similar because the
average distance between these cations and the electrode surface does not vary
substantially

The reactivity and spectroscopic trends with, LINa", and K suggest that
increased electric field strength with decreasing size of the hydrated cations is likely
responsible for the enhancedQCcoupling activity (Figre 5.2). Bell and coworkers
rationalized this activity trend by arguing that thegker cations (without including the
hydration shell) have higher concentrations at the OHP that stabilize CO-@&nd C
coupling intermediateSResults presented above are consistent with this hypothesis as
larger cations stabilize the CO on terrace sites aedtcadsorbed CO from terrace to
step sites, which have been shown to be more favorable for 4BecQupling
pathway**4’ This is also supported by the measured Stark tuning rates that vary in
sync from Lf to K.

Comparison betweethe spectroscopic and reactivity results for larger alkali
metal cations, i.e., K, Rb", and Cs, suggests a mode of interaction between cations
and reaction intermediates independent of the electrostatic effects determined by the
Stark tuning rate. Thaypothesis regarding the size of hydrated cations, and in turn
interfacial electric field strength, discussed above cannot explain the reactivity trend
observed for K, Rbf, and Cs (Figure 5.2b), as the overall current density increases

with the cation sie while the spectroscopic features (including the Stark tuning rate)
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remain largely unchanged (fige 5.3 and Tableb.1). This indicates that the electric
field strength is not the only mechanism through which catadfect the surface
mediated reactian

The impact of nonelectrostatic interactions, as well as the correlation of the
size of hydrated cations with CO adsorption sites and Stark tuning rates, is further
supported by changing the nature of cations through chelatie@rd@n6 is a crown
ether known to effectively chelate an equimolar solution oibKs®! Thus, the nature
of the cation can largely be changed by introducing the crown ether to the KOH
electrolyte (crown: K= 1:1) to form a chelated complex, referred to as'GFigure
5.43). Upon the introduction of equimad crown ether to 0.1 M KOH a0.4 V, the
COL band corresponding to the step sites disappears while the intensity of the CO
band corresponding to the terrace sites increases slightiy¢figb). The CO. band
position is also redshifted by 2 ¢nuponintroducing the crown ether (based two
identical repeats). Control experiments in 0.1 M tetramethylammonium (TMAOH), an
organic cation too bulky to be chelated by the crown ether, show that the introduction
of the crown ether has a less prominent impacthe CQ band on step sites and
causes no detectable shift in peak position of CO adsorbed on the terrace sites (Fig
D.9). This observation supports the hypothesis that the nature of cations in the
electrolyte directlyaffectsthe surface sites available for CO adsorption. We do not
observe a Stark tuning effect on the crown ether bands which is consistent with our
previous studié€?2and suggests thatK" does not specifically adsorb to Cu sites but
affects the surfacéboundCO from the electrolyte (Fige D.103. Furthemore,the

lack of the CQ band onthe step sites with ®™ is reminiscent of the spectrum in
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Figure 5.4: The impact of chelating Kcations. a) Increasing the electrochemically
relevant cation sizegither by chelation (middle, -€™) or by using a cation with a

large hydration shell (right, L), expands the outer Helmholtz layer. This reduces the
cation dependent electric field intensity whose strength is represented by the thickness
of the black aww to the left of each panel. b) ATREIRAS spectra in CO saturated

0.1 M KOH at-0.4 V before and after adding equimolar crown ether showing the
crown etherés impact on |linearly bonded C:
presented correspond to4 6coadded scans collected with a 4' dmesolution.

c) Reactivity data at0.7 V, in 0.1 M KOH with and without crown ether, and 0.1 M
LiOH showing the impact of crown ether on product distribution and rate. The stacked
bars and the white dotsdicate Faradaic efficiency (left axis) and total current density
(right axis), respectively. The error bars represent the standard deviation from at least
threeindependent measurements.
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LiOH, indicating that GK™ favors terrace sites for adsorbed C@yikir to Li". This is
expected as &", which resemble hydrated Li (Figure 54a), is bulkier than K,
given that the size of the cavity in-t8own6 matches that of the *Kcation®? It
follows that GK* does not interact with adsorbed C&ufficiently strongly toaffect
their adsorption configuration, e.g., pushing a fraction of them to step sites. The Stark
tuning rate of the COband reduces from 39 to 28 ¢ after the introduction of the
crown ether to the KOH solution (kige D.10b), which is similar to the difference in
the Stark tuning rates between KOH and LIOH (Tdblg. The similar Stark tuning
rates of C-K* (28 cm*/V) and hydrated [i (29 cm'/V) indicate that they have similar
electrochemically relevant cation sizes

We hypdhesize that there is a NEF component in the cation effect on the
CORR, which is largely dependent on the nature and structure of the Eagamtivity
results with Lt and GK* (Figure 5.4c) show that the FE toward the CORR and the
HER are ~40 and ~60%, respectively, for both cations, but the total current density in
LiOH is a factor of2 greater than that of ®* (~7.6 mA/cnt versus~3.7 mA/cnf;
Figure5.4c). This result suggests that thlectric field intensity correlates better with
the FE toward the CORR rather than the rate. The plateauing of the CORR FE curve
(Figure 5.2c) and Stark tuning rates (TabBel) for K*, Rb', and CS, as well as the
monotonic increase in the total currentnsiéy from K" to Cs, supports this
interpretation (Figre 5.2b). Our recent work on the cation concentration effect at the
same pH on the CORR activity also showed that the formation rate, rather than the FE,
of the CORR products grows with the increasiatjon (N&) concentration, while the
Stark tuning rate remains independent of the cation concentfa@mbined, these

results point to a NEF component in the cation effect on the electrocatalytic reactions
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that primarily affectsthe reactio rate. The NEF component for alkatietal cations
appears more directly related to the nature/structure of hydrated cations than their
interaction with the surface adsorbed species. Peak positions of t®teaeesorbed

CO with K*, Rb", and C$ are idetical within experimental errors { cm?; Table

5.1), and the overall lineshapes of the CO bands for these cations are also similar
(Figure 5.3), suggesting comparable interactions of these cations with the adsorbed
CO. The primary difference amortgese cations is likely the increasingly looser
association with the hydration shell as the size of the naked alkali metal cation
increases. In addition, the comparison betweérahd GK* highlights the impact of

the structure of cation€n the basis ahe similar Stark tuning rates, hydrated and

C-K* are expected to have similar interfacial electric field strength and
electrochemically relevant sizes, albeit with different structures. The size of hydrated
Li* is largely defined by the extended hgtion shell, while the diffuse charge of C

