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Establishing a sustainable future requires the replacement of petroleum as the 

primary carbon source for modern industry. Biomass derived species offer a promising 

alternative to petroleum derived species for fuel and chemical production. However, 

such species are often low molecular weight and heavily oxygenated, and require 

reductive upgrading or coupling to form more valuable species. Electrochemistry 

offers a promising technology for biomass upgrading. Easily utilizing renewable 

energy sources, such as wind and solar power, electrochemical reduction uses an 

applied electrical potential to drive the reduction of biomass species. This technique 

applies to a wide range of functional groups, including aromatic rings, C=C bonds and 

carbonyls. Despite these advantages, electrochemical biomass upgrading largely 

remains unviable due to poor catalysts and a lack of mechanistic understanding. This 

work seeks to advance the mechanistic understanding of electrochemical biomass 

upgrading by investigating the electrochemical reduction of carbonyl species.  

The first chapter investigates benzaldehyde reduction on four different metals: 

Cu, Au, Pt and Pd. Reactivity tests show a large difference in reduction selectivity 

between metals, with Cu showing benzaldehyde coupling ability, while the other 

metals do not. In situ infrared spectroscopy experiments suggest this difference in 

coupling ability results from the relative ability of the metal 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 or Pd. The appearance of radicals on both 

Au and Cu suggests the difference in Cu and Au coupling ability results from a lower 

ABSTRACT 



 xxiii  

radical concentration on Au, likely due to lower radical stability. On Pt and Pd, CO 

appears under reduction conditions, suggesting the general instability of benzaldehyde 

adsorbates limits surface coverage and coupling ability. Combined, the spectroscopic 

and reactivity evidence suggest ketyl radical stability acts as a key descriptor of 

benzaldehyde coupling ability.  

Subsequently, the second chapter extends the analysis to the reductive coupling 

of benzaldehyde and furfural on Cu and Pb electrodes. Under simultaneous reduction, 

reactivity tests show both the self-coupling and cross-coupling of the aldehyde species 

on the two metal surfaces, but with different selectivities. Cu shows greater selectivity 

for cross-coupling, 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 to a larger difference in aldehyde binding energies. Cyclic 

voltammetry and in situ spectroscopy further support stronger benzaldehyde 

adsorption compared to furfural on both metals, with a larger difference in binding 

energy for Pb. Combined, the reactivity, cyclic voltammetry and spectroscopy 

experiments suggest that the cross-coupling of two aldehydes follows a two reactant 

Sabatier rule, with optimum cross-coupling for electrodes with similar reactant 

binding energies. 

Finally, the third chapter investigates the effect of structure on reduction 

activity for aliphatic ketone reduction on Pb and Au electrodes. Specifically, reduction 

kinetics are investigated for acetone, 2-butanone, 2-pentanone, 2-hexanone, 

cyclopentanone and cyclohexanone. Reactivity tests show only an alcohol product, 

with reduction activity decreasing with size for the linear ketones. Cyclic species show 

higher activity than the corresponding linear species, with activity increasing with 
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ketone size. Similar Tafel slopes suggest a common reduction mechanism for all 

ketones on both metals. A change in Tafel slope with potential suggests a change in 

the ketone reaction network. Comparison with a simple model suggests this change 

likely results from increased hydrogen competition at lower potentials. Rate order and 

pH dependent measurements further support this explanation. Temperature dependent 

measurements suggest that rate decreases with ketone size result from a smaller pre-

exponential factor. Comparison with a kinetic model suggests the decrease in pre-

exponential factor results from weaker orbital overlap for larger ketones, with 

hydraulic radius offering a good descriptor for ketone size. Cyclohexanone proves the 

exception, likely due to a different binding orientation or higher binding strength. 

Activation energy measurements suggest similar intrinsic activation energies for all 

ketone species, with variation in observed activation energy resulting from different 

adsorption energies. 
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BACKGROUND  

1.1 Biomass as a Carbon Feedstock 

As a primary source of both fuels and industrial chemicals, petroleum drives 

modern economic production and growth. For various environmental and geopolitical 

(energy security) reasons, this strong dependence has become undesirable and 

alternatives highly sought. Much research in the late 20th and early 21st centuries has 

been devoted to these alternatives. In particular, battery and fuel cell powered 

vehicles, in conjunction with renewable electricity sources, such as wind and solar, 

offer promising alternatives to petroleum for transportation. However, such 

technologies do not offer an alternative to petroleum as a carbon feed stock for 

chemical production. From pharmaceuticals to paints and polymers, petroleum 

derivatives serve as the inputs to produce the compounds which drive modern life. 

Reducing the economic dependence on petroleum requires 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 example, the US Department of Energy (DOE) has suggested a set 

of ñplatform chemicalsò obtainable from biomass which may serve as substitutes or 

alternatives for petroleum species in the industrial production of commodities such as 

polymers, additives and solvents.1 Other biomass species might also serve as 

alternatives for specific production processes depending on economic viability. 

Biomass can come from a variety of different sources, such as wood pulp, agricultural 
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refuse or food waste. Often, biomass sources represent waste streams for existing 

industrial processes such as lignocellulose from paper and pulp production, cellulose 

from agricultural residues or the aforementioned food waste.2 Although production of 

non-edible agricultural products, such as switch grass,3 can also serve as a source of 

biomass. To produce useful derivatives, these biomass sources undergo multiple 

rounds of processing. First, the raw biomass undergoes decomposition to form low 

value, highly oxygenated species. Typically, this decomposition occurs via either 

pyrolysis4ï6 or acid catalyzed hydrolysis,7ï10 with the later occurring mainly for 

cellulose, hemicellulose or starch decomposition to simple sugars. Decomposition can 

result in various chemical species, depending on the feedstock and method. Pyrolysis 

produces various oxygenate species, such as alcohols, ethers, carboxylic acids, and 

carbonyl species.5,6 For lignocellulosic materials, many derivatives often also include 

an aromatic ring, such as the derivatives of benzaldehyde. Acid hydrolysis derivatives 

usually show greater uniformity, given the more ordered substrates (cellulose, hemi-

cellulose or starch). The sugar produced depends on the substrate with glucose for 

cellulose and xylose for xylan.10ï13 Other sugars can also result, depending on the 

feedstock and treatment.14 The relative ratio of products depends on the feedstock.14,15 

Both glucose and xylose can also undergo rearrangement, via additional processing, to 

form the furfural derivatives 5-hydroxymethylfurfural (HMF) and furfural, 

respectively.8,16ï19 For both pyrolysis and hydrolysis, the majority of species produced 

remain heavily oxygenated and require upgrading to produce more valuable species. 

This upgrading typically involves reduction to increase energy density and/or coupling 

to increase compound molecular weight. Often both types of upgrading occur, either 

concurrently or sequentially, to produce larger species with higher energy density. 
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Fuel production especially, often requires combined reduction and coupling of 

precursors.20ï22 Although, alternative oxidative upgrading processes have been 

proposed, such as the production of octane by the reduction of levulinic acid to valeric 

acid followed by oxidative coupling via the electrochemical Kolbe process.23 

Upgrading can also occur via transformation by bio-organisms, such as bacteria.24ï27 

This approach has become more popular recently, but remains relatively niche and 

falls outside the scope of this work. Largely, two methods exist for the reductive 

upgrading of biomass derived species: 1) thermocatalytic hydrogenation and, 2) 

electrocatalytic reduction. Thermocatalytic reduction occurs via the reaction of 

biomass species with hydrogen at high temperatures (250 C ï 400 C) and pressures 

(50-150 bar) using a catalyst.6,28,29 Although more moderate conditions can be 

employed in some cases, depending on the reduction.30 The reduction can follow a 

chemical coupling reaction, such as aldol condensation,31 to produce larger, reduced 

molecules. Less often employed, electrocatalytic reduction can also reduce biomass 

derived species similar to thermocatalytic hydrogenation. Generally, electrorcatalytic 

reduction differs from thermocatalytic reduction in two ways: 1) it employs an 

electrochemical potential to drive the reduction forward, and 2) it does not require an 

external hydrogen source. This work will focus on electrocatalytic reduction. The next 

section discusses the technique in greater detail.  

1.2 Electrochemical Biomass Upgrading 

Electrochemistry has a long history in upgrading organic species. Hydrocarbon 

perfluorination32 and the electrochemical production of sorbitol and mannitol 

constituted major industrial processes as early as the 1940s.32ï34 Electrochemistry has 

also played an important part in other industrial reactions,32,35 such as adiponitrile 
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production,36,37 and has been recently suggested as an alternative technique for 

industrial redox reactions more generally.35,36,38 Various functional groups can 

undergo electrochemical reduction, including carbonyls, carboxylic acids, imines and 

C=C bonds.39 Electrochemistry can be employed for both the oxidation or reduction of 

organic species. However, reduction (electroreductive upgrading) will be highlighted 

here, given the greater relevance to the following chapters and biomass upgrading 

more generally. Specifically, this work will focus on the electrochemical reduction of 

carbonyl species. These compounds represent an important biomass derived product 

and constitute the majority of recent electrochemical biomass upgrading work.40ï48 
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Figure 1.1: Schematic of a proton exchange membrane (PEM) electrolyzer for the 

electrochemical reduction of organic species. 

Electroreductive upgrading occurs heterogeneously in a closed system at 

atmospheric pressure and low temperature. An applied electrochemical potential 

drives the reduction of organic species at the cathode (negative electrode), while 

oxidizing either water or hydrogen at the anode (positive electrode) (Figure 1.1). In 

some circumstances, i.e. for paired electrolyses, oxidation of an organic compound can 

also occur at the anode to produce an additional product.38 An ion exchange 

membrane, such as Nafion, usually separates the anode and cathode compartments to 

avoid cross-contamination and oxidation of reduction products. Reductions can utilize 
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a membrane electrode assembly, similar to fuel cells, or a stirred, liquid batch 

reactor.49 Batch reactors with metal foil or carbon supported metal particle electrodes 

have seen the greater use at lab scale. Reduction activity and selectivity depend on 

electrochemical parameters, such as catalyst, pH and applied potential. However, these 

parameters have rarely been studied systematically in the literature, as discussed 

further in the following chapters. As an upgrading technique, electrochemical 

reduction has remained largely unviable, largely due to the lack of effective and 

efficient catalysts and processes. The present work seeks to improve electrochemical 

upgrading viability by developing a fundamental understanding for the 

electrochemical reduction of carbonyl species. Specifically, the derivatives of 

benzaldehyde and furfural have been targeted, using benzaldehyde and furfural as 

representative species, with an investigation into catalyst effects on reduction and 

coupling. Additionally, a fundamental investigation into structural effects has been 

undertaken for aliphatic ketones. 

1.3 Electrochemistry Fundamentals 

Improving electrochemical biomass upgrading requires an understanding of 

electrochemical theory and techniques. This section covers basic aspects of 

electrochemical theory. Electrochemical reduction of carbonyl species occurs at the 

solid-liquid interface between the metal electrode and electrolyte solution. Although 

complex, this interface has generally been characterized using four sections, 

corresponding to different distances from the electrode: the specific adsorption region, 

the compact double layer, the diffuse double layer and the bulk (Figure 4.2). This 

model corresponds to the Gouy-Chapman-Stern model of the double layer, with 

modification by Graham.50 The specific adsorption region corresponds to a narrow 
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region between the metal electrode and inner Helmholtz layer of solvent molecules. 

Generally, it has been considered as the distance from the electrode in which specific 

adsorption, i.e. strong adsorption with nearly complete orbital overlap, occurs. Note 

that the term ñspecific adsorption regionò has been used here to differentiate this 

region from the ñelectrode surfaceò which has been used more generally to describe 

the electrochemical interface. The size of the specific adsorption layer depends on the 

presence and identity of specifically adsorbed species (if any). The compact double 

layer consists of the thin layer between the inner and outer Helmholtz plane, in which 

condensed ionic charge (solvated) behaves as an ideal capacitor. The diffuse double 

layer consists of a gradient of excess ions between the outer Helmholtz plane and the 

bulk. This gradient decays rapidly (approximately exponentially, depending on 

potential50) in the diffuse region until the electrolyte concentration reaches the bulk 

concentration. The bulk consists of the bulk electrolyte solution. It is important to note 

that the four regions represent generalizations based on the distribution of ions and 

(implicitly) solvent molecules.50 However, the regions often prove useful in 

understanding electrochemical systems. The relative thickness and potential drop 

across the two capacitive layers depends on electrolyte ionic strength and potential. At 

high ionic strength and large deviation from the potential of zero charge (pzc), the 

diffuse double layer becomes very thin and the majority of the potential drop occurs in 

the compact double layer.50 This compact double layer structure should hold for this 

work, given the high phosphate buffer concentrations ([Na+] > 0.5 M) employed (see 

Chapters 2-4). The pzc represents the potential (vs an arbitrary reference electrode) at 

which the electrode surface has no net charge.50  
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Figure 1.2: Schematic of the electrochemical double layer. The A* species represent 

specifically adsorbed species. 

