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ABSTRACT

A detailed understanding of the electrical doubleday&ey to the
optimization of heterogeneous electrochemical react®wmsyriad of factors within
the double layer can infince reaction rates. This dissertation focuses on several key
aspects of the double layer and the resultant effect on electrazh@nmicesses
generally, albeit with an emphasis on the electrochemical reductiod.oHere we
present a broad study of tfeetors affecting electrochemical activity, including
electrode material, potentidependent solvent geometry, interfacial raatt
concentration, potenti@ependent interactions between electrode and electrohge
and electrode contamination reguit from various experimental conditions, resulting
in both generalized behavior for electrochemical processes and mollevelar
reaction networks for C&reduction in multiple systems.

To study the electrochaoa double layerwe use traditional electrochemical
methods coupled witlsotopic labeling and attenuated total reflectaswdace
enhanced infrared absorption spectrgsg@® TR-SEIRAS)to probe the effect of the
electrochemical double layer on surfanedated electrochemical reactior@Soupling
ATR-SEIRAS with widespread voltammetric techniques and kinetic analysis allows
us to selectively probe the electrochemical deuéyer at the molecular level as a
function of electrode potentiagiving new ingght into electrochemical C£reduction
and the behavior of the double layer more gener@lyoughout the research
presented in the following dissertatjome develop numeus new

spectroelectrochemical cell configurations to expand the capabilitias bighly
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surfacesensitive technique and more closely mimperandoelectrochemical

conditions Using these techniques we provide new mechanistic insight into the
electrachemical reduction of C£n bicarbonate on Au and Ag, the pyridimeediated
electiochemical reduction of C&on Pt, the potentiadependent reorganization of
water in the double layer in acidic and alkaline electrolytes, the interaction between
cations,adsorbates, and the electrode surface, interfacial concentration effects on
electrkinetics, and the causes and effects of electrode contamination HEETRAS

studies.
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Chapter 1

INFLUENCE OF THE ELECTROCHEMICAL DOUBLE -LAYER ON
HETEROGENEOUS ELECTROCHEMICAL REACT IONS

1.1 Introduction

Improved understanding of the electrical double layer has beemsgsigofor
many significant innovations in electrochemistry, particularly in the development of
energy storage devices such as electrochemical pseudocapacitors and
superapacitors:3 However, the effect of variousspects of the electrical double layer
on the activity and selectivity of terogeneous electrochemical reactions, which occur
at the electrodelectrolyte interface, reains poorly understood. The structure of the
electrochemical interface is typicallyvitled into five distinct regions (Figuriel) 4’
First is the electrode itself, where either the current or electrical itesntontrolled.
Just beyond the electrode is the Helmholtz plane, fistrdeed ly Helmholtz and
later divided into the Inner Helmholtz plane (IHP) and the outer Helmholtz plane
(OHP) by Bockris et al.Species that argpecifically adsorbed on the electrode
surface, including solvents moleculesactats, products and reaction intermediates,
and any other specifically adsorbed molecules or ions on the electrode belong to the
IHP. Beyond the IHP, is the OHP, which ind&s the nearest layer of ions and
corresponding solvation shell that are dnaw theelectrode via electrostatic forces.
Due to the interaction with the surface, species in the OHP are often referred to as
nonspecifically adsorbed ions. The OHP is pritgazomprised of ions with an

opposite charge of the electrode. For exampid,reegatrely charged electrode will



repel anions while attracting cations via electrostatic forces, so that for a negatively
charged electrode, the OHP is comprised of eleceasgtions and their solvation
shells, and the opposite is true for positivelivargecelectrodes. The diffuse layer,

first described by Guy and Chapman, consists of loosely alternating layers of anions
and cations which maintain charge neutrality througtioe double layer, accounting
for the exponential decay of the potentiabgvirom he electrodé.Beyond the

diffuse layer is known as the bulk, where the potenfith® eletrode no longer

affects the electrolyte structure.

»
Bulk 1  _ =
» v
.'y -
i +)
+ + - Diffuse Layer
Electrical | - 4
Double Layer - 2
- Iy " 4 +)---> Outer Helmholtz Plane
-------------------------- = Inner Helmholtz Plane
Electrode - SR S

Figure 11: Schematic of the electrical double layer.

Despite the widespread acceptance of its importance, sagmtifthallenges
still exist in studying the effect of changes in the double layertateion

electrochemical reactivity. The presence of the electrolyte complicates many common



microscopic andggectroscopic techniques, making them unsuitable for probing
electrochemical systems. As a result, computational approaches are attractive;
however explicit modeling of both ions and the solvent make first principles based
simulations of the double layeomputationally expensiv&.he effect of the
electrolyte is tpically approximated using continuum solvent models or other
simplifying techniques.n this article, recent developments in both experimental and
computational methods for analyzing both thedtrre and the effect of various
double layer properties abeiefly reviewed, including the potentidependent
behavior of solvents, curremiduced interfacial concentration gradients and their
effect on electrokinetics, the effect of nonspecificallgatled cations in the OHP on
reaction activity and selectiyitand investigations of the interface between the
electrode and solid polymer eledgtes. We then provide insights into how these
existing studies could inform future experimental designemadliate key obstacles
toward developing a thorough understimng of the effects of the electrical double

layer on heterogeneous electrochemicattiens.

1.2 Solvent Structuring within the Double Layer

Because the vast majority of electrochemical reactibirge@rest occur in
agueous environments, the structure afewat the electrodelectrolyte interface is of
particular importance. A previous,tdéded review of both computational and
experimental investigations of water behavior at the electrocheimieebce was
given by Ito in 2008, including studies usimgsitu infrared spectroscopic and
scanning tunneling microscopyOf particular interest is the e®f attenuated total
reflectance surface enhanced infrared absorption spectroscopySEIRAS), in

probing the potential dependent orientation of watéATR-SEIRAS is a highly



surfacesensitive infrared spectscopic technique which allows for selective
investigation of the electrolyte withi10 nm of the electrode surface. Briefly, a
spectroelectrochmical cell designed in an ATR configuration, with a thin metal film
(~20-:50 nm) deposited on the reflectiptane of an internal reflection element. The
evanescent wave is amplified by plasmesanance within the metal film, causing a
localized enhancemenf the resultant infrared evanescent wave withirtd5m of the
electrode. Dunwell et al. conducted a coetpensive study of potentidependent
water orientation in electrolytes within a wigel range using ATRSEIRAS on Aut!

It was found that at low pH, the-bbnding network of water was increadiyng
disrupted with increasing electrode potential by spectfgogption of water within the
IHP or within the hydration shell of anions in the OHP. Bands associated with
electrostatically attracteds0* were also observed at lower pH (1.4, 4.0, 6.8) at low
electrode potentials. Conversely, an additional OH stretdkand, which increased in
intensity with increasing potential, was assigned to hydroxide in the IHP. This
understanding of the ptdependent behavior of interfacial water and related species
could be a key factor in understanding activity differences irhgtagogen evolution
(HER) hydrogen oxidation (HOR), oxygen evolution (OER) and oxygen reduction
(ORR) reactins between acid and bdée® For examplel.edezmaYanezet al.
investigated the potentialependent orientation of water and propose that the
increased ordeng of water at high pH at the same RHE potential @opotential on
the SHE scale) causes an additional energy barrier for the HERingsuliower
activity at high pH than at low pH.These findings underscore the fact that simply
maintaining the same RHE potehimnot sufficient to compensate for changes in

electrolyte pH. Rather, special consideration should be paie ttriincture of the



solvent both due to changes in tioévation of different ions (kD" and corresponding
anions versus Otdnd correspondingations) when examining reactivity changes.
Additionally, despite thorough studies of interfacial water behathere remains a
distinct need for studies of the soltatructure undeoperandoconditions beyond the
HER/HOR. For example, studies of sehi reorganization during the G@duction
reaction (CGRR) could provide key insights into the identity of greton donor (i.e.,
H-0, HCQy, or HO%).

Similar invesigations of potentiatiependent solvent behavior have also been
conducted with room teperature ionic liquids (RTIL) using infrared and sum
frequency generation (SFG) spectroscoffigdRTILs have been demonstedtas
attractive famly of solvents for electrochemical processes such afRR@Cdue o their
high CQ solubility and selectivity toward CBR products over the HER Anaredy
et al. probed the timdependent structuring of RTILs, and found that the ordering of
RTILs is significantly different than ater in two key aspéx 1) structural
equilibration occurs on time scales far lontjemn typical aqueous electrolytes {BRO
mins) and 2) ordering of RTILs persists up to 2 um from the substrate stiface.
Additional SFG studies by Baldelli were aimed at probing the potesaéndent
behavior of RTILs in the double lay&?! Surprisingly, despite observations of the
long range ordering of RTILS, the potetilependent spectra obtained using CO as a
probe molecule suggest that a single molecular layer is sufficient to screen the electric
field from the electrode duto thehigh charge density of the electrolyte, so that the
idoubalyeer 0 c o n singls maecutarflayes, mrid yhe diffuse layer is
entirely absent. The molecular orientation of this single layer is also described, with

the imidazolium ring lyng more jarallel to the surface as the electrode becomes more



negatively charged, and standimgrmal to the positively charged electrode. A
detailed understanding of the molecular orientation of RTILs could be necessary
toward developing a mechanistic @nstandig of various electrochemical processes

such as the CRR in ionic liquid electrolyte$?

1.3 Reactionrinduced Concentration Gradientsin the Double Layer

Concentration gradients caused by electrochemical reactions have been shown
to have a significant impact on reaction kinetics via mass toanigpitations.
However, these changes are often ignored due to difficulty in the quandificti
concentration profiles within the double layer. Concentration gradients of protons (or
changes in neaglectrode pH) in particular, have a strong impactiectro©iemical
processes such as HER and HOR, in which 1 proton or hydroxide ion is prdoiuced
every electron transferred in the reacttbatsounaros et al. quantified changes in
nearelectrode pH during cyclic voltammetbgtween hydrogen evolution and
hydrogen oxidation potentials in hydrogsaturated, unbuffered solutions of pH = 1,
4,7,10, and 14, as well as in a phospbaféeredsolution at pH = 7.2 by relating
experimentally observed currents to proton conceatrata the NernsPlanck
eqguation and weltlefined convection (rotating disk electrode with a rotation rate of
1600 rpm)?® It was found that with current densities up to 1 mA?cmearelectrode
pH only changes by <1 pH unit in strongly acidic or alkaline environments, while in
neutral electrolytes (buffered or unbuffered) rel@ctrode pH can deviate from the
bulk value by >3 pH units. These deviations from bulk pH cause largentration
overpotentials for HER/HOR at intermediate bulk pH values.

In addition to the HER/HORnterfacial pH and gradients have been shown to

have a strong impact on the activayd selectivity of the CEYCORR) and CO



(CORR) reduction reactionBlori et al., studying the C/RR and CORR on Cu in
various electrolytes, first observed an increas€® production during the GRR
and an increase in selectivity towarggoducts dung the CORR in less buffered
electrolytes®2’ They attributed activity and selectivity changes to increases in
interfacial pH which in turn suppressed the HER, increasing desired product
selectivity (Figurel.2a). Gupta et al. later conducted more rigorous simulations of
interfacial concentration gradients during the-BR on planar Cu electrodes and
predicted that neaglectrale pH could increase by >2 units under typical reaction
conditions?® More recently, Raciti at al. coupled reactivity studies with detailed
simulations of the interfacial concentrations along Cu nanowirested
perpendicular to the bulk Cu electrode, and showed thatoduct selectivityn the
CO:RR is maximized when the near electrode pH199so the rate of the HER is
suppressed without significant changes to 1adectrode C@concentrationg?
However, dditional increases in overpotential can severely deplete reactant
concentration nedhe electrode, with C8&concentration reaching ~0 halfay down
the nanowire at1.0 V vs. RHE (Figurd.2b-c). In our recent work, we used ATR
SEIRAS to experimentallywpntify nearelectrode concentrations and pH by
monitoring the rat between carbonasnd bicarbonate bands during the 88 on
Au, and observed an increase of 1.15 and 0.82 pH afeturrent density,
corresponding to concentration overpotentials ofé@ 48 mV de¢in unstirred and
stirred CQ-saturated 0.5 M NaHCQrespectively! *®*Moreover, it was found that
although CQ concentration reached nearly 0-@i8 V vs. RHE when the electrolyte
was unstirredMeanwhile, no appreciable reduction in thex€Bncentration near the

electrode sukce was detected at a potential as lowda&V vs. RHE when the



electrolyte was stied using a magnetic stir bar at 1800 rpm. This work provides a
framework for expemental quantification of neaalectrode concentrations, and the
extension of this tectique to other reactions of interest and electrode morphologies
(particularly nanostretured electrodes) will be a key step in developing a more

complete understanding tife electrical double layer.
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Figurel.2: (a) Scheme of reactiedriven concentrabn gradients evolving during
the CQ reduction reaction. (b) Concentration of cherhggeecies at half
way down electrochemically reduced (ECR) Cu nanowires depending on
the electrode potential. (c) Distribution of species through the boundary
layer at-1 V for the ECR Cu nanowires. (b) and (c) were adapted from
reference [29AA].

In light of both computational and direct experimental observation of

significant neaelectiode concentration and pH gradients, special care should be taken



to consider these gi@nts in the interpretation of existing electrokinetic data and in
the design of newlectrokinetic experiments. The demonstrated interfacial gradients
can cause signant concentration overpotentials with increasing current density, so
that kinetic stdies must be conducted in a sufficiently low current range such that
concentration gidients are minimized. Furthermore, quantification of near electrode
concentrationsnder more controlled reaction conditions such as in the use of rotating
disk electrods and flow cell configurations are necessary for the optimization of more
developed @ctrochemical systems such as electrolyzers, fuel cells, and flow cells for

the nitogen and C@chemistries.

1.4 The PotentiatDependent Distribution of lonic Species in théouble Layer
Electrolyte cations have been demonstrated to have a significant iompaot
only the rate, but also the selectivity of many important electrochemicagzes®
26,3532 Indeed,ORR, HOR, and rathanol oxidation reaction on Btectrodes each
showed increased activity with increasing size of alkali cations fronolCs in
alkaline electrolyte$® Strmcnik et al. explained the differeniceactivities based on
the hydation of different alkali cations, where*land N& were partially solvated not
only by water, but by adsorbed hydroxide in the IHP. pétial solvation by IHP
hydroxide was proposed to cause a-Blteking effect, prevat reactants from
reaching actig sites on the electrode. Converselyakd C$ were proposed to be
more fully solvated by water in the OHP, aar@ therefore less prote blocking of
electrochemical active sites. Similarly, both Mills et al. and Matianet al. proposed
that specifically adsorbed alkali cations in the IHP are able to block hydrogen
adsorption, thereby limiting the HER/HOR ot{F11), whereas on Pt(11&nd

Pt(100), cations and hydrogen adsorb on different sites, thereby minimizingpidet



of cations on these facefs3* Later computational work by McCrum et al. however,
suggested that although specific agision of K" is passible, it does not significantly
impact hydrogen adsorption. Rathire interaction between*and adsorbed OH
weakens the binding energy of OH, thereby impacting alkaline HER/HORtates.
Subsequent combined experimental and computational work on P&S6%uggests
that alkali cations weaken OH binding on step sites, as evidenceshiy ia the
hydrogen underpotential deposition peaks in CV above pif= 3.

In addition to activity changes, Murataad. first demonsated the impact of
alkali cations on the selectivity of the @R on Cu electrodes, with larger cations
favoring G over G reduction product?! Selectivity changes were explained again by
differences in the hydration energy of the cations leading to differencespottdial
of the CHP for each cation. Subsequent computational work suggested that
speifically adsorbed Kis able to stabilize reaction intermediates, promotifg C
coupling through the *CHO intermediate, leading to an increase pmaduct
selectivity®’ Conversely, based on their own computational results, Singh et a
proposed that the plof water in the hydration shell decredsvith increasing cation
size, allowing larger cations {KRb", and C9) to act as more effective pH lefs,
leading to aelative increase in C{xoncentration near the electrode, thereby

explaining the observed changes in product activity and selecfivity.
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Figurel.3: (a) ATR-SEIRAspectra (4 cnresolution, 8 ceadded scans) during
anodic and cathodic scans at arscate of 5 mV-$from-1.1Vto 1.2V
vs. SHE on chemically deposited Pt film electrode in 0.1 M TMACI
under continuous CO purge. Reference spectrum collected atvk.2 V
SHE. Schera of cation behavior on Pt film electrode during the
experiment as ina) between (b) 0.4 to 0.6 V and (c) below 0.4 V vs.
SHE. (a) was adapted from reference |

In order to investigate the effects of cations experimentally, Dunwaill et
used ATRSHRAS to probe the impact of cations on the adsorption of an adsorbed
CO probe molecule on Pt and Au electrodes (FiguBa)2° It was found that both
alkali and small organic cations were able to displace CO from a-lroegud
configuration (CQ) to a bridgebonded configuration (C€) on R as cations ithe

OHP were drawn closer to the electrode with decreasing potdfigar¢1.3b-c). It
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should be noted that a lack of Stark tuning of the near electrode tetramethylammonium
(TMA™) cation suggests that no specific adsorption of TMécursin the potentl

range studied. Interestingly, it was found that the degree of despknt increased

with cation size, where Liexhibited the lowest C&to CQ ratio, followed by Na

and K. This trend suggests that, contrary to the aforementioned tatiomal work,
larger cations may interact more strongly with adsorbates in the Aldéitionally, it

was observed that on Au electrodes, cations are able to displace the weakly bound
COv. off of the electrode completely at potentials belOwt V vs. SHEN 0.1 M

KCIOs4. Similarly, in ATR-SEIRAS investigations of the GRR on Au, Na has ben
shown to be able to displace Cfdom the Au surface below 0.0 V vs. RHE in €O
saturated 0.5 M NaHC{I® The observation that the coverage of adsorbed CO under
typical reaction conditions is ~0, is a key finding in understanding the mechanism of
the CQRR on Au, as other egpimental techigues, such as Tafel analysis, depend on
the total surface coveragetbk electrode during reactiéf.

Theresults of computational, reactivity, and spectroscopic studies giésug
that although ions in the electrolyte may not participate directly in the reaction, the
interactions between ions, the electrode surface, and adsorbates canttang a s
impact onboth activity and selectivity of heterogeneous electrochemical reactio
Moreover, when comparing literature data, it is important to note differences in the
electrolyte composition, as some reactivity differences may be easily resolved by
considering th effect of ions. Finally, future work should leverage the growing
undestanding of the effect of ions in order to further optimize reaction activity and
selectivity, as demonstrated in the &R on Cu electrodes. Despite recent

advancementswo key quesbns remain. First, what is the nature of cation
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adsorption? With thepgarent contradiction between existing spectroscopic and
theoretical work, additional studies are necessary to understand the degree to which
specific adsorption of catns occur. Secah more robust spectroscopic studies of
reactions undesperandocondiions are required to understand the mechanism of
changing activity and selectivity, e.g., the &R on Cu electrodes using different

cations.

1.5 Venture into Electrode-Polymer Electrolyte Interfaces

With the rapid growth of polymer ion exchange membranécds\such as fuel
cells, electrolyzers, and flow cells for improved transport for various electrochemical
reactions, it is imperative that we understand how the interabgtween polymer
electrolytes and electrodes affect reactivity. Of particular irstieiethe potential
dependent behavior or anionic or cationic functional groups in proton and hydroxide
exchange membranes, respectively. For example, Ong et al. ghalieffiect of
various quaterary ammonium cations (common functional groups in hydeoxi
exchange membranes) on the rate of the ORR on Pt rotating disk electrodes in alkaline
media®! It was observed that atthhgh smaller organic cations such as
tetramethylammonium had no effect on activity, larger cations such as
benzyltrimethylammonium andldenzyt3-methylimidazolium causea roughly 3
fold decreaseni exchange current density due to-&ikecking by aromat ring-
containing organic cations. Although Woodretfal. demonstrated no effect on HOR
activity in liquid versus polymer base electrolytes using a proprietary conaherci
membrane and ionomer (Tokama A201 and A$4, respectivelyf? it is not well-

understood how hydroxide exchange membranes with other functional groups such as
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sulfonates, phosphoniums, quaternary ammoniums, or imidazoliums affect electrode
surface mediated reactions.

To understand the nature of interactions between polyieerr@ytes and
electrodes, Kunimatsu et al. used ABRIRAS to probe the potentidependent
behavior of Nafion membranes near the electrode sutfdemnterestingly, it was
found that the side chains in theflda membrane were sufficiently flexible to allow
sulfonium groups to freely respond to changes in eleetpadential, similar to the
behavior of free anions in aquealsctrolytes’> Subsequet work clearly showed
specific adsorption of the sulfonate group with increasing potential, and a
correspading decrease in interfacial water bands due to displacemémé INafion
functional group and corresponding ether side cffaiithough current stdies focus
on Nafion and other proton exchange membrane atesf®*’ the methods outlined
by these wdts can and should be extended to studies of alkaline systems with
hydroxide exchange membranes. In particular, investigations of the relative binding
strength to the eléwde between various catiic functional groups and reaction
intermediates could prade key insight into the optimization of the trighhase
boundary in fuel cells, electrolyzers, and other polymer ion exchange membrane

devices.

1.6 Outlook

Recent developnmés and improvements in thtocomputational methods for
modeling the electrical doublayer andn-situ spectroscopic techniques allow for
more detailed investigatigof both the structure and impact of changes in the double
layer than previously possibli turn, these insightsrovide a more thorough

mechanistic understanding of variaogortant electrochemical processes. In
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particular, improved understanding of both interfacial concentration and pH gradients,
as well as cation effects paves the waythe manipulation of thesfactors to improve
both the activity and selectivity of portant electrochemical processes such as the
HER/HOR and the CERR. However, many key questions still remain. With respect
to solvent structuring and potential dependerentation: How is theddvent structure

at the electrochemical interface impactgcekectrochemical reactions? How does
solvent orientation affect the thermodynamics of the reaction? With respect to
interfacial concentration gradients: To what degre@ahostructured electraglén
particular nanoporous electrodes, exacerbate contientgaadients? How do

different device configurations (i.e., polymer ion exchange membrane flow cells,
rotating disk electrodes, unstirred planar electrodes) affectdota concentration
gradents? Furthermore, future studies must consider resuttanentration
overpotentials, particularly in mechanistic kinetic investigations. With respect to the
potentialdependent distribution of ions in the double layer: arenteeactions

between ionaind the electrode simply physical, or does charge traoster? What is
the mechanism for activity and selectivity changes with different supporting
electrolyte ions? Finally, with respect to Awaditional double layer studieof the
polymerelectrodanterface: How does the interaction between the electnode a
polymer electrolyte change with potential? How do these changes affect activity and
selectivity versus traditional electrolytes? We believe that ASHRAS will be an
invaluable tool for answerg these key mechanistic questions. Looking forward,
improving the time resolution ah-situ/operandspectroscopic techniques will be

key to understanding dynamic interfacial changes, which could lead to further
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mechanistic uderstanding of and poteatiimprovement of electrochemical reactions

via technique such as pulsed electrolysis.
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Chapter 2

MITIGATION STRATEGIES FOR CONTAMINATION IN INTERFACIAL
INFRARED SPECTROELECTROCHEMICAL STUDIES

2.1 Introduction

The development ah-situ andoperandanterfacial specific infrared
spectroscopic techniques such as polarizatiodulated infrared reflectieabsorption
spectroscopy (PMRRAS) and attenuated total reflectance infrared absorption
spectroscopy (ATRSEIRAS) represents a significamég forwad in probing surface
mediated electrochemical proces€e3.With the rise in popularity of coupled
infrared specbscopic and electrochemical studies however, inconsistencies in
reported spectroscopitservations have arisen. A notable example is CO adsorption
on Au electrodes observedring various investigations of small molecule oxidation
(such as CO, formater methanol) or reduction (such as g€ 5456

Four primary vibrational modes havedneassigned to CO adsorbed on Au
electrodes dring spectroelectrochemical studies (TahlB, attributed to linearly
bound CO (CQ),** 5*%7 pridgebond CO (C@),>*%° 6356 mutli-bound CO (C®),>> &2
and weakKinearly-bound CO (C@u).>*®° Appearance of each of these bands
however, are natonsisent throughout the literature, even under similar experimental
conditions. For examp| CQu is only observed by Chen et al., both in acidic and
alkaline electrolyte8%®° COwv is observed by Blizanac et al. at8l9%cm’* on Au(110),
while Chang et al. report only a single Clgand centered at ~21@@* on the same

facet> %8Similarly, on Au(111) facets Blizanac et al. observe ne 8&nhd, but do
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observe a pronounced @®and at 2042 crhin 0.1 M HCIQ,, while Rodriguez et al.
report two bands at 2000 ard910 cm' assigned to COandCOg, respectively in

0.1 M NaOH?>> ©3%4 The discrepancy in wavenumber can be explained by the
difference in potential between the two experiments due to the Stark tuning®ffect,
however the appearance of the Cand only in NaOHs unexpected, particularly as
the intensity of the COband is expected to decrease at lower SHE poteftfal$®

The primary inconsistency between experimentslegted to the observation of the

COg band among polycrystalline Au electrodes §¢8u Several reports observe only a
single, higher wavenumber band attributed ta E%P*2 55 €/while others report two
bands with the higher and lower wavenumber bandsgeed to CQand CQ,
respectively:* 5960. 6566 \greover, conflicting repas of either a lone Cband or

both CQ and C@ bands can be found in acidit >°¢? ®>neutral?® *®and alkalin€*

61 67 dectrolytes, so that these discrepancies cannot be simply attributed to differences
is electrolyte or potential range studied. Finally, Sun et al. report two separate bands
related to CQ.%° One band, from 2110 to 2136 d¢mesembles features observed in
other studies while a lower band from 2020 to 2045 dailing between the typat

COL and CQ@ bands commonly observed on#uThis lower wavenumber band was
attributed to CQ adsorbed more strongly to specific sites of the electrode such as
grain boundaries or very near the Si substrate on which thefiku is deposited?
Despite these numerous examples, the origin of the inconsistencies in the existing

literature remains poly understood.
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Table2.1: Reported CO adsorption band assignments and peak pesitiom'.

Author Electrode  CE? Electrolyte Co.° COw.® COgt COwm®

Beder* Au N/A HCIO4 2080 1940
Blizanaé>%¢  Au(111) N/A HCIO4 2042 1954
Au(100)  N/A HCIO, 2017

Au(110) N/A HCIO, 2124 2021 1981
Chang® Au(210  N/A HCIO, 21002115 19301985
Au(210)  N/A KOH 19201990
Chang’ Au(210  Au HCIO, 21052115
Au(110)  Au HCIO4 20902110
Cher¥® Au Pt HCIO4 2036 2110 1846
Cherf® Au Pt NaOH 2000 2100 1930
Corrigarf’ Au N/A NaOH 1940
Dunwelf* Au Graphite NaHCQO; 20502100
Kunimats§* Au Au NaOH 19402000
Au Au HCIO, 19902050
Miyakeb? Au Au HCIO4 2108
Rodrigue?®  Au(111l) Au NaOH 2000 1900 1830
Rodrigue?*  Au(111l) Au NaOH, 2000 1920
MeOH
Surf® Au N/A HCIO, 21102136
20202045
Au (flame N/A HCIO, 21102136 19251975
annealed) 20202045
Wauttig®® Au Pt NaHCG 2110 19302030
This Work Au Graphite NaHCQG; 20752104

aN/A indicates hat the type of CE used was not indicated in the cited work.
bCOQL: linearly or atop bound CO.

