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ABSTRACT

Establishing a sustainable future requires the replacement of petroleum as the
primary carbon sourder modern industryBiomass derived species offer a promising
alterndive to petroleum derived specis fuel and chemical productiofowever,
such species are often low molecular weight and heavily oxygemaigdequire
reductive upgrading or coupling to form more valuable speEiestrochemistry
offers a promisingechnology fobiomassupgrading Esasily utilizing renewable
energysourcessuch as wind and solar power, electrochema@ictionusesan
applied electrical potential to drive the reduction of biomass species. This technique
applies to a wide range airictional groups, includingromaticrings, C=Cbonds and
carbonylsDespite these advantagetectrochemical biomass upgradiaggely
remains unviable due to poor catalysts and a lack of mechanistic understanding. This
work seeks to advance the mechaaisnderstanding of electrochemidabmass
upgrading by investigating the electrochemical reductiacadfonyl species

The first chapter investigatéenzaldehyde reductiam four different metals:

Cu, Au, Pt and Pd. Reactivity tests show a largedihce in reduction selectivity
between metals, with Cu showing benzaldehyde coupling ability, while the other
metals do notin situinfrared spectroscopy experiments suggestdifference in

coupling abilityresults from theelativeability of the meal surface to stabilize the

ketyl radical reaction intermediate. Spectroscopic features related to the ketyl radical
appear on Au and Cu surfaces, but not on Pt off Relappearace of radicals on both

Au and Cu suggests the difference in Cu and Au ¢ogglbility results fronalower
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radical concentration on Alikely due to lower radical stability. On Pt and Pd, CO
appears under rediign conditions, suggestindpe general ing&bility of benzaldehyde
adsorbates limits surface coverage and couplingyalitombined, the spectroscopic
and reactivity evidence suggest ketyl radical stability acts as a key desofiptor
benzaldehyde coupling ability.

Subsequentlythe second chagt extends the analydis the reductive coupling
of benzaldehyde and furfairon Cu and Pb electrodé$nder simultaneous reduction,
reactivity tests showoth the selcoupling and crossoupling of the aldehyde species
on the two metal surfaces, but wiifferent selectivitiesCu shows greater selectivity
for crosscoupling,whereas Pb favors furfural coupling. Comparison with a stochastic
model suggests both metals deviate from stochastic coupling control, with greater
deviation on Pb, likely due tolarger difference in aldehyde binding energies. Cyclic
voltammetry and inits spectroscopy further support stronger benzaldehyde
adsorption compared to furfural on both metals, with a larger difference in binding
energy for Pb. Combined, the reactivityclic voltammetry and spectroscopy
experiments suggest théie crosscouping of two aldehydes follows a two reactant
Sabatier rule, with optimum crossupling for electrodes with similar reactant
binding energies.

Finally, thethird chapter investigasetheeffect of structure on reduction
activity for aliphatic ketoneeductonon Pb and Au electrodeSpecifically, reduction
kinetics are investigated for acetondyidanone, entanone, -hexanone,
cyclopentanone and cyclohexanoReactivity teststsow only an alcohol product,
with reduction activity decreasing with size the linear ketone<€yclic species show

higheractivity thanthe correspondintjnear species, witactivity increasing with
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ketone sizeSimilar Tafel slopes suggest a commodugtion mechanism for all
ketones on both metal&.change in Tafel slope ¥ potential suggests a change in
the ketone reaction networ@omparison with a simple model suggests this change
likely results from increased hydrogen competition at lower pialenRate order and
pH dependent measurements further support this exgandemperature dependent
measurements suggest that rate decreases with ketone size result from a smaller pre
exponentiafactor. Comparison with a kinetic model suggestsdbeease impre-
exponential factor results from weaker orbital overlap fordakgtones, with
hydraulic radius offering a good descriptor for ketone €ixelohexanone progthe
exception, likely due to a different binding orientation or higher binding strength
Activation energy measurements suggest similar intrinsic activatiergies for all
ketone species, withariationin observed activation energy resulting from difet

adsorption energies.
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Chapter 1

BACKGROUND

1.1 Biomass as a Carbon Feedstock

As aprimary source of both fuels antustrial chemicalspetroleum drives
moderneconomic production and growthRor various environmental and gedfio&l
(energy securityjeasonsthis strong dependence has become undesirable and
alternatives highly soughtuch research in the late 2@nd early 2% centuieshas
been devoted tthese alternativesn particular,battery and fuel cell powered
vehicles,in conjunction withrenewable electricity sourcesuch as wind and solar,
offer promising alternatives to petroleum for transportation. However, such
technologies do not offer atternative to petroleum as a carbon feed stock for
chemical productin. From pharmaceuticals to paints and polymers, petroleum
derivatives serve as theputsto produce the compoundsich drivemodern life.
Reducingthe economic dependence on petroleaquires an alternative carbon feed
stock for the chemical industry. Biomass offers such an alternative carbon source.
Specifically, biomass derivatives can serve as renewable alternatives to petroleum
based species. For examplee US Department of EngrgDOE) has suggestedset
of fAplatform chemical s dmaydenvesas sulastitutesorf r om b i
alternatives for petroleum speciesheindustrial produdgbn of commoditiessuch as
polymers, additives and solvedt@ther biomass species might also sa&we
alternatives for specific production processes depending owmao viability.

Biomass can come from a variety of different sources, such as wood pulp, agricultural



refuse or food waste. Often, biomass sources represent waste streams for existing
industrial processesuch as lignocellulose from paper and pulp praduagicellulose
from agricultural residues or the aforementioned food wastinough production of
nonredible agricultural productsuch as switch grassan alseserve as a source of
biomass To produceusefulderivativesthese biomass sources undergo multiple
rounds of processing. First, the raw biomass undergoes decomposition to form low
value, highly oxygenated egies. Typically this decomposition occurs v&ther
pyrolysis'® or acid catalyzed hydrolysi5'° with the later occurring mainly for
cellulose hemicellulose ostarch decomposition to simple sug&scomposition can
result in varias chemical species, depending onfdezlstockand methodPyrolysis
producessarious oxygenate speciesich aslcohols.etherscarboxylic acidsand
carbonyl species® For lignocellulosic materialspanyderivativesoftenalsoinclude

an aromatic ring, such as the igatives of benzaldehyde. Acid hydrolysis derivatives
usuallyshow greater uniformitygiven the more oraed substrategellulose hemi
celluloseor starch)The sugar produced depends on the substrate with glucose for
celluloseand xylose foxylan.'% 13 Other sugars caaso result, depending on the
feedstock and treatmeHtThe relative ratio of products depends on the feedsfoék.
Both glucose and xylose can also undergo rearrangement, via additional pgy¢essin
form thefurfural derivativess-hydroxymethylfurfural (HMF)and furfural,
respectively*1419 For both pyrolysis and hydrolysis, the majority of species produced
remain heavily oxygenated and require upgrading to produce more valuable species.
This upgraling typically involves reduction to increase energy densityaarodupling

to increase compound molecular weigbttenbothtypes of upgradingccur, either

concurrently or sequentially, to produce largeecies with higher energy density.



Fuel produabn especially, often requires combined reduction and coupling of
precursor€®22 Although, alternativexidative upgrading processes have been
proposed, such as the productairoctaneby thereductionof levulinic acid to valeric
acidfollowed by oxidative coupling via thelectrochemical Kolbe proce$s.
Upgrading can also occur via transformatiyrbio-organisms, such as bactetfe’
This approach has become more popular recently, but remains relatoredyand
falls outside the scope of this work. Largelyo metods exist for the reductive
upgrading of biomass derived specigsthermocatalytic hydrogenation ar&)
electrocatalytic reductiolhermocatalytic reduction occurs via the reaction of
biomass species with hydrogen at high temperatures (2500C C) and pressures
(50-150 baj using a catalyst?®2°Although more moderate conditions can be
employedn some cases, depending on the reducfidme reduction can follow a
chemical coupling reaction, such as aldol condensétimnproduce larger, reduced
moleculesLess often employed, electrocatalytic reduction canraidoce biomass
derived species similar to thermocatalytidrogenationGenerally, electrorcatalytic
reductiondiffers from thermocatalyticeductionin two ways: 1)t employs an
electrochemical potential to drive the reduction forwarth2) it does not require an
external hydrogen sourcéhis work will focus on electrocatalytic reductiofhe next

secton discusses the techniguegreater detail.

1.2 Electrochemical Biomass Upgrading

Electrochenstry has a long history in upgrading organic spedigirocarbon
perfluorinatiort? andthe electrochemicaproductionof sorbitol and mannitol
constituted major industrial processes as earthed940s.3% ** Electrochemistrjhas

also phyedan important part in other industrial reactiéag>such asidiponitrile



production®®3’and hasdeen recentlguggested as an alternative technique for
industrial redox reactions more generafy®38various functional groups can

undergo electrochemical reduction, including carbonyls, carboxylic acids, imines and
C=C bonds® Electrochemistry can be employed fmth theoxidation or reduction of
organic species. However, reduction (electroreductive upgrading) will be highlighted
here, given the greateelevance to the following chapters and biomass upgrading

more generallySpecifically, this work will focus on the electrochemical reduction of
carbonyl species. These compounds represent an important biomass derived product

and constitute the majoritf recent electrochemical biomass upgrading wiftk®
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Figurel.1l: Schematic of a proton exchange memb(&&M) electrolyzer for the
electrachemical reduction of organic species.

Electroreductive upgradingccurs heterogeneously in a closed sysiem
atmospheric pressure and low temperatureapplied electrochemical potential
drives the reduction of organic specieshatcathode (negativdextrode), while
oxidizing either water or hydrogen at the anode (positive electrode) (Figdirénl.
some circumstances, ifer paired electrolysesxalation of an organic compound can
also occur at the anode to produce an additional pré8iction exchange
membrane, such as Nafion, usually separates the anode and catmpdementsto

avoid crosscontamination and oxidation of reduction products. Reductionstdare



a membrane electrode assembBiyilar to fuel cells, or atirred, liquid batch

reactor?® Batch reaairs with metal foil or carbon supported metal partedtctrodes
have seen the greater use at lallesé@eduction activity and selectivity depend on
electrochemical parameters, such as catalyst, pH and applied potential. However, these
parameters havengly been studied systematically in the literature, as discussed
further in the following chapters. A8 upgrading technique, electrochemical
reduction has remained largely unviable, largely due to the laeftentive and
efficient catalysts and processThe present work seeksitoprove electrochemical
upgrading viability by developing a fundamentaderstanding for the
electrochemical reduction of carbonyl species. Specifically, the derivatives of
benzaldehyde and furfural have been targeted, li@ngaldehyde and furfura
representative species, with an investigation into catalyst effectsloction and
coupling. Additionally, a fundamental investigation into structural effects has been

undertaken foaliphatic ketones.

1.3 Electrochemistry Fundamentals

Improvingelectrochemical biomass upgrading requires an understanding of
electrochemical theorgnd techniques. This sectioavers basic aspects of
electrochemical theorglectrochemical reduction of carbonyl speaesurs at the
solid-liquid interface between the metal electrode and electrolyte soldttimaugh
complex, his interface has geraly been characterizagsingfour sections
corresponding to differemtistances from thelectrode thespecific adsorption region
the compact doublayer, the diffuse double layer and the b{Higure 4.2) This
model corresponds to the Ge@hapmarStern model of the double layer, with

modification by GraharC Thespecific adsorption regiororrespondso a narrow



region between the metal electrode and inner Helmholtz ¢tdysivent molecules.
Generally, it has been considered as the distance from the electrode irspéutit
adsorption, i.e. strong adsorption with nearly complete orbital overdapr®Note
thatthetermii s peci f i ¢ a dhastbeep tsedchere tofdigtiatethiso

regionf r om t he fiel ectrode surfacedo which
the electrochemical interfacéhe size othe specific adsorptiolayer depads on the
presence and identity epecifically adsorbed speci@sany). Thecompacidouble

layer consists of the thin laybetween the inner and outer Helmholtz plane, in which
condensed ionic chardgsolvated)ehaves as an ideal capacifne diffusedouble
layerconsistf a gradient of excess iobgtween the outddelmholz plane and the
bulk. This gradient decays rapidly (approximately exponentially, depending on
potentiat?) in the diffuse regiomintil the electrolyte concentration reaches the bulk
concentrationThe bulk consists of the bulk electrolyte solutitiris important to note
that thefour regions represemeneralizations based on the distribution of ions and
(implicitly) solvent molecules® However, the regions often prove useful in
understanding electrochemical ssis. The relative thickness and potential drop
acrosghe two capacitive layers dependseabectrolyteionic strength and potential. At
high ionic strength and large deviatifvom the potential of zero charge (pzc), the
diffuse double layer becomesry thin and the majority of the potential drop occurs in
the compact double lay&t This compact doubliyer structure should hold for this
work, given the high phosphate buffer concentrations™{[[N®.5 M) employed (see
Chapters ). The pzc represents the potential (vs an arliteference electrode) at

which the electrode surface has no net chéftge.
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Figurel.2: Schematic of the eleotthemical double layer. The’ Apecies represent
specifically adsorbed spees.

In addition to electrolyte ions and solvent, the electrochemical interface for carbonyl
reduction also contair@ganic species. These species alter the energy of the interface
both through interaction with the electrode and by displasaigentmolecules.
Accordingly, the organic species influerd@uble layer propertiesnd introduction of
organics typically alters the surface charge and capacitdracspecific potentidf >4
Importantly, however, the strong effect on interfacial capacitance does not necessarily
imply specific adsorptiorOrganic adsorption also impacts the interface by displacing
solvent nolecules and altering the local chemical environmghikewise, a large
adsorption energy does not necessarily imply specific adsorption. Aliphatic species
have shown adsorption engrgstimates as high as 25 kJ rhoh Pb and other sp
metals>?°>*®However these adsorption energies were also nearly identical to-an air

water inerface, where no specific adsorption ocdiBhose authors attributed the



similar air and el eiotheefattef Watardispmcempentti on 0 e n e
the relatively hydrophobic interfaceslthough congrgation of the hydrophobic

aliphatic species at the hydrophobiterfaces could have also played a role.

Generally, theadsorption of species at theectrochemical interface refers to a relative

increase in the concentration of those species at theaicgeife. a surface excess.

These species may or may not becepmlly adsorbed to the surface. Although terms

such as fAsurface coverageodo or fAsurface cor
terms actually refer talarger concentration (mol/vahoe) within a specific interfacial

thickness (often unspecifiedjstead of an actuat@mmensionsal coverage, as might

be used in for gas phase reactions. I n thi
understood as an average mole fraction expectduiviite interfacial volume.
Thermodynamically, the distinctiaoes noaffectthe actual, measured adsorption

free energyHowever, it may make accurate computational estimates difficult, as these
estimateoftenemploy one, specifically adsorbed molecale surfacé’ Following

the general nomenclature, thosewagd&o wahd ¢
Asurface o©0ohoentdabdr biesdotingthe caveat gbbve.s p e ¢
Generally, an adsorption isotherm relates surface coverage/concentrdtiebulk

concentration (more accurately activitRelatively fewmeasurementsave bep

made for carbony|dutwork with aliphatic ketones suggest$rumkin adsorption

isothermis likely the most appropriat&quationl.1).>>°° Although a Temkin

isotherm has also been suggestedfonelarger aldehydes on PtThep ar amet er s d,
o Gd and G are the surface coverage, adsorption free energy and bulk concentration,

respectively The g parameter is the Frumkin interaction parameter.

—Q ———0 % (1.1)



In addition to coverage, adsorbate orientatitso requies consideratiarAdsorbate
orientationgenerallyhas not seen systematic study for carbonyl species. Although
somequalitativeestimates have be made fobenzaldehyde using product isomer
ratios® andfor quinones using thin layer electrochemisthadditionally, some
computational estimates have also been made for benzaldehyde adSérption.
Unfortunately, both orientation and adsorption strength are difficult to preegiori.
These properties can be measuwetattrochemically using capacitance measurements
obtained from poterl stef3* or impendencexperiments$°2°46263jternatively,in

situ spectroscopy can provide qualitative adsorption information (see b&owi)ar

to species such as¥0.%° N.*® and CQ %’ adsorption hathe potential to lay an
important role in electrochemical biomass upgrading. Recer as shown trends

in reduction activity with adsorption energy for several metals and carbonyl sffecies.
The following chapters willurther discusshe importance of adsorption for carbonyl
reduction sgtems.

In addition to adsorption, species can also react at the electrochemical
interface For reversible processetelectrochemicaleactionrates have generally
beengivenusing tle ButlerVolmer equatior(Equation 1.2f° The mrameters n, F, R
and T are the numberefl ect rons transferred (in the sp
constant, ideal gas constantd t emper ature, respectively.
coefficient(CTC). The CTQepresents the fraction of thermodynahitving force
applied to the kinetic activatiobarrier(the activation energy' is the overpotential,
given by the difference beeen the applied electric potential (voltage) and the
equilibrium potentialthe potential with no net electrochemical reduction or

oxidation). The overpotential represdsra thermodynamic driving force for the

1C



reaction, increasing both the equilibrium puoticoncentration and electrochemical
reactionrate. For irreversiblaeactions, with negligible reverse rates, the Butler
Volmer equation reduces to thell-known Tafel relationship for electrochemical
reactions (Equation 3). Note that for convenien¢cboth equations have had rates, r,
substituted for the current density usually employidee currenti, is proportional to

electrochemical reaction ragquation 1.4)

P10 Q (1.2)
i (1.3)
Q ¢ Ol (1.4)

The reduction of carbonyl specisalcohols and dimeis generally irreversibfé
anda Tafel relationship hagenerally been demonstraf@d?®436°./°Consequently,
this work employs Tafel relations for all reduction rate expressions. Chapter 3 outlines
more detailed kinetic theory for the reduction of aliphatic ketones.

Evaluating electrochemical reductikimeticsrequireselectrochemical
analysis Several electrochemictchniquesxist for investigating electrochemical
reactions at the electrode surface. Perhaps the most basic is cyclic voltammetry. In this
method, the electrode potential is altered (swept) cyclically at a specific rate and the
current response monitatel he resulting currefpotential relationship is termed a
cyclic voltammogram (CV)The occurrence of electrochemical reactions induces a
current response, producing@rentpeak due to diffusion limitation&or reversible
reactions, two peaks appeapproximately59 mV apart (fom oneelectron transfer)
and peak locations can be used to determine the standard redox pttEotial.

kinetically irreversible reactions, such as carbonyl redu¢gznluding quinones}'’?

11



only onewave appears arttie redox potential cannbedetermined. In aqueous
solutions, an additional difficulty for carbonyl reduction CVs also arisédsein

hydrogen evolution side reaction (HER). Depending on the catalyst, hydrogen activity
may produce a much larger curreenditythan carbonyl reductioiss the CV

measures total current, the strong HER activity obscures carbonyl kinetic information.
Catbonyl peaks may appeanly as weak bumps on the hydrogen current or remain
unresolved. This difficujt limits cyclic voltammetry utility for carbonyls in agueous
solution.For carbonyls, anore effectiveanalysis techniqueonsists of performing
reactivity tests via batch electrolysis experiments. Similar to standard kinetic
measurements, a specific potential is applied stiae€d) batch cell and the products
guantified after reaction usirtgchniqguesuch alNMR, GC or HPLCIndependent
guantificationallowsdistinctionbetween thgroduct of interest and sigwoducs,

such aswydrogen The fraction othe current going tward the desired speciean be
determined by taking the ratio of the effective current for the desired product (nF x
rate) to thedtal current (measuredhhis parameter is teraalthe Faradaic efficiency

(FE) and represents both a rate selectivity (redatb all products produced, including
side reactions) and an energy efficiency for the pro€assibined, rate and FE
characterizeéhe reactiorkineticsfor aspecific speciedotential dependent reactivity

data constitutes the main electrochemicalysislperformed in this worlChapter 3

employscyclic voltammetry in a qualitative capacity.

1.4 In Situ Spectroscopy
In addition to electrochemical analysis situor operandovibrational
spectroscopy can provide additional insight into interfacial comditturing

reduction.Usually Raman or infrared (IR) spectroscopy, these techniques allow for the

12



observatiorof suface adsorbatesa theabsorption, or scattering, of specific
electromagnetic frequencibg molecular bonds/ibrational spectroscopy haB@wvn
some success in probing carbonyl reductiamsnly in nonagqueous solvents.
Heineman and coworkeabsered IR peaks (1710, 1680 and 1660 tnfor ninhydrin
ketyl radicals (one electron reduction) at a Au electrode in acetoriftlighough the
exact assignment of those bands remains ambiguous due to the caapleance
structures of that molecul@ Ponset al probed the one electron reduction of
benzophaone on Pt in acetonitrilé. They observe ketyl radical peaks (1464 and
1340 cmt) and suggest the radical repens an adsorbed specieSimilarly, Bewick,
Jones and Kalaji investigated the reductiosuifstitutechenzoplenons.” Multiple
ketyl radical peaks appear for all benzophenomnegth relative intensities depending
on side groupTheradicalsshowa similar GO frequency (~1550 ci) regardless of
side group, with a much largsubstituent effect oaryl stretching vibration&

Tallant and Evangbserve IR peaks for the electrochemically generated ketyl
radicals of ppenzoquinone, benzil, besyzhenone and acetophenone in DMSO at a
Ga-Ge electrodé® Those authors observed a potential dependence for the p
benzoquinone and benzil radical peaks, withrerease ipeak intensityupon
reduction onset, followed by a decrease at Idwere cathodicpotential as the
radical reduction rate increed.Potential dependent measurements were not reported
for benzophenone or acetophenone due to their higher reactivity (smaller pedk size).
In related studies, IR peaks have also bdmeved for various ketyl radicals
produced using Na metal in nagueous solventé.”® Combined, tis previouswork
suggests distinct,iservable IR peaks exist for ketyl radicals formed by carbonyl

reduction However, @spte these investigationa,large gap remains in the
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spectroscopic investigation of carbonyl spegpesticularly for agueous solvefithis
work utilizes infrared spexdscopy to probéheadsorption andeduction of carbonyl
speciesSpecifically, this work employs surface enhanced infrared reflection
absaption spectroscopy (ATISEIRAS)(Figure 1.3)In this techniquean infrared
(IR) beam passes through a transmis$igmispherical crystal, Si or ZnSe, before
totally internally reflecting ofthe liquid interfaceUpon reflection, the IR beam
creates an evanescent (standing) wave wiédiays exponentially from the surféte
(Figure 13). Thisevanescent wave interacts with near surface spgeedycing an
IR spectrunfor these spees For electrochemical reactiores; additional
modification is required for the soldjuid interface. Athin metallic film is deposited
on top of theSi IR crystalto act as a working electrodéhemical deposition has been
achieved for AFY 83 P48 and C§"8films. These filmsonsist of interconected
metal slands For metals without ahemical deposition technique, the metal can be
electrochemicallgepositedbntoa Au underfilm.This techniquéras been
successfully employed for BPd8® Ruf® Rh 8 Fe?° Ni®t and C&2films. Chapter 2
of this workexpands th@rocedure to Pb film®eposition of the metal layer
significantly alters thevanescent wave at the prisolvent interfaceSpecifically,

the metal layer enhansthe IR signal for interfacial spcies®3848993.94Thjg
enhancement occudssproportionatelynear the metasurface reducing the effective
probing depth t@pproximatelfive nm (2-7 nm)®¥1% This surface enhancement
greatly increasesensitivity tosurface speciegrovidingselective identification of
thesespecies in the measured IR spectrdsinoted, he metal also acts as the
working electrode, allowingurface sensitive monitoringf the electrodén situ.

Thesein situspectroscopimeasurementsan be combined witblectrochemical

14



techniques to provide a potential (or current) dependienadbserve peaksSpectra
canbe collected using a potential hold (analogous to a steady state reactivity test) or
slow CV scanFor either methodhbserved peaksanhelp identifysurface species
presenttcertain conditiongpotential, pH, etc)AlthoughlR peakassignmentan

prove difficult for electrochemical systems. The easiest form of identification comes
in the comparison of observed peaks with IR standards or expecterhpgak for
different functional groups-or carbonyl reduction systentsywever this approach

can encounter some issues for radical sp@ciagueous environmentahich donot
have readily accessible standards. For these species, compariscadigatpeaksn
other solventgsee abovegan provide some insight, albeit limited. Cteadetails

more radical pealsssignmentsThe variation of peaks with potential can also assist in
peak assignment. Peaks can be compared with prazhsdsved in certaipotential
ranges teelucidatepeak identities and reaction intermediatéswever this technique
can encountassueswvith mass transport limitations at high overpotentidle
combination of ATRSEIRAS measuremenigth other spectroscopies can alstphe
elucidate peak assignments. In particular, as recently H3té combination of
electron paramagnetiesonancspectroscopandATR-SEIRASmay help identify
radical IR peaksUnfortunately, this combined technique fallgside the scope of this
work, butit may provide improved assignments for future organicataiu (or
oxidation) studies. Within this work, peak assignments result from comparison with

literature species arahalysis opotential dependence.

15



Figurel.3: Schenatic of theATR-SEIRAS experimentaiell. Theinsert window
showsthe electrochemical interfacéhe R, | and P species represent
generic reactant, intermediate and product species, respectively. These
species are shown at an arbitrarily selected sud&stance and may or
may not be specifically adsorbed in all reawisystems.

In addition to identification, ATRSEIRAS spectra also contain other
information about surface speci@bserved peaks can provide information about
species orientation. For filsnwith sufficientlylargeparticles, ATRSEIRAS surface
selectiorrules exclude IR absorption by vibrations which prodadgole moment
changeparallel to the metal surfad&°?1% More precisely, the rulesliminatethe
parallel component dhedipole momenthange while observinghe entiretyof the
vertical componentin pradical terms, the prallel component elimination prevents the
appearance of any vibrational bonds parallel to the catalyst suFfaseslimination
of surface parallel bonddlowsinsight into adsorbate orientatieia the comparison
of substituent peaks (C=@;H bend, et) for the surface specieasndbulk speciesA
decrease inelativepeakintensity for a bond upon adsorptisnggests greater

horizontal adsorption fahat bondChapter 3 utilizes this techniqt@ analyze
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furfural and benzaldehyde adsogpti The seletion rulealsoallows distirction of
surface specidsy comparingspectra collected with and p polarized ligh102105 -
polarized light has an electric field oriented perpendicular to the surface, producing IR
peaks for surface speciés.contrat, s-polarized light has an electric field pbeato
the surface and does not show peaks for surface spéaesrdingly, thvangingfrom

p to s polarized lightesults in the elimination, or severe diminutioh|® peaks
corresponding tsurface speciedlote that the selection rules depend on serfa
morphology®>1%®sothata complete elimination may nalwaysoccur. Chapter 1
utilizes this s,p polarization comparison technitpreadsorbedbenzaldehydeOther
changes in peak size also provide informatis notedabove changes in peak size
with potential can provide kinetic insights. Changes in peak size can also result from
adsorbatelisplacement or reorientation upon the introductioatbér species. Thes
changes can provide insight into relative binding strengths and coverage effects
Although deconvoluting the effects of displacement and reorientation can prove
difficult. Importantly,anychange in peak siagponthe introduction ofinother species
suggess both speciearesurface specieSpectra for bulk speciesould add linearly
Chapter 3lemonstratethe displacement technigder furfural and benzaldehyda
final source of IR information comes in Stark tuniggark tuning, o known as the
electrochemical Stark effect, ashift in peak position with applied electrode
potential. This shift results from the effect of an electric field on chemical bond
vibrations It has beemxtensivelyobservedor adsorbates inltra-high vacuum8 109
as well as electrochemical systetts!'9113 Theoretically, both @ssical theory and
guantum theorgan explain the effecin classical theory, the shift resultem the

electric field altering the potential energy of the adsorbate vibratfoh¥114
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Effectively, the field alter¢hespring constarfior bondv i br ati ons, WAstretc
Acompressi ngo t heettric fielde qoredmigoie mgment abdridh e
polarizability.In quantum theory, the effeatsults fronthe Blyholder modet®in

which electron density transfer between the suréackadsorbed moleculalters
adsorbatéond enerigs and vibration frequenes. Changing the potential alters the
electrode Fermi levethanging the degree ofiarge transfeandadsorbatéond

energes (vibrational frequenies).1°619%19B0oth explanationsuggessimilar trends in
most casedn either caseStark tuning requires a strong electric fig181081%%or
electrochemical systems,idtstrong electric fieldesults from the potential drop
across thehin electiochemical doble layer. Specifically, estimates basedadisorbed
CO suggest Stark tuning occuvghin the inner Helmholtz layéef i.e. the specific
adsorption region defined abovdthough it should be noted that the specific
adsorption of CO in that case could alter the potential distribofitre double layer
relative to a system with repecific aderption. In either case, the strong electric field
requirement sugges®&ark tuningoccursin the strong potential drop region near the
electrode surfacé\ lack of Stark tuning for a species suggests relatively weak
adsorptionoutside thennerHelmholz plane Although the dipole moment of the
bondcouldalsoimpact the magnitude of Stark tunitfj1%1*“Chapters 2 and 3

utilize Stark tuning to make inferences about aldehyde adsorption distances. Stark
tuning can als@rovide insight into electric field strengths the Stark tuning rate
depemls stronglyand approximatelyinearly (depending on dipole strengtlon the
electric field it can ®rve as a relative measure of electric field for electrochemical
systemsAlthough the measurement comes with a caveatae concentration

changes (from reactions, displacements, etc) can also impact adsorbate peak positions
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due to dipoledipole couplim*!®12 and interfere Stark tuning measurement. However,
if properprecautions are takene. avoiding certain potentialStark tuning can
provideinsight intothe interfacial electric fieldT'his work does no¢mployStark

tuning in this mannebutit has beemecently usedo good effecfor CO reductiort?*

A similar technique may prove useful for future studies of electroreductive biomass
upgradingOverall, ATRSEIRAS provides a wealth of situinformationabout the
electrochemical interface. Spcally, andysis of peak identities, peak displacement
and Stark tuning provide insighinto reaction intermediates, adsorbate orientation and
adsorption distances. Mén combined witkelectrochemical analysithese techniques
offer newinsights into the electrocheoal reactionsThe following chapters apply
ATR-SEIRAS and electrochemical analysis to investigate the reduction of several

carbonyl species.
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Chapter 2
THE ELECTROCHEMICAL REDUCTION OF BENZALDEHYDE

2.1 Introduction

Driven by the droppingost of renewable electricify® electroreductive
coupling has recently emerged as a promising method for convientingalue
carbonoxygenatesnto higher value fuels and chemicals. Perhaps the most prominent
example of this upgrading is the electrochemical reduction efa@@ CO to &C
coupled products, such as ethanol, acetic acid, propanol, and etf§feEhRether
organic species, however, can also undergo electroreductive coupling, including
aldehydes, ketones and oleffi®btainable from biomass, these compounds present a
promising feedstock for the renewable production ghtr molecular weight fuels
and chemicals. Of particular interest are larger carbonyl compounds, such as phenyl
and furanic carbonyls, derived from lignocellulosic biomass using fast pyrosi,
acid hydrolysis ad dehydratiorf} 1° respectively. Both have received renewed interest
for upgrading by electrochemical reduction, although most recent work has focused on
reduction to the aldwl or alkyl product>128131 Electroreductivesoupling has been
much less explored. Chadderdon et al. investigated the electrochemical reduction
mechanism of furfural on Cu using electrochemical techniques and distance selective
surface poisoning?? They suggest that furfural colipg occurs by an outer sphere
process, away from the electrode, whereas the direct reduction products (alcohol and
alkyl products) require direct surface contact. Diaz et al. took a more applied

approach, performing furfuragduction in an anion exchangembrane flow
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systemt*3 They demonstrate high conversion of furfural to the hydrodimer and
suggest the importance of surface environment and/or pH in controlling furfural
convergon and product selectivitypespite these efforts, however, electroreductive
coupling of carbonyls still lacks mechanistic understanding on the molecular level. In
particular, the effect of the catalyst on dimerization selectivity is-kvedivn 8 but the
underlying cause remains largely unexplained. Electrochemical benzaldehyde
reduction offers an effectevmodel system to investigate this catalyst effect given its
well established mechanism and relative simplicity.