In addition to electrolyte ions and solvent, the electrochemical interface for carbonyl 

reduction also contains organic species. These species alter the energy of the interface, 

both through interaction with the electrode and by displacing solvent molecules. 

Accordingly, the organic species influence double layer properties and introduction of 

organics typically alters the surface charge and capacitance at a specific potential.51ï54 

Importantly, however, the strong effect on interfacial capacitance does not necessarily 

imply specific adsorption. Organic adsorption also impacts the interface by displacing 

solvent molecules and altering the local chemical environment.53 Likewise, a large 

adsorption energy does not necessarily imply specific adsorption. Aliphatic species 

have shown adsorption energy estimates as high as 25 kJ mol-1 on Pb and other sp 

metals.52,55,56 However, these adsorption energies were also nearly identical to an air-

water interface, where no specific adsorption occurs.55 Those authors attributed the 
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similar air and electrode ñadsorptionò energies to the effect of water displacement at 

the relatively hydrophobic interfaces. Although congregation of the hydrophobic 

aliphatic species at the hydrophobic interfaces could have also played a role. 

Generally, the adsorption of species at the electrochemical interface refers to a relative 

increase in the concentration of those species at the interface, i.e. a surface excess. 

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

such as ñsurface coverageò or ñsurface concentrationò (mol/area) are often used, these 

terms actually refer to a larger concentration (mol/volume) within a specific interfacial 

thickness (often unspecified) instead of an actual 2-dimmensionsal coverage, as might 

be used in for gas phase reactions. In this case, ñsurface coverageò might be better 

understood as an average mole fraction expected within the interfacial volume. 

Thermodynamically, the distinction does not affect the actual, measured adsorption 

free energy. However, it may make accurate computational estimates difficult, as these 

estimates often employ one, specifically adsorbed molecule at a surface.57 Following 

the general nomenclature, this work will also use the terms ñsurface coverageò and 

ñsurface concentrationò for adsorbed carbonyl species, noting the caveat above. 

Generally, an adsorption isotherm relates surface coverage/concentration to the bulk 

concentration (more accurately activity). Relatively few measurements have been 

made for carbonyls, but work with aliphatic ketones suggests a Frumkin adsorption 

isotherm is likely the most appropriate (Equation 1.1).55,56 Although a Temkin 

isotherm has also been suggested for some larger aldehydes on Pt.58 The parameters ɗ, 

ȹGad  and Cb are the surface coverage, adsorption free energy and bulk concentration, 

respectively. The g parameter is the Frumkin interaction parameter.    

 Ὡ
Ȣ Ⱦ

Ὡ ὅ (1.1) 
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In addition to coverage, adsorbate orientation also requires consideration. Adsorbate 

orientation generally has not seen systematic study for carbonyl species. Although 

some qualitative estimates have been made for benzaldehyde using product isomer 

ratios59 and for quinones using thin layer electrochemistry.60 Additionally, some 

computational estimates have also been made for benzaldehyde adsorption.57 

Unfortunately, both orientation and adsorption strength are difficult to predict a priori. 

These properties can be measured electrochemically using capacitance measurements 

obtained from potential step61 or impendence experiments.51,52,54,62,63 Alternatively, in 

situ spectroscopy can provide qualitative adsorption information (see below). Similar 

to species such as H,64 O,65 N.66 and CO2,
67 adsorption has the potential to play an 

important role in electrochemical biomass upgrading. Recent work has shown trends 

in reduction activity with adsorption energy for several metals and carbonyl species.42 

The following chapters will further discuss the importance of adsorption for carbonyl 

reduction systems. 

In addition to adsorption, species can also react at the electrochemical 

interface. For reversible processes, net electrochemical reaction rates have generally 

been given using the Butler-Volmer equation (Equation 1.2).50 The parameters n, F, R 

and T are the number of electrons transferred (in the specified step), Faradayôs 

constant, ideal gas constant and temperature, respectively. Ŭ is the charge transfer 

coefficient (CTC). The CTC represents the fraction of thermodynamic driving force 

applied to the kinetic activation barrier (the activation energy). ́  is the overpotential, 

given by the difference between the applied electric potential (voltage) and the 

equilibrium potential (the potential with no net electrochemical reduction or 

oxidation). The overpotential represents a thermodynamic driving force for the 
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reaction, increasing both the equilibrium product concentration and electrochemical 

reaction rate.  For irreversible reactions, with negligible reverse rates, the Butler-

Volmer equation reduces to the well-known Tafel relationship for electrochemical 

reactions (Equation 1.3). Note that for convenience, both equations have had rates, r, 

substituted for the current density usually employed. The current, i, is proportional to 

electrochemical reaction rate (Equation 1.4). 

 ὶ ὶ Ὡ  Ὡ  (1.2) 

 ὶ ὶὩ  (1.3) 

 Ὥ ὲὊὶ (1.4) 

The reduction of carbonyl species to alcohols and dimers is generally irreversible68 

and a Tafel relationship has generally been demonstrated.30,40ï43,69,70 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 reduction kinetics requires electrochemical 

analysis. Several electrochemical techniques exist 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 monitored. The resulting current-potential relationship is termed a 

cyclic voltammogram (CV). The occurrence of electrochemical reactions induces a 

current response, producing a current peak due to diffusion limitations. For reversible 

reactions, two peaks appear, approximately 59 mV apart (for a one electron transfer) 

and peak locations can be used to determine the standard redox potential.50 For 

kinetically irreversible reactions, such as carbonyl reduction (excluding quinones),71,72 
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only one wave appears and the redox potential cannot be determined. In aqueous 

solutions, an additional difficulty for carbonyl reduction CVs also arises in the 

hydrogen evolution side reaction (HER). Depending on the catalyst, hydrogen activity 

may produce a much larger current density than carbonyl reduction. As the CV 

measures total current, the strong HER activity obscures carbonyl kinetic information. 

Carbonyl peaks may appear only as weak bumps on the hydrogen current or remain 

unresolved. This difficulty limits cyclic voltammetry utility  for carbonyls in aqueous 

solution. For carbonyls, a more effective analysis technique consists of performing 

reactivity tests via batch electrolysis experiments. Similar to standard kinetic 

measurements, a specific potential is applied in a (stirred) batch cell and the products 

quantified after reaction using techniques such as NMR, GC or HPLC. Independent 

quantification allows distinction between the product of interest and side products, 

such as hydrogen. The fraction of the current going toward the desired species can be 

determined by taking the ratio of the effective current for the desired product (nF x 

rate) to the total current (measured). This parameter is termed the Faradaic efficiency 

(FE) and represents both a rate selectivity (relative to all products produced, including 

side reactions) and an energy efficiency for the process. Combined, rate and FE 

characterize the reaction kinetics for a specific species. Potential dependent reactivity 

data constitutes the main electrochemical analysis performed in this work. Chapter 3 

employs cyclic voltammetry in a qualitative capacity. 

1.4 In Situ Spectroscopy 

In addition to electrochemical analysis, in situ or operando vibrational 

spectroscopy can provide additional insight into interfacial conditions during 

reduction. Usually Raman or infrared (IR) spectroscopy, these techniques allow for the 
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observation of surface adsorbates via the absorption, or scattering, of specific 

electromagnetic frequencies by molecular bonds. Vibrational spectroscopy has shown 

some success in probing carbonyl reductions, mainly in non-aqueous solvents. 

Heineman and coworkers observed IR peaks (1710, 1680 and 1660 cm-1) for ninhydrin 

ketyl radicals (one electron reduction) at a Au electrode in acetonitrile.73 Although the 

exact assignment of those bands remains ambiguous due to the complex resonance 

structures of that molecule.73 Pons et al probed the one electron reduction of 

benzophenone on Pt in acetonitrile.74 They observed ketyl radical peaks (1464 and 

1340 cm-1) and suggest the radical represents an adsorbed species. Similarly, Bewick, 

Jones and Kalaji investigated the reduction of substituted benzophenones.75 Multiple 

ketyl radical peaks appear for all benzophenones, with relative intensities depending 

on side group. The radicals show a similar C-O frequency (~1550 cm-1) regardless of 

side group, with a much larger substituent effect on aryl stretching vibrations.75 

Tallant and Evans observed IR peaks for the electrochemically generated ketyl 

radicals of p-benzoquinone, benzil, benzophenone and acetophenone in DMSO at a 

Ga-Ge electrode.76 Those authors observed a potential dependence for the p-

benzoquinone and benzil radical peaks, with an increase in peak intensity upon 

reduction onset, followed by a decrease at lower (more cathodic) potential as the 

radical reduction rate increased. Potential dependent measurements were not reported 

for benzophenone or acetophenone due to their higher reactivity (smaller peak size).76 

In related studies, IR peaks have also been observed for various ketyl radicals 

produced using Na metal in non-aqueous solvents.77ï79 Combined, this previous work 

suggests distinct, observable IR peaks exist for ketyl radicals formed by carbonyl 

reduction. However, despite these investigations, a large gap remains in the 
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spectroscopic investigation of carbonyl species, particularly for aqueous solvent. This 

work utilizes infrared spectroscopy to probe the adsorption and reduction of carbonyl 

species. Specifically, this work employs surface enhanced infrared reflection 

absorption spectroscopy (ATR-SEIRAS) (Figure 1.3). In this technique, an infrared 

(IR) beam passes through a transmissive hemi-spherical crystal, Si or ZnSe, before 

totally internally reflecting off the liquid interface. Upon reflection, the IR beam 

creates an evanescent (standing) wave which decays exponentially from the surface80 

(Figure 1.3). This evanescent wave interacts with near surface species, producing an 

IR spectrum for these species. For  electrochemical reactions, an additional 

modification is required for the solid-liquid interface. A thin metallic film is deposited 

on top of the Si IR crystal to act as a working electrode. Chemical deposition has been 

achieved for Au,81ï83 Pt84ï86 and Cu87,88 films. These films consist of interconnected 

metal islands. For metals without a chemical deposition technique, the metal can be 

electrochemically deposited onto a Au underfilm. This technique has been 

successfully employed for Pt,89 Pd,89 Ru,89 Rh,89 Fe,90 Ni91 and Co92 films. Chapter 2 

of this work expands the procedure to Pb films. Deposition of the metal layer 

significantly alters the evanescent wave at the prism-solvent interface. Specifically, 

the metal layer enhances the IR signal for interfacial species.83,84,89,93,94 This 

enhancement occurs disproportionately near the metal surface, reducing the effective 

probing depth to approximately five nm (2-7 nm).95ï100 This surface enhancement 

greatly increases sensitivity to surface species, providing selective identification of 

these species in the measured IR spectrum. As noted, the metal also acts as the 

working electrode, allowing surface sensitive monitoring of the electrode in situ. 

These in situ spectroscopic measurements can be combined with electrochemical 
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techniques to provide a potential (or current) dependence for observed peaks. Spectra 

can be collected using a potential hold (analogous to a steady state reactivity test) or 

slow CV scan. For either method, observed peaks can help identify surface species 

present at certain conditions (potential, pH, etc). Although IR peak assignment can 

prove difficult for electrochemical systems. The easiest form of identification comes 

in the comparison of observed peaks with IR standards or expected peak ranges for 

different functional groups. For carbonyl reduction systems, however, this approach 

can encounter some issues for radical species in aqueous environments, which do not 

have readily accessible standards. For these species, comparison with radical peaks in 

other solvents (see above) can provide some insight, albeit limited. Chapter 2 details 

more radical peak assignments. The variation of peaks with potential can also assist in 

peak assignment. Peaks can be compared with products observed in certain potential 

ranges to elucidate peak identities and reaction intermediates. However, this technique 

can encounter issues with mass transport limitations at high overpotential. The 

combination of ATR-SEIRAS measurements with other spectroscopies can also help 

elucidate peak assignments. In particular, as recently noted,101 the combination of 

electron paramagnetic resonance spectroscopy and ATR-SEIRAS may help identify 

radical IR peaks. Unfortunately, this combined technique falls outside the scope of this 

work, but it may provide improved assignments for future organic reduction (or 

oxidation) studies. Within this work, peak assignments result from comparison with 

literature species and analysis of potential dependence. 
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Figure 1.3: Schematic of the ATR-SEIRAS experimental cell. The insert window 

shows the electrochemical interface. The R, I and P species represent 

generic reactant, intermediate and product species, respectively. These 

species are shown at an arbitrarily selected surface distance and may or 

may not be specifically adsorbed in all reacting systems. 