K* and the relatively hydrophobic ether likely lead to a loosely bound and thin
hydration shell. Thus, the differences in the CO peak position (2068femLi*
versus2060 cmt for C-K* at-0.7 V) and the overhlineshapes of the adsorbed CO
bands are likely attributable to thearkedlydifferent structure of the cations. This

turn, leads to different interactions with adsorbed CO. A common theme appears to be
the immediate environment around alkali metaiores, i.e., chelating agent, hydration
shells and more generallythe interfacial water. This is consistent with the cation
concentration effect reported in our recent work in that highérchiacentrations will
certainly change the interfacial waterusturg?® as an increasing fraction of the

interfacial water molecules is tied up to the hydration sifethtions
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The employment of a nonchelating ether in spectroscopic investigations
highlights that the electric anNEF effects of cations can also be produced by
introducing a neutral species to the electrochemical interface. Tetraethylene glycol
dimethyl ether (tetraglyme) is an ether molecule with similar molecular weight and
functional groups to X&rown5, a crown ethethat selectively chelates Naations®?
but without the capability of chelating cations due to its linear structur€rdwn-5
andtetraglyme are expected to interact with the interfacial water similarly due to their
similar functional groups but differently with cations, i.e., the formerathel N3,
changing the nature of the catjavhile the latter does not. The C®and position in
Na’, equimolar tetraglyme and N&T-Na"), and equimolar Xsrown5 and Na (C-

Na') decreases in the sequence k@066 cm') > T-Na" (2064 cmt) > C-Na' (2060

cmd), and so does the ratio of CO on stepsusterrace sites (Tablg.1 and Figire

5.5). The shift in the COpeak position and site distribution withNa" relative to
Na"coud be attributed to either tetthagl ymebod
disruption oftheinteraction between CO and other interfacial species, e.g. pMahe
presence of tetraglyme. Specific interaction between adsorbed CO and alkali metal
cations has been previously proposed in nonaqueous electr8Igiese tetraglyme is

a neutral species and does not chelate’, N interaction with adsorbed CO is
chemicalin nature, rather than driven by the electrode g@kmhe fact that the peak

shift with T-Na" versusNa' (2 cnt?) is smaller than that of-Gla" versusNa' (6 cni?)

could beattiibuted to the ability of €Na’ to get closer to the electrode surface than
tetraglyme at negative potentials due to the elstdtm attraction. The Stark tuning

rate also decreases in the sequence(8&cm/V) > T-Na' (28 cm'/V) > C-Na* (25

cmY/V) (Table5.1 and Figires D.7andD.11). The introduction of tetraglyme reduces
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Figure 5.5: The impact of organics on AFREIRAS spectraThe traces show the
linearly bonded CO on terrace site peak position and the relative intensity of the step
site band with respect to the normalized peak intensity of the terrace site band in CO
saturated 0.1 Msodium hydroxide at0.7 V. Spectra presented correspond to 64
coadded scans collected with a 4 ¢nesolution.

the Stark tuning rate, i.e., the interfacial electric field strength, without changing the
identity of cations, albeit to a lesser extent tiaNa". The impact of tetraglyme on

the strength of the interfacial field strength could be rationalized via the analogy of the
modification of the dielectric constant of an aqueous solution by the introduction of
organic species. However, dielectric camt at the length scale of typical
electrochemical interfaces, especially the distance between the OHP and the electrode

surface (<<10 nm), is not welldefined. Thus, both the electric and tN&EF
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components of the cation effect can be modified by a alesfrecies (tetraglyme)
without any strong interaction with cations. This suggests that the effects induced by
cations on the properties of the electrochemical interface and sunttated
reactions are not unique. The low concentration of unchelat€&tdsn5 is unlikely
to have an appreciable impact on the spectroscopic feature ofNiaé system. This
is because even with equimolar tetraglyme (chemically similar tGrb%n5) and
Na’, the TNa" system shows quite different spectral features compgardie GNa"
one (Figire 5.5). There is also no consistent correlation between the @2k
position and the Stark tuning rate among the cations investigated (bdble
suggesting that the peak shift caused by cations is likely via the NEF mode of
interaction

Results presented in thihaptersuggest that the cation effect is best viewed as
an inseparable part of interfacial effect, as it could be conceptually convoluted and
unnecessary to separate cations from the rest of the electrochemi¢at@t&he key
difference among Na T-Na', and GNa" is how N4 interacts with species in its
immediate environment, i.e., water, chelating or nonchelating organiis” Could
be viewed as either a distinct cation from"Ma a guest cation within its sounding
organic host species. Due to the strong Hgostst interaction, it is reasonable to
consider ENa" as a different cation from Nalt follows that Na and its hydration
shell together should also be considered as a cation due to their stroagtione
rather than Nawith a few surrounding water molecules. This is consistent with our
results that the electrochemically relevant size of alkali metal cations is the size of
their hydrated counterpartdttempts to separate cations from the resintdrfacial

species, especially in concentrated electrolytes, could prove impractical as it has been
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reported that i n a 2 M NaCcCl solution ther

hydrated ions® The electrochemical interface in @mcentrated electrolyte appears to
consist of only hydrated ions, which entails that at negative potentials, the cation effect
becomes synonymous witthe interfacial effect. A recent computational study
suggests that the concentration 6fdtose to the lectrode surface could be as high as

1.5 M at negative potentials in a 0.1 M Klectrolyte®® This supports the hypothesis

that the electroamical interfacial area is crowded with cations even in relatively
dilute bulk electrolytes at negative potentials. It follows that cations should be
considered as an integral part of the electrochemical interface, in which all species are
highly connectedand can affect the properties of the electrochemical interface and
surfacemediated reactions via both electric ardEF related modes. The
understanding of these modes through which inorganic and organic cations interact
with surfacebound intermediates nd affed surfacemediated electrocatalytic
reactions could enable targeted engineering of electrochemical interfaces for specific

reactions, such as the eRR and CORR

5.4 Conclusions

In this chapter we show that the nature of the alkali metal cation has a
significant impact on the activity and product distribution of the CORR on a
polycrystalline Cu surface in alkaline electrolytes. Rates of both the CORR and the
competing HER increase monotonically with the size of the cation without accounting
for its hydation shell. The FE for CORR products increases fromtaiK* and
remains largely constant for the larger cations. Spectroscopic investigations reveal that
different cations lead to varied CO adsorption site distributions on Cu, with the

fraction of CO adsorbed on step sites, relative to that on terrace siteasingrscom
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Li* to K" and then leveling off for the larger cations. This trend coincides with the
measured Stark tuning rates of adsorbed CO in the presence of theseaaiaomng
electrolytes, suggesting a shared origbn the basis ofthe GCS doublayer
framework, the measured Stark tuning rates indicate that the electrochemically
relevant size of hydrated alkali metal cations, and in turn the thickness of the double
layer, follows the following sequence: @#,0 ~ Rb"@H.0 ~ K*QH,0 < Na@H»0

< Li*@H0. Combined reactivity and SEIRAS investigations demonstrate that there
are both electric anMEF components of the cation effect. The interfacial electric field
strength is largely responsible for the increasing trend in the CORR reactivity from Li
to K*, while the plateauing Stark tuning rate and the rising CORR rate WitiRK

and C$ suggest aNEF strength component in the cation effect. Spectroscopic
investigations with crown ethers and tetraglyme show that the electridNBRd
components oftte cation effect could beffecied by changes to the chemical structure
and charge distribution of cations. The close interplay of various species, including
cations, at the electrochemical interface suggests that the cation effect should be
considered aan integral part of the general effect of composition and structure of the

electrochemical interface on electrode mediated reactions
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Chapter 6

PERSPECTIVES ON ADVANCING ELECTROCHEMICAL
SPECTROSCOPY

In this chapterwe look ahead towards promising new areas for the application
of in-situ spectroscopic techniquesthin the field of electrocatalysis as well as
improvements to current methodseded to enimee our understanding of electrede
mediated reactian

This chapter is reprinted fromdalkani, A. S.; Anibal, J.; Chang, X.; Xu, B.
Bridging the Gap in the Mechanistic Understanding of Electrocatalysis via In Situ
CharacterizationsScience202Q 23, 101776.