¢COwL: weakly bound linear or atop CO.

dCOx: bridge bound CO.

€COwm: multi baund or CO adsorbed on hollow sites.

fResultswhen using the standard conditions asraef by Experiment 1 in Tab@2.

In this work we demonstrate two modes of working electrode contamination as
possible sources of the differences in CO adsorption ogléatrodes and discuss
mitigation strategiesNVe show that the lower wavenumber baathmonly associated
with COgs is likely caused by electrolyte impurities by monitoring CO adsorption using
ATR-SEIRAS in three electrolytes of different purities: high fyusodium
bicarbonate, which is further ptied via chelation; the same high puriteerolyte
without additional purification; and finally using low purity sodium bicarbonate.

Additionally, we show that the use of Pt counter electrodes causes theampear
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an additional band associated wit®Con Pt, which has previously assigne©Os
on Au. Avoiding these common routes of contamination in spectroelelctrochemical
studies is key to developing a proper and widely accepted understanding of adsorbate

behavior during electrochemical processes.
2.2 Methods and Materials

2.2.1 Materials

Au film electrodes for ATRSEIRAS measurements were prepared via a
chemical deposition method detailed in our previous Wb Graphit rod counter
electrodes (99.995%, Aldrich) were sonicated in deiondistlled wate (Banstead
MegaPure Water Pufication System) to remove all loose graphite prior to use. Pt
wire counter electrodes (99.95%, Alfa Aesar) were cleaned by immersirgyirog
volume solution of SOy (95-98%, SigmaAldrich) and BO> (30%, SigmaAldrich)
and rinsing in deionizedistilled water prior to each use. Experiments were conducted
in 0.5 M NaHCQ solutions of various purity. Low purity electrolytes were prepared
using NaHCQ (99.7 %, Sigma&Aldrich). Moderate purity 0.5 M NaHC{®lectrolytes
wereprepared by purging 0.25 M Na0Os (99.999%, EMD Millipore) overnight with
high purity CQ gas. For the highest purity experiments, these electrolytes were
further purified by stirring overnight after the addition of 5 g of a salighported
iminodiacetataesin (Chelex 100, Sigrsaldrich) for every 100 mL of electrolyfg.
Electrolytes were purged with CO gas (Matheson) for > 15 minutes prior to each
experiment (solution pH = 8,70 saturate the solution with CO and remove remaining

CO,. All experiments were conducted under continuous CO purge.
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2.2.2 ATR-SEIRAS Measuremets

All ATR -SEIRAS measurements were collected in a teteetrode
electrochemical dewith a chemicallydepositedpolycrystalline Au film as the
working electrode, a graphite rod or Pt wire as the counter electrode, and a Ag/AgClI
(3.0 M KClI, BASI) refeence electrode described in our previous woikhe
reference andounter electrodes were separhby a proton exchange membrane
(Nafion 211, Fuel Cell Store) unless otherwise noted. All presented spectra are 8 co
added scans with 4 chresolution and potentials are given on the reversible hydrogen
electrode (RHE) scalunless otherwise noted. Albtentials given were actively
corrected for internal resistance of the spectroelectrochemical cell following
impedance measurement. Spewetege collected using an Agilent CARY 660 FTIR
spectrometer outfitted with a custorresppelectrochemical cell deled in our
previous work. Electrochemical measurements were conducted with a Solartron
1287/1260 potentiostat.

Metal contamination experimenwere conducted by first activating the Au
film for SEIRAS measurements in 0.5 M N@Bs under continuous CO purdpy
stepping the potential from 1.0 to 0.0-@04 V. The potential was held at 0.0 afd}
V for less than 30 s at each potential to migienelectrodeposition of impurities prior
to collection of the SEIRA spectra. After &ettion, the background waslt@rted
(128 ceadded scans) at 1.0 V so that no adsorbed CO is present in the background.
The initial set of spectra (0 min) were then eoled continuously during cyclic
voltammetry (CV) from0.7 V to 1.0 V with a scan mbf 10 mV &. After a single
cycle, the potential was held-&7 V for 15 min allow for deposition of metal ion
impurities on the Au film electrode. After 15 min,ecend set of spectra was

collected using the same CV procedure detailed above. Adalitsets of spectra were
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thencollected during CV after 30, 45, and 60 min time point®at V. Following the
final spectroscopic measurements, the electrolyte wasagaduvith Ar for > 15 min

and CVs were collected at 50 mV¥&om 0.0to 1.2 V.

2.3 Resdts and Discussion

Table 23 Variation of key experimental parameters for different experiments to test
sources of contamination in ATBEIRAS experiments.

Experiment Film NaHCOs Purity Membrane CE
1 Au 99.999%, chelated Nafion 211 graphite rod
2 Au 99.999% Nafion 211 graphite rod
3 Au 99.7 % Nafion 211 graphite rod
4 Au 99.999%, chelated Nafion 211 Pt wire
5 Au 99.999%, chelated N/A Pt wire

Sources of contaminatiasf Au films during ATRSERIAS experiments were
investigated on Au film electrodes bgnducting a series of experiments in which the
electrolyte purity, the counter electrode, and the membrane separator between the
working and counter electrodes were gdr{Table 2). The standard experiment was
conducted using higpurity sodium bicarbweate, which was further purified using a
chelating resif¥? agraphite rod counter electrode, and a Nafion separator between the
anode and cathodmmpartments. A single band, assigned to linearly bound CO on
Au, is observed from 2075 to 2104 ¢rnetween 0 to 0.6 V (Figuz1a).

Additionally, a minor band with iensities barely above the detection limit, likely due
to CO adsorption on metal imptigs, is observed near 1930 ¢nThe same features,
with nearly the same relative intensities are observed after 15 (RAdLsg 30

(FigureA.1c), 45 (FiguréA.1d), am 60 min (Figure.1b) electrolysis at0.7 V,
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suggesting no significant change durpaentiostatic measurement. The decrease in

signal intensity
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Figure2.1: ATR-SEIRA spectra collected during an anodic potential sweep{from
0.7 Vto 1.0 V at 10 mV-(a) prior to and (b) after 60 min &.7 V in
chelated, higkpurity 0.5 M NaHCQ with a graphite CE and Nafion
separator, (c) prior to and (d) after 60 min@¥ V in low-purity 0.5 M
NaHCQ with a graphite CE and Nafion separator, and (e) prior tdfand
after 60 min at0.7 V in chelated, higpurity 0.5 M NaHCQ with a Pt
CE and nseparator between the anolyte and catholyte. All spectra were
collected with 4 cr resolution and 8 cadded scans and are presented
using a reference spectrum at 1.@nder continuous CO purge.

with time is due to degradation of the metal film causethbyhigh current and
accompanying bubble formation during the potential hol@.&tV. The consistency
of the spectra over the course of the 1 hr test suggests tlededtrelyte is
sufficiently pure to avoid significant metal impurity contaminatiothef Au film
electrode.

The effect of electrolyte purity was then examined by repeating the experiment
in the same higipurity bicarbonate electrolyte (99.999%) withadtditional
purification, and again with a lower purity bicarbonate electrolyte (99.T%@ high
purity, nonchelated electrolyte yields the similar spectral behavior to that of the
standard experiment, suggesting that thpuashased sodium carbonatet $sl
sufficiently pure for spectroscopic measurements (FigL2g. Conversely, wherhe
experiment was repeated in the low purity bicarbonate electrolyte, the minor peak
observed in the standard sample at lower wavenumber (~1930gcew significantly
with time, reaching roughly the same intensity as the.®a@nd (Figue 2.1c & d,

Figure A.3). This additional band, often assigned to bridgaded CO on Au in the
literature, is observed from 1800 to 1975 atross the entire potential range
examined{0.7 to 1.0 V). The appearance of this band only in the impure aigetr

however, sugests that it is not related to CO adsorption on a pristine Au surface.
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Additional spectral features due to electrolyte impurities could arise from two different
sourcesl) surface reconstruction of the electrode due to strongly adgarbpurities
suchas halides, or 2) metal impurities which are electrodeposited onto the Au film
electrode at low potentials. The first possibility is unlikely however, as the impurity
bard grows after holding a0.7 V, where halides will be electrostatily repelled

from the electrode, and diminishes significantly after the potential is swept to 1.0 V, so
that it is nearly absent during the cathodic sweep (Fig@ee& b, FigureA.4). The

second possibility is more consistent with spectroscopic obssryas the lower
wavenumber band increases after holding at low potential, where metal ion
contaminants will be electrodeposited onto the Au film, and decreases at high
potentials where etal contamination can be oxidized from the electrode. The
hysteress between anodiad cathodic sweeps can also be explained by the time
necessary for metal ions to be reduced once again onto the surface. It should be noted
that this metal contaminatidrand is similar to features commonly assigned to bridge
bonded CO oru in a number oprevious works, suggesting that metal ion impurities
are likely cause of misinterpretation of data the existingIRRIAS and ATR

SEIRAS literature®®% 6Chen et al. reported growth of bands at 1846 amd 190

to 1950 crt during potetiostatic measurements-&2 V vs Ag/AgCl in 0.1 M

HCIO4 and from 0.05 to ~1.0 V vs Ag/AgCl in 0.1 M NaOH respectiv@lyloreover,

the bands in NaOH exhibit the same hysteresis veden this work, with thedwer
wavenumber band only appearing during the anodic sweep following a potential hold
at 0.0 V vs Ag/AgCl. Based on these similarities, liksly that these bands,

originally attributed to C@on Au are due to CO adsorption metal impurities in the

electrolyte. Due to the extreme sensitivity of SEIRZS high purity electrolytes or,
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in the casef lower purity electrolytes, additional electrolyte pizdftion steps, such

as chedtion or preelectrolysis to electrodeposit metal contaminants on a sacrificial

metal electrode are necessary to obtain clean spectroscopic measurements.
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Time-dependent ATRSEIRA spectra collected at 0.4 V durirngpt

anodic (black) and cathka: (red) branches of CVs frofd.7 Vto 1.0 V

at 10 mV & (a) under standard conditions, (b) using-purity 0.5 M
NaHCGQ;, (c) using a Pt CE with a Nafi@eparator,ad (d) using a Pt

CE with no separator between the anolyte and catholyte. All speetea
collected with 4 cr resolution and 8 cadded scans and are presented
using a reference spectrum at 1.0 V.
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In addition to metal ion impurities from the electrolytentamination from the
use of a Pt counter electrode was studied by repeatingptiastl experiment,
replacing the graphite rod counter electrode with a Pt wire, with and without a Nafion
membraneseparating the working and counter electrode chambéren a Nafion
membrane is used, the spectra show no significant deviation fronatitasd case,
suggesting the membrane effectively blocks Pt crossover (FAgbyeln the absence
of the membrankowever, an additional band appears from 1930 to 203 wimich
is present at all potentials below 1.0 V (Fig@rke & f, FigureA.6). Theband
position is consistent with linearlyound CO on Pt at low coverafe}? indicating
contamination from the Pt counter @lecle. Moreover, this band does not show
significant hysteresis between the anodic eaithodic sweep, suggesting that the
adsorption site is noemoved at high potential, which is again consistent with Pt,
which does not form soluble oxides below 1.0Rig(Ire2.2c & d).”* Together, these
results strongly suggest that Pt contamination occurs through oxidatios Pt wire
counter electrode, forming Pt ions which anesequently electrodeposited on the Au
working electrode. Indeed, an identical feature is observed in apsestudy of the
electroreduction of C&on Au in which a Pt counter electrode wasdf8érhis band
was previously attributed to irreversibly adsorbed brdgeded CO on Au,
suggesting significant C@overage under CGOeduction conditions, contrary to
subsequent finding®: ®The misattribution of CO on Pt contaminants could lead to
significant differences in mechanistic understanding, as ratessipns ath therefore
expected Tafel slope values depend on the surface coverage of variobstadsdn
order to avoid Pt contamination in future studies, researchers should use graphite or

metal counter electrodes of the same composition as the weilkictgode If an
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experiment necessitates the use of a Pt counter electrode however, a Naflmamee

could be used to minimize the contamination from the counter electrode.
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Figure2.3: Steadystate cyclic voltammograms collected at 50 m\uader Ar after
eachexperiment given in Tabl21.

Despite conspicuous changes in the spectra, cydiiammograms collected
under Ar at the end of each experiment show no significant deviation from the
standard sample (Figug3). In particular, no dicernable peaks assated with Pt or
other metal oxidation is observétWhen a Pt counter electrode was used with no
membrane however, an increase in cathodic current is observed below 0.4 V,
consistent with increased activity for eadgset hydrogen evolution dte Pt
contaminatior(Figure2.3).”® It should be noted however, that although a cleag:CO
band is observespbectroscopically, the CV is free from both typical Pt oxidation and
reduction features and the characteristic hydrogen underpotential depositisfPpeak

The lackof signature Pt feares in the final CV indicate that the Pt coverage is
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sufficiently low that the currg associated with Pt oxidation/reduction and hydrogen
adsorption/desorption is negligible compared with the double layer current observed
on the basd@u film. Thus, lackof Pt feature in CV cannot be used as evidence to

demonstrate the surface is freedPdofcontamination.
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Figure 2.4: Summary of ATRSEIRA spectra collected at 0.4 V during the anodic
potential sweep prior to and after 60 mir@¥ V under continuous CO
purge under each experimental condition given in TalleAll spectra
were collectedvith 4 cm* resolution and 8 cadded scans and are
presented using a reference spectrum at 1.0 V.

Based on the observations from the spectra (suinethin Figure2.4), we
propose that only a single band from the CO stretch of$bOuld be observed on

clean, polycrystalline Au electrodes. These results however, cannot be directly applied
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to additional bands attributed to @@nd CGQs which appear onlean singlecrystal
surfaces, so that discrepancies in these features are still nonaelistood>>8 6364
Importantly, the demonstration of additional spectroscopic features due to
contamination under common experimental coodg underscores the importance of
the use of extremely pure electrolytes and gragutaster electrodes not only for CO
adsorption a Au, but for all spectroelectrochemical studies. Investigations of
electrochemical processes in which adsorbates amthietiates are relatively weakly
bound, such as G@nd CO reduction on Ag and Cu ehectes! 8! are particularly
susceptible to metal contamination, as features of interest can be easily drowned out
by adsorptioron more strongly binding metal contaminants. Elimination of metal
contamination is irperative in obtaining an ac@te understanding of the

electrochemical interface via-situ andoperandaospectroelectrochemical studies.

2.4 Conclusion

Careful investigatins of different modes of contamination of Au electrodes
during ATR-SEIRAS measuremensuggest that CO adsorption Pt or other metal
contaminants are the likely cause of discrepancies in CO adsorption behavior in the
literature. We demonstrate that tiee of insufficiently pure electrolytes and Pt
counter electrodes, particularly withtamembrane separator, résaladsorbed CO
bands distinct from those observed on clean polycrystalline Au electrodes. The
contaminants lead to misinterpretation of@gsion behavior and potentially
influence the development of reaction mechanismsdbasehe coverage of various
species under reaction conditions. As a result, it is imperative that all future
spectroelelctrochemical studies are conducted in the highasable purity

electrolytes, with additional purification via chelation or-ptedrolysis in cases
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where commeeial electrolytes are insufficiently pure, with either graphite or metal

counter electrodes matching that of the working electrode.
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Chapter 3

PH-DEPENDENT WATER ADSORPTION ON GOLD FILM ELECTRODES

3.1 Introduction

The electrochemical intiace is the focal point wherkey components, i.e.,
chemicals, ions, and electrons, of electrochemical reactions converge, interact and
diverge. In particular, the intiace between water and metal electrodes is of great
interest in electrochemistry, dsetvast majority of electroeimical systems operate in
aqueous environments with electrochemical reactions occurring within the water
electrode interface. Adsorption ofiter on metal electrodes is of special interest in
electrochemical systems where watgrdronium, and hydroxide ethe reactants
themselves, such as the hydrogen oxidation and evolution reactions (HOR and HER,
respectively) as well as oxygen reductiod avolution reactions (ORR and OER,
respectively). Understanding the interaction befwverater and metal electrodesot
only of academic significance, but also of great practical importance, as these four
reactions (HOR, HER, ORR and OER) form the basifiydrogen fuel cells and
water electrolyzers. Additionally, with recent interesthe use of hydroxide exchgm
membranes (HEMS) in electrochemical devi€esvhich allow for the use of nen
precious metal catalysts, it is imperative to understand the interfacial behavior of water
in electrochenual systems across a wide pH range.

There have been numerous studies of water atisorpehavior at
electrochendal interface$ 8%, Longrange orientation has been modeled

computationally in order to undéasd water adsorption on metal interfaces, however,
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modeling of such systems while acnting fa an electrical potential is difficult and
relatively less developeti®3®, Interaction between adsorbed water ardal surfaces
has been studied under ultrahigh vacuum (UHV) conditions, from whech th
adsorption energy of water can be quantifiddowever, the UHV environment bears
little resemltance to that of typical aqueous electrochemical systems where
electrolytes of different pH are present, and thus it is uncleather the insights
gained in UHV studieare directly transferrable.

In order to address these challenges, infraediéctionabsorption
spectroscopylR-RAS) and attenuated total reflectance surface enhanced infrared
absorption spectroscopy (AT®EIRAS)have been employed to study the poténtia
dependent behavior of water at electrochemical interfaces on various metal etectrode
810,1213, 85108 ATR-SEIRAS is advantageous for electrochemical studies due to high
surfacesensitvity (5-10 nm), which allows for observation thie electrode surface
with minimal cortribution from the bulk electrolyte?>3 100199 Additionally, unlike
IR-RAS, in which only a thin layer of electrolyte (~80m) i s sampl ed bet we
window and electrod®?, ATR-SEIRAS allows free diffusion of electrolyte to and
from the electrode surface. The @atial dependence of water itself at the interface
has been an area of particular interest; however, existing spectroscopic investigations
of the potentiadependence afiater near the electrode surface have exclusively
focused on solutions at low or modss pH.

Herein we present an AFREIRAS study onhte potentialdependent
adsorption of water on an Au electrode across a wide range of pH to develop a
thorough understaling of water, hydronium, and hydroxide behavior during

electrochemical processes. @gs of interfacial water in alkaline environmeats of
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particular interest in gaining a more thorough understanding of the HOR and ORR,

which occur in alkaline enviranents in hydroxide exchange membrane fuel cells.

3.2 Materials and Methods

ATR-SEIRAS exgriments were conducted on an Agilent TechnoloG&y
660 FTIR spectrometer equipped with a liquid nitrogenled MCT detector and a
Pike Technologies VeeMAX Il ATR aessory. The spectrometer was coupled with a
Solartron SI 1260/1287 system for electremical measurements. Measurements
were collectedising a custom Teflon and glass ta@mpartment
spectroelectrochemical cell (Figudela). The working electrode is hamically
deposited Au film on a Si prism cut to a 60° angle of incidence. In the same
compartment is placed an Ag/AgCl reference eleer@ioanalytical Systems, Inc.)
in 3.0 M KCI solution. The counter electrode is a graphite rod separated from the
working and reference electrode by an ion exchange membrane (Nafion in acidic and
TokoyamaA-201 in neutral and alkaline electrolytes). Adestra were collected with
4 cm? resolution with 64 ceadded scans. Spectra are presented in absorbance where
positiveand negative peaks signify an increase and decrease in the interfacial species,
respetively. All electrochemical experiments were penfied after thoroughly
purging the electrolyte with Ar in order to remove oxygen from the solution and
prevent the ORRtdow potentials. All potentials are given on the reversible hydrogen
electrode (RHE}cale unless stated otherwise. iR compensatiordlmasthe
measured iR from impedance spectroscopy was employed for all measurements at pH

1.4 due to high currents assted with HER at low potentials.
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Figure3.1: (a) Two-compartment spectroelectrochieal cell. (b) SEM image of a
chemically deposited Au film. (c) AFM image of a chemically deposited
Au film. (d) Height fluctuations in AFM image along indicated line in

().

TheAu films (working electrode) used in this study were deposited directly on
the rdlecting plane of a noxdoped Si prism using a modified electroless chemical
deposition method outlined by Miyake efalThe prism was first polished with a

0.05 pum AbOsslurry and successively sonicated in acetone and water to remove
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Al20Os residue. After plishing, the Si prism was immersed in a 3:1 by volume solution
H2SOy (SigmaAldrich, 95-98 wt%) and HO: (SigmaAldrich, 30 wt%) for 20 min in
order to clean the prism of organic contaminants. Following cleaning, the reflecting
plane of the prism was immes&d in NHF (SigmaAldrich, 40 wt%) for 135 s to
remove the oxide layer and createydiogenterminated surface to improve adhesion
of the Au film. The Si surface was then immersed in a 4.4:1 by volume mixture of 2
wt% HF and Au plating solution consisgiof 5.75 mM NaAuCl - 2H,0 + 0.025 M
NH4CI + 0.075 M NaSGs; + 0.025 M NaS;03 - 5H0 + 0.6 M NaOH for 4 min.

The asprepared Au films were characterized using atomic force microscopy
(Dimension 3100, Veeco instruments Inc.) in tapping mode and scaglatigpn
microscopy (SEM, JSM400F, JEOL Ltd.). For AFM, six different areas (25 x
25 g?mvere randomly selected for each samples and were analyzed with same scan
parameters and same s c an3lb)dhe averagésizkofHz . Fr
the Au idands is estimated to be ~50 nm, which is in general agreement with both
AFM images ad suface profile (Figure.1c,d) and the literatur® 1% AFM also
reveals a surface corrugation of roughly 20 nm; thisaserfoughness is vital to
achieving the surfaeenhancing effect as described by Osatval.>>>3 100, 109

The potential dependenceioferfacial water was investigated at pH 1.4, 4.0,
6.8, 10.0, and 12.3 to mine the behavior of interfacial water across a wide
potential window across the pidnge. The solution at pH 1.4 was 0.1 M HZIO
(SigmaAldrich, 70%) and the pH 12.3 solution 0.1 M NaOH (Fisher Scientific,
O097%). Solutions awereprepared byadding ancappopriata nd 10 .
amount of 0.1 M HCI@or 0.1 M NaOH to a 0.1 NNaClQ, (Acros Organics, 99+%)

solution. Au films were pretreated by cycling betwe@i7 andl.0 V in each solution
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under 1 atm Ar for 10 cycles to clean and stabileefiim. Potentialdependent
spectra were then collected at each pH by stepping teat@ down from 1.0 te0.7
V, collecting a background spectrum at 0.4 V between each j@t&ep in order to
minimize drift in the spectra over time. Spectra atlp#Hare collected from 1.0 t0.2
V due to the high rate of HER at lower potentialscid, which can cause the Au film
to break. Backgrounds were collected at 0.4 V in ordaxvtad either oxidation of the

film or bubble formation due to HER on the \kimg electrode.

3.3 Results & Discussion

0.4

0.2 —

0.0 —

-0.2 —

2

j (mAlcm ,,)

-0.4 —

-0.6 —

-0.8 —

-1.0 —

-1.2

02 00 02 04 06 08 10 12 14 1.6
E (V vs. RHE)

Figure3.2: Steadystate CV of chemicaligepaited Au film in 0.1 M HCIQ (pH
1.4) under 1 atm Ar.
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Cyclic voltammetry (CV) reveals a cleafwu electrode with features similar to
those of the Au(111priented surfae (Figure3.2). CV was conducted at the
beginning of each experiment to confirm thalify of the Au electrode. The steady
state CV of the chemically deposited Au film shows asivacrease in reductive
current attributed to the HER at potentials belo@\0*!1, From 0.0 1.0 V there are
no discernable voltammetric features in the broad double layer refgfanedectrodes
112114 There are two oxidation peaks at 1.39 V and 1.51 V along with corresponding
reduction peaks at 1.16 W& 1.27 V typical of surface oxide formation and reduction
of Au(111) surface$!?!4 The potential range studied in spectroscopic experiments
was limited to regions in which neither Au oxide formation nor exgedsydrogen
evolution occur, to avoid excessive bubble formation or breaking ofithedused by
repeated redox cycles.

Potentialdependent spectra at pH 1.4 are similar to those previasdyted
in the literature®, and show typical features corresgding to water near the electrode
surface in perchloric acid solutions (Fig&:8). To facilitate comparisoof the
spectra in perchloric acid with existing literatutee potentiadependent spectra at
pH 1.4 are presented and discussed using 0.4 V ijvidicear the potential of zero
charge (pzc) of Au in a perchloric acid soluti@nasthe reference potential. A sharp
peak at 3585 crhwas observed at potential higheath0.4 V, which is attributed to
the OH stretching mode of the nélibonded wate? 10 1298100 The intensity of this
peak ncreases with potential due to the coadsorption of water with perchlorate anions
drawnto the electrode surface, which disrupts théddhded network. The broad peak

at 3290 crit is similar to the stretching mode of the bulk water (3352)dbuit is

shiftedt o | ower wavenumber supeakhas eenhattriouseditoa r e d s h
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Figure 3.3: ATR-SEIRAS spectra of the potential dependent behavior of interfacial
water in a pH = 1.4 solution of 0.1 M HG@nder 1 atm Ar on Au film
electrodes. Referengmtential = 0.4 V.

highly H-bonded icdike water structure at potentials moderptbove the pz&1% %
100,195 Below 0.3 V, there is an additional blueshifted (relative to bulk water) peak at
3376 cmt. The increase of this peak with decreasing potential is likely due to the
change in wateorientation of he Hbonded water as potential is shifted away from
the pzc which corresponds to an increase in the dipole mdretf® 19 At the pzc,
water has been theorized to oiavith hydrogen poimhg parallel to the electrode

surface, causing a lack of signal in the IR spectrum by the surface selection rules of
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SEIRAS®%53 100199 The plueshift relative to bulk water cae &ttributed to weak
interactians of the water molecules with the electrode surface by the oxygen lone pair
electrong10: 95, 100, 105

The bending mode @fdsorbed hydronium (or associated higher order
structures such assB>", H7O3", or HiO4") can be seen at 1685 ¢rt°. Bending
modes, redshifted relative to bulk water bendimugpes (1645 cr) of adsorbed water
are observed at potentials both abawd below tle reference potential at 1620 and
1600 cm' respectively. The peak reaches a minimum around 0.4 V, which is near the
pzc of Au in perchloric acid as water orients itseth hydrogen parallel to the
electrode surface, which is in good agreetwdth the iterature!® 1%

The behavior of interfacial water from pH 410.0 is generally similar. In all
cases, the spectra (Figu®4-6 ) s sumedessbeginning from ~3370 cnat-0.7
V and gradually moving to ~3460 chat 1.0 V and increasing in intensity with
potential. This peak, blueshifted from bulk water, has been assigned to water with
decreased Hbonding. The decreasedbtnding has been ascribed to either the
increasd interactions between water and the electrode by the lone pair electrons of
oxygen®10: 95100, 105 the presence of the hydration sphere of-sadiace iong? %
®Int he | ower wavenumber ofineodestbthewatehe corr es |
molecules described above are also observed from ~164@cri610 crrt, again
increasing in intensity with increasing potential. The redshift of the peak relative to the
bul k wupdakas potential is increased has again been attributed to a decrease in
H-bonding, either from water directly adsorbed on the electrode or within the

hydration sphere of anions near the electfde'? 9598100, 105
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Figure 3.4: ATR-SEIRAS spectra of the potential dependent behavior of interfacial
water in a pH = 4.0 solution of 0.1 M NaGl® HCIOs under 1 atm Ar
on Au film electrodes. Reference potential = 0.0 V.