In addition to identification, ATR-SEIRAS spectra also contain other 

information about surface species. Observed peaks can provide information about 

species orientation. For films with sufficiently large particles, ATR-SEIRAS surface 

selection rules exclude IR absorption by vibrations which produce a dipole moment 

change parallel to the metal surface.93,102ï105 More precisely, the rules eliminate the 

parallel component of the dipole moment change, while observing the entirety of the 

vertical component. In practical terms, the parallel component elimination prevents the 

appearance of any vibrational bonds parallel to the catalyst surface. This elimination 

of surface parallel bonds allows insight into adsorbate orientation via the comparison 

of substituent peaks (C=O, C-H bend, etc) for the surface species and bulk species. A 

decrease in relative peak intensity for a bond upon adsorption suggests greater 

horizontal adsorption for that bond. Chapter 3 utilizes this technique to analyze 
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furfural and benzaldehyde adsorption. The selection rule also allows distinction of 

surface species by comparing spectra collected with s and p polarized light.93,102ï105 p-

polarized light has an electric field oriented perpendicular to the surface, producing IR 

peaks for surface species. In contrast, s-polarized light has an electric field parallel to 

the surface and does not show peaks for surface species. Accordingly, changing from 

p to s polarized light results in the elimination, or severe diminution, of IR peaks 

corresponding to surface species. Note that the selection rules depend on surface 

morphology,93,105 so that a complete elimination may not always occur. Chapter 1 

utilizes this s,p polarization comparison technique for adsorbed benzaldehyde. Other 

changes in peak size also provide information. As noted above, changes in peak size 

with potential can provide kinetic insights. Changes in peak size can also result from 

adsorbate displacement or reorientation upon the introduction of other species. These 

changes can provide insight into relative binding strengths and coverage effects. 

Although deconvoluting the effects of displacement and reorientation can prove 

difficult. Importantly, any change in peak size upon the introduction of another species 

suggests both species are surface species. Spectra for bulk species would add linearly. 

Chapter 3 demonstrates the displacement technique for furfural and benzaldehyde. A 

final source of IR information comes in Stark tuning. Stark tuning, also known as the 

electrochemical Stark effect, is a shift in peak position with applied electrode 

potential. This shift results from the effect of an electric field on chemical bond 

vibrations. It has been extensively observed for adsorbates in ultra-high vacuum,106ï109 

as well as electrochemical systems.107,110ï113 Theoretically, both classical theory and 

quantum theory can explain the effect. In classical theory, the shift results from the 

electric field altering the potential energy of the adsorbate vibrations.107,110,114 
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Effectively, the field alters the spring constant for bond vibrations, ñstretchingò or 

ñcompressingò them, depending on the electric field, bond dipole moment and bond 

polarizability. In quantum theory, the effect results from the Blyholder model,115 in 

which electron density transfer between the surface and adsorbed molecule alters 

adsorbate bond energies and vibration frequencies. Changing the potential alters the 

electrode Fermi level, changing the degree of charge transfer and adsorbate bond 

energies (vibrational frequencies).106,108,109 Both explanations suggest similar trends in 

most cases. In either case, Stark tuning requires a strong electric field.106,108,109 For 

electrochemical systems, this strong electric field results from the potential drop 

across the thin electrochemical double layer. Specifically, estimates based on adsorbed 

CO suggest Stark tuning occurs within the inner Helmholtz layer,107 i.e. the specific 

adsorption region defined above. Although it should be noted that the specific 

adsorption of CO in that case could alter the potential distribution of the double layer 

relative to a system with no specific adsorption. In either case, the strong electric field 

requirement suggests Stark tuning occurs in the strong potential drop region near the 

electrode surface. A lack of Stark tuning for a species suggests relatively weak 

adsorption, outside the inner Helmholtz plane. Although the dipole moment of the 

bond could also impact the magnitude of Stark tuning.107,110,114 Chapters 2 and 3 

utilize Stark tuning to make inferences about aldehyde adsorption distances. Stark 

tuning can also provide insight into electric field strength. As the Stark tuning rate 

depends strongly, and approximately linearly (depending on dipole strength), on the 

electric field,107 it can serve as a relative measure of electric field for electrochemical 

systems. Although the measurement comes with a caveat. Surface concentration 

changes (from reactions, displacements, etc) can also impact adsorbate peak positions 
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due to dipole-dipole coupling116ï123 and interfere Stark tuning measurement. However, 

if proper precautions are taken. i.e. avoiding certain potentials, Stark tuning can 

provide insight into the interfacial electric field. This work does not employ Stark 

tuning in this manner, but it has been recently used to good effect for CO reduction.124 

A similar technique may prove useful for future studies of electroreductive biomass 

upgrading. Overall, ATR-SEIRAS provides a wealth of in situ information about the 

electrochemical interface. Specifically, analysis of peak identities, peak displacement 

and Stark tuning provide insights into reaction intermediates, adsorbate orientation and 

adsorption distances. When combined with electrochemical analysis, these techniques 

offer new insights into the electrochemical reactions. The following chapters apply 

ATR-SEIRAS and electrochemical analysis to investigate the reduction of several 

carbonyl species.  
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THE ELECTROCHEMICAL REDUCTION OF BENZALDEHYDE  

2.1 Introduction  

Driven by the dropping cost of renewable electricity,125 electroreductive 

coupling has recently emerged as a promising method for converting low value 

carbon-oxygenates into higher value fuels and chemicals. Perhaps the most prominent 

example of this upgrading is the electrochemical reduction of CO2 and CO to C-C 

coupled products, such as ethanol, acetic acid, propanol, and ethylene.126,127 Other 

organic species, however, can also undergo electroreductive coupling, including 

aldehydes, ketones and olefins.68 Obtainable from biomass, these compounds present a 

promising feedstock for the renewable production of higher molecular weight fuels 

and chemicals. Of particular interest are larger carbonyl compounds, such as phenyl 

and furanic carbonyls, derived from lignocellulosic biomass using fast pyrolysis,4 and 

acid hydrolysis and dehydration,8ï10 respectively. Both have received renewed interest 

for upgrading by electrochemical reduction, although most recent work has focused on 

reduction to the alcohol or alkyl product.45,128ï131 Electroreductive coupling 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.132 They suggest that furfural coupling 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 furfural reduction in an anion exchange membrane flow 

Chapter 2 
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system.133 They demonstrate high conversion of furfural to the hydrodimer and 

suggest the importance of surface environment and/or pH in controlling furfural 

conversion and product selectivity. Despite 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 well-known,68 but the 

underlying cause remains largely unexplained. Electrochemical benzaldehyde 

reduction offers an effective model system to investigate this catalyst effect given its 

well established mechanism and relative simplicity. 

First studied by Kaufman and Law134ï137 at the turn of the 20th century, interest 

in benzaldehyde reduction has recently reemerged due to the work of Song et al.,30 

with subsequent work by others at Pacific Northwest National Laboratory.40ï43 The 

electrochemical reduction of benzaldehyde is generally considered to go through two 

reduction pathways138 (Figure 2.1), although further reduction to toluene has also been 

reported at low pH on Pt and Pd.139 In the first pathway, often termed 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 election reductions and 

recombine to form the hydrobenzoin dimer. Other furanic and aromatic aldehydes and 

ketones undergo similar reduction pathways.132,138,140ï146 Both reduction pathways are 

suggested to proceed through a ketyl radical or radical anion intermediate (depending 

on pH and solvent),138 as evidenced by the two distinct reduction waves observed 

polarographically147ï152  and in the benzaldehyde CV on Pb.71 An acid-catalyzed 

electron transfer disproportionation has also been suggested for reduction at high 

pH.151 The relative selectivity of the two reduction pathways varies extensively 
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depending on the electrode potential, pH, and catalyst (metal or glassy carbon) 

chosen.30,71,135,153,154 The catalyst in particular has a large impact on the benzaldehyde 

reduction products, with distinct differences in coupling ability. In addition to Hg,147ï

151,155 perhaps the most well studied catalyst is Pb,59,71,156,157 which shows both 

reduction pathways, favoring the dimer at lower over potential and higher pH.71 The 

dimer has also been observed on Zn,158 Sn,158 Ti,153 and glassy carbon.154 Recent work 

also suggests dimer formation on Co and Cu, although the extent of dimerization 

remains unclear due to interference by the carbon support.40 In contrast to these 

catalysts, however, the work of Song et al.30 for benzaldehyde reduction on Pt group 

metals (Pt, Pd, Rh, Ni) shows only the alcohol produced, with no dimer species.30 A 

similar alcohol selectivity has also been reported for Ni159 and Raney Ni electrodes.160 

Although recent work has suggested dimerization on Ni is possible with an alcohol co-

solvent and higher benzaldehyde concentrations.40,42 Additionally, benzaldehyde 

reduction on Ag cathode shows near complete selectivity toward the alcohol.161 

Combined, these reduction demonstrations suggest a distinct difference between 

catalysts able to catalyze benzaldehyde coupling and those which cannot, and 

similarly sharp distinctions have also been observed for other aldehydes and ketones.68 

Yet, despite these extensive demonstrations, the reason for the different carbonyl 

coupling abilities of different catalysts still remains poorly understood.  

This chapter furthers the understanding of electroreductive aldehyde coupling 

by investigating the effect of different metals on the electrochemical reduction of 

benzaldehyde using a combination of reactivity and operando spectroscopic 

investigations. Benzaldehyde reactivity tests on Pd, Pt, Cu, and Au foils show a 

unique benzaldehyde coupling ability for Cu among the four metals tested. Subsequent 
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attenuated total reflection surface enhanced infrared reflection absorption 

spectroscopy (ATR-SEIRAS) probe the catalyst surfaces in operando during 

reduction. Ketyl radical intermediate and reduction products appear on the Au and Cu 

surfaces, with a higher radical concentration for Cu. In contrast, the Pd and Pt surfaces 

form large quantities of CO poison due to decarbonylation of unstable benzaldehyde 

surface intermediates. Combining the spectroscopic work and reactivity results 

suggests that the benzaldehyde coupling ability of Cu results from an optimum 

stabilization of ketyl radical intermediates, and that ketyl radical stability offers a 

reliable predictor for the C-C coupling activity of different metals for carbonyl 

species.   

 

Figure 2.1: Schematic of the benzaldehyde reduction mechanism. 
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2.2 Experimental Methods 

2.2.1 Electrochemical Reactivity Tests 

Electrochemical activity tests were performed in an H-cell using a three-

electrode configuration. The electrolyte consisted of 0.5 M phosphate buffer at pH 4.6. 

For benzaldehyde reduction experiments, benzaldehyde was added to the buffer to 

achieve a 20 mM concentration. All experiments occurred in 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, potentials were converted to the RHE 

scale and all reported potentials in this work correspond this scale. Prior to testing, the 

foils were cleaned by three sequential etches in aqua regia (75% HCl, 25% HNO3) and 

piranha etch (75% H2O2 (30%), 25% HSO4).  A graphite rod served as the counter 

electrode, with a Nafion 211 membrane separating the anode and cathode 

compartments. Activity tests were performed potentiostatically, with potential 

controlled using either a VersaStat3 (Princeton Applied Research) or Solartron SI 

1287 potentiostat (Ametek). Results did not vary significantly between potentiostats. 

Solution resistance was measured before each test, with uncompensated resistance 

typically below six ohms. To avoid known benzaldehyde mass transport limitations30, 

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 and Pd at -0.5 

V. Both tests show comparable rates to those obtained with 800 rpm. A typical activity 

test occurred in five steps. First, the electrolyte was purged with Ar for 30 min to 

remove dissolved oxygen. The working electrode was then pre-reduced at -0.2 V for 

30 min to remove surface oxides. An hour long HER control was then performed in 
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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 hour-long 

benzaldehyde reduction reactivity test at either -0.2 or -0.5 V. Ar was purged between 

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

 

Figure 2.2: Overview of the reactivity cell. (A) Photograph of the electrochemical cell 

in operation. (B) Schematic of the electrochemical reduction cell.  (C) 

Photograph of the prepared balloon. 

2.2.2 Product Identification and Quantification  

The main products of benzyl alcohol and hydrobenzoin were identified by gas 

chromatography (GC) and proton nuclear magnetic resonance (NMR) by comparison 

to purchased pure standards. GC-MS data was also collected to confirm these 
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assignments and check for any trace side products. Benzyl alcohol was quantified by 

GC following an extraction with ethyl acetate. Ethyl acetate 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 removed, and the benzyl alcohol in the organic phase 

quantified using a calibrated GC. Control tests showed extraction efficiencies of > 

95%. Hydrobenzoin was quantified using NMR. NMR spectra were collected for the 

aqueous reduction product using an AV600 NMR spectrometer (Bruker) with 64 co-

averaged scans. The built-in water 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 peaks overlap with those 

of benzyl alcohol. To account for this overlap, the benzyl alcohol quantified by GC 

was converted to an NMR area (via calibration curve) and subtracted from the meso 

hydrobenzoin area. Hydrogen production was quantified by GC. Hydrogen volume 

was determined by GC peak area and converted to molar production using the 

combined balloon and headspace volume. The rates for all products were area 

normalized using geometric surface area. 

2.2.3 In -situ ATR-SEIRAS Measurements 

In Situ ATR-SEIRAS spectra were collected using a custom spectroscopic cell 

with side mounted ATR crystal to allow for stirring. The cell has been described in 

detail previously.162 Briefly, the cell consisted of a glass and Teflon anode 

compartment separated from a glass anode compartment by a Nafion 211 membrane. 