CC BY (https://creativecommons.org/licenses/by/4.0/)

114



6.1 Promising Future Avenues for Spectroscopic Investigations

6.1.1 Bimetallic Electrocatalysts

With the development of nanoscience, alloyed and roalaiponent structures
have attracted increasing attention electrocatalysis due to the enhancement of
various physical and chemical properties by synergistic effects between .Inetals
However, investigating the origin of performance enhancement in bimetallic systems,
such as identifying which metal atoms constitute adsorption sites, remains
challenging. Irsitu spectroscopies can provide insight into bimetallic enhancement by
differentating specific metahdsorbate interactiods For example, Zhang et al.
synthesized a Agu tandem catalyst for the electroreduction of.@®methane and
employed irsitu SEIRAS to probe CO adsorption sites on the catalyst suffate
Ag-Cu surface exhibited an intense band for bridgeded CO in contrast to the
linearly bonded CO bands on Ag and,Oadicating that CO adsorption sites on the
Ag-Cu surface were not just a mixture of those on Cu andutaces A similar
observation was also made on bimetallie §io.1 under CORR conditioms SERS
has also been employed to show that a Ag/Cu bimetallic has a wider distribution of
CO binding configurations than monometallic Cu, which offers an explantatiats
enhanced ethanol selectivity during thes88.° Zhong et al. showed that a bimetallic
layered conjugated metal organic framework (MOF) catalyst of cepper
phthalocyanine (Cul ligands and zindis (dihydroxy) complex (Zng) linkages was
selective for the electrochemical conversion of,G® CO.” They employed irsitu
XAS to probe the structure of the MOF during reaction conditions and showed that
neither catalytic center (CuMr ZnQ;) was reduced to its metal form, confirming the

stability and activity of the bimetalliMOF.” These examples represent a growing
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number of publications demonstrating the potential efitn spectroscopy to identify
active sites on multicomponent catalysts under reaction conditions. Future studies to
understand @ interfacial electric field near the bimetallic surface using Stark tuning
measurements may also improve the understanding of bimetallic activity and

selectivity by elucidating the impact of catalyst composition on the local electric field

6.1.2 Organic Electrochemical Systems

The investigation of organic electrochemistry presents another promising area
for in-situ spectroscopies. The electrochemical oxidation and reduction of organics
offers promise both as an industrial synthesis techfiqme for upgrading raw
materials, such as biomass speidoth processes require effective selectivity
control, especially for mixtures with multiple organics, and would benefit greatly from
an understanding of both reactive intermediates and relative surface concentrations.
In-situ IR has been emplogdor the observation of ketyl radical speé¢fe's and has
been recognized as a means ofestigating organic electrochemical reactiéhs
However, insitu techniques remain relatively underutilized for organics, relative to
the CORR and CERR, despite thergater promise offered by the more stable organic
intermediates. In this regard, further investigations into fundamental aspects of organic
electrochemistry offer a promising new area in speekeatrochemistry.
Electrocatalytic conversion of organic spscdoes present some difficulties forsitu
spectroscopies, mainly those in aqueous systems. The presence of water can interfere
with peak identification via convolution with its strong IR peak or by reducing the
stability of intermediates, such as mali species. These difficulties may limit the
effectiveness of wsitu spectroscopy for intermediate identification. An additional

difficulty arises in respect to the Stark tuning effect of interfacial organic species, or
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the lack thereof. Unlike small medules, such as CO, interfacial organics often do not
show appreciable Stark tuning rates. The lack of Stark tuning for organic peaks
prevents calculating double layer properties directly and would require the
introduction of a trace probe molecule suchC43 or thiocyanate. Combined, these
challenges limit the effectiveness ofsiiu spectroscopy for organic electrochemical
systems and highlight the need to develop more sensitive and versatile techniques.
However, neither poses an insurmountable barndraganeelectrochemistry offers

a promising field for further spectroscopic investigation, particularly in light of the

recent interest in electrochemical biomass upgratling

6.2 Approaching Fundamentd Understanding in Electrocatalysis

To accelerate the progress in achieving molecular level mechanistic
understanding in electrocatalysis, further development isitin characterization
techniques is needed to bridge the gap between the macroscopivityeastd
microscopic computational insights. Three general directions appear promising: 1)
enhancing the capability of existing techniques; 2) combining complementary
techniques for more comprehensive understanding; and 3) developing novel

techniques witlenhanced sensitivity and spatial/temporal resolution.

6.2.1 Towards Operando SpectreElectrochemical Setups

Development of spectroscopic cells that closely mimic working catalytic
conditions represents an important, but often overlooked, directioobtaining
mechanistic insights with existing -Bitu spectroscopic techniques. Recent work
studying CO reduction has shown that the surface coverage of CO decreases at

moderate CO reduction ratesThis mass transport effect contributes to changes in



readion selectivity between the CORR and the competing HER. A comparison
between reactivity data obtained in a batend flow celt” at-0.6 V vs. RHE using

the same Cumicropartide catalyst shows an improvement in the CORR selectivity
from ~5% to ~60% with the improved mass transport in the flow cell. This contrast in
selectivity highlights the importance of performing spectroscopic tests at the same
conditions as reactivity test; order to make robust mechanistic claims. This
consideration, has rarely been taken into account, even though flow cells have
previously been demonstrated for both IR and Raman investigations of
electrochemical reactiort§'82° Introduction of orline mass spectrometers to flow
electrdysis cells capable of achieving high current densities in the &@ CO
reduction reactions through flow electrolyzer mass spectroffieisyanother method

to obtain mechanistic information at close to practical electrolytic conditions. MEA
configurations have become increasingly popular in electrochemical devices,
particularly for fuel cell$? and CO and C@electrolyzerg® to obtain the high
reaction rates necessary for commercialization. The main issue in the application of in
situ Raman or IR to MEAs arises in the catalyst support. MEA configurations
typically use carbon supports which strongly absorb both visible and IR light, leading
to poor signato-noise ratios. This high optical absorbance limits the application of IR
and Raman to systems which rely on carbon supports, such as shape controlled
nanoparticles. Additionally, the support interference makes it prohibitively difficult to
investigate differences between MEA and traditionadd configurations using IR or
Raman. @mbined, these issues often limit the applicability e$itn spectroscopy to

low current density fundamental systems, i.e. those without carbon supports, creating a

friction between fundamental and applied research. Addressing this support limitation
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will allow for greater utility of IR and Raman in the practical reactivity investigations
required for industrialization and scalp. Fortunately, the challenge does not appear
insurmountable, as a number of reports have claimed successful use off&madh
IR?"3%in a MEA configuration. However, much work is needed to better integrate

situ characterization techniques that typically operate at low current densities into

studies with high current density devices for research and diagnostic purposes.