First studied by Kaufman and w&*¥ 17 at the turn of the 20century, interest
in benaldehyde reduction has recently reemerged due to the work of Sonéfet al.,
with subsequent work bythers at Pacific Northwest National Laboratt#y® The
electrochemical reduction of benzaldehyde is generally considered to go through two
reduction pathways$® (Figure 2.}, although further reduction to toluene has also been
reported at low pH on Pt and#*° In the first pathway, oftetermed electrocatalytic
hydrogenation, benzaldehyde undergoes a direct two electron reduction to form benzyl
alcohol. In the second pathway, typically termed dimerization or hydrodimerization
(C-C coupling), two benzaldehyde molecules undergo one eleetiuctions and
recombine to form the hydrobenzoin dimer. Other furanic and aromatic aldehydes and
ketones undgo similar reduction pathway$21®140146 Both reduction pathways are
suggested to proceed through a ketyl radical or radical anion inteteédiepending
on pH and solvent)® as evidenced by the two distinct reduction waves obderve
polarographicall{#" 152 and in the benzaldehyde CV on Bln acidcatalyzed
electron tranier disproportionation has also been suggested for reduction at high

pH.® The relative sectivity of the two reduction pathways varies extensively
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depending on the electrode potential, pH, and cat@tystal or glassy carbon)

chosen? 1135153159 he catalyst in particular has a large impact on the benzaldehyde
reduction products, with distinct differences irupbng ability. In addition to Hg?"
151.13%nerhaps the most well studied catalyst iSPB:;1°51>Wwhich shows both

reduction pathways, faving the dimer at lower over potential and higher’pfhe

dimer has also been observed ontZ&n*8 Ti,’>3 and glassy carbot?* Recent work
also suggests dimer formation on Co and Cu, although the extent of dimerization
remains unclear due interference by the carbon suppgBin contrast to these
catalysts, however, the work of Song et #for benzaldehyde reduction on Pt group
metals (Pt, Pd, Rh, Ni) shows only the alcagir@iduced, with no dimer speci&sA

similar alcohol selectivity has also been reported fé?*dind Raney Ni electrodé®’
Although recent work has suggested dimerization on Ni is possible with an alcehol co
solvent and highdsenzaldehyde concentratiotfs? Additionally, bkenzaldehyde
reduction on Ag cathode shows near complete selectivity toward the atbhol.
Combined, these reduction demonstrations suggest a distinct difference between
catalysts hle to catalyze benzaldehyde coupling and those which cannot, and
similarly sharp distinctions have also been observed for olthenyades and ketoné%.
Yet, despite these extensive demonstrations, gsorefor the different carbonyl
coupling abilities of different catalysts still remains poorly understood.

This chapter furtlrs the understanding of electroreductive aldehyde coupling
by investigating the effect of different metals on the electrochem&daktion of
benzaldehydesing a combination of reactivity and operando spectroscopic
investigationsBenzaldehyde reactiyittests on Pd, Pt, Cu, and Au faslsowa

unique benzaldehyde coupling ability Cuamong the four metals tested. Subsequent
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atenuated total reflection surface enhanced infrared reflection absorption
spectroscopy (ATESEIRAS) probe the catalyst surfade operando during

reduction Ketyl radical intermediate and reduction produgipeaion the Au and Cu
surfaces, with a higheadical concentration for Cu. In contrast, the Pd and Pt surfaces
form large quantities of CO poison due to decarbonylatiamsfable benzaldehyde
surface intermediates. Combining the spectroscopic work and reactivity results
suggestshat thebenzaldehgle couplingability of Cu results from an optimum
stabilization of ketyl radical intermediates, and that ketyl radical dtabffers a

reliable predictor for the €€ coupling activity of different metals for carbonyl

species.
OH
d d / Benzyl Alcohol (ECH)
OH
Benzaldehyde Ketyl Radlcal

HO
Hydrobenzoin (Dimerization)

Figure2.1: Schematic of thedmnzaldehyde reduction mechanism.
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2.2 Experimental Methods

2.2.1 Electrochemical Reactivity Tests

Electrochemical activity tests weperformed in an ktell using a three
electrode configuration. The electrolyte consisted of 0.5 M phosphate buffer at pH 4.6.
For benaldehyde reduction experiments, benzaldehyde was added to the buffer to
achieve a 20 mM concentration. All experiments o@alin a closed cell, with a
balloon used to collect product gases and maintain isobaric conditions (Figure 2.2).
Metal foils of Pt Pd, Au, and Cu served as the working electrodes, with a Ag/AgCl
reference electrode (3 M, BASI). Subsequently, potentiate converted to the RHE
scale and all reported potentials in this work correspond this St@eto testing, the
foils were claned by three sequential etches in aqua regia (75% HCI, 25%)HNO
piranha etch (75% #D- (30%), 25% HSG@. A graphiterod served as the counter
electrode, with a Nafion 211 membrane separating the anode and cathode
compartments. Activity tests wererfilgmed potentiostatically, with potential
controlled using either a VersaStat3 (Princeton Applied Research) or Soldrtron S
1287 potentiostat (AmetelResults did not vary significantly between potentiostats
Solution resistance was measured before essthwith uncompensated resistance
typically below six ohms. To avoid known benzaldehyde mass transport limitdtions
all tests were stirred with a stir bar at a rate of ~800 rpm. To further ensure a lack of
mass transport, control tests were also performed with ~300 rpm for Cu aneDPd at
V. Both tests show comparable rates to those obtained with 800 rpymicaltactivity
test occurred in five steps. First, the electrolyte was purged with Ar for 30 min to
remove dissolved oxygen. The working electrode was theregreced at0.2 V for

30 min to remove surface oxides. An hour long HER control was then ipedan
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pure phosphate buffer. This control occurred at the same potential as the subsequent
benzaldehyde reduction and served as a check on cell leak tightness. Benzaldehyde
was then mixed into solution at open circuit for 30 min, followed by the-loogy
benzaldehyde reduction reactivity test at eitle2 or-0.5 V. Ar was purged between

each electrochemical reduction step to remove residual gases from the head space.

Figure2.2: Overview of the reactivity cel(A) Photograph of the electrochemical cell
in operation(B) Schematic of the electrochemical reduction cgll)
Photograph of thpreparedalloon.

2.2.2 Product Identification and Quantification
The main products of benzyl alcohol and hydrobenzoin were identified by gas
chromatography (GC) and protonatear magnetic resonance (NMR) by comparison

to purchased pure standards.-GIS data was also collected to confirm these
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assignments and check famy trace side products. Benzyl alcohol was quantified by
GC following an extraction with ethyl acetate. Hthgetate was added to the product
solution in a 2:1 volume ratio and vortexed for one minute to ensure good mixing. The
aqueous phase was then cead, and the benzyl alcohol in the organic phase
guantified using a calibrated GC. Control tests showedaetidn efficiencies of >

95%. Hydrobenzoin was quantified using NMR. NMR spectra were collected for the
agueous reduction product using an AV600 RIBpectrometer (Bruker) with 64-co
averaged scans. The btiittwater suppression program was used to remove
background water interference. The NMR spectra show peaks for both the dl and meso
hydrobenzoin. Unfortunately, the meso hydrobenzoin NMR peaktapweith those

of benzyl alcohol. To account for this overlap, the benzyl alcohol quantified by GC
was conveted to an NMR area (via calibration curve) and subtracted from the meso
hydrobenzoin areddydrogen production was quantified by GC. Hydrogen n@u

was determined by GC peak area and converted to molar production using the
combined balloon and headspactéume. The rates for all products were area

normalized using geometric surface area.

2.2.3 In-situ ATR-SEIRAS Measurements

In Situ ATR-SEIRASspectraverecollected using austom spectroscopic cell
with side mounted ATR crystal to allow for stirring. The ¢&lb been described in
detail previously®? Briefly, the cellconssted ofa glass and Teflon anode
compartment separated from a glasede compartment by a Nafion 211 membrane
A graphite rod andg/AgCl served as the counter and reference electrode,
respectively. The working electrode consisted of a thin métaldeposited onto a

3.14 cnt Si ATR-crystal (2 cm diameter), with a strip of copper tape providing an
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external electrical connection toet potentiostat. A Teflon wrappedridg served as

the seal between the crystal and cell and covered the Cu tapeu®mel Lu films

were chemically deposited using methods described previttiél¥£3These Au and

Cu films consist of poly crystalline isids ~50 nm in siz&:871%3Pt and Pd films

were electroplated onto Au films by multiple galvanostatic depositions bastd
method of Yaretal.® Pt films were plated using three, 180 s depositior8Ga LA

with a Pt counter electrode. Pd was plated using four, 160 s depositidOgat with

a Pd counter electrode. The additional depositions wezjuired as the original
procedure of Yan resulted in very thin filnf$he electroplating procedure results in a
slightly different morphology, with smaller Pt and Pd particles deposited on top of the
underlying Au island&® All films were activated by cyclic voltammetry before use.
Post activation, a spectrum was collected for atmospheric water sabtraction.

Good atmospheric water subtraction was essential, as benzaldehyde showed many
bands on the order ofrabspheric water fluctuation. Subtraction spectra were
collected at open circuit, except for Cu, which was collected at 0 V to avoid film
dissolution. All spectra reported in this work have had atmospheric water subtracted.
The ATRSIERAS spectra were colleed using a Carry 660 infrared spectrometer
(Agilent Technologies) with a liquid nitrogen cooled MCT detector. Spectra were
collected a## cni! resolution, with 64 and 128 emded scans for the spectra and
background, respectively. Backgrounds were ctdig at-0.2 V for all metals except

Pt, which was collected at 0 V. The higher background potential was required due to
film instability caused by hydrogen bubble formation. Pt films remained stable only
above-0.2 V. Potential was controlled using a $titan S| 1287 potentiostat. Ohmic

resistance was measured before testing using impedance and actively compensated
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(using potentiostat satgs) to give an effective resistance of six ohms or less. Ar was
bubbled through solution prior to testing to remdissolved oxygen. Stirring was
provided by a stir bar at ~ 800 rpm.

Given the known sensitivity of ATISEIRAS to contaminatiotf? special care
was required in conducting the ATEREIRAS experiments. Au and Cu films showed
great spectroscopic sensitivity to trace metal impurities. To avoid these contaminants,
the spectroscopic cell was soaked twice in DI water with excess iminodéacetan
(Chelex 100, Sigma Aldrich). The buffer solution was also treated with Chelex to
remove trace metal impurities. Care was also required for Pt and Pd, but for a different
issue. These films showed sensitivity to contamination by trace organicnuoatas
and dissolved C@® Both resulted in contaminant CO peaks at reducing condifions
pure buffer although the peaks were much smaller than those formed by adding
benzaldehydeMitigating this CO contamination required extensive-{@st
proceduresBefore testing, the spectroscopic cell was cleaned with Piranha etch, then
rinsed and twice boiled in DI water. The phosphate buffer was also purged with Ar

over night to remove angissolved CQor volatile organic species.

2.2.4 Reagents and Miscellaneous

Benzaldehyde (98%), benzyl alcohol (98%), and hydrobenzoin (98%, non
stereo specific) were all obtained from SigAldrich and used as received. Meso
hydrobenzoin (98%) was obtained frdr@l America and also used as received.
Phosphate buffer was made from NBEy (Certified ACS, Fisher) and double
dionized, distilled (DI) water (Barnstead Mega Pure Water Purification System). The
same DI water was used for rinsing, soaking, and cleaBunffer pH was checked

using a pH meter (Okion) and adjusted to 4.6 byragd small amount of NEHPQOy
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(>99%, SigmaAldrich). Ar (99.999%) and CO (99.999%) gases were obtained from
MathesonAqua regia was madeom a 3:1 mixture of HC{Fisher)and HNQ
(Fisher).Piranha etch consisted of a 3:1 mixture &8 (Fisher) and 3% H.O»
(SigmaAldrich).

Nafion 211 membranes were obtained from the Fuel Cell Store. Prior to use,
the membranes were treated with 5%at 60 °C for one hour, followed by twice
soaking in DI water. Treated membranes were then stored in DI water. @raqds
were obtained from the Graphite Store and sonicated prior to use to remove loose
carbonBalloons were constructed from a latex glove finger and 20 mL syringe and
sealed witrepoxy (JB Weld)Figure2.2C). Working electrodes were made from Au
(99.9%, Alfa-Aesar), Cu (99.998%, Sigrrsdrich), Pt (99.99%, AlfaAesar), and
Pd (99.9%, AlfaAeasr) foils Foil strips were connected to Ni wire using Cu tape to
form electrodes. TheiNCu junction was then wrapped in Teflon tape and remained
above the elenblyte level to avoid Cu contamination. Before use, the electrodes were

cleaned by three successive, five second etches in aqua regia and piranha solution.

2.3 Results and Discussion

2.3.1 Reactivity for Electrochemical Benzaldehyde Reduction

Batch electrochemical reactivity experimeateperformed at0.2 and-0.5 V
(all potentials in thishapterare referred to the reversible hydrogen electrode (RHE))
in 0.5M NaH:PO; electrolyte (pH = 4) to evaluate benzaldehyde reduction activity
and Faradaic efficiency (FE) on four different metal foil catalysts (Figu8p Benzyl
alcohol and hydrobenzoin are detected as the major products, with Cu producing

additional trace side products-at5 V (see below). All metals show some decrease in
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reducton current with time, although it is most substantial for Pt and Fil%y
(FigureA.1). At low overpotential{0.2 V), Pt and Pd show exclusively
electrocatalytic hydrogenation of benzaldehyde tayeaicohol, with hydrogen as

the only side producPd shows a benzyl alcohol production rate of 0.83 prwoith
at-0.2 V (normalized by the geometric area of the metal foil), lower than the 4.38
umol/h-cn? reported by Song and coworkers for Pd nanoglegi(rate normalized by
CO chemisorption aredy.In contrast, the Pt foil shows a slightly higher benzyl
alcohol rate of 1.59 pmolfbm? compared to the 0.82 umottn? for Pt particles?

Au and Cu show no detectable activity for benzaldehyde reductiOra¥, with only
trace anounts of hydrogen produced. The low overall FE®& V for Au and Cu
result from the concentrations of products being too small to quantify accurately.
Reduction at0.5 V does not significantly affect the product distribution for Pd or Pt,
but does inrease the reduction rates by factors of ~12 and ~3, respectively (Figure

2.3A).
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Figure2.3: (A) Average production rates for hydrogen, hydrobenzoin, and benzyl
alcohol on Pd, Pt, Cu, and Au metal foils@® and-0.5 V for 1 h.(B)
The corresponding Faradeaefficiencies. All reactions occurred in Ar
saturated 0.M NaH.PQ; solution (pH = 4.6) with 20 mM benzaldehyde.

This potential dependence supports an electrochemical reduction, although the
exact mechanism is not inherently clear, ag¢laiction on Pand Pd could proceed
through an inner shell hydrogen transfer instead of the sequential reductions suggested
for other metalsKigure 2.). To investigate this possibility, reduction control
experiments are performed using hydrogen gasaasbf an eleabichemical potential.
Hydrogen gas is introduced to saturate the benzaldehyde solution and the resulting H
saturated benzaldehyde solution allowed to react at the Pt and Pd electrodes for one
hour (Figure2.4). Neither the Pt nor Pd foil slws any benzyllaohol production after
one hourTo evaluate longer times, the Pt tests allowed to proceed for 40 h,
resulting in a small amount of benzyl alcohol. The ability of Pt to hydrogenate
benzaldehyde without an applied potential suggest$thand likelyPd, can reduce

benzaldehyde via an inner sphere hydrogen transfer, in agreement witat 2ot
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However, such a process appears much slower than the electrochemical hydrogenation

at room temperature, and is unlikely to dominate under the electrochemical conditions

employed in this work. Thus, a proton coupled electron transfer (P&Rway

appeas more likely than hydrogen transfer for the electrochemical reduction of

benzaldehyde on Pt and Pd. This prominentmgdrogen transfer pathway agrees

with the different electrochemical and thermochemical reduction mechanisms

previously siggested by a feer activation energy for electrochemical reductith.

Despite the lack of a hydgen transferhie PCET mechanism has also been suggested

as inner sphere, based on reaction orders and the decrease in hydrogen reduction

activity upon benzaldehyde introductibii.
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Figure2.4: GC chromatograsicomparing benzaldehyde reduction by hydrogen gas
on(A) Pt and(B) Pd (top traces) to electrochemical reduction (bottom
traces). All reductions @are performed abom temperature, with the

electrochemical tests in Ar purged buffer solution.
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At -0.5 V, Cu and Au also become active for benzaldehyde reduction. Au
shows a strong preference for benzyl alcohol at 19% FE, with only negligible
selectivity for the dimer (€.2%). Cu deviates from the other metals with a high
selectivity for hydrobenzo (FE = 37%, Figur.3B), in addition to benzyl alcohol
(FE = 31%). A hydrobenzoin production rate of 19.5 pmol#i is observed on Cu at
-0.5 V. The unique benzaldehyde pbaog ability of Cu is reminiscent of its capability
to promote GC coupling inthe electrochemical reduction of CO andC8In
addition to hydrobenzoin, traegnounts of diphenyl acetaldehyde and deoxy
hydrobenzoin are also detected on Cu. Both species are hydrobenzoin isomers and
likely form due to hydrobenzoin rearrangement, andasgrimary reduction products
or intermediates. Traces of diphenyl acetaldetge also observed in a control
sample of 1 mM hydrobenzoin in phosphate buffer after three mdfitha€2.5A).

No deoxyhydrobenzoin is detected, however, suggesting ligatedarrangement may
benefit from a higher near electrode concentration duniegeactivity test. In

addition to these minor side products on Cu, both Pd and Cu show significant
additional Faradaic losses-8t5 V. Low FE for reactions on Pd is likelyel to bulk
hydride formation'¢-1’Controlreactivity tests on Pd in pure buffer (without
benzaldehyde) result in < 10% K&t Ho, while all other metals show > 85%. In
contrast, Cu does not form a significant hydride phase, but a slightly lower overall FE
is observed on Cu (81%) during benzald#hyeduction at0.5 V compared to Pt and
Au (95101%). TheFaradaic loss likel results from the formation of oligomers via
multiple G-C coupling reactions, or underestimation of hydrobenzoin due to strong
adsorption to the Cu surface. To test these thygses, a spent Cu electrode is soaked

in diethyl ether for 5 days after-@.5V run to solubilize adsorbed hydrobenzoin
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and/or the oligomers, and the supernatant solution analyzed with NMR (Bi§ure
The NMR spectrum shows a strong, broad peak iphieayl hydrogen region (6.7

7.8 ppm), likely corresponding to oligomers, and kenasharper peaks corresponding
to hydrobenzoin, suggesting a contribution from both proposed causes of Faradaic
loss. Similar oligomerization has previously been observethéelectrochemical
reduction of furfural on Cif and presents practical fouling difficulties for
benzaldehyde reduction over gptime periods. However, the benzaldehyde
oligomerization does not appear quateextensive as furfural, given the formation of
ether soluble oligomers compared to the black carbonaceous product formed by
furfural.*® Recently, May and Biddinger have suggested mitigation strategies for the
electrochemical fouling of furfural on Cimainly the use of lower reactant
concentrations and/or an orgago-solvent. These recommendations may also help
reduce oligomerization for bealdehyde on Cu. The ®mlvent effect may also

explain the reported lack of catalyst deactivation in some studies of benzaldehyde

reduction on Cu in wateésopropanol mixturg?%42
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Figure2.5: (A) Gaschromatographs for the Cu dimer reduction product8.atV
(alcohol not shown) and a control sample of 1 inpdrobenzoirafter
threemonths storage at room temperatB).NMR spectra collected for
diethyl eter solution after soaking the Cu electrotiee Cu electrode
was soaked for five days aftefldnourbenzaldehyde reduction #t.5 V.

2.3.2 ATR-SEIRAS Investigations of Benzaldehyde Reduction

2.3.2.1 BenzaldehydeReduction on Au and Cu Surfaces

To understand the adgtion and reaction pathway of benzaldehyde on the
metal surfaces, operando AFFEIRAS is employed to probe the adsorption
configuration and identify reaction intermediates. Benzaldehyde is introduced to the
spectroscopic cell with Au film working electrae at an initial concentration of 1.5
mM, followed by a gradual increase in the concentration to 24 mMr@&R)6A).
Upon benzaldehyde introduction, vibrational bands appear at 1598, 1586, 1455 and
1310cm', cor r e s p G ehB18@ N di-plane) ring stretching modes of

benzaldehyde, respectivéfy(see Tabled.1-A.3 for a summary of peak
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assignmentsPeak positions typically vary by < 2 c¢hin experiments under identical
conditions.As expected, the intensity of these bands inceaaih the benzaldehyde
concentration. The 1694 chiband corresponds to the C=0 stretching mode of the
benzaldehyde carbonyl group and is redshifted by S@wmpared to benzaldehyde in
the bulk electrolyte collected with a bare Si ATR crystal (Figu& nosurface
enhancement effect or potentiad) similar red shift in the carbonyl has previously

been observed for benzaldehyde on Pd particles and assigned to adsorbed
benzaldehydé® The stronger carbonyl shift compared to other bands suggests a
stronger interaction, and the benzaldehyde likely adsorbs via thengbhcadoon.

Such binding |Iikely occurs by back donatic
antibonding orbitalThe small red shift suggests a relatively weak interaction, which is
consistent with the lack of the Stark tuning effect discussed below. Teusgthonyl

group in benzaldehyde interacts with the surface via a mode that is between specific
adsorption and physisorption. The carbonyl peak also shows a shoulder at ~1700 cm
corresponding to the bulk species, in agreement with the 169@arnonylpeakfor

the bulk species (Figu.2). The relative size of the shoulder increases with
benzaldehyde concentration, suggesting that benzaldehyde is preferentially adsorbed
on the electrode surface at low concentrations. The small peak at 149¢hach

appeas with the addition of benzaldehyde is attributed to a small amount of
contaminant benzoic acdid formed via the oxidation of benzaldehyde upon air
exposure/! To confirm whether the observed benzaldehyde peaks correspond to
surface pecies, an additional set of spectra were collected sgwotarized light
(FigureA.2B). For sufficiently large islands;polarization eliminates surface

enhancement, leaving only signals from bulk spetié¥.1* No peaks appear upon
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benzaldehyde introduction withpolarized light, suggesting the benzaldehyde is

either surface adsorbed or very near the Au surface.
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Figure2.6: (A) ATR-SEIRAS spectra collected upon benzaldehydedhicion to the
Au surface(B) Spectra collected during cathodic potential steps on Au.
(C) Spectra collected for Au during anodic potential steps. (B) and (C)
were collected with 24 mM benzaldehyde. All spectra were collected in Ar
purged solution with 64 eaveraged scans. Backgrounds were collected at
-0.2 V in the absence of benzaldehyde.

A spectroscopic feature corresponding to the ketyl radical intermediate is
identified on Au at reducing potentials, supporting the involvement of a radical
intermediate irthe electrochemical reduction of benzaldehyde. After benzaldehyde
introduction, the peential of the Au surface is stepped downG@® V in 0.1 V
increments, with spectra collected at each potential. The spectra show no detectable
shift in the position bany benzaldehyde band with potential (Figur&B2andA.3).

In contrast, the OH beih) mode of interfacial water at 163®50 cm' clearly shifts

with potential FigureA.3). The lack of Stark tuning for benzaldehyde suggests weak
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adsorption with thearbonyl bond outside the inner Helmholtz layer, as this region
contains the strong elei field required for the Stark tunin§’ This distance has

been suggested as 2.8 n pravious Stark tuning studi€¥;!1%n agreement with

the -~4 doubl e | ayer f{raly scatteringestudiesefs t i ma
cations’?173This adsorption distance (>3 ) may all ow suffi
interaction for electrochemical reduction without a Stark tuning effecerRe
computational work has suggested electrochemical benzaldehyde reduction requires
an adsorpti on dif*She adesocption distasce alsb heaenallylgrees
with those suggested for larger organics both experiméfith/” and by computational
modeling!’® Unfortunately, the current ATSEIRAS spectra do not provide

sufficient information to determine an exact adsorption distance. Other methods such
as normal incident-xay standig wave spectroscop{P1’617%18yr atomic force
microscopy’’ might allow for a more precise determination of adsorptiotadi®. In
addition to benzaldehyde, other vibrational bands appear below the onset potential of
benzaldehyde reduction #.5 V. Of these bands, the peaks at 1496 and 1433 cm
correspond to benzyl alcohol and appear prominently at lower potentialO(E\¥).

These peaks agree with bulk benzyl alcohol spectra collected in a control experiment
on a bare Si (Figura.2), with the stronger 1453 chpeak differentiating them from
those of hydrobenzoin. The benzyl alcohol prominence agrees with the higth ben
alcohol selectivity observed in the reactivity testdab V. In addition to benzyl

alcohol, a third peak at 1482 ¢ramerges at0.5 V and grows in intensity at more
negative potentials. This peak does not correspond to benzaldehyde, benzyl aicohol,
hydrobenzoirt®®19The emergence of this peaka higher potentiat@.5 V)than

peaks corresponding benzyl alcohol ¢ -0.6 V) suggests that it likely belongs to a
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reaction intermediate, i.é¢he benzaldehyde ketyl radical as suggested by previous
electrochemical studi€g’18!Note that benzyl alcohol is produced@5 V on Au in
the reactivity testRigure2.3), while the spectra show no discernable alcohol peak
this potential. The discrepancy likely results from the different time scales of the two
experiments, as the one hour reactivity tests allow the accumulation of benzyl alcohol
in the bulk, which may be detected even for steady state surface concestrataw
the IR detection limitAdditional support for the radical assignment also comes from
the peak position. Mrationalbandsnear1482 cm' have previously been attributed to
other ketyl radicalsTallant and Evans attributed bands at 1500 emd1375 cm’ to
radical anions of fpenzoquinone and benzophenone, respectively (without specifying
the vibrational mode’® In multiple reports, Eargle and coworkers have reported
redshifts of 80120 cm? for ketyl radicals relative to their carbonyl stretéH?
making the assignment of the 1482tband to the(C-O) modeof the ketyl radical
unlikely, as it would represent a > 200 tnedshift compared to the benzaldehyde
carbonyl vibration. More likely, the 1482 chpeak corresponds to a ring stretching
mode of the radical species, similar to the benzyl alcohol bardB&tct, which is
consistent with the assignment of a 1458'd¢rand to a ring mode of the radical anion
of benzophenone by Bewick et’aThesame authors also observed a band at
1557cmt corresponding to the(C-O) mode of the benzophenone ketyical. For
the benzaldehyde ketyl radical, this mode could be obscured by the i@y
mode of water at 1630650 cm'.

SEIRA spectra collecteduring anodic potential steps Au further support
the assignment of the 1482 ¢iband to the ketyl radid species. The 1482 chiband

decreases in intensity as the potential becomes more positivedi®w and
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disappears abov®.5 V (Figure 26C), consistent with the spectra collected during the
cathodic potential steps. The disappearance of the 148banu suggests that it
corresponds to a reactive species produced at negative potentials, consistent with the
assignment to the ketyl radical. Inntmast, the 1496 and 1453 ¢rbands
corresponding to benzyl alcohol linger, albeit weakened, at poteaital®-0.4 V,
suggesting that it is a stable species produced at negative potentialsliffbgds
from the double layer at more positive poterstidtor the 1482 cthband, alternative
assignments should also be considered, particularly those relstedietice pH. Given
the reactions at the Au surface, the local pH might increase and result in new peaks for
pH dependent species, such as acetalerotonated species. To rule out these
possibilities, spectraverealso collected for benzaldehyde at fesurface in 0.1 M
NaOH (FigureA.4). The spectra in NaOH show benzaldehyde peaks, but lack the
peak at 1482 crh suggesting this peak results fram electrochemical reduction
intermediate rather than a pH change. While stepping the electrode pateffitah-
0.8 to 1.3 V, a new 1366 chihand also appears above 0.4 V and shifts to higher
wavenumber with potential at a Stark tuning rate of 24/9hfFigure 26C). This
peak is attributed to adsorbed benzd&&he low onset potential of this peak
suggests an initial adsorption of tra@nboic anions present due to benzoic acid
impurity in the benzaldehyde. The further growth in the adsorbed benzoate band with
potential likely result from additional benzoate coverage due to the oxidation of
benzaldehyde.

The Cu surface shows differemtextral features than Au, consistent with the
higher GC coupling activity of Cu in benzaldehyde reduction. Similar to Au,

characteristic benzaldehgdandsppear upon introduction of benzaldehyde to the
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electrolyte at0.2 V hold Figure2.7). In particdar, the adsorbed carbonyl appears at
1695 cmbwith a 1702 crit shoulder, suggesting weak adsorption of benzaldehyde to

the Cu surface.

Cu Film
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-0.2 V vs RHE
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Figure2.7: ATR-SEIRAS spectra for benzaldehyde adsorption on Cu. Spectra were
collected in Ar purged solution using 64-aeeraged scans. The
background consisted of 128 scangla2 V without benzaldehyde.