In the lower pH solutions (4.0 andBj there is also a negative shoulder
appearing from 0.2 V at 1670 cimpreviously assigned to the bending modes of
adsorbed hydronium or hydroniummaplexes such asds", HzO;*, or HiOo", which
decrease as potential is increased due to electrostatisicepfrom the electrode.

This peak is not observed in the spectra at pH 10.0, where the low concentration of

hydronium (101° M) makes these specidificult to observe. Additionally, at pH =
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NaClO, on Au under Ar pH=6.8
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Figure 3.5: ATR-SEIRAS spectra of the potential dependsstiavior of interfacial
water in a pH = 6.8 solution of 0.1 M NaGlOnder 1 atm Ar on Au film
electrodes. Reference potential = 0.0 V.

4.0 the sharpon peak of norH-bonded water is observed at 3585*dimom 0.8 V to

1.0 V, increasing in intensity withotential, similar to the perchloric acid solution at

pH 1.4. However, this sharp stretching mode peak at high potentials is almost absent at
pH 6.8,present only as a small positive shoulder in the wider stretching mode feature.
The decrease in intensity this band with increasing pH is due to the change in

absolute potential. Perchlorate adsorption (and therefore the appearance of the sharp

3onbangd is governed by the absolute potentiad{g rather than the potential versus
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RHE (ErHE). As such, at D V vs. RHE the absolute potential is 0.32 V lower at pH
6.8 than at pH 1.4 according to Equation 1:
O O T8t LI O Q)

NaClO, + NaOH on Au under Ar pH=10.0
E.s=0.0 Vvs RHE 1.0
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Figure 3.6: ATR-SEIRAS spectra of the potential dependent behavior of interfacial

water in a pl = 10.0 solution of 0.1 M NaClOr NaOH under 1 atm Ar
on Au film electrodes. Reference potential = 0.0 V.

The potential region investigated at this pH 1.32 V to 0.38 V vs SHE) and
above is too low for significant perchlorate adsorption to ottwvhich explains the

absence of the sharp, rbhib 0 n dag lblands. Furthenore, at pH 10.0 there is a
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negative shoulder from 34684 cm! from -0.7 V to 0.1 V that we assigo the
stretching mode of adsorbed hydroxide on the electrode surface. This feature is
discussed in more detail using the spectra at pH 12.3, wherestbrded hydroxide

peaks are more prominent.

NaOH on Au under Ar
E,s=-0.7 Vvs RHE

Absorbance (a.u.)
(IHY 'sA A) 3
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Figure3.7: ATR-SEIRAS spectra of the potential depemdaeehavior of interfacial

water in a pH = 12.3 solution of 0.1 M NaOH under 1 atm Ar on Au film
electrodes. Reference potentialO=7 V.

The potential dependence of water in a 0.1 M NaOH solution (F&jtyés

drastically different than the perchloeagolutions. Focusing on the stretching modes,

45



there is a positivgoing peak from 3468506 cm!, which increases in intensity and
wavenumber with potential, reaching a maximum around 0.2 V. After 0.2 V, the peak
gradually decreases up until 1.0 V. Weigisshis peak to hydroxide adsorbed directly
to the Au film electrode. The increase in intensity with increasing potential can be
explained by the increased attraction of negatively charged hydroxide ions thevard t
electrode with increasing positive potiely however, the decrease in peak intensity
above 0.2 V is rather unexpected. We believe that this perceived decrease in intensity
is due to a relatively large decrease in the broad negative band in which the&aH

is situated. The very broad negatiband (which is negative at all potentials at pH

12.3 due to the change in reference potential in Fig#)efrom ~35063100 cn,

which decreases with increasing potential, is attributed to adsorbed watlar, im
spectra at lower pHs (Figur8s3-6). The corresponding bending mode is observed as
a negative peak which begins to evolve at 0.4 V and moves from 1649 to 1626 cm
potential increases. Also present, and unique to the strongly alkaline sakition,

sharp, positivegoing band which mowefrom 1643 to 1614m* with increasing

potential that first appears &6 V and persists up to 0.7 V. Due to band intensity
closely following the same trend as that of the adsorbed hydroxide, we tentatively
assign this band to water-bbnded to adsoddl hydroxide. The disappearance of this
band at higher potentials is, similar to that of the adsorbed hydroxide band, believed to
be due to the convolution of this smaller positive peak with the much more intense
negative peak from adsorbed water. Dirgetcdroscopic observation of adsorbed
hydroxide on the surface will benefit mechanistic studies of HOR, as adsorbed
hydroxide has been proposed to play a key role in determining the catalytic

performancé!®. HOR activity drops by 2 orders of magnitutiom acid (pH = 1) to
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base (pH = 1315 116117 andthere has been significant debate over the importance
of oxophilicity for HOR catalysts, and thereby the role of adsorbed hydroxide in
alkaline systems. has been proposed that hydrogen binding energy is the dominant
descriptor for HOR activity on singimetal electrode¥"> 17: > 117 Meanwhile, the
presence of adsorbed hgaide has also been suggested toatate with HOR

activity on oxophilic metals in alkaline solutioh$. The ability to observe not only
adsorbed hydroger®!® but also adsorbed/tiroxide spectroscopically, even on a
weakly OHbinding netal such as Au, opens up the possibility of establishing the

correlation the hydroxide adsorption and HOR activity.

3.4 Conclusions

Using ATR-SEIRAS, we have studied the potentigipendent behavior of
water and related species at the electrode/electroltgdace across a wide pH range
from strongly acidic, to strongloy al kal i ne
modes around 3585 chattributed to nofH-bonded water on the electrode or
coadsorkd within the hydration sphere of electrostatically bop@thlorate anions.
These peaks are absent from spectra at higher pH due to the lower absolute potential
studies at these pHs to avoid Au oxide formation. Also present only at low pH (1.4,
4.0, 6.8) are peaks which increase with decreasing potential,80 cm' due to
H3O" and its associated complexes drawn near the negatkiatged electrode
surface. Similarly, there is a band that increases in intensity and wavenumber with
increasing potentidrom 34063500 cm® unique to alkaline solutions. Thigak is
as si gn edghmddeof adsomedhydroxide. Common to all spectra are bands
which increase in intensity with decreasing potential associated with water adsorbed to

the electrode surfack.hese adsor bed woaameadnb@ngsdomi es ex hi
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~33703460 cm' and ~164@1610 cmt, respectively. The shift in peak location away
from bulk water bands (3352 chand 1645 cm) has been attributed to slightly
decreased Hbonding and lone pair interactions of water with the electrode surface.
The alility to observe adsorbed hydroxide on the electrode surface at high pH opens
the door for future studies of hydroxide adsorptiorirduimportant reactions such as

the HOR.
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Chapter 4

EFFECT OF CATION COADSORPTION AT CATHODIC POTENTIALS

4.1 Introduction

Recent expe@mental studies have demonstrated that cations in the electrolyte
have a significant impact on both the rate and selectivity ofitapoelectrochemical
processes? 263132 Strmeniket al showed that the awtty of the oxygen reduction
reaction (ORR), hydrogen oxidation reaction (HO&d methanol oxidation reaction
(MOR) on Pt electrodes increases with the size (and decrease in hydration energy) of
the alkali cations tested, from*ltio Cs.1® This decrease of activity withnsaller
cations was attributed to site blocking of reactants by cations hydrated with adsorbed
hydroxide. Several computational studies have been conducted in order to understand
the effect of cation adsorptions on reactions at low electrode potéftaMatanovic
et al proposed that alkali cations inhibit the rate of reactions by competitive
adsorption involving adsbed hydrogen, padularly on Pt(111), where atomic
hydrogen and cations adsorb on the same Sitagestigations of other fcc(111)
surfaces suggest that cations can specifically adsorb, with the equilibrium potential
increasing with the size of alkalations3* Most recently, it was proposed that specific
adsorption of K can influence the hydrade binding energy, which in turn affects
reaction rates of any reactions involving adsorbed hydroxiseaddition to changes
in activity, cations have also been shown to dramatically atiecselectivity of
electrochemical processes, particularly the @@uction reetion 332 3’ Murataet al.

demonstrated that the selectivity changes significantly with different alkali cations on
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Cu electrodes$! The change in seltity is attributed to differences in hydration

energy, which causes changes in the potential of the outer Helmholtz plane (OHP) as
well as surface pH during the reaction. Similarly, computational work by Alkétade

al. suggested that specifically adsorl€dcan stabize CQ reaction intermediates,
promoting pathways through the CHO* intermediate, thus leading poa@ucts®’ In
addition to Cu, Thorsoat al have experimentally showed that selectivity toward CO
over hydrogen evolutioreaction (HR) increases with increasing cation size.

Previous studies of the double layer on Pt electrodes using Auger spectroscopy and
low-energy electron diffractidi® or in-situ scanning tunneling microscdpy also
demonstrate the adsorption of electrolyte cations within cyanide adlayers, however,
these techniques were unable to probe the dynamic behavior of cations across a wide
potential range oheir effect orelectrochemical processes. Despite the
aforementioned experimen@n d t heoreti cal studies, to tFh
are no insitu spectroscopic investigations directly probing the dynamic adsorption of
electrolyte cations. Here,ewse attenuatl total reflectanceé surface enhanced

infrared absorption spectroscopy (ABEIRAS) to investigate the adsorption of

cations on Pt and their effect on coadsorbates.
4.2 Materials and Methods

4.2.1 Ptand Au Film Electrode Preparation

Pt film electrodes on top ofthin Pd underlayer were prepared using an
electroless chemical plating method on an undoped Si prism using a modified
deposition procedure outlined by Miki et.!3?* The Si prism was first polished

using 0.05um alumina slurry, then rinsed using double deionidistilled water
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(Barnstead Meg&ure Water Purification Systerahd acetone successively to remove
alumirma residue. Following cleaning, a Pd seed layer was then deposited directly on
the reflecting plae of the Si prism in order to improve adhesion of the Pt overt&yer.
The Pd deposition solution consisted of 0.23 mM IR@(D.999%, Alfa Aesar) +

0.014 M HCI (36.838% HCI, Fischer Scientific) + 0.28 M HF (48%, 9998 metals
basis, Sigma Aldrich) + 0.76 M NH (40%, Fluka) in distilled water. The reflecting
plane of the Si crystal was first immersed in 40%uNFbr 1 min ad 45 s in order to
create a hydrogeterminated Si surface. The crystal was then immersedaoma
temperature Pd plating solution for 6 min to deposit the Pd seed layer. The Si crystal is
then rinsed with distilled water and dried using air. Thes@&etdd Si prism was then
sintered at 200 °C for 30 min in a vacuum evacuated tube furnace. Atezimginthe

Si prism was rinsed and the-Bdeded reflecting plane of the prism was immersed in
the Pt plating solution at 60 °C for ~2 min. The Pt platingtsmiwconsisted of two
separate solutions. The first solution, containing the Pt salt, is 0l94PkCk - 6H.O
(Sigma Aldrich). The second solution, used to adjust solution pH and stabilize the Pt
mixture, is 0.3 M NH (30%, Fischer Scientific) + 0.036 MGNH3CI (99.999%,

Aldrich) + 0.04 M NH4 - H20 (98%, Sigma Aldrich). The two solutions were mixed

in a 1:1 (vol) ratio immediately before Pt deposition. A detailed procedure for

preparation of the SEIRASctive Au film is given in our previous wotk>

4.2.2 Experimental Procedures

ATR-SEIRAS experiments were conducted in a-teonpartment
spectroelectrochemicaklt as described previousl? The working electrode was the
Pt or Au films described in the previous section. A Pt wire counter electrode was used

for all experimerg on Pt film working electrodes, and a graphite rod was used for all
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experiments using an Au il working electrode in order to present contamination of
the Au working electrode by Pt deposition from the counter electrode. A Ag/AgClI (3.0
M KCI, BASI) reference electrode was used in the working electrode compartment for
all experiments. The working drcounter electrode compartments were separated
using a Nafion proton exchange membrane. Spectra were collected during cyclic
voltammetry and potentiostatic eeqiments in 0.1 M LiCI@(99+%, Arcos Organics),
NaClOQs (99+%, Arcos Organics), KCKX> 99.99%metals basis, Sigma Aldrich),
TMACI (O 98%, Sigma Aldrich), T3BWAKA, (25%
Fischer Scientific), TPACI (40% TPAOH, SACHEM + 3&8% HCI, Fischer

Scientific), and TBACI (40% TBAOH, SACHEM + 3638% HCI, Fischer

Scientific) uner continuous CO purge (Matheson). All spectroscopic and
electrochemical data were collected using an Agilent Technologies Cary 660 FTIR
spectrometer equippedtiv a liquid nitrogercooled MCT detector and a Pike
Technologies VeeMAX Il ATR accessory coupl@ith a Solartron SI 1260/1287

system for electrochemical measurements.

4.3 Results and Discussion

Because alkali cations cannot be directly observed using idfspextroscopy,
CO was used as a probe molecule to examine the degree of interaction between the
cations in the OHP and the negatively charged Pt surface. CO is an ideal probe
molecule because it has been shown to strongly adsorb across a wide range of
potentials, on various adsorption sites aflBbearly (CQ) and bridge (C®) bound
CO atoms givestrong infrared absorption signals from 2@00 cm' and
1800 1900 cmt, respectively? '3 122123 |n gddition to alkali cations,

tetraalkylammonium cations are of particular interest due to their prevalence in

52



hydroxide exbange membranes which are dige alkalinebased electrochemical

devices such as fuel cellBo probe the interaction between catians the electrode

thatelectrostatically attrastthem ATR-SEIRAS experiments were conducted to

monitor the intensity o€0O bands as a function of eteode potential ithe presence

of different cations on Pt.
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Figure 4.1: ATR-SEIRA spectra (4 crhresolution, 8 ceadded scans) during anodic
and cathodic scans at a scan rate of 5 rhivasn -1.1 V to 1.2 V vs.
SHE on chmically deposited Pt film etgrode in 0.1 M TMACI under
continuous CO purge. Reference spectrum collected at 1.2 V vs. SHE.
Corresponding CVs are presented inurepB.1.
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The adsorption behavior of CO in a 0.1 M tetramethylammonium chloride
(TMACI) solutionin theCO atmosphergvas nvestigated as the electrode potential
was scanned at 5 mVAdetween1.1 V and 1.2 V vs. SHE{gure4.1). At-1.1V,
CO. is observed beginningt 2007 cm' and shifting to 2080 cthas potential
increases to 1.0 Vue to the electrochemical Stark effét "> 126128 The observed
wavenumber shift with potential (~49 &riv based on the cathodic scan) is larger
than the previously reported Stark tuning rate of 3¢ & for CO_ on Pt’3 The
increased rate is likely due to a convolution of both the Stark effect, and a blueshift in
the CQ peak with increasing surface coverage as detailed by Giaér® COs,
centered at 1830 chat-1.1 V shifts to 1880 crhat 1.1 V. Two oxidation peaks are
observed in the CVs at 0.36 V and 0.92Rig(reB.1). The first oxidation peak at
0.36 V corresponds fairly closely with theatease in Cgin the ATRSEIRAS
spectra, suggesting that the first and second oxidation peaks are due to the oxidation of
COg and CQ, respectively. However, through a detailedlgsis of these CV
features, Kunimatset al. suggested that each of thedation peaks are due to
oxidation of both CQand CQ to CQ..”? The hysteesis observed in the spectra
between anodic and cathodic scans could biaiitd to the relatively slow re
adsorption and accumulation of CO on the Pt electafide adsorbed CO was
oxidized at high potentials in the cathodic swe®phird peak at 1488m,
corresponding to aqueous TN also observed in the spectra begigrat ~-0.3 V
and increases with decreasing potertfifinterestingly, as thelectrode potential
decreases and tlmensity of theTMA™ peak increases, the €®and decreases, and
the CQ band increases-{gure4.2). Mills et al have suggested that specif

adsorption of alkali cations, particularly Nand K, is possible below0.9 V,
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however no evidence of specific adsorption is observed spectroscopically (by the
Stark tuning effect) or in CV (peaks associated with electron transfer upon
adsorption/desrption). We therefore propose that GOound to atop adsorption sites
on R are displaced by the TMAcations in the OHP at low potentials and moved to

bridge adsorption sites.
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Figure4.2: Ratio of CQto CQ peak intensities (black markers) and TM#ed
markers) as a function of potential frdfigure4.1. Open black triangk
represent spectra where no G@ CQGs was present in the spectra, so
that a peak ratio could not be obtained. All such data was aetaioie of
zero.

Another potential explanation for the decrease in @@nsity is that COis
forced into a bridgéonded configuration not by cations in the OHP, but by the HER
(that has been proposed to occur on atop PE¥ité$ 1) which increases in rate at

low electrode potentials. This possibility has been investighy studying the
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potentiatdependent behavior of CO adsorption in 0.1 M HCI®which the rate of
HER ismaximized, betweerD.4 V and 1.5 V vs. SHHE-{gure4.3). Investigation of
more negative potentials was prohibited by the high rates of the HER &4 V,
which cause@xcessive bubble formation aRd film rupture.In addition to CQ and
COg, weobserve a small band centered at 1633 doe to the bending mode of
water?’ It shauld be noted that no adsorbed hydrogen (~2075, EigureB.2) could
be identified in the presence 0OClikely due to convolution with the much larger
CO. peak. Even at0.4 V however, the current density is rougHl$ mA cm?in 0.1
M HCIO4 (FigureB.3), as compared t7.5 mA cn¥ at-1.1 V in TMACI, so that if
increasing rates of the HER are the caaf980O. displacement to C§) a large
decrease in COand corresponding increase in £§hould be observed
spectroscopicallyn the acidic medium. Conveely, little displacement of GQo CGs
is observed a0.4 V in 0.1 M HCIQ. At j =-7.5 mA cn¥, the @g:COL peak
intensity ratio is 0.28 in TMACI, and only 0.11 at the same current density inAHCIO
(Figs. S1 & S3), indicating that significantly lesspléeement occurs in acid. This
difference however, may be partially due to the differences in displatdm@eveen
the TMA" and H cations. Differences in displacement due to the TMAd H can
be eliminated by comparing G@ O, at different current derges in HCIQ. At-0.3
V, j =-6.5 mA cn¥ and the resultant GCOL is 0.11. As the potential is decseal
to-0.4 V, where j =13 mA cn??, no detectable change is observed irs @O,
indicating that the rate of the HER has negligible effect on CO atlsotpehavior on
Pt. Itis therefore concluded that the ratio ofg@®@CQ. is a suitable indicator of the

degree of interaction between the electrode and cations in the OHP.
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Figure4.3: ATR-SEIRA spectra (4 crhresolution, 8 ceadded scans) during @sic
and cathodic scans frofd.4 V to 1.5 V on chemically deposited Pt film
electrode in 0.1 M HCl@under continuous CO purge during potential
cycling at 5 mV 8. Reference spectm collected at 1.5 V.
Corresponding CV is presentedrigureB.3.

In addtion to TMA®, the adsorption behavior of 1.iNa’, K,
tetraethylammonium (TEA, tetrapropylammonium (TP#, and tetrabutylammonium
(TBA™) have been studied using ATHREIRAS in 0.1M solutions of each cation
under continuous CO purgEigure4.4, full spectra are provided in FigB.4-B.9).
Similar to the TMACI and HCIQ@ spectra were collected during CV scans at 5 fhV s
COg begins to decrease and increase significantly near ih4hé anodic and

cathodic scans, respectively, asiG©pushed to a lage configuration by cations in
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the OHP. All of the alkali metal cations exhibit stronger displacement ot€OGs
based on the G£CQO, ratio than the larger organic cations. Amahg alkali metals,

K™ displays the strongest displacement effect (higB€stCQ,), followed by Na and

Li*.
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Figure 4.4: Ratio of C@to CQ peak intensities in 0.1 M LiCl&Xpink circles),
NaClQs (red squares), KCl§Xorange diamonds), TMACI (black
triangles), TEACI (purple triangles), TPACI (blue triangles), TBACI
(light blue triangles) under continuous CO bubbling during a potential
cycling at 5 mV 8. Open markers represent spectra where nodO
COg was presernin the spectra, so that a peak ratio could not be obtained.
All such data were set to a value of zero.

Compaison between different cations based on spectra collected during
potential cycling however, could potentially be influenced by the mobility of the
different cations and the transient nature of the double layer during potential cycling.

In order to gain anore definitive understanding of the effect on various cations, CO
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adsorption was studied during potentiostatic conditiors.atV (Figure4.5). All
presented spectra were taken after the spectrum had reached sstalbfter 1215
min, Figure4.5b). The trend in the steaebate spectras{gure4.5a), are in general
agreement with spectra collected during cyclic voltammetry; all of the atiedl
cations show a stronger ability to displace @G®CGQCs, based on the ratio between the
two species, @ the larger inorganic cations. Additionally, the trend ins @QL

within the alkali metals established by the CV experiments holds in the pstatit
experiment as well. Among the alkali cations,g300, increases as the ionic radius
of the cation inceases, with Kexhibiting the highest CECO, followed by N4,

then Li".132 Unlike the alkali cations, the trend in larger organic cations is not the same
between spectra ttected during CV and potentiostatic electrolysis. In CV
experiments, the trend in GO, is as follows: TPA> TMA* > TBA' > TEA".
Potentiostatic experiments exhibit a slightly different order, with TBAPA" >

TMA™ > TEA". It is important to note, hosver, that all of the organic cations show
very similar CQ:COy ratios, all within 16% difference between cations, so that any
differences between organic cations are relatively small when compared with
differences between alkali metal cations and orgeaions. Further, the highest
current during the steaeBtate spectra do not correlate with the highess:COL

ratio, reinforcing ouprior conclusion that the displacement of G® CGCs is not due

to higher rates of the HER, but to displacement of GYOelectrostatically bound

cations (Figs. 5¢ and 5d).

59



+

-~ |—uLu"  —nNa' K
S | —TMA" — TEA" — TPA"
@
S Pt under CO “
8 |E=11vvssHE
5
©
2
[
o
@
Qo
<
ITTT]I"I]TITTT'TITI]Tl']'ITIT]IIIT]ITTT]TT]'[TIIY
2200 2100 2000 1900 1800 1700
-1
Wavenumber (cm )
0.0
b ]—L"  —Na K
054 — TMA" — TEA" — TPA’ TBA'
o :r__
"= 1.0 T ————
T
1.5
<
E 207
—
2.5 Pt under CO
E =-1.1V vs SHE
-3.0 LR R R R R RN R RN RRRR
0 1000 2000 3000
Time (s)

Figure45: (a) ATR-SEIRA spectra (4 crhresolution, 8 ceadded scans) in ONI
LiCIO4 (pink), NaCIQ (red), KCIQ; (orange), TMACI (black), TEACI
(purple), TPACI (blue), TBACI (light blue) after spexthad reached a
steadystate at1.1 V under continuous CO bubbling. All spectra are
normalized to matching GOntensity. (b) Curret profiles corresponding
to spectra in (a).

The trend in CO displacement ability, and therefore interaction with the
electode surface, can be partially explained by change in ionic radius of each cation.
It has previously been suggested that the dedrie¢enaction of alkali cations on

negatively charged electrodes is dependent on the hydration energy of eacHcation,
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3435 where cations with higher hydration energy such asdisorb more strongly than
those with a lower hydration energy such a& Based on hydratioenergy, it is
expected that Liwould exhibit the highest dege of displacement from CQo CGCs,
followed by N& and K'. However, the opposite trend is observed. Among alkali
metals, the CRCOQL ratio increases with increasing ionic radius of the catiérwe
propose that the increased cation size enables the largetin to more effectively
displace CQto a bridgebonded configuration. However, each of the organiocs

has a significantly larger ionic radius than the alkatians32133 but show weaker
interaction with CQ. We hypothesize that as the ionic radius becomes too large (as in
the case of tetraalkylammonium cations), the density of cation in the OHP becomes
too low to efectively displace CQ leading to the decrease in £00L among

organic versus alkali cations.