6.2.2 Combining Spectroscopies

Combining multiple ipsitu techniques offers anotheffective strategy to
leverage existing methods for a more comprehensive understanding of
electrocatalysis. For example, combiningsitu IR and Raman spectroscopiesould
help identify surface species and adsorbates, leading to clues for active site
identification when correlating witreactivity results. The ability to correlate surface
morphology and adsorbate identity during electrocatalytic reactions, e.g., by
combining electrochemical scanning probe microscopy and vibrational spectroscopy,
could also prove highly informative. Fexample, tipenhanced Raman spectroscopy
(TERS) is a combination of plasme@mhanced Raman spectroscopy and scanning
probe microscopy which can simultaneously detect both chemical fingerprints and
morphological information with a nanometer spatial resoftf>® Electron
paramagnetic resonance (EPR) spectroscopy represents another promisiiggieech
for combination with irsitu IR or Raman. Probing paramagnetic species, EPR allows
detection of intermediates with unpaired electrons, such as carbon radical species. This
radical sensitivity may improve the assignment of IR/Raman peaks, particidarly
the oxidation or reduction of organic species:sim EPR has been extensively

demonstrated for the detection of radicals in electrochemical sy&témimcluding
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carbonyl specie® The technique also appears relatively conducive for combination
with in-situ IR/Raman, as the large separation in electromagnetic frequencies used in
EPR (microwaves) and IR/Raman (infrared and visibiespectively) suggests
minimal interference between the methodssitn vibrational spectroscopy and XAS
also represents another promising combination due to their complementary capability.
XAS provides a wealth of information about catalyst structui @ndation state,

while vibrational spectroscopies show greater adsorbate sensitivity. Such combined in
situ XAS and IR spectroscopies have been effectively used to probe the catalyst in
thermochemical systeni8 It should be pointed out that as long as the differesitin
techniques probe the same catalytical material at comparatditions, simultaneous
detection by multiple techniques, though generally desired, is not necessarily optimal.
In order to allow for concurrent operation, the complexity of the experimental device,
e.g., spectreelectrochemical cell, inevitably increaseand design compromises that
would make the characterization conditions different from those employed in typical

reactivity studies are often needed.

6.2.3 Novel Spectroscopic Techniques

In-situ techniques with higher spatial and temporal resolutions coutlaefur
enhance mechanistic understanding and accelerate catalyst design. The relatively slow
process of establishing an electric double layer uponymmgpla potentig®4
represents a barrien understanding transient behaviors in electrocatalytic processes,
because reactants do not experience an instantaneous potential change (in contrast to
reactants in photocatalytic reactions upon absorbing a photon). Thus, the development
of novel timereslved techniques capable of studying transient processes at the

electrochemical interface is central to deepening the understanding of how
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electrocatalytic reactions unfold. The ability to follow electrocatalytic reactions at
single molecular level couldrgvide unequivocal evidence for structaetivity
relations. Electrochemical TERS has shown promise in this dirgéttémowever,
reliably obtaining sufficient resolution to identify surface structure and intermediates
on electrode materials at sclidquid interfaces remains challenginghesecurrent
limitations also represent opportunities to advance the understanding of

electrocatalytic processes.

121



REFERENCES

(2) Gilroy, K. D.; Ruditskiy, A.; Peng, H. C.; Qin, D.; Xia, Y. Bimetallic
Nanocrystals: Sytheses, Properties, and ApplicatioGsiem. Rev2016 116,
10414 10472.

(2) Kas, R.; Ayemoba, O.; Firet, N. J.; Middelkoop, J.; Smith, W. A.; Cuesta, A.
In-Situ Infrared Spectroscopy Applied to the Study of the Electrocatalytic
Reduction of C@ Theory, Practice and Challeng€&emPhysChe2019 20,
2904 2925.

(3)  Toporski, J.; Dieing, T.; Hollricher, GConfocal Raman Microscopgnd ed.;
Springer Series in Surface Scien@®18

(4)  Zhang, H.; Chang, X.; Chen, J. G.; Goddard, W. A.; Xudheng, M. J.; Lu,
Q. Computational and Experimental Demonstrations of -Bwote Tandem
Catalysis for Electrochemical Carbon Dioxide Reduction to Methbiat.
Commun2019 10, 3340.

(5) Yang, C.; Ko, BH.; Hwang, S.; Liu, Z.; Yao, Y.; Luc, W.; Cui, MMalkani,

A. S.; Li, T.; Wang, X.;Dai, J.; Xu, B.; Wang, G.; Su, D.; Jiao, F.; Hu, L.
Overcoming Immiscibility toward Bimetallic Catalyst Libraigci. Adv.202Q
6, eaaz6844.

(6) Li, Y. C.; Wang, Z.; Yuan, T.; Nam, D. H.; Luo, M.; Wicks, J.; Chen, B,; Li
J.; Li, F.; De Arquer, F. P. GWang, Y.; Dinh, GT.; Voznyy, O.; Sinton, D.;
Sargent, E. H.Binding Site Diversity Promotes GCElectroreduction to
Ethanol.J. Am. Chem. So2019 141, 8584 8591.

(7) Zhong, H.; GhorbarAsI, M.; Ly, K. H.; Zhang, J.Ge, J.; Wang, M.; Liao, Z.;
Makarov, D.; Zschech, E.; Brunner, EWeidinger, I. M.; Zhang, J;

Krasheninnikov, A. V.; Kaskel, S.; Dong, R.; Feng, Xynergistic

12z



(8)

9)

(10)

(11)

(12)

(13)

(14)

Electroreduction of Carbon Dioxide to Carbon Monoxide on Bimetallic
Layered Conjugated Met&rganic FrameworksNat. Commun.202Q 11,
1409

Sequeira, C. A. C.; Santos, D. M. F. Electrochemical Routes for Industrial
SynthesisJ. Braz. Chem. So2009 20, 387 406.

Carneiro, J.; Nikolla, E. Electrochemical Conversion of BiorBeased
Oxygenated Compound&nnu. Rev. Chem. Biomol. Er&f)19 10, 85 104.

Tallant, D. R.; Evans, D. H. Application of Infrared Internal Reflection
Spectrometry to Studies of the Elexdhemical Reduction of Carbonyl
CompoundsAnal. Chem1969 2, 835 838.

Bewick, A.; Jones, W.; Kalaji, M. Spectroscopic and Electrochemical
Properties of Substituted Benzophenones and Their Related Ketyls.
Electrochem. Actd996 41, 1961 1970.

Pons, S.; Davidson, T.; Bewick, A. Vibrational Spectroscopy of the Eleetrode
Solution Interphase. 2. Use of Fourier Transform Spectroscopy for Recording
Infrared Spectra of Radical lon IntermediatdsAm. Chem. S0d.983 105
1802 1805.

Anibal, J.; Malkani, A.S,, Xu, B. Stability of the Ketyl Radical as a Descriptor
in the Electrochemical Coupling of Benzaldehy@atal. Sci. Technol202Q

10, 3181 3194.

Baizer, M; Lund, H. Organic Electrochemistry an Introduction and Guide

2nd ed.Marcel Dekker Inc 1983

12¢



(15)

(16)

17)

(18)

(19)

(20)

(21)

(22)

Malkani, A. S.; Li, J.; Anibal, J.; Lu, Q.; Xu, B. Impact of Forced Convection
on Spectroscopic Observations of the Electrochemical CO Reduction Reaction.
ACS Catal202Q 10, 941 946.