Upon stepping down the potential, no new spectral features are observed bét&een
and-0.4 V, consistent with the lack of benzaldehyde reductie@.atV in the

readivity study (Figure2.3A). At -0.5 V, however, many new bandpepr (Figure

2.8A) and grow with timeKigures2.8B, A.5 andA.6), suggesting new chemistries

upon reduction onset. The peaks at 1963, 1897, 1807, 1604, 1496, 1455, 1191, 1080

and 1022 cm correspond to hydrobenzotf although some ring modes appear
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shifted + 15 crt compared to the bulk spectrd.Such shifts have been observed
previously for adsorbed benzene derivatitfsnd may suggest greater interaction of

the hydrobenzoin rings with the Cu surface. Unfortunately, a comparison with bulk
hydrobenzoin could not be made, as hydrobenzagha low solubil t y i n wat er
1mM), and no detectable bands are observedlbare Si ATR crystal in

hydrobenzoin saturated buffer. The high intensities of the observed hydrobenzoin
bands on Cu a0.5 V suggest a higher concentration in the double layer than its
solullity limit in the bulk, likely due to stronger adsorption. Tkisong adsorption

could result in slow diffusion of the produced hydrobenzoin from the surface and
enhance further reaction to less soluble products via oligomerization. The strong
adsorptiorand oligomerization are consistent with the detection of depposithe

spent Cu catalyst (Figu5B) and the observed Faradaic loss during reactivity tests
(Figure2.3B). In addition to hydrobenzojra small, sharp peak is also present around
1673 cmt (FigureA.5). This 1673 ct peakcould correspond to thC-O) mode of

the ketyl radical, which is likely obscured by the water band in the spectra on Au. The
relatively small redshift of this mode from the benzaldehyde carbonyl band (=25 cm

1y, as corpared to those reported for benzoptree and benzil (8510 cm?),’® could

result flom additional interactions in the aqueous system not present in the previous
aprotic solvent$® ° For example, the band may be influenced by short range
interactions with water molecules, such as hydrogen bonding. Such short range
interactions have been suggested for the benzaldehyde ketyl in polar solvents, such as
methanol or ethanol, resulting in chargyansfer complexe§? Although, such

complexes have not been investigated experimentally. The aqueous environment could

also interact via protonation of the ketyl radical. GivenpKa estimate of -® for the
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ketyl radical in watet8°the majority of radicals should be protonated ingHe4.6
phosphate buffer. Either ertaction could serve to withdraw electron density from the
ketyl radical and result in a smaller aldehyde to ketyl shift, as carbonyl electron
density generally correlates inversely with ketyl radical peak poditiaternatively,
the lower shift could result from the different bonding structures of the respective
radicals. Previous electron spin resonance measurements suggest eJigah@
between the akhyde and phenyl group for the beldehyde ketyl®18’whereas that
of benzophenone cantate freely'®”1®This rigid bond may suggest more sp2
character for the benzaldehyde ketyl radical, tegyin a higher vibrational

frequerty. Likely, both the additional water interactions and different bonding
character could play a role in explaining the lower shift. However, the current spectra
do not provide enough information to establish a predorféect. Unfortunately,

the large idrobenzoin peak on Cu at 1496 twbscures the other likely ketyl radical
peak expected near the 1482 cpeak of Au. The stronger radical and hydrobenzoin
bands on Cu suggest stronger coupling activity and highgitaacverall, in

agreement with thactivity tests. In addition to hydrobenzoin and the ketyl radical,
weak peaks at 1328, 1344, 1299, 1258, 1277, and 122@lsm appear on Cu €1.5

V, which likely correspond to the trace hydrobenzoin rearrangemedtigts

observed in the Cu reactiyistudies. A monotonic decrease in the intensity of all
bands is observed as the electrode potential decreaseffota-0.9 V, which is

likely due to the increasing coverage of the surface by oligomerized compmunds

film damage due to strong hydragbubble formation.
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Figure2.8: (A) ATR-SEIRAS spectra collected during cathodic potential steps on Cu.
Each trace represents the final spectrum collected at the stated potential.
(B) Time evolution spectra for the Cu sacé upon stepping t0.5 V.
Spectrawere collected ~ 3 min apafC). The GH stretching region of
the same time evolution spectra in (B). All spectra were collected in Ar
purged solution with a benzaldehyde concentration of 24 mM.
Backgrounds were catted at0.2 V without benzaldehyde

The time evolution of € stretching modes of the species produced on GuayV
provides further insight into the-C coupling mechanism. In addition to the lower
frequency bands, wetlefined bands correspondingriC-H) modes are observed on
Cuat-0.5 V. Such bands are too weak to distinguish on Au at the same potential,
further supporting the high surface coverage of benzaldehyde derived compounds on
Cu. Bands at 2921 and 2851 trorrespond to benzyl alcofdland appear

immediately after reaching reduction onsetlab V (Figures 2.8C andA.6B),

followed by the gradual growth of bands at 3061, 3036 and 290@amespading

to hydrobenzoin. The slowéydrobenzoin formation agrees with the time evolution
spectra of the lower wavenumber range, in which the benzyl alcohol bands at 1496

and 1454 cm appear in the first spectrum-&5 V, followed by the gradual
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appearane of the bands corresponding thobenzoin [figures2.8B andA.6A). The
peak at 3105 crhdoes not belong to either benzyl alcohol or hydrobenZ8i@iven

its reldively large size, and eemergene with hydrobenzoin, the peak likely relates
to the ketyl radical species. The spectra also show a two smallgg€dle and 2980
cm which emerge at longer times. Similar to the small peaks observed in the 1000
1800cm! region, these peaks alsodlg correspond to trace side products from
hydrobenzoin rearrangemeiihe sequential growth of the benzyl alcohol band and
hydrobenzoin bands suggest coupling to hydrobenzoin occurs only after sufficient
radical accumulatin near the surface, with a lonencentration required for benzyl
alcohol. This hypothesis is consistent with the observation that the 1673 and 3105 cm
bands assigned to the ketal radical also grow in sync with the other hydrobenzoin
bands Figures2.8B, 2.8C andAG6). The requiremerfor a high ketyl radical
concentration may also explain the difference between Cu and Au. The Au spectra
also show the ketyl radical, but do not show any hydrobenzoin formation
spectroscopically, and produce only trace difre0.2%) in the reactivity stues
(Figures2.3and 26). The lack of any substantial hydrobenzoin production, despite
ketyl radical formation, suggests that the dimer is not favored on Au due to a low
concentration of ketyl radicals. This low concentnaiikely results from the weaker
stabilization of the ketyl radical intermediate by the Au surface compared to €u. Th
importanceof intermediate stabilizatiois reminiscent of the situation in the
electrochemical reduction of CO on these two metalgrevthe lack of Au activity in
the GC coupling chemistry has been attributed to the weak CO binding, in contrast to

the optinal Cu-CO binding energy allowing for coupled produts.
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2.3.2.2 Dissociaton of Benzalddéwyde on Pt and Pd

Dissociative adsorption of benzaldehyde occurs upon its introduction to the Pd
surface. Benzaldehyde is introguakcto the electrolyte solution while holding the Pd
electrode at0.2 V.Unlike Au and Cuthe prominent features on Pd appatat717
and 1825 cm upon introducing 1.5 mM of benzaldehyde (Fig2r@A). Both peaks
are assignetb adsorbed CO at the Pd faoe. Although a band at 1713 ¢rhas been
reported for benzaldehyde in cyclohexatfessuch an assignment for the band centered
at 1717 crt is unlikely here. The 1717 chband is relativily broad and strengthens
with time, whereas bands corresponding to the reactants are typically sharp and
weaken over time due t@esumptionThus, it ismore likely thathe1717 cm' band
corresponds to an adsorbed formyl gramgdor multibonded CO at defect sites
(COw)*®formed by the dissociative adsorption and decarbonylation of benzaldehyde
A similar CQu peak has previously been observed between 1700 ancca?4én Pd
for low coverage of CO and during formid@oxidation*® Importantly, in tha
study, the C@ band appears only at low CO coverage, disappearing as the other CO
peaks grow, in agreement with the 1717gqmeak behavior at higher CO coverage
(Figure2.9B). The peak at 1825 chrcorresponds to CO adsorbed on Pd hollow sites
(COn), ard also forms via the decarbonylation of benzaldehyde. Similar
decarbonylation induced CO peaks have been previously observed in
thermochemicaf®®and electrochemicHf systems. Both the 1717 &n825 crit
bands grow and blue shift with time, foNed by the emergence of additional peaks at
1869 and 2009 cth corresponding to bridge and linearly bound CO, respectively
(COs and CQ, respectively$® The sequentiavolutionof these bands suggests that
benzaldehyde decarbonylates on defect and hollow sitethaptdoduced CO then

migrates & bridge and linear binding siteSigure 2.1(. This mechanism is similar to
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that suggested for benzaldehyde decarbonylation under thermocatalytic cortdfitions
Increagng the bemaldehyde concentration fromblto 24 mM increases tl&Og and

COvL band intensities (Figur2.9B). The growth in CO bands with higher

benzaldehyde concentration suggests an initial undersaturation of CO by benzaldehyde
decarbonylation at low benzaldehyadencentrationsTo confirm thedentity and

stability of adsorbed CO, the potential is stepped anodically fooérto 1.3 V, with
spectra collected every 0.1 V (FigukerA). The adsorbed CO peaks shift with

potential, with rates of 45, 51 and 36 €M™ for CO_, CQs and CQ, respectiely.

These Stark tuning rates are consistent with the previously observed range for CO on
Pd1®1 At 0.6 V, CQ oxidation begins, followed by G{bxidation at 0.8 V and Coat

0.9 V. The oxidation potentials generally agree with previous reports for CO%n Pd,
supporting the CO peak assigants. No benzoate peak appdarsPd at higher

potentials, suggesting more complete benzaldehyde oxidation than on Au.
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Figure2.9: (A) Time evolution spectra after benzaldehyde introduction td Rates
were collected ~3 min apa(B) Effect of benzaldehyde concentration.
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Figure2.10: Schematic representation for benzaldehyde decarbonylation on Pd and Pt.

COwm, COH, COg and CQ stand for multi, hallow, bridge and linearly

bonded CO, respectively.
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CO poisoning by benzaldehyde decarbonylation on Pd is likely the main cause
for its low dimerization selectivity in benzaldehyde reduction. Formation of CO on the
Pd surfacesuggests instability of benzaldehyde at the Pd surfageh instability
agrees with the weknown ability of Pd to dissociative organic specdi#s®a
property usually attributed to strong back domawf electrons from the metal surface.
For benzaldehyde, the destabilization likely results from back donation to the carbonyl
“* anti bondi n g theraldehyde®IThis adsorbaie linstability and/oo
the resulting CO poisoning could then limit the formation of ketyicedd near the
catalyst surface. Given the suggested importance of these radicals fordiiern
Cu, the instability or poisoning may explain the lack of dimerization on Pd.
Unfortunately, it is difficult to decouple the effects of the adsorbatehitisgeand CO
poisoning, as the former leads to the latter. However, the influence ofipboaint
provide some insight into the relative importance of the two effects. If the ketyl
radicals are unstable, reduction conditions may drive further decarbonyathe
surface, producing a potential dependence for CO formation. Such a potential
dependence has been previously observed for benzaldehyde decarbonylation on Pt,
with CO peaks increasing at lower potentt&fPd, however, does not show a similar
dependence. Lowering the electrode potential #012 to-0.5 V does not lead to any
significant change in spectral features, exdéepthe Stark tuning effect of the
adsorbed CO bandbigure2.11A). The insensititiy of CO area to potential suggests
that potential dependent species, such as ketyl radical intermediates, do not show a
large degree of decomposition and that the pyrdacarbonylating species is likely
benzaldehyde. Further, the small degree of katjical decomposition may suggest

some degree of stability for the radical, and that CO poisoning plays a greater role in
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preventing dimerization on Pd. Although the olserstability (lack of

decomposition) also could be limited to decarbonylation, amdatiicals remain
relatively unstable compared to those on Cu orTRugauge the extent of CO

poisoning on Pd, CO gas is introduced to the benzaldehyde saturatedaled atof5

V. The CO introduction results llueshifts and a growth in intensity footh theCOs

and CQ bands (Figur.11B), likely due to the increased CO coverafeis increase

in CO coverage supports the incomplete saturation of CO by the deglatimn

process previously inferred from the CO dependence on benzaldehyde comeentrati
(Figure2.9). It can also provide a rough estimate for the extent of the initial CO
poisoning. A linear relationship between CO peak area and coverage has been
previowsly demonstrated for Pt in electrochemical systéhasd used to quantify CO
coverage on Pt and Pd in the presenaargdinic species® Although others have
suggested that dipol#ipole coupling may cause some deviation from linearity,
particularly at high coverage, due to the screening of adjacent
dipoles!t6:117.120.121,123,194.1%hjg deviation does not, however, appear very strong for
Pt or Pd at intermediate coverage (below-8806 saturation)!®122Notethat the
introduction of @ increases the combined area of @®@s and CQ bands by ~40%.
Assuming extinction coefficients independent of CO coverage, the increase suggests
that dearbonylation poisons70% of the Pd surface relative to CO saturation. This
relatively large degree of poisoning, as well as its potential independence, suggests
that COpoisoning is likely the primary cause for the lack of benzaldehyde coupling on
Pd. Itshould be noted, however, that although the surface shows high CO coverage,
the absolute magnitude of decarbonylation is quite limited. No benzene is detected

either spetroscopically or by NMR, and the reaction is likely dgtfiting as it
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produces a gsoning species (CO) which suppsedurtherpropagation.
Decarbonylatiomproduced benzene has previously been detected for benzaldehyde on
a Pt electrode using differéal electrochemical mass spectrometry (DENMESR

method with much higher sensitivity. The same study also lacked IR peaks for
adsorbed benzene and suggested the exclusion of these bands byekTiBselles

due to a flat adsorption of the benzene molecule. A similar phenomenon may explain
the lack of benzene in the present spectra foFRpiI(e2.9A). Importantly,the Pd

spectra lack peaks corresponding to benzyl alcohol. The absence of tiesékaty

results from low benzyl alcohol coverage due to the strong competitive adsorption

betwveenCO and benzaldehyde.
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Figure2.11: (A) Spectra collected for benzaldehyde saturated surface during
downward potential steps on KB) Spectra collected upon the
introduction of CO to benzaldehyde saturated Pd surface. Spectra were
collected back to bacBackgrounds for both sets of spectrarev
collected at0.2 V in pure buffer.

Similar to Pd, mtroduction of benzaldehyde to Pt also leads to dissociative
adsorption, but with a different CO site distribution. At 1.5 mM benzaldehyde,
benzaldehyde decarbdagion on Pat0 V results in a straplinear peak at 1977 ¢t
with a weak bridge peak at 1754 ¢ffrigure2.12A and 2.10. The Pt film requires a
higher initial potential to avoid HER induced film instability due to its high HER
activity (and the assiated bubble formation). The CO fortitan agrees with
previously observed benzaldehyde decarbonylation on Pt in aqueous electrochemical
conditions below 0.2 V¥***¥2Both the linear and bridge CO peaks grow and blueshift

with time as decarbonylation proceeds and C@rage increases. Unfortunately, the
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near colinear evolution of the bands does not allow for determination of the
decarbonylation site. However, recent work on similar poisoning during acetone
reduction suggests the decarbonylation likely occurs at P} §lt@8’2 Increasing lte
benzaldehyde concentration primarily increases the g&@k intensityigure

2.12B). Unexpectedly, the G§peak intensity actually decreases slightly at higher
benzaldehyde concentrations, suggesting either displacement of CO by berd=ldehy
or that brdge sites become less energetically favorable at high coverages of the
linearly bonded CO. At higher benzaldehyde concentrations, Pt also shows a small
adsorbed benzaldehyde peak at 1689,arsimilar location to that on Au and Cu.

The lowe peak wavenmber on Pt likely results from interference by the adjacent
water bandNote that the band corresponding to the radical species identified on Au
and Cu does not appear on Pt. Like Pd, Pt also lacks bands attributable to benzyl
alcohol, likelydue to compdive benzaldehyde and CO adsorption. The adsorbed CO
identity is confirmed by stepping the electrode potential to 1.Bi§ufeA.7B). The

COL and C@ peaks both shift with potential, with Stark tuning rates of 32 and 61 cm
v, respectivelysimilar to hose previously observed for CO ont®BtSimilar to Pd,

the CO on Pt @aks begin oxidizing at higher potentials. &ZXidizes at 0.8 V,

followed by CQ at 1V, both generally consistent with the literafi$r&.
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Figure2.12: (A) Time evolution for benzaldehyde inthaction to PtSpectra were
collected ~3 min apar(B) Effect of benzaldehyde concentration. Both
sets of spectra were collected under Ar purge with a background at O V.
COL, CQs represent CO bound at linear and bridge sites, respectively.

The potential dpendence a0 peak area on Pt suggests a greater role of
radical instability in the benzaldehyde decarbonylation process than for Pd. Similar to
Pd, the decarbonylation on Pt suggests instability of benzaldehyde adsorbates, which
likely include ketyl ragtals given lhe structural similarity to benzaldehyde, as
evidenced by the spectra on Au and Cu (Figurésui2d2.8). As discussed for Pd,
these unstable radicals could also contribute to the formation of CO, and, depending
on the relative stability of these radicalecarbonylation may increase at lower
potentials. To probe this possible influence of potential oorade stability, the
potential of the Pt surface is stepped from @t@ V. Both the COand CQ peak

intensities increase with the decreasing poaé(Eigure2.13. This trend runs counter
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to the CQ peak decrease usually observed at lower poteftii%and agrees with

the potential dependence previously observed for benzaldehyde decarbonylation on
Pt182This potential dependence suggests a greater importance of the ketyl radical in
benzaldehyde decarbonytat on Pt and, as an extension, that the ketyl radicals are
relatively unstable. This lower stabilityay suggest a greater role of ketyl radical
stability in limiting coupling on Pt, especially compared to Pd, where benzaldehyde
decomposition does not shi@ potential dependencenportantly, flowever, note that
the observation of CO does indicate significpoisoning of the Pt surface. To gauge
the extent of this poisoning, CO gas is introduced to the benzaldehyde saturated Pt
surface at0.2 V (Figure2.13B). Upon introduction of CO, the G{peak grows

slightly and blueshifts to 1815 cinAdditionally, he CQ peak at 2005 crhshows

slight growth and a blue shift, followed by the emergence of two new peaks at 2044
and 1985 cm. These new peaks likelypaespond to CO adsorbed in different
chemical environments. The 2044 ¢meak agrees well with adstign of CQ_on

Pt8 and likely corresponds to areas of high-CO interaction. In contrast, the 1985
cmit peak represents a significant red shifigl ¢ikely results from CO interacting with
benzaldehyde either adsorbed on or close to the surfadec&adsorption red shifts
have been previously reported for CO on Pt in vacuum studies, with redshifts of 30
cmt for CO coeadsorbed with benzeté or methanol®® and 20 crt for co-

adsorption with water or X€8 The effect haslso been demonstrated in
electrochemical systems, with 20 to 30°trad shifts for CO cadsorbed with

pyridine, CCl, or CSat Pt and Pd electrod&¥.Similarly, addition of water to CO
adsorbed on a Pt electrode in acetonitrile results in a 3@ednshift in te CO

peak?®® Generally, these red shifts have been attributed to interactions between CO

55



and the ceadsorbate, wh CO dipole screening suggfed as the most likely
causet?®21As an alternative theory to Glienzaldehyde intactions, the new CO

bands cald also result from CO adsorbed at specific binding sites. In this view, the
2044 cm' peak would represent CO on Pt terrai®@$%* with the 205 and 1985 crh

peaks repmenting stefy? 2% and undercoordinaté®-?*®sites, respectively.fese

distinct CO adsorption sites have been observed in thermocatalytic systems and some
single crystal electrochemical studf@42°>-2°’Qutside of single crystals, however,
electrochemical studies generally observe only one, unresolved peak fonCO
Pt86.182,196,20210 Thjg difficulty in observing distincsites makes a sigpecific
interpretation unlikely, and the three distinct peaks more likely result from different
degrees of C&enzaldehyde interaction. Regardless of the cause, peak growth with
CO introduction confirms the initial undersaturation @ 6y decarbonylation on Pt.
Similar to Pd, the change can also provide a rough estimate of the initial CO coverage.
Specifically, the combined GGand CQ peak areas increase by a factor of ~2 upon

CO introduction, suggesting ~50% initial poisoning of Btesurface by
decarbonylatiomelative to CO saturation, assuming no significant change in

extinction coefficient due to dipoldipole coupling. This coverage is considerably

lower than that measured for Pd, although the different potentials may acaount fo
some of the difference. Gan the potential dependence for decarbonylation on Pt, the
CO coverage likely increases at lower potentials, possibly surpassing that of Pd.
Unfortunately, these lower potentials could not be probed directly due to thestabilit
limitations of the Pt filmused in the SIRAS experiments. Such andrease in CO
coverage might also explain why Pt shows a higher benzaldehyde reduction rate than

Pd at-0.2 V, but the reverse is true-8t5 V (Figure2.3A).
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Figure2.13: (A) Spectra cdécted during cathodic potential steps for a benzaldehyde
adsorbed on a Pt surfa¢B) CO introduction to the benzaldehyde
saturated Pt surface. Spectra were collected back to back with no time
delay. Backgrounds for both sets of spectra welected aD V.

2.3.3 Ketyl Radical Stability as a Predictor for Benzaldehyde Coupling Ability

Of the four metals investigated, Cu shows a unique ability to perform the
coupling of benzaldehyde, which is attributable to a high stability and concentration of
ketyl radicalintermediates. Ketyl radical stability offers a framework for
understanding the difference in benzaldehyde reduction selectivity between the
alcohol selective metals of Pt, Pd and Au, and the unique coupling (&igiue
2.14) Observation oketyl radicds on Au (Figure &), as well as previous
electrochemical evidendé 4" 151.15%5yggests that these species thie maineaction
intermediates in the electrochemical reduction of benzaldehyde. The concurrent
evolution of these radicals and hydrobenzoin in the Cu spé&atnar€2.8) suggests

thathydrobenzoin formation requires the accumulation of ketyl radataids nearhe
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catalyst surface, with dimerization then occurring through radical recombination, as
suggested by previous studi€$.However, this recombination does not occur to any
appreciable extent on Au (< 0.2% FE), despite the presence of ketyl radicals. From the
perspective of radical stability, this difference can be rationalized byakere

stabilization of the radicals by Au compared to Cu. Such an explanation has an analog
in the GC coupling reactions which occur during the electrochemical reduction of

CO. In these reactions, the difference between the effective coupling of Cu and the
lack of copling on Au has generally been attributed to the stronger CO binding
energy of Cu compared to Af? Radical stability can also rationalize the lack of
benzaldehyde coupling for Pt and Pd. CO formation on Pd arkigetrés2.9 and

2.12 suggests an instability of benzaldehyde adsorbates, which also likely extends to
ketyl radical internediates. The potential dependent decarbonylation for Pt but not Pd
(Figures2.13and2.11, respectively), may suggest greater radical stability for Pt, but

in both caseghe instability and resulting CO poisoning suggest a low concentration

of ketyl radicals and no dimerization, as observed. Although the instability and CO
poisoning do not completesuppress benzaldehyde reduction activity, as Pt and Pd
still produce benzyl alcohol (Figu&3). In short, benzaldehyde and the ketyl radical
bind too strogly to Pt and Pd, resulting in decomposition and poisoning in the
extreme, and generally limiting radical accumulation and coupling. This radical
stability formulation for Pd and Pt also finds analog in electrochemical CO

reduction, in which the lack aictivity for Pd and Pt is linked to owbinding of

CO 1% Combining the Pd and Btability interpretation with that of Cu and Au offers a
complete interpretation of the unique coupling on Cu. The Cu coupling results from its

unique position as a catalyst active enough eapce sufficient radicals, but not so
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active as to destabilizatermediates and cause surface poisoning. In this regard, ketyl
redical stability becomes analogous to CO binding energy in CO reduction and
presents a general framework for understandingreleductive coupling. In addition

to benzaldehyde, this framverk could also rationalize and predict coupling activity

for a broad range of carbonyl compounds. The effect of binding strength and specific
intermediate structure could also be further exgaagiven the strong adsorbate
structure dependence recentlggeasted for acetaldehydO coupling on C@!?
Additionally, the radical stability framework might be improveddxtending
investigations to identify the specific facetsiaetfor coupling on Cu and other

coupling metals, as has been done for®&@\lternatively, computatioal work might
utilize ketyl radical stability for the desigr optimum coupling catalysts, such as

bimetallics, similar to previous work on hydrodeoxygenation catadysts.

Figure2.14: Graphical summargf the benzaldehydeduction and decomposih
pathways inferred for Au, Cu, Pt and Pd. Note that labeled pathways represent
predominant pathways, not exclusive pathways.
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2.4 Conclusions

Batch reactivity studies show benzaldehyde reductitvitycfor Pt, and Pd at
-0.2 V, and for Pt, Pd, Au, and Cu-at5 V. All four metals show the production of
benzyl alcohol, however, only Cu shows the ability to effectively mediate the coupling
of benzaldehyde to the hydrobenzoin dimer. AFRIRAS resuk suggest that
benzaldehyde adsorbs via the carbonyl carbdhd Au surface and is reduced to
benzyl alcohol via a ketyl radical intermediate. Spectra on Cu further support the
radical intermediate and suggest dimerization requires the accumulatietylof k
radicals. The lack of hydrobenzoin formation, despité&ceddormation, suggests the
Au surface cannot accumulate radicals, likely due to poor stabilization relative to Cu.
SEIRA spectra on Pd and Pt both show CO formation, suggesting unstable surfac
adsorbates undeedudion conditions. The instability, angsulting CO poison, likely
limit ketyl radical accumulation and prevent dimerization. On Pd, a higher CO
coverage and lack of CO coverage potential dependence suggests a higher contribution
from CO poisoning. On Pt, the lower coverage and potential depeaduggests a
greater role of intermediate instabiliased orthe combinedreactivity data and
spectroscopic resultdye ability of a catalyst to stabilize the ketyl radiegresents a
key predictor in its ability to effectively mediate the eleatductive coupling of

benzaldehyde, and likely other aromatic substrates with the carbonyl functional group.
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Chapter 3

THE ELECTROREDUCTIVE CROSS-COUPLING OF BENZALDEHYDE
AND FURFRUAL

3.1 Introduction

Available from sustainable sources, biomass derived carkyggenates
represent a promising alternative to petroleum as an industrial carbon feedstock.
Derived from lignocellulosic materiafgthese species can be upgraded tmfor
precursors for fuel and chemical production. Typically, this upgradingists of a
reduction to increase stability and energy content, or n€&wbGnd formation to
increase molecular weight. Often the two processes occur sequentially to form higher
value fuels and chemicat$*?'°This combined upgrading via coupling and rechreti
shows particular promise for large biomass derived aldehydes, such as benzaldehyde
and furfural derivatives. Coupled furfural derivatives, such as furoin, dihydroxymethyl
furoin and bihydroxymethyl hydrofuroin, have been demonstratedfgir C12
biofuel production using sequential ring opening and hydrogenation®§t&ps.
Benzaldehyde derivatives have also been suggested as a potential fuel source
following coupling and hydrogenatidAIn addition to fuels, coupled furfural and
benzaldehyde derivatives also show promise for the production of adties
products. Ma, Feng and Chen emplegcoupled products of hydroxymethyl furfural
(HMF) as monomers for the production of polyurethai®blarveyet al. used
coupled vanillin derivatives to produce renewable thermosetting resins and

thermoplasticg!’ The promise for valuable presors also extends to cressupled
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aldehyde species. Recently, Wilson and Chen have synthesized linear polyesters with

pendant furan groups using a crassipled HMF and furfural specié$ More

generally, the incorporation of different functional groups by ecosgling presents

the opportunity for more valuable dimer products from biomass derived aldehyde
Electroreductive coupling offers a promising means of upggaoiomass

derived carbonyl species. Driven by an applied electrical potential, this technique

reduces carbonyl species while simultaneously increasing molar mass through new C

C bond formation (dimerization). Generally, the electroreductive coupling is

considered to proceed by combination of ketyl radical intermediates, with further

reduction to alcohols as an alternate reduction patiiv&y® *14The two reductions

occur sequentially, with an initial electron transfer torfdetyl radicals, followed by

either radical coupling or a second, electron reduction to the alcoh@igure 3.).

Electrochemical parameters, such as’pHcatalysf0:42:139.153,158,160,161,181, 244

potential?®42219¢control the selectivity of the two pathways. Crassipling of

different aldelgdes can also occur electrochemicafElectroreductive coupling has

several advant&s as an upgrading technique. The one step process selectively

reduces the aldehyde group, eliminating the ring hydrogenation issues often

encountered for benzaldehyde and frafuerivatives! Additionally, the

electrochemical reduction occurs at room temperatutBout the need for an

external hydrogen source or the additional reagentssaigefor thermochemical

coupling?® 22221 pespite these advantages, electroreductive carbonyl coupling remains

poorly understood. The reaction has been extensively demonstrated for

benzaldehyd@404259 acetophenon&? 225 furfural*® 48.143146.223nd hydroxymetyhyl

furfural, 228 but still lacks fundamental understanding into the effect of electrochemical

62



parameters on dimerization rates anestévities. Although recent work;*?has

begunto address this gap in understanding, with a focus on variation among catalysts.
Crosscoupling remains less understood than-selipling. Topresenknowledge,

only one study covers the electroreductive ciamgpling of aldehydes, involving
benzaldehydet-fluorobenzaldehyde and benzophenone ofPbhe study suggests
stochastic contradf dimer product selectivities, with a strong dependence on reactant
concentration. However, the lack of further studies makes it difficult to discern if these
insights apply generally. Specifically, it remains unclear if stochastic control applies to
aldenydes with greater structural dissimilarity than benzaldehyde and 4
fluorobenzaldehyde. Additionally, the exclusive investigation of Pb as a coupling
catalyst limits insights into catalyst effects, hindering ciamgpling catalyst design.

This chapterseds to further the understanding of aldehyde crosspling by
investigating the reduction of benzaldefdgural mixtures on Cu and Pb surfaces.
Cyclic voltammetry on Cu and Pb shew larger impact of benzaldehyde on the
furfural reduction peak forti’than for Cu, suggesting greater competitive adsorption
on Pb. Subsequently, reactivity teateemployedto determine coupling rates and
selectivities. Both metals produce a crossipled species {®-furyl)-2-phenyt1,2-
ethanediol) in addition to albol and homedimer products. Cu shows greater
dimerization selectivity for crossoupling, whereas Pb favors furfural coupling. To
gain further insight into this selectivity difference, the relative dimerization aates
comparedvith expectations for thstochastic coupling of the ketyl radicals. Both
metals show deviation from stochastic expectations, likely due teboveing of
benzaldehyde radicals, with greater deviation on Pb suggesting a greater difference in

radical binding energy. Attenuateddbteflection surface enhanced infrared reflection
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absorption spectroscopy (ATREIRAS) experiments support the larger binding

energy difference on Pb. Spectra show benzaldehyde displacement of furfural on Pb,
but not CuCombined, the CV, reactivity angedroscopic evidence suggests the
higher crossoupling selectivity of Cu results from a greater similarity in the ketyl

radical binding energies.

Benm 1 Alcohol “
o

o S

Benzaldehyde .)
Ketyl >—>
Radicals \
g, 1-(2-furyl)-2-phenyl-1,2-Ethanediol

\ / o OH

Furfural \ /

Furfuryl Alcohol Hydrofurcin

Figure3.1 Schematic of the possible reduction mechanisms for the mixed
benzaldehydéurfural reduction system.
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3.2 Experimental Methods

3.2.1 Reactivity Tests and Cyclic Voltammetry

Reactivity tests were performed using a thetsxtrode configuration in a glass
H-cell with a phosphate buffer electrolyte. The phosphate buffer consisted of 0.25 M
NaH.PQ; and 0.25 M NgHPQs (pH 6.7) and was purged with Ar before use to
remove oxygen. The cell was the same employed in the benzaldehyde reactivity tests
(Figure2.2). Reductions occurred in a closed cell, with a balloon used to collect
gaseous products. Benzaldehyde and furfues¢t added to achieve a 20 mM
concentration of each species. A Ag/AgCI couple (3 M, BASI) served as the reference
electrode, with subsequent conversion of potentials to the reversible hydrogen
electrode (RHE) scale. All potentials reported in this work@ative to the RHE
scale. Test potentials were controlled using either a VersaStat3 (Princeton Applied
Research) or Solartron S| 1287 (Ametek) potentiostat. Results did not vary
significantly between potentiostats. Solution resistance was measuredrbeéateon
and compensated, via the potentiostat, to achieve an uncompensated resistance of two
Ohms. A Nafion 211 membrane separated the cathode and anode compartments, with
a graphite rod acting as the counter electrode (anode). Metals foils of G &
Pt served as the working electrode (cathode). New Cu electrodes were used for each
test, while the Pb, Au and Pt electrodes were reused. All electrodes were chemically
cleaned prior to use. Pb was cleaned using three, five second etches in aqua regi
(75% HCI, 25% HNG@), with intermittent rinsing using deionized (DI) water. Cu, Au
and Pt were cleaned by a 10 second etch in piranha solution (Z89438%), 25%
HSQy), followed by three, five second etches in aqua regia (75% HCI, 25%s(HNO

with intermittent DI water rinsing. After cleaning, the electrodes were rinsed with DI
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water and preeduced. The preeduction consisted of a five minute potentiostatic

hold at-0.2 V for Cu, Au and Pt, an@.3 V for Pb, followed by 10 cyclic
voltammograms to confn a clean surface. Following the preduction,

benzaldehyde and furfural were introduced to the electrochemical cell and allowed to
mix into solution for 30 minutes. After mixing, the cell head space was purged with Ar
(~ 70 turnovers) to remove residggs species, then the aldehyde mixture underwent
reduction for one hour. For Cu and Pb, the reduction also included a two minute pre
reduction {0.2 V and-0.3 V, respectively) to remove surface oxides formed during

the mixing process. During reductiohesolution mixture was stirred at ~ 800 rpm to
avoid mass transfer effects. Although some mass transfer limitations do appear for Pb
at very low potential (see the results and discussion section). Cyclic voltammograms
were collected for Cu and Pb foilsimg the same electrochemical assembly and foil
pretreatment procedure as the reactivity tests. The voltammograms employed a scan

rate of 50 mVs? with no stirring.

3.2.2 Product Identification and Quantification

Liguid products were identified by coupled gas chatography and mass
spectrometry (FigureB.1-B.6). Gas phase products (hydrogen) were identified and
guantified using a calibrated GC. Liquid products were quantified by gas
chromatography after extractiavith ethyl acetate. Ethyl acetate was added to
aqueous product samples in a 2:1 ratio, then vortexed to extract organic species. The
aqueous phase was then removed, and the organics quantified using a calibrated GC
with a flame ionization detector. Pyme served as an internal standard. Benzyl
alcohol,furfuryl alcohol and hydrobenzoin were calibrated using purchased standards.

Commercial samples were not available for hydrofuroin or the-cmgsled species,
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and alternate estimates were required.Hyoirofuroin, the calibration was estimated

as twicethat of furfuryl alcohol. The crossoupled calibration was estimated by the
sum of the furfuryl alcohol and benzyl alcohol calibrations. Measurements were also
corrected for extraction efficiency. Furfialcohol and benzyl alcohol showed high
extraction efficiency, at ~ 95%. Hydrobenzoin showed a lower efficiency at ~60%.
The 60% extraction efficiency was also assumed for the-cagsled and

hydrofuroin species, due to the lack of a commercial sarif@asured concentrations
were then converted to @awverage rate for the hoelong test and normalized to

geometric area.

3.2.3 In-situ Spectroscopy

In situ attenuated total reflection infrared reflection absorption spectroscopy
(ATR-SEIRAS) was performed for Gand Pb using a spectroscopic cell with stirring
cambility. The cell has been previously been described in greater deaiilefly, the
cell consists of Tefloand glass cathode compartment separated from aleano
compartment by a Nafion 211 membrane. A graphite rod and Ag/AgCl electrode serve
as the counter and reference electrode, respectively. As in the reactivity tests,
potentials are subsequently convertethe RHE scale. Thin metal films deposited on
Si ATR crystals (3.14 cf 2 cm diameter) served as working electrodes. Cu films
were chemically deposited by a method described previé(Blgfore aldehyde
introduction, Cu films were activated using five CV cycles fréb V to 0.2 V. Pb
films wereformed in the spectroscopic cell by electroplattigonto Au films using a
lead perchlorate (Pb (CKR) precursor. The Au films were plated chemically using a
method previously describ&®2 Prior to plating, the Au film was activatéy ten

CV cycles betweerD.4 V and 0.8 V to increase surface sensitivity. Aqueous lead
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perchlorate was then introduced to the spectroscopic céli2zaV to give a 10 uM
concentration of Pb, for a maximuPb thickness of 20 nm. The potential was then
stepped down t60.6 V in 0.1 V increments, followed by a 30 minute hold (Figure

3.2). The magnitude of the reduction current dropped during the hold and 30 minutes
proved sufficient to achieve a steady catreomparable to a Pb surface. After plating,
the ptential was stepped backt@?2 V, followed by one CV cyclbetween0.6 V to

0.1 Vto strip some Pb and roughen the surface. The integrated charge of the Pb
oxidation peak in the CV (~ 7 mC), suggestsss of approximately 4 nm of Pb from

the sweep,dr a maximum Pb thickness of 16 nm.