In addition to studies on Pt electrodes,dations were also demonstrated to
displace CQon Au film electrodes using the same technidgtig(reB.10). CO
adsoption was investigated in 0.1 M KCl@n Au under continuous CO purge
between0.8 and 1.0 V. CO(2050i 2150 cm') is observed between roughly 0.7 V
and-0.4 V, but disappears at both higher and lower poterii&dsS® Similar to Pt, the
disappearance of G@n Au at high pantials is due to oxidation of CO to ¢@s
previously describeef: **Because Au films exhibit only a single adsorption
configuration (CQ),°? below-0.4 V, the weakly adsorbed C@ displaced off the of
the electrode due to'Kn the OHPThat CQ on Au is also displaced by cati®in the
OHP at low electrode potentials is further evidence of the widespread effect of cations

in the OHP on electrode mediated processes at low potential.
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4.4 Conclusions

In summary, we investigated the interandetween C&Qand alkali/organic
catiors on Pt and Au in the OHP at low electrode potentials with-SBHRAS. The
ratio of intensities of CRICOL is shown as a reliable indicator of strength of
cations/surface interaction, with a highergQ0. value sugesting stronger
interaction. We demonstte that alkali metal cations have a stronger interaction with
surface adsorbates than bulkier tetraalkylammonium cations at low potentials (< 0.4
V). Among alkali cations, CRXCO. increases with increasing ionialias, while
similar values were observed with different tetraalkylammonium cations. This gained
insight could rationalize the disappearance of G@Au electrodes belovd.4 V, in
that adsorbed CO is likely displacedKyin the OHP at low potentials. Aitionally,
the observation that electrolyte cations are able to displace adsorbates to higher
coordinated adsorption configurations could be key to understanding activity and
selectivity changes observed in important&techemical systems such asCO
reduction on Cu surfaces where adsorbed CO is a key reaction interniédiate.
Investigation of C@Qreduction on Cu electrodes using the methods developed in this

work are the subject of our future work.
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Chapter 5

KINETIC IMPACTS OF INTERFACIAL CONCENTRATION GRADIEN TS
ON THE ELECTROCHEMICAL REDUCTION OF CARBON DIOXIDE

5.1 Introduction

The phenomenon of localized changes in electrolyte concensatan
electrode surfaces relative to those in the buliing electrolysis is welinderstood,
and has been proven to have significant impact witde variety of electrochemical
processed?6: 28,38, 13852 pyring electrodeposition of Ni and Co for example,
increases in [OH due to the accompanying hydrogen evolution reaction (HER) can
lead to precipitation ofndesied, insoluble metal hydroxides which can cause
undesired changes in the physical or chemical properties of the electrodeposited
layer137. 141, 14849 Simjlarly, during the anodic passivation of Zn, decreasgOH]
can induce a positive shift in the equilibrium potential of the oxidation, thereby
requiring additional overpotential for the formation of ZnO rather than soluble
hydroxides:*® Aside from changes to the chemical environment, concentration
gradients in the diffuse layer can lead to miagssport limitations, thereby
influencingelectrokinetics as described by the NefPlsinck equatin For example,
charges in interfacial [H] and [OH] have been shown to significantly impact rates of
important electrochemical processes such as hydrogen evolution and oxidation, as well
as oxygen and hydrogen peraxigeduction via corresponding increases in

concentratiom v e r p ottt al  ( d
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T h e - difined here as the additional overpotential arising from the change in
nearelectrode concentrations relative to the butkue to interfacial concentration
gradients is paicularly large when these reactions aoaducted at intermediate pH
values, where relatively small changes if][Bf [OH] can cause signific
Strongly acidic or al kal icasemuehlager dbsobuley t e s ¢
changes in [H or [OHT] are required to substantially change the equilibrium potential
based on the exponential dependesfdde equilibrium potential on reactan
concentrations in the Nernst equation. Using a simplified example, consider a closed
100 pum diffusion layer and a planar electrode with a geometric area of 1 cm
operating at1 mA cm?for 10 s so that ~0.1 umol Oli$ produced. If the initial
electrolyte pH = 1, the [H will decrease from 0.1 M to 0.09 M, resulting in an
average pH within the diffusicegBmV.ayer of 1
Conversely, if the initial electrolyte pH = 7, the final pH ie thffusion layer would
be 8, corr es$m¥fdrianegction that is®order in [H]. Despite the
theoretical and dehangesdue neateceode | mpact of
accumulation/depletion of [Hior [OH], the effects are generally igndrdue to the
di fficulty of r gAlthoagh Vasousgexparimeniafmethadgghave f d
been employed to measure and accognt for t
they generally suffer from poor precision, require destructive techniguas
limited to specific electrochemical systetis!42

Thet opi c of interfacial concentration gr
is of particular interest in studies of €(@O,RR) and CO (CORR) reduction
reactions, in which one Okbn is produced at theathode for every éransferred in

either the dsired reaction (with the exception of formate, in which I ®idroduced
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for every 2 8, or in the competing hydrogen evolution reaction (HERs CO:
reduction typically takes plagen near neutr al pH ddnefctrol yt
OHI|l eads tcthanlreaatiamsecondutted in more acidic and alkaline
environmentg? Hori et al first investigated the effects of currentiuced

concentration gradients by calculating nebactrode concentrations in various buffer
solutions during the C4RR and CORR on Cu cathod€s!*°The initial findings were
correlated to the experimentally obsehincreases in CO production rate during the
CO:RR and increased selectivity toward ethylene and alcohols during the CORR in
unbuffered or weakly buffered etealytes were attributed to the suppression of the
HER by an i ncr edstheHERdue th edevated [Plhear tked (
electrode. Guptat al. conducted a more rigorous theoretical treatment of these
concentration gradients during the £RR, in which neatelectrode concentrations

were simulated at different current densities, total KH€a@hcentrations, and stirring
rates?® Moreover, the authors emphasized the importance of accounting for these
concentration gradients during the £RR, particularly in mechanistic work by

relating Tafel slpe changes to local [Hgradients. Reactivity studies of GO

reduction on Cu at different rotation rates using a rotating disk electrode also confirm
that inceases in [OH correspond to enhanced eRR selectivity**3 A recent work

by Racitiet al.coupled reactivity studies with theoretical treatments of the interfacial
concentrations for nanostructured electrodes, and concluded that an intpkiacial

9-10 is optimal for @ production by suppressing the HER while maintaining dissolved
CO; concentrations near the electrégd€onversely, Singlet al proposed that
hydrolysis of water in the hydration sphere of cations acts as a buffer against

interfacialconcentration gradients at potentials below 1.0 V vs. RHE during the
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COzRR on both Ag and Cu tleodes® *>3Contrary to the claims by Hori and Murata,
Singh proposed that the mitigation of near electrode coratemt gradients by cation
hydrolysis improves selectivity of the GRR over the HER, by maintaining dissolved
CO, (COzaq) concentrations near the batle. Ayemobat al.used attenuated total
reflectance surface enhanced infrared absorption spectro@€6BySEIRAS) to
experimentally confirm these effects. Howeule conditions at which spectroscopic
investigations were conducted do not reflect thngeactivity studies (no stirring),
and thus results are inconclusive.

Although changes in ne@lectrode concentrations are geligriaelieved to
influence both reaction rates gauontl sel ect i v
recently, only theoretical estimates of local camation gradients during the GRR
have been madé?® 38 54 Furthermore, rigorous connections between cusrent
induced concentration gradients and electrode kinetics are lacking. In this work, we
employ ATRSEIRAS, which allows for the selective observation of redactrode
species to experimentally quantifyreentinduced concentration gradients as a
function of reaction rate on Au film electrodes under typical reaction condfighs.
00T he teremheicnegarded t herefor & l0nmmegionhi s wor
sampled by ATRSEIRAS, weighted to the region closer to the electrode based on the
strength of the evanescent IR wave sampling the electrolyte. In turreleetinde
concentration gradi ent scfoatnte€QRRbasadbnthe | at ed t
rate expression for the GRR to CO. It is important to note that changes in intéafa
concentrations are a function of geometric current density, rather than potential, and
are likely to be similar to different electrode materials, despite ceangeoduct

selectivity (with the exception of formate). Both the HER and theREQprodue one
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equivalent of OHfor each etransfer, so that curremduced concentration gradients

rely primarily on the geometric current density of the reaction, amthegely

independent of electrode material and reaction selectivity. It should be noted however,
that product selectivity beten gas and liquid products could cause differences in
interfacial concentrations due to convection arising from gas bubbletfonma

especially when the electrolyte is unstirrdd a result, although the quantitative

rel ati ons hand geonet tuwentedansity established in this work under
each set of reaction conditions are likely to be similar on any bulk electrode material
that exhibits a %order dependence oRl], provided electrolyte composition and
convection are equal, exact quéative relationships should be established for each

electrode material using the method outlined in this work.

5.2 Methods and Materials

5.2.1 Materials

ATR-SEIRAS experiments were condutie two custom
spectroelectrochemicaklls. Spectroscopic measurements in 0.25 and 1.0 M NaHCO
were collected in a cell described in our previous bBxperiments in 0.5 M
NaHCG were conducted in a newly designed spectroelectrochemical cell in which the
Si ATR crystal is mounted on the side of the cell, which allows for stirring of the
electrolyte using anagnetic stir bar (Figurg.1). In practice, both cells are the same
when not stirred, so that data from experiments at each concentration from these two
cells can be directly compared. The ability to monitor reactions under convection

represents a sigmiant step forward in theperandanvestigation of electrochemical
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Figure5.1: Stirred spectroscopic cell used for all measurements in 0.5 M NaHCO
with Au film working electrode, graphite rod counter electrode, and
Ag/AgCl reference electrodes. Ins@tscanning electron microscope
imageof the Au film on Si.

processes. In typical external reflection techniques, such as subtractively normalized
interfacial Fourier Transform infrared spectroscopy, transport is severely hampered by
the thinlayer electrtyte configuration. While the use ofIR-SEIRAS improves

transport drastically, transport was still governed solely by diffusion in all previous
spectroelectrochemical studi®®sA polycrystalline Au film, chemically deposited on

the reflecting plane of a Si prism was used as the working eleéftadgraphite rod,

rather than Pt, counter electrode was used for all experiments to prevent contamination
of the Au workig electrode by dissolved Pt origimagifrom the counter electrod®.

A Ag/AgCI (3.0 M KCI, BASI) referencelectrode was used for &kperiments.

NaHCG; electrolytes were prepared by purging a solution made fro@ ®(Fluka,

> 99.9999%) overnight with high purity G@Qas (Matheson, 99.999%) until the
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solution pH no longer decreased, indicating full coneersif NaCOs; to NaHCQ.*%

155 The electrolyte was purified using a seidpported iminodiacetate resin (Chelex
100, SigmaAldrich) to prevat any potential impurity metal deposition and achieve a
sustainable calgtic surface during the CRR #° All spectroscopic measurements

were colected with 4 crt resolution and at least 128-added scans using an Agit
Technologies Cary 660 FTIR spectrometer equipped with a liquid nitrogaed

MCT detector. A Pike Technologies VeeMAX Il ATR accessory was used for
experiments in 0.25 and IM0 NaHCQ;, while a customized ATR setup using optical
components from Thaabs was used with the stirred spectroelectrochemical cell.
Electrochemical measurements were conducted using a Solartron SI 1260/1287
system. Impedance measurements were conductied béginning of each

experiment, and the internal resistance (typical§ i1 30 q) was actively
throughout all experiments. Spectra are presented in absorbance where positive and
negative peaks signify an increase and decrease in the cowegpmterfacial

species, respectively. All potentials are given orrdéversible hydrogen electrode

(RHE) scale unless noted otherwise.

5.2.2 Quantification of Changes in Concentration Overpotential

The ma g ndattheclectranld dugjto Ofdrmation were quantified
using ATRSEIRAS, in which pH near the electrode was eatad using the ratio of
solution phase carbonate and bicarbonate peaks at 1400 and 1368hich are
governed by equilibria among Gicarbonate, carbonate, and hydroxide),
respetively (FigureC.2.1).2%8 d arising from OHformation was calculated via

Equation (1), derived from the rate expression for theRFOon Au electrodes as
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detailed in theAppendixC.1 Subscripts Al o and ABO refer

values, respectively.

- Lliie 1)

In each experiment, the Au film was pretreated by potential cycling between
0.4 and 1.0 V iD.1 M HCIQs under 1 atm Ar to activate the surface enhancement
effect and sttle the Au film electrode. After pretreatment, the electrochemical cell
was triplerinsed and refilled using high purity distilled water, in which the
background spectrum was aaited. It is imperative to collect the background in a
(bi)carbonate freeadution to ensure that the entirety of the carbonate and bicarbonate
bands are accounted for in the sample spectra. Following background collection, the
electrochemical cell was lidd with either 0.25, 0.5, or 1.0 M of G@aturated
NaHCGQ. The electrod@otential was then stepped down to eitlied (in 0.25 M
NaHCQ) or-0.9 V (in 0.5 and 1.0 M NaHC{pwithout collecting spectra. The lower
potential bounds used in this study resema the lowest potential that the working
electrodes were able to sustaiithout rupture due to excessive HER in each
electrolyte. After holding at the lowest potential for at least 1 minute to ensure
sufficient robustness of the film, the potential wtepped from 1.0 V to the minimum
potential in 0.1 V increments, with spectollected at each increment after the current
roughly stabilized. Although the current on low surface area Au electrodes
consistently decay slowly under potentiostatic conditiafter ~1 min at each
potential step the decay slows significantly, sa tagacitive current no longer
contributes and the current changes less than 6% during the 1 min that the spectra are
collected. In the case of 0.5 M NaHg& @pectra were collected each potential both

in the absence and presence of stirring (1800 r@al)bration spectra were then
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collected on the same Au film to ensure the accuracy of each calibration for each
experiment by eliminating variance in penetration depth between films

The calibration spectra were collected at various bulk pH values ¥t Ulie
electrolyte pH (and equilibrated species concentrations) was varied by adding aliquots
of NaOH matching the concentration of each starting bicarbonate concentration (so
thattotal N& concentration remained constant), to ensure no changes in total
(bi)carbonate concentration. Bulk pH values were measured using a pH meter after
equilibration of the pH following each addition of NaOH. Calibration spectra were
typically collectedn pH increments of ~0.2 units. The potential during calibration
was chose at 0.1 V to ensure that the calibration spectra were free from bands
associated with both adsorbed carbonate (which appear above 0.4 V) while
maintaining minimal current so condeation gradients were negligibfe.

Nearelectrode concentrations were then obtained by fitting the bands
associated with carbonate (~14008nand bicarbonate (~1362 cinin boththe
sample spectra (collected as a function of potential) and calibration spectra (collected
as a function of bulk pH without any current), finding the ratio between the
bicarbonatgeak area and carbonate peak area, and correlating that ratio in the sampl
spectra to those in the calibration spectra of known pH (Figi2:.¢).1°® Linear
interpolation of ratios between pH increments of the calibration speasaised to
determine neaelectrode concentrations as a function of electrode potential, and the
por t i auetochangds in [flassuming dissolved CQreferred to as C&xq)
bel ow) concent gna) tvas cafculated usingEgugation {igsed ¢ndhe

[H*] gradient between the bulk and nedectrode region.
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5.2.3 Determination of Dissolved CQ Concentrations
DissovedCQconcentrations alcduatgchangesim t he
[CO23aq] c€ofl were determined in 0.5 M NaHG®oth with andwvithout stirring via
ATR-SEIRAS using a similar method to that descrilvedetermirng dc ++ due to
changes in interfacial [H gradients (Figur€.2.2). The Au film was first cycled in
Ar-saturated 0.5 M NaHCrom -0.4 to 1.0 V to pretreat the elealm A
background spectrum was then collected at 0.0 V in th&aArrated electrolyte to
ensure the absence of dissolved.@Cthe background. The electrolyte was then
saturated under 1 atm G@r sample spectra collection. The electrode potential was
first held at 0.0 V and the initial sample spectrum was collected, after which the
potential was swept at 2 mV*$0 -0.1 V at whit the potential was held while another
spectrum was collected. Next, the potential was swept at 10'rbsck to 0.0 V,
whereanother spectrum was collected. This process was repeated in 0.1 V increments
from 0.0 V t0-0.9 V. Slow scans to each potenfiather than large potential steps,
which lead to large capacitive currents) were employed to maintain the stability of the
film over the course of the experiment. Spectra were collected at 0.0 V after each
sample potential to account for changes in sargpdiepth over the course of the
experiment arising from slow changes in the Au film electrodexdg@oncentrations
were th@ determined by taking the ratio of the peak area at each potential, and the
peak area from the following spectrum at 0.0 V, anitipilying by the known bulk
COz(ag)coONncentration. The entire experiment was completed twice, once without
convection, and agn under stirring from a small stir bar at 1800 rpm. In the stirred
experiment, spectra were collected@v V at stir rates dd, 450, 900, 1350, and

1800 rpm to examine the effect of different levels of convection.
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It is important to emphasize the féifences between the experimental methods
used in this work and those of previous estimations of cumented concentration
gradients using ATRSEIRAS. Specifically, Ayemoba et al. quantified nefectrode
concentration gradients by monitoring the apam CQq) and bicarbonate band
intensity, and correlating the change in this ratio directly to changes in pH near the
electroa 1*° This approach has two prary deficiencies: 1) because of the slow
kinetics of hydration, relative to transport (particularly with convection), of &0
the CQag)concentration is largely independent of interfacial concentration gradients
under typical reaction conditiorfasshown in the next sectiofy;**’and 2) by taking
the ratio of band intensity, tiger than area, the change in the ratio will be
underestimated, as arealssaroughly with the square of the peak intensity. In
contrast, in this work, concentration gradients are measured using the relative peak
areas of aqueous carbonate and bicarbdraatds (which remain in equilibrium
throughout the reaction), while the g4 band is considered partially independent of
the concentration of othetectrolytespecies due to the relatively slow kinetics of the

COz-bicarbonate (Tablg.1).1°81%9

Table5.1: Rate constants at 298.15 K for carbonate equilibrium reactions from
Reference 39.

Reaction
60 00z 060 O 3.71 10?st 2.67 10*kg mot!s?
60 0’0 z @O 2.23 10Pkgmolts? 9.71 10°s?

0d 00 z 60 06 6.0 10kgmofts! 3.06 10°s?
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5.3 Results and Discussion

5.3.1 Impactof OH"For mat i esa on (

Experi ment al guuviaalATRSEIRASadvealcha cvd f g
increaseslmostlinearly with decreasing potential bele®.3 V (Figure5.2a), where
the current begins to increase@+aeefpga eci abl y
enough to significantly impact the kinetics of the B8 under typical reacn

conditions, assuming the radetermining step for C&eduction involves, or is

preceded by, a proton transfer step as previously prop®3&ti®* For example, in

0.5 M NaHCQ without stirring (Figurés.2a s ol i d cpof 68mVes) , a (
observed, so that the kinetic overpotential is ifferénce between the total applied

over pot eduntwhahincreases with current density.

a 160 o b 160
{1 e 1.0 M NaHCO, 1
1401 o 0.5 M NaHCO, ¢ 140 ¢
_ 120 © 0.5M*NaHCO, P — 120 .
1 [ ]
s s T w] -
:_' 80 - stirred at rpm % ® :_' 80 _‘ .
T 1 ° o T 1 °
o 60— . 0 g 60 ¢
9 e e e
S 40 . S s o,
20— o . 20 4 “,w.
10 e ] e
ST 018
i ma e e R — , , , ,
02 00 -02 -04 -06 -08 -1.0 0o 2 4 6 -8 -10 -2
. -2
E (V vs. RHE) j(mAcm )

Figure5.2: dcn+Vversus (a) electrode potential and (b) curdentsity in CQ
saturated 0.25 (red), 0.5 (purple), and 1.0 M (black) Nat&ith (open
circles) and without (solid circles) stirring.
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The concentration of the electrolyte, and particularly the strength of the buffer
has a strong impact on the magnitufle Q6. Concentration of bicarbonate exerts two
competing effects od H+in CO;RR: 1)an increase in concentration should be
expected to suppressneat ect rode concentr atch,ametochanges
the stronger buffeng capacity of the elctrolyte and2) the promotional effect of
bicarbonate on the GBR, with a reported reaction order of ~1, leads to an increase in
the rate of th€O:RR, driving larger concentration gradients and therefore an increase
iNnden+**To evaluate the relative magnintude of
was determined in C{aturated 0.25, 0.5, and 1.0 M NaH{@3 a fution of
el ectrode pot e ngudataiHe sam€mtargial ad.D W, §.25tMhsleows
t he | @af(gledslt nmv) , f ol {nvo=weld0 9 ym\O). ,5.+av8 d1 . 0 M
mV). This trend suggests that despite the positive correlation betweemnrtéiet and
NaHCGQG concentrationandthe increase in buffering capacity effectively mitigates
interfaciaAl@oncentration change: Sacethe@QHher eby decr
production ratenwdritvemay nlce emsreeawvs.mf ar mat i
current density than the electrode potential (Figu2e). Higher NaHC®
concentration hasamoreprenaced ef fect i n miudaitheat i ng t h
same current density; e.g.,-&tmA/cn?, cnein 0.25 M is more than twice that in 1
M NaHCG; electrolyte. This difference is because the promotional effect of a higher
NaHCQ; concentration on the elgode reaction rate is absent at the same current
density, while the mitigating effect of a higher buiifig capacity remains.

A custom spectroelectrochemical cell capable of stirring was employed to
investigate t he e (Figuebl) tinfcontcasttothect i on on

conventional SEIRAS cells in which the working electrode is located at the bottom,
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we designed and constructed a spectroelectrochemical cell with the ATR crystal
mounted at the side, thus allowing magnetic stirring at the bottehe akll. In the
0.5 M NaHCQ experiment, spectra were collected at each potential both without and
with stirring at 1800 rpm. Similar to increasing concentration, stirring has two
competing ef f e@gisexpectédltosde raitigaten with sitiig byd
improving transport oth of CQag)and bicarbonate (which neutralize Qkbward,
and carbonate away from the electrode. Conversely, improved transport through
convection also increases currepst density
values. Experiments show thatw h s tH+is Significantly detreased at lower
potentials relative to the unstirred case. Comparing agaih.at9 0 ¢ n+\#,109 dnV
wi t hout st idus=i8hngV,when the soletiarsis stifred at 1800 rpm,
yielding adecreasef the kineic overpotential of 25 mV under stirring (Figusé,
open circles). Again, the trend demonstrates that improved transport due to convection
i's more eff ecgH:thanée competmgeatfectacaused bydhe increase in
current density.
Importanty, the experimentally determined nezectrode concentrations
(summarized as surface pH in Figu@8-6) are in good agreement with the
calculations of Guptat al, suggesting that modeling may be an efficient method of
estimating interfacial concentiian gradients (and their impact on kinetics) for
electrochemical process&3Ve would like to note here that although in this work
changes in concentration near the electrodeag e ner al | ynearef erred t o
el ectrodeo or dAinterfacial 06 concentration
as localized, interfacial, or surface pH changes in the existing liteFatefte: 38 135

141 For ease of compads, he spectroscopic measurements in this work can also be
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presented in terms of surface pH (Figu@e3-6). Following this pattern, the change in
concentration overpotential arising from*‘JHjradients, referred to in this work as

dc,H+ IS @analogous to a chge in electrode potential on the RHE scale. As the pH of

the electrolyte increases near the electrode, the potential vs. RHE decreases by 59 mV
pH! as defined by Equation (2), so thate v a I @n adtdrnatiyely be

considered as an overestimatiof applied potential on an RHE scale.

O ©O X—no )

Using this perspective, we observe that the surface pH changes in CO
saturated 0.25, 0.5, and 1.0MAHCQ; electrolytes at rates of 1.58, 1.15, and 0.81 pH
units per decade olicrent density, respectively, for unstirred electrolytes, and 0.82

pH units per decade in 0.5 M NaHEg®hen stirred at 1800 rpm.

5.3.2 Neari Surface Concentrations

a b [
0.25—+----- bulk [HCO, ]- ==~ -------- 0.5 W 1.0 I—H—H-l+.—.1'
§ \ |
~ 0.20 * 0.4 0.8 - .
E 0.25 M Na 0.5MNa’ ] 1.0MNa
S 0454 *[MHCO:] 03-| - [HCO,] - [HCO]stimed | 06~ - [HCO,]
g : [gg! ] - [CO?] = [COZ] stirred 1 = [0
5 0.10 [COxaq)] 0.2 & [COyuql = [COpuq) stirred 0.4~ - [COypuql
a ]
g 0.05- "~ bulk [COyaq)] - ------=----- 014 024
Q N ‘:: 1
0.00---- bulk [CO; ] - - - -l 004 m 0.0 il S
e e et S MBRMNL AR A S A A S A S i e i el
00 02 04 06 -08 -1.0 02 00 -02 04 -06 08 -1.0 02 00 02 04 06 -08 -1.0
E (V vs. RHE) E (V vs. RHE) E (V vs. RHE)

Figure5.3: Calcdated CQaq)(red), bicarbonate (black), and carbonate (purple) near
I surfa@ concentrations versus uncorrected potential in<a@@rated (a)
0.25, (b) 0.5, and (c) 1.0 M NaHGCConcentrations are calculated
assuming equilibrium between &), HCOs, and CQ?.
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Il n addition t o cnhpeoduction ohhgdrogidelosstalaont i a l
cause deviations in the concentration of various species near the electrode surface
from their expected bulk equilibrium values. Concentration of&fDear the
electrode withand without stirring as a function of potential were calculated using the
experimentally determined interfacial bicarbonate and carbonate concentrations and
the total concentration of Nan the electrolyte (Figurb.3). Predictably, the laggt
changes awur in the 0.25 M NaHCgxsolution, in which [HC@] near the electrode
decreases by 19% #1.9 V. For comparison, the decreases in [HC&e 12%, 5%,
and 8% for unstirred 0.5 M, stirred 0.5 M, and 1.0 M NaHG®€spectively. Perhaps
most importantly, asuming all species reach equilibrium, [§&439] decreases by an
order of magnitude a0.7 V, and falls to under 3 mM in each casé)a V. It is
important to note that although the equilibrium between carbonate and bicarbonate is
sufficiertly fast to rech equilibrium under reaction conditions, the hydration of SO
significantly slower, and therefore the equilibrium assumption may not hold for
[CO2(aq).?® 1°" 1°°The validity of this assumptiowas tested using AFBEIRAS to
monitor [CQaq) as a funcon of potential from 0.0 te0.9 V in 0.5 M NaHC®with
and without stirring as described in the Method and Materials section. It was found
that although the calculated [G&3] only slightly underestimates the experimentally
observed value without sting (Figureb.4a), [CQaq] remains roughly constant from
0.0 t0-0.9 V when the electrolyte is stirred (Figurdb). This result suggests that
while COyaq)nearly reaches equilibrium withostirring, when stirring is introduced,

transport of CQaq)to the electrode is faster than the conversion of£z(@
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bicarbonate, so that [Gq] remains constant at all potentials tested. Additional tests

at stiring rates of 450, 900, 1350, and 08@m at-0.7 V suggest that even stirring at
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Figure5.4: Calculated (grey) and measured £egneari surface concentration (a)
with no stirring and (b) stirred at 1800 rpm in £@turated 0.5 M
NaHCG versus uncoected potential. Experimental vatuken from
the spectra in Figuré.2.2.

450 rpm is sufficient to maintain a [G@Yy)] equal to that of the bulk value (Figure
C.2.7). It is important to emphasize that due to the dependence eg{fan stirring

rate, spectroscopic data should notcberelated with reactivity data without

79



maintaining a similar level of convection. As a result, the relationship established by

Ayemobaet al between decreased nedectrode pH and improved GRR selectivity

(which was determined based on the relatigga of CQg)and bicarbonate peaks in

an unstirred spectroscopic c&iPon Cu electrodes must be reevaluated with more

rigorous control of convection during spectroscopic measurements.

a 180+ b 180+
160 - 0-5 M NaHCO; (unstirred) g 160 b
140 ° :“” 140 -
T ¢,CO. T
— 2 [ ] - [ ]
S"" 120 { e nc,tulal ; 120 — [ ]
= 100 = 100 |
= 80 o o = 80 o $
Q 7 [ ] Q T o
o 60 * . e o 60 *., .
40 — * . 40 e,
20 s & 20 8
0¢ ¢ 8 8 ° 0 P°
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Figure55: den+( p ur pdoA ol uad )i (blaak)das adfunction of (a)
electrode potential and (b) current density inG@turated 0.5 M
NaHCQ without stirring

Similar to the depletion of protons, the depletion ohGgnear the electrode

inthe unstred case yieldsardad i t i onal concenico)afirtheon overp
limiting the efficiency of the C&RR at lower potentials. Solving Equation (1) with the
experimentallydetermined interfacial [C£q) values given in Figur8.4 , ¢ coglis

smal

e r dndablowe gverpotential, but reaches nearly the same value (87 and 82

mV, respectively) at0.8 V in unstirred 0.5 M NaHC{Figure5.5). As a result, the
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total concent r auda)iincraases froenrlz8onV &.7 V to 460 m\{ d

at-0.8 V so that 46nV of the additional 100 mV of overpotential are wasted due to
transport | i mit actouldbbeakeyfactoiirsunderdtahdirigthe nal
decrease in C4RR selectivity relative to the HER at high overpotenti&i§Vhereas

the HER is onéuythsODRRepsi blUubjrbaondtédo bot h (
that from-0.7 t0-0.8 V the additional kinetic overpotential for the £&RR and HER

are 54 and 86 mV, respectively. It is important to nawwéver, that thisraalysis is

applicable to the unstirred case only, as thejjgfPstays roughly constant from 0.0

t0-0.9 V in the stirred case (Figuset b ) , s occobidhoaserved and ttje relative

increases in kinetic overpotential with electe potential arexpected to be the same

forthe CORR and HER within the potemsishoal range
calculated beyoneD.8 V because [C£q) decreases below the detection limit of

ATR-SEIRAS so that Equation (1) diverges towanfthity when thenearelectrode

[CO2(aq] goes to 0 M.