Zhao, Y.; Chang, X.; Malkani, A. S.; Yang, X.; Thompson, L.; Jiao, F.; Xu, B.
Speciation of Cu Surfaces During the Electrochemical CO Reduction Reaction.
J. Am. Chem. So202Q 142 9735 9743.

Jouny, M.; Luc, W.; Jiao, F. HigRate Electroreductionf Carbon Monoxide

to Multi-Carbon ProductdNat. Catal.2018 1, 748 755.

Chen, Y. X.; Heinen, M.; Jusys, Z.; Behm, R. J. Kinetics and Mechanism of
the Electrooxidation of Formic Acid Spectroelectrochemical Studies in a
Flow Cell. Angew. Chemnint. Ed.2006 45, 981 985.

Nakamura, M.; Shibutani, K.; Hoshi, N.-Bitu Flow-Cell IRAS Observation

of Intermediates during Methanol Oxidation on L-twdex Platinum Surfaces.
ChemPhysCher2007, 8, 1846 1849.

Lu, X.; Zhu, C.; Wu, Z.; Xuan, J.; Francisco, J. S.; Wang, HSito
Observation of thepH Gradient near the Gas Diffusion Electrode of .CO
Reduction in Alkaline Electrolytel. Am. Chem. So202Q 142, 15438 15444.
Hasa, B.; Jouny, M.; Ko, B. HXu, B.; Jiao, F. Flow Electrolyzer Mass
Spectrometry with a Gas Diffusion Electrode Designgew. Chemint. Ed.
202Q 59, 2-8.

Xing, L.; Shi, W.; Su, H.; Xu, Q.; Das, P. K.; Mao, B.; Scott, K. Membrane
Electrode Assemblies for PEM Fuel Cells: A Review of Functional Graded

Design and Optimizatiorenergy2019 177, 445 464.

124



(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

Larrazabal, G. O.; StrgfHansen, P.; Heli, J. P.; #er, K.; Therkildsen, K. T.;
Chorkendorff, I.; Seger, B. Analysis of Mass Flows and Membrane -Qwsis

in CO; Reduction at High Current Densities in an MERpe Electrolyzer.
ACS Appl. Mater. InterfaceX)19 11, 41281 41288.

Kendrick, 1.; Fore, J.Doan, J.; Loupe, N.; Vong, A.; Dimakis, N.; Diem, M.;
Smotkin, E. S. Operando Raman Mi3pectroscopy of Polymer Electrolyte
Fuel CellsJ. Electrochem. So2016 163 H3152 H3159.

Huguet, P.; Morin, A.; Gebel, G.; Deabate, S.; Sutor, A. K.; P&ndn Situ
Analysis of Water Management in Operating Fuel Cells by Confocal Raman
SpectroscopyElectrochemCommun2011 13, 418 422.

Matic, H.; Lundblad, A.; Lindbergh, G.; Jacobsson, P. In Situ MRaman on

the Membrane in a Working PEM Cedlilectrochem. Soli$btate Lett2005 8,

51 8.

Kunimatsu, K.; Yoda, T.; Tryk, D. A.; Uchida, H.; Watanabe, M. In Situ ATR
FTIR Study of Oxygen Reduction at the Pt/Nafion Interfdebys. Chem.
Chem. Phys201Q 12, 621 629.

Fan, Q.; Pu, C.; LeyK. L.; Smotkin, E. S. In Situ FTI®iffuse Reflection
Spectroscopy of the Anode Surface in a Direct Methanol/Oxygen FuellCell.
Electrochem. S0d.996 143 L21-L23.

Sanicharane, S.; Bo, A.; Sompalli, B.; Gurau, B.; Smotkin, E. S. In Situ 50°C
FTIR Spectroscopy of Pt and PtRu Direct Methanol Fuel Cell Membrane
Electrode Assembly Anode3. Electrochem. So2002 149, A554-A557.

Sorte, E. G.; Chen, B.; Tong, Y J. DualElectrode In Situ Infrared
Spectroscopy for Fuel Cell3. Electrochem. So2016 163 H3038 H3042.

12t



(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

Gao, P.; Weaver, M. J. Vibrational Coupling Effects for Cyanide and Aromatic
Adsorbates at Gold Electrodes: A Comparative Study Using @uRaman

and Infrared Spectroscopiek.Phys. Chenl989 93, 6205 6211.

Zeng, Z. C.; Huang, S. C.; Wu, D. Y.; Meng, L. Y.; Li, M. H.; Huang, T. X.;
Zhong, J. H.; Wang, X.; Yang, Z. L.; Ren, B. ElectrochemicalHianced
Raman Spectroscopy. Am.Chem. So2015 137, 11928 11931.

Bao, Y:F.; Cao, M:F.; Wu, S:S.; Huang, TX.; Zeng, Z.; Li, M:H.; Wang,

X.; Ren, B. Atomic Force Microscopgased Togdllumination
Electrochemical Tigenhanced Raman Spectroscopyal. Chem.202Q 92,
12548 12555.

Toybenshlak, M.; Carmieli, R. A New and Robust Method feSitu EPR
Electrochemistrylsr. J. Chem2019 59, 1020 1026.

Tamski, M. A.; MacPherson, J. V.; Unwin, P. R.; Newton, M. E.
Electrochemical Electron Paramagnetic Resonance idglizL.oop Gap
Resonators and MictBlectrochemical Cells?hys. Chem. Chem. PhyX15

17, 23438 23447.

Webster, R. D.; Dryfe, R. A. W.; Coles, B. A.; Compton, R. G. In Situ
Electrochemical EPR Studies of Charge Transfer across the Liquid/Liquid
Interface.Anal. Chem1998 70, 792 800.

Steinberger, N.; Fraenkel, G. K. Electron Spin Resonance of the Acetophenone
and Benzaldehyde Anion Radicals.Chem. Physl964 40, 723 729.

Rieger, P. H.; Fraenkel, G. K. Electron Spin Resonance Spectra of Carbonyl

Anion RadicalsJ. Chem. Phyd.962 37, 2811 2831.

12¢



(39)

(40)

(41)

(42)

Agostini, G.; Meira, D.; Monte, M.; Vitoux, H.; Iglesiakiez, A.; Fernandez
Garci-a, M.; Mathon, O.; Meunier, F.; Berruyer, G.; Perrin,Fasternak, S.;
Mairs, T.; Pascarelli, S.; Gorges, BAS/DRIFTS/MS Spectroscopy for Time
Resolved Operando Investigations at High TemperatdreSynchrotron
Radiat.2018 25, 1745 1752.

Zwaschka, G.; Tong, Y.; Wolf, M.; Kramer Campen, R. Probing the Hydrogen
Evolution Reaction and Charge Transfer on Platinum Electrodes on
Femtosecond imescalesChemElectroCherga019 6, 2675 2682.

Atkin, R.; Borisenko, N.; Druschler, M.; Endres, F.; Hayes, R.; Huber, B.;
Roling, B. Structure and Dynamics of the Interfacial Layer between lonic
Liquids and Electrode Materiald. Mol. Liq.2014 192, 44i 54.