Current /mA
o

Au Film

Phosphate Buffer
-0.6 V vs RHE

0 5 10 15 20 25 30
Time /min

Figure3.2: Current profile during Pb film plating on Alihe phosphate buffer
solution consisted of 0.25 M NaPiQ; and 0.25 M NgHPQy (pH 6.7).
The solution was purged WitAr before use.
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Infrared spectra were collectednga Carry 660 infrared spectrometer
(Agilent Technologies) with a liquid nitrogen cooled MCT detector. Each spectrum
consisted of 64 cadded scans at 4 cmesolution, with 128 scans for backgrounds.
Backgrounds for Cu and Pb were collecteeD2 V and-0.3 V, respectively.
Potential was controlled with a Solartron SI 1287 (Ametek) potentiostat. Resistances
were measured before experiments and compensated to achieve a net uncompensated
resistance ofis Ohms. The electrolyte consisted of phosphatéebu¥ith 0.25 M
NaH.PQ; and 0.25 M NgHPQs (pH 6.7). The cell was purged with Aefore and
during testing to remove oxygen and other dissolved gasses. To eliminate metal
contaminants®* the buffer solution was treated using iminodiacetate resin (Chelex
100, Sigma Aldrich) in large excess. The cell was also etbartween uses by a

rinsing thoroughly with DI water, then soaking in DI wateth excess Chelex.

3.2.4 Reagents and Miscellaneous

Benzaldehyde (98%), benzyl alcohol (98%), furfural (99%) and furfuryl
alcohol (98%) were obtained from SigrAddrich. Meschydrobenzoin (98%) was
obtained from TCI Americall chemicals were used as receiveduble deionized,
distilled (DI) water was obtained using a water purification system (Barnstead Mega
Pure Water Purification System). The DI water was used to make the ptebplfer
and lead plating solution, and for all cleaning, rinsing and soakheyphosphate
buffer consisted of 0.25 M sodium phosphate monobasic (Fisher) and 0.25 M sodium
phosphate dibasic (Sigr#edrich). The pH was measured as 6.7 using a pH meter
(Okion). Hydrofuroin used for bulk spectra was synthesized using an electroahemic
reduction of one M furfural in phospahate buffer6 V for ~36 hours. The

hydrofuroin was purified (890% based on GC area) by distillation to remove excess
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furfural, followed by extraction with ethyl acetate. The ethyl acetate was then
evaporatedo give a sticky black substance soluble in ethyl acetate and acetonitrile,
but poorly soluble in water and hexanes. Ar (99.999%) was obtained from Matheson.
Aqua regia and panha solution were made from 3:1 mixtures of Kf$her)and
HNO:s (Fisher), andH2SOQy (Fisher) and 30% #D- (SigmaAldrich), respectively.
Nafion 211 membranes were obtained from the Fuel Cell Store and treated
before use. The treatment consistéthree soakings: 5% hydrogen peroxide at 60 °C
for one hour, followed by one hour i water at 60 °C, then DI water over night. The
membranes were subsequently stored in DI water until use. Graphite rods were
purchased from the Graphite Store and sonicatetivim hours to remove loose
carbon. The metal working electrodes were constdugseng metal foils connected to
Ni wire. Pieces of foil were attached to the Ni wire using Cu tape, which was then
covered with Teflon tape to limit water vapor interactiothvihe Cu tape. The Cu
tape connection always remained above the liquid levatgltesting to avoid Cu
contamination. Au (99.99%) and Pt (99.99%) were obtained fromAd&ar. Cu
(99.998) and Pb (99.95%) were obtained from Sigdaich and Goodfellow 3A,
respectively. Balloons were made from a glove finger and cut syringe setiled

epoxy (JD Weld).

3.3 Transport Modeling and Coupling Stochasticity

Key to understanding the cressupling of two species, and the variation in
crosscoupling between cataliss is the ability to determine whethsrch coupling
occurs stochastically. Previously, such coupling stochasticity has been measured by
the ratio @ certain products compared to the ratio of reactant sp&fieewever, the

ratio of coupledproduct species depends on the raticadfcals formed at the surface,
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which may not reflect the tia of reactant species. In particular, reactants or
intermediates with different adsorption strengths (and thus different stabilities) make it
diffi cult to determine the relative ratio of radicals at the surface and, correspondingly,
the expected producatios. To avoid this issue, a new parameter has been developed
to evaluate coupling stochasticity, independent of surface radical concentratiisns. Th
parameter, termed thexs, removes radical concentration dependdinctking the

ratio of the crosgsoupling rate to the geometric average of thesalipling rates.

This section will detail the theoretical development of the,kts possible alues for
different rate limiting stepand its relation to selectivitysectiors 3.4.2 and 3.4.3vill

detal the necessity of thedso, given the different adsorption strengths of furfural and
benzaldehydeand the use of theds to understand experimental coupling data.

both the theoretical treatment and experimental interpretation, the couplingrrésct
assumed to procced through the 4step process previously suggestédvith kel
radicals formed by one electron reductions, followed by diffusion and subsequent
reaction these radicals to form diol speg¢iggure 3.3). In this sequence, the
stochasticity and relative coupling of the radicals can be controlled by either surface
diffusion or by the energetics of the radical coupling, depending on the rate
determining step. For radical formation as a rate Ingistep, likely for low
overpotentialssurface diffusion will control the relative coupling selectivities. For
radical coughg as the rate limiting step, more likely at larger overpotential, activation
energies for the different radical pairs will comtitee relative coupling selectivities.
Thelattercase will be treated first, as it allows establishment of the k

Subseguently, thekqatiotreatment will be extended stochastic control, thediffusion

control using a twalimensional Smulochowskiftusion-reaction model. In
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particular, the conditions required for diffusiogaction to achieve effective stochastic
contrd will be outlined.Finally, the control of selectivity by theak will be derived
and discussedNote that all derivations wilbe for the furfurabenzaldehyde system,

but all apply to Zpair coupling systems more generally.

A

-

L
- pr -
o
l Coupling
Surface v
Radical Diffusion
. 0

Figure3.3: Schematic of the ettroreductive coupling system.

3.3.1 kraito for Radical Coupling

A simple model is developed for relative dimerization rates on mefakss.
The model assumes dimer species form from the recombination of surface radical
species (denoted *), with this recomation occurring as an elementary step. For a

rate limiting combination step, the dimerization rate for each dimer is first ortter w
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respect to each of the reacting radicals, with different rate constants (k) for each of the
three possible recombinatiorisquations3.1-3.3 summarize the rate expressions for
hydrofuroin, hydrobenzoin, and the crasaipled species, respectively. Naiable

C corresponds to surface concentration, with the subscripts B, F, HB, HF and CC
corresponding to benzaldehyde, fudl) hydrobenzoin, hydrofuroin, and cress

coupled, respectively. The cressupled rate is multiplied by two as the reaction may

occur from a meeting of benzaldehyde and furfural or furfural and benzaldehyde.

i Q8- (3.1)
i Q8- (3.2)
i ¢Q 6:6 - (3.3)

As easily observed, the rates equations show a dependence on unknown radical
concentrations. To remove this dependence, a neawmgder, the kratio, is defined as
the ratio of crossoupling rate to the geometric average of the individual rates, as
shown n Equation3.4. Simplification results in a sole dependence on the rate

constants, as shown in Equat®.

0 ' (3.4)

(0 — (3.5)

3.3.2 Stochastic Couping

Equation3.5 implicitly assumes radical coupfjras a rate limiting step.
However, the kio (Equation3.5) can also apply for a radical formation rate limiting
step, after some modification. For slow radical formation, coupling energetics no

longer ontrol dimerization rates or selectivities. Insteide rate or probability of the
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encounter of two radicals determines relative dimerization rates. Effectively, if two
radicals encounter each other, the encounter results in a coupled species, rasulting i
stochastic control over dimerization selectivityhis stochastic contra@an be modeled

in two ways. Firstit may assume a purely stochastic control, with dimerization rates
determined by the probability of two radicals meeting. The probability ofuseonng

a specific radical is given by its fraati@f the radical production rate, as shown in
Equations3.6 and3.7, where P represents probability apdrsandrit represent the

benzyl radical, furfuryl radical and total radical formation rates, respectively. The total

rate of radical formation ife sum of the benzyl and furfuryl radical formation rates.

5 z z

L =

(3.6)

5 z z

v : — (3.7)

Assuming uncorrelated rexdl movement, the combination of these radical
probabilities gives dimer formation probabilities, as shown in EquaB®&A3.10. The
factor of two in Equatio.10 results from the two possibMays to form a cross

coupled species.

0 (3.8)
0 - (3.9)
0 - (3.10)

The dimerization rates are given by the product of the total rate and the formation
probabilities, with correctiofor stoichiometry (division by 2), as shown in Equations

3.11-3.13.
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(3.11)

(3.12)

(3.13)

Combining Equation8.11-3.13 yields expressions for thexs, shown in Equation
3.14, and selectivitiesf crosscoupling versa benzaldehyde (B) and furfural (&)
coupling, shown in Equatior&15 and3.16, respectively. As expected, stochastic

coupling gives a kio of two.

o) — — (3.14)
Y o — = (3.15)
Y — - (3.16)

3.3.3 Surface Diffusion-Reaction

Stochastic control can also result from a sstmchastic model. This model
maintains radical encounters as selectivity controlling but introduces surface diffusion
of the radical species. To develop this moie$ assumedhat2-D surface diffusion
reaction controlsadical combinatioselectivity, with the total dimerization rate given
by the radical formation rate&s will be shownthis surface diffusiomeaction will
result in an effective stochastic control under certain conditions. To modelesurfa
diffusion-reaction the following expressionsmploy the Smoluchowski approgéh
233 modified to 2dimensions by Freeman and D@figure3.4).23* This method
determines rates by calculating the flux of one molecule (molecule 1) into a reactive

circumference around a second molecule (molecule 2). As discussed by Freeman and
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Doll,?*this type of model requires adsorption and desorption terms to achieve
meaningful solutions for seamfinite 2-D diffusion. Here, the adsorptiashesaption
terms of Freeman and D&t have been modifietb represent radical formation and
decomposition. Temathematical form remains unchanged. The result is a steady
state mass transport equation for molecule 1 with diffusion, radical creation and
radical loss terms, as shown in Equatddl/. Equation8.18 and3.19 give the
boundary conditions for the fluof molecule 1 into a reactive radius;fRaround
particle 2, assuming infinitely fast reaction of radicals. The tergd0rresponds to
the steady state coverage of molecule 1. The parametersadd &d,1represent the
combined diffusion coefficient (D+ D), average radical decomposition time and

radical formation flux, respectively.

(T LN .
/' g B I (‘“"__‘ L---r‘:; CB - 0 zl"
g P e
. B v r=R;
___________________ CB = CBO

mong 0 5 -6 (3.17)
51 Y (3.18)
81 H b (3.19)

Equation3.20 gives the solution for the reaction rateaatindividual molecule of

species 22T h e p ar a mehe rdprofal ofjthectesctetistic diffusi@ngth,
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as defined in Equatio®.21. The K functions corresponds to modified Bessel functions

of the second kind.

IR ¢YOI1

0 (3.20)

I ot ~ (3.21)
Multiplying Equation3.20 by the number of molecules for sjgsc2gives the total
reaction rateas shown in Equatiod.22, where Mi s Avagadrods number .
resulting expression appears similar to the kinetically controlled bamialerate
expressions in Equatiodsl-3.3, but with a diffusion rate constant, kgiven by
Equation3.23.1t is important tonote here the ambiguity in the radical decomposition
time, _. This term (originally an average desorption time in Freeman ahé e
not rigorously defined for different pairs of reactants, and, importantly, lacks
symmetry for therosscoupling reagbn. For the reaction of two different species,
interchanging the identities of species 1 and 2 should not affect the rate expression.
Species 1 reacting with species 2 should have the same rate as species 2 reacting with
species 1, sth that the total csscoupling rate is given by 21 s£2ss Close
observation shows that Equati8i23 violates this principle, as kvill change
depending on the time constant employed. To correct this issue, an effective time
constant, ef, is empbyedfor each pair ofeactants. Treating the radical
decompositions as independent, parallel oscillations suggests their frequenties (1/
should add, resulting in an expression for the effective time constant given by

Equation3.24.

0 6f0p QO 0 (3.22)

o (3.23)
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t — (3.24)

EmployingEquation3.22 for the different dimerization reactiommgyesan expression
for the katio, @s shown in Equatior8s25 and3.26. Note that this expression assumes

the same radius for all three coupling reactions (Re+RRus = RuF).

ko) I ¢ —— (3.25)

(0 C (3.26)

Although complex at first glance, Equatid26 will reduce to the stochastic limit

after some examinatioifhe firstterm toaddresss thecombined ratios of modified

Bessel functions, X207 . aTlshidse fH & erddthamb Eiqsu ad i
the ratio of radical diffusivities,. Equation3.28 formally defines kmpor t ant |l vy, K
remains near unity for reasonably lafgé&(> 0.01) and similar radical diffusivities

(0.5 <. < 2), assuming the same decomposition time for both radicals (FRBdafée

The similar diffusivity criterion appears reasonable for specidssitilar sizes and

functional groups, such as the benzaldehyukfarfural ketyl radicals. The larde R

criterion requires slow diffusion, and low radical stability and concentration.
Alternatively, the | arge bR radopgi r ement ce¢
diffusion time constant (D) compared to the radical cemposition time (). In

either case, the slow diffusion and low stabitititeriaappear reasonable for ketyl

radical species in an aqueous environmétit slow radical productiarNote that

radical lifetime implicitly contrad radical concentraticior a specifiedadical flux (C

= J_).2%*To gauge the appropriateness of th&and. criteria K6 f or t he
benzaldehydéurfural systems approximatedisingthediffusion coefficientdor

benzaldehyde (0.86 xP@&m?s1)?3°and furfural (1.13 x18 cn? s1)?*¢in water and
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the radical decomposition time for benzophenone radicals in water (4 nss3.

important tonote that thewo ns decomposition time likelyverestimates stability due

to theexpected stabilization of thextra ring of benzophenon&he decomposition

time has also been oectedto the effective decomposition time using EquaB&y

(division by 2) Applying these parameters aatl w o reaction radius
moleculesize) gi ves a0 .blRM vaanlduea oKf6 of lrwmio®Y 2. Thu:
~ 0.2% under these gditions (Figure3.5A). This negligible impact extends generally

to stochastic conditions, i.e. a short diffusiength scale relative to the reaction

radius (|l arge bR), and the modified Bessel

Kratio €Xpression.

0 (3.27)

(3.28)
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assume equal reaction diameters and radical decomposition times for all
three dimerizationdB)Var i at i on 1329 Dithth¢ dimai at i on
radical diffusivities. The point is an estimate using the furfural and
benzaldehyde diffusivities,= 1.3.

Following the Bessel functions, the ratio of diffusion coefficiéntaddressedror

ease of under st aisdakemigigD anhdhtermfandpsianplibettice t e r

give Equatior.29 for the kaio. Note thathe Bessel function terms have bee

neglected, per the discussianove. Applying the definitions for the combined

diffusion coefficients gives an expression for the ratioefthd i f f usi on coef f i

including the square roots, as shown in Equaiién.

) C (3.29)

o — — (3.30)
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Equation3.30 can be simplifiedy introducing the ratio of radical diffusion

coefficients,. (Equation3.28), as shown in Equatio®31. For similar diffusion

coefficients (0.4<<2 . 5) , D6 does not devi aB®).signifi
This range of relative diffusion cdefients appears reasonable for species with a

similar size and functional group, such as the ketyl radicals. Outside this range, the

relative diffusionrates play a greater role and the reaction may enter a mixed or

surface diffusiorcontrolled regime. Urg the aldehydes diffusivities (see above) as

an approximation suggestsaf 1. 3, with a D6 of 1.005. Al

t han Ko, D6 remains negligible, allowing e

o — (3.31)

The final term in the kio expresion consists of the decomposition time rat,, a s
shown in Equatior3.32. The effective time constantmvebeensubstitutedor each

radical pair based on EquatiBi24.

(3.32)

Similar t 033Ddn undegasarplification by introducing the ratio of

radical decomposition times,a&s shown in EquatioB.33, withy defined in Equatio

3.34. Notethat EquatioB3 3 i s i dent i c anlinEguatioB3e D6 expr e
Accordingly,_6shows the same weak deviation from unity for a rangevafues

(Figure3.5B). Similar to., the stochasti¢range falls roughly between 0.4 and 2.5.

This criterion appears reasonable for aldehyde species with similarly stabilizing

functional groups, such as benzaldehyde and furfural radicals, but may fail for species
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with a greater difference in radical statyiliAlthough, the lack of radical stability e

for benzaldehyde or furfural preverlg actuakstimation o in the present case.

I— (3.33)

R —— (3.34)

All terms have now been evaluated for the reaetiifiusion kratio €xpressn

(Equation326). Under the correct c ondicatstamlitys , i
and diffusion, all terms approach unity, re#g in a kaio of two and effective

stochastic controlAs shownin the next sectio(3.3.4) the katio determires

dimerization selectivities, so that adk of two effectively ensures stoastic control of

dimer products. Thus, a sestochastic model based on surface diffusieaction

results in stochastic contrdl.is alsonoteworthyt hat t he_0KEnhsallfesult and
in positive deviations from two. Thus, surface diffusreaction cannot explain the

kratio below two observed for Pb, and Cu at low poteniaéFigure3.9in section

3.4), suggesting theseako values result from radicahdical coupling as the rate
determining step. Indeethe reactiordiffusion kratio can predtt a transitiorfrom

reaction diffusion to coupling energetic control by modifying the surface diffusion
reaction expressions to inde coupling kinetics. Freeman and B#ishow that the
diffusion limited system can be expanded to mixextim| by a combination of the

diffusion and reaction rate constants, as shown in Equaan Further combination

of the mixed rate constants gives thedfor the mixed reaction diffusion control, as
shown in Equatio3.36. For fast coupling relatvto radical production and surface
diffusion, this expression reverts to Equat®®5 for a stochastically controlled

system (kaio = 2). For slow reaction kineticsfk> k), the diffusion terms become
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negligible and the equation reverts to Equa8dnderived for radical coupling as the
rate determining step. Thus, the mixed surface diffusé@ction model allows fa

transition in katio With radical production rate and radical coverage.

0 — (3.35)

0 Qo 5 —-4—8 8 8 (3.36)

3.3.4 Dimerization Selectivities

Together the kio and the ratio of radical formation rates completely determine
dimerization selectivities. To show this dependeitds,easiest tdegin with the
steady state mass balances on the bemzlyfuafuryl ketyl radicals, shown in
Equations3.37 and3.38, resgctively. Theselectiviy definitionsarethensubstituted

(Equations3.15 and3.16) into these mass balance to give EquatiiB®@ and3.40.

S . (3.37)
RS B (3.38)
T B (3.39)
T O (3.40)

Solving these equations results in expressions for dimerization rates in terms of

selectivities and radical production rates, as showiquations3.41-3.43.

z

(3.41)

(3.42

% (3.43)
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The relationship between selectivitisgthen obtaiad bynoting that the expression
for rcc derived from the two mass balances must be equal, as shown in EQuédion
Rearranging this expression gives one selectivigy (% this case) in terms of the
other (Sir in this case), as shown in Equat®A4. The parameter represents the

ratio ofradical formation rates, as defined in Equatatb.

Y — (3.44)

z

o (3.45)

z

To solve for the selectivity, note that the product of the selectivities givesdhe k
squared, as shown in Equati®d6. Combining Equabns 3.44 and3.46 gives an
expression for selectivity in terms akdsando , s hown 344 Reamangng i o n
this expression gives EquatiBml8, with solution by the quadratic equation toeyi
Equation3.49. This expression shows that the ratio of crosspling to home

coupling depends only on theds ando, such that akio of two guarantees stochastic

control of the products.

Y'Y ——  Q (3.46)
0 — Y (3.47)
cCQ 0 p Y gy i (3.48)
Y (3.49)

In thestochastic limit (ksio = 2), Equatior8.49 reduces to the selectivity expression
for pure stochastic control given in Equat®th6, as expectedk is important tanote
that Equatior8.49 applies strictly for dimerizatn without any alcohol productiott.

is possible, however, to correct for alcohol production by subtraction, using the net
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rates of radical production used for dimer productidns correctionhas been applied
for the data plotted in Figu@9. Additionally, all calculations of seleciitves and

radical concentration ratiamly include the flux toward dimer products
3.4 Results and Discussion

3.4.1 Cyclic Voltammetry

Cyclic voltamnograns werecollected for benzaldehyde and furfural suggest a
larger differencen aldehyde binding energy on Pb than on Cu. Upon furfural
introduction tothe phosphate buffer electrolyte (pH = 6.7) wiln electrode, a
shallow peak appears in the CV-@#45 V vs. he reversible hydrogen electrode (RHE,
all potentials in this work aneferenced to RHE), corresponding to furfural reduction
(Figure3.6A). Further addition of benzaldehyde to the furfural solution produces a
similarly weak peak a0.33 V for benzaldelde reduction (Figur8.6A and B), in
agreement with the reduction pealbserved at0.36 V for benzaldehyde alone (Figure
B.7). Importantly,both aldehydes show a single broad reduction peak instead of two
distinct peaks for the sequential, one electralucgons observed in acidic
electrolytes Figure 3.1.”1??°This broad peak occurs for benzaldehyde reduction at
pH > 31220and has been suggested to resolinfia cathodic shift in the first reduction
reaction due to lower stdity of the unprotonated radical. Both aldehydes also
severely inhibit HER activity of Cu upon introduction. A similar inhibition is observed
for Pt group metaf§ (FigureB.8A) and Au (FigureB.8B), and suggestsite
competition between aldetig andoroton (water) reduction on the Cu surface. Pb
shows different CV behavidrom Cu. Introduction of furfural to the same electrolyte

containing a Pb electrode results in a stredyction peak &t0.63 V (Figure3.6C).
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The sharper peak likely ressiffrom a lack of competing HER activity, which does not
appear until approximatehl.1 V. Interestingly, unlike Cu, introduction of
benzaldehyde to the furfural system on Pb resuléssight deepening of the furfural
reduction peak and a cathodic $hif-0.68 V (Figure3.6C). This change does not
correspond to a benzaldehyde reduction peak, as a weaker reduction peak appears at
0.65 V for benzaldehyde alone (Figu@D). A similar mixed peak appears L7 V
when furfural is added to benzaldehy@eure3.6D). The reduction peak intensity

also changes for the mixed system, but, importantly, depends on the addition order.
The peak for the mixed aldehyde system((# V) shows &imilar intensity as

furfural alone (Figure&.6C), but a large increasover benzaldehyde alone (Figure
3.6D). The smaller intensity change for benzaldehyde addition to furfural solution,
compared to the reverse sequence, suggests-thé ¥ peak corregmds to furfural
reduction shifted cathodically by the presence okbktehyde. This shift likely

results from competitive adsorption of benzaldehyde and furfural at the Pb surface.
Similar cathodic shifts have been observed in the reduction peaks picongédes

upon halide anion (GIBr and I) introduction?®® The strong competitive adsorption

on Pb contrasts with a previous crasgipling investigation, in whicthe additon of
4-fluourbenzaldehdye did not significantly affect benzaldehyde reducfiemthat

case, the strong structural and electrochemical similarities between the two species (<
0.01 V difference in half wave potential) may explain the negligible effect of species
interactions on the reduction. A greater structural difference patfuefurd and
benzaldehyde likely explains the stronger effect of competitive adsorption in the

present case. These strong interaction effects on Pb caution that the reduction of
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mixtures may not always behave as a linear combination of the individual

components.
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Figure3.6: (A) Cyclic voltammograms for furfural and benzaldehyddural
solutions on Cu foil(B) The same as in (A), but with a narrower
potential range(C) Cyclic voltammograms for furfural and
benzaldehydéurfural solutions on Pb foilD) The same as in (C), but
with benzaldehyde added first then furfurdl. voltammograms were

collected in pH 6.7 phosphate buffer solution after Ar purge
Benzaldehyde ahfurfural both had concentrations of 20 mM.
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3.4.2 Reactivity Tests

Reactivity tests suggst effective crossoupling of benzaldehyde and furfural
on Cu. Onehour reactivity tests are performed on Cu to evaluate the reduction
products of equimolar benzaldehydwldurfural in phosphate buffer (pH 6.7). Five
main products are identified by quad gas chromatography and mass spectrometry
(GCMS): benzyl alcohol, furfuryl alcohol, hydrobenzoin, hydrofuroin and the cross
coupled diol (3(2-furyl)-2-phenytl,2-ethanedl) (Figures3.1 andB.1-B.6). All three
dimers show stereo isomers, with two ke@n the chromatogramgigureB.1). Note
that the crossoupled product may have more than two isomers, suggesting that the
observed peaks may represenbavolution of multiple species. Heretliscussion
will not distinguish between sterecisomersratis and selectivities reflect the sum of
isomers for a given dimer. Cu also shows strong hydrogen production at low potentials
due to the hydrogen evolati reaction (HER)In addition to Cu, Au and Pt were also
tested for benzaldehydarfural coupling Consistent with previous wofk? neither Pt
nor Au show any aldehyde coupling activity, producing only alcohashgdrogen
(FigureB.9). The two aldehydes show similar reduction rates on both Au and Pt, with
Pt generally showing higher activity and a higher onset fateAu and Pt also
produce large amounts of hydrogen, which constitutes the major productHor bot
metals. Given the lack of coupling products, no further analysis is undertaken for Au
or Pt.

Reactivity tests suggest a preference for eomggpling on he Cu surfacelhe
distribution of reduction products on Cu shows a strong potential dependeanaoe (Fi
3.7). At a less negative potentiaD(3 V), benzaldehyde shows slightly higher
coupling activity than furfural, with setfimerization rates of 0.8émol h’* cm? and

0.72>mol it cm?, respectively. This higher benzaldehyde coupling activity agrees
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with the higher (less cathodic) onset potential observed for benzaldehyde reduction
compared to furfural in the CV on Cu (Figud®A and B. Note, howeve that the
higher coupling activity for benzaldehyde is relative to furfural, as the-congsed
species represents the predominant produ€tatv, with a rate of 1.84mol bt cm?.,
At -0.3 V, the reduction also shows greater selecttoityard benyl alcohol

compared to furfuryl alcohol, with a benzyl alcohol rate of @5®! it cm? and no
detectable furfuryl alcohol. Furfuryl alcohol appears0at V, although benzyl

alcohol still retains the higher rate. Faradaic efficiencies (REpnthe eactivity
trends at high potential, with cressupling showing the highest FE (Figl#&C).
Decreasing the potential results in a transition from dimers to alcohols as the major
reduction products (Figui27). Benzyl alcohol becomes the magaif-redudion
product for benzaldehyde .4 V with a rate of 8.32mol ' cm? compared to 5.01
>mol it cmi? for hydrobenzoin. Furfural reduction transitions slightly lowerQdk

V, with rates of 25.8 and 323mol h* cni? for hydrofuroin and fefuryl alcohol,
respectively. The shift from dimer to alcohol agreeth\the two sequential reduction
steps suggested for benzaldehyde reducBayue3.1).5%'114715\|though co
production of hydrobenzoin armknzyl alcohol at0.3 V suggests similar reduction
potentials for the two steps, as expected from the unresolved peak in the
voltammograms (Figure3.6A, 3.6B andB.7). Stepping the @ential down (<0.4 V)
also results in a transition from benzaldehya®urfural as the predominant reduction
reaction, with higher rates and FEs for both the alcohol and dimer species Fifjure
This transition agrees with the CV peak@#5 V forfurfural (Figure3.6A and B

and suggests a more facile reductionfémfural despite its more cathodic onset

potential. The higher furfural activity contrasts with recent results for aldehyde
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reduction on Cu particlé$;*?which suggest benzaldehyde reduction rates
approximately double those of furlr Although those studies used an 80 mM
aldehyde concentration, lowpH and 47% isopropyl alcohol <wlvent, and these
factors could alter relative reduction rates compared to the present study. Dimer
production rates also increase with decreasing patebut at a slowing rate, with all
three dimers showing a maximumedetween0.5 and-0.6 V. This maximum
dimerization coincides with a strong rate increase for both alcohols, suggesting the
decline in dimerization results from a lower surface rdaioacentration due to faster
reduction of radicals to alcohols. Altatively, the lower coupling and higher alcohol
activity could result from the reaction of radicals with adsorbed hydrogen species, as
the dimerization maximum also appears near the biiget (Figure3.7). This
mechanism, effectively a proton coupled electtransfer followed by an inner sphere
reaction with adsorbed hydrogen, would also agree with the suppression of furfuryl
alcohol production by organothiots Cu reported by Chadderdenal*2 The

present data do not provide sufficient evidencdifferentiate these twmechanisms.
Despite the decline in dimerization, the crassipled species remains the
predominant dimer at low potentials, withest- 1.5 times greater than hydrofuroin
and between 1.5 and 3 times greater than hydrobenzoin€¢MBdL0A). Interestingly,
this strong crossoupling occurs despite a large difference in benzaldehyde and
furfural seltcoupling rates (Figur8.7A). The dsparity suggests the radicals may
combine norstochasticallyThis norstochastic coupling discissedfurther in the
modeling section below. At potentials bele@v7 V, alcohol activity begins to slow
with a concurrent increase in the HER activity (Feg8u7B and D, suggesting

competition othe HER with benzaldehyde and furfural reduction. This HER
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predominance at low potential agrees with previous reactivity studies of furfural
reduction?’*®Product FEs on Cu (FiguB7C andD) largely parallel the trends in
reduction rates (Figur& 7A and B). Overall, Cu shows good total FE, near 80%
(Figure3.7D). The low FE for-0.3 V resultdrom a low amount of charge passed.
Faradaic losses at lower potentials@<3 V) likely result fom side reactions of
benzaldehyde and furfural to produce larger oligomer species. Such electrochemically
generated oligomers have previously been obsdorddrfural on Cu® and similar
speciehavebeen observepreviouslyfor benzaldehyde reductiqeee Chapter 2)°

These oligomer losses suggest practical issues of surface fouling over long time
periods, which may be exasperated by runnirggiter concentratiorf$:22’1t is

important to rote here the possible impact of oligomerization on dimerization
selectivity. Preferential electrodimerization of one aldehyde or its products could alter
product distributions on Cu. However, benzaldehyde and furfural generally show
similar oligomeizationselectivities, with FE losses of ~ 20% for benzaldehyde
reductiort!® and 1630% for furfural reductio’**2Thesimilar oligomer losses

suggest minimal impact of oligomerization on dimerization selectivities ordfe k

(see below).

91



o o
£ 60 1 Cu Foil A E100 1 Cu Foil
(3] 1 Phosphate Buffer Q ] Phosphate Buffer
< 50+ 20 mM Benzaldehyde < _ 804 20 mM Benzaldehyde
£ 1 20mM Furfural = 20mM Furfural
© 40 & Hydrobenzoin ° -8~ Benzyl Alcohol
E —+8~ Hydrofuroin == Furfuryl Alcohol
77~ Cross-coupled E 60 1 + Hydrogen
= ] =1
- 301 -
o 20 € ]
o ] o _'
o 10 o 207
© ] ©
g S
é 0 +———r——1 T 2
-0.8 -0.6 -0.4 -0.2 -0.8 -0.6 -0.4 -0.2
Potential /V Potential /V
100 4 Cu Foil C 100 -8~ Benzyl Alcohol
X 1 Phosphate Buffer X - Furfuryl Alcohol
= g0 -] 20 mM Benzaldehyde & x Hydrogen
> 4 20mM Furfural > 80 o
g T8~ Hydrobenzoin g
+E3- Hydrofuroi -
:g 60 —_-9- Cro;:-:;:llpnled -g 60 —_ Cu Foil
b= i E 1 Phosphate Buffer
L 40 - 1] 40 |20 mM Benzaldehyde
1) J 1) | 20mM Furfural
[ ] © ]
S 20 B 20
- E i ]
© E © ]
L R " . [T
0+——r—rrr—— 1T 0+ T
-0.8 -0.6 -0.4 -0.2 -0.8 -0.6 -0.4 -0.2
Potential /V Potential /V

Figure3.7: (A) Average reaction rates for the coupled products of furfural and
benzaldehyde on Cu foil. (B) The corresponding radethk alcohol
products and hydrogen. (C) The Faradaic efficiencies for the coupled
products. (D) The total FE and efficiencies for hydrogen and the alcohol
products. The phosphate buffer consisted of 0.25 MoR@kland 0.25
M NaHPQ; (pH 6.7) and was Aryged before testing.