The findings discussed above are patrticularly insightful for understanding the
electrocatalytic performances of highrfacearea electrodes for G@eduction. When
nanostructured catalysts are employed, the locatimadentration gradients are
expected to be much more substantial than on the planar electrodes. The current
densities for the nanostructured electrodes can typically reach the scalmafdn?

(per geometric area of the electrode) or abl§(e?> 16868 with the estimate . g
upwards of 100 m¥* (Figure5.2). Moreover, the diffusion of chemical species inside
the nanostructured electrodes can be expected to be slower than that from the bulk
electrolyte toward the surface of a planar electrodé;wil likely closer to the

unstirred case in the absence ofamstion flow investigated in this work (Figure
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5.4a), and CQaq)can be depleted in a large part of the electrodes at elevated
potentials or current densities. The drastic difference ipdgConcentration between
the unstirred and stirred situation®ahm in Figure5.4 thus underlines the need for
taking the mass transport effects into account in the design and evaluation of

nanostructured electrodes.

5.3.3 Kinetic Implications

These observed desases in reactant concentrations, along with the
corresponding n c r e @ baee significadt impacts on the interpretation of kinetic
analysis of electrochemical systeffigor example, C@reduction toCO exhibits a
Tafel slope of 56 mV detin the lower overpotergl region (>-0.4 V), which
increases to 250 mV déat higher overpotential (0.5 V, Figures.6, solid
circles)?®We have previously attributed the change in Tafel slope to mass transport
limitations of reactants (Cf3q)and bicarbonate) or site blocking due to" Nethe
outer Helmholtz pla@ at negatively charged electrodes. It is interesting to note
however, that the shift in sl oqpa&-04V¥curs
suggesting that elevation of interfacial concentration gradients may be a cause of the
shifting Ta fcevalussifranpthe stirrédlcall m .5 M NaHgGhe
potential in the Tafel plot was corrected to account for cuinehtced concentration
gradi ent s hyfrosndhle elacteodetpotental, vielding a massisport
free pot eHdorreatdd.Tafel ghoecandpe used to examine the affect
interfacial concentration gradients on existing kinetic data (Fig8reopen circles).
Al t hough t heg+doesnotraec@ust entirelynfor the shift, the slope of the
high overpotential region decreases from 250 to 224 mV, diedicating that mass

transport limitations do have a minor, yet measurable, effect on the kinetics of CO
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reduction to

coO

on Au.

shifting Tafel slope. Within the potential range studied in thieTanalysig-0.3 to-

0.7 V), there is no significant change in [&439] while stirring (the same condition in

which the Tafel slope was determined) based on AHRAS measurements. As a

result, we conclude that although a small part of the shifopestan be &ibuted to

dc,H+ changes, the major cause is the blocking of active sites hyabdletailed in our

previous worké%4°

Figure5.6:

E (V vs. RHE)

® original data
1 © neu* corrected

3 56 mV dec '

-0.35 /

250 mV dec”

{

224 mV dec”’

25 -20 -1.5

Illl]lllllllIIIlllllllIIIIIIIllllI

-1.0 -0.5 0.0 0.5 1.0

log(jco / MA cm™)

Uncorrected

( sHoil corected (oper diredes))Tafeh n d

slopefor the COQRR to CO in CQ@saturated ® M NaHCQ. Data taken

from Reference 33.
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Il n addition to | mguandltlsomgpactrdactionD@dre!| sl or
studies of electrochemical systems. For example, increases in current density with
reactant cocentration (and corresponding increase ic,H3) lead to growing
overestimations of the kinetic overpotential at higher concentrations. If the
overestimation of kinetic overpotential on the surface increases with current density
(and overpotential) in caentration dependence investigatiahg, obtained reaction
order dependence on that species will be underestimated relative to the true value. To
obtain a strictly cashouldbeadeterminteégieachd ence, t he
concentration, and measuremestisuld be repeated iterativelytoaca nt ¢xf. or
We will illustrate this point with a simple model reaction in which hydroxide is
produced at the cathode (Equation 3).

0 00 Q 96 0O (3)

Assuming the rate of this reduction reacti@s a 1 order dependence on
species A, in the absence of nesctrode concentration gradients, a slope of ~1 when
plotting log(j) vs. log[A] should be observed experimentally at a constant potential (or
overpotential). However, misleading electrokinetata cald be obtained if there is
substanti al c@.Thigpoif wilt be shawn aticwrent dgnsities below
6mA/cm? where we have exp@(Figuesdb),antlitey det er m
commonly used current density range for reaction ordezroigce studie: 1°% 167
Wh e nnH+%0, a slope of 1 is obtained (Figls&, red line) as expected from the
assumpti gn> OWheaoverpotential willtuwibe overe
current denity relationship established for the stirred 0.5 M NaH@&gure5.2b).
Current densities are then r egéadogeatéddat ed wi

overpotential (E dch+, FigureC.28 ) . Thi s process i s cHhrepeat ec
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coner ges ( cin &b g\ébetiveen iggrations). For reactions with Tafel

slopes of 236, 118, and 59 mV dethe observed dependence on [A] (without

cor r e c tHy)napredsas fromdl to 0.83, 0.71, and 0.55, respectively (Fgire
The sequereis consistent with the fact that a lower Tafel slope entails a more
pronounced e fd:@edhe cuogent. Such gliscreancies]in reaction orders
can cause severe errors in mechanistic interpretation of electrochemical prdéasses
examplejf the model reaction has a Tafel slope of 59 mVl¢oe reaction will

appear to be roughly half order, rather th&rder in [A]. In light of these results, it

is imperative that all studies of reaction order dependence are conduatednimal
overpotential (to minimize concentration gradients), with facile mass transport and a

strong buffer in order to minimize the deviation of the kinetic overpotential caused by

de,H-
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Figure5.7 Theoretical (red) and expected experimentallyssted reactionrder
dependence on species A based on overpotential underestimation for the
sample reaction given in Equation 2 with a Tafel slope of 236 mV dec
(light blue), 118 mV deé& (purple), and 59 mV déd(grey).

Overpotential changes calculdte b a s exdi cornent density
relationship in stirred 0.5 M NaHGO

The methodology outlined here may also be used for the study of concentration
gradients changes in a wide variety of electrochemical processes provided the
electrolyte contains a ntiprotic salt,and the electrode of interest can provide a
surfacesensitive film. For example, the interfacial concentrations of a phosphate
electrolyte can be quantified by examining the relative ratio af PAPQ?, and
H>PQy bands. The results ofish experimentsould have important implications (as
demonstrated here for G@duction) for other widely studied electrochemical

processes such as hydrogen oxidation or nitrate reduction.
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5.4 Conclusion

Changes in interfacial concentrations and the redutiareases in
concentration overpotential arising from production of @iting the HER and
CO:RR were quantified experimentally with ATREIRAS at norstirred and stirred
condi ti ons .cu+aslafuaction af suerent in GBatdrated 0.25, 0,And
1.0 M NaHCQ electrolytes occurs at rates of 93, 68, and 48 mV per decade of current
densty, respectively, for unstirred electrolytes, and 48 mV per decade in 0.5 M
NaHCQ when stirred at 1800 rpm. These trends can be applied directly to studies of
the CQRR on any f | atcn+iBs bnly dependent en the aredudtidn eate d
of OH;, rather than the product distribution or the composition of the electrode surface.
Although the quantitative relationships given here should serve as close
approxmations to the interfacial behavior on other electrodes, exact quantitative
relationships shodlbe established for each electrode material and morphology using
the methods det ai |l edn+hane atstrongeffeetonrGRR | ncr e a s
rates viawo different mechanisms: 1) overestimation of applied kinetic overpotential
due to [H] gradieris and 2) depletion of GQq near the electrode via equilibrium
reactions with hydroxide and carbonate anions, resulting in an additional concentration
overpdential for CQqy Although improvement of mass transport has a limited
mitigating effect onte first mechanism, in this study it was found that with sufficient
convection, the effect of the second mechanism can be eliminated within the current
range studied due to theosl hydration of CQrelative to other equilibrium reactions.
Therefore, impreements in selectivity of the GRR over the HER can be made by
operating at high current densities with sufficient mass transport i O
Additionally, it is necessary for fure mechanistic work more carefully consider the

effect of concentrationovep ot ent i al s, either through exp
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or by operating uncsaagligibla ad,ilow cuoentsdensitits whi ¢ h

and/or a strong buffer, to am misleading electrokinetic data.
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Chapter 6

THE CENTRAL ROLE OF BICARBONATE IN THE ELECTROCHEMICAL
REDUCTION OF CARBON DIOXIDE ON GOLD

6.1 Introduction

As atmospheric C@evels passed 400 ppm in March 261%t is clear that
curbing anthropogenic G@missions alone is not sufficient to addréssconcern
overclimate chang. Efficient CQ capture and conversion strategies needed’®"*
To this eml, renewable electricity coupled with @E&lectrochemical reduction as a
platform of artificial photosynthesis is a promising approdéhtechnologies for C®
utilization as such have the potential to not only reducged@@centration in the
atmosphere, but to supplement, if not eventually replace, diminishss fioel
reserves/>1’> Nevertheless, an efficient and cestective synthetic scheme for
converting CQinto fuels and commodity chemicals remains elesBreakthroughs
in the development of active, selectiamd stable electrocatalysts for £@duction
are acutely needed for both electrochemical and photoelectrochemical approaches. A
key barrier in developing such electrocatalysts is the lack of mlalelevel
knowledge of surfacenediated electrochemicedactions. The wide variety of
possible products (number of electrons transferred) ranging from CO and HCOOH (2
€) up to CH CHhHntlkedlecddhefidaBCOeduction reaction
(CO:RR) pose significant difficulties in elucidating reaction mechanmé&
Another compelling challenge lies in obtaining spectroscogormatian selectively

on the electrode surface because mostRE3 are conducted in aqueous solutions and
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the strong absorption of water could easily overwhelm signals from the
electrochemical interface. Therefore, mechanistic investigations of thRRCan

electode materials known to only produce one or few products with surface sensitive
techniques is a logical and important step in understanding the sméatated

CORR.

Au is known as a highly efficient and selective catalyst in the electrocakemic
CO:RR forCO production, a reaction heavily investigated in recent years as an
alternative, carbonegative route to produce syngas compon€rité! This reaction
is also of enormous fundamental importanceabee it is believed to be the first step
in the reduction of C&xo higher value products such as hydrocarbons and
oxygenateg® 182Attenuated total reflectaneesurface enhanced infrared absorption
spectroscopYATR-SEIRAS) is a vibrational spectroscopic technique sesgctively
detects species adsorbed on and near (< 10 nm) the metal s8¢ 1%The
contribution of the spectroscopic signal decreases expiatly as the distance
between the molecule and the metal surface grows; therefore, it is an idéal tool
probe a variety of electrochemical processes. Previous reports have leveraged this
technique for the study of various important electrochemicalgsses such as
methanol oxidation® ammonia oxidatior®* hydrogen oxidation/evolutioft®119: 131
and the CGRR on Cu electrdes® 18°Additionally, Wuttig et al.employed ATR
SEIRAS in investigation of the electroreduction of @@ Au film electrode$®
however, contamination of the Au working electrode by Pt, likely due to the
electrochemical depition of dissolved Pt from the counter electrode on to the
cathodic working electrode, complicates the assignts of observed CO bands and

leads to the erroneous conclusion that an irreversibly adsorbed-badded CO
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poisons the Au surface. In this w@we report the first mechanistic study of the

CO:RR on a contaminasitee Au surface in an aqueous elelgti® using a

combination ofn-situ ATR-SEIRAS, isotopic labeling, andass spectrometric
techniquesBy applying a squarevavepotentialprofile, in which CO is produced at

the low potential, then reabsorbed at the high potential where it can be ohssnged
ATR-SEIRAS, we demonstrate that invisible reaction intermediate (adsorbed CO) on
Au under typichCO2RR conditions can be directly observed witfsitu vibrational
spectroscopy. Further, based on spectroscopic observations and rigorous kinetic
studies, we propose for the first time that H&Gn addition to acting as a pH buftér

or proton dondr® as previously proposed, acts to increase the effective CO

concentration in solution through rapid equilibm between the two species.
6.2 Experimental Section

6.2.1 Materials

Au film electrodes werdeposited directly on the reflecting plane of a Si
prism using a modified electroless chemical deposition method outlined by Miyake et
al.%2 The prism was first polished with a 0.05 pm@4 slurry and sonicated in acetone
and water to remove the residue. After gahg, the Si prism was immersed in a 3:1
by volume solution E5Qs (SigmaAldrich, 9598%) and HO- (SigmaAldrich, 30%)
for 20 min in order to clean the prism of organic contaminants. Following cleaning,
the reflecting plane of the prism was immersed inlNESigmaAldrich, 40%) for 90
120 s to remove the oxide layer and create a hydrtageminated surface to improve
adhesion of the Au filM® The Si surface was then immersed in a 4.4:1 by volume

mixture of 2% HF and Au plating solution consisting of 5.75 mM NaAuQH:O,
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0.025 M NH.CI, 0.075 M NaSQ;s, 0.025 M Na$;03 - 5H.0, and 0.026 M NaOH for
4 min. To prepare electrodes for isotopically labeled electrolysis experiments, bulk Au
foil was purchasettom Alfa Aesar (99.999%) and was polished with sandpapers (400
and 800 Grit). The Atoil was then cut into pieces with dimensions of 15 mm x 5
mm. Finally, a nickel wire was connected to one end of the gold piece via spot
welding. The electrode was thetched in aqua regia for 30 s and rinsed using double
deionizeddistilled water (Barstead Megd&ure Water Purification System) for
subsequent electrochemical studies. Naki€@ctrolyte was prepared by purging a
solution made from N€Os ( F 1 u k a, %)»9etnigh With Bigh purity Ceyas
(Matheson, 99.999%) until the solution pH hedched 7.2, indicating full conversion
of N&COs to NaHCQ.%8: 155 162The electrolyte was purified using a setidpported
iminodiacetate resin (Chelex 100, Sigdlarich) in order to prevent any potential
impurity metal deposition and achieveustainable catalytic surface during &R %
In-situ ATR-SEIRAS experiments.A polycrystalline Au nanofilm, deposited
chemically on the reflectinglane of a Si prism cut to a 60° angle of incidence, served
as the working electrode. A taaompartment spectroelectrochemical cell asefed
by an aniorexchange membrane (Fumasep, FA&RK-130), was designed to
accommodate the Si prism and to avoid pagsible crossontamination from the
counter electrode (Figui®.1.1a). A graphite rod, rather than a Pt foil/wire, was used
as the conter electrode to avoid any possible Pt contamination on the working
electrode (Figur®.1.1b) as demonstrated previdyus studies of the hydrogen
evolution reaction using nelt based cathodé®:'%° The electolytes used in all
spectroelectrochemical experiments were prepared by the same method as for

eledrolysis on bulk Au foils outlined in the previous section. ASRIRAS
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experiments were conducted on an Agilent Technologies Cary 660 FTIR spectrometer
equipped with a liquid nitrogertooled MCT detector and a Pike Technologies

VeeMAX Il ATR accessory. Thepectrometer was coupled with a Solartron Sl
1260/1287 system for electrochemical measurements. The reference electrode was an
Ag/AgCI electrode (3.0 M KCIBAS:I). All spectra were collected with a 4 ¢m

resolution with a time resolution of 0.5 s between scans, so that spectra collected using
8 and 64 ceadded scans have a time resolution of roughly 4 s and 32 s, respectively.
Spectra shown in Figui&2 werecollected during a potential sweep at 10 my so

that each spectrum was an average over ~40 mV. All other spectra shown were
collected at a constant potential. Spectra are presented in absorbance units where
positive and negative peaks signify an i@ and decrease in the interfacial species,
respectively. All potentials are given on the reversible hydrogen electrode (RHE) scale

unless noted otherwise.

6.2.2 Electrochemical Kinetics Experiments
A Princeton Applied Research VersaSTAT 3 potentiostat wakfose
isotopically labeled electrolysis expeents. Electrolysis was performed under room
temperature in a gaght two-compartment electrochemical cell using a piece of
anion exchange membrane (Fumasep, FBAPK-130) as the separator. The working
electode compartment cont@imedh®addépatctect Aodgr
rod was used as the counter electrode and Ag/AgCl (3.0 M KCI, BASI) as the
reference electrode. Before electrolysis usi@z, the electrolyte was purged with
Ar for at least 1 hd remove the dissolved G(pH = 8.9 and doesot change with
longer purging time); in a subsequent step, the electrolyte was purgeld@@yfor

5 min at 5 sccm (pH = 7.2 and does not che
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headspace was purged WiiCO,f or 5 mi n. During fythie el ectr

both compartments was stirred at rate
Quantification of gas phase products was performed using a gas chromatograph
(Agilent, 7890B) / mass spectrometer (Stanfeebearch Systems, QMS). Gas phase
products wee collected and injected into the gas chromatograph usingtaggas

syringe.
6.3 Results and Discussion

6.3.1 Potential-DependentBehavior of Adsorbed CO on Au

In-situ ATR-SEIRAS was used in order to probe the cheltyiedeposited Au
electrode surface in a GQaurated 0.5 M NaHCg@electrolyte as a function of
electrode potential (Figul). The applied potential was stepped down from 1.0 V to
-0.6 V (referenced to RHE unless stated otherwise); however, the adS@uEq)
reaction intermediate was only obged in the spectra at ~2100 ¢rnetween 0.2 V
and-0.1 V?>" 5*2 and was absent betwedn3V and-0.6 V where the CERR is
typically carried out. The standard ddurium potential for the reduction of Go
CO is-0.11 V2% and thus the appearance of the adsorption band as high as 0.2 V is
somewhat unexpected. The observation ofdaDhigher than standard equilibrium
potential can be explaideby a combination of a positive shift in the equilibrium
potential due to the lo&O partial pressure (no CO was introduced other than that
formed in the reaction) according to the Nernst equafionestimation of the change
in equilibrium potential wittthe coverage of CQis provided inAppendix D.2
however, the exa@quilibriumpotential cannot be obtained without the knowledge of

the absolute surface coverage of&&@he observation of CO in the spectra despite no
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significant CO production obsemdeat these potentials using gas chromatrography is

attributed to the extremely Hgsensitivity of SEIRAS for Cga.

0.5 M NaHCO; under CO,

Absorbance (a.u.)
(IHY 'sAA) 3

Eper=1.0

2200 2150 2100 2050 2000 1950

Wavenumber (cm”)

Figure6.1: In-situ ATR-SEIRAS spectra of adsorbed CO produced in €urated
0.5 M NaHCQ as the potential is stepped in 0.1 V imasats from 1.0
to-0.6 V on an Au film electrode. Spectra presented are Gtidal
scans at a 4 chresolution.

To further understand the adsorption behavior of CO on Au and, specifically,
and the absence of Ggat potentials where CQeduction to COs known to occur,
ATR-SEIRAS spectra were collected continuously during potecyiding between
1.0 V and-0.6 V in a CQsaturated 0.5 M NaHC{®lectrolyte (Figuré.2a). The
single CQq peak observed from 2050 ¢rto 2100 cmt appears only betweef.1V
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to 0.6 V, reaching a maximum peak intensity at ~0% VP 193The shift in peak

position
@ [0.5MNaHCO, underCO €O, b Osce, o 0O=c=o
Co, /\_- N i
i A 1.0 e ‘© Py
—— 08 o
s e B
—_ ﬁ = 4
= 0.2 E>06V
3 oo M
o 02 < C © ©
3] e_©
= 0.4 5, © °° ©
el 06| =g o o o o
— I 1 I I
o 04 I c C C C
2 oz|
< :
e e e e 0.0 E=04V
= 022
N
— e 04 d 0 . O
e & 0.6 1 %o Jo
5.:[—_———‘____ == 8:[& 0.8 (-] -} © C
o| —/———— o /\,_ 1.0
S e Sl © © © ©
2200 2100 2000 1500 1400 1300
-1
Wavenumber (cm ) E<-0.1V

Figure6.2: (a)In-situ ATR-SEIRAS studies of surface absorbed CO cartbonate.
Spectra (8 cadded, 4 cm resdution) were collected during potential
scans from0.6 V to 1 V at 10 mV/s under 1matCO on Au film
electrodes in 0.5 M NaHCGO(b)1 (d) Schematic of proposed CO,
(bi)carbonate, and sodium ion behaviors near the electrode surface at
different potentials

with changing electrode potential can be attributed to the electrochemical Statk eff
as demonstrated in SEIRAS studies of CO adsorftith®® 1282’ The CQqpeak
decreases concurrently with the riseadfand at ~1460 cfabove 0.6 V assigned to
adsorbed bicarbonate (&), which deprotonates upon adsorpttéhThis spectral
evidence suggests that theajppearance of Geat high potentials may be due to

displacement of CLby CGs aq(Figure6.2b). It should baoted that oxidation of
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COaqto COQralso occurs at similar electrode potentials on'®4°! and coudl also
contribute to the disappearance of the.gJ§2ak above 0.6 V where a positive current

is observed (FigurB.1.2). The disappearance of ¢t lower potentials, where the

rate of CO production increases, is less shtfogward. We attribute the

disappearance of CQfrom the spectra at potentials beledvl V to the displacement

of COugby Na' in the outer Helmholtz plane, which are drawn nearer to the electrode
surface as the electrode potential decre&é@he adsorption of alkali metal cations

on metal electrode surfaced@w potentials, and its impact on the rates of
electrochemical surface reactions have been discussed in previous¥eptifs but
experimental investigation of these interactions is less common. One nfiggorty

in studying alkali cation effects at electrochemical interfaces is that direct observation
of these cations is not possible using infrared spectroscopic techriigoeder to
overcome this barrier, and to verify that cations in the outer Héimplane are able

to displace C@ at low electrode potentials, the adsorption of CO was studied ina 0.1
M tetramethylammonium iodide (TMAI) saturated with CO using ASRIRAS

while the potential was cycled betwe€®n3 V and 0.6 V (Figur®.1.3). The TMA*

cation was chosen due to the strong spectroscopic signature of the methyl bending
mode at 1478 crh*3°which increases with decreasing potential, beginning at ~0.3 V
where the C@ peak intensity begins to decrease. This is strong evidence that cations
are able to displace G&on Au electrodes at sufficiently low potentials. Samiy,

Na" cations could reduce the surface coverage afs@below the detection limit of
ATR-SEIRAS at low electrode potentials (Fig@2d). It follows that the Au sites

will become available once the electrode potential becomes more positive, and CO
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free to readsorb on those Au sites provided it is still in the vicinity of the electrode
surface (Figuré.2c), allowing for observation of Gby ATR-SEIRAS.

Contrary tothis work and other previous studies of CO adsorption on Au using
ATR-SEIRAS inwhich only a single, linearly bonded CO peak was obsetéd; 193
some previoustudies of the C@dsorption on Au using ATISEIRAS have observed
an additional C@ peak from ~1900 crhto 2050 cm attributed to bridgebonded
CO on Au®>% We believe that the additional G&peak is due to contamination of the
Au film electrode by Pt dissolution from the counter electrode and electrodeposition
on the cathodic workinglectrode as shown previously for other electrochemical
systems with Pt as the counter electrode mat&fii® This hypothesis wasonfirmed
by studying the adsorption of CO under the same experimental cosdiso
previously described for the spectra in Figbs replacing the graphite rod with a Pt
wire counter electrode (Figui 1.1b). Despite the presence of an anion exchange
membrane separating the working and counter electrodes, significant Pt dapositi
occurs on the Au film working electrode, causing the appearance of additiogal CO
bands from 1900 crhto 2050 cm which persist t60.6 V. Both the peak position and
potential range of these additional G{®ands are in good agreement withfgkands
observed by Wulttigt al,, suggesting that the Au film had significant Pt contamination
in their investigation of the C&R on Au®® It is important to note that when only a
single CQqband was obseed, either an Au counter electrode was (f8eldtor the
potential of the working electrode was maintained above 0.1 V vs.f83E that the
potential of the counter electrode was likely kept sufficiently, maprevent
dissolution of the Pt counter electrode and subsequent electrodepositioa Au

film.
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Figure6.3: (a) Schematic representation of the potential sqware electrolysis of
CQO; saturated 0.5 M NaHC ®n Au film electrodes. (b) Correspding
current profiles at0.2 V through0.6 V during electrolysis. (c) ATR
SEIRAS spctra collecting during squaveave electrolysis. Colored
spectra were collected during electrolysis at each potential presented in
(b). Black traces above each colored&pum correspond to spectra
collected at 0.4 V after each reduction potential. pdctra presented
correspond to 8 eadded scans collected with a 4 tnesolution.

With this insight into the potentiependent adsorption of CO on Au, a novel
spectrelectrochemical method was developed in order to observe, for the first time,
the CQRR at the potential range in which & invisible to ATRSEIRAS under
normal conditions. Because the CO intermediate produced at Au electrodes cannot be
directly obsered during the potentiostatic reduction of £@ potential squarerave
electrolysis {lustrated in Figurés.3a) alternating between a reduction potential at

which the CORR is expected to occur, and 0.4 V, where thedb@nd reaches
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maximum intensity (Fjure6.2a) was employed. The potential was held at the
reduction potential for 30 snd stepped to 0.4 V until Geesorbs from the

electrode. Holding the potential at 0.4 V immediately after electrolysis allows a
fraction of CO produced during electrsiy to readsorb to the Au film electrode,
enabling direct observation of reductiomgucts. The resultant current profiles during
reduction cycles and the corresponding ASRIRAS spectra, collected at an interval
of every ~3 s throughout the square waxperiment, are presented in FiguBe&b

and 3c. Current densities froi.2 V and-0.6 V are inflated during the squasmave
electrolysis due to the high capacitive current associated with immediately stepping
the electrode potential down from 0.4 Vg with the short time scale of the
electrolysis. Consistent with the previous resFigure6.1), no CQqwas observed
during electrolysis at any potential betwe@r? V and-0.6 V during the squareave
electrolysis. No discernable Gépeaks were aderved in the SEIRAS spectra-at4

V after electrolysis at0.2 V or-0.3 V owing b both the low overpotential for the
CO:RRat these potentials and resulting in the low overall reduction current (< 2 mA
cm?, Figure6.3b). At reduction potentials 80.4 V through-0.6 V, however, the rate

of CO production is sufficiently high to proce a strong CQband at 2106 crhafter

the product readsorbs at 0.4 V. The initial size of the band is a qualitative indicator of
therate of CO production, as the gf@eak increases in intensity at 0.4 V with
decreasing reduction potential due to ghler concentration of produced CO near the
Au film following electrolysis. Following the potential step up to 0.4 V, thedp@ak
gradudly decreased in intensity as CO concentration near the electrode decreases due

to diffusion into to the bulk electraly and eventually out of the G@urged solution.
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This squarevave method enables, for the first timesitu detection of the CO

product of the COGRR on Au electrodes.