Pfisterer, J. H. K.; Domke, K. F. Unfolding the Versatile Potential of EC
TERS for Electrocatalysi€urr. Opin. Electrochen2018 8, 96 102.



Appendix A

SUPPORTING INFORMATION FOR CHAPTER 2: OPERANDO
SPECTROSCOPIC INVESTIGATIONS OF COPPER AND OXIDE -DERIVED
COPPER CATALYSTS FOR ELECTROCHEMICAL CO REDUCTION

Counter Working
Electrode Electrode

Reference
Electrode
lon Exchange Membrane ‘

<4— Electrolyte
(D

Figure A.1: Stirred reactivity cell used for all CORR measurements in CO saturated
0.1 M KOH.
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Figure A.2: SEM images of a) Cypoly ¢c) ODCu@Cu e) OBCu@Au g) Cu@Au
before a spectroscopic experiment and b)-gely d) ODCu@Cu f) OBCu@Au
h) Cu@Au aftea spectroscopic experiment.



a 4 Cu-poly in 0.05 M KOH under CO b _:OD-Cu@Auin0.0SMKOHunderCO
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Figure A.3: Cyclic voltammogram of a) Gpoly and b) OBCu@Au in CO saturated
0.05 M KOH (pH = 12.4) collectedt a scan rate of 50 mV/s.
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Cu-poly at -0.4 V vs. RHE under CO

I 0.005 a.u.
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Wavenumber (cm )

Figure A.4: Operando ATRSEIRAS spectra of Gpoly at-0.4 V vs. RHE in CO
saturated electrolytes at different pH. The spectra show an increase in intensity of
higher wavenumber CO bands witltieasing pH. Spectra presented correspond to 64
coadded scans collected witd @i resolution.
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Figure A.5: Operando ATRSEIRAS spectra of a gold film in CO saturated 0.05 M
KOH showing no peaks in the 26@0250 cmt region. Spectra presented correspond to
64 coadded scans collected with a 4 érasolution.
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Cuat-0.4Vin 0.05 KHCO, under CO
T 0.001 a.u.
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Figure A.6: Operando ATRSEIRAS spectra of Gpoly at-0.4 V vs. RHE in CO
saturated 0.05 M KHCOproduced by C© saturating a 0.05 M KOH solution
showing no pak at 2131 crh The spectra show a bridge bonded CO peak in the
1800 cm! region as previously reported in literatdrBpectra presented correspond to
64 coadded scans collected with a 4 érasolution.

13¢



OD-Cu@Au in 0.05 M KOH under CO

]: 0.00005 a.u.
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3rd film
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Figure A.7: Replicates of operando AFBEIRAS spectra using OBDu@Au at

-0.4 V vs. RHE in CO saturated 0.05 M KOH showing a lower wavenumber peak in
the 20562060 cm' region. Spectra presented correspond to 64 coadded scans
collected with a 4 cin'resolution
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Figure A.8: NMR spectrum of the 0.05 M KOH electrolyte showing CORR products
post spectroscopic test when using-CD@Au catalyst ai0.4 V vs. RHE.
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Appendix B

SUPPORTING INFORMATION FOR CHAPTER 3: IMPACT OF FORCED
CONVECTION ON SPECTROSCOPIC OBSERVATIONS OF THE
ELECTROCHEMICAL CO REDUCTION REACTIO N

L Polarize

$ -
J

Figure B.1: Two compartment, three electrode stirred spectroscopic cell used for all
measurements in CO saturated 0.1 M alkali metal hydroxide with a chemically
deposited polycrystalline Cu film working electrode (WB)graphite rod counter
electrode (CE), an Ag/AgGkference electrode (RE) and an ion exchange membrane
(IEM) separating the two compartments.



Substrate: Si Crystal
Electrolyte: 0.1 M KOH
Background: 0.1 M KOH, Ar (sat)

I 0.0001 a.u.

MWW CO (sat)

Absorbance (a.u.)
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e
Wavenumber (cm )

Figure B.2: ATR-SEIRAS spectra of the adsorbed CO peak region inMORKOH

showing no solution phase CO barpectra presented correspond to 64 coadded
scans collected with a 4 ¢hresolution.
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Figure B.3: a) ATR-SEIRAS spectra showing the linearly bonded CO peak intensity
decrease with time a0.6 V in CO saturated 0.1 M KOH while stirring at 800 rpm.
Spectra presented correspond to 64 coadded sodlested with a 4 cht resolution.
Background speatm was taken at 0.1 V in argon saturated electrolyjelracking

the linearly bonded CO peak area (normalized to the peak area at the first data point at
minute 0) with time at different stirring rates in CO saturated 0.1 M KOH.atV on

a chemically deposited polycrystalline Cu film. Baseline is also ¢etieat-0.6 V in

CO saturated 0.1 M KOH.



Electrode: Cu film at -0.6 V
Electrolyte: 0.1 M KOH, CO (sat)
Background: 0.1 V vs. RHE, Ar (sat)

I 0.001 a.u.
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Figure B.4: ATR-SEIRAS spectratowing the decrease in CO peak intensity when
switching from stirring to not stirring in CO saturated 0.1 M KOHG(a6 V. Spectra
presented correspond to 64 coadded scans call@gth a 4 crit resolution.
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a Electrode: Cu film at -0.7 V vs. RHE b Electrode: Cu film at -0.7 V vs. RHE
Electrolyte: 0.1 M KOH, CO (sat) Electrolyte: 0.1 M KOH, CO (sat)
Background: 0.1 V vs. RHE, Ar (sat) Background: 0.1 V vs. RHE, Ar (sat)
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Figure B.5: ATR-SEIRAS spectratowing no significant changes in the a) water
stretching mode (~3300 chp or the b) water bending mode (~1640 Ynwhen
stirring (high CO coverage) vs. no stirring (low €6verage)n CO saturated 0.1 M

KOH at -0.7 V. Spectra presented correspond to 64 coadded scans collected with a
4 cmi ! resolution.
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Boundary layer thickness and surface CO concentration calculations

This section comprises calculations for the boundamger thickness at
different stirring rates for our spectetectrochemical cell and an estimate of the CO
concentration at the surface at the same stirring rates under CO reduction conditions
using an extensi on o ftwokdimenki@ascontirmwn modélo d e |
(Model 2).
Boundary layer thickness

The boundary layer was measured using the technique employed by Clark et
al. with a gold film electrode deposited on our silicon Adiigstal! The electrolyte
used was the same as the CO reduction experiments (CO saturated 0.1 M KOH) to
ensure that the boundary layer calculation conditions matched those used for the
CORR. 10 mM of KFe(CN} was added to the electrolyte and a potential at whieh t
ferricyanide reduction was mass transport limited was chosen to vary the stirring rates
and measure the current response (Figdu@a). Under mass transport limitation
conditions, the concentration of ferricyanide at the electrode is negligible, s» $ick

law for the boundary layer region can be simplified to:
"¢ O z0

1

where'Q is the mass transport limited ferricyanide reduction current density measured

~
g

at a chosen potential (0.0 V) (FiguBe6b), "Ois Faradayconstant (96485 C/mol of
electrons), O is the diffusion coefficient of ferricyanide ions in aqueous

solution (7.26 * 108 cn¥/s),? 6 is the concentration of ferricyanide ions in the

bulk solution (10 mM) and is the boundary layer thickness that is being solved for.
The boundary layer thickness values calculated for the different stirring rates are

summarized in FigurB.7.
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Figure B.6:a) Cyclic voltammograms of a gold film in CO saturated 0.1 M KOH with
(red) and without (black) 10 mM 3ke(CN)}. b) Current density of ferricyanide
reduction measured at 0.0 V at different stirring rates.
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Figure B.7: Boundary layer thicknessalculated as a function of stirring rate using
Fickdébs | aw while performing ferricyanide |
gold film.