Reactivity tests suggest lower crasaipling selectivity on Pb than on Cu. Pb
shows a lower onset potential than Cu, with no detectable productsOumii
(Figure3.8). To account for this lower onset, the potential window issheljl) with
reactions performed betweem5 and-0.9 V. No significant hydrogen production
occurs in this region, as expected from th&.% V onset observed in the Pb

voltammogram (Figur8.6C and D. Similar to Cu, the product distribution on Pb
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showsas t rong potenti al depeded/EthereductioAt hi gh

favors dimerization, with slightly higher selectivity toward hydrobenzoin and the
crosscoupled species over hydrofuroin. This stronger benzaldehyde coupling support
the higher redction onset potential for benzaldehyde in the mixed system inferred
from the CV data (Figur8.6C and D. Additionally, the dimer predominance agrees
with the sequential, orelectron reductions previously suggested for benzaldehyde
reduction on PB%"1229The presence of benzyl alcohok@t5 V (0.13>mol bt cm?)

does suggest sitar reduction potentials for the two steps, similar to the reduction on
Cu, in agreement with the voltammograms (Figd6€ and D and previous

reactivity studie$?2°Steppig the potential further dowmsults in a transition from
benzaldehyde to furfural as the predominantselfpling reaction, and in the
predominant reduction path from dimerization to alcohol production. The
benzaldehyde to furfural transition occursrphabetween0.6 and-0.7 V, in

agreement with thed.63 and0.68 V reduction peaks observed for benzaldehyde and
furfural, respectively, in the Pb voltammogram (FigBi®@C and D. Unlike Cu, cross
coupling does not remain dominant after this transitiostead, hydrofuroin becomes
the predominant dimer product at potentials beldw V, with rates 1.3 to 2.7 times
higher than the crossoupled species (Figils8.8A andB.10B). Benzaldehyde self
coupling again shows the lowest activity, with rates ketwone half and one tenth
those of hydrofuroin (Figurd®.10B). The strong hydrofuroin activity suggethtstthe
weaker crosgoupling activity does not result from a low furfural radical
concentration. Instead, the lower crassipling activity (comparetb hydrofuroin)

likely resultsfrom either a low benzaldehyde radical concentration or a smaller rate

constant for crossoupling. The product ratios alone do not provide sufficient
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information to determine the more likely explanation. However, the strong
benzaldehyde adsorption infed from the CV data (Figui@6C and D and

spectroscopy (see below), suggests benzaldehyde radicals likely adsorb more strongly
than those of furfural, making a low benzaldehyde radical concentration explanation
less likey. All three dimers show a maxrum rate with potential, with hydrofuroin
peaking at a lower potentiald)(8 V) compared to hydrobenzoin and the crasspled

dimer €0.6 and-0.7 V, respectively) Note that these maxima represent a higher
coupling selectiity than Cu. All three dimershow similar maximum FEs, between

29 and 35%HKigure3.8C), approximately 10 percentage points higher than the largest
coupling FE on Cu (Figurd.7C). At -0.6 V, the dimer species combine for 95% FE,
highlighting the strond?b dimerization selectivity attermediate potentials. Similar

to Cu, the dimer maxima on Pb coincide with increasing alcohol rates (BigBe
suggesting that the subsequent decrease in dimerization results from greater radical
consumption by the albol pathway. The alcohol rates continue increasing thél

V, at which point they begin to plateau. This plateau likely results from maspadran
limitations, as no detectable hydrogen production occurs (F&)8B9. Like the dimer
products, the aldwls also show a transition from benzaldehyde to furfural
predominance with potential. Although the shift occurs at a more cathodic potential (~
-0.7 V), in agreement with the lower onset potential expected for the second reduction
step. Similar to Cu, recttionFEs on Pb reflect the trends in the rate data (FIQB8€

and D. Overall, Pb also shows better charge balance than Cu, with totedrefies

near 100% for potentials below.5 V. The higher total FE suggests less
electrochemical oligomerizatioon Pb. Although spectroscopic data suggest the

surface still fouls through chemical means (see below). Similar to Cu, Pb shows low
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total efficiencies at high potentialsd(4 V and-0.5 V). These low efficiencies could
result from electrochemical oligomeation similar to Cu. Although, they could also
result from error due to low rates or loss due to the reduction of traceoRtie

surface. @&en the small amount of charge passed at these potentials (< 2 C) and the
confinement of low FE to high poteails, the latter two explanations appear more

likely.
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Figure3.8: (A) Average reaction rates for the coupled products of furfural and
benzaldehyden Pb foil. (B) The corresponding Faradaic efficiencies of
the coupled products. (C) Faradaic efficienciedliercoupled products
of benzaldehyddurfural reduction. (D) The total Faradaic efficiency
and efficiencies for the alcohols and hydrogen. Ti@sphate buffer
consisted of 0.25 M Na?Qs and 0.25 M NgHPQ; (pH 6.7) and was
Ar purged before testing.

3.4.3 Stochastic Modeling Analysis
Deviation from stochastic control suggests aldehyde binding energies control
coupling selectivities on Cu at low potetdialo gain further insight into cross
coupling selectivity, ratios of the dimer products are compared witle tbxpected
from a stochastic model. The model assumes coupling upon the encounter of two

radicals, with a first order dependence for each ra@E4order overall) and different
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rate constants for the three coupling reacti®ase constants may resédbom either
coupling energetics or surface diffusion depending on the rate limitingFStepe

3.3 seeSection 3.3 Unfortunately, the resulting predictions for dimer ratios depend
on the ratio of ketyl radical species coverages at the Cu surfacé, emains

unknown. Guena and Pletch&rcircumvented this issue by assuming the radibal

the same ratio as the reactants. In the present case, however, such an assumption
seems imprudent given the feifence in benzaldehyde and furfural adsorption strength
suggested by cyclic voltammetry and the spectroscopic data (see below). Fortunatel
altering the parameter of interest can circumvent this issue. Specifically, radical
concentration dependencan e removedy taking the ratio of the cros®upling

rate to the geometric average of the-sellipling rates. The resulting parameter,

heren termed the ki, represents a geometric average of the relative-cangsing
activity compared to furfural arfeenzaldehyde setfoupling, as irEquation3.5

(rewritten here)

0 — - (3.5)

z z

Parameterscc, rvr and kg are the rates of formation of the crassipled dime
hydrofuroin and hydrobenzoin, respectively, ard,k+r and kg are the rate
constants of formation of the cressupled dimer, hydrofuroin and hydrobenzoin,
respectively. Equatio.5 applies generally for a'order coupling of two radicals,
with the rate constants determined either by the energetics of the itz
coupling or by the relative diffusion of the reactamig@re 3.3. Assuming a facile
coupling step with rates dependent solely on radicatentrations, i.e. a purely
stochasticoupling (kc = kqr = kug), gives a ko Value of two. A model based on a

modified Smoluchowski approati?®?234suggests that ad of two also applies for
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semistochastic control based on surface diffugieaction under certain
circumstancesseeSection 3.3 Specifically, surface diffusiereaction approximates
stochast control if the radicals have simildiffusivities and the time scale for
diffusion is greater than the radical decomposition time. Rough estimates suggest that
these criteria likely apply for the ketyl radical species &aetion 3.3 Note that the
kratio controls the selectivity of crosupling to seHcoupling for a given ratio of total
radical production rates (FiguB9A) so that a ko of two guarantees stochastic
product selectivities (se®ection 3.3 Deviation of the ko from two, theefore,
implies deviation from stochastcoupling. At-0.4 and-0.5 V, Cu shows ario of
approximately two (Figur8.9), suggesting stochastically controlled coupling.
Reactivity data collected at the most positive potential on Cu and Pb are nogdnclud
in Figure3.9, as the lowabsoluteproduction rates of dimers result in large
uncertainties for their ratiosd#/rnr). At lower potentials, therkio on Cu drops, with
values of approximately 1.4 and 1.6@t V and-0.7 V, respectively (Figurg.9).

This sharp transition likely resulteoin a change in rate determining step with
potential. For high potentials, the radical formation (first electramsfer) step is
likely rate limiting, whereas the coupling step becomes rate limiting at lower
potentials. The lowerkio, at lower potentibsuggests a relatively lower rate for cross
coupling compared to that which the stochastically controlled capwiuld entail
This decrease in the relative crasgipling rate could result from a smaller cross
coupling rate constant compared to furfuaupling, benzaldehyde coupling or both.
Given the larger rate of cressupling compared to benzaldehyde cauplfFigure
3.7A), a smaller crossoupling rate constant compared to furfural appears more

likely. From a physical perspective, this resuljgests the furfural radicals show
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lower activity in reacting with benzaldehyde radicals than with other furfadatals.

As a necessary corollary, the less active benzaldehyde ketyl radicals would also show
lower seltcoupling, as observed in the reativdata (Figure8.7A). This difference in
radical activity likely results from a difference in radical bindingrgy. Recent
computations have suggested a higher (~ 0.3 eV) binding energy for benzaldehyde on
Cu compared to furfurdf Assuming a similar difference holds for the radical species,
the stronger bindingnergy for the benzaldehyde species would explain the lower
reduction activity despite the higher onset potential for benzaldehyde (Bigadrand

B). In short, the benzaldehyde species bind too strongly to Cu, resulting in lower

coupling activity.
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Figure3.9: (A) Cross coupling selectivity (vs. hydrofuroin) as a function:abland
radical formation ratio for the furfurdlenzaldehyde mixture$he dashed
lines are selectivities calculated from the mass balance.£Bpk a
function of potential for ta reduction of furfurabenzaldehyde mixtures
on Cu and Pb foils. Theds is defined as the ratio of the cressupled
dimerization rate tthe geometric average of the individual coupling rates
(Equation3.4). The phosphate buffer consistedd5 M NakPQ; and
0.25 M NaHPOs (pH 6.7) and was Ar purged before testing.
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Comparison witha stochastic model suggests the low crossgpling rateon
Pb results from a lower crossupling rate constant compared to hydrofuroin. Similar
to Cu, comparison of the Pb dimerization data with a stochastic model allows insight
into the relative dimerizain rates. Unlike Cu, Pb deviates strongly from stettba
control. Below-0.6 V, the katio IS consistently less than two on Pb, with values
ranging between 1.25 and 0.9 (Fig@r@). The deviation from two suggests a lower
crosscoupling rate constanbmpared to either benzaldehyde of furfural-self
coupling. Similar to Cu, the lower benzaldehyde coupling rate compared te cross
coupling (Figure 3.9A andB.10B) suggests that the deviation of thaidfrom two
likely results from a lower crossouplingrate constant compared to furfural coupling.
The lowerrate constant has the same interpretation as for Cu, i.e., furfuryl ketyl
radicals show greater salbupling activity compared to coupling with benzaldehyde
radicals. This interpretation agrees witle stronger hydrofuroin activity on Pb
(Figure3.8A). Like Cu, the difference in radical activity likely results from a
difference in radical binding energiihe lower kaic ONn Pb suggests a greater
difference in radical coupling activity and binding e;yecompared to Cu. This
greater binding difference agre with the greater effect of benzaldehyde on the
furfural CV for Pb comparedto Cu (FiguB&) . Unf ortunately, t
knowledge, the binding energies for benzaldehyde and furfural on Pindiglveen
determined experimentally or computationafiyeventing a quantitative comparison.
Qualitatively, however, the difference in aldehyde binding energies on Pb appears
large given the large difference in coupling selectivities and the furfuralgbé@in
the cyclic voltammogram. The lower couplingfigity for benzaldehyde, despite its

stronger binding energy, suggests that benzaldehydéowts on both Cu and Pb,
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with greater ovebinding on Pb. Furfural shows more optimal binding, resulting i
higher coupling activity. Combined, the two metalggest that an optiad cross

coupling catalyst requires similar binding energies for the reacting aldehydes.

3.4.4 In-Situ Spectroscopic Insights

In situ spectroscopy supports a difference in aldehyde lyretiergies on Cu.
Attenuated total reflection surfacetenced infrared reflection absorption
spectroscopy (ATFSEIRAS) is employed to probe the relative adsorption of
benzaldehyde and furfural on the Cu surface. To probe relative adsorption strengths,
furfural and benzaldehyde are introduced to the Cu surfiesteseparately, then
sequentially. Introduction of furfural to the Cu surface results in new peaks
corresponding to furfural (Figur&210A andB.11). The peaks at 1567, 1464 and 1395
cm! correspad to furan ring modes, while the 1667 and 1369 peaks correspond
to the C=0 stretdhg and GH bending modes of the carbonyl, respectiéiy?*! The
small peaks at 1667 and 1476 toorrespond to contaminant trafsfural 23% 241
Note that all identified furfural bands correspond telane vibrations. Generally,gh
furfural peaks appear close to those of the bulk species (Figli@s B.11and
B.12), suggesting relately weak furfural adsorption on Cu. Despite the weak
adsorption, the furfural peak intensities do show a relative change compared to the
bulk speces. Specifically, the carbonyl (1667 ¢jrpeak intensity decreases relative to
the other bands. This decseaoccurs relatively slowly (~ 12 min) during furfural
adsorption (Figur®.11) and suggests a concentration dependent reorientation of
furfural upan adsorption. Per ATRSEIRAS surface selection rul&st®the intensity
of vibration modes decreases as their dipolenemt becomes more parallel to the

surface, with no IR absorption for vibrations completely parallel touHace. For
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furfural, the selection rules suggest that adsorption results in a C=0 bond more
parallel to the surface than the furan ring vibratiénsther, the decrease of the

carbonyl peak with time suggeskatthe C=0 bond becomes more parallel as

additional furfural adsorbs. Higher furfural coverage may force furfural to adsorb

more perpendicular to the surface to enable closer packing, mgsult concurrent
change in the orientation of the C=0 boRey(re 3.1]). This interpretation agrees

with astudy in vacuum suggesting that benzaldehyde undergoes a transition to vertical
adsorption with increasing coverage on?#dn addition tofurfural, a broad peak also
appears at 1750 ctndeveloping more slowly with time than the other bandsufEt)

3.10A andB.11). Given the peak width and stronger time dependence, the peak likely
corresponds to oligomer or decomposition products formetefurfural on the Cu
surface. Benzaldehyde introduction to the Cu surface results in peaks consistent wit
those previously reported for adsorbed benzaldelfidereB.13).21° Peaks at 1598,

1584, 1455 and 1310 chrorrespond to the ring modes of benzaldeh¥ahe peak

at 1706 crrt corresponds to the carbonyl stretch of bulk benzaldehyde, with a shoulder
at 1695 crrt corresponding to thearbonyl of the adsorbed benzaldehyde
specieg?9190.219 jke furfural, all observed benzaldehyde bands correspondpiaire
vibrations. Unlike furfural, benzadthyde does not show appreciable change in
carbonyl peak intensity upon adsorption or with adsorption time (Figds,

suggesting a similar orientation of the carbonyl and ring modes.
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Figure3.10: (A) ATR-SEIRAS spectra collected for furfural on a Cuface before
(bottom ®lid trace) and after (top solid trace) benzaldehyde
introduction.(B) ATR-SEIRAS spectra for a furfural covered Pb
surface before (lower solid trace) and after benzaldehyde introduction
(upper solid trace). Both aldehydes were addeathieve a 20 mM
corcentration. All spectra were collected using 64dded scans, with
128 background scans. Backgrounds were collectédlzaand-0.3 V
vs RHE for Cu and Pb, respectively. Phosphate buffer consisted of 0.25
M NaH.PQOs and 0.25 M NeHPQ4 (pH 6.7) and was Apurged before
testing.

To probe relative binding strengths andamsorption effects, benzaldehyde is
introduced to a furfural covered Cu surface (Fighid®A). As expected,

benzaldehyde peaks appear at 128@8 1584, 1455, and 1® cm?, similar to
benzaldehyde on Cu (FiguB213). Note that peak frequencies typically vary by + 2
cm! between tests. In addition to benzaldehyde peak emergence, furfural carbonyl

peak intensity decreases with benzaldehyde introduction. Similar to furfural
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adsorption (FigreB.11), this decrease in carbonyl intensity does not coincide with a
decrease in gnother furfural band, suggesting reorientation, not displacement, of
furfural. TheC-H aldehyde bending peak (1369 ¢nactually increases upon
benzaldehyde adsorptioBombined, these changes suggest that benzaldehyde
adsorption likely causes a simil@orientation as that observed during the adsorption
of furfural on Cu, forcing the furfural into a vertical adsorption with the C=0 nearly
parallel to the surfacd={gure 3.11). The reorientation, rather than displacement, of
furfural by benzaldehyde sugsts only marginally stronger binding for benzaldehyde.
This slightly stronger benzaldehyde binding agrees with the calculated binding
energies? as well as the negligible effect of benzaldehyde on ttfaral

voltammogram (Figur8.6A). Additionally, the furfural reorientation supports the
assignment of the aldehyde peaks to adsorbed species, as bulk spectra would add

linearly and not result in a peak decrease.

| o)
"\ O
Intermediate Coverage High Coverage Benzaldehyde Addition

Figure3.11: Sclematic representation of the proposed changes in furfural orientation
on Cu with increasing coverage and benzaldehyde adsorption.
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Benzaldehyde introduction resultsnmore effectivedisplacement of furfural
on Pb, suggesting a greater difference in aldelyrdding energies compared to Cu.
Introduction of furfural to the Pb surface results in similar peaks as on Cu, with major
peaks at 1668, 1564, 1476, 1464, 1395 and tB6YFigures3.1(B andB.14). The
carbonyl peak position shows greater variatiod i) than the other furfural peaks
due to interference from the adjacent water band (Figui€B andB.14). Similar to
Cu, the carbonyl peak for furfural decreasesrdime during adsorption (FiguBz14)
while the other peaks remain nearly constant, suggesting reorientation of furfural with
increasing coverage. Pb also shows an oligomer/decompositiontgéedOacm'. The
peak appears larger (relative to the fuafuyands) than on Cu, suggesting greater
furfural oligomerization and/or decomposition on Pb. Benzaldehyde on Pb also shows
similar peaks as Cu, with bands at 1694, 1596, 1582, 1453 and 13XFigore
B.15). Note that the contribution of the bulk berdethyde band (17001706 cnmt)
varies between tests (Figui@40BandB.15) due to film damage during the plating
process. Similar to Cu, the benzaldehyde carbonyl peak does not decrease during
adsorption on Pb, suggesting minimal reorientation. The leéeizgde spectra on Pb
also show a broad peak at 1389%cfRigureB.15). This peak likely corresponds to an
adsorbed benzoate species, given its similar position and width to benzoate observed
onAu?®and likely results from reaction of benzaldehyde with tracexPnQhe
surfacelt is important tonote herghe possible impact of the Au underlayer on the Pb
spectra. Revious work has shown benzaldehyde adsorption oftfwith similar
peak locations as observed on Pb and Cu. Hoyéve considerations suggest a
negligible effect of the Au underlayer in the present case. First, the current decay

observed during plating (FiguBe?2) suggests nearly complete Pb coverage, with
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minimal Au exposure. Second, the spectroscopic obsendatidimer species for the
Pb film (see below) supports a predominantly Pb surface, as these species do not
appear on Au spectroscopicafi¥or in reactivity tests (Figure®.9A and Q.

Combined, these considerations suggest the Pb films represent a Pb surface, with
minimal interference from the Au underlayer.€Timain difference between Pb and Cu
appears upon sequent@tlehyde addition. Introducing benzaldehyde to the furfural
covered Pb surface results in a decrease in the furfural carbonyl band Gigle
Unlike Cu, however, the other furfural bands alsarease, although not as drastically
as the carbonyl peakhe more general decrease in furfural intensity suggests greater
displacement of furfural by benzaldehyde on Pb, likely due to a larger difference in
aldehyde binding energies for the Pb surfdtes greater binding difference agrees
with the stronger ééct of benzaldehyde on the furfural CV for Pb (FigBui@C and

D) and the lower ko (Figure3.9). The stronger benzaldehyde binding also likely
applies to its ketyl radical intermediate, supijmgy different radical binding energies
as an explanatiorof the different coupling selectivities on Cu and Pb. On both
surfaces, stronger benzaldehyde binding makes a lower benzaldehyde radical
concentration unlikely and suggests the difference in dnaigon rates results from
different radical binding energieFurther, the increase in the aldehyde binding energy
difference from Cu to Pb corresponds to a decrease incoogding selectivity. This
inverse correlation of binding energy difference arabscoupling selectivity

suggests ovebinding of benzaldeyde (relative to furfural) limits crossoupling, as
well as benzaldehyde sealbupling, on both surfaces, with Pb showing greater-over
binding of benzaldehyde than Cu. In short, the combinediveég and spectroscopic

data suggest cros®upling follows a two reactant Sabatier rule, with the difference in

10¢€



aldehyde binding energy controlling the relative rates of eroapling and self
coupling.

Benzaldehyde shows a greater impact on furf@@liction for Pb than Cu,
supporting stronger relative bengdehyde binding on the Pb surface. The potential of
the Cu surface is stepped down to observe surface adsorbates under reduction
conditions. Upon stepping the potential down, additional peaks aap2a05, 1496
and 1455 cm for the benzaldehydtirfural mixture (Figuresl2A andB.16).

Notably,the 1455 crit peakdoesoverlap with the benzaldehyde peak at the same
wavenumber. However, as no other benzaldehyde peaks increapeteittial, the

1455 cmt peak largely results from a new species. The peaké%s and 1455 crh
correspond to both hydrobenzoin and benzyl alcohol, as these bands overlap for the
two species/?Both peaks have been previously observed foréldehyde reduction
on Ci#*°and appeafor reduction of benzaldehyde alone (FigBr&7). The peak at
1505 cmt corresponds to a furfural reduction product, as it also appears for furfural
reduction on Cu (FigurB.18). Given the peak size, and the lack of a peak near 1380
cmit expected for frfuryl alcohol!’®the 1505 crit peak likely corresponds to
hydrofuroin. This assignment agrees with the spectrum collected for synthesized
hydrofuroin in acetonitriléFigureB.19). Importantly,no distinct peak appears for the
crosscoupled spcies despite its predominance in the reactivity tests (F&yG#heand

C). The lack of this peak could result from two possibilities. First, the -casggled
species may havedistinct peak between the two individual product peaks which
remains unresobkd. This explanation appears unlikely given its predominance in the
product distribution. Alternatively, the two moieties of the crosgpled species may

have relatively indepetent vibrational modes, resulting in two peaks for the eross



coupled specied aearly identical frequencies as hydrobenzoin and hydrofuroin. This
explanation appears more likely given the negligible effect of the additional phenyl

ring on hydrobenzoin p&gosition compared to benzyl alcolél The spectra

collected during the eelectrolysis of benzaldehyde and furfural also lack any
distinguishable feature for beridahyde or furfural ketyl radical species (Figure

3.12A). The lack of radicgbeaks could result from the higher rate of radical
consumption in the present case, with total dimerization rates 3.5 times larger than the
previous work under acidic conditiofisH 4.6)?° Alternatively, the smaller

difference in aldehyde and radical reduction potentials at highérfiifhay play a

role by limiting the ptential window in which radicals predominate. In addition to
growth in product peaks, the reactant peaks decrease at lower potentials. This decrease
suggests some mass transgianttations for the spectroscopic cell, as it coincides with
reduction onsef-0.3 t0-0.4 V, Figures3.8and3.12A). Importantly, neither the

reactant nor product peaks show any shift in position with potential, i.e., a Stark tuning
effect (Figures3.12A, andB.16-B.18). The lack of Stark tuning suggests these species
adsorb outsle the inner Helmholtz layer which contains the strong electric field
required for Stark tunin’Thi s | ayer has been esti mated
based on CO Stark tuning rat&s-%and X-ray scattering of cation$21"3The

relatively distant adsorption of the benzaldehyde and furfural specigsstug

relatively weak interaction with the Cu surface. Although the different Cu and Pb
reduction rates and selectivities suggest an appreciable effect of surface interaction on
the reduction. Stepping the potential down on Pb gives spectra similar tat@utho
different onset potentials (Figur8sl2B, B.20andB.21). On Pb, benzaldehyde

introduction suppresses furfural reduction at high potentials and shifts the appearance
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of furfural products ~200 mV cathodically (Figsi®12B andB.20). Although weak

dimer peaks still appear at higher potentials (FigutéB). This cathodic shift agrees

with the effect of benzaldehyde on the furfural CV (Figgu@& and D and suggests
stronger competitive adsorption for benzaldehyde species on Pb. The stronger
compeitive adsorption supports greater benzaldehyde-bweting on Pb as the cause

of lower crosscoupling selectivity, as inferred from the stochastic modeling and
benzaldehyde displacement data. Importantly, this stronger adsorption remains non
specific. Nodetectable Stark tuning occurs on Pb (FigdégB, B.20andB.21),
suggesting that the variation in dimerization selectivities between Pb and Cu does not

result from greater specific adsorption on Pb.
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Figure3.12: (A) Spectra collected for equimolar berdedlyde and furfural under
reduction conditions on C(B) The same, but for a Pb surface. All
spectra were collected using 64added scans, with 128 background
scans. Backgrounds were collectedda? and-0.3 V vs RHE for Cu
and Pb, respectively. The @éphate buffer consisted of 0.25 M
NaHPQ; and 0.25 M NgHPQs (pH 6.7). The buffer was Ar purged
before testing.

3.5 Conclusions

Effective crosscoupling of benzaldehyde and furfural has been demonstrated
on Cu and Pb foil. Of the two, Cu shows a higher seigctoward the crossoupled
species, while Pb favofarfural dimerization. For both metals, dimerization occurs at
high potentials, with a transition to alcohol production at lower potentials. Cyclic
voltammograms show a larger impact of benzaldehydeiidural reduction for the Pb
surface, suggesting artger difference in aldehyde binding energy on Pb. Analysis of

relative dimerization rates suggests the difference in radical binding energies may
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explain the difference in dimerization selectivitids.particular, the o (Cross
coupling rate over gemetric average of the satbupling rates) has been demonstrated
as a useful parameter to characterize relative dimerization rates independent of
intermediate concentrations. In situ AABEIRAS spect show greater furfural
displacement by benzaldehyden, supporting a greater aldehyde binding energy
difference for the Pb surface. Both surfaces show infrared peaks for hydrofuroin,
hydrobenzoin and benzyl alcohol under reduction conditions. Comhhed
voltammetry, reactivity and spectroscopic datagest benzaldehyerirfural cross
coupling follows a twereactant Sabatier rule, with the difference in ketyl radical
binding energy controlling the cressupling selectivity of a catalyst. This ruikely
applies to other crossoupling systems and théfdrence in radical binding energy

may provide a design criterion for further development of ecospling catalysts.
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Chapter 4

THE EFFECT OF STRUCTURE ON THE ELECTROCHEMICAL
REDUCTION OF ALIPHATIC KETONE S

4.1 Introduction

In the move toward a more sustainable future, biomass species have been
suggested as alternatives to petroleum for fuel and chemical proddatibecome
effective alternativegaw biomass species often require upgrading to improve stabili
and energy @nsity.Electrochemistry provides a promising route for upgrading, easily
incorporating renewable energy sourdeecent work has demonstrated the effective
electrochemical upgrading of biomass spet{é8#3131243244n particular, biomass
derived carbonyl species halvecome increasingly important fimwvestigatiorf:9 48
These spees represent an optimal biomass upgrading target due to their instability
and ease of reduction. Of the biomass carbohgwever aliphatic ketonesdve
received relatively little attentioThese speciesan be readily produced from
biomass via ketoniz@n of biochemically produced carboxylic agid€?*¢and their
alcohols show potential as fuels and solvents.

Aliphatic ketones hae shownready electrochemical radtion Reduction
generally produces the alcohpesies’® althoughhydroarbons and dimer species
have been observed at IgM 24925 Despte this readyand relativéy simple
reductionthese reductions still lack a fundamental understanding. To present
knowledge only two studies have probed the fundamentals of aliphatic ketone

reduction. Badueand coworkers perforedtwo studies of acet@reduction on Pt
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using cyclic voltammetry. In the first study, they prdliee reaction mechanism,
suggestingonversion of acetone from the enol form before reduetiahydrogen
inhibition at lower potatials®® In the followup study theyinvestigate facet
dependence, showing a volcano relationship eetweduction ratend facet binding
energy?®’ Finally, LopezRuiz et al cursorily showthe effect of carbonyl position,
with different actvities for heptanal, -heptanone and-Beptanone on Pd and Rh, but
not Cu and Ru (not in the main text, see Figbtef that work)? Degite these
investigations, a clear lack of fundamental understandimains for ketone
reduction particularlyinto parameters such a#i, catalyst and ketone structure

This chapter seeks to furtheethnderstandin@f aliphatic ketone reductidoy
investigating the effect of structure on the electrochemical reduetiahphatic
ketones. Electrochemical reactivity tests are performed for six ketones on Pb: acetone,
2-butanone, entanone, -hexanone, cyclopentanone and cyclohexanone, with
additional ests performed for acetonep@tanone and cyclohexanone on Au. The
reactivity tests showlcohols as the ketone reduction produeith a clear
dependence aictivity onsize Linear ketones showratedecreasevith size, while
the cyclic species showgdher rates and a rate increase with séimilar Tafel slopes
suggesta commorreduction mechanisifior all ketones, with a change in Tafel slope
at higher overpotential suggesting a mechanistic change. Analysis of effective charge
transfer coefficientsugygests the change in Tafel slope most likely results from
hydrogencompetition at loweoverpotential Rate order and pH dependence
measurements further support this interpretation. Measured activation parameters
suggest theate decrease with linear kemsize results from a smaller geponential

factor due to a lagy carbonyelectrode distance and smaller orbital overlap.
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Activation energy measurements suggests a highly localized energy change during

electron transfer, with ketone size trends rasgfrom different adsorption energies.

4.2 Experimental Methods

4.2.1 Electrochemical Methods

Electrochemicateactivity tests were performed irsaaledglass Hcell at
constant pressuré balloonwasemployedo collect gas products. Au and Pb foils
served as working electrogifcathode) with a carbon anode and Ag/AGEM,
BASI) reference electrod®eduction ptentials were subsequently convertethi®
reversible hydrogen electrode (RH&f)d all potentialgn this work refer to the RHE
scale unless otherwise noted. A Nafion 211 membrane separated the anode and
cathode comartmentsBoth the Pb and Au electrodes were-peaitedbeforeuse.
Section 4.2.2 outlines the preatment procedur®eactivity testsvere performed
potentiostaticallyusing aSolartron S1 1287 (Ametelor VersaStat3 (Princeton
Applied Research) poténstat(Au and Pb tests, respectivglyor the Au electrode,
accurate ratpotential relationships required accurate resistance cometie to the
large hydrogen evolution currerfiResistance was measured using impedance
spectroscopy and correctedngsihe Solartron software to give an uncompensated
resistance of twq .After reduction, thgotential was then corrected fims two q
resistance by subtracting the product of the uncompensated resistance and
experimental currenWithout this correction, Au shows erroneously large Tafel
slopes (Figure 4). After correcion, the slopes become comparable to those of Pb. Pb
generally did ot require resistance correction due to the much lower currents. Before

Pbtess, t he f oi | resi stance was meap.ur ed
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Otherwise, the electrode wasrade.Concentration and pH dependent measurements

used the Solartro8l 1287 (Ametekpotentiostatvithout potential correctiarRates

did not vary significantly betwegpotentiostats

Potential vs RHE /V
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=== 20,y=-0.349x - 0.349 =]
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Figure4.1: Effect of resistance compensation for acetone reduction ohih&wble
squares represent the reactivity data the without correcting the potential
for the 29 uncompensated resistandée red dotes represent the fully
corrected datal'he line fits correspond to the points in the lower
potential region for the two set of ipts.

Reduction occurred via a thrstep process:irst, the phosphate buffer

solutionwas purged with Ar for 20 minutes to remove dissolved oxygen. Then the

electrode was inserted into the cell and underwentrpegment (see section 4.2.3).

The electrde was submerged to a Teflon marked line on the electrode to ensure the

same area for eh test. The eleatde was never submerged below the water level to

avoid Cu contaminatiarResistance was then measur@dbsequently, the ketone was

injected into thecell and allowed to mix into solution for five minutes. For the

concentration tests wit0.2 M 2hexanone, mixing time was increased to 10 minutes
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to allow for the low solubilityNo undissolved droplets were observed for any
reduction testfFollowing mixing, Ar was purged through the head space for
approximately five minutes to remove angdhogen or air. For the temperature tests,
this time was decreased to one minute to avoid damage to the Milacteode
connection at the higher temperatures. Thatielketones tended to get underneath
the Cu tape andisrupt (dissolvejhe adhesivdf sufficient ketone got under the Cu
tape, the tape would loosen, causing high resistance and an artifaaligte. The
effect was generally worse for larger ketsrand at higher temperaturése smaller
Ar purge timehelped mitigate part of the tgrarature effect. After purging, the
electrode underwent a one minute-peduction {0.2 and-0.3, for Au and Pb,
respectively) followed by a 20 minute reduction.