6.3.2 Isotopic Labeling of Products and Reactants during the CQRR
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Figure6.4: (a)In-situ ATR-SEIRAS study of CO produced in tf€O; purged 0.5
M NaH?CQ; electrolyte in real time. Each point corresponds to the
13C0,¢1%C0.q peak intensity ratio in a single spectrum collected at 0.4 V
after reduction at0.6 V (circles) and0.4 V (diamomis) on an Au film
electrode. (b) Spectra collected at 0.4 V after electrolysx &t/
corresponding to the open blue points in (g) Sjoectra collected at 0.4
V after electrolysis at0.4 V corresponding to the red diamonds in (a)
and (d) schematic gfotential profile used for electrolysis in (a), (b), and
(c). All spectra presented correspond to &dded scans collected with a
4 cmi* resolution.

This potential squarevave approach was applied in conjunction with isotopic
labeling to gain insightsito the CGRR mechanism. An isotopically label&€ O,
purged 0.5 M NalfCQO; solution was initially reduced at an Au film electrodeta6

V, in order to produce CO (Figuf4). The potential was then stepped up to 0.4V,
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and a spectrum was collected irdmately after the potential step, in order to observe
the CO product (Figer6.4d). This procedure was repeated continuously over 80 min
to investigate the isotopic composition of the CO product as a function of time. The
isotopic composition of the proded CO was quantified by monitoring wekfined
bands for?CO.g and**COuq species throughout the electrolysis process. In these
experiments &COaqpeak will appear 2100 ch??>while a peak due tFCOagis
expected to shift to 2053 chbased on Equation 6.vhere 1/_and 1/°, and* and

“ * are the wavenumbers of vibrational modes and reducedemasthe unlabeled

and labeled molecules, respectivEly.

p Lz

BZ (6.1)

Surprisingly, only the unlabelddCO.q (2100 cmt) was observed initially
(Figures6.4a ands.4b), demonstrating experimentally, for the first time, that the
carbon source of 1CO produtoriginates not from th&CQ; in the headspace, but
from H'2COs in the electrolyte. A vibrational band corresponding to adsori@hq
(2055 cmt) appeared after ~20 min and grew with time as the equilibrium exchange
betweent?CO; and H3COs occurred An experiment conducted 4.4 V yielded
similar results (Figure§.4a ands.4c). Further, when beginning withCQ; saturated
0.5 M NaH?3CQ; at-0.6 V, the opposite trend of isotopic composition with time was
observed (Figur®.1.4), with themajority d the initial product being®CO. These
isotopic labeling studies provide the first experimental evidence that theubbled
into the solution is not the primary carbon source for theREQ rather, carbon in

HCOs must be involved and is thimary cabon source.
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Figure6.5. (a) ATR-FTIR spectra (4 crhresolution) of CQagalong with
percentage of the total peak area belonging@@:aqand*COyaq)in
13CO, purged 0.5 M NaHC® Reference spectrum: Ar saturated 0.5 M
NaHCGQs. (b) ATR-FTIR specta (4 cm' resolution) of H*COs™ and
H3CO;s after electrolyte purging with’CO;. (c) MS spectra indicating
the composition of3COyg) (red trace, m/z = 29) ardCO; () (black
trace, m/z = 29) after electrolyte purging and during the 5 min
electrolysis.(d) After 5 min electrolysis. Green and blue traces indicate
the portion of the fit (red) composed ot30; and H3COs
respectively. Reference spectrumCH
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Two possible mechanisms for the isotopic composition of the CO product
could be aplay: (i) OO is prodiced directly from the reduction oftBCOs rather than
dissolvedCQ, or (ii) the equilibrium between GQgand HCQ, i.e.,

13COpaq)+ H’COs 7z 2COp(aq)+ H3CO5
in the electrolyte is sufficiently fast that the isotopic conitpws of COyg) is different
than CQgq)near the electrode surface wherex@&is reduced. The first possibility
was assessed by monitoring the CO production rate during electroly@i tin Ar
purged NaHC® however, no significant CO product walsserved singgas
chromatography. This is consistent with previous regétt&®®which argue against
the first mechanism. We investigated the second possibility further by monitoring the
isotgpic composition®f the poswle carbon sources in the system ggPCOx(aq)
and HCQ) as well as the produced CO using AFRIR and mass spectroscopy
(MS). The composition 0ffCOy(g) and2CO, () were estimated by examining gas
aliquots from the heagace of the cellsing MS,while the composition of bulk
H2COs and H3COs were estimated through AFR spectrum deconvolution of the
vibrational bands associated t&’805 (1362 cm')*¢and H3COs (1323 cm?). After
the NaH?COs solution was purged witBCO; (1 atm), a &min electrolysis a0.6 V
was performed. The bicarbonate comgogitvas estimated to be ~96%4%80s (i.e.,
~4% H3COy) after purged with*CO;, which decreasd to ~87% after the-&in
electrolysis (Figuré&.5a ands.5b). Correspondingly, the initial composition of £i@
the headspace was ~878€0; (i.e. ~13%'2CQ,) and the number gradually decreased
to ~54% during the electrolysis (Figudéc). The isotopiccomposition of dissolved
COraq)Was determined using a method similar to bicarbonate in a separatéRATR

experiment wherein reaction conditions were simulaietdeginning with an Ar
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saturated 0.5 M NalCO; solution and purging the electredywith 3CO, for 5 min,

then purging the headspace for 5 min, and finally sealing the cell and monitoring the
isotopic composition over the next 30 min. DissolV&0,ag (2343 cm') and

13COp(aq) (2278 cmt) peaks®were monitored throughout the experiment and peak
areas were calculated in order to deterenthe isotpic composition of CQaq) (Figure
6.5d). Interestingly, the dissolved G@yis found to be ~80%COzaq Over the time
frame that electrolysis would occur, whereas the&(D the headspace is only 6%
12C0Oy(g) over the same time frameuging electolysis). The CQuaq isotopic

composition matches much more closely with that of bicarbonate (< 10% difference)
than CQ) (> 30% difference), indicating that the equilibrium exchange between
bicarbonateand CQq)is very rapid (faster thathme diffuson of CQ(g) to become
COzaq).1°® Theseresults sggest that CQyg purged into the system does not remain
intact in the electrolyte and is consistent with the @@iration rate measured by the
stoppesdflow method!®® Further, sampling of produced CO in the head space by MS
reveals the majority of the camh monoxide (~89%) produced w&€O (m'z = 28,
Figure6.6a), which is similar to the average composition both'6€8s; and

12COp(aqy These MS and FTIR results (summarized in Figusb) are consistent with
the hypothesis that Cf) is not the directarbon source in the GRR within the

duration ofthis experiment. Instead, carbon atoms irpefand HCQ  rapidly

exchange and equilibrate, and most of carbon in the produced CO originates from
HCQOs due to its high concentration as compared te&OThese isotopically labeled
ATR-SEIRASand MS expriments were repeated (with different electrode potentials,

detailed in Figurd.1.5) on other common CG@roducing electrodes such as oxide
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Figure6.6: (a) MS spectra of the CO product after 5 min electrolystdGo,
saturated Nal4CQ; electrolye at-0.6 V and corresponding isotopic
composition. (b) Summary of the isotopic composition of bicarbonate,
CO. in the headspace and dissolved in the electrolyte, and CO produced
during electrolysis. (c) Summary of the isotopic composition of
bicarbonateCOy(g), andCO on various metal electrodes taken from the
full data presented in Figui2.1.5. (d) Proposed equilibrium between
COe and bicarbonate. Red, black, and blue colors indicate atoms that
were initially part of CQ, water, and bicarboims, respectely. (e)
Schematic of the proposed mechanism for increasing the effective CO
(CO®9) concentration via the equilibrium between £0d bicarbonate.
Species at the Au surfateat can be readily reduced to CO are marked in
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compositions o0y (g), bicarbonateand the CO product (summarized in Figaréc).
All other COselective metals tested exhibited similar behavior to that of bulk Au,
with the isotopic compositions of bicarbonate consistently falling within 10% of the
CO product, witlthe CQg) compositionconsistently > 40% different than CO.

Based on the results of isotopic labeling experiments, we propose that the
majority of the CQaq)being reduced to CO is actually supplied ByE0s through
rapid equilibrium (Figuré.6d), andthat the pimary roleof COy(g) is to establish and
maintain the equilibrium concentration of &£ based on other species in solution.
Rapid equilibrium exchange between £gand HCQ in solution could increase the
effective CQq)concentration©O;*Y) nearthe electode surface by allowing GQq)
to hop between bicarbonate ions in solution (analogous to the Grotthuss meéRanism
for proton diffusion in water in which protons hop between water molecules as Eigen
or Zundel ations), esentially allowing any HC® near the surface to be reduced in
the CQ®*form (Figure6.6d). In this case, the l®of bicarbonate is not simply a pH
buffer’® or H" donot>®for CO production as previsly proposd, but also key to the
reaction rate by facilitating CQq) transportation due to its much higher concentration
It is important to clarify that this hypothesis is fundamentally different from claiming
that bicarbonate is equivalent to €@ the CQRR and can therefore be reduced
directly at the electrode surface. If either £noiety of the bicarbonat€O,
equlibrium complex (Figures.6d) is reduced in the GABR, the other moiety is
simultaneously converted to He@nd can no longer berdctly rediced to CO.
Considering that this rapid equilibrium is a solutioediated, rather that electrode
mediated proces and the similarity of isotopic labeling results on otherge{@ctive

electrodes, the proposed role of bicarbonate is likelgtgdmeral o all CO producing



electrodes. This proposed mechanism is in good agreement with previous reports that
CO:RR rates are significantly higher in bicarbonate solutions than other buffer
solutions at the similar pH and potenfi&P°®Noda et af°® demonstrated that in a 0.1

M phosphate buffer solution of pH = 6.8, the partial CO current densdyigj

roughly 0.4 mA crif at -1.31 V \s RHE. In 0.1 M KHC@, Hori?*? showed thatdo =

5.0 mA cm? at the same poteat, over a order of magnitude incrsa in goin

bicarbonate as compared to that in the phosphate buffer solution. The dimistshed j
with the phosphate buffer solution argues against the role of bicarbonate as primarily a
proton donor in the CERR *° because the psence of a more effective proton donor,

i.e., HoPQy (pKa = 7.2), than bicarbonate (pk 10.3) does not translate to higher

CO:RR rates. Furthermore, no spectroscopic evidence for specific adsorption of either
bicarbaate or phephates was observed at &R potentials (<0.3 V, Figures$.2a
andD.6), which is likely due to the electrostatic repulsion of between anions and the

negatively charged electrode surface.

6.3.3 Kinetic Analysis of the CQRR on Au
In light of thesenew spectrscopic insights, weropose the following
modified mechanism for the GRR on Au electrodes in agueous bicarbonate

electrolytes, based on previous work from Rosen ¥ al.

665 006 z QP GGW GO 6.2)
66W QP 66" 0O (6:3)
66°P 60 = (6.4)

In the initial step (Guation6.2), CQ, or CQ®Y, is reduced in a simultaneous 1
H*/ 1 e transfer at a free surface sitg % form the COOH* intermediate. Water is

proposed to act as the primary #bnor for the reaction, aér than bicarbonafé?
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which will be justified in the following kinetic data. Next, COOH* is reduced in the
second electromdnsfer step to produce adsorbed CO (CO*). CO* then desorbs from
the surface to produce the final CO gwat in equation (4). If we assume low surface
coverages of CO* and COOH*{ p), as suggested by the lack of SEIRAS
signature of adsorbed intermat#is at CERR potentials (Figuré.1), and Equation

6.3, the second eransfer step, to be rate limitingansistent with the observed Tafel

behavior in Figur®.1.8a) the CO partial current] ) can be described by equation
(2):

Q00 G AdBo (65)
¢'OQrL U @ v :
whered s the activity of C&*% — is surface coverage of CO%-  is the

surface coverage of the COOH* intermedi&, is the rate constant for step (A2),
0 is the equilibrium constant of equation (2),iKqco/qcoor,— and—  are the
applied overpotentials for equations (2) and (3) on the RHE scale respetOisely,
Far aday 0 ¥is thegassdnstamt; afitfis temperature. The expected Tafel
slope (1 @ 1 1°Q ) based on equation (5) with the seconulander (equation
3) as the ratdimiting step is 59 mV de& which is in good agreement with the
experimentally obserd Tafel slope (FigurB.1.7) of 56 mV det at low potentials-
0.325 t0-0.4 V) on Au film electrode® A more detailed derivation of the expected
Tafel slope is provided in thppendix D.4 The Ta€l slope increases at potentials
below-0.4V to 250 mV ded, which is consistent with previous studies at these
higher overpotential® 1>*This change in Tafel slope at more negative potentials
could be attrinted to loth a limitation of mass transport of €@(with currents of
260 HA cm? at-0.425 V) and/or a blocking of reaction sites by Methe outer

Helmholtz plané® The CQRR in aqueous NaHCGQolutions takes place at



potentials lower thar0.11 V vs. RHE (the standard equilion potetial). At these

low potentials, the density of cations near the electrode is expected to increase as the
electrode becomes more negatively charged. Therefore, we hypothesize that the
increase in Tafel slope below.4 V is caused by the combineifeet of 1) blocking

of surface by N&in the outer Helmholtz plan€Zand 2) electrostatic repulsion of
bicarbonate anions from the negatively charged electrode, which limits the ability of

CO®%to reach the electrode surface.

6.3.4 Dependence ofdo on [CO2]

To further probe the role ¢1COz, reaction orders of both Gand HCQ
concentration were studied at a constant overpotential®V (.e.,-0.61 V vs.
RHE). Constant overpotential measurements on the RHE scale are necessary to
account for any change in pH that occurs when dhgratherreaction conditions
such as the partial pressure of £gf{pco2) or concentration of phosphate/carbonate
species as detailed by Rosen éfaUnlike previous studies which have investigated
CO, dependence based ogopin the headspace of the electrolysis’¢elt®? 165 CQ,
dependence is investigated using the concentration at&i® the solution ([CQ))
calculated from measured solution pH and equilibria among atildexs species. As
reactions occur in solution, rather than in the gas phase, usinyrig@iaer than poz
gives a more rigorous representation of@&tivity for the CQRR. Further, theihear
correlation betweengp,and [CQ] based on Hwtholdrigosouslyaw does
due to the equilibrium between @g3)and bicarbonate in the solution. In order to
interpret the results of these experiments, equation (5) is expanded to convolute the

dependence on [GPand [HCQ] as given in equations (6) and (7).
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N QL0 O | Agb — (6.6)

| 8 "0d) (6.7)
where is a function of [HC@] and describes the enhancement obgfihrough
equilibrium with bicarbonate, andis the order dependence of [HePwithin| .
Based on equation (6), the experimentally observed slope of 0.9 from the plot of
log(jco) versus log[C@] (Figure6.7a) irdicates a $order dependence afgon

[CO2], which is consistent with previous reports/un electrodes® 1A more

detailed derivation of the order dependence ofG@d [HGOs7] is given in

Appendix D.3
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Figure6.7: CO partial current density of Au foil vs. (a) e@artial pressure in 1.0 M
NaHCQG and (b) NaHC®concentration (with NgdPQOy added to the
electrolyte to maintain ionic strength and buffer capacity) at 0.1 MaNa
a constant overpotential €3.5 V.
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6.3.5 Dependence ofdo on [HCO3]

Analysis of the dependence of the reaction rateH©XJ:] is significantly
more complex, because (#Ds] is determined via multiple aqueous equilibria, rather
than only by the amount of NaHG@dded. In order to address these complications,
the dependence of the reaction rate on [B{3©® studied by changg [HCOs] while
maintaining the ionic strengtind buffering capacity of the electrolyte using a
phosphate buffer. More specifically, [Nas maintained at 0.1 M, and the ratio
between [HC@] and [HPQ?] is varied in order to probe the effect of chiamyg
[HCOs]. The achievable range of [HGQunder 1 atm CQis 0.040.1 M based on
equilibria among CQag, HCOs, HPQ?, and HPQy (TableD.1.1). If HCOs is
indeed only acting as a proton dot¥pr pH buffef® in the CQRR, replacing the
bicarbonate buffer with a phosphate buffer of a similar pH should, in principle, have
no effect on the rate of reaction. The results of these experiments are gdotted
[CO2] ™ versus log[HC@]. Since [CQ] changes vih pH, and in turn with the
bicarbonate/phosphate ratio, the effect of j>@riation on §o must be removed
from the bicarbonate dependence study by normalizinggheijh [CO;] (equation
6). Raher than showing no dependence on [HCO ( b = I@be expexted ifw o u
bicarbonate were simply a proton donor, a
order dependence afdon [HCO;] when [HC Q] is between 0.044 and 0.1 M. This
observed ¥ order dependence on [HGDdemonstrates that bicarbon@atprimary
role in the CGRR isnot acting as proton donor or pH buffer, which is consistent
with our hypothesis that bicarbonate enhancedRFOrates by increasing the
effective [CQ] near the eletrode surface as detailed in equations (6) andr{43.
also justifies the assumption that water, rather than bicarbastte,primary proton

donorin theproposed mechanism (equationg)2
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6.4 Conclusions

In summary, we developed a spectroscopic methadserve normally
invisible reaction intermediates dfe CQRR on Au by ATRSEIRAS with square
wave potenti al profiles in which GO is
0.4 V), then observed at 0.4 V. Further, we demonstrate, using a ctiorbiofan-
situ spectroscopic, isotopic labeling, and sapectrometric techniques, that the
majority of CQag)in the electrolyte originates from the equilibrium with bicarbonate
rather than diffusion of C£). Rigorous electrokinetistudies also demonstrate% 1
order dependence on bicarbonate, which stpphe conclusion that bicarbonate has
a beneficial role in the C/RR rather tharacting simply as a pH buffer orgion
donor. Based on these results, we propose that bicartmteaces CERR rates by
increasing the effective reducible €&ncentratin in solution through rapid
equilibrium exchange between the two species. Isotopic compositions of reactants and
products on various electrode materials suggest that this enhanicdr@€»RR rates

via rapid equilibrium with bicarbonate is universal toGD-selective electrodes.
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Chapter 7

ANALYSIS OF ELECTROKINETIC DATA TO UNDERSTAND SURFACE-
MEDIATED ELECTROCHEMICAL REACTIONS

7.1 Introduction

The surface mediatezlectrochemical conversion of small molecules such as
H.0, CO and N to valueadded chemicals usingmewable energy is a promising
strategy for a growing sustainable chemical production and energy storage
infrastructure?®~2%° Upgrading these small molecules typically involves multiple
electron and proton traress and can produce many products each with a number of
possible reaction intermediates. This complexity presents challenges in the elucidation
of molecular leveteaction mechanisms, which are critical to the design of efficient,
selective, and stable eteocatalyst$°

A variety of experimental techniques have been used to igatsthe reaction
pathways and mechanisms of surface mediated electrochemical reactions, fro
feeding suspected intermediate species as readtahtso utilizing spectroscopic
techniques to probe reaction intermedigtés!® each with their own advantagesian
disadvantages. One of the most common methods in electrocatalysis is Tafel analysis,
in which the quantitative depentte of thepartial current density towards a specific
product (the electrochemical reaction rate) on the applied potential (Tafelislope)
determined® The experimentally observed Tafel séspcan then be compared to
theoretically derived slopes by assuming differentliatéing steps (RLS) and quasi

equilibrated steps in a proposed reaction mechanism. By comparing the
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experimentally measured Tafel slope with those derived based on ag@topos
mechanism and RLS, researchers are able to either reject or support proposed
mechanistic pathways. However, Tafel lgas does have significant limitations. For
example, it cannot differentiate two mechanisms that share the same expected Tafel
slope, vhich is frequently the case for complex reactions involving multiple electron
and proton transfers. Furthermore, initi@chanistic assumptions can influence
experimental design, which could in turn bias mechanistic interpretations.

In thischapteyr we ug the simplest-2lectron CQreduction reaction
(CORR), the catalytic conversion of G& CO on Au and Ag surfacess an
example to demonstrate the complexity and challenges associated with commonly
used electrochemical techniques for elucidating ¢letion pathways and
mechanisms. Through a detailed comparison and analysis of both existing and new
electrokinetic datawe show that the results of these mechanistic studies strongly
depend on experimental design, which is dictated by the assumedrreaetibanism.
Thechaptemwill discuss the mechanistic insights gained from Tafel analysis, as well
as considerations ithoosing experimental parameters when conducting Tafel analysis
to ensure measured rates are dictated by electrokinetics rather thguedraroluted
by mass transport limitations. Particular emphasis is placed on how these variations in
Tafel analysis whin the existing literature result in different conclusions about the
possible reaction pathways and the RLS. Furtherchhptemwill demonstrate how the
assumed reaction mechanism and the RLS can dictate experimental design, including
which variables mst be controlled to obtain meaningful kinetic data. For example, in
the case of C&RR to CO, the choice of reference scale betweentdmelard

hydrogen electrode (SHE) and reversible hydrogen electrode (RHE), which should be
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equivalent in principle, caraeh produce seemingly conclusive results that reinforce
differing initial mechanistic assumptions. As such, we hope to convey thengesle
associated with these experimental methods and emphasize the necessity of
developing advanceaperandospectroscopi techniques and computational methods
to help further elucidate the reaction pathways and mechanisms for tR&RCO

specifically, as welas for the electrochemical upgrading of other small molecules.
7.2 Mechanistic Insights through Tafel Analysis

7.2.1 Derivations and Limitations of Tafel Analysis

Although Tafel analysis has been used to propose and verify reaction
mechanisms, e.g., hydrogen eva reaction (HERY!® 218217 hydrogen oxidation
reaction (HOR)216 218219 gxygen reduction reactioi® 229223 oxygen evaltion
reaction?1® 224225 gnd ethanol oxidation reactiéff,it is imperative tanotethat Tafel
analysis has limitations. Most notably, Tafel analysis is only appropvitian a
specific overpotential range. For an electrochemical reaction of the form given in Eqgn.
1, the full ButlerVolmer equation (Eqn. 2) can be simplified to the Tafel equation

(Egn. 3) only if the overpotential is sufficiently high so that the ratheoreverse
reaction is negligible comparing to that of the forward reactionA.@ B— L

Aop—— 2
O+EAP Y (1)
%, L) o, _T O o _T p“o
Q £ ooAQE}FY co/&raiaT (2)
. . . — O
a0 &0 wA@BT,Tf 3)
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In Egns. 1 & 2h = ET Eequilibrium, @andb is the symmetry factor. To clariff, is

negative for reduction reactions such asRR), and the term overpotential in this
chapterefers to the magnitude bf i.e., h|. Thus, a higher overpotealticorresponds

to a lower (or more negative) electrode potenfiak overpotential must be [iie
sufficiently low so that the reaction rate is kinetically controlled in determining Tafel
slopes. Otherwise the observed Tafel slope will be convoluted bytraasport
limitations. For example, owing to very fast kinetics, Tafel analysis of the HOR/HE
on Pt using the rotating disk electrode method were plagued by transport limitations
which caused an apparent Tafel slope of ~30 mV dseggesting a raémiting

Tafel step (.60 P ¢'O ).2’®However, more recent work using a plimp
configuration to improve mass transport has shown a Tafel slope of ~118 MV dec
consistent with either a Volmel) P 'O Q) or Heyrovsky O P O O

Q) RLS1" 21%\oreover, Tafel slopes, evevhen measured properly, in many cases
do not correspond to a unique mechanism as several proposed mechanisms could lead
to the same expeax Tafel slope. This is due to two primary reasons: 1) measured
Tafel slopes are only impactég the RLS and stepslore RLS, and 2) mechanisms
with different RLS and/or the steps before RLS could result in the same expected
Tafel slope. This case issal illustrated in the mechanistic investigation of the
HOR/HER, where a Tafel slope of 118 mV decdicatesthateither the Volmer or
Heyrovsky step is limiting, but does not distinguish between the two. Thus, as
informative as Tafel analysis is, addital characterization is often needed to

unequivocally prove a proposed mechanism.



7.2.2 Experimentally Determined Tafel Slopes for the CQRR on Au and Ag
Surfaces

For the simplest-2lectron CGRR to CO on Au, different Tafel slope values
(567 140 mV ded) hawe been reportetf; 66: 155 16465, 206, 221a5(ding to many
different mechanistic proposals. Figd.1 summarizes previous Tafel analyses and
illustrates how the experimentally derived Tafel slope is highlgdéent on the
region of applied potentials employed. While most of literature reported a Tafel slope
near 118 mV det studies of CERR to COat low overpotentials (less negative than
0.4 V vs. RHE) have consistently exhibited slopes near 59 mV (#égure7.1, black
solid circles and open purple traces). Kaagaal. have previously ascribed the lower
Tafel slope observed on oxidierived Au electrodes to a change in the RLS due to
stabilization of the proposed *GOntermediate>> Meanwhile, air previous work
showed that even bulk, polycrystalline Au electrodes also exhibited a Tafel slope near
59 mV dec at sufficiently low overpotential$.We therefore propose that the
previously observed Tafel slopes nea8 mV dec are a result of those experiments
being conducted at high overpotentials, at which measured CO product®areate
not strictly determined by electrokinetics. Indeed, for each of the polycrystalline Au
experiments conducted at higher overpbés (Figure7.1, solid red, purple, and gold
symbols), the Tafel slope exhibits a noticeable residual curvature wheyaeping
lower overpotentials (less negative potentials), indicating that measured rates in these
experiments are likely impacted bgrrkinetic factors, such as mass transport
limitations 26 1% 22/For examplealthough Kanart al reported a slope of 114 mV
dec? for polycrystalline Au, the slope using data points at the lowest measured
overpotentials-0.4 and-0.45 V vs. RHE), decreases to 83 mV &€ A similar

trend holds in aecent report by Surerahathet al. where Tafel slopes of 125, 140,
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and 167 mV detcan be calculated using the two, three, and four lowest overpotential
points, respectively?’ Moreover, in our previous work with Au foil electrodes, Tafel
slopes of 134 and 167 mV dewere observed using data freth4 to-0.425 V and

0.4 t0-0.45 V (vs. RHE), respectivefy.
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Figure7.1: Representative Tafel plotsrfpolycrystalline Au fom Xuet al (black
circles, Ref. 25), Horet al. (gold triangles, Ref. 26), Surendranattal
(red squares, Ref. 29) and Karedral (solid purple diamonds, Ref. 24)
and oxide derived Au (open purple diamonds, Ref. 24). Sols li
representinear fits between points with slopes of the indicated value.