144



Surface CO concentration (Model 1)

We then assumed that the boundary layer thickness for dissolved CO would
reman the same at each stirring rate as previously calculated for ferricyanide (Figure
B.7). This assumption would allow us to get an approximate concentration of CO at
the surface at reaction conditions for

non-zero concentration of CO at the surface is:
. £EZ2'xr0 z 0 o}
o 1

where’Q is the average CO reduction current density measured at a given potential

(-0.6 V vs. RHE) and stirring rate (FiguBe8), € is the moles of electrons required

per mole of CO reduction (~4 as ethylene and ethanol which are the major products of
the CORRare formed by an 8 electron reduction reaction involving 2 moles of'00),

is Faraday constant (96485 C/mol of electroi@®), is the diffusion coefficient of
dissolved CO in aqueous solution (2.03 *1@n?/s)2 6 is the concentrationfo

CO in the bulk solution (1 m\A6 is the concentration of CO at the electrode
electrolyte interface that is being solved for and is the boundary layer thickness at

a given stirring rate (FigurB.7). The calculated values foorcentration of CO at the
surface at each stirring rate (FiglB®) show that the concentration at the surface is
almost constant with stirring rates ranging from 300 rpm to 1300 rpm which agrees
with the spectroscopic findings in Figurg&2. When stirrig is stopped, the
concentration at the surface shows a drop of ~70 % from the surface concentration
when stirring at 800 rpm which is qualitatively consistent with the decrease in peak
intensity observed in Figure3.1la. Thus, this model supports the obsdrv
spectroscopic trends in CO coverage on Cu with stirring).&tV in CO saturated

0.1 M KOH.
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Figure B.8: CORR current density in CO saturated 0.1 M KOHDa6 V as a function
of stirring rate.
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Figure B.9: Concentration of CO at theatalyst surface a0.6 V in CO saturated
0.1 M KOH estimated from the boundary layer measurements using ferricyanide and
CORR activity data as a function of stirring rate.



Surface CO concentration (Model 2)

To compliment the ferricyanide analysige further analyzed the impact of
stirring rate on the CO concentration at the surface under reaction cond@igh¥'
using a twedimensional continuum model. The convective flow past the film was
approximated as laminar flow past a flat plate. Theomldar from the surface was
estimated using the Levich solution for the limiting flow velocity far from a rotating
disk® (in our case a stir bar), assuming a similar flow velocity up along the wall as that
for the fluid pulled downward by the stir bartatbon (FigureB.10). Near the Cu film
surface (Figuré3.11), profiles for the velocity components parallel and perpendicular
to the surface were established using the Blasius solution to the continuity and Navier
Stokes equations for laminar flow overlat folate® These velocities were then used to
determine the concentrati profile for CO using the steady state mass balance

equation:
16 e , ro 160
°To T % o T

whereo is the velocity in the xdirection (parallel to surface), is the velocity in the
y-direction (perpendicular to Hace),0 is the concentration of CO ar@ is the
diffusion coefficient of dissolved CO in aqueous solution (2.03 *>1dh?/s).3 The
concentration boundary conditions employed have been specified in BigureThe
differential mass balance was solved numerically by discretizing the partial
differential equation and solving the resulting system of-limear equations in
MATLAB using thefsolvefunction. The discretization mesh consisted of 100 and 40
points for the x and y directions, respectively. The MATLAB code used is available

upon request.
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Figure B.10: Schematic showing the assumption of flow velocity up along the catalyst
film being equal to the velocity of thiguid being pulled downward by the stir bar
rotation
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Figure B.11: Schematic of region modeled near the Cu catalyst film with the
concentréon boundary conditions.
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The mass transport model offers further insight into the importance of
convection in the CO reduction system, particularly into the relationship between
stirring rate and the average relative CO concentratioa<— ) at the electrode
surface. As shown in FigurB.12, for stir rates between 300 and 1300 rpm, an
increase in stir rate does not significantly increase the surface CO concentration. This
lack of increase agrees with our spectroscopic observations. A closeatidblke
dependence of surface CO concentration at lower stirring rates (BdLB® shows
that stirring rates above 50 rpm supply enough convection for the surface CO
concentration to keep up with the second ord€? €upling CO reduction reaction at
the surface. The concentration at the surface when stirring is turned off in this model
decreases by ~60% from the value at 800 rpm which qualitatively agrees with our
spectroscopic observations. It must be noted that this drop off shows high sensitivity
to the rate constant( employed in the calculationgor the present model, we
determined théQvalue using thén-situ CO reduction current data collected-@i6 V
and included a roughness factor of 11, which is in the range of roughness factors (10
12) for chemically deposited Cu films made by the same deposition proceticoe.
reference, FigueB.14-17 show solutions for the velocity and concentration profiles

at the stirring rates employed in aiudy (0, 300, 800 and 1300 rpm).

15C



045

0.4
0 200

Figure B.12: The average relative CO concentration shows a minimal increase with

stir rates above 300 rpm.

400

600

800

Stirring Rate (rpm)

151

1000

1200

1400



08t
075
O 1
Ax
= 0.65 1
L

0.6

<C /C

I
|

0.55 | 8
|
05

045

0.4 : '
0 50 100 150 200 250 300

Stirring Rate (rpm)

Figure B.13: The average relative CO concentration shows a steep drop off at stir
rates below 50 rpm. Thuat stir rates below 50 rpm the CO reduction reaction is mass

transport limited.
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Figure B.14: Concentration profile across the area modeled for a stirring rate of
O rpm.
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Figure B.15: Concentration and velocity profiles across the amedeled for a stirring
rate of 300 rpm.
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Figure B.16: Concentration and velocity profiles across the area modeled for a stirring
rate of 800 rpm.
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Figure B.17: Concentration and velocity profiles across the area modeled for a stirring
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Appendix C

SUPPORTING INFORMATION FOR CHAPTER 4: CATION EFFECT ON
INTERFACIAL CO 2 CONCENTRATION IN THE ELECTROCHEMICAL
CO2 REDUCTION REACTION

Counter Working
Electrode Electrode

Reference
Electrode
lon Exchange
Membrane ‘

<+— Electrolyte
(a—

Figure C.1: Stirred reactivity cell used for all GBR tests at0.8 V in CQ saturated
0.25 M alkali metal bicarbonate.