Redction products were quantified following reaction. Liquid products were
quantified viaa calibrated NMR with dimethylsulfoxide (DMSO) as an internal
standard. Hydrogen was quantified using a calibrated gas chromatofjiiapkes
were normalized to geortre areaHydrogen and the alcohol were observed as the
only products for the ketonmeductionson Au and mosketoneson Pb.

Cyclohexanone on Pb deviated. After reduction, large amounts pivéf@ observed

in some reduction test$hisspecies may result from light induced decomposition of
cyclohexanone, a related chemisorbed speciee@rtiduct of ayclohexanone and
PbQ at the surfaceDecomposition of cyclic ketondgs previously been suggested to
produce CO and other carbspedes?°®2°°Analysis by GC also showed other carbon
products after reduion, likely decomposition species or their further reduced
products Neither these products, nor g@ere observed dior cyclohexanone

reduction orAu, suggesting a Pb chemisorbed intermediate. Generally, the CO

11€



production did not occur consistentlg &b, with CQ appearing in ~60% of tests
below-1.1 V. This inconsistency gives further weight tiigat-basedmechanism,
possibly influenced by fluoation in laboratory light levelsFurther investigation of
thecyclohexanone decomposition processsfalutside the scope of this work.
Althoughthe process suggsshuch strongecyclohexanonéindingon Ph possibly
chemisorptionand this differenceequires consideration in explaining the differences
betweercyclohexanone and the other ketones Sestion 4.3.

To selecteactionpH, an initial pH screening was performed using acetone
reduction at constant RHE potential (Figurg)4The reduction rate increased with pH
(at constanRHE potential) and a pH of 9.2 was selected for further reduction
experiments. A high phosphate concentration (1 M)Neas selected to eliminate
electrolyte double layer effects and provide effective pH buifgerThe pH buffering
was especially important for Au given the high hydrogen production ratesl M
Na’ concertration was generally high enough to have negligible effect on the reaction.
Halving the Naconcentratiorio 0.5 M did not change trecetoneeduction rate, in
agreement with previous measurements on Hg at higll ki effect of ketone
reduction time was also probading 2pentanone reduction &t.05V on Pb This
reduction proceeded for 40 minutes, with an additional sacgtilctedat 20 minutes.
Thereduction generally showed a similar ratetfetwo 20-minute reduction
segmentgTable 4.1) The relativéy constantrate with time suggests steady state
operation and that the low Faradaic efficiencies observed at low overpotentials results
from a stady background process. The process could be either capacitive or fouling

(see sectiod.3.1).



25
- Pb Foil ]
L 0.1 M Acetone .- ]
2.0 [- Constant RHE Potential Lot J
"~ I Phosphate Buffer " ]
< - 1M Na ..
- 1.5 - 7
h - - f.
~— i -
2 1.0F o : ]
0.5F --7® ]
i - @® -1.1VvsRHE
L e W -1.3VvsRHE
0.0 71— T B L
4 5 6 7 8 9 10

pH

Figure4.2: Effect of pHon the reaction rate for electrochemical reduction of acetone
on Pb at constant RHE potential. The buffer was Ar purged before use.

Table4.1: Effect of Time on 2Pentanone Reductiat-1.05 V.

Time Average Rate Charge 2-Pentanol FE
/min /& mhotem? IC

20 2.79 0.76 19.9%
40 3.58 0.91 21.2%

Capacitanceneasurements wesmmployed to probe surface adsorption and
fouling for acetone (see next sectio@apacitance measurements used the same cell,
electrode area and pteatment as the electrochemical reatgt tests, but without
stirring. Potential dependent impedanfemeasurements were collectad40 Hzby
scanningpotential scamising aSolartron SI 1287 (AmetelgotentiostatThe
impedance was subsequently convettegseudecapacitanceCps, usingthe method
of Pajossky and coworke(Equation4.1).53?°T h e v ar isamdlAcaethe, R
angularfrequency(radians) solution resistance and electrode area, respectively. The

pseudecapacitance contains remid imaginary components, representing energy
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(charge) storage (i.d. he fAcl as s i aadlerergyclap(fomirebctian,ete))

respectively’>

51 @ — (4.1)

4.2.2 Surface Foulingand Pre-treatment

Ketone reduction shows some fouling of the Pb surface during reduction.
Pseudecapacitance measuremefds acetoneshow a dependence on thetential
range employed, ith a decrease in the real part of the capacitance after the electrode
reaches reduction onse®(9to -1 V) for the first time (Figure 8A). The reduction
onset potential is suggested by the imaginary part of the capacithiateimcreases
sharplybetween-0.9 and-1V (Figure 43B). The drop in real capacitance under
reduction conditions suggests fouling of the electrode surface by acetone. To test the
fouling severity, thecetonesolutionwas replaced by pure buffer and subjected to
reductive and oxiative strippincat-1.3 V and 3 V, respectively.The drop in real
capacitanceemains upomlectrochemical oxidation or reducti®uggestingtrongly
adsorbed fouling specieadditionally, the Pb surface would often show discoloration

after reductionwith greater discoloration fdarger ketones and higher temperatures.
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Figure4.3: (A) The real component of the pseucipacitance of the Pb surface in the
absence and presence of acet¢BeThe imaginary component of the
pseudecapacitancelhe capacitace curves in the presence of ace
were collected sequentially with decreadioger potential bounds.

To mitigate surface fouling, the Pb electrodes were cleaned Hyegattenent in
nitric acid before testing. The following procedure was performee timees
consecutivelythe Pb etctrode was dipped in nitric acid for Fallowed by rinsing
with DI water and dryingvith compressed aiil he nitric acid submersion time was
increased to 16 for the temperature dependent tests due to the increaseldm@dison
and fouling at highetemperatures. Aqua regia (25% nitric acid, 75% hydrochloric
acid) could also effectively clean the Pb electrode. Rates were generally similar for the
two pretreatments, although the nitric acid showed lotget to tesvaration and was
accordingly emplged for allfurthertests. Following the acid cleanindpe Pb
electrode was reduced viaaeminute hold at0.3 V vs RHE, followed by 20 CV
(cyclic voltammogram cycles betweer0.4 V and-1.2 V.

Unlike the Pb electrod&u did not showsignificant surface fouling and did
not require chemical preeatment. Reproducible results were obtained by rinsing the

electrode with DI wateffollowed by an electrochemical pteeatment. The
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electrochemical prreatment consisted aftwo minute hal at 14V vs RHE,

followed bya two minute hold a0.4 V and 20 CV cycles betweéhand-0.4 V.

4.2.3 Temperature Dependent Measurements

Temperature dependent reactivity measurements were performed using the H
cell reactivity assembly (see Siect4.2.1) in avater bath to maintain temperature
(Figure C.1) Heat wassupplied viaa hot plate. Temperatures were measured using a
thermocouple and adjusted manugadly necessaypy altering the heat setting or
adding iceto the bathPoints were cdécted betwee25and 50° C in 5° C increments
for two potentials-1.05 and-1.15 V. The room temperature measuremen0(~C)
were added to these points to ensure congruity betwe@othetial dependentgom
temperaturpandtemperature dependenttdaetsDue tothe cell design, the reference
electrode could not hmaintained at a temperature separate from reaction solution and
measurements were collected isothermally, wéh the cell and reference electrode at
approximately the same temperatpart of theelectrode protruded from the bath and
cannot be assumed to hate exact temperature of thath).Strictly, temperature
measurements are typically performed underisothermal condition&eference
electrode at fixed temperatite allow for constantGalvanipotential
measurement®262The isothermal cell introduces an error into the applied potential
eqgual to the redox potential change for the reference couple between the reference and
operating temperatur&éhe magnitude of this impact depenais the change in the
reference electrode potential with temperature. To measure this chaogé,ch
experiment was performed using two Ag/AgCI references electrQueselectrode
had a sleeve attached into which watesinjected to maintain the refence electrode

at ~20° C. The other electrode remained unaltered. The ends of both electrodes were
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placed in the reactivity cell in the water bath and the potential difference measured
between the two electrodes, with 2@° electrode serving as theaednce electrode.

The bathtemperature was then increased in SA€@easemerdnd the potential

difference between the electrodes measured after 30 minutes of equilibration (Figure
4.4). After an initial decrease, the potiah of the Ag/AgClelectrodancreases with
temperature @.12 mVK™. The change in Ag/AgCl potential with temperature has
been measured as 8.2V K for a 1 N NaCl solutiord®® Correcting for he CI
concentration differenc@ssuming ideal solutigmives a value of 0.13 mK?, in
excellent agreement with tipgesentlymeasured 0.12 m¥* (Figure 44). This
temperature effect on the reference electrodelgively small,with only a2.4 mV

changeover thetemperature rangQ- 50° C), andhasaccordinglybeenignored
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Figure4.4: Effect of temperature on thieference potential of a Ag/AgCl (3 M)
reference electrode. The potential difference refers toefieeence
electrode potentiadt the c# temperature compared to 2G.
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A larger error arises in the correction of the RHE potential with temperéture.
addition to isothermals nonisothermalmeasurementemperature dependent
measurementsiust alscselecta method for controlling the pattial Generally, two
main activation energies are relevant for
activation eergy, Bjg,and2) t he fAr eal 0 %'t Thetideabn ener gy
activation energy is the ae#ition energy measured at constant Galvani potential
To good approximatiorg constant Galvani potential occurs for constant potential in a
norrisothermal celf®® HereconstaniGalvani potential isoughly approximatedising
constant potential vs Ag/AgQsee above)The real activation energy the activation
energy at constant overpotential For the irreversible ketone reduction, this
adivation energy is unmeasurable. Equatichshows the relationship between the
two activation energie®! T h e p ar agaedUare tise erp&y change for the
reaction and the charge transfer coefficieespectivelyNote that this expression
generakes the more widely known expressitht®*25YEquation 43) to account for
proton activity. It is important to note here that Equation 4.2 appliesafproton
coupled electron transfer reactionwhich the reactant receives both a proton and
electron to form the produdhn this case, the pH dependerfficeEa,; results fromhe
change irreaction redoxotentialwith pH (proton activity) In this work it has been
assumed that protonation occprgor to or concurrent witlthe electron transfer, such

that proton activity affects the thermodynamics of the reduction reaction.

0y, ©OF — — Or | "¥Y c&YNQ'O 42)

Or ©Of | Y (43)
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Initial temperature tests were conductedatstant SHE potential to evaluate the ideal
activation energyRigure 4.5)The reduction rate shows a notonotonic dependence
on temperature, increasimgth temperaturat lowtemperatur€20i 30 °C)while
decliningat high temperaturg80-50 °C).This decline likely results frora decrease

in the overpotentiadiue tothe temperature dependenceuafton chemical potential
(the final, righthand term in equation 2). Alternatively, the decline could also result
from a neldmraftorvteu mp@mans ynknovep $or the intermediate
reduction stepsf the ketone reductiorHowever, the entropy change for the overall
reaction is aroune22 Jmol?! K! (see Sectiod.2.4 for estimation methodologgihd

o & likely shows a value of similar magnitudeo partially correct the overpotential
decreaseketonereduction waperformedat constant RHE potential. This constant
RHE potential sernsasa pseudeaeal activatiorenergy, correctinfpr the change in
proton chemical potential (2.3RTpH) with temperaturelike constant SHE, thea&t
constant RHE shoswa linear slope through the enttemperatureange At -1.05 V,

the constarRHE potential activation energy (80kJ mot*) was only slight smaller
than the ideal activation energy in the low temperature range (33 K). floé similar
activation energies suggdstat constant RHE offers an effective proxy for the ideal
activation energy, while maintaining linégirover a larger temperature range.
Accordingly, constant RHE potential has been emgudidgr all activation energy

measurements in this work.
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Figure4.5: Comprison of Arrhenius plots for acetone reduction between 18° C and
50° C at constant SHE and RHE putal. The potentials note the RHE
potential at 20° C. The phosphate buffer was Ar purged before reduction.

4.2.4 Property Estimation

Redox potentials for the peirliquid ketonesvere estimated based on the
Gibbs free energy chan@i®m gaseous hydrogen anduid ketone to the liquid
alcohol (Equation 4). The free energy change was calculated from the heats of
formation and standard entropies (gas for hydroligunid for ketones and alcohols) of
the reactants and products. The NIST datdff3sevided the gas phase hydrogen
entropy and heats of formation. The databasemi®aded the liquid entropy for all
ketones and alcohols excepp@ntanol, zhexanol and cyclopeahone. Liquid
entropes for2-pentanone and-Bexanone were estimated using the group contribution
method of Oliveiraet al?®” The cyclopentanone liquid entropy could not be estimated
by this method. Istead, the difference in entropy between the liquid ketone and
alcohol was estimated using the difference between cyclohexanone and cyclohexanol
(-27 I mott K1), This estimate should provide a reasonable approximatsoketone

alcohol entropy differeces fall in a narrow range betwe@s and-29 J moft K1, All
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ketones generally showed simitaductionfree energiearound-22 kJmol?, with
cyclohexanone slightly lower at-30 kJ mol (Table 4.2) Thereaction free energies
were converted tpotentialsto estimate standard redox potentials vs SRi&lox
potentials vs RHE were obtained with the standard pH correcGdb0pH).

0006 0 ™ "0 "Q ° 600600 ® 44
Activity coefficients(dilute) for the ketones were estimated using the UNIQUAC
activity model in Aspen Plu¥Ketone adsorption energies were based on the work of
Lust and coworker®’ Specifically,ketone adsorption energies were calculated using
thecorrelation for the aiwater interfac€Equation 4.5§° then adjusted tthe Pb
interfaceThe air interface and Pb gWittatrode ger
constanbffset(positive)of ~ 0.5 kJ mot.>> The parameter Rrepresents a function
of refractive index, B, molecular weight, MW, and density fqr the pure ketonge
shown inEquation 46. Strictly, Equation 4 applies for linear aliphatic species.
However, thepredicted value 0f21.3 kJ mof for cyclohexanotompares well with
measured valuessbveen 20 and 22 kJ mbbn Hg and different Sb and Bi fets>®
suggestingequation 4.5lso reasonably approximatésg speciesAdsorption
energies were not corrected foeerolyte concentratiorhis correction is typically

small at a few kJ mol,®>> and has been ignored here.
30 ™Y p owpm’Y (4.5)
Y — (4.6)
Note that thecalculatedi ad s or pti on ener gy o nergydor | y denot
species in an interfacial region, as opposed to specific or chemisorption, and might be

better termeedgy 0i lowefaci at hi sacceptead k wi | | f c

terminology and refertosuchnt er f aci al ener gy adeth@tadsor pt
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the adsorption free energiesLust et aP® usethe following standard state for the
ketore: a bulk ketone mole fraction of oa@da surface ketone coverage of oRer
better experimental comparison, these values were converséestandard state with a
low surface coveragesing Equation 4.2%8 The interaction garametes, a, were
estimated by interpolating values for aliphatic ketoneBiofi Activation energies

with aketonestandard statef a dilute (Henry) bulk solutiowere corrected using the

bukacti vity gasshovwniinEEguationdi®® o

3 o 3 Cw'Y"Y 4.7

30 o 30 YUY€ (4.8)
Molecule length for the linear ketones was estimas=iliming a completely trans
configuration witha C-C bond length and angle of 15 4 and 12fA,
trigonal planarborsl a nd 1 109.%°, respedivelgfor tetrahedral bonds.
Molecular volumes for the ketones were estimata the group contribution method
of Zhaoet al?®° From these moleular volumes, dilute diffusion coefficients were
estimated using the Wilk€hang correlatiod’° Ketone hydraulic radiusr( wate)
was estimated from traiffusion coefficients usinghe StokesEinsteinrelation

(Equation 49).
Y — (4.9

The parameters,o, Ry, D and' are the Boltman constant, hydraulic radius,
diffusion coefficient and water viscosity, respectiv@lgble 4.2 summarizes key

parameters for the ketone species.
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Table4.2: Key parameters for the aliphatic ketones.

P Ged E%He E%HE? P Gd Diffusivity Rhy

Compound — y3morr N v kImolt | M emzsixiEs
Acetone -21.1 0.109 -0.433 -159 1.72 16.2 1.99
2-Butanone -22.2 0.115 -0.428 -20.0 3.79 14.1 2.28
2-Pentanone -22.1 0.115 -0.428 -24.2 4.53 12.6 2.56
2-Hexanone -22.5 0.116 -0.426 -28.2 5.76 11.5 2.81
Cyclopentanone -22.4 0.116 -0.427 -224 4.01 13.6 2.36
Cyclohexanone -29.9 0.155 -0.388 -26.7 4.47 12.2 2.63

Notes: a) The RHE potentia for pH 9.2 b) The adsorption energy has a standard
state of pure water ithe bulk, pure ketone in the bulk and dilkegone (Henry
region) on the surface.

4.2.5 Reagents and Other

Acetone (99%) and isopropanol (99%) were obtained from Fisher scientific.
2-butanone (99%),-Butanol (99.5%), pentanone (99.5%)-Rentanol (98%), 2
hexanone (98%) andt2exanol (99%) were obtaed from SigmaAldrich.
Cycloperanone 9%%), cyclopentanol9d9%), cyclohexanone9@%) and cyclohexanol
(99%) were obtained frorkisher All chemicals were used as received. Double
deionized, distilled (Dlater was obtained using a water purificatiorteys
(Barnstead Mega Pure Water Purification System). The DI water was used for the
phosphate buffer and for all cleaning, rinsing and soaking. Phosphate buffer consisted
of 1 M Na made by combining sodiumhpsphate monobasic (Fisher) and sodium
phosphatelibasic (Sigma&Aldrich) in approprate ratiospH was measured using a pH
meter (Okion). Monobasic to dibasic ratios of 1:0, 1:1 and 0:1 gave pH values of 4.6,

6.7 and 9.2, respectively. Ar (99.999%) wasagied from Matheson. Aqua regia was
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made from a A mixture of HCI(Fisher)and HNQ (Fisher), respectivelylhe same
HNO3 was used for electrode cleaning.

Nafion 211 membranes were obtained from the Fuel Cell Store and treated
before use. The treatmentnsisted of a soak in 5% hydrogen peroxide at@@ot
one hour, followed by one hour in DI water at 60 °C, then DI water over wifjbt.
treatmentmembranes werensed andtored in DI water. Graphite rods were
purchased from the Graphite Store angltpeated by a twdnour sonication to remove
loose carbon. The Pb and Au electrodessistedf foils connected to Nwire. Au
and Pb foils were attachedttoe Ni wire using Cu tapeyhich wasthen covered with
Teflon tape to limit water vapor interaatioT he foils had geometric areas of 1 and
0.84 cnt for Pb and Au, respectively. The Cu tape connection always remained above
the liquid level during testing to avoid Cu contamination. Thevimié connection
was replaced when loose. Au (99.99%) was obthinom AlfaAesar Pb (99.95%)
was obtained fronGoodfellow USA. Balloons were constructed with a glove finger

and piece of syringe, and sealed with epoxy (JD Weld).
4.3 Results and Discussion

4.3.1 Potential Dependence

Electrochemical reactivity tesshow effectve reduction of aliphatic ketones
on Pb and Au ekctrodesReactivity tests were performed for acetdbutanone, 2
pentanone, -hexanone, cyclopentanoaad cyclohexanone on Pb foil, and acetore, 2
butanone and cyclohexanone on Au Bih and Au testsmployedpotential ranges of
-1V to-1.3V and-0.5V to-0.8 V, respectively, vihe reversible hydrogen electrode

(RHE, all potentials in this work are relative to the RHE potential unless otherwise



noted).Alcohols constituted the opketonereduction product for both metalsith

no other speciedetected via NMRAIthough g/clohexanoneshows somadditional
hydrocarborspecieslikely as a result of partial decompositianthe Pb surface (see
Section 4.2.1)Au did not show thesedditional productsFurther investigation of this
decomposition fitss outside the scope of thigork, but it doesepresenain important
considerationn the interpretation adifferences between cyclohexanone and the other
ketones (see belowjlydrogen ado appeafor all ketones at potentials belew.10 V
as asideproduct of the hydrogen evolution reaction (HER)e solealcohol product
for the ketonesontrasts witltheacetone dimerizatioprevious reportetbr Hg in
base { M NaOH), ®likely due to the loweovempotential or higher concentratio(rs
0.7 M) of those testPrevius studies have also reportgditocarborproducts for
various catalyst&® 2>including Ph but atmuchlower pH valuegpH 0-1) than those
employed hergraradaic efficiencie@~Es) for ketone reductionary with boththe
ketoneand potentiahpplied(Figure C2) on Fb. KetoneFEs generally increaseith
potential up to a maximum valu€his maximum varied between ketonkeem ~
100% for acetone and cyclopentanone #)%for 2-hexanoneMaximumtotal FE
trendsgenerally mirroredhose inketoneFE, increasing with gential and ketone
reduction ratel.ittle hydrogenappearss a side product on Pb. Althougisttl
constitute an important fractiorof FE for 2pentanonend 2hexanone reduction at
high potential (ow overpotential) due to low alcohol production rafelse absolute
rate of hydrogen productias generallysimilar for all ketonegFigure C.3. No
hydrogen was detected at potentials abdvi® V for any keéone on PbBefore
discussing Au,lte low alcohol and total FEs at lawelpotentialrequireattertion. As

FE generally increasavith current and ketone activity, the low BElow
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overpotentialikely results from the relatively small current of thesstsdas low as
300>A cm? for 2-hexanone atl V) compared to a background current. This
background currentikely resultsfrom either a capacitive current or surface
fouling/poisoning proced®r the ketonesAu shows much lower ketone FEH< 1%)
thanPb (Figure C.4. Hydrogenconstituteghe major produabn Au, with FEs > 80%.
The total FEs similrly high with much largr current densities (up smorder of

magnitudé further supportindow current density as the reason for the low FEs on Pb
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Figure4.6: Tafel plots for the reduction of aliphatic ketonegAnPb and(B) Au.
The phosphate buffer wagurged with Ar before us&he raterefers to
the ketone reduction rate ahds units obmol bt cm?,

Ketone reactivity data suggests a strong effect of ketone structueedwetion
activity. The reduction rates of tladiphatic ketones show clearwttural trends
(Figure 4.6) On Pb reduction rate decreases with size (chain lengththiliinear
ketones (Table 43 andFigures4.6A, C.5andC.6). Importantly, however this
decreaseloesnot occur uniformly with eachdalitional carbon added. Instedde

reduction raterops sharplyrom acetondo 2-butanonewith smaller decreases for 2
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pentanone and-BexanondFigure 46 and Table &8). A similar rate decrease with
size(hydraulic radiushas beenobservedor the electrochemical oxidatiayf
quinones?* ferrocene derivatived? 1,4-Phenylenediaminé® andanthracene
derivatives’’*for speciesibove a critical siz&'hose decreases were suggddgb
result from noradiabatic effect on the rate constadtie to a decrease average
orbital overlapwith increasingadius.A similar explanation likely explains the current
data andwill be explored further in Section 4.3 he cyclic species sholigher rates
than the linear specie$4ble 43 and Figuregl.6A, C.5andC.6) andanopposite
trend inactivity with size with the rate increasinfjom ~ 28 >mol h* cm for
cyclopentanone afl.1 V to~ 121>mol ' cm for cyclohexanonéFigure C5). This
deviationmay resulfrom adiffererce inbinding orientation oadsorptiorstrengthfor
the cyclic speciesompared to the linear speciddternatively, the higher
cyclohexanone ratemayresult fromgreater specifiadsorptionas evidenakby the
cyclohexanone decomposition on 8keSection 4.2.1)Au shows similar ketone
activity trendsasPb (Figures 4.6B and C.6B and Table 4 wijth the rate increasing

as2-butanone< acetone<< cyclohexanonegndthe 2-hexanome rateundetectable
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Table4.3: Tafel slopes and intercepts for ketarduction on Pb.

Low Overpotential

High Overpotential

Compound Slope Intercept Slope Intercept
Acetone -0.097 -0.98 -0.2@ -0.84
2-Butanone -0.0% -1.02 -0.204 -0.2
2-Pentanone -0.103 -1.03 -0.205 -0.%
2-Hexanone -0.04 -1.4 -0.197 -0.98
Cyclopentanone  -0.097 -0.% -0.205 -0.81
Cyclohexanone -0.14 -0.71 -0.321 -0.48

Table4 4: Tafel slopes and intercepts for ketone reduction on Au.

Low Overpotential

High Overpotential

Compound Slope Intercept Slope Intercept
Acetone -0.08 -0.51 -0.195 -0.46
2-Butanone -0.100 -0.54 -0.173 -0.51
Cyclohexanone -0.092 -0.43 -0.193 -0.27

Analysis of Tafel slopes suggests simiaductionmechanisms for all ketones.

In contrast to the absolute rate, the ketones all show a similar potential dependence

with nearlyidentical Tafel slopes (Tald&.2 and 4.3 and Figusd.6and C7). The

Tafel slope is the rate of potential change with thaididigm of current. Assuming a

nonadsorption rate limiting step, i.e. the ketone adsorption achieves a quasi

equilibrium, the "Bfel slope occurs at constant ketone surface chemical potegtial,

as shown in Equation 40.
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A J— (4.10)

The variable®, E andr arethe Tafel slope, electrode potentahdreduction rate
respectively The negative sigdefines the Tafel slope as its magnitude for the
cathodic reaction. Both Pb and Au show ketone Tafel sloped@®@mV dec! at low
overpotential (E >1.1 V), with a transition to ~ Z0mV dec! at high overpotential (E
<-1.1) (Tabls 4.3 and 4.4andFigures 4.6 an€.7). Cyclohexanone on Rieviates
slightly, with 50 - 60% largeiTafel slopeof 144 mVdec! and 320 m\Wec! for low
andhigh overpotential, respectivelyhe larger ketones on Pb-2xanone,
cyclopentanone and cyclohexanoatsoshow a additionalsharp increasm Tafel
slopebelow-1.2 V, likely due to mass transfer limitations. Alternately, the dnay
result fromsurface fouling reducingeactant access to the surface, produciresalt
similar to mass transféimmitation These ktones tended to show the greatest surface
discolorationand fouling(see Section 4.2.2n either case, the sharp decline has been
excluded in the following analysis of Tafel slop@mparison of thebservedrafel
slopes withtheoreticalvalues carmprovide insight intomechanisms and rate
determining stepfRDS). For ease of us¢he Tafel slopeslsocan be converted to
effective chage transfer coefficient&CTCS, Uy, for comparisor(Equation 4.11)The
effective CTCrepresents the combined chatgnsfer coefficient for thRDSand

any precedin@quilibriumsteps The effectiveCTC generally offers a more

convenient variable faderivations based on mechanisms.

| L (4.12)

The ketone Tafel slopes oft00mV dec! and~200 mV dect g i Veevalugsof 059
and 0.3, respectively. Cyclohexanone shoslightly smallerCks values of 0.4 and

0.22,for low and high overpotential, respectivelyn a d di dsvalmesthé t o
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change in Tafel slopg a neg) at4.1 Valso suggest a change ineaction

mechanism or rate determining stégcordindy, anyreaction schemes

(combinations oimechanisra andRDS) considereghouldexplainb o t h eftvalues U
and t he & e megckanisnmfor &lectrochemikatone redution has
generallybeen suggested asnilar to aldehydegsee Chapters 2 and: 3o, one

electron transfarwith a ketyl radical intermediat&®°-2°425527FFigure 47). An

alternative mechanisimvolving a HgNa speciefias been suggestéat reducton on

Hg at high pH° However that conclusion walsased ora N& concentration
dependencwhich couldhave also resulted fromradical mechanism with a Na
conjugated radicaReduction via chemical reaction with adsorbed hydrogen has also
been suggested for PY,but this mechanism appears unlikely on Pb given the low
hydrogen surface activityn the prsent case, a radical reduction mechanism appears
the most likely on Pb and Adlote that the similar Tafel slopes on Pb and Au suggest
a common mechanism, so thaaecton with surface hydrogdikely does noplay a

significant role on Ateither.
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Figure4.7: Proposed reaction mechanism for the electrochemical ketone reduction.

Interpreting the effective CTCs in terms of the reduction mash&(Figure 4.7)
suggests two key conclusions. First, no chenstsg) such as protonation, acts as the
RDS as reitherCTC (0.59 or 0.29) approaches the whole number (one or two)
required Additionally, theweakreduction dependence on @iticonstant SH

supports the Ik of a protonatioiRDS (see below)Second, the decrease in effective
CTC suggests a transitionRDSto a step earlier in the proce$$is conclusion
easilyresult§ r om t he e xpAssansirg gpsendeetjuilibriunt(Nernst) for
steps precedmtheRDS anda potential independent adsorption, Equatidt?4jives

the effective CTC as the susfithe CTC for theRDS, Usps, and the number of

preceding equilibriunsteps neg
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| & | (4.12)
If a step occurs earlier in the reduction sequence (Figuretdwuld have a smaller
number of preceding equilibrium stepggn and, corr espeniddingngl y,
these twansights as guide, theadicalmechanism allows fahreeplausible
explanations for the Tafel slope transition. First,XHelectron transfer could
constitute the low overpotentiRDS. The U of 0.6 for thelow overpotential region
(E>-1.1V)appears close ©.5 and may suggest th# electrontransfer as thiow
overpotentiaRDS. However this RDSwould disagree with the"2guidelineabove,
as no electrochemical step exists prior to this dtép possibleghatthe RDS at higher
overpotentialE <-1.1V) consists of a potential dependedisorption, providing a
potential dependent step prior to the first electron trandfarever,this proposition
appears unlikelyasadsorption activation energy would more likely incre@sere
positive)with overpotatial, producing a negative Tafel g (in the notation of
Equation 4.10) and a rate decreadh negative(cathodic)potential The free energy
of adsorption (equilibrium) 4 Generally becomes more positive for neutral organic
species as the potegitdeviatecathodicallyfrom the poential of zero charge
(pzc)?’%2™ This change imdsorption energys(irface chemical potentjakith
potential atconstant coverage) has been termed the electtasosalency or partial

charge trangfr coefficienf’"?2"9281 9,4 asgiven by Equation 43.
— O (4.13

Cs and>s arethe surfaceoncentration (mol/area) asdrfacechemical potential
respectivelypf the adsorbed keton€he electrosoprtionalency generally deeases
(more negativeith cathodicdeviation from the pz€.’ becoming negative at large

deviations and resulting in less effective adsorptdn.t e her e tahat a nege



produces less effective adsorption as the potential diiéens negative, i.e., dE <0
and dGg= addE (for constantCs). Assumingan adsorptioractivation energy
proportional toequilibriumadsorption energy (Equationl4), the activation energy
would alsoincreasewith more negative potentiaiesulting in slaver adsorption

30 | 30 (4.14)
Concurrently, he increasan adsorptiorenergy(more positivewith cathodicpotential
woul d produere TBhin® gswgdnakewd ganditiom theRDS
from the 1% electon transferto adsorption an unlikely explanation for the change in
Uw. An alternate explanation comigsthe second reaction schemigh a transition
from a 2" electrontransferRDS at low overpotentialo a 15 electron transfeRDS at
high overpotential At first appearancehis sequence appears unlikely, as it would
require a n ergsatiow overpoterdidl Howeveo, fle meéchanism
becomes more viabkgter accounting for the effect of potential on adsorpimn.
discussed aboyadsorption fee energies typicallycrease (more positivejith
cathodic potential for neutral, nepecifically adsorbed species, decreasing surface
concentration. This decrease ingfoduces a decrease in rate with overpotential for a
typical electrahemical rategression (Equation 45) (seeSection C.2.1assuming
either: 1) similar activity coefficients for the reactatand transition state’, or 2) a
similar potential dependence fibre reactant and transition stativity coefficients
The 29 condition holds for congruent isother’¥8j.e., whereadsorptiorisotherms
are parallel with respect to potential. Both criteria should hold at low coverages
(Henry range), where gace activity coefficients approach oaed isotherms become
congruent®® In the case where either condition hglEguation4.16 gives the effect

of theconcentratia potential dependenom the effective CTEseeSectionC.2.1)
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The parameters RO andrfare thereactionrate ordewith respect to bulk
concentrabn) andthe pre-exponentiafactor, respectivelyNote that the rate order

dependence assumes a condbaitik activity coefficient (see Section C.2.1).