There is a strong parallel in measured Tafel slopes on Au and Ag surfaces,
both exhibiting high CO selectivifif.Despite the majority of existing work suggast
a Tafel sbpe of ~118 mV deton bulk Ag, Tafel slope values close to 59 mV-tec

(64 and 58 mV det) were measured on nanoparticle and nanoporous Ag electrodes at
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Figure7.2: Representative Tafel plots for polycrystalline Ag from this work (black
circles), Jaamillo et al. (red squares, Ref. 32) and Je&al (solid purple
diamonds, Ref. 33). Open purple diamonds and triangles represent Tafel
data on nanoporous and nanoparticles, respectively (Ref. 33). Solid lines
represent linear fits betwe@oints with sbpes of the indicated value.

low overpotentials (less negative th&b V vs. RHE, Figur&.2).152 228 jke Kanan

et al, Jiaoet al initially attributed the shifin Tafel slope to a change inetlRLS of

the reaction, owing to an increase in ssép density for the nanostructured
electrodeg®? However, measurements on bulk polycrystalline Ag foils at low
overpotentials (less negativean-0.5 V vs. RHE) in this workls®ow a similar slope
(67 mV ded) to that of nanostructured Ag. Like Au, Ag most likely has a transport
free Tafel slope of ~59 mV décand previous measurements showing slopes near
118 mV ded are due to transport limitatiomsused byherange ofcurentdensity

and potential employed herefore, it is critical to ensure Tafel slopes are measured

under conditions controlled only by electrokinetics. In addition to current density,
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electrode ptential could also play a decisive role in determining wéethe
measured rate is dictated by electrokinetics, as will be discussed in detail in the

following section.

7.2.3 Impact of Electrode Potential on Measured Rates

Mass transport limitations in electte surface mediated reactions are caused
by the slow rate afransport of reactants to, or products from, the electrode relative to
the rate of the electrode reaction (current density$in addition, the reorganization
of ions in the electrical double layer in response to the electrode potential could also
have an impactrothe mass transport. Cationic species tend to crowd tkee out
Helmholtz plane (OHP) of the electrical double layer at lower electrode potential due
to electrostatic attractich34 These electrstatically bound cations have been shown to
interact or even displace adsorbed spetithlt is likely that these cations could to a
certain extent limit the access of reactant to the surface and cause samssstr
limitation. This effect will be more pronounced at lower electrode potentials, as the
OHP will be increasingly crowded by cations drawmiegatively charged electrode
surface and the electrostatic interaction between the cations and the suifbee wi
stronger. This phenomenon was illustrated using attenuated total reflectance surface
enhanced infrared spectroscopy (ABRIRAS) with CO as probe molecule. The
potential was cycled between 1.0 aOdB V vs. SHE in C&aturated 0.1 M KCI©
electrolyte on an Au film electrode (Figui®3). At high potentials (>0.8 V) the
adsorbed CO band (~2100 ¢isappears due to CO oxidation to £86+62 101
Interestingly, the adsorbe&iO coverage also decreasebte0.2 V vs. SHE and
desorbs completely belov@.4 V vs. SHE. As detailed in our previous work, the

desorption of CO below 0.4 V vs. SHE is due to displacement of the wiealkhd

121



CO by K" in the OHP drawn to the negativelgarged electrod&4° In the case of

COz reduction, as the electrode potential is decredbectlectrostatic attraction

between electrolyte cations and the electrode increases, forming a potentially site
blocking layer of cations in the OHR additon to displacing produced CO. Although
the observed Tafel slopes on polycrystalline Au (~ 118 mVA)daed oxidederived

Au (=56 mV ded) were measured in the same current density region, mass transport
limitations have a more pronounced impaetthe neasured Tafel slope on
polycrystalline Au due to the lower electrode potential needed to achieve the same
current density (~0.15 V lower as compared to that on exélved Au) due to its

lower activity. The dependence of the composition of teetechenical interface on
electrode potential (accumulation of cationic and anionic species at low and high
potentials, respectively) makes the electrode potential a defining parameter, along with
the current density, for ¢erminingthe kinetically conwlled pdential region and
therefore a key parameter in the design of electrokinetic experiments. As a result,
Tafel slopes measured at low current densities and electrode potentials without
significant electrolyte/electrode interactions are more reliable fhe Tafel slope for

the CQRR on Ag and Au is 59 mV décAlthough it is frequently not practical to
conduct electrokinetic investigations at or close to the potential of zero charge (PZC),
where the interaction between ions in the electrolytetlameletrode surface is

minimal, as in the case of GRR, the closer the potential range investigated is to

PZC, the less likely that the measured kinetic parameters are impacted by the

ion/electrode interaction.
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Figure7.3: (a) ATR-SEIRA spectra (4 crhresoltion, 8 ceadded scans) a linear
potential sweep at 5 mVifrom-0.8 V to 1.0 V vs. SHE on chemically
deposited Au film electrode in 0.1 M KCi@nder continuous CO purge.
Reference spectrum collected at 1.0 V. (b) Schematic representation of
COand eletrolyte ions in the double layer between 0.8 @hd V vs.

SHE and (c) below0.4 V vs. SHE.

7.2.4 Expected Tafel Slopes based on Common GRR Mechanisms

As previously alluded to, measured Tafel slopes could provide valuable, but
often not definitivejnsights into reaction mechanism. To facilitate the discussion, we
summarize three proposed reaction pathways that are most commonly invoked in the
literature (Tabler.1), and the expected Tafel slope assuming each step as the RLS and
low surface coveragef anyadsorbed intermediate, i.e., coverage of unoccupied

surface sites (d*) approaches unity. The
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Table7.1: Proposed Rate Expressions and corresponding Tafel Slopes

. . Tafel [H*]
.d 2\ . a
Step Rate Expressio®? (jco =) ¢ Type Slope  Order®

Al 86 @ 2 80 o —AoE 20 ET 118 0

66 06 , 00
A2 L% e e Cio @0 40 ABD PT 59 0

b 6
Az 200 20 © “OQLAQI%{—J ¢  PCET 39 1
A4 86 P 80 aleleds® & 4,00 D 30 2

0 Y'Y

66 00 Q = i o1 pO
Bl % it oo oo —FA@DT PCET 118 0

60® 00 iy D80 O 0’0
B2 ¢ %% 0 20 5o R———ABD PT 59 1
B3 5P EO, "@MAQ%—J ¢ ET 39 2
B4 606 P 60 2 "czz”s”su,s“’ © Agps00 D 30 2

V] Y'Y

60 006 Q z e o T pO

o0 9P e o
ce S5® 00 9 i 2 agR PCET 39 1
C3 60 P60 "@MA@DCSYO D 30 2

8Assuming 4 value of 0.5

PReduction currents are negative basedt@ convention in Equation 2, for clarity negative signs have
been removed for current density in Tablé

°ET: electron transfer, PT: proton transfer, PCET: pratompled electrotransfer, D: desorption
dAssuming water, rather than bicarbonate alrbypium ions, as the proton donor

adsorbed intermediates is justified by our recent spectroscopic investigation
demonstrating that no vibrational band corresponding to adsorbed intatenedi
including CQuaa), is present at typical electrode potentials iggpin the CGRR°
Additionally, adsobed hydrogen coverage is assumed to be negligible as no band
relatedto atopbound hydrogen is observed spectroscopically and computational work
shows that the hydrogen binding energy is significantly weaker than CO binding
energy on Au, so that CO covgeashould be higher than that of hydro§2/2°

Finally, although electrostatlly bound cations may act to prevent transport to the

surface, effectively decreasing d*, as
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hypothesis are based on the behavior at the low over@igetio.4 V) only, so that
cations effects shoulde minimized. As a result, we assume that cations have a
negligible impact on available active sites for the purpose of kinetic derivations. The
most commonly proposed mechanism (Pathway A) involves an initial electron transfer
(ET) to CQ to form an adsdred, negatively charged G@termediate (*C@), which

is then reduced to CO via a proton transfer (PT) step followed by a final proton
coupled electron transfer (PCET) before desorption, as in Steph.3(teferred to as

the ET pathway, or Pathway A Trable7.1).56: 1 165 206. 22A [ternatively, it has been
proposed that the reaction proceeded through an initial PCET to form an adsorbed
carboxyl species (*COOH), followed by a second PT, and a final ETottupe CO
(referred to as the PCET pathway, or Pathwa3fB¥?®Finally, Xu et al.proposed a
simplified version of the PCET pathway where the initial PCET is followed by a
second PCET to form CO (Pathway“€)n all three cases, if the initial step is rate
limiting, regardless whether it is an ET or a PCET stepexipected Tafel slope is
118mV decl. If the PT following the initial ET (Pathway A) or the initial PCET
(Pathway B) is rate limiting, both ET and PCET pathways are expected to show Tafel
slopes of 59 mV det A Tafel slope of 39 mV delis expected inach case if the

second ET (Rthway B) or PCET (Pathway A) is rate limiting (assuming a symmetry
factor, b, of 0. 5)!sexpattddif&O deboopion is thef rat8 0 mV
limiting step. Based on the ~59 mV detafel slope measured on both Au and Ag
surfaces in the kirtie regime as discussed in the previous section, we conclude that
regardless whetheatalysts are polycrystalline or nanostructured in natbee

reaction is limited by a PT step preceded by an initial ET or PCET at low

overpotentials.
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Although Tafel aalysis alone cannot distinguish exactly which pathway
CO:RR proceeds, several meaningful conclusions can still be drawn. First, a Tafel
slope of ~59 mV detis not expected for any step in Pathway C, which indicates that
it is unlikely for theCO,RR on Auor Ag electrodes at low overpotentigideanwhile
ET and PCET pathways could both be consistent with the measured transport
limitation-free Tafel slope with the second PT step in each mechanism (Steps A.2 and
B.2) as the RLS. Although the stabilizatiointloe *CGO;” intermediate via interaction
with the electrode surface could make its formation potentially feasible when a
suitable molecular catalyst is used, the formation of freg* @energetically
unfavorable (E=-1.85 + 0.06 V vs. SHE3**232One potential way to distinguish
between the ET pathway and the PECT pathway is to study the rate dependency on the
pH of the electrolyte. If Step A.2 is the RLS, no pH dependence is expected (reaction
order of [H] is zero), as no PT occurs in Step A.1. If Step B.2 is the RLSped&r
dependence on pH is expected (reaction order gfifHL), owing to the PT in the
equilibrated Step B.JAs will be discussed in the next section, these seemingly
straightforward stdies can be complicated by the experimental difficulty in varying

on parameter at a time due to multiple aqueous phase equilibria in the electrolyte.

7.3 Interplay between Proposed Mechanism and Experimental Design

7.3.1 Standard Hydrogen Electrodeversus Reverdile Hydrogen Electrode
Scale

In probing the rate dependence on gHi important to note that different
mechanistigproposals could lead to different experimental designs, and in turn

seemingly inconsistent measured parameters, e.g., reaction ordéisrenhtspecies,
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even when experimengseconducted rigorously. Electrochemical potentials of all
electrochemicalransformations are defined on an absolute scale relative to that of the
reaction of H+ e - 1/2H, under standard conditions, itve SHE scale? Meanwhile,
for reactions that produce or consume protons (or hydroxides) in or preceding the
RLS, the proton dependence can be accounted for either by correcting for this
dependence when analyzing experimental results or by conducting experiments on a
RHE scale. Experimmally, it isoften more conveniend adoptthe RHE scale,
because the impact tife proton concentration (pH of the electrolyte) is explicitly
taken into account such that the study of reaction order of other species is free from
the convolution of proto dependence. Therefore, the assumed reaction mechanism
and RLS dictate whetherdlSHE or the RHE scale is more suitable for a specific
system. It must be emphasized that when all variables are properly accounted for, the
two approaches, namely whethectmduct experiments on the SHE or the RHE
scale, produce the same results. ahse of CeRR on Au,the ET pathwayvith
either the first ET (Step A.1) or first PT (Step A.2) as the RLS, and the PCET pathway
with first PT (Step B.2) as the RLS suggestt the SHE and the RHE scale is more
convenient, respectively. This discrepamcyue to the fact that the activity of proton
(an+) does not appear in the rate expression of the former mechanism, but does in the
latter (Table7.1). Here, we show thatithdifference in assumed reaction mechanisms
leads to different designs of expeants, which in turn causes conflicting reported
values for the reaction order of bicarbonate.

The assumption of the ET pathway with either Step A.1 or A.2 as the RLS in
the CORR on Au dictates that the CO production rate is pH independent. It follows

naurally that all electrokinetic experiments, including those aiming at determining the



reaction order of bicarbonate in the £RR, should be, and indeed have been,
conducted sing the SHE scak®: 22’CO production rate was found to have a zeroth
orderdependence on bicarbonate concentration when bicarbonate concentration was
varied, holding the cathode potential constant on the SBIE®c??' This finding was
interpreted as evidence confirming that the initial ET step (Step A.1) was ratadimiti

In contrast, if Step B.2 is the RLS as indicated by a Tafel slope of 59 mV dec
in the previais section, then the pH of the electrolyte must be accounted for since the
RLS is proceeded by an equilibrated PCET step. It follows that rates should either be
determined at a constant potential on the RHE scale, as it is the case irvimuspre
study, @ the dependence on.ashould be accounted for when analyzing data
collected at a constant SHE potentfdaThis consideration is particularly important in
the determination of dependence of the CO production rate on bicarbonate
concentration, as the pH of the &€aturated solution increases with bicarbonate
concentration. When the electrode i for theCORR was kept constant with
respect to RHE, a roughly'brder dependence on bicarbonate was observed.
Although a bicarbonate dependence is not explicitly predicted by the rate expressions
unless bicarbonate, rather than water, is assuoned the proto donor, the
bicarbonate dependence arises through the enhancement of CO production rates via an
increase in the effective [G@q] through the equilibrium between bicarbonate and
COz(aq) as detailed in our previous wotk.

Despite seemingly contradicting results of bicarbonate dependence, the
apparent discrepancies are largely caused by thenadstgependenan ai+. For
example, in the work by Surendranattal, where bicarbonate exhibits a zeroth order

dependence, the pH of the electrolyte changes from 6.2 to 7.2 as the bicarbonate
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concentration is increased from 0.03 to 0.3%Mn turn, a. decreases by an order of
magnitude and thegpential on tle RHE scale (assuming Step B.2aglimiting)
decreases by 59 mV across the range of bicarbonate concentrations studied based on

the Nernst equation (Eqn. %4). )
O ®O 1 1d®& (4)
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Figure 7.4: Bicarbonate order dependence dat®&V vs. SHE (black circles) and
at-0.5 V vs. RHE corrected for the pH changes with bicarbonate
concentration assuming a Tafel slope of 59 mV'deed squares) and
118 mV ded (purple diamonds). All data taken from Ref. 28.

A dependence on bicarbdeaconcentration can be clearly observed (Figure
7.4) if each current density taken from Figur8c of the work by Surendranagh al

is adjusted to account for a first order degece on @ using Tafel slopes of 59 or



118 mV ded. If the Tafel slopés assumed to be 118 mV deat-0.9 V vs. SHE, the
rate exhibits a ~0.5 order dependence on bicarbonate. If a Tafel slope of 59"V dec
is assumed, the rate shows & efder dpendence on bicarbonate concentration. This
15t order dependence is cortsist with our previous work conducted on the RHE
scale’® This analysis demonstratdsat the design of expenents, including on

whether to control and account for changes4inbased on the proposed mechanism,
can produce seembpntradictory resultand consequentially, different medistic
conclusions even when experiments were done rigorously. This examgérscores

the importance of employing an independent method to verify mechanistic

conclusions drawn solely from electrokinetic investigations.

7.3.2 Complications in Kinetic IsotopeEffect Studies for CO:RR

In addition to the concentration dependence sijdiinetic isotope effect
(KIE) studies could, in principle, provide useful information to elucidate iRbh® in
CO:RR involves a PT step. To effectively conduct and interpretduBies, one must
study the relatively small changes in £RR reaction rees when isotopically labeled
proton donors, g., DCOs” or D20, are used in place of their ntabeled counterparts
while keeping all other variables, e.g., £€lubility, temperaire, solvation affects,
constant. However, in KIE studies of the £RR, keeping all other variables constant
while changing the proton donor is difficult. Changing the solvent, e2Q,tél D0,
can lead to a variety of complicating factors sucHifisrences in solvation of the
electrolyte, changes in GQolubility ([COz@q] = 33.8 mM in HO, 38.1 mM in
D20),'*8 or difference in hydrogen bonding so that kinetic changes due solely to

proton donation cannot be easily extracted. Kehad.conducted KIE studies in a
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flow cell, in which the catholg is 2.0 M NaOD and the anolyte is 2.0 M NaOH to
prevent changes in cell perfoamce due to the KIE on the oxygen evolution reaction
and the anod®&? In addition to the possible change in mechanism due to reaction of
COz with NaOD to form NaDC®at the cathode, the catholyte and anolyte are
separated by an anion exolge membrane such that electrolyte crossover between the
two compartments, espatly atthemembrane on which catalysts are loaded, is likely
if not inevitable. Any presence of NaOH angHon the surface of cathodic catalyst
could impact the measured Kbecause Ftontaining species may preferentially react
over D-containing species$n another work, batch experiments by Surendraegéth
were conducted in NaHG@lectrolytes with H/D ratios between 0.1 and ©.9.
Because relatively small changes in reaction rates are expagimal(KIE values are
1-2),2* pure labeled and nelabeled chemicals should be used as stated above. To
further illustrate the complex nature of using KIE studies to elucidate thRhe
current density toward CO was measured on Au foil electrodes at a kinetically
controlled potential-0.4 V vs. RHE) in both C&saturated 0.5 M NaHC{in H20)

and 0.5 M NaDC®(in D20). Surprisingly, the current density toward COG970 £
0.005 mA en2in NaHCQ and-0.162 + 0.011 mA crain NaDCGQ. Importantly, the
rate of HERdecreased in the deuterated electrolyte with current densities toward H
and D of -0.077 = 0.002 mA criand-0.039 + 0.014 mA cr, respectively. The
inverse relationship beeen CO and kD: rates suggests that the improved CO
selectivity in the deuteted electrolyte may be due in large part to the decreased rate
of the competing HER. The increased activity in deuterated electrolyte is likely a
result of various convoluting factors mentiorambve that cannot be easily decoupled,

rather than indicatinthat the Dcontaining species accelerates the RLS compared to
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the H-containing counterpart (KIE < 1). Another recent example of unexpectesKIE
that the rate of CO oxidation on Au/Ti@ aqgeous solution is retarded bgplacing

H20 with DO, while wate is not expected to participate based on the overall
reaction?*° It is only through sophisticated first principles computational stittiat

the role of water in the reaction mechanisan beelucidated. In light othe

complexities in swapping all4donors to Bdonors gainingmechanistic insights

based orKIE experimentss nonttrivial. Thus, accurate interpretation of the measured
KIE regarding the role of proton donors in theZB8 in aqueous electrolytes is

challenging.

7.4 Outlook

Although electrokinetistudies can be informative in understanding reaction
mechanisms of electrochemical processes, the relatively simple case -@l¢arch
CO:RR to CO illustrates the inherent limitations of these techniques and underscores
the necessity for the developmef supporting spectroscopic and computational
methods. Rigorous Tafel analysis can only be conducted in-kitieliically
controlled potential and current region to avoid transport limitations, which is often
well outside of typical reaction condition&s a result, reliable mechanistic insights
can only be obtained at low overpotential and current densities, and possible changes
in mechanistic pathway or RLS that occur at higher overpotentials and current
densities cannot be directly investigated bfeTanalysis. Moreover, kinetic studies
probing the dependence on different species can be heavily influenced by the
proposed/assumedathanism and experimental design. In the specific case RO
to CO on Au, it appears that the experimental desigrdo@se specifiproposed

mechanism tends to reinforce the assumed mechalmsrder to effectively
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investigate CERR to CO, along wit more complicated electrochemical systems such
as CORR to G+ products or Mreduction for ammonia production, it isa@ssary to
leverage irsitu/operando and tiraesolved spectroscopic techniques such as-ATR
SEIRAS and differential electrochemical rma&pectroscopy to fill the gaps in
mechanistic understanding left by traditional kinetics. Moreover, the continued
develgment and improvement of computational methods for investigating the
electrochemical processes, including the solvation and otheroyeeteffects, is
necessary for elucidating electrochemical reaction mechanisms. In the relatively
simple 2electron proess of CGRR to CO on Au and Ag, combined spectroscopic
and electrokinetic studies have narrowed reaction pathways down to eithéiahn i

ET to *COy or a PCET to *COOH. Firgprinciples calculations of the stability of the
possible intermediates, €.CO., and the activation barriers for proposed RLS could
help differentiate these two potential mechanisms. Without a doubt, iatimtatplay
between experimental and computational investigations will be indispensable in
gaining molecular level undeéesding of more complex heterogeneous

electrocatalytic reactions.
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Chapter 8

IN-SITU INFRARED SPECTROSCOPIC INVESTIGATIONS OF PYRIDINE -
MEDIATED CO2 REDUCTION ON PT ELECTROCATALYSTS

8.1 Introduction

Growing concerns about rising atmospheric;€@ncentrations have led to an
increase in research into the electrochemical reduction ef€&2%” The majority
of work to this point has been studying thex@&luctionreaction (CGRR) in
aqueous bicarbonate soluticfis>Although ®me monometallic catalysts have
shown impressive selectivity toward 2mansfer produts (carbon monoxide and
formate), only Cu produces further reduction products such as methanol and
ethylene?® 236Poor selectivity towards these valuable products hewéias been a
major barrier to the advancemt of the electrochemical GRR on Cu electrodes.
Seeking to improve the selectivity toward these valuable products, in 1994, the
Bocarsly group first demonstrated that the addition of 10 mM pyridine (Py) td 0.5
NaClQs could help promote the selectivaination of methanol on typically hydrogen
and carbon monoxide selective Pd electrdde$3Using a hydrogenated Pd
electrode, they showed that methanol could be produced with up to 30 % faradaic
efficiency alang with a small amount of formaldehyde as a byproduig.Hoted
however, that this high selectivity turned out to be difficult to replicate by others.
Portenkirchneet al.reached a maximum faradic efficiency of 15 %, while, Costentin
et al.were onlyable to produce < 2 % faradaic efficiency toward methander

similar experimental conditiort$*24° |t was initially proposed that pyridinium ions
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(PyH") in the electrolyte could be reduced to form a highliwagbyridinium radical,

which in turn reacted with COn a series of steps to produce methanol and formate

on Pt electrode®® 24¥242 Computational studies of this system suggested a variety of
possiblealterndive mechanism&*2*’Keithetal.pr o po s e d t-bipgitineb ot h
andp-dihydropyridine, formed through the reduction of Pyebuld serve as

cocatalysts in the pyridine mediated R (PyCO;RR)2**?4>Lim et al. purported

similar mechanisms for photocatalyzed ®@:RR systemg¢247 Additional

computational work in 2013 by Erteet al. showed that the formation of the PyH

radical would not be possible until much lower electrode potentials, calling into
questiorthe originally proposed mechanigff Rather, the authors firsuggested that

the initial formation of formate in the R¥O:RR proceeded through a proton coupled
hydride transfer following the reduction of Pyté surface adsbed hydrogen (k)

and Py?*® Subsequent work in the Bocarglsoup investigating the cyclic
voltammograms (CVs) of other weak acids support the assigintinat the cathodic

peak in the CV was due to the reduction of Pi¢dHa.q and Py?*°In light of these
advancements, Bocarsly and coworkm@posed a new mechanism based on
electrokinetic analysis and isotopic labelfig>! PyH" is first produced in dation

through the equilibrium with Py arodrpH 5.3. Hqis then formed on the Pt surface
through the reduction of either PYydr hydronium, then reacts with a PyHCO,

complex to form formic acid and Py. Further reduction to methanol and formaldehyde
is proposed to occur in solution with Pyatting as a proton donor in subsequent

steps toward the formation of methanol. Despite numerous experimental and
computational studies of this system, there is still debate in the literature regarding the

reactionmechanism. In particular, spectroscopic ewick that supports or refutes
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current proposed pathways is still lacking. In this work, we conducted reactivity
studies in order to test the reproducibility of previous work, and report thenfsgt
spectrosopic investigation of the PEO;RR using #enuated total reflectance surface
enhanced infrared absorption spectroscopy (AHRRAS) to test the viability of
previously proposed mechanisms based on both computational and electrochemical

studies.
8.2 Methods

8.2.1 In-situ ATR-SEIRAS Experiments

Polycrystaline Pt and Au nanofilms, deposited chemically on the reflecting
plane of a Si prism cut to a 60° angle of incidence, served as the working electrodes.
Detailed preparation procedures for the SEIRAS active fieuteddes are described
in our previous work! A two-compartment spectrelectrochemical cell, separated
by a catiorexchange membrane (Nafidd35), was designed to accommodate the Si
prism and to avoid/reduce any possible cromstamination from couat electrode
(FigureE.1) or backoxidation of reduction products. AFBEIRAS experiments were
conducted on an Agilent Technologies Cary 660R=3pectrometer equipped with a
liquid nitrogencooled MCT detector and a modified Pike Technologies VeeMAX I
ATR accessory. The spectrometer was coupled with a Solartron Sl 1260/1287 system
for electrochemical measurements. The counter electrode wasesPtor all Pt film
working electrode (WE) experiments and a graphite rod for all Au film WE
experiments. Thesference was an Ag/AgCl electrode (3.0 M KCI, BASI). Impedance
measurements were conducted at the beginning of each experiment and the internal

resistance (typically 280 ohms) was actively corrected for throughout
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spectroelectrochemical experiments. gdkectra were collected with a 4 ém

resolution. Spectra are presented in absorbance where positive and negative peaks
signify an increase ancedrease in the corresponding interfacial species, respectively.
All potentials are given on the reversible hygleo electrode (RHE) scale unless noted

otherwise.