A graphite rod and Ag/AgCl served as the counter and reference electrode, 

respectively. The working electrode consisted of a thin metal film deposited onto a 

3.14 cm2 Si ATR-crystal (2 cm diameter), with a strip of copper tape providing an 
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external electrical connection to the potentiostat. A Teflon wrapped O-ring served as 

the seal between the crystal and cell and covered the Cu tape. The Au and Cu films 

were chemically deposited using methods described previously.83,87,163 These Au and 

Cu films consist of poly crystalline islands  ~50 nm in size.83,87,163 Pt and Pd films 

were electroplated onto Au films by multiple galvanostatic depositions based on the 

method of Yan et al.89 Pt films were plated using three, 180 s depositions at -800 µA 

with a Pt counter electrode. Pd was plated using four, 160 s depositions at -40 µA with 

a Pd counter electrode. The additional depositions were required as the original 

procedure of Yan resulted in very thin films. The electroplating procedure results in a 

slightly different morphology, with smaller Pt and Pd particles deposited on top of the 

underlying Au islands.89 All films were activated by cyclic voltammetry before use. 

Post activation, a spectrum was collected for atmospheric water vapor subtraction. 

Good atmospheric water subtraction was essential, as benzaldehyde showed many 

bands on the order of atmospheric 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 ATR-SIERAS spectra were collected using a Carry 660 infrared spectrometer 

(Agilent Technologies) with a liquid nitrogen cooled MCT detector. Spectra were 

collected at 4 cm-1 resolution, with 64 and 128 co-added scans for the spectra and 

background, respectively. Backgrounds were collected 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 Solartron SI 1287 potentiostat. Ohmic 

resistance was measured before testing using impedance and actively compensated 
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(using potentiostat settings) to give an effective resistance of six ohms or less. Ar was 

bubbled through solution prior to testing to remove dissolved oxygen. Stirring was 

provided by a stir bar at ~ 800 rpm.    

Given the known sensitivity of ATR-SEIRAS to contamination,164 special care 

was required in conducting the ATR-SEIRAS 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 iminodiacetate resin 

(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 organic contaminants 

and dissolved CO2. Both resulted in contaminant CO peaks at reducing conditions in 

pure buffer, although the peaks were much smaller than those formed by adding 

benzaldehyde. Mitigating this CO contamination required extensive pre-test 

procedures. Before 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 any dissolved CO2 or volatile organic species. 

2.2.4 Reagents and Miscellaneous 

Benzaldehyde (98%), benzyl alcohol (98%), and hydrobenzoin (98%, non-

stereo specific) were all obtained from Sigma-Aldrich and used as received. Meso-

hydrobenzoin (98%) was obtained from TCI America and also used as received. 

Phosphate buffer was made from NaH2PO4 (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 cleaning. Buffer pH was checked 

using a pH meter (Okion) and adjusted to 4.6 by adding a small amount of Na2HPO4 
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(>99%, Sigma-Aldrich). Ar (99.999%) and CO (99.999%) gases were obtained from 

Matheson. Aqua regia was made from a 3:1 mixture of HCl (Fisher) and HNO3 

(Fisher). Piranha etch consisted of a 3:1 mixture of H2SO4 (Fisher) and 30% H2O2 

(Sigma-Aldrich).  

Nafion 211 membranes were obtained from the Fuel Cell Store. Prior to use, 

the membranes were treated with 5% H2O2 at 60 ºC for one hour, followed by twice 

soaking in DI water. Treated membranes were then stored in DI water. Graphite rods 

were obtained from the Graphite Store and sonicated prior to use to remove loose 

carbon. Balloons were constructed from a latex glove finger and 20 mL syringe and 

sealed with epoxy (JB Weld) (Figure 2.2C). Working electrodes were made from Au 

(99.99%, Alfa-Aesar), Cu (99.998%, Sigma-Aldrich), Pt (99.99%, Alfa-Aesar), and 

Pd (99.9%, Alfa-Aeasr) foils. Foil strips were connected to Ni wire using Cu tape to 

form electrodes. The Ni-Cu junction was then wrapped in Teflon tape and remained 

above the electrolyte 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 experiments are performed at -0.2 and -0.5 V 

(all potentials in this chapter are referred to the reversible hydrogen electrode (RHE)) 

in 0.5 M NaH2PO4 electrolyte (pH = 4.6) to evaluate benzaldehyde reduction activity 

and Faradaic efficiency (FE) on four different metal foil catalysts (Figure 2.3). Benzyl 

alcohol and hydrobenzoin are detected as the major products, with Cu producing 

additional trace side products at -0.5 V (see below). All metals show some decrease in 
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reduction current with time, although it is most substantial for Pt and Pd at -0.5 V 

(Figure A.1). At low overpotential (-0.2 V), Pt and Pd show exclusively 

electrocatalytic hydrogenation of benzaldehyde to benzyl alcohol, with hydrogen as 

the only side product. Pd shows a benzyl alcohol production rate of 0.83 µmol/h-cm2 

at -0.2 V (normalized by the geometric area of the metal foil), lower than the 4.38 

µmol/h-cm2 reported by Song and coworkers for Pd nanoparticles (rate normalized by 

CO chemisorption area).30 In contrast, the Pt foil shows a slightly higher benzyl 

alcohol rate of 1.59 µmol/h-cm2 compared to the 0.82 µmol/h-cm2 for Pt particles.30 

Au and Cu show no detectable activity for benzaldehyde reduction at -0.2 V, with only 

trace amounts of hydrogen produced. The low overall FEs at -0.2 V for Au and Cu 

result from the concentrations of products being too small to quantify accurately. 

Reduction at -0.5 V does not significantly affect the product distribution for Pd or Pt, 

but does increase the reduction rates by factors of ~12 and ~3, respectively (Figure 

2.3A).  
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Figure 2.3: (A) Average production rates for hydrogen, hydrobenzoin, and benzyl 

alcohol on Pd, Pt, Cu, and Au metal foils at -0.2 and -0.5 V for 1 h. (B) 

The corresponding Faradaic efficiencies. All reactions occurred in Ar 

saturated 0.5 M NaH2PO4 solution (pH = 4.6) with 20 mM benzaldehyde. 

This potential dependence supports an electrochemical reduction, although the 

exact mechanism is not inherently clear, as the reduction on Pt and Pd could proceed 

through an inner shell hydrogen transfer instead of the sequential reductions suggested 

for other metals (Figure 2.1). To investigate this possibility, reduction control 

experiments are performed using hydrogen gas instead of an electrochemical potential. 

Hydrogen gas is introduced to saturate the benzaldehyde solution and the resulting H2 

saturated benzaldehyde solution allowed to react at the Pt and Pd electrodes for one 

hour (Figure 2.4). Neither the Pt nor Pd foil shows any benzyl alcohol production after 

one hour. To evaluate longer times, the Pt test was 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 suggests that Pt, and likely Pd, can reduce 

benzaldehyde via an inner sphere hydrogen transfer, in agreement with Song et al.131 
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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 (PCET) pathway 

appears more likely than hydrogen transfer for the electrochemical reduction of 

benzaldehyde on Pt and Pd. This prominent non-hydrogen transfer pathway agrees 

with the different electrochemical and thermochemical reduction mechanisms 

previously suggested by a lower activation energy for electrochemical reduction.131 

Despite the lack of a hydrogen transfer, the PCET mechanism has also been suggested 

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

activity upon benzaldehyde introduction.131  

 

Figure 2.4: GC chromatograms comparing benzaldehyde reduction by hydrogen gas 

on (A) Pt and (B) Pd (top traces) to electrochemical reduction (bottom 

traces). All reductions were performed at room 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 (< 0.2%). Cu deviates from the other metals with a high 

selectivity for hydrobenzoin (FE = 37%, Figure 2.3B), in addition to benzyl alcohol 

(FE = 31%). A hydrobenzoin production rate of 19.5 µmol/h-cm2 is observed on Cu at 

-0.5 V. The unique benzaldehyde coupling ability of Cu is reminiscent of its capability 

to promote C-C coupling in the electrochemical reduction of CO and CO2.
165 In 

addition to hydrobenzoin, trace amounts of diphenyl acetaldehyde and deoxy-

hydrobenzoin are also detected on Cu. Both species are hydrobenzoin isomers and 

likely form due to hydrobenzoin rearrangement, and not as primary reduction products 

or intermediates. Traces of diphenyl acetaldehyde are also observed in a control 

sample of 1 mM hydrobenzoin in phosphate buffer after three months (Figure 2.5A). 

No deoxy-hydrobenzoin is detected, however, suggesting that the rearrangement may 

benefit from a higher near electrode concentration during the reactivity test. In 

addition to these minor side products on Cu, both Pd and Cu show significant 

additional Faradaic losses at -0.5 V. Low FE for reactions on Pd is likely due to bulk 

hydride formation.166,167 Control reactivity tests on Pd in pure buffer (without 

benzaldehyde) result in < 10% FE for H2, 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 benzaldehyde reduction at -0.5 V compared to Pt and 

Au (95-101%).  The Faradaic loss likely results from the formation of oligomers via 

multiple C-C coupling reactions, or underestimation of hydrobenzoin due to strong 

adsorption to the Cu surface. To test these hypotheses, a spent Cu electrode is soaked 

in diethyl ether for 5 days after a -0.5 V run to solubilize adsorbed hydrobenzoin 
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and/or the oligomers, and the supernatant solution analyzed with NMR (Figure 2.5). 

The NMR spectrum shows a strong, broad peak in the phenyl hydrogen region (6.7-

7.8 ppm), likely corresponding to oligomers, and smaller, sharper peaks corresponding 

to hydrobenzoin, suggesting a contribution from both proposed causes of Faradaic 

loss. Similar oligomerization has previously been observed for the electrochemical 

reduction of furfural on Cu48 and presents practical fouling difficulties for 

benzaldehyde reduction over long time periods. However, the benzaldehyde 

oligomerization does not appear quite as extensive as furfural, given the formation of 

ether soluble oligomers compared to the black carbonaceous product formed by 

furfural.48 Recently, May and Biddinger have suggested mitigation strategies for the 

electrochemical fouling of furfural on Cu,46 mainly the use of lower reactant 

concentrations and/or an organic co-solvent. These recommendations may also help 

reduce oligomerization for benzaldehyde on Cu. The co-solvent effect may also 

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

reduction on Cu in water-isopropanol mixtures.40,43  
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Figure 2.5: (A) Gas chromatographs for the Cu dimer reduction products at -0.5 V 

(alcohol not shown) and a control sample of 1 mM hydrobenzoin after 

three months storage at room temperature. (B) NMR spectra collected for 

diethyl ether solution after soaking the Cu electrode. The Cu electrode 

was soaked for five days after a 1-hour benzaldehyde reduction at -0.5 V. 

2.3.2 ATR-SEIRAS Investigations of Benzaldehyde Reduction 

2.3.2.1 Benzaldehyde Reduction on Au and Cu Surfaces 

To understand the adsorption and reaction pathway of benzaldehyde on the 

metal surfaces, operando ATR-SEIRAS is employed to probe the adsorption 

configuration and identify reaction intermediates. Benzaldehyde is introduced to the 

spectroscopic cell with a Au film working electrode at an initial concentration of 1.5 

mM, followed by a gradual increase in the concentration to 24 mM (Figure 2.6A). 

Upon benzaldehyde introduction, vibrational bands appear at 1598, 1586, 1455 and 

1310 cm-1, corresponding to the ɜ8a, ɜ8b, ɜ18b and ɜ3 in-plane, ring stretching modes of 

benzaldehyde, respectively168 (see Tables A.1-A.3 for a summary of peak 
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assignments). Peak positions typically vary by < 2 cm-1 in experiments under identical 

conditions. As expected, the intensity of these bands increases with the benzaldehyde 

concentration. The 1694 cm-1 band corresponds to the C=O stretching mode of the 

benzaldehyde carbonyl group and is redshifted by 5 cm-1 compared to benzaldehyde in 

the bulk electrolyte collected with a bare Si ATR crystal (Figure A.2, no surface 

enhancement effect or potential). A similar red shift in the carbonyl has previously 

been observed for benzaldehyde on Pd particles and assigned to adsorbed 

benzaldehyde.169 The stronger carbonyl shift compared to other bands suggests a 

stronger interaction, and the benzaldehyde likely adsorbs via the carbonyl carbon. 