P8 —ao (4.15)

| & | roY o (4.16)
Equation 416 shows that theffective CTCwill likely decrease due to surface
concentration effects, given the expeatedative electrosorption valency.
Importantly, however, the viability of the second reacsonemeequires a certain
size decrease i n tghFertheXtlectontiansferto®ffeCa due t o
reasonable assignment for the fiREDS, the eletrosorption valency must be
sufficientlynegativelop r oduce r e as o n @b dpecifically,tfor dkast e s f or
between 0.3 and ®.the electrosorption valeneyustfall between0.71and-1, given
the first order reactio(see Section 4.3.2%uch \alues appedarge,but still possible
Unfortunately, little data existe estimatehe electrosorption valency of aliphatic
ketonesand its potential dependengarticularlyon Pb As a rough approximation,
the electrosorptiorvalencesare estimated irsy aliphatic speciesn Hg?’’ Based on
this data,electrosoprtion valemsgenerally fall around 0.05 #tepzc, witha
potential dperderce (thadd(E-Epzd) between0.3 and-0.7 VL. Estimating the Pb pzc
based oracetonecapacitance measuremerfgyre C8) gives a value of ~0.1 V
(between0.1 and 0 V given the shallow minimum) in agreement with tH&6-V vs
SHE (0.057 V vs RHEatpH 9.2) previously observed for PBCorrecting the
electrosorption valency for potential gives valbesveen0.25 and-0.6 for the low
overpotential repn (E>-1.1 V), and betweefD.3 and-0.7 for the high overpotential

region (E <1.1 V).Only the higher values of these ranges come close to the value



required for the low overpotential regioh n s e r t i n gagvaluesnto Equatibne r 2
4.16 givesCTCs of 0.2 and0.8for the F'and 29 electrontransfers (low and high
overpotentiaRDYS), respectivelyBoth values are feasiblbutrelatively extreme and

the differencébetween themappears layegiven thesimilar species involvedror low
overpotentialthe P electrontransferRDS of the first reaction schen{see above)
appears more reasonable explanation tioe effective CTC of ~0.6. Howevergs

discussed abovéhis mechanism fails tacaount for the transition to a smalldy; at

higher overpotentialClearly, neither reaction scheme provides a satisfactory
explanationA third alternative to explain thEafel slope changis a 1% electron
transferRDS at low overpotentialwith t h gr chinge caused mpmpetition with

adsorbed hydrogea higher overpotentiaSimilar to the adsorption correction, the
hydrogen emergence would decrease the surface concentration (coverage) of ketone,
decr easi ngertTheexact @lationshiprcah bédobtained using a modified
Frunkin isotherm. Note that aliphatic species generally follow Frumkin isoth&rms.
Assuming hydrogenompetition influences the ketooaly by site/surface blocking

the Frumkin isotherm can be modified by correcting the maximum &etoverage

Omax, fortheh y dr o g e n g @ssl®wnd Ggeationdl7,  w hnaxis gived
bylidw.d 1 s t he ket o,defined yhe ratic dCs tc rmaximuma g e

surface concentration s@ax

—Q ———=0Q7 ¢ (4.17)

Assuminghydrogenadsorption follows a Nernst equilibriuftow coverage)Equation
4.18gives the correcte@s potential dependender this competitive adsorptiofsee

Section C.2.1)Equation 419 gives the nevicky expression
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| & P —— YO (4.19)

Equation 419 suggesttheemergence diiydrogendecreasetks, as expectedlhe
magnitude othis decreasdepends on the relative hydrogen cover&ge.a low

ket one coverage of 5%, a 20% bh(28,rclosgen coVeE
to the experimentalhange of 0.3 Additionally, these coveragvalues generally agree
with the lower rate order observed at higher overpotential (see béhopgrtantly,
however, fothydrogen competition toeasonably explain theh a n geg theé n U
electrosorption valency mubkavearelatively smallmagnitude Otherwise kps at low
overpotentialvill have a value too large faroneelectrontransferF or e x aqp !l e, i f
has a value o0 . 6q4swoultl be approximately orat low overpotentiala value

closer to a chemical[®S. TheRDSat low overpagntial could consist of a chemical
step. However, as noted previously, tRI8Sappears unlikely given the small pH
dependence of the reaction rate (see belowg siiall magnitudeequiredfor the
electrosorption valency seemsdisagree withtherelatively large magnitudes@.3 to
-0.7) estimated abovdiowever,it is important to note that those estimates are based
on different species adsorbing at a different meldtrode Additionally, despitethe
requirement of small (ngmitude) electrosorptionalencies aqmay still contribute to

t he c h arwith@otential Thé electrosorption valency may become more
negative due to the potential chang®set ofhydrogen adsorptiomlecreasing the
effective CTC further thanyldrogen inhibition aloneAn additional issuevith the
hydrogen competition scheraeses in the reduction on AAu showsnearly identical
Tafel slopego Ph butmuchhigh HER ratespossiblysuggesting a higher hydrogen

coverageHowever, thenigherAu rates do not necessarilgquire higler hydrogen
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coverages and Acould still show a large changehgdrogencoverage with potential
Site differentiation could also play a role, with an increase in hydrageorption
blockingketone activesurface areaas opposed tthe entiresurface The coverages in
Equations 417-4.18refer to areas of ketone adsorpti@oembinedthe small
electrosorption valenayequired (magnitudegnd AuPb HER activity difference cast
some doubt on the hydrogen competitionlamption for the Tafel sjze change.
Generally,none of thehreeproposedRDS schemew®ffer afully satisfactory
explanatiorfor thetwo observed Tafel slopes. This ambiguity highlights the difficulty
in using Tafel slope for mechanis&®idSidentification, as discussed by other
authors?82 Out of the three, dwever, hydrogen competition aps the most likely
given its reasonabl e lteasdrecened flathef supportt he char
from RO and pH measuremeng&pecifically, the change in rate order and pH
dependencwith overpotentia(see belowpothsuggest hydrogen adsorptiplays a

key roleat higher overpotentialand wouldalsoaffectthe Tafel slopelt is important

to note here that the change in Tafel slope by hydrogen adsorption does not
necessarily suggest that hydrogen acts as a poisoning species. Instead, hyeyogen
continuously adorb and desorb from the surface, but the average coverage will likely
increase withmore negativeotentialsand higher cathodic currentdere this

increase in hydrogen coverage has been assumed to affect ketone reduction by
decreasig themaximumsurface coverage (excess) of ketone (see Section C.2.1).
Alternatively, the adsorbed hydrogen could affect ketone reduction by restricting the
surface area active for ketone reductigfiectively, the adsorbed hydrogen species
would alter tle local electronistructure of the surface making a fraction less, or even

inactive, for ketone reductiom.hi s fAarea bl ockingo interpref
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similar mathematics to the decrease in maximum ketone coverage. The similarity
makes distinguishop between the twanterpretations unfeasible with the present data.
For simplicity, this work assuméisathydrogen alters the surface by decreasing the
maximum ketone coverage, with similar results expected tcrease in active area
An additionalalternativeto all threeRDS schemesilso existsn the form ofan
organePb mediateanechanisn{Figure C9). In this mechanism, the ketone would
first react with Pb atoms at the surface, via partial charge transfer, to formRlketo
species. This speci@guld then undergo twreductions to formadicatPb and
alcoholPb species, followed by a partial charge transfer and desorpbiaPb
mediated mechanism produces a similar Tafel stopeession (Equation20) as
adsorptiorreaction, as the partiahargetransferredo form the Pbketone species U ,
acts identically to the combined effectsaofsorption anthe oneelectrontransferin
the radical mechanisKsee above)Note that for this mechanismygmay not
necessarilyqual a whole numbejiventhe possibility of partial charge transfer
Lok (420
This mechanistic similarity makes evaluating the plausibility of this pathway difficult.
OrganePbspeciedave been suggest for acetone reductiamn Hg andPb at low pH
(1.55) as precurssto propang®* butnotfor reduction at high pH on H§.More
likely, theketo-Pbspecies represent a poisoning species or less active alternative
pathwayto the main radical reduction mechanissimilar fouling speciehave been
observedspectroscopically for furfural reduction Pb(see Chapter 3F2Further
spectroscopic experiemts may also help elucidate the role of tae#b compounds
in the present cas&enerally, the radical mechanism appears more likely, with

hydrogen competition causing the change in Tafel slope
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Analysis of the ketone reactivity data suggests then2@@ec’ Tafel slope
does not result from magsnsportimitations, but may be impacted by surface
poisoning. In addition to the mechanisms abowtherconsiderationsnayalso cause
the~ 200 mVdec! Tafel slopeat high overpotential (E <..1 V). Someauthors
suggesthat such large slopes resfibm mass transpolimitations 232 While large
Tafel slopesanresult frommass transport limitations, three considerations suggest
that mass transfer dopsoducethe ~200mV dec! Tafel slopen the present case
First, the strong linearity ofe Tafel plotat high overptential (1.2 V <E <-1.1V)
makes mass transport limitations unlikely. Whitagxanone, cylopentanone and
cylohexanone show a sharper drop in rate, acetebetahone and-pentanone show
strong linearity over a large (200Mnpotential spanThe 2hexanone, cyclopentanone
and cyclohexanone slopes (high overpotensiawthe same value as these species
and good linearity over a 100 mV rang&.{ V to-1.2 V). The Tafel slopdat a
specific potentiglfor a mass transfemfiited reaction can be deriyérom the
irreversible Kouteckytevich equation (Equation 21) as shown in Equatiofh.22 (see

section C.2.2)

- - - 421

6 2—p - . b (4.22)

The parameters, iL a n dcar&the kinetic current (i.e., current at bulk concentration),
themasdsransfer limited current and the effective electrochemical charge transfer
coefficient, respetively. The effective electrochemic@l T C ¢, refiresentshe

combined transferoefficient for all electrochemical steps and adsorptors the

rate constant at the selected reference potehtidlo achieve the high overpotential
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Tafel slope of ~A0 mV dec! from thelow overpotential slope of 200 mVdec?, the
kinetic rate ¢urrent) must equal the mass transfer rate,ii/e= 1. Additionally, in
order to maintain linearity, this ratraust remain approximately constaver a 200
mV range.Such a proposition appears unlikely given the large change-rdm
to-1.1 V required to induce the mass transport limitation. Indeed, attempting a fit of
the irreversible Kouteckyevichto the high overpotential acetone dst@ws a
relatively poor fit(Figure 48). The fitis obtained by miniming the squared residual
of the curve for all potentiadurrent points. Note that only the higher overpotential
points are shown for clarity. The mixed transganetic control reproducghe
correct slope of @ mV dec! on averaggebut with much stronger curvature than
experimently observed. This poor fsuggestsnass transport limitatiorannot
explainthe linear200 mV ded Tafelslope at higher overpotenti@lithoughthese
limitationsmay play a rolen the much steeper drop in Tafel slope fdrexanone,

cyclopentanone ahcyclohexanone at potentials belein2 V.
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Figure4.8: Fit of acetone high overpotential data to a mixed mass trardgpetic
model. The solid blue curve shows the fit of the expertaietata (red

dots) to the modeThis fit assumes the electrochemicalqess
continues with the same 97 mV detafel slope as in the low

overpotential region. The lower overpotential points have been removed

for clarity. The dashed lines represent hndits to the experimental data

(Exp) and mixed mass transport model (MMthe solid blue curve)
The rate has units oimol h* cm?.

The second piece of evidence against a mass transport interpretation of niné 200

dec! slope is the general consistgrof both theTafels | o p e

and

t he

(i.e., thepotential where the Tafel slope transitioag)ong all ketones'heketones

fibend:¢c

generally show similar mass transport properties. Estimating diffusion coefficients via

the Wilke-Chang correlatiofi® (Table 4.2)suggests lessthan41% variation, with

acetmeand2-hexanoneshowing the largestl.62 x1® cn? s!) andsmallest(1.15

x10° cm? s1) diffusion coefficients, respectively. Additionallfye nearly identical

hydrodynamic environments (stir rate,.pghould largely eliminatBydrodynamic

effects The small variation in mass transfer coefficiers, somepower of the

diffusion coefficient, appears incompatible with the similar Tafel slopes obtained for

ketones with orders of magnitude different ratdsake, for example,-pentanone and
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acetoneThe two species have nearly identical Tafel slopes fiaum the low
overpotential window, have rate constants 0.79 decade apdriOf@at/). More
specifically, acetone has a rat®87% larger than-pentanone, while it has a diffusion
coefficient only 8% larger. Assuming a mass transport coefficient propatitw the
diffusion coefficient Equation4.22 suggests that these species should not teve
same Tafel slopd.he disparity grows even further when compaggglohexanone
and 2hexanone, a ndgr39-fold rate increase (at..11V) compared to a negligle

7% change in diffusivity. The 62% increase in Tafel slopel(1V > E >-1.2 V)
cannot account for this massive difference in the ratio of kiaetienass transport
rates suggesting massainsport limitations do not applgimilar conclusions stem
from analysis of the fibendd potenti al
should occur at a roughly constant ratio of kinetic and mass transfer gétgslikely
where i = iL. Rearanging the Koutecky.evich expression (Equation 4.21) s¥sthat
the current where this transition occdepends othe mass transport rate, as shown

in Equatiord.23.

(o T o NE—— (423

This expressiolfEquation 4.23suggests a clear linear trend betweerlithiing
mass transport current and the current at which the bend occurs. The ketanés do
generally follow this trendFigure 4.9) assuming a mass transport coefficient

proportional to diffusivity

Thi
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The larger, linear étonegthe three smallest rapmints)do showalineartrend

potenti al

(

However, this trend likely results froacorrelation between ketone size and the pre

exponentiafactor, asdiscussed in Section 4.3.#0r mass transfer limitations, all

ketones should fatw thesamer el at i

on

bet ween

Afbend?o

rate The failure of all ketones, particularly those with higher rates, to follow the trend

suggest mass transport does not significantly limit the rate (for the 200 mV dec

slopes)doTpheti@hbenal

limitations. The potential at which the bend occurs should vary dependisgecies

al so

f ai

S

t

(0]

f

ol |

reactivity, given similar mass transport ratdsssentially, more reaceéspecies should

encounter mass trdies limitations alower ovempotentials, if the mass transport rate is

roughly constant across speci€be ketones do not follow thgattern, with a nearly

cong ant

potentid further supports negligiblemass transport limitation€o mb i ne d ,

potential analysis ancbngruity in Tafel slope, suggest timaass transport doesn
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produce the 200 mdec! Tafel slopes. The final piece of evidence against a mass
transportinterpretatiorcomesfrom the difference imeaction rate rangdsetweerPb
and Aufor the high overpotential (200 mV déslope) regionGiven the similarityin
hydrodynamic conditionfr the Au and Pb testbpth metals should show similar
mass trangmt limitations producing similar Tafel slopes and reaction raes.
expressed in Equation22, the relative Tafel slope depends ontti®o of kinetic and
mass transfer rates/{L). Similar Tafel slopes require similawi. ratios
Rearrangement dhe KouteckyLevich equatior{Equation 424) shows that thisratio

depends entirely on the ratio of the overall tatmass limited ratéi/iL).
- — (4.29

Accordingly, similar Tafel slopes should only ocevithin similar range®f the

reaction rateelative to the limiting rate. For the two metals, with similar
hydrodynamic regimes and identical reacting specie@d mVdec! Tafel slope
should occur over the same range of reaction rates. A quick dsoipahows this
requirement does not hold. For acetonbufanone and cyclohexanone, reduction
ratesatt he fAbendod potenti al (i nt e+ld¥fortPb,on
~-0.6 V for Au) are approximately four times higher on Pb. KHidifference

appears larger thaamy reasonable difference in hydrodynamic effects and suggests
that mass ainsport does not contribute to the 200 de¢! Tafel slope Combined the
metal to metal differencgeneral linearityandketone to ketone consistensyggest

that mass transport limitation® notexplain the 200 m\dec! Tafel slopeat higher
overpotentls. Although thesdimitationsmay still, in part, explain thiarge Tafel

slopes at low potentials forfZexanone, cyclopentanone and ohelxanoneAs an

14¢
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alternative to mass transport amgtrogen competitiorthe200 mVdec! Tafel slope
couldalsoresult fromsurfacefouling by ketoneside reactioa Suchreaction induced
surface poisoning has beesedto explainachange in Tafel slope with tinfer

oxygen evolution on PE* with slopes changing from ~120 ndéc? to > 400 mV
dec!. Thoseauthors attributed the change to an increastowferreduction
mechanismst the expensef more active processdstfectively, this explanation
eguates to a quapbisoning. The numberf ¢ess active surface sites increased at the
expense of more active sites, resulting in a lower average rate change with pétential.
similar poisoning procgscouldoccur for the ketones, with kefb species (see
above) acting as the poison or less acpathwayThis preposition appears more
reasonable thatie mass transport limitations discussed above, but still has
shortcomings. The nearly identical €aglopes for the ketones, excepting
cyclohexanone on Pb, would require the same fractional poigafiactive sites.

Such a requirement appears unlikely given the different degrees of Pb electrode
discolorationfor the ketones (see Section 4.2 8jditionally, Au and Pb show nearly
identical Tafel slopes, but Adoesnot show any significant fouling he Au foil
generally did not require chemical cleaning to achieve reproducible résadts
Section 4.2.2)The poisoningheoryoffers a better explanatidor thelarger
cyclohexanond afel slopes on Pb, given the relative instability of that spetithea
electrode surface (See Seat4.2.1).Poisoning may also play a roleemplaning the
large Tafel slopes (> 300 milect) at very high overpotentigE <-1.2)for 2-
hexanone, cyclopentanone and ohelxanoneCombined these considerations suggest
that surface poisoningiay playarole in the Tafel slope, mainly fayclohexanone on

Pb, but does ngiroduce the 200 mV décTafel slope
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4.3.2 Rate Order

Corcentration dependent measurements sudgyesbgen competition
decreaserate order at high overpotenti#etone bulk concentration was ieatto
evaluatethe rate ordefwith respect tdulk concentration(Figure 4.10) At low
overpotential {1.05 V, Figure 4.104, all ketones showreapproximatelyunity rate
order(0.9to 1). This first order dependence agrees with previneasurement®r
acetone reduction on Hg NaOH (for acetone concentration below 2 ¥and
sulfuric acid (for acetone concentration below 0.5°M)nfortunatey, the order does
not provide any additionahsight intothe reaction rachanisnor RDS, as all
proposedeaction schemeasan have a first order dependefdepending on
coverage)The unityRO does howeversuggest low coverage at tRé surfaceThis
conclusion stems from analysis of the adsorption isothEguation 4.25 defines the
RO assuming similar activity coefficients for the reactant (0RB&) andtransition

state anda constanbulk activity coefficientsee section C.2.1).
YO —— —_— (4.25)
For the Frumkin isotherm followed by aliphatic ketofeEilak and Conway give this

derivative a€quation 4.26%whered i s t he s ugGsmraadgdisineer age |

Frumkin interaction coefficien(a).

Y (4.26)

FromEquation 4.26the RO shoul@pproach unityt low coverager-or higher
ovempotential(-1.15 V, Figure 4.10B)the rate order shaa slight, negative deviation
from unity, withmostvalues around 0.75 (0.8 0.86).This decreasdikely resuls

from competition with adsorbed hydmg as hydrogeansetoccursnear this
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potential (Figure G). Assuming hydrogen primarily reduces maximum coverage,

Equation4.27 gives theRO for themodified Frumkin isothernfEquation 4.17)

Y6 427

Hydrogencompetitiongenerally decreases the rate order, as observed experimentally.
For a relatively lonketonecoverage of 5%, assuming negligilkktoneinteraction
effects(g terms neglecteda RO of 0.75 requires a hydrogen coverage of only 19%.
This hydrogen coverage appears reasonable and sugtielRtsnset likely explains

the lower RO observed for most ketoneslat5 V.The 19% coverage alsgrees

with the ~ 20% needed for the change in Tafel slope (see above), further supporting
HER onset as theause of the Tafel slope chan@gclohexanone andRexanone

prove exceptiondo the HER induced decrease in Rfyclohexanone shows a much
lower RO of ~ 0.55at-1.15 V. This lower raterderlikely results from mass transport
limitations for the 0.2 Mconcentration pointAssuminga RO of 0.75 doubling the
concentration from 0.1 to 0.2 M would produce an expected cyclohexanone reduction
rate in he mass transport limited regiahé >300 mV ded Tafel region in Figure

4.6A, rate > 246>mol ' cm?). Consequently, the 0.2 M point is likely mass transfer
limited, producing an exceptionally low RO for cyclohexanorkeganone shows
moreanomaloudehaviorwith the rate decreasirfgppm 0.1 M to 0.2 MTherate
decreaseouldresult fromincreased hydrogen activitiAowever, this explanation
appears unlikely givethegenerally similar hydrogen rates for all ketolegure

C.3. More likely, the 2hexanondRrO resuls from unexpected phase behavior at the

Pb surfaceFor0.2 M, the 2hexarone concentration approaches saturation. Upon
disturbance, the peseaction mixture phase sepasateeforeredissolvingio form a

continuous phasélthough nophase separatiomasobserved duringeduction, he
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high 2-hexanoneconcentrationmay affect bcal solvent/double layer properties near
the electrode surfacsych asonic strength, conductivity, etc. This local chamgight
alteran interfacialproperty (during reduction), such eesistancer electric field
strengthwith a disproprtionate imjact at higher overpotentialesulting in the rate
decreaseGiven tha0.2 M 2-hexanone atl.15 V constitute the onlyunexplained
outlier, no further investigation was undertaketo this point Beyond cyclohexanone
and 2hexanone atl.15 V, the ketoes generally show an approximately linear
dependence on ketone concentratiwith a slight decrease in RO at lower potentials

due to hydrogen competition
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Figure4.10: Effect of concentration on ketone reduction rates for RRA)dbw
overpotential {1.05 V) and(B) high overpotential-(.15 V). The
solution consisted of phosphate buffer at pH 9.2vaasl Ar purged
before useThe rate refers to the ketone reductiaterand has units of
>mol it cnm2. The ketone concentration has units of M.

4.3.3 pH Dependence

A weak pH dependence suggests little effect of protonation on the reduction

rate determining step. The pH of reduction was varied at constant SHE potential to

15
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evalude the effect of prain activityon the ketone reductioReduction tests were
performedonly for acetonggiven thesimilar mechanismsuggested by thieetone
Tafel slopes and rate orders (see abo¥egtone reduction activity generally deckne
with pH & both lowand high @erpotential-1.05 and-1.15 V, respectivelyfFigure
4.11). Both overpotential regions show a Horear pH dependence, with the rate
plateauingor decreasing dbwer pH(pH 4.6) Low overpotential shosa larger pH
dependence than higher overpotentidwever, the relatively smalate change with
pH for both potentialssuggests that protonation does dioéctly impact theRDS or
reaction steps prior to the RDistead, the small magnitude and fAorearity suggest
that protoractivity impactshe eduction indirectly, through double layer structure,
radical stabilization, redox potential, efcchange in redox potential for tfRDS
appears the moskely mechanism. As the reduction steps requicgqrs(Figure

4.7), a change in pH would alter tkéfective redox potential,d5Equation 428) and

the corresponding reaction rgiquation 429).

% 0 O /O L _ono (4.29)
- —2 (4.29)

Equaton 4.29suggests decrease in rate with pH, as observed. HowévepH
dependencdoes not show thexpected linearityFigure 4.11)Additionally, therate
change with pHes(thadashalinesie Figure B.8.ITlese U
considerations sygpstan additional process which inhibits rate with decreasing pH.
This process likely consists of competitivgdrogen adsorptigrsimilar to the rate
order. Asthe pH change alters the Rhptential (for fixed SHE potentialhydrogen

adsorptionwould changeconcurrently Assuming a Nernst equilibrium for hydrogen,
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its coveragevould increase more rapidly than ketaometivity increagswith

decreasing pHresulting in a plateau oatedecreasgas observedis a corollary, the
hydrogerrate should alsacrease with decreasing pH. This HER rate increase occurs
experimentallyFigure C10). Importantly, the hydrogen rate does not increase
exponentially with pH, suggesting ketone competition atguacts the HERAN
exponential relationspiwould be expectefrom the change in reaction overpotential
(redox potential) with pH for hydrogen formation at constant SHE poteHiyidrogen
competitioncanalso explairthedifference in pH dependence for low and high
overpotentialln the high ovagpotentialregion,hydrogen already constitutesrajor
surface species, as evidedty the RO measuremenihis greater abundancesults
in greater suppressiaf the ketone ratascrease wittdecreasingH. The greater
suppressioprodu@esthesmallerpH dependencandtheratedecrease at pK4.6
(Figure 4.11). At lower overpotential, hydrogen constitutes a smaller fraction of
surface species resulting in less suppression of ketone pH ch@ihgdsER rates
support this explanation, with a larger change in HER ratBi§ver overpotential
(Figure C10). More quantitativelyEquation 4.30 gives the rgiél dependence for
the modified Frumkin isotherm (Equation 4.1Mportantly, the stron@exponential)
pH dependence diquation 4.20nakes estimatingate changes oveaiige pHchanges
difficult and these estimatésive not beeattemptecdhere.Qualitatively, however,
Equation 4.30 agrees with the reasoning above for the effect of overpotential on

reduction atepH-dependence

| (4.30

Combined hydrogencompetition and the pH effect on redox potential largely explain

the nonlinear pH trendor ketone ratelt is important to notehoweverthatotherpH
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dependent effectsouldalso play a role in the pH depisrce. For examplgoH may
change the doublayer structure or the reactivity of the hydrogen donor (water vs
hydronium) Deconvoluting tese additional effects from the redox potential and

hydragencompetition falls outside the scope of this work.
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Figure4.11: Effect of pH on acetone reduction rateanstant SHE potential. The
potentials 0f1.59 V and-1.69 V vs SHE correspond .05 V and
1.15 V vs RHE, respectivelat pH 9.2. All tests wereonducted in Ar
purged phosphate buffer with a constant bancentration of 1 MThe
rate refers to thketone reduction rate and has unitswfol i cm2 The
theoreticalines refer to the expected trend resulting from a change in
ketone redox poteial with pH (Equation 4.29).

4.3.4 Activation Parameters

Temperature dependent rate measurements subgesite rate decrease with
linear ketonesize resuli from a decrease in pexponentiafactor.Reaction
temperature was varied to obtain activation patarsdor ketone reduction kw (-
1.05 V, Figure 4.2A) and high overpotentiall.15V, Figure 4.12B)importantly,

these neasurements were performed at constant RHE potentaattunt for the
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change in redox potential with temperature (see Sectiod)4A2l ketones show
linear Arrhenius plots (Figuré.12)atboth low and high overpotentidlhe
temperature dependenattes show a similar trend as the potential dependent
measurements: a rate decrease with size for the linear ketones, with highemdates

rateincrease with sizéor the cyclic spece
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Figure4.12: Arrhenius plots for ketone reduction at constant RHE potef®iallThe
reduction at1.05 V vs RHE(B) The reduction atl1.15 V.The solution
consisted of 1 M phosphate buffer at pH 9.2 aad purged before use.
The rate refers to the ketoreduction rate and has units>ahol bt cm?

Extracting the preexponential factoand effective activation energies (Figure 4.13)
allows for more detailed analyskor the linear ketonedhé preexpmential factor, A,
decreases almobhearly with the number of carbons (Figure 4.)3Ahis decrease
could result from a steric effect or an alteration of the carbelegitrode distance (see
below).Note that these prexponential factorsorrespond to ldk concentration, i.g.

reduction atesfollow Equation4.31.

Yo Rt (4.31)



Theketonepre-exponential factorare relatively small (< 10 cstt) compared to the
5x 1¢ cm™ to 5 x 18 cm s! expected for electrochemical reactidfshighlighting
the slow ketone reducin kinetics. Although it is important to note the large error
expectedvhen obtaining prexponential factors from Arrhenius plofhe cyclic
ketones shovarger preexponential factors than the linear speciat) W increasng
with cyclic ketonesize Cyclohexanongin particulay shows anuch largepre-
exponential factothanthe other ketone@-igure 4.13A. The gparent activation
energes E, showtrendssimilar tothe preexponential factorEa decreases witbhain
lengthfor the linear ketonesvhile increasing with cyclic species si#ggure 4.13B).
Thereductiors generally show lowdivation energiesbetween 16 and 31 kJ mbol
These low values likely result from the inclusion of adsorption energy and
overpotential contributions, which havetrbeen removed from trepparenta (see
below). Ketone adsorption energyenerallydecreases (more negatiwveifh sizefor

Pb and otherpmetal electrodé@sandMarcus thery predicts a general decrease in E
with size. These possilities for thetrend inEawill be furtherdiscussed dew. The
different overpotentials show different activation energies, with a smalkgrHglrer
overpotential, as expected. Importanthe cyclic species do not show a consistent
deviation in Erelativeto their linear equivalents. Cyclopentanone shiaw activation
energy smaller than-gentanone, wike cyclohexanone has a largertkan 2
hexanoneThe higher Efor cyclohexanone likglresults from the smaller effective
CTC. Given the similar redox potentiglEable 4.2)as ma | ¢ veould rekultin less
overpotential activation and a highey(Bee below)lt is important to note
oppositeeffect on ratef the A and E trendswith linear ketone siz&Combined, the A

and E trendssuggest that thate decreaseith size for linear ketones naiés from a

15¢€



decrease in prexponential factor, with a lower activation energy partially offsetting
this decrease. Likewise, thégherrate forcyclohexanone compared to
cyclopentanoneesuls from alarger preexponential factofThe following discussio

will investigate the physical causes of the A andr&nds in greater detail.
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Figure4.13: Activation parameters for ketone spedesived from the Arrhenius
plots of Figure 4L2. (A) The preexponential facto(B) The activation

energy.

Comparison with &heoretical model suggests the decrease in A with ketone
size results from lower orbital overlap betweendagonyl and electrod&urther
understandinghetrends inA and & benefits from a comprehensive, if approximate,
modelfor electron transfer retion. Beginning with the prexponential factor,
classical electrochemical theaggtimates this constant usirapdom patrticle

calisions with the electrode surfacas shown ifEquation4.32.262

5 — (4.32)



Comparison oA with ketone molar mag§&igure C11) suggests the ketones do not
follow the classical collision expressidfetone rates do show a relationship with
molecular weight, but with powers €f1.8 and9.6 for low (-1.05 V) and high-.15
V) overpotential, respectivelynstead othe-0.5expectedAn alternative theoryor
electron transfelnas beersuggested by the Weaver group based preequilibrium
model?%2:286290 The pre-exponential constant amdte expression for thapproachare

given by Equationd.33 and 4.34, respectively, for a one electron tséer reactiorf®?

5 111 s (4.33)

i 1711 sA—aQ Q f o) (4.34)
The tisrime Gfr eact i o forelearoneanste®? Equivalentlys ol r
represents the equilibrium coefficient for ketone adsorption at the interfage, K
(Equation4.35) when combined with the first exponential term. Assuming the
adsorption f ol | owsanalsobe relatel io the isohe@m her m,
parameters,sashown in Equation.36, whereCs maxrepresents the maximum surface
concentration of ketone. Thisaximum coveragdoes not change much between
aliphatic ketonesyith valuesbetween 4 x18° and 8 x 13° mol cn2.°%27” Assuming
low coverage, theses@axvaluesgi ve a Ur b ét wéamnparabldo7 2 and
the previouslymeasuredalues 0of0.1-0 . 3 -7 a n doutdrsphere
electrochemical reduction afjuo and amino Co(lll) complexes, respectiv&lys
0 — 1 A (4.35)
11 ——p —0 (4.36)
3n represents the nuclear frequency fadtorands represent the electron transfer

coefficient and nuclear tunneling factoespectively. The electron transmission
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coefficient corrects for nofadiabatic electron transfer due to incomplete orbital

overlap at larger reactartectrode separations. The nuclear tunneling factor corrects

for the possible tunneling between the raatand product states without surmounting
the actvation barrier. Little work exists into éhnuclear factoand it is difficult to

estimate. Here it will be assumed as roughly constant across the ketones and no further
discussion will be pursued. h e «4,pPGa@ n d * teo@s represent the adsorption
energy of the reactant, the adsorption energy of the product and the intrinsic activation
energy (i.e., E=&a n d aa g G qa= 0), respedtely. Note thathe adsorption

energy has been taken asagpproximation for theurface work term usually

employed®? and that necorrection has been employed for possibly charged
intermediatesThe energy terms will biirtherdiscussed belowmportantly,

Equation4.34 does not account for trseirface activity coefiients of the transition

state or precursor state, or any equilibrated steps precediRipeCorrecting

Equation 434 for these terms gives a full rate expresgigguation 437). Eo

represents the weighted average of the redvential(Equation C.A T h e <d#ppG
parameter represents the weighted average of the difference in the adsorption energy
for the reactant aupdpGinBbgdalici3s, orpeach steps ,
(Equation4.38). Note thatthe inclusion of theurface activity codicient requires

reval uat i on 43209 asthe FrUmEmisotodrm implicitly includes the

surface activity coefficientia the interaction term {&f and vacant sitél-d )

correction®®!