8.2.2 Electrochemical Reactivity Experiments
A Princeton Applied Research VersaSTAT 3 potentiostet used for
electrochemical reactivity studies. Electrolysis was performed under room temperature
in a gastight two-compartment electrochemical cell using a piece of cation exchange
membrane (Nafion 1135) as the separator. The working electrode compartmen
contained 9 mL electrolyte and 9 mL headscg
mesh were used as the wargicounter electrodes, respectively, and Ag/AgClI (3.0 M
KCI, BASI) as the reference electrode. The working and counter electrodes were
cleaned ia piranha etch (3:1 by volume 0b&04:H0>) prior to each electrolysis.
The electrolyte consisted of 0.5 M KHisher Chemical, > 99%) as a supporting
electrolyte with either 0.0 M, 0.01 M, or 0.01 M pyridine (SigAidrich, 99.8%)
added. The pH of thelectrolyte was adjusted in each case to 5.3 prior to CO
saturation using concentrated3®; (SigmaAldrich, 99.999%). Before electrolysis
the electrolyte was purged with @(atheson) for at least 1 h, and the headspace of
the electrochemical cell purddor at least 10 min to saturate the electrolyte with CO
and ensure 1 atm of G@ the headspace. During takectrolysis, the working
el ectrode chamber was stirred at a rate of
resistance was determined tef each electrolysis (typically < 10 ohms) and corrected

for as data were collected. Gas phase products wheeted using a gasght syringe



(Hamilton) to assess catalyst selectivity and partial current density of the products.
Quantification of gasipase products was performed using a gas chromatograph
(Agilent, 7890B). Liquid phase products were quantifiedgis (AV 600 1) NMR
spectrometer using acetonitrile as an internal standard. Briefly, NMR samples were
prepared by mixing 0.4 mL of the sampl@ution with 0.1 mL of 0.05 M acetonitrile

internal standard in 0.
8.3 Results and Discussion

8.3.1 Reactivity of the Py-CO2RR

Reactivity studies were conducted to resolve the discrepancies between
previous works on the pyridimaediated C@reduction reactionRy-CO:RR). Cyclic
voltammograms collected on a Pt foil in 0.01 M pyridine with 0.5 M KClI as the
supporting elecolyte (with pH adjusted to 5.3 using$s) under both Ar and CO
purge are in good agreement with previous experimental work (FigRyé* Peaks
due to the reduction of the pyridinium cation (Pykb adsorbed hydrogen 4hl and
pyridine (Py) ae observed aD.1 V. This peak is absdmwhen there is no pyridine in
the electrolyte at the same pH, confirgihat this feature is related to the reduction
of PyH", rather than H(FigureE.2). An increase in currentas observed under GO
purge relative to Ar, likely due to the additional £RR current. Initial reactivity
studies were conducted at conditiomaitar to those outlined by Bocarsdy al 24!
(i.e., -50 pA cm? for 20 h in CQ-saturated solution of 010M pyridine with 0.5 M
KClI as the supporting electrolyte); however, neither methanol nor formate was
observed at these experimental conditions. The detection limit of methanol with ligq

phase NMR is determined to be 0.0005 mM (Figti. Lack of methaol

13¢€



production in PyYCO;RR under similar conditions has been reported béfdre.
Consequently, additional experiments were performed under potatiiadectrolysis
at-0.2V,-0.4 V,-0.6 V, and-0.8 V for until 16 Cof charge had been passed to
determine the ideal potential for the-B®,RR (TableE.1). Electrolysis at0.2 V and

-0.4 V produced neither formate nor methanol within the detectiondifNMR.

After 16 C of charge aD.2 V, the detection limit of 0.080mM methanol via NMR
corresponds to a faradaic efficiency (FE) of 0.03 %-048 V formate was produced
with an FE of < 0.1 %. A10.8 V an FE of ~2 % toward formate was achieved. No
detectable amount afethanol was observed in either case, indicahagthe rate of

the proposed liquid phase reduction of fornfatd, it exists, is below our detection

limit. It should also be noted that after electrolysis the pH of the electrolyte in both the
working and counter electrodied changed, increasing and decreasing by < 1 pH unit
in the working ad counter electrode chambers, respectively, in good agreement with
previous work*°Based on the results of these exploratory expnts) all additional
reactivity studies are conducted-@i8 V to maximizeéhe formateroduction rate and

efficiency.

Table 8.1: Faradaic efficiencies of the -FO,RR

Faradaic Efficiency / %

[Py]/M  Nafion j/mAcm?

CO Formate H2 Total
0.0 Yes -0.97 0.14+0.12 0.37+0.37 101.1+3.2 101.6%3.7
0.01 Yes -1.59 0.54+0.21 2.37+0.47 846+09 875%x15
0.1 Yes -7.27 0.01+0.00 0.62+0.04 35617 365%x17
0.01 No -8.11 0.04+0.02 1.00+0.17 229+01 239%0.3
01 No -14.66 0.01+0.00 0.79+0.06 229+10 23.7%x0.9




Electrolysis was conducted for 4 h-@t8 V in various Py concentrations and 0.5 M KCI as the
supporting electrolyte under 1 atm £@h Pt foil electrodefRanges given are the standard errors
estimated using at least 3 repeats.

Table 8.2: Production rate of various PYCORR products

Rate / 13° mol s?

[Py]/M Nafion j/mAcm?

CO Formate H2
0.0 Yes -0.97 0.14+0.12 0.36 £ 0.36 127.7 £ 25.0
0.01 Yes -1.59 0.91 +0.39 4.00 £ 0.93 142.0+ 6.7
0.1 Yes -7.27 0.09 +0.00 4.33+0.52 2485+ 3.8
0.01 No -8.11 0.34+0.13 11.1+4.23 243.2 £ 56.0
0.1 No -14.66 0.16 £ 0.01 11.6+1.12 334.6 8.6

Electrolysis was conducted for 4 h-@t8 V in various Py concentrations and 0.5 M KSlthe
supporting electrolyte under 1 atm g@n Pt foil electrodefRanges given are the standard errors
estimated using at least 3 repeats.

Additional electrolysis using different Py concentrations (TaBles: 8.2)
show that 0.01 M Py yields higher @RR seéctivity than both the [Py] = 0.0 M and
[Py] = 0.1 M cases, although the vast majority of current goes to the hydrogen
evolution reaction (HER). In all cases, a small amount of CO and formeage
produced, but again, no detectable level of methamsbbserved under any
conditions tested. From 0.0 M to 0.01 M Py, both the overall current, and selectivity
toward CO and formate increases, suggesting that although no mesharaluced
the presece of Py does promote the ¢RIR over the HER on Pt electresl As [Py] $
increased further to 0.1 M, although total current density continues to increase,
selectivity toward formate decreases to a value between that of 0.0 M and 0.01 M Py,
suggesting the0.01 M is near the optiahconcentration for the promotiaf the
CO:RR on Pt when selectivity is considered. The overall rate of formate production

increases with increasing [Py] (Tal@®). The increase in total current with
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increasing [Py] can be atiuted to an increase in buffer capacity of the electrolyte

with increasing [Py]. As the reaction proceeds in the unbuffered electrolyte (0.0 M

Py), the pH near the electrode surface increases as the HER proceeds. The increase in
surface pH corresponds &decrease in overpotential for both the:RR and the

HER, leading to a decrease in overall current. When [Py] is increased, the buffer
capacity of the electrolyte increases as well due to the equilibrium between Py and
PyH", which combats the changessurface pH during electrolysis and maintains the
correct RHE potential during electrolysis.

It is also important to note that as the overall current increases, the charge
balance becomes increasingly poor, from ~100 % in 0.0 M Py to <40 % in 0.1 M Py
when the working and counter electrodes are separated by enNaémbrane. It is
unlikely that the poor charge balance is due to products leaking out of the
electrochemical cell, as each experiment was repeated at least 3 times with good
agreement betweenaarepeat (Tabl8.1). The unaccountefibr charge as the cuant
density increases is proposed to be due to the formation of reactive intermediate
species produced at the anode, e.g., during the oxygen (OER) and chlorine (CER)
evolution reactions. As theverall current increases, a growing overpotential is
required for the anodic reactions. We propose that higher overpotentials for the OER
and/or CER lead to the formation of reactive intermediates, which are then either
subsequently reduced at the cathdeading to a closed current loop without the
production ofobservable products, or react to oxidize other species in the solution,
including CQRR products, contributing to the observed low selectivity for the
CO:RR. This hypothesis was tested by addimgk aliquots of dimethylsulfoxide

(DMSO) to the electrolyt& both the anode and cathode chambers immediately after

141



electrolysis (Figur&.4). Upon addition of DMSO to the peslectrolysis solution

from the counter electrode, the DMSO reacts with ttermmediates produced at the
anode to generate dimethylsuleo(DMSQ) as determined using bothIRMR

(FiguresE.4 andE 5a) and*C-NMR spectroscopy (Figuré.5b). When DMSO is

added to the post electrolysis solution from the cathode however, there e@saséd

of two orders of magnitude in DMSO conversion (Feiid), suggesting that the
reactive species are indeed produced at the anode, and that the Nafion separator allows
a small fraction of the oxidizing species to cross over to the cathode chéner.

likely that these reactive oxidants react with.88 intermediates, leading to the low
efficiencies observed as well as the lack of methanol. It is important to note that these
species do not react directly with methanol, as determined by theflawtimanol
conversion after adding it to the peséctrolyss solution.

Additional reactivity studies conducted in 0.01 M Py and 0.1 M Py without the
use of the Nafion separator are also consistent with these findings. When the anode
and cathode are noggarated by the Nafion membrane, overall current density
increases due to the more efficient transport of the reactive intermediates to the
cathode where they can be reduced, leading to significant currents with no observable
products. This is reflected the decreased FE in reactivity studies without the
separatoin place (<25%, Tabl8.1). In 0.01 M Py, FE toward formate decreases from
~2.4% with a Nafion membrane to ~1.0% when the anode and cathode are not
separated (Tabl@1).

While the exact naturef the reactive species is still unclear, theyraghly
erergetic and unstable in the electrolyte. Since two electron oxidation of water to

hydrogen peroxide on Pt has been reported as a side reaction of OER, hydrogen
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peroxide could be the reactive s=mproduced at the anode. However, no conversion
of DMSO toDMSO, was observed whel1l M HO», was introduced in to an aqueous
solution of DMSO, suggesting that the reactive species is more oxidizing i#dan H
Moreover, when DMSO was introductmithe poselectrolysis solution several hours
after the electrolysj:o formation oDMSO; was detectedndicating thathe

reactive specieslowly decomposen the electrolyteStudies of DMSO conversion in
atmospheric chemistry have shown that DMS@#slily oxidized by both O&and
ClOQadicals, with DMSQ@as a majoproduct?®?2>>We propose that OH and Cl
(which reacts with @to form CIO)radical intermediates formed in the OER and
CERs are thactive oxidant species responsible for the poor charge balance and
conversiorof DMSO in these experiments. Additional experiments using K&How

no conversion of DMSO with electrolyte from either the anode or cathode chamber
(FigureE 4, purple trace)suggesting that the C{®adical is the most likely culprit for
the oxidationof DMSO to DMSQ.

8.3.2 Spectroscopic Investigations of the RZO2RR

To gain a more thorough understanding of observed reactivity trends, as well
as to help resolve discrepancies iayious mechanistic studies of the@@:RR, in-
situ SEIRAS was employed to geinsights into the mechanism thie cathode
mediated reactionfue to the complexity of the systeme first studied the CERR
in a Pyfree solution of 0.5 M KCI under Cwurge. The potential is stepped from 1.0
V to-0.4 V and spectra are collecteddid V increments using 1.0 V as the reference
potential (Figure3.1). As the potetial is decreased, two large peaks emerge around
1990cmand 1760 cm, beginning at 0.2 V and increasing with decreasing potential.

The higher wavenumber peak can be latted to linearly bound CO (GPon Pt. We

145



attribute the lower wavenumber peak to a convolution of both bridge bound G£p (CO
and lineany bound, unidentate carboxyl species (CQDK hich will be discussed in

more detail shortly. Initial observation ofsmtbed CO intermediates above the

Pt under CO,
COg/ COOH, 0.5 M KCI

co, : Eres=1.0V

(3HY 'sAA) 3

Absorbance (a.u.)

2100 2000 1900 1800 1700 1600 1500 1400 1300
-
Wavenumber (cm )

Figure8.1: ATR-SEIRA spectra (4 crhresolution, 64 ceadded scans) during
potentiostatic electrofis from 1.0 V t¢-0.4 V in 0.5 M KCl under 1 atm
COz on Pt film electrodes. pH was adjusted to 5.3 prior te €8urdion
with HoSQy and does not change upon addition oh.CReference
spectrum collected at 1.0 V.

equilibrium potential for C@reduction to CO can be explained by a shift in the
equilibrium potential from the standard equilibrium potential due to thenial
partial pressure of CO according to the Nernst equatforhe initial blueshift in the

position the CQpeak with the decreasing electrode potential is dtieetancreasing
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coverage of CO, while the redshift of the peak at potentials below 0 V can be
attributed to the Starkining effectt® 126The lower wavenumber band blueshifts
monotonically with decreasing poteaitisuggesting that its origin is more complex.
Observation of intermediates toward the production of both CO amndfe is
consistent with the reactivity studies which show that even in the absence of Py, a
small amount of each species is produced. Bardtie high coverage of CO at low
potentials, it is likely that the rate of CO production in 0.5 M KCl is limitedhe

irreversible adsorption of Con Pt blockingreaction sites for the GAR.
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Figure8.2: ATR-SEIRA spectra (4 crhiresolution, 8 ceadded scans) during
potentiostatic electrolysis &.4 V in (a) 0.1 M Py and 0.5 M KCI under
1 atm CO on a Pt filmlectrode after Ar saturation. Spectra collected
during CO purge from an initially C&aturated solution in (b) 0.5 M
KCI, (c) 0.01 M Py an@.5 M KCI, and (d) 0.1 M Py and 0.5 M KCI on
Pt film electrodes. The pH of each solution was adjusted to 5.3tprior
each experiment. Reference spectra were collected at 1.0 V prior to the
addition of CO.

COwas introduced to Pt in the absence oh@@dpyridine and monitored
with SEIRAS to understand its adsorptioehavior A solution of 0.01 M Pwith 0.5

M KCI was prepared and the potential was hekdat VV under Ar until the spectra
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equilibrated (Figur®.2a). A small, broad peak at 2050¢iB dobserved, which is
attributed to adsorbed hydrogen.gHrom the HER, redshifted from ~2090 ¢ras
observed in 0.1 M HCI@due to Stark tuning (Figui.6).11¢11% 1310nce the spectra
had reached equilibriun§O was introduced tthe solutionwhile the surface state
was monitoredy SEIRAS Both the CQ and CQ@ peaks exhibit monotonic growth
as the solution becomes &aturated and the Pt electrode reaches its equilibrium
coveragePeak positions after equilibnucoverage has been reachedcanesistent
with previous reportd> 273

Sequential doses of G@nd CO at0.4 V show that the barat 1761 to 1784
cmt shown inFigure8.1 correspondto at least two distinite specieswhen
repeating the same experiment as in Fig2a, except for replacingAr with COp,
two bands grew with time initially and then stabilized (Fig8i&b). The higher
wavenumber bandan be unequivocallyassigned t&€O., while theassignmenof the
lower wavenumber band from 1815 to 1850%dsimoreinvolved It is important to
note here thahe blweshift of both the higher and lower wavenumber bands in Figure
8.2 relative to Figur®.1 can be explained by an incsean surface coverage thiese
species. The initial C&saturated spectra in Figue are collected after the spectra
had reached a steadtate, whereas in Figu8l spectra were collected shortly after
each potential step, so that an equilibrium cage had not yet been okeed. After
equilibrationof thespectran the CQ atmosphergethe gas purgeas switched from
CO to COas the potentialas held at0.4 V. As the surfacgraduallypecame CO

saturated, the position of both CO
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Figure8.3: COL (red) and C@ COOH. (blue) peak position (a, c, €) and intensity
(b, d, ) as a function of time during CO purge from an initially,CO
saturated solution in (a, b) 0.5 M KCl, (c, d) 0.01 M Py @tdM KCl,
and (e, f) 0.1 M Py and 0.5 M KCI on Pt film electrodes. The pH of each
solution was adjusted to 5.3 prior to each experiment. Full spectra are
given in FigureB.2.
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bands gradually shifts to higher wavenumber (Fig8r2&s and8.3a). Interestigly,

the intensity of the lower wavenumb@anddecrease before itgrew again as té
surface reached equilibrium CO coverage, while the intensity of the@aqal
exhibitedmonotonic growth (Figur8.3b). The normonotonic growth of the lower
wavenumber brad (Figure8.2b) indicates that there are more than one species
contributing to thidand, and the initial dip in intensity corresponds to the
displacement of one species by anotkée. propose thahe lower wavenumbdyand
corresponds to a convolution 60s and COOH, and the initial decrease in intensity
of thelower wavenumbelpandis due primarily to displacement of COQOBly the
adsorbed CO (either G@r CGs, Figure8.3b). This assignment is also consistent
with the more dramatic blueshift of the lower wavenumber band from Fégute
Figure8.2b (1784 crt at-0.4 V in Figure8.1 to 1840 cmt in the initial CQ saturated
spectrum of Figur8.2b) is likely due to amicrease in C®coverage with time
relative to the lower wavenumber COQHDuring the initial growth of the lower
wavenumber band in FiguB2d under CQ(FigureE.7), the band emerges at 1740
cmt and slowly shifts to 1815 ctras the surface fraction GfOs increases and
comprises a larger portion of the lower band. Note that the unconvoluieda®d
appears initially above 1800 chiFigure8.2a). The dramatic diffence in peak
position is strong evidence that the lower wavenumber band is a convaltiboth
COg and COOH. Although deconvolution of the peak is difficult due to the shifts of
peak position both with composition and coverage of surface specieQ®id.C
band is likely centered around 1750 to 1780'drased on both the initial positiarfi

the band (Figur8.1 and Figurd=.7) and accepted peak positions of analogous bands

of similar s p®ofag@eousdomiclcidd~476@dne a1 dc=o t h e
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of unidentate methoxycarbonyl species (~165¢)can Au(111)?°>2°® We wouldlike

to emphasize that the proposed CQQpecies istructuraly different fromadsorbed
formate, which binds in a bidentate or bridge configuration via both oxygen atoms and
exhibits aband at ~1320ma s si gned t 0 odo¥andis yorobsevedi ¢ 3
in this study. As the CO purge continues, the coverage efii@@ases and the lower
wavenumber peasince again begins to increase.

The same qualitative behavior svabserved when the previous experiment
was repeated in solutions with 0.01 M Py and 0.1 M Py (Fig3ef). Growth of two
peaks near 2010 chrand 1830 cm was observed during electrolysisder CQ at -

0.4 V. When the purge gas was switched from @CCO, the CQpeak near 2010
cmt grew monotonically, while the intensity of the 1830 thand attributed to a
combination of C@ and COOH dipped initially and followed by recovery until the
surface reached an equilibrium coverage ogCARditional evigknce for the
assignment of the lower wavenumber band can be found through a careful analysis
position of this band before and after CO saturation (Fi§3a c and e). In the
absence of Pynithe electrolyte, where formate selectivity relative to COweekt,

one would expect the lowest steestgte coverage of COQHluring electrolysis, and
therefore the smallest contribution of COOtd the 1830 cm peak. Indeed, when
[Py] = 0.0 M, this pak shifts only 15 cthbetween the steaebtate spectra undeiGz
and under CO (Figur@4, red). When [Py] = 0.01 M, the peak shift increases to 17
cmil, and at [Py] = 0.1 M, the shift grows to 35&mA larger shift in peak position
after CO saturatiosuggests that the initial peak had a larger contribution finem t
lower wavenumber COQHadsorbate, corresponding to a higher relative surface

coverage of COOHto CCs. The spectroscopic observations are consistent with the
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reactivity data (Figur&.4, black). Adhering closely to the trend in peak shifts, the
ratio of the rate of formate production to the rate of CO production is 2.6, 4.4, and 48
for 0.0 M, 0.01 M, and 0.1 M Py solutions, respectively. These correlations, along
with the nommonotonicgrowth of the lower wavenumber peak, are strong evidence
that the peak is a convolution of the CO gd CQ) and formate (COOH
intermediates. It is important to note that the observation of a sthéacel

intermediate (COOH is not predicted basedh ¢thelatest mechanistic proposals by
Bocarslyet al, in which it is suggested that formate is formed through the reaction of
a PyH i CO; complex with Ha.2°?°1 The appearance of COQMKuggests that

formate is formd directly on the electrode, with its intermediate bound to the Pt
electrode through a PtC bond, rather than in solution through interaction with a

previously formed Ha.
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Figure8.4: Ratio of the rate of formic acid to CO production during electrslysi
experiments summarized in Tal@2 with 0.0, 0.01, and 0.1 M Hieft
axis, black) and the shift in the lower wavenumber band position upon
CO saturation as shown in Figu82b, 8.2c, and8.2d (right axis, red).
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Figure 8.5: ATR-SEIRA spectra (4 crhresolution, 64 cadded scans) during
potentiostatic electrolysisom 1.0 V t0-0.4 V in 0.01 M Py and 0.5 M
KCl under 1 atm Ar on a Pt film electrode. pH was adjusted to 5.3 prior
to spectroscopic experiments. Reference spectrum for left and right
halves set to 1.0 and.4 V respectively for clarity.

We now shift oumttention to the behavior of both Py and Pwd a function
of potentialto understand the role of Py in @RR. To study their interactions with the
surface as a function of potential, ipg@dent of any interaction with GQhe
cathode potential was giged from 1.0 V t60.4 V, collecting spectra every 0.1 Vin a
solution of 0.1 M Py and 0.5 M KCl at pH = 5.3 under Ar purge (Figube Above
0.7 V, both Py (1599, 1568, 1475 and 1435'Fand PyH (1560 cmt, 1495 crf)
peaks are minimized due to timerease in anion (primarily Glconcentration near the
electrode and the repulsion of Pyghtions by the positively charged electrode

(Scheme 1a). As the potential is decreased to beldw Geach of the Py peaks
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Figure8.6: Schematigepresentation of the proposed relative concentrations of each
species near the electrode (a) from 1.0 to 0.7 V, (b) from GG1d/,
and (c) from-0.1 to-0.4 V during the PA\CO:RR.

increase due to@ecrease in Ctoncentration near the less postivi charged
electrode (Scheme 1b). Additionally, both Pys¢aks (1560 and 1495 &y assigned

to in-plane stretching modes of PyEXhibit a significant increase beginning at 0.1 V,
reaching a maximurat 0.0 V%" As the electrode potential is decreased below 0.0 V,
the Py peaks decrease, likely due to displacement by cations (prim3rity tke

outer Helmholtz plane, analogous to the displacement tgb@ve 0.7 V (Scheme

1¢)2° The PyH peaks also begito decrease belovd.1 V as the current density

begns to climb during potential cycling under the same conditions (Fig2)e This
increase in current is accompanied by an increase in pH near the electrode surface,
which shifts the equilibrium betwed?y and PyH back to Py, causing a decrease in

[PyH'] in the region sampled by SEIRAS (withirl® nm of the electrodd. By
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comparing the spectra in Figu8& with CVs collected under the same conditions
(FigureE.2), we find that the maximum of the Pypleaks is concurrent with the
cathodic reduction peak agsed to the reduction of PyHo Py and Hyin theCV.
This correlation suggests that the Pyt¢aks observed in the spectra are PigiHs
orienting perpendicular to the Pt surface in-dd#vn configuration prior to reduction
at the Pt film electrode acating to the surface selection rules for ABEIRAS,
which state that only vibrational modes with dipole changes perpendicular to the
surface are SEIRAS activé.

Potential dependent spectra of the®G®RR on Pt collected in 0.01 M Py and
0.5 M KCI under CQ@purge exhibit similar Py and Pyhb those observeander Ar
(Figure8.6), with a few key differences. Contrary to the Ar saturated system, the 1568
and 1425 cm bands, assigned to thering deformation mode of Py (with a dipole
change along thex@xis of Py, Figuré.6 inset), and theilring deformatbn mode of
Py (witha dipole change perpendicular to thea&is of Py) respectively, show a
significant signal at 1.0 ¥?8 Since thee is no preferredr@ntation of Py in the bulk
phase, the simultaneous increase and decreasewd & modes entails the increase
and decrease of the concentration of dissolved Py at the electrochemical interface,
respectively. Thus, the increase oftbthe a the h band of Py at high potentials in
the presence of GQelative to Ar suggests that the acibase interactions between
Py and CQin solution increases G@oncentration near the electrode, which
contributes to, if not accounts for, theigased activity ithe presence of Py. It is
important to note that the solubility of G@creases from 34 to 55 mM in the
presence of 0.01 M Py at pH = 5.3 based on solution equilibria (Ea®)IeThe

appearance of both and h bands in conjunctiorgs well as the inssitivity of peak
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position to electrode potential (lack of the Stark tuning effect), suggests that the Py
bands observed above 0.1 V are due to Py in the electrolyte near the electrode, rather
than directly adsorbed on the Pt surfaee, there is no pferential orientation of
nearelectrode Py, as dictated by the surface selection rules forSHIRAS. Unlike

the Py bands, the Pylbands show nearly identical behavior to those in the Ar
saturated system. Moreover, the growth of.@@l CQs / COOH. peakswith

decreasing potential (below 0.0 V) show the same qualitative behavior as the spectra
in the absence of Py (FiguBel), with one key difference. The onset potential of the
COL and C@ / COOH. bands is earlier (higher potential)thre absence of Py his

result is somewhat unexpected considering the higher reaction rates observed in the
presence of Py. A possible explanation for the delayed onset of #RRO@the

presence of Py is that the formation of the 5O, pair leads t@ larger overpotdial

in the initial formation of the COOHntermediate due to the loss of the favorable Py

T COy interaction. Together these observations suggest that there is no drastic
mechanistic change in the @RR caused by the addition of Py begiahe additional

route to hydrogen adsorption through the reduction of the Bgtibn and the

increased C&solubility though PyCO; interactions (Tabl&.2). The effect of

increasing Py concentration was also tested by conducting an analogous experiment
with 0.1 M Py (FgureE.8), which shows the same qualitative behavior as the 0.01 M
Py case, with larger Py and Pypeaks due to the overall concentration increase in the
0.1 M Py solution. This indicates that the general structure of the electrodelglectr

interface,as well as the reaction mechanism, is independent of the Py concentration.
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Figure8.7: ATR-SEIRA spectra (4 crhresolution, 64 cadded scans) during
potentiostatic electrolysis from 1.0 V0.4 V in 0.01 M Py and 0.5 M
KCl under 1 an CO on a Pt fim electrode. pH was adjusted to 5.3 prior
to CO saturation with HSOs and does not change upon addition oCO
Reference spectrum for left and right halves set to 1.0Gad/
respectively for clarity. Inset: Schematic representatfdhendirection
dipole changes corresponding to theiad h bands of Py.

8.3.3 Py-CO:z2RR on Au Electrodes

Previous studies using cyclic voltammetry on various electrodes suggest that
the reduction of PyHto Py and Hyon Pt or Pd electrodes is the key te firomotion
of the electrochemical reduction of Gon these typically CERR inactive metal$?*

248251, 259Thjs hypothesis was tested by collecting SEIRA spectra on an Au film
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