Such binding likely occurs by back donation from the metal to the carbonyl ˊ* 

antibonding orbital. The small red shift suggests a relatively weak interaction, which is 

consistent with the lack of the Stark tuning effect discussed below. Thus, the carbonyl 

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-1 

corresponding to the bulk species, in agreement with the 1699 cm-1 carbonyl peak for 

the bulk species (Figure A.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 1492 cm-1 which 

appears with the addition of benzaldehyde is attributed to a small amount of 

contaminant benzoic acid170 formed via the oxidation of benzaldehyde upon air 

exposure.171 To confirm whether the observed benzaldehyde peaks correspond to 

surface species, an additional set of spectra were collected using s-polarized light 

(Figure A.2B). For sufficiently large islands, s-polarization eliminates surface 

enhancement, leaving only signals from bulk species.93,102ï104  No peaks appear upon 
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benzaldehyde introduction with s-polarized light, suggesting the benzaldehyde is 

either surface adsorbed or very near the Au surface.  

 

Figure 2.6: (A) ATR-SEIRAS spectra collected upon benzaldehyde introduction 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 co-averaged 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 in the electrochemical reduction of benzaldehyde. After benzaldehyde 

introduction, the potential of the Au surface is stepped down to -0.8 V in 0.1 V 

increments, with spectra collected at each potential. The spectra show no detectable 

shift in the position of any benzaldehyde band with potential (Figures 2.6B and A.3). 

In contrast, the OH bending mode of interfacial water at 1630-1650 cm-1 clearly shifts 

with potential (Figure A.3). The lack of Stark tuning for benzaldehyde suggests weak 
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adsorption with the carbonyl bond outside the inner Helmholtz layer, as this region 

contains the strong electric field required for the Stark tuning.107 This distance has 

been suggested as 2.5 ï 4  in previous Stark tuning studies,107,110 in agreement with 

the ~4  double layer thickness estimated by surface x-ray scattering studies of 

cations.172,173 This adsorption distance (2.5 - 4 ) may allow sufficient surface 

interaction for electrochemical reduction without a Stark tuning effect. Recent 

computational work has suggested electrochemical benzaldehyde reduction requires 

an adsorption distance less than 4 .174 The adsorption distance also generally agrees 

with those suggested for larger organics both experimently175ï177 and by computational 

modeling.178 Unfortunately, the current ATR-SEIRAS spectra do not provide 

sufficient information to determine an exact adsorption distance. Other methods such 

as normal incident x-ray standing wave spectroscopy175,176,179,180 or atomic force 

microscopy177 might allow for a more precise determination of adsorption distance. In 

addition to benzaldehyde, other vibrational bands appear below the onset potential of 

benzaldehyde reduction at -0.5 V. Of these bands, the peaks at 1496 and 1453 cm-1 

correspond to benzyl alcohol and appear prominently at lower potentials (E < -0.7 V). 

These peaks agree with bulk benzyl alcohol spectra collected in a control experiment 

on a bare Si (Figure A.2), with the stronger 1453 cm-1 peak differentiating them from 

those of hydrobenzoin. The benzyl alcohol prominence agrees with the high benzyl 

alcohol selectivity observed in the reactivity test at -0.5 V. In addition to benzyl 

alcohol, a third peak at 1482 cm-1 emerges at -0.5 V and grows in intensity at more 

negative potentials. This peak does not correspond to benzaldehyde, benzyl alcohol, or 

hydrobenzoin.168,170 The emergence of this peak at a higher potential (-0.5 V) than 

peaks corresponding to benzyl alcohol (¢ -0.6 V) suggests that it likely belongs to a 
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reaction intermediate, i.e., the benzaldehyde ketyl radical as suggested by previous 

electrochemical studies.59,71,181 Note that benzyl alcohol is produced at -0.5 V on Au in 

the reactivity test (Figure 2.3), while the spectra show no discernable alcohol peak at 

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 concentrations below 

the IR detection limit. Additional support for the radical assignment also comes from 

the peak position. Vibrational bands near 1482 cm-1 have previously been attributed to 

other ketyl radicals. Tallant and Evans attributed bands at 1500 cm-1 and 1375 cm-1 to 

radical anions of p-benzoquinone and benzophenone, respectively (without specifying 

the vibrational mode).76 In multiple reports, Eargle and coworkers have reported 

redshifts of 80-120 cm-1 for ketyl radicals relative to their carbonyl stretch,77ï79 

making the assignment of the 1482 cm-1 band to the n(C-O) mode of the ketyl radical 

unlikely, as it would represent a > 200 cm-1 redshift compared to the benzaldehyde 

carbonyl vibration. More likely, the 1482 cm-1 peak corresponds to a ring stretching 

mode of the radical species, similar to the benzyl alcohol band at 1496 cm-1, which is 

consistent with the assignment of a 1458 cm-1 band to a ring mode of the radical anion 

of benzophenone by Bewick et al.75 The same authors also observed a band at 

1557cm-1 corresponding to the n(C-O) mode of the benzophenone ketyl radical. For 

the benzaldehyde ketyl radical, this mode could be obscured by the strong d(OH) 

mode of water at 1630-1650 cm-1.  

SEIRA spectra collected during anodic potential steps on Au further support 

the assignment of the 1482 cm-1 band to the ketyl radical species. The 1482 cm-1 band 

decreases in intensity as the potential becomes more positive from -0.8 V and 
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disappears above -0.5 V (Figure 2.6C), consistent with the spectra collected during the 

cathodic potential steps. The disappearance of the 1482 cm-1 band suggests that it 

corresponds to a reactive species produced at negative potentials, consistent with the 

assignment to the ketyl radical. In contrast, the 1496 and 1453 cm-1 bands 

corresponding to benzyl alcohol linger, albeit weakened, at potentials above -0.4 V, 

suggesting that it is a stable species produced at negative potentials which diffuses 

from the double layer at more positive potentials. For the 1482 cm-1 band, alternative 

assignments should also be considered, particularly those related to surface pH. Given 

the reactions at the Au surface, the local pH might increase and result in new peaks for 

pH dependent species, such as acetals or deprotonated species. To rule out these 

possibilities, spectra were also collected for benzaldehyde at the Au surface in 0.1 M 

NaOH (Figure A.4). The spectra in NaOH show benzaldehyde peaks, but lack the 

peak at 1482 cm-1, suggesting this peak results from an electrochemical reduction 

intermediate rather than a pH change.  While stepping the electrode potential up from -

0.8 to 1.3 V, a new 1366 cm-1 band also appears above 0.4 V and shifts to higher 

wavenumber with potential at a Stark tuning rate of 24 cm-1/V (Figure 2.6C). This 

peak is attributed to adsorbed benzoate.182 The low onset potential of this peak 

suggests an initial adsorption of trace benzoic anions present due to benzoic acid 

impurity in the benzaldehyde. The further growth in the adsorbed benzoate band with 

potential likely results from additional benzoate coverage due to the oxidation of 

benzaldehyde.  

The Cu surface shows different spectral features than Au, consistent with the 

higher C-C coupling activity of Cu in benzaldehyde reduction. Similar to Au, 

characteristic benzaldehyde bands appear upon introduction of benzaldehyde to the 
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electrolyte at -0.2 V hold (Figure 2.7). In particular, the adsorbed carbonyl appears at 

1695 cm-1, with a 1702 cm-1 shoulder, suggesting weak adsorption of benzaldehyde to 

the Cu surface.  

 

Figure 2.7: ATR-SEIRAS spectra for benzaldehyde adsorption on Cu. Spectra were 

collected in Ar purged solution using 64 co-averaged scans. The 

background consisted of 128 scans at -0.2 V without benzaldehyde. 

Upon stepping down the potential, no new spectral features are observed between -0.2 

and -0.4 V, consistent with the lack of benzaldehyde reduction at -0.2 V in the 

reactivity study (Figure 2.3A). At -0.5 V, however, many new bands appear (Figure 

2.8A) and grow with time (Figures 2.8B, A.5 and A.6), suggesting new chemistries 

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

and 1022 cm-1 correspond to hydrobenzoin,170 although some ring modes appear 



 42 

shifted ± 15 cm-1 compared to the bulk spectra.170 Such shifts have been observed 

previously for adsorbed benzene derivatives,183 and may suggest greater interaction of 

the hydrobenzoin rings with the Cu surface. Unfortunately, a comparison with bulk 

hydrobenzoin could not be made, as hydrobenzoin has a low solubility in water (Ò 

1mM), and no detectable bands are observed for a bare Si ATR crystal in 

hydrobenzoin saturated buffer. The high intensities of the observed hydrobenzoin 

bands on Cu at -0.5 V suggest a higher concentration in the double layer than its 

solubility limit in the bulk, likely due to stronger adsorption. This strong 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 

adsorption and oligomerization are consistent with the detection of deposits on the 

spent Cu catalyst (Figure 2.5B) and the observed Faradaic loss during reactivity tests 

(Figure 2.3B). In addition to hydrobenzoin, a small, sharp peak is also present around 

1673 cm-1 (Figure A.5). This 1673 cm-1 peak could correspond to the n(C-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-

1), as compared to those reported for benzophenone and benzil (85-110 cm-1),76 could 

result from additional interactions in the aqueous system not present in the previous 

aprotic solvents.76ï79 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 charge transfer complexes.184 Although, such 

complexes have not been investigated experimentally. The aqueous environment could 

also interact via protonation of the ketyl radical. Given the pKa estimate of 8-9 for the 
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ketyl radical in water,185 the majority of radicals should be protonated in the pH 4.6 

phosphate buffer. Either interaction 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 position.77 Alternatively, 

the lower shift could result from the different bonding structures of the respective 

radicals. Previous electron spin resonance measurements suggest a rigid C-C bond 

between the aldehyde and phenyl group for the benzaldehyde ketyl,186,187 whereas that 

of benzophenone can rotate freely.187,188 This rigid bond may suggest more sp2 

character for the benzaldehyde ketyl radical, resulting in a higher vibrational 

frequency. 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 predominant effect. Unfortunately, 

the large hydrobenzoin peak on Cu at 1496 cm-1 obscures the other likely ketyl radical 

peak expected near the 1482 cm-1 peak of Au. The stronger radical and hydrobenzoin 

bands on Cu suggest stronger coupling activity and higher activity overall, in 

agreement with the activity tests. In addition to hydrobenzoin and the ketyl radical, 

weak peaks at 1328, 1344, 1299, 1258, 1277, and 1220 cm-1 also appear on Cu at -0.5 

V, which likely correspond to the trace hydrobenzoin rearrangement products 

observed in the Cu reactivity studies. A monotonic decrease in the intensity of all 

bands is observed as the electrode potential decreases from -0.5 to -0.9 V, which is 

likely due to the increasing coverage of the surface by oligomerized compounds or 

film damage due to strong hydrogen bubble formation. 
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Figure 2.8: (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 surface upon stepping to -0.5 V. 

Spectra were collected ~ 3 min apart. (C). The C-H 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 collected at -0.2 V without benzaldehyde. 

The time evolution of C-H stretching modes of the species produced on Cu at -0.5 V 

provides further insight into the C-C coupling mechanism. In addition to the lower 

frequency bands, well-defined bands corresponding to n(C-H) modes are observed on 

Cu at -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 cm-1 correspond to benzyl alcohol170 and appear 

immediately after reaching reduction onset at -0.5 V (Figures 2.8C and A.6B), 

followed by the gradual growth of bands at 3061, 3036 and 2900 cm-1 corresponding 

to hydrobenzoin. The slower hydrobenzoin formation agrees with the time evolution 

spectra of the lower wavenumber range, in which the benzyl alcohol bands at 1496 

and 1454 cm-1 appear in the first spectrum at -0.5 V, followed by the gradual 
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appearance of the bands corresponding to hydrobenzoin (Figures 2.8B and A.6A). The 

peak at 3105 cm-1 does not belong to either benzyl alcohol or hydrobenzoin.170 Given 

its relatively large size, and co-emergence with hydrobenzoin, the peak likely relates 

to the ketyl radical species. The spectra also show a two small peaks at 3167 and 2980 

cm-1 which emerge at longer times. Similar to the small peaks observed in the 1000 - 

1800 cm-1 region, these peaks also likely correspond to trace side products from 

hydrobenzoin rearrangement. The sequential growth of the benzyl alcohol band and 

hydrobenzoin bands suggest coupling to hydrobenzoin occurs only after sufficient 

radical accumulation near the surface, with a lower concentration required for benzyl 

alcohol. This hypothesis is consistent with the observation that the 1673 and 3105 cm-1 

bands assigned to the ketal radical also grow in sync with the other hydrobenzoin 

bands (Figures 2.8B, 2.8C and A6). The requirement for 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 dimer (< 0.2%) in the reactivity studies 

(Figures 2.3 and 2.6). 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 concentration likely results from the weaker 

stabilization of the ketyl radical intermediate by the Au surface compared to Cu. The 

importance of intermediate stabilization is reminiscent of the situation in the 

electrochemical reduction of CO on these two metals, where the lack of Au activity in 

the C-C coupling chemistry has been attributed to the weak CO binding, in contrast to 

the optimal Cu-CO binding energy allowing for coupled products.165  
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2.3.2.2 Dissociation of Benzaldehyde on Pt and Pd 

Dissociative adsorption of benzaldehyde occurs upon its introduction to the Pd 

surface. Benzaldehyde is introduced to the electrolyte solution while holding the Pd 

electrode at -0.2 V. Unlike Au and Cu, the prominent features on Pd appear at 1717 

and 1825 cm-1 upon introducing 1.5 mM of benzaldehyde (Figure 2.9A). Both peaks 

are assigned to adsorbed CO at the Pd surface. Although a band at 1713 cm-1 has been 

reported for benzaldehyde in cyclohexane,169 such an assignment for the band centered 

at 1717 cm-1 is unlikely here. The 1717 cm-1 band is relatively broad and strengthens 

with time, whereas bands corresponding to the reactants are typically sharp and 

weaken over time due to consumption. Thus, it is more likely that the 1717 cm-1 band 

corresponds to an adsorbed formyl group and/or multibonded CO at defect sites 

(COM)189 formed by the dissociative adsorption and decarbonylation of benzaldehyde. 