TR T I 0 o o) ) (4.37)

330 i (4.39)
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11 8“—7 (4.39)

The pre-exponential terms of Equati@n37will allow explanation of thdetone size
trend for A Specifically, twotermsdepend orketone sizeFirst is the electron transfer
coefficient As noted, his coefficient representsrate decrease due mon-adiabaicity
resulting from incomplete orbital overlaporwe ak or bi tehasbeenver | ap, o
suggested as approximately exponertialectrodereactive center distance,?%? as
shown in Equatiod.40. The parameter ( g refar todhe distance afosest
approactfor the ketoneand the electron transfer coefficient at that distance,
respectively(Figure 4.14)

ll I 7 Q (4.40)
Under weak adsorpti on,eccrediesaketdnesizeance deper
dependency for AFor ketonaeduction the electrodearbonyl distance represents the
appropriate distance for Equatidd0. This distance depends on ketone position,
orientation andimportantly,size. Assuming weak adsorption witke rotation (in
three dimensions), the ketoneg8l assume distribution of orientations with different
carbonyielectrode distance¥hese distances resultandistribution ofeel values, with
t he e fdcentrdllad byethe average electrecrbonyl distance. To 8t
approximationthis distanceshouldcorrespond to the radius of the spherical volume
occupied by the ketone, i.e. the hydraulic radRss (Figure 4.14)The hydraulic
radiusvarieswith ketone sizend structur€Table 42), altering the electron transfer
coefficientandproducing a size dependerfoe the preexponential factor.
Specifically, this framework predicts an inverse exponential relationshipezatuh

and Ry (Equation4.41).

1 16 I'Y wéeio (4.41)
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Similar hydraulic radius approaches have besployed teexplain sizeactivity
trendsfor theelectrochemical oxidation of anthracene derivati/égerrocene
derivatives?’? 1,4-phenylenediaminé$® and qinones?’! It is important to note
howevertha the hydraulic radiubkely doesnot represernthe perfect descriptor for
carbonyielectrode distance, particulailythe casef hindered rotation. Moralely,

the correctength scales some fraction athe hydraulic radius. For the linear ketones,
chain lengthalsooffers a alternativemeasure. The twdescriptorshowever, are
nearly perfectly correlatedrigure C12), suggesting similar results footh. Here the

hydraulic radius is employed due to its applicability to the cyclic species.

“‘ ,,' = o
Closest .

Approach.....“..‘.‘.............
day

Figure4.14. Schematidor the effect of ketone size and binding orientation on the
average distance between the electrode and carbaup.gr

Generally, he ketoneshow alinearcorrelationbetween In(A) andRny (Figure
4.14A), suggesting the decrease in A largely redutis weaker orbital overlap
( s ma kylTeercorrelationincludes both the linear ketones and cyclopentanone

suggeshg morepredictive power than the number of carbons aléigure 4.13A).
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Importantly, however, cyclohexanone devidtesn the other ketoneshowing a

much highepre-exponential facto(Figure 4.15)This deviation likelyresuls from a
different bindng orientation or stronger binding compared to the other ketones. Given
its cyclic natureand strong binding energyable 4.2) cyclohexanone may adopt a
more horizontabinding orientatiorcomparedo the other ketones (Figure 4.14). This
horizontal adsiption wouldlimit variation in carbonyklectrode distancegverely
reduang theimpactof the cyclohexanone sifbydraulic radiusp n e. Ehis more
horizontal adsorption might raise a similar concern about cyclopentanone which
follows the linear ketom trend. However the flat orientation need not apply to
cyclopentanone ithe same degre&he larger size and stronger binding of
cyclohexanone may allow a greater extent of horizontal adsorption compared to the
smaller and weaker adsorbing cyclopentendlternatively, stronger adsorption

alone might explain the higheyclohexanone activity. e stronger cyclohexanone
binding may approacthemsorption resulting in a breakdown &quation 439and a
mu c h | .aBEsspially, strongdyindingresults in acloser reactant anaore
adiabatic reactiothanthe other kiones.This stronger adsorption would agree with

the decomposition observed for cyclohexanonéband the Tafel slope deviatio
compared to other ketonéseeSections 4.2.1 and 4.3.1, respectiveipwever, the
similarity in 2hexanone and cyclohexare®hinding energies suggests binding energy
alone cannot account for the differenitare likely the high cyclohexanone A value
results from a combination of binding strength and orientaiarther adsorption and
spectroscopic experiments may helpcidde thesgossibleeffects.Excluding
cyclohexanonegxperimental fits to Equation4Dgivebvalueso f 7. 8 ‘dond 6.

low (-1.05 V) and high-(L.15 V) overpotential, respective(lfigure 4.15)These
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values appear largmmpared to the-3 ! previausly observed’! 274292294 The

larger values may resudliom an orbital size difference for tlketonescompared to

previously investigatedpeciesSpec¢ f i cal |l 'y, the small er, more
may make orbital overl ap mor éorcarbonydsi t i ve t
2E A N ; . B ¢ "
1 :_ * o E a
E E N
0:_ -‘\ X EA OE_ . \‘.
= : 2 AF
< af Wb " B,
o r L5 _2‘_ .,\ .
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Figure4.15:(A) Relationsip between the prexponential factor ankletonehydraulic
radius.(B) The linearized form of theslationship expected for a solvent
controlled nuclear frequency factand weak overlap, neadiabatic
correction(Equation 447). A has units of cm& Note that the trend lines
exclude the cyclohexanone poifsyh as wuni ts of

The nuclear frequendgctor can als@ontribute to preexponential factor size
dependencd-or systems which obdgansition state theory, the nuclear frequency is

givenby Equation4.42.26?

b — (4.42)

3 is the frequency p&f i shanraativahi ooaof diek
andthe subsaptsis andosrepresent inner sphere and outer sphere, resphictiv

Given the much higher fr @agamparedtoewer of 1 nner
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spher e oJdntheiensr spghere frequency typically dominates the reaction

coordinate frequenc3f? In this case, ssumingtransition state vibratiohahanges

localized to the carbonyl carbomwsi | | not vary withpyketone s

exists for reactions with sluggish solvent reorganization. This case corresponds to a

break down irtransition statetheory i n whi ch t he solvent fiove
reaction coordinate vibration and seit dynamics contrai,.26228929%€quation4.43

gives this expressioft?2892%T h e  p a r_aefers to the solient relaxation time

given as a function o,f dtheet iDe bd/ieg dneed tarxiad i a

the high frequeng(Equatiodp®t ric constant, U
' t — (4.43)

t —t (4.44)

For a solvent reorgani zati onsisgimeabygy accor c
Equation4 .45. Note that the hydraulic radius has been employed as an approximation

of the flieasdt @it Maacus theor ¥R has beel
30 — — - — -— (4.45)

The parameter§y, U, N, and e represent the optickélectricconstant permittivity

offreespace Avagadrods number andGereflalydghas on char
been suggested as large and the reciprocal set t8’2ét62%4It remains unclear if

this approximation applies all cases. However, some experingéevidence has

suggested negligibility of the 1/d teffrand it will be excluded in this work

(Equation4 .46).

30 —— — - (4.46)
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It is important to note here the relative simplicity of Equat#A8 and4.46. Neither
expression includes any compensation for hydrogen bonding between the reactant and
product. Equatiod.43a s s u me esulthfierh reganizationof a solvent
continuumaround theeacting specie®€®290.29%.2 pdditionally, the solvent
reorganization energy of Equatidi6 does not consider solvekétone hydrogen
bonding.Such bonding likely exists, to different degrees, for the reactant,
intermediate, transition state and product spetieis. hydrogerbonding energy is
also likely large, with computational estimates placing it around 23 kJforol
acetones®® Unfortunately, the theoretical framverk for interpreting hydrogen
bondingef f e c t doesmat appear readily available. Although work withcerted
protonelectron transfer suggests it might constitute an additive contribution to the
reorganization energd’? >t assuminghydrogen bondingcts like aveak proton
transfer. Fortunately, given the hydrophobic ketone chain, hydrogen bdkdinge
water)likely occurs locally at thearbonyl anddoes nosignificantly contribute to the
ketone size trendConsequentlythe outer sphere reorganization energthis work
will only consider the reorganization of the solvent continuum (Equation.4.46)
Hydrogen bonding may still contributenergetically, but this contribution will be
considered as a separate reorganizationstant across all ketond® evaluate the
importance oy (solvent overdampenedin explaining the ketonsizetrend
Equations4.37, 4.40, 4.43 and 4.46 are combind (Equation4.47) andthe linearized
form (In(A* Rny ®°) vsRny) plotted (Fgure 4.15B).

8
I AT THO 06— — — — 0 (4.47)

Similar totheIn(A) vs Ry trend, the solvent ecot r o J ekpeessiors(In(A*P5) vs

Rny) generallyshowsa good fit to the datalthough cyclohexanone again deviates



from the other ketonesikely for thesame reasons discussed abde inclusion of

the sy hydraulic radius deendence does not sifjoantly affecttheslope or intercept

compared tahe electron transfer coefficient dependence afbrgire 4.15A

Equation4.41). At -1.05 V, theIn(A*r 9 vs Ry relationshipshows aslope and

intercept of-8 . 0'and 17.7 (Figure 14.15B), respeelly, compared te7 . 8' and

17 . 6 edoner(In(A)vs Ry) (Figure 4.15A)The-1.15 V data show a similarly

negligible impactThis negligible effect suggests either thhtketonesize has a small
impactomsn( | ar g er,2ppiatsolventreogy ani zati on dnoflees not coil
formerappears more likely given the sluggish rate of the readfarher experiments

in other solvents woulgdrovidea more definitivaldistinction betveen thewo

possibilities] n e i t h size depemdemce domst significantly contribute to the
ketone trend and | ower act i veiwthgizegR)i mar i | vy
due to decreasing orbital overla@dthough cyclohexanone provesexceptionlt is

important to note here the implicit negleétloe transition stte entropy irthe

preceding discussioh.mp | i ci t | y 7 ithis teimwaldoecontributes tapmee

exponential factoHowever, given themall difference imeduction entropy between

the ketones (< 2 J mbK ™), thetransitionstate entropyikely does not vary much

between ketones and has been excluded finenanalysis o$ize trends.

Analysis of activation energies suggests ketones show a similar intrinsic
activation energywith size variations resulting frodifferentadsorption energies
Semiclassical electrochemical theory also provides insight ingze trendsThe
linear ketones generally show a declin&awith size with different activation
energiedor thecyclic speciegFigure 4.13B)However these activabn energiesstill

include overpotential and adsorption energy contributiandrequire correction to
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intrinsic acivation energesfor effective analysisThe intrinsic activation energy
represents the activation enefgy reduction in bulk solutiomith no thermodynamic
driving force. Specifically, the activation energy requires three corrections (Equation
4.48).

30 Of 0O | "0 O 30 | 3 30 (4.48)
First, E2must have the effect of potential removed by subtracting the overpotential
t e r gF(F-B)). As the average redox potential remainknawn, the overall
reaction redox potentiglable 4.2)s employedereas an approximation. This
approximation introdces some uncertainiiyto the activation energyHowevergiven
the nearly identical ketone reduction potentials, the redox potentitiefdetone
radical and radicahlcohol stepsikely does not varynuch between ketones
Accordingly, the offset should not significantly impact tesizetrend The second
Ea correction comes from tHeetone binding energy qa&in Equatiord.37). gp Gu
valueswereestimated fronadsorptiormeasurementsee Section 4.2.4Y and fall
between-15 kJ mof* and-28 kJmol? (Table 4.2) Finally, Ex requires correction for
the average difference inreactandp r oduct bi ndiapipEqatienr gy
4.36). However given the nearly identical adsorption energies suggested for aliphatic
ketones and abhols on Pljwithin 10%)°° this term is likely negligible and has been
ignored hereUponcorrection, the trend iactivation energyvith linea ketone size
(Figure 4.13B)argely disappears (Fige 4.1&\), suggesting similar intrinsic
activation barriersAdditionally, the cyclic ketone activation energies approach those
of the linear ketoned\lote that the correctediEalues correspond to aasidard state
of pure ketone in the bulk phagmirewater in the bullkand dilute ketonéHenry

region)in the adsorbed phaskhis standard state apps#re most appropriate for the
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reaction conditions, although others are also posstdaedard state coectiors were

generallysmall and did not impact ¢hinterpretation of result&igure C13).

1/Hydrolic Radius /A"

1/Hydrolic Radius /A™

100 100
[ A i B
- 80 _. o ® o * [ - 80 :_’ | | o L [ ]
° [a . ° I
€ 60 o o " . £ 60F
= L o C
= == 3
= a0 40
, ® © 3
w L 1] [
20 [ PbFoil Linear Cyclic 20 [ Pb Foil Linear Cyclic
| Phosphate Buffer 105V @ O [ Phosphate Buffer 105V @ O
 1MNa, pH9.2 -1.15v. B o  1MNa, pH9.2 -1.15v. A ]
0T e 0T e
0.36 0.40 0.44 0.48 0.36 0.40 0.44 0.48

Figure4.16: (A) Relationship between the corrected (intrinsic) activation
energy and hydraulic radius. (B) The same as (A), but with a charge
transfercoefficient of 0.590.4 for cyclohexanonea)sedin the potentia
correction for activation energiesan high overpotentigt1.15V).

The lack ofanEa trendappliesfor both lowand highoverpotential (Figure 4.16A).
Importantly,even after overpoteiad correctionthetwo overpotentialstill show a
slight offse in activation energy~ 21kJ mot*on averagp(Figure 4.16A) This

small gagikely resuls from theoverpotential correction not accurately reflecting the
c o r reefar the vihole potetial rangelf, assuggestedby the rate order and pH
eftatrhighercohegpotentistesults frsrhydrogen

29

dependence,

competition the high overpotentidkso f 0 . woul d undeatesti mat

potentials abovel.1V.1 n t hi s case, tn{059)would provider pot ent
the more appropriate TC valueabove-1.1 V. Indeed, correcting the high

overpotentiahctivation energies usiram Uk of 0.59(0.4 for cyclohexanon&auses
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the two set of activation ener@s to collapse onto each otltErgure 4.1®). This
agreement in activation energiesthersuppors hydrogen competitioas the causef
the Tafel slope chang€ombined with tlk rate ordechangeand pH dependencthe
Ea agreement suggedtsata 15 electron transfeRDSwith hydrogen competition
offers the best explanation for the ketone dakee lack ofanEa trendwith ketone size
suggests that eithet) outer sphere reganizationenergy represents a small
contributionto the reaction energy béaer, or 2) solvent reorganization upon electron
transfer occurs locally at the carbonyb gauge the feasibility of the first possibility,
the relative contribution dhe outeishell reorganization energyestimatedFrom
Marcus theory, Equatioh.49 gives the overall activation barrigom the inner and
outer sphere reorganization energies. The outer sphere reorganizatiorveagergy
estimated using the Marcus outer shell geoizationenergy(Equation4.46), with Rny
as an estimate for moleculazsi

30 -30 30 (4.49)
The estimated outer sphere contribution (including the factor ddligpetweer83
and 47kJ molt, represering 48 to 57%of thecorrectedactivation enerigs (82.5kJ
mol!on averageFigure 4.16B)This fraction appears large and suggests that
intrinsic Ea (Figure 4.16Bxhould show a size dependence. The lack of size
dependence, then, suggests Matcus theorfusing Ry) does not accurately predict
theouter sphereeorganization energipr ketone reductionThis inaccuracy likely
results fromlocalization of solvent reorganization, such that #es noaccurately
refl ect the nAr eact Essentallyckdraendsransfer ausesh e
significant solvent reorientatioonly aroundthe carbonyl carbon, with the remainder

of theketone unaffected. Alternately, the reorganization could ogaurhanges in

171

mo |



hydrogen bonding at the carbonyl, a localized process not considered in Marcus
theory.In either case e localizednatureof cabonyl reductiorcontrastawith

previous results for metdigand species and cyclic ring speci&d’12742%4which

show large, even dominant outer sphere reorganization endJgldse these larger
species, the carbonyl likely has a smaller, mocalized orbital for reduction, mainly

t h entibonding orbital of the carbony&iven his more localized orlat, electron
transferwould likely alteronly the electron densityear the carbonyl, instead of
dispersing the chargever the entire molecel, resul ting in a simile&
(radius of electron density chandej all ketonesThis interpretation agrsavith the
largeRyd ependence of A (b) observed for the Kk
stringent orbital ovap requirementdn effect, the localized electron transfer
simultaneously decreasbethoverlap probability and thextentof solvent

reorganization (compared to larger orbital systems), increasing the sensitivity of A to
size, while eliminating any &ize dependencén this manner, ketone structure
primarily impactghe preexponential factqmwith all E; sizedependence resulting

from variation in adsorption energis noted, tis lack of size dependence for the
intrinsic activation barriedeviatesrom otherelectrochendal systems;/? 273,294
suggesting unique osiderations for smallyeakly adsorbing organic species.

Although it is important to note that those studies did not explicitly account for the
adsorption energy. Given these unique considerations, the usgas tRe length

scale forouter sphere reoagization energgoes nbappear advisable. Insteauh
alternate (and constant) length scale, such as acetgnmight allow better

utilization of Marcus theory. The importance of adsorption energy also deserves

special noteAdsorption energy has logeen knowras a descriptr for reactivity
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trends with many reactions employirtbe Sabatier principle afflv ol cano pl ot s 0
analyze activity trend$dowever, the use of these relations has been relatively

restricted to strongly (specifically) adsorbinglecules, such as #,0% and N° The

importance of adsorption (interfacial) energy here agrees with a recent investigation

into the reduction of other biomass spetiesd sugestsadsorption energy concepts

also extend to the reduction of weakly adsorbing organic sp&diesugh, as noted

above, other neenergetic, sizspecific considerations, such as radiabaticity

(orbital overlap)can also play a significant role.

A refined semiclassical model lienhance understaimd) of carbonyl
reduction It is important to note hertbe relative simplicity of the theoretical
framework employed in thishapter Theabovemodeling does not account fibre
impact of hydrogen bafing or the possibility of conce protorelectron transfer
Additionally, these models do not account for any complexities associated with bond
breaking reaction® Despite these simplifications, the agglitheory performs well in
explairing the observed kinetic data atiee trends in prexponential factor and
activation energyHydrogen competitiomeasonably explains the two Tafel slopes
observed for ketone reduction (Figure 4.6), the change in reactienwith potential
(Figure 4.10 andthereactionpH dependence (Figure 4.1Reaction noradiabaticity
explainstrends in preexponentiafacta (Figures 4.14 and 4.15)ith hydraulic radius
acting as a reasonable ketone length s&a&ne binding energy and overpotential
canlargdy accountfor Ea variationbetween ketones (Figure 4.16pmbined, the
semiclassical electrochemical theory provides an effective, if simplistciel for
carbonyl reductionwith further refinementthis theoretical framewonkay offer a

model for unérstanding electrochemical biomass reduction more gendrally
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particular,predictions of internal reorganization energies lagttier estimatesf
adsorption parameters will allow for more accurate corspas between theory and
experimentThe improvedunderstanding of electrochemical biomass reduction, in

turn, should allow fotheimproved design of catalysts and upgrading processes.

4.4 Conclusions

Pb and Au have been demonstrated as effective catalystisplwatic ketone
reduction Alcoholsappear as thonly ketone productor both metalswith hydrogen
formedas a side product. Both metals show two distinct potential refpons
reductionwith different Tafel slopesSimilar Tafel slopes for both mésaand most
ketonessuggest common reduction meahism.The Tafel slope changkkely

results fromcompetition between ketomeductionand hydrogervolutionat lower
RHE potential, as supportéy rate order measurements and reduction pH
dependenceAlthough a change iIRDSfrom the first to second et&ron transfer also
offers a viable interpretatioRReduction rate decreases with linear ketsiag with

the opposite trenfbr cyclic ketonesActivation parameter estimates suggest rate
decreaseresult from smaller prexponential facta; with a parial offsetfrom lower
activation enengsfor the linear ketonesComparison with senrtlassical theory
suggests the decrease in-psgonential factowith ketone sizeesults from greater
non-adiabaticity, due to a larger average carbeaigttrode distace.Ketone hylraulic
radius offers an effective descriptor for estimating-adiabatic effects for the linear
ketones and cyclopentanone. Corrected activation energies suggest a sinmac int

Eafor all ketones, witlsizetrends resulting frorketoneadsorption energies.
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Appendix A

SUPPLEMENTARY INFORMATION FOR CHAPTER 2

A.1 Additional Reactivity Data
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FigureA.1: (A) Representative current profiles for benzaldehyde reductidnzay.

(B) The same as (A), bud.5 V. All reactivity tests were performed with
an 800 rpm stir rate.
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A.2 Additional Spectroscopic Dat.

Bare Si
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FigureA.2: (A) Bulk spectra collected for benzaldehyde and benzyl alcohol on bare
Si. (B) Spectra for benzaldehyde adsorption on Au ungeri&ized
light. All spectra were collected with 64-eweraged scans and 128
backgound scans. B&kgrounds were collected in pure phosphate buffer.
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FigureA.3: ATR-SEIRAS spectra collected during downward potential steps on the
Au surface. Spectra represent the fedctruncollected at each

potential and were collected with 64-ageragedcans. The b&ground
was collected ai0.2 V in benzaldehyde free buffer solution.
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FigureA.4: ATR-SEIRAS spectra for benzaldehyde introduction to Au surface in 0.1
M NaOH. The spectra were collected with 64aa@raged scans and a

background at0.2 V in pureNaOHsolution. The spectra were collected
~3 min apart with the dashed black line denoting the spectrum in NaOH.
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FigureA.5: Time evolution spectra for the Cu surface upon steppiA@5ov. The
spectra were collected ~6 min apart. Spectra were collectedgaréed
solution with 64 ceaveraged scans. Background spectra were collected
with 128 scans aD.2 V in the absence of benzaldehyde.
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FigureA.6: (A) Initial spectra for benzaldehyde reduction on Cu after reachBibgyv.
(B) C-H stretching region of the s& spetra in (A). Spectra were
collected using 64 coadded scans, with a background collecte@ af

in pure buffer. The numbers refer to the approximate time (min) after

reaching-0.5 V.
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in benzaldehyde solution. Background@® V. (B) The same set of
spectra collected for a Pt surface with a background at O V. Both sets of
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TableA.1 Summary of Infrared Peak Assignments

Peak Positior Peak Assianment Stark Rate Surfaces Figures
femt 9 S AY Present Present
1699 C=0 Stretch, Bulk Beriz NA Si A2
1596 3sa Ring Mode, Bulk Benz NA Si A2
1584 3 Ring Mode, Bulk Benk NA Si A2
1454 318p Ring Mode, Bulk Benz NA Si A2
1390 CH Aldehyde. Bend, Bulk Be#z NA Si A2
1310 33 Ring Mode, Bulk Benz NA Si A2
1496 Bul k Benz i&Ring.Mpdéf NA Si A2
1453 Bul k Benz i&Ricg.Modéer NA Si A2
16501630 d(OH) Mode, Bulk/Adsorbed Water NA? Au, Cu, Pt, 2.8,2.9
Pd 2.11A, 2.12,
2.13A, 2.7,
A.3-A5 A7
~1700 (sh) C=0 Stretch, Bulk Beriz 0 Au, Cu 2.6A, 2.8A,
A.3,2.8A
~1694 C=0 Stretch, Adsorbed Behz 0 Au, Cu, Pt, 2.6A, 2.8A,
Pd 2.98,2.11A,
2.128B,
2.13A, 27,
A.3, A4,
A7
1598 3sa Ring Mode, BenZz® 0 Au, Cu 2.6A, 2.7,
A3, A4
1584 3g, Ring Mode, Benk® 0 Au, Cu 2.6A, 2.7,
A3, A4
1455 318p Ring Mode, Benz® 0 Au, Cu 2.6A, A.3
1310 33 Ring Mode, Ben¥® 0 Au, Cu 2.6A, A3,
A4
1492 Benzoic Acid (contaminant), Adsorbec 0 Au 2.6A, 2.6B
13661388 Benzoate, Adsorbed 24 Au, Pt 2.6C,A.7B
2921 Benz Alc., Ring H Stretct? 0 Cu 2.8C,A.6B
2851 Benz Alc., Ring H Stretct? 0 Cu 2.8C,A.6B
1496 Benz Al cisRing Modé?%e | 0 Au, CWf 2.6A, 2.8B,
A.3
1453 Benz Alc, | i 1dRirg Wodé? 0 Au, Cw 2.6A, 2.88,
A.3

Notes: General) Benz. and Benz. Alc. stand for benzaldehyde and benzyl alcohol,
respectively. a) Most wat@eaks show contributions from both bulk (1650%mand
adsorbed water (~1630 cmat;0.3 V) making Stark tuning estimates unreliable. b)

Cu shows a slightly higher adsorbed peak and bulk shoulder at 1695 and 1%02 cm
respectively, both within error.dPalso shows a slightly higher peak at 1696'cRt

shows a lower adsorbed benzaldehyde @edl689, likely due to interference from

the adjacent water band. c) The benzaldehyde ring peak positions are indistinguishable
for the bulk and adsorbed specie#th the 1596/1598 and 1455/1454 differences

falling within experimental variation. d) Theeetrochemically formed benzyl alcohol
shows an identical peak position to the bulk species. €) On Cu, the 1496 and 1453
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peaks overlap with hydrobenzoin. Benzydaiol likely has a significant contribution
given the H stretching modes present.

TableA.2 Summay of Infrared Peak Assignments Continued

Peak Positior Peak Assianment Stark Rate Surfaces Figures
/et g cmiv Present Present
3105 Ketyl Radicallntermediaté 0 Cu 2.8C,A.6B
1673 Ketyl Radical Intermediate 0 Cu 2.8A,2.88,A5
1482 Ketyl Radical Inermediaté 0 Au 2.6A,A.3
3061 Hydroben, Ring H Stretét (-10) 0 Cu 2.8C,A.6B
3036 Hydroben, Ring H Stretét (0) 0 Cu 2.8C,A.6B
2900 Hydroben, Ring H Stretéh (-1) 0 Cu 2.8C,A.6B
1963 Hydroben, Ring Mod@ (+20) 0 Cu 2.8A,2.88,A5
1897 Hydroben, Ring Mod&® (+17) 0 Cu 2.8A,2.88,A5
1807 Hydroben, Ring Mod@ (-8) 0 Cu 2.8A,2.88,A5
1604 Hydroben, Ring Mod@ (+1) 0 Cu 2.8A,2.8B,A5
1496 Hydroben, Ring Mod®” (+1) 0 Cu 2.8A, 2.8B, A.6A
1455 Hydroben, Ring Mod®& (+2) 0 Cu 2.8A,2.88, A.6A
1191 Hydroben, Ring Mod® (+3) 0 Cu 2.8A,2.8B
1080 Hydroben, Ring Mod@ (-3) 0 Cu 2.8A,2.88
1022 Hydroben, RingVlode?? (-11) 0 Cu 2.8A,2.8B
1328 Hydroben Rearrangement Prodt 0 Cu 2.8A,2.88
1344 Hydroben Rearrangement Prodt 0 Cu 2.8A,2.8B
1299 Hydroben Rearrangement Prodt 0 Cu 2.8A,2.88
1258 Hydroben Rearrangement Prodt 0 Cu 2.8A,2.8B
1277 Hydroben Rearrangement Prodt 0 Cu 2.8A,2.8B
1220 Hydroben Rearrangement Prodt 0 Cu 2.8A,2.88

Notes:General) Hydrobestards for hydrobenzoin. a) The assigned 3105 and 1673
bands are not detectable on Au. The 1673 peak likely has interference from the strong
bulk water peak on Au. The lack of a 3105peak may result from lower radical
concentrations, as no ring Hetithing peaks appear for Au either. The 1482 peak is

not visible for Cu due to obscuration by the 1496 hydrobenzoin band. b)
Hydrobenzoin was assigned based on comparison with the bulk spectra of meso
hydrobenzoin from the NIST data b&sSEhe numbers in parémeses represent the
difference in peak position between the hydrobenzoin on Cu and the bulk infrared

spectrum.
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TableA.3: Summary of CO Infrared Peaks

Peak Positior Peak Assi i Stark Rate  Surfaces Figures
lemt cak Assignmen cm/Vv Present Present
1717 COw on Pd NAP Pd 2.9
18258 COyon Pd 36 Pd 2.9 A7A
191G COs on Pd® 51 Pd 2.9, 2.11 A.7A
202¢ CO. on Pd® 45 Pd 2.9 211, A7A
1778 COs on PE7 61 Pt 2.122.13
1997<¢ CO. on P87 32 Pt 2.122.13
2044 CO. on P87 NA® Pt 2138

Interacting with CO
198% COL on Pt NA® Pt 2138

Interacting with Benz

Notes: General) Benz stands for benzaldehydeu,GlD4, COs, and CQ stand for
multibonded, hallow bonded, bridge bonded, and linearly bonded CO, respectively. a)
The CO peaks generally show strong depeicd on CO concentration and change over
time during the decarbonylation of benzaldehyde. The peak positions quoteskrgpr

the highest peak position observed@? V during benzaldehyde decarbonylation, see
Figures 4 and 6. b) The G(peak on Pd wereot discernable at higher CO coverages,
preventing estimation of Stark tuning rates. c) The introduction of CO to the
benzaldehyde saturated surface results in the appearance of new peaks, whigehave
assigned to CO interacting mainly with itself an@ @teracting predominantly with
benzaldehyde. The original peak, assigned to a convolution of interactions, also shifts
slightly. SeeSection 2.3.2for more details and alternate assignments. Potential
dependent measurements were not collected after @lurction.
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Appendix B

SUPPLEMENTARY INFORMATION FOR CHAPTER 3

B.1 Additional Reactivity Data

 JCuFoil $ A 1.0x10° Tearan BHT CuFoil
:x19 Phosphate Buffer 2 ° Phosphate Buffer (stabilizer) B 5 JPhosphate Buffer c
J20mM Benzaldetyde: i 20 mM Benzaldehyde 1.0 x10° 20 mM Benzaldehyde
20 mM Furfural 20 mM Furfural 120 mM Furfural
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FigureB.1: GC-MS chromatogram for the benzaldehyfdefural coupling products.
(A) Alcohol region(B) Furfuratfurfural coupling regio{C) Cross
coupling and benzaldehydenzédehyde coupling region. The major
peaks have been labeled with chemical structuresopapducts are
labeled with a (M). Rearrangement isomers are labeled with (R). The
BHT stabilizer comes from the diethyl ether used for the extraction. The
reductionsoccurred in Ar saturated phosphate buffer (pH 6.7). The signal
corresponds to TCI signaltensity. The dotted trace corresponds to the
signal of the reactant mixtulkeefore reduction
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FigureB.7: Cyclic voltammograms for benzaldets/on Cu foil. The voltammograms
werecollected in phosphate buffer solution composed of 0.25 M
NaHPQ; and 0.25 M NgHPQ: (pH 6.7). The solution was purged with
Ar before use. Benzaldehyde was added at 20 mM concentration.
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FigureB.8: (A) Cyclic voltammograms for benzaldehyde and benzaldehydieral
on Pt foil.(B) Cyclic voltammograms for benzaldehyde and
benzaldehydéurfural on Au foil. The phosphate buffer solution
consisted of 0.25 M NaiPQs and 0.25 M NgHPQs (pH 6.7). The

solutionwas purged with Ar before use. Benzaldehyde and furfuead
added at 20 mM concentration.
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FigureB.9: (A) Rates for benzaldehydarfural reduction on Au(B) The same but
for Pt.(C) The corresponding Faradaic efficiencies for A) The
corresponding Fadaic efficiencies for PThe phosphate buffer for all
tests consisted of 0.25 M NaPx and 0.25 M NeHP O, (pH 6.7) and
was Ar purged before testing.
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FigureB.10: (A) Dimer product ratios for mixed benzaldehyfdefural reduction on
Cu foil. (B) The same biwon Pb foil. In both cases the phosphate buffer
consiste of 0.25 M NaHPQs and 0.25 M NgHPQs (pH 6.7) and was
purged with Ar before use.
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B.2 Additional Spectroscopic Dat:

1672,
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FigureB.11: ATR-SEIRAS spectra for furfural introduction to the Cu surface. Spectra
were collected in Ar purged solution with 64-added scansha 128
background scans. The background was collectddl 2/ in the
absence of furfural. The phosphate buffer consist€d25 M HPQy
and 0.25 M HNgPQ4 (pH 6.7).
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FigureB.12: Bulk infrared spectra for furfural. The phosphate buffer consisted of 0.25
M H2PO4 and 0.25 M HNgPQy (pH 6.7).
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FigureB.13: ATR-SEIRAS spectra for benzaldehyde introduction to the Cu surface.
Spectra were diected in Ar purged solution with 64 @xded scans
and 128 background scans. The background was collect@@ af in
pure bufferThe phosphate buffer consisted of 0.25 MPEs and 0.25
M HNaPQu (pH 6.7).
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