15¢€



Au at -0.8 Vin 0.25 M NaHCO; under CO,
I 0.0001 a.u.
—— After subtraction
—— Original spectrum
—— Reference gas phase CO,
—— Reference gas phase CO,
without sealing attempts
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Figure C.2: ATR-SEIRAS spectra recorded in 0.25 M sodium bicarbonat8.atV
showing the original spectrum collected in a Cturated electrolytéed trace), a
standard gas phase €8pectrum collected in an Ar saturated electrolyte (blue trace)
and the dissoha CO; band at 2343 crhobtained when subtracting the blue trace
from the red ongblack trace)The yellow trace shows ¢fgas phase C{peaks when

no attemptvasmade to control thgaseousO; in the sample chamheFhe intensity

of the gas phase G@eaks in the yethw trace was ~5 times higher than that in the

blue or red trace



a Au film at -0.5 V in 0.25 M NaHCO, under CO, b

I 0.001 a.u.

2343
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Figure C.3: a) ATR-SEIRAS spectra recorded in 0.25 M sodium bicarbonate at
-0.5 V showing thenterfacialdissolved CQ@band evolve over timéhe background
spectrum was taken &2.5 V in an argon saturated electrolyte. Time 0 is the point at
which the electrolyte was switched from an Ar saturated to a $a@rated one.

b) Tracking theinterfacial CO» concentratbn by measuring the peak areas of the
dissolved CQ band in a) The area of the band r®ormalized tothatat 5 min.The
error bars represent a 5% tolerance for experimental variation.
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a Au at -0.8 Vin 0.25 M NaHCO; under CO, b Au at -0.8 V in 0.25 M bicarbonate under CO,
I 0.0001 a.u. ]: 0.0002 a.u.
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Figure C.4: a) ATR-SEIRAS spectra recorded in 0.25 M sodium bicarbonate at
-0.8 V showing an example of the method used to determine the area of the dissolved
COz band. The shaded area is the peak area under the dissolybdr@between the

end points of the dissolved G®and feature and is used to calculate the normalized
peak area for Neeported in Figurel.2b. b) Copy of Figurel.2a with the baselines

used to determine the dissolved t@ak area added. The end pointshe baseline
arethe ends of the dissolved ¢Band feature.
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Figure C.5: Current density transient &.8 V showingthe period during whiclthe

spectree | ect r ochemi cal cel | had an electrolyt
region can be divied into three parts, a current density ramp up region, a relatively

flat current density region and a current density ramp down region. The current
density ramp up region is the time when fresh electrolyte begins to flow through the
tubing and into the sp&o-electrochemical cell. The flat region is when the cell is
saturated with C@saturated electrolyte of the labeled cation which is flowing though

the cell at 24 rb/min. A 30s region in this period is taken to record the spectra. The

current density rap down region occurs when the flow of the labeled electrolyte is
stopped to change the bottle to a new electrolpiaring this period, the spectro

el ectrochemical <cell c o0rBtV avithousanytflowe cat i on 0 s
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Figure C.6: ATR-SEIRAS spectra in COsaturated 0.25 M sodium bicarbonate at
-0.8 V showing that thanterfacialdissolved C@band does not change much over the
duration of the experiment. The background spectrum was takér8at in an argon

saturated electtygte.
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Figure C.7: a) Original (dotted) and smoothed (solid) ABEIRAS spectra recorded

in CO, saturated 0.25 M alkali metal bicarbonate-@8 V showing the interfacial
bicarbonate and carbonate bahdEhese traces show changes relative to the trace
collected in CQ saturated 0.25 M LiHC®which was used as a background for the
reported spectra. b) Combined peak area of the interfacial bicarbonate and carbonate
bands which was reported as area under the trace between 1330 and 14¥0thm
bandwas dominated by the carbonate species centered at 1409 cm
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a Au at 0.1 V in 0.25 M bicarbonates under CO, b 1L M
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Figure C.8: a) ATR-SEIRAS spectra in COsaturated 0.25 M alkali metal
bicarbonate at 0.1 V showing theterfacialdissolved CQ@band for the different metal
cations.The background spectrum was taken at 0.1 V in an argon saturated electrolyte.
b) Tracking theinterfacial CO, concentration by measuring the peak areas of the
dissolved CQ band in a) for the different alkali metalchrbonate electrolytelsy
normalizingto the bandarea withLi. The error bars represent a 5% tolerance for
experimental variationc) Tracking the current density at which the spectrum was
recorded for each alkali metal bicarbonate electrolyte. The d¢udemsity is an
average over the 30 s period needed to collect the spectrum.
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Figure C.9: a) ATR-SEIRAS spectra in COsaturated 0.25 M alkali metal
bicarbonate at0.5 V showing thenterfacial dissolved CQ band for the different
metal cationsThe background spectrum was taken@b V in an argon saturated
electrolyte. b)Tracking theinterfacial CO, concentration by measuring the peak areas
of the dissolved C®band in a) for the different alkali metalchrbonate electrolytes
by normalizingto the bandarea withLi. The error bars represent a 5% tolerance for
experimental variationc) Tracking the current density at which the spectrum was
recorded for each alkali metal bicarbonate electrolyte. The ntudensity is an
average over the 30 s period needed to collect the spectrum.
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Appendix D

SUPPORTING INFORMATION FOR CHAPTER 5: UNDERSTANDING THE
ELECTRIC AND NONELECTRIC FIELD COMPONENTS OF THE CATION
EFFECT ON THE ELECTROCHEMICAL CO REDUCTION REACTION

Counter Reference
Electrode Electrode

lon Exchange CO Purge
Membrane

Working
Electrode

&
5%
IR Beam

Figure D.1: Stirred spectroscopic cell. This setup is used for all measurements in CO
saturated 0.1 M hydroxide with a chemically deposited polycrystalline Cu film
working electrode,a graphite rod counter electrode, and Ag/AgCl reference
electrode. Inset: Scanning electron microscope image of the polycrystalline Cu film.

Electrolyte —

Magnetic Stirring —
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Figure D.2: Stirred reactivity cell. This setup is used for all measurements in CO
saturated 0.1 M hydroxide with a Cu foil or carbon paugported polycrystalline Cu
microparticle working electrode.
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Figure D.3: Full ATR-SEIRAS spectra of the traces presented iruf€i¢p.la. The
bands in the 1600 and 3400 ¢megions represent the OH water bending and
stretching modes, respectively. Tipxeaks in the 2300 chregion belong to gas phase
CO; while the peaks between 1800 and 2100 capresent adsorbed CO described in
more detail inChapter 5 Spectra presented correspond to 64 coadded scans collected
with a 4 cm *resolution.
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Figure D.4: ATR-SEIRAS spectra in CO saturated 0.1 M alkali metal cation
hydroxide. The traces show the evolution of CO adsorption bands with potential.
Spectra presented correspond to 64 coadded scans collected witH ardsotation.

There is a small band that occasionally shows up in the-1980 cm! region and has
tentatively ber assigned to adsorbed CO interacting with OH molecules adsorbed on
adjacent site$ This band does not show up in all replicates for each cation despite all
other features remaining consistent which suggests that it does not represent the active
CO sitesbut is causedby film to film variations, and thus is not discussed further in

this chapter
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Figure D.5: Ratio of the linearly bonded CO coverage@? V to-0.5 V for different
alkali metal cation hydroxide electrolytes. This relative CO coveragedetasmined
by taking the ratio of the CO peak area between 2020 and 2180ncthe ATR

SEIRAS spectra at each potential.
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