A similar COM peak has previously been observed between 1700 and 1740 cm-1 on Pd 

for low coverage of CO and during formic acid oxidation.189 Importantly, in that 

study, the COM band appears only at low CO coverage, disappearing as the other CO 

peaks grow, in agreement with the 1717 cm-1 peak behavior at higher CO coverage 

(Figure 2.9B). The peak at 1825 cm-1 corresponds to CO adsorbed on Pd hollow sites 

(COH), and also forms via the decarbonylation of benzaldehyde. Similar 

decarbonylation induced CO peaks have been previously observed in 

thermochemical169,190 and electrochemical119 systems. Both the 1717 and 1825 cm-1 

bands grow and blue shift with time, followed by the emergence of additional peaks at 

1869 and 2009 cm-1, corresponding to bridge and linearly bound CO, respectively 

(COB and COL, respectively).89 The sequential evolution of these bands suggests that 

benzaldehyde decarbonylates on defect and hollow sites, and the produced CO then 

migrates to bridge and linear binding sites (Figure 2.10). This mechanism is similar to 
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that suggested for benzaldehyde decarbonylation under thermocatalytic conditions.190 

Increasing the benzaldehyde concentration from 1.5 to 24 mM increases the COB and 

COL band intensities (Figure 2.9B). The growth in CO bands with higher 

benzaldehyde concentration suggests an initial undersaturation of CO by benzaldehyde 

decarbonylation at low benzaldehyde concentrations. To confirm the identity and 

stability of adsorbed CO, the potential is stepped anodically from -0.6 to 1.3 V, with 

spectra collected every 0.1 V (Figure A.7A). The adsorbed CO peaks shift with 

potential, with rates of 45, 51 and 36 cm-1 V-1 for COL, COB and COH, respectively. 

These Stark tuning rates are consistent with the previously observed range for CO on 

Pd.191 At 0.6 V, COL oxidation begins, followed by COB oxidation at 0.8 V and COH at 

0.9 V. The oxidation potentials generally agree with previous reports for CO on Pd,81 

supporting the CO peak assignments. No benzoate peak appears for Pd at higher 

potentials, suggesting more complete benzaldehyde oxidation than on Au. 
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Figure 2.9: (A) Time evolution spectra after benzaldehyde introduction to Pd. Traces 

were collected ~3 min apart. (B) Effect of benzaldehyde concentration. 

All  spectra were collected under Ar with a -0.2 V background in 

benzaldehyde free solution.  COL, COB, and COH represent CO bound at 

linear, bridge, and hallow sites, respectively. 

 

Figure 2.10: Schematic representation for benzaldehyde decarbonylation on Pd and Pt. 

COM, COH, COB and COL 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 surface suggests instability of benzaldehyde at the Pd surface. Such instability 

agrees with the well-known ability of Pd to dissociative organic species,192,193 a 

property usually attributed to strong back donation of electrons from the metal surface. 

For benzaldehyde, the destabilization likely results from back donation to the carbonyl 

ˊ* antibonding orbital, similar to other aldehydes.192 This adsorbate instability and/or 

the resulting CO poisoning could then limit the formation of ketyl radicals near the 

catalyst surface. Given the suggested importance of these radicals for dimerization on 

Cu, the instability or poisoning may explain the lack of dimerization on Pd. 

Unfortunately, it is difficult to decouple the effects of the adsorbate instability and CO 

poisoning, as the former leads to the latter. However, the influence of potential can 

provide some insight into the relative importance of the two effects. If the ketyl 

radicals are unstable, reduction conditions may drive further decarbonylation at the 

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 potentials.182 Pd, however, does not show a similar 

dependence. Lowering the electrode potential from -0.2 to -0.5 V does not lead to any 

significant change in spectral features, except for the Stark tuning effect of the 

adsorbed CO bands (Figure 2.11A). The insensitivity 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 primary decarbonylating species is likely 

benzaldehyde. Further, the small degree of ketyl radical 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 observed stability (lack of 

decomposition) also could be limited to decarbonylation, and the radicals remain 

relatively unstable compared to those on Cu or Au. To gauge the extent of CO 

poisoning on Pd, CO gas is introduced to the benzaldehyde saturated Pd surface at -0.5 

V. The CO introduction results in blueshifts and a growth in intensity for both the COB 

and COL bands (Figure 2.11B), likely due to the increased CO coverage. This increase 

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

process previously inferred from the CO dependence on benzaldehyde concentration 

(Figure 2.9). 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 

previously demonstrated for Pt in electrochemical systems118 and used to quantify CO 

coverage on Pt and Pd in the presence of organic species.119 Although others have 

suggested that dipole-dipole coupling may cause some deviation from linearity, 

particularly at high coverage, due to the screening of adjacent 

dipoles.116,117,120,121,123,194,195 This deviation does not, however, appear very strong for 

Pt or Pd at intermediate coverage (below ~80-85% saturation).116,122 Note that the 

introduction of CO increases the combined area of the COB and COL bands by ~40%. 

Assuming extinction coefficients independent of CO coverage, the increase suggests 

that decarbonylation poisons ~70% of the Pd surface relative to CO saturation. This 

relatively large degree of poisoning, as well as its potential independence, suggests 

that CO poisoning is likely the primary cause for the lack of benzaldehyde coupling on 

Pd. It should be noted, however, that although the surface shows high CO coverage, 

the absolute magnitude of decarbonylation is quite limited. No benzene is detected 

either spectroscopically or by NMR, and the reaction is likely self-limiting as it 
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produces a poisoning species (CO) which suppresses further propagation. 

Decarbonylation produced benzene has previously been detected for benzaldehyde on 

a Pt electrode using differential electrochemical mass spectrometry (DEMS),182 a 

method with much higher sensitivity. The same study also lacked IR peaks for 

adsorbed benzene and suggested the exclusion of these bands by ATR selection rules 

due to a flat adsorption of the benzene molecule. A similar phenomenon may explain 

the lack of benzene in the present spectra for Pd (Figure 2.9A). Importantly, the Pd 

spectra lack peaks corresponding to benzyl alcohol. The absence of these peaks likely 

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

between CO and benzaldehyde. 
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Figure 2.11: (A) Spectra collected for benzaldehyde saturated surface during 

downward potential steps on Pd. (B) Spectra collected upon the 

introduction of CO to benzaldehyde saturated Pd surface. Spectra were 

collected back to back. Backgrounds for both sets of spectra were 

collected at -0.2 V in pure buffer. 

Similar to Pd, introduction of benzaldehyde to Pt also leads to dissociative 

adsorption, but with a different CO site distribution. At 1.5 mM benzaldehyde, 

benzaldehyde decarbonylation on Pt at 0 V results in a strong linear peak at 1977 cm-1, 

with a weak bridge peak at 1754 cm-1 (Figure 2.12A 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 associated bubble formation). The CO formation agrees with 

previously observed benzaldehyde decarbonylation on Pt in aqueous electrochemical 

conditions below 0.2 V.119,182 Both the linear and bridge CO peaks grow and blueshift 

with time as decarbonylation proceeds and CO coverage increases. Unfortunately, the 



 53 

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 Pt (100) sites.72 Increasing the 

benzaldehyde concentration primarily increases the COL peak intensity (Figure 

2.12B). Unexpectedly, the COB peak intensity actually decreases slightly at higher 

benzaldehyde concentrations, suggesting either displacement of CO by benzaldehyde 

or that bridge 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 cm-1, a similar location to that on Au and Cu. 

The lower peak wavenumber on Pt likely results from interference by the adjacent 

water band. Note 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, likely due to competitive benzaldehyde and CO adsorption. The adsorbed CO 

identity is confirmed by stepping the electrode potential to 1.3 V (Figure A.7B). The 

COL and COB peaks both shift with potential, with Stark tuning rates of 32 and 61 cm-

1/V, respectively, similar to those previously observed for CO on Pt.191 Similar to Pd, 

the CO on Pt peaks begin oxidizing at higher potentials. COB oxidizes at 0.8 V, 

followed by COL at 1 V, both generally consistent with the literature.86,89  
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Figure 2.12: (A) Time evolution for benzaldehyde introduction to Pt. Spectra were 

collected ~3 min apart. (B) Effect of benzaldehyde concentration. Both 

sets of spectra were collected under Ar purge with a background at 0 V. 

COL, COB represent CO bound at linear and bridge sites, respectively. 

The potential dependence of CO 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 radicals given the structural similarity to benzaldehyde, as 

evidenced by the spectra on Au and Cu (Figures 2.6 and 2.8). As discussed for Pd, 

these unstable radicals could also contribute to the formation of CO, and, depending 

on the relative stability of these radicals, decarbonylation may increase at lower 

potentials. To probe this possible influence of potential on adsorbate stability, the 

potential of the Pt surface is stepped from 0 to -0.2 V. Both the COL and COB peak 

intensities increase with the decreasing potential (Figure 2.13). This trend runs counter 
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to the COL peak decrease usually observed at lower potentials,86,196 and agrees with 

the potential dependence previously observed for benzaldehyde decarbonylation on 

Pt.182 This potential dependence suggests a greater importance of the ketyl radical in 

benzaldehyde decarbonylation on Pt and, as an extension, that the ketyl radicals are 

relatively unstable. This lower stability may suggest a greater role of ketyl radical 

stability in limiting coupling on Pt, especially compared to Pd, where benzaldehyde 

decomposition does not show a potential dependence. Importantly, however, note that 

the observation of CO does indicate significant poisoning of the Pt surface. To gauge 

the extent of this poisoning, CO gas is introduced to the benzaldehyde saturated Pt 

surface at -0.2 V (Figure 2.13B). Upon introduction of CO, the COB peak grows 

slightly and blueshifts to 1815 cm-1. Additionally, the COL peak at 2005 cm-1 shows 

slight growth and a blue shift, followed by the emergence of two new peaks at 2044 

and 1985 cm-1. These new peaks likely correspond to CO adsorbed in different 

chemical environments. The 2044 cm-1 peak agrees well with adsorption of COL on 

Pt,81 and likely corresponds to areas of high CO-CO interaction. In contrast, the 1985 

cm-1 peak represents a significant red shift, and likely results from CO interacting with 

benzaldehyde either adsorbed on or close to the surface. Such co-adsorption red shifts 

have been previously reported for CO on Pt in vacuum studies, with redshifts of 30 

cm-1 for CO co-adsorbed with benzene197 or methanol,198 and 20 cm-1 for co-

adsorption with water or Xe.198  The effect has also been demonstrated in 

electrochemical systems, with 20 to 30 cm-1 red shifts for CO co-adsorbed with 

pyridine, CCl4, or CS2 at Pt and Pd electrodes.199 Similarly, addition of water to CO 

adsorbed on a Pt electrode in acetonitrile results in a 30 cm-1 red shift in the CO 

peak.200 Generally, these red shifts have been attributed to interactions between CO 
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and the co-adsorbate, with CO dipole screening suggested as the most likely 

cause.198,201 As an alternative theory to CO-benzaldehyde interactions, the new CO 

bands could also result from CO adsorbed at specific binding sites. In this view, the 

2044 cm-1 peak would represent CO on Pt terraces,202ï204 with the 2005 and 1985 cm-1 

peaks representing step202ï204 and undercoordinated205,206 sites, respectively. These 

distinct CO adsorption sites have been observed in thermocatalytic systems and some 

single crystal electrochemical studies.202ï205,207 Outside of single crystals, however, 

electrochemical studies generally observe only one, unresolved peak for COL on 

Pt.86,182,196,208ï210 This difficulty in observing distinct sites makes a site-specific 

interpretation unlikely, and the three distinct peaks more likely result from different 

degrees of CO-benzaldehyde interaction. Regardless of the cause, peak growth with 

CO introduction confirms the initial undersaturation of CO by decarbonylation on Pt. 

Similar to Pd, the change can also provide a rough estimate of the initial CO coverage. 

Specifically, the combined COL and COB peak areas increase by a factor of ~2 upon 

CO introduction, suggesting ~50% initial poisoning of the Pt surface by 

decarbonylation relative to CO saturation, assuming no significant change in 

extinction coefficient due to dipole-dipole coupling. This coverage is considerably 

lower than that measured for Pd, although the different potentials may account for 

some of the difference. Given 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 the stability 

limitations of the Pt film used in the SEIRAS experiments. Such an increase 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 at -0.5 V (Figure 2.3A).  
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Figure 2.13: (A) Spectra collected during cathodic potential steps for a benzaldehyde 

adsorbed on a Pt surface. (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 were collected at 0 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 radical intermediates. 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 of Cu (Figure 

2.14). Observation of ketyl radicals on Au (Figure 2.6), as well as previous 

electrochemical evidence,71,147,151,155 suggests that these species are the main reaction 

intermediates in the electrochemical reduction of benzaldehyde. The concurrent 

evolution of these radicals and hydrobenzoin in the Cu spectra (Figure 2.8) suggests 

that hydrobenzoin formation requires the accumulation of ketyl radicals at or near the 
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catalyst surface, with dimerization then occurring through  radical recombination, as 

suggested by previous studies.138  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 by a weaker 

stabilization of the radicals by Au compared to Cu. Such an explanation has an analog 

in the C-C 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 coupling on Au has generally been attributed to the stronger CO binding 

energy of Cu compared to Au.165 Radical stability can also rationalize the lack of 

benzaldehyde coupling for Pt and Pd. CO formation on Pd and Pt (Figures 2.9 and 

2.12) suggests an instability of benzaldehyde adsorbates, which also likely extends to 

ketyl radical intermediates. The potential dependent decarbonylation for Pt but not Pd 

(Figures 2.13 and 2.11, respectively), may suggest greater radical stability for Pt, but, 

in both cases, the 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 completely suppress benzaldehyde reduction activity, as Pt and Pd 

still produce benzyl alcohol (Figure 2.3). In short, benzaldehyde and the ketyl radical 

bind too strongly 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 an analog in electrochemical CO 

reduction, in which the lack of activity for Pd and Pt is linked to over-binding of 

CO.165 Combining the Pd and Pt stability 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 to produce sufficient radicals, but not so 



 59 

active as to destabilize intermediates 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 understanding electroreductive coupling. In addition 

to benzaldehyde, this framework 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 explored given the strong adsorbate 

structure dependence recently suggested for acetaldehyde-CO coupling on Cu.211 

Additionally, the radical stability framework might be improved by extending 

investigations to identify the specific facets active for coupling on Cu and other 

coupling metals, as has been done for CO.212 Alternatively, computational work might 

utilize ketyl radical stability for the design of optimum coupling catalysts, such as 

bimetallics, similar to previous work on hydrodeoxygenation catalysts.213 

 

Figure 2.14: Graphical summary of the benzaldehyde reduction and decomposition 

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 reduction activity for Pt, and Pd at 

-0.2 V, and for Pt, Pd, Au, and Cu at -0.5 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. ATR-SEIRAS results suggest that 

benzaldehyde adsorbs via the carbonyl carbon to the 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 accumulation of ketyl 

radicals. The lack of hydrobenzoin formation, despite radical formation, 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 surface 

adsorbates under reduction conditions. The instability, and resulting 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 dependence suggests a 

greater role of intermediate instability. Based on the combined reactivity data and 

spectroscopic results, the ability of a catalyst to stabilize the ketyl radical represents a 

key predictor in its ability to effectively mediate the electroreductive coupling of 

benzaldehyde, and likely other aromatic substrates with the carbonyl functional group.  
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THE ELECTROREDUCTIVE CROSS -COUPLING OF BENZALDEHYDE 

AND FURFRUAL  

3.1 Introduction  

Available from sustainable sources, biomass derived carbon-oxygenates 

represent a promising alternative to petroleum as an industrial carbon feedstock. 

Derived from lignocellulosic materials,2 these species can be upgraded to form 

precursors for fuel and chemical production. Typically, this upgrading consists of a 

reduction to increase stability and energy content, or new C-C bond formation to 

increase molecular weight. Often the two processes occur sequentially to form higher 

value fuels and chemicals.214,215 This combined upgrading via coupling and reduction 

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 demonstrated for C10 ï C12 

biofuel production using sequential ring opening and hydrogenation steps.20ï22 

Benzaldehyde derivatives have also been suggested as a potential fuel source 

following coupling and hydrogenation.22 In addition to fuels, coupled furfural and 

benzaldehyde derivatives also show promise for the production of value-added 

products. Mou, Feng and Chen employed coupled products of hydroxymethyl furfural 

(HMF) as monomers for the production of polyurethanes.216 Harvey et al. used 

coupled vanillin derivatives to produce renewable thermosetting resins and 

thermoplastics.217 The promise for valuable precursors also extends to cross-coupled 

Chapter 3 
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aldehyde species. Recently, Wilson and Chen have synthesized linear polyesters with 

pendant furan groups using a cross-coupled HMF and furfural species.218 More 

generally, the incorporation of different functional groups by cross-coupling presents 

the opportunity for more valuable dimer products from biomass derived aldehydes. 

Electroreductive coupling offers a promising means of upgrading biomass 

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 pathway.41,42,59,71,147 The two reductions 

occur sequentially, with an initial electron transfer to form ketyl radicals, followed by 

either radical coupling or a second, one-electron reduction to the alcohol (Figure 3.1). 

Electrochemical parameters, such as pH,59,71 catalyst40,42,139,153,158,160,161,181,219 and 

potential,40,42,219 control the selectivity of the two pathways. Cross-coupling of 

different aldehydes can also occur electrochemically.220 Electroreductive coupling has 

several advantages as an upgrading technique. The one step process selectively 

reduces the aldehyde group, eliminating the ring hydrogenation issues often 

encountered for benzaldehyde and furfural derivatives.21 Additionally, the 

electrochemical reduction occurs at room temperature, without the need for an 

external hydrogen source or the additional reagents necessary for thermochemical 

coupling.20ï22,221 Despite these advantages, electroreductive carbonyl coupling remains 

poorly understood. The reaction has been extensively demonstrated for 

benzaldehyde30,40,42,59, acetophenone,222ï226 furfural46ï48,143,146,227 and hydroxymetyhyl 

furfural,228 but still lacks fundamental understanding into the effect of electrochemical 
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parameters on dimerization rates and selectivities. Although recent work,40,42 has 

begun to address this gap in understanding, with a focus on variation among catalysts. 

Cross-coupling remains less understood than self-coupling. To present knowledge, 

only one study covers the electroreductive cross-coupling of aldehydes, involving 

benzaldehyde, 4-fluorobenzaldehyde and benzophenone on Pb.220 The study suggests 

stochastic control of 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 

aldehydes 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 cross-coupling catalyst design.  

This chapter seeks to further the understanding of aldehyde cross-coupling by 

investigating the reduction of benzaldehyde-furfural mixtures on Cu and Pb surfaces. 

Cyclic voltammetry on Cu and Pb shows a larger impact of benzaldehyde on the 

furfural reduction peak for Pb than for Cu, suggesting greater competitive adsorption 

on Pb. Subsequently, reactivity tests are employed to determine coupling rates and 

selectivities. Both metals produce a cross-coupled species (1-(2-furyl)-2-phenyl-1,2-

ethanediol) in addition to alcohol and homo-dimer products. Cu shows greater 

dimerization selectivity for cross-coupling, whereas Pb favors furfural coupling. To 

gain further insight into this selectivity difference, the relative dimerization rates are 

compared with expectations for the stochastic coupling of the ketyl radicals. Both 

metals show deviation from stochastic expectations, likely due to over-binding of 

benzaldehyde radicals, with greater deviation on Pb suggesting a greater difference in 

radical binding energy. Attenuated total reflection surface enhanced infrared reflection 
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absorption spectroscopy (ATR-SEIRAS) experiments support the larger binding 

energy difference on Pb. Spectra show benzaldehyde displacement of furfural on Pb, 

but not Cu. Combined, the CV, reactivity and spectroscopic evidence suggests the 

higher cross-coupling selectivity of Cu results from a greater similarity in the ketyl 

radical binding energies. 

 

Figure 3.1: Schematic of the possible reduction mechanisms for the mixed 

benzaldehyde-furfural reduction system.  
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3.2 Experimental Methods 

3.2.1 Reactivity Tests and Cyclic Voltammetry 

Reactivity tests were performed using a three-electrode configuration in a glass 

H-cell with a phosphate buffer electrolyte. The phosphate buffer consisted of 0.25 M 

NaH2PO4 and 0.25 M Na2HPO4 (pH 6.7) and was purged with Ar before use to 

remove oxygen. The cell was the same employed in the benzaldehyde reactivity tests 

(Figure 2.2).  Reductions occurred in a closed cell, with a balloon used to collect 

gaseous products. Benzaldehyde and furfural were added to achieve a 20 mM 

concentration of each species. A Ag/AgCl 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 are relative to the RHE 

scale. Test potentials were controlled using either a VersaStat3 (Princeton Applied 

Research) or Solartron SI 1287 (Ametek) potentiostat. Results did not vary 

significantly between potentiostats. Solution resistance was measured before reduction 

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 Cu, Pb, Au and 

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 regia 

(75% HCl, 25% HNO3), with intermittent rinsing using deionized (DI) water. Cu, Au 

and Pt were cleaned by a 10 second etch in piranha solution (75% H2O2 (30%), 25% 

HSO4), followed by three, five second etches in aqua regia (75% HCl, 25% HNO3), 

with intermittent DI water rinsing. After cleaning, the electrodes were rinsed with DI 
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water and pre-reduced. The pre-reduction consisted of a five minute potentiostatic 

hold at -0.2 V for Cu, Au and Pt, and -0.3 V for Pb, followed by 10 cyclic 

voltammograms to confirm a clean surface. Following the pre-reduction, 

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 residual gas 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 reduction, the solution 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 foils using the same electrochemical assembly and foil 

pre-treatment procedure as the reactivity tests. The voltammograms employed a scan 

rate of 50 mV s-1 with no stirring. 

3.2.2 Product Identification and Quantification  

Liquid products were identified by coupled gas chromatography and mass 

spectrometry (Figures B.1-B.6). Gas phase products (hydrogen) were identified and 

quantified using a calibrated GC. Liquid products were quantified by gas 

chromatography after extraction with 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. Pyridine 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 cross-coupled species, 
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and alternate estimates were required. For hydrofuroin, the calibration was estimated 

as twice that of furfuryl alcohol. The cross-coupled calibration was estimated by the 

sum of the furfuryl alcohol and benzyl alcohol calibrations. Measurements were also 

corrected for extraction efficiency. Furfuryl alcohol 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 cross-coupled and 

hydrofuroin species, due to the lack of a commercial sample. Measured concentrations 

were then converted to an average rate for the hour-long 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 Cu and Pb using a spectroscopic cell with stirring 

capability. The cell has been previously been described in greater detail.229 Briefly, the 

cell consists of Teflon and glass cathode compartment separated from an anode 

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 converted to the RHE scale. Thin metal films deposited on 

Si ATR crystals (3.14 cm2, 2 cm diameter) served as working electrodes. Cu films 

were chemically deposited by a method described previously.87 Before aldehyde 

introduction, Cu films were activated using five CV cycles from -0.5 V to 0.2 V.  Pb 

films were formed in the spectroscopic cell by electroplating Pb onto Au films using a 

lead perchlorate (Pb (ClO4)2) precursor. The Au films were plated chemically using a 

method previously described.83,163 Prior to plating, the Au film was activated by ten 

CV cycles between -0.4 V and 0.8 V to increase surface sensitivity. Aqueous lead 
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perchlorate was then introduced to the spectroscopic cell at -0.2 V to give a 10 µM 

concentration of Pb, for a maximum Pb thickness of 20 nm. The potential was then 

stepped down to -0.6 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 current comparable to a Pb surface. After plating, 

the potential was stepped back to -0.2 V, followed by one CV cycle between -0.6 V to 

0.1 V to strip some Pb and roughen the surface. The integrated charge of the Pb 

oxidation peak in the CV (~ 7 mC), suggests a loss of approximately 4 nm of Pb from 

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

 

Figure 3.2: Current profile during Pb film plating on Au. The phosphate buffer 

solution consisted of 0.25 M NaH2PO4 and 0.25 M Na2HPO4 (pH 6.7). 

The solution was purged with Ar before use. 
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Infrared spectra were collected using a Carry 660 infrared spectrometer 

(Agilent Technologies) with a liquid nitrogen cooled MCT detector. Each spectrum 

consisted of 64 co-added scans at 4 cm-1 resolution, with 128 scans for backgrounds. 

Backgrounds for Cu and Pb were collected at -0.2 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 of six Ohms. The electrolyte consisted of phosphate buffer with 0.25 M 

NaH2PO4 and 0.25 M Na2HPO4 (pH 6.7). The cell was purged with Ar before and 

during testing to remove oxygen and other dissolved gasses. To eliminate metal 

contaminants,164 the buffer solution was treated using iminodiacetate resin (Chelex 

100, Sigma Aldrich) in large excess. The cell was also cleaned between uses by a 

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

3.2.4 Reagents and Miscellaneous 

Benzaldehyde (98%), benzyl alcohol (98%), furfural (99%) and furfuryl 

alcohol (98%) were obtained from Sigma-Aldrich. Meso-hydrobenzoin (98%) was 

obtained from TCI America. All chemicals were used as received. Double 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 phosphate buffer 

and lead plating solution, and for all cleaning, rinsing and soaking. The phosphate 

buffer consisted of 0.25 M sodium phosphate monobasic (Fisher) and 0.25 M sodium 

phosphate dibasic (Sigma-Aldrich). The pH was measured as 6.7 using a pH meter 

(Okion). Hydrofuroin used for bulk spectra was synthesized using an electrochemical 

reduction of one M furfural in phospahate buffer at -0.6 V for ~36 hours. The 

hydrofuroin was purified (85-90% 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 

evaporated to 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 piranha solution were made from 3:1 mixtures of HCl (Fisher) and 

HNO3 (Fisher), and H2SO4 (Fisher) and 30% H2O2 (Sigma-Aldrich), respectively.  

Nafion 211 membranes were obtained from the Fuel Cell Store and treated 

before use. The treatment consisted of three soakings: 5% hydrogen peroxide at 60 °C 

for one hour, followed by one hour in DI 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 sonicated for two hours to remove loose 

carbon. The metal working electrodes were constructed using 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 interaction with the Cu tape. The Cu 

tape connection always remained above the liquid level during testing to avoid Cu 

contamination. Au (99.99%) and Pt (99.99%) were obtained from Alfa-Aesar. Cu 

(99.998) and Pb (99.95%) were obtained from Sigma-Aldrich and Goodfellow USA, 

respectively. Balloons were made from a glove finger and cut syringe sealed with 

epoxy (JD Weld).  

3.3 Transport Modeling and Coupling Stochasticity 

Key to understanding the cross-coupling of two species, and the variation in 

cross-coupling between catalysts, is the ability to determine whether such coupling 

occurs stochastically. Previously, such coupling stochasticity has been measured by 

the ratio of certain products compared to the ratio of reactant species.220 However, the 

ratio of coupled product species depends on the ratio of radicals formed at the surface, 
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which may not reflect the ratio 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 product ratios. To avoid this issue, a new parameter has been developed 

to evaluate coupling stochasticity, independent of surface radical concentrations. This 

parameter, termed the kratio, removes radical concentration dependence by taking the 

ratio of the cross-coupling rate to the geometric average of the self-coupling rates. 

This section will detail the theoretical development of the kratio, its possible values for 

different rate limiting steps and its relation to selectivity. Sections 3.4.2 and 3.4.3 will 

detail the necessity of the kratio, given the different adsorption strengths of furfural and 

benzaldehyde, and the use of the kratio to understand experimental coupling data. In 

both the theoretical treatment and experimental interpretation, the coupling reaction is 

assumed to procced through the two-step process previously suggested220, with ketyl 

radicals formed by one electron reductions, followed by diffusion and subsequent 

reaction these radicals to form diol species (Figure 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 limiting step, likely for low 

overpotentials, surface diffusion will control the relative coupling selectivities. For 

radical coupling as the rate limiting step, more likely at larger overpotential, activation 

energies for the different radical pairs will control the relative coupling selectivities. 

The latter case will be treated first, as it allows establishment of the kratio. 

Subsequently, the kratio treatment will be extended to stochastic control, then diffusion 

control using a two-dimensional Smulochowski diffusion-reaction model. In 
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particular, the conditions required for diffusion-reaction to achieve effective stochastic 

control will be outlined. Finally, the control of selectivity by the kratio will be derived 

and discussed. Note that all derivations will be for the furfural-benzaldehyde system, 

but all apply to 2-pair coupling systems more generally. 

 

Figure 3.3: Schematic of the electroreductive coupling system. 

3.3.1 kraito for Radical Coupling 

A simple model is developed for relative dimerization rates on metal surfaces. 

The model assumes dimer species form from the recombination of surface radical 

species (denoted *), with this recombination occurring as an elementary step. For a 

rate limiting combination step, the dimerization rate for each dimer is first order with 
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respect to each of the reacting radicals, with different rate constants (k) for each of the 

three possible recombinations. Equations 3.1-3.3 summarize the rate expressions for 

hydrofuroin, hydrobenzoin, and the cross-coupled species, respectively. The variable 

C corresponds to surface concentration, with the subscripts B, F, HB, HF and CC 

corresponding to benzaldehyde, furfural, hydrobenzoin, hydrofuroin, and cross-

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

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

 ὶ Ὧ ὅ  z (3.1) 

 ὶ Ὧ ὅ  z (3.2) 

 ὶ ςὯ ὅ ὅz  z (3.3) 

As easily observed, the rates equations show a dependence on unknown radical 

concentrations. To remove this dependence, a new parameter, the kratio, is defined as 

the ratio of cross-coupling rate to the geometric average of the individual rates, as 

shown in Equation 3.4. Simplification results in a sole dependence on the rate 

constants, as shown in Equation 3.5.  
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3.3.2 Stochastic Coupling 

Equation 3.5 implicitly assumes radical coupling as a rate limiting step. 

However, the kratio (Equation 3.5) can also apply for a radical formation rate limiting 

step, after some modification. For slow radical formation, coupling energetics no 

longer control dimerization rates or selectivities. Instead, the 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, resulting in 

stochastic control over dimerization selectivity. This stochastic control can be modeled 

in two ways. First, it may assume a purely stochastic control, with dimerization rates 

determined by the probability of two radicals meeting. The probability of encountering 

a specific radical is given by its fraction of the radical production rate, as shown in 

Equations 3.6 and 3.7, where P represents probability and rB, rF and rtot represent the 

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

rate of radical formation is the sum of the benzyl and furfuryl radical formation rates.  
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Assuming uncorrelated radical movement, the combination of these radical 

probabilities gives dimer formation probabilities, as shown in Equations 3.8-3.10. The 

factor of two in Equation 3.10 results from the two possible ways to form a cross-

coupled species.  
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The dimerization rates are given by the product of the total rate and the formation 

probabilities, with correction for stoichiometry (division by 2), as shown in Equations 

3.11-3.13.  
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Combining Equations 3.11-3.13 yields expressions for the kratio, shown in Equation 

3.14, and selectivities of cross-coupling versus benzaldehyde (SHB) and furfural (SHF) 

coupling, shown in Equations 3.15 and 3.16, respectively. As expected, stochastic 

coupling gives a kratio of two. 
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3.3.3 Surface Diffusion-Reaction 

Stochastic control can also result from a semi-stochastic model. This model 

maintains radical encounters as selectivity controlling but introduces surface diffusion 

of the radical species. To develop this model, it is assumed that 2-D surface diffusion-

reaction controls radical combination selectivity, with the total dimerization rate given 

by the radical formation rates. As will be shown, this surface diffusion-reaction will 

result in an effective stochastic control under certain conditions. To model surface 

diffusion-reaction, the following expressions employ the Smoluchowski approach230ï

233 modified to 2-dimensions by Freeman and Doll (Figure 3.4).234 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,234 this type of model requires adsorption and desorption terms to achieve 

meaningful solutions for semi-infinite 2-D diffusion. Here, the adsorption-desorption 

terms of Freeman and Doll234 have been modified to represent radical formation and 

decomposition. The mathematical 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 Equation 3.17. Equations 3.18 and 3.19 give the 

boundary conditions for the flux of molecule 1 into a reactive radius (R12) around 

particle 2, assuming infinitely fast reaction of radicals. The term C1,ss corresponds to 

the steady state coverage of molecule 1. The parameters D12, ̱  and Jrad,1 represent the 

combined diffusion coefficient (D1 + D2), average radical decomposition time and 

radical formation flux, respectively. 

 

Figure 3.4: Schematic of the surface diffusion-reaction model of Freeman and Doll.234  

 π Ὀ  ɳ ὅ ὐ ȟ ὅ (3.17) 
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Equation 3.20 gives the solution for the reaction rate at an individual molecule of 

species 2.234 The parameter ɓ gives the reciprocal of the characteristic diffusion length, 
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as defined in Equation 3.21. The K functions corresponds to modified Bessel functions 

of the second kind. 

 ὶȟ ς“Ὑ Ὀ ‍  ὅȟ  (3.20) 

 ‍ Ὀ †  (3.21) 

Multiplying Equation 3.20 by the number of molecules for species 2 gives the total 

reaction rate, as shown in Equation 3.22, where NA is Avagadroôs number. The 

resulting expression appears similar to the kinetically controlled bimolecular rate 

expressions in Equations 3.1-3.3, but with a diffusion rate constant, kD, given by 

Equation 3.23. It is important to note here the ambiguity in the radical decomposition 

time, ̱ . This term (originally an average desorption time in Freeman and Doll 234) is 

not rigorously defined for different pairs of reactants, and, importantly, lacks 

symmetry for the cross-coupling reaction. 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, such that the total cross-coupling rate is given by 2kDC1,ssC2,ss. Close 

observation shows that Equation 3.23 violates this principle, as kD will change 

depending on the time constant employed. To correct this issue, an effective time 

constant, ̱eff, is employed for each pair of reactants. Treating the radical 

decompositions as independent, parallel oscillations suggests their frequencies (1/)̱ 

should add, resulting in an expression for the effective time constant given by 

Equation 3.24. 

 ὶȟ ς“Ὑ Ὀ ‍  ὔὅȟὅȟ Ὧὅȟὅȟ  (3.22) 
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 †  (3.24) 

Employing Equation 3.22 for the different dimerization reactions, gives an expression 

for the kratio, as shown in Equations 3.25 and 3.26. Note that this expression assumes 

the same radius for all three coupling reactions (R = RCC = RHB = RHF).  
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Although complex at first glance, Equation 3.26 will reduce to the stochastic limit 

after some examination. The first term to address is the combined ratios of modified 

Bessel functions, Kô, as defined in Equation 3.27. This Kô ratio is a function of ɓR and 

the ratio of radical diffusivities, ̝. Equation 3.28 formally defines ̝ Φ Importantly, Kô 

remains near unity for reasonably large ɓR (> 0.01) and similar radical diffusivities 

(0.5 < ̝  < 2 ), assuming the same decomposition time for both radicals (Figure 3.5A). 

The similar diffusivity criterion appears reasonable for species with similar sizes and 

functional groups, such as the benzaldehyde and furfural ketyl radicals. The large ɓR 

criterion requires slow diffusion, and low radical stability and concentration. 

Alternatively, the large ɓR requirement can be understood as requiring a long 

diffusion time constant (R2/D) compared to the radical decomposition time (̱). In 

either case, the slow diffusion and low stability criteria appear reasonable for ketyl 

radical species in an aqueous environment with slow radical production. Note that 

radical lifetime implicitly controls radical concentration for a specified radical flux (C 

= J* )̱.234 To gauge the appropriateness of the ɓR and ̝  criteria, Kô for the 

benzaldehyde-furfural system is approximated using the diffusion coefficients for 

benzaldehyde (0.86 x10-5 cm2 s-1)235 and furfural (1.13 x10-5 cm2 s-1)236 in water, and 
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the radical decomposition time for benzophenone radicals in water (~ 2 ns).237 It is 

important to note that the two ns decomposition time likely overestimates stability due 

to the expected stabilization of the extra ring of benzophenone. The decomposition 

time has also been corrected to the effective decomposition time using Equation 3.24 

(division by 2). Applying these parameters and a two  reaction radius (order of 

molecule size), gives a ɓR value of 0.14 and a Kô of 1.002. Thus, Kô alters the kratio by 

~ 0.2% under these conditions (Figure 3.5A). This negligible impact extends generally 

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

radius (large ɓR), and the modified Bessel functions can be safely neglected in the 

kratio expression.  
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Figure 3.5: (A) Variation in Kô (Equation 3.27) with ɓR and the ratio of radical 

diffusivities. The number for each trace reflects the ɓR for that trace. 

The point is estimated using the furfural and benzaldehyde diffusivities, 

 ̝= 1.3, with a 2 ns radical lifetime and a 2  reaction radius. All traces 

assume equal reaction diameters and radical decomposition times for all 

three dimerizations. (B) Variation in Dô (Equation 3.29) with the ratio of 

radical diffusivities. The point is an estimate using the furfural and 

benzaldehyde diffusivities, ̝ = 1.3.  

Following the Bessel functions, the ratio of diffusion coefficients is addressed. For 

ease of understanding, the ɓ parameter is broken into D and ̱  terms, and simplified to 

give Equation 3.29 for the kratio. Note that the Bessel function terms have been 

neglected, per the discussion above. Applying the definitions for the combined 

diffusion coefficients gives an expression for the ratio of the diffusion coefficients, Dô, 

including the square roots, as shown in Equation 3.30.  
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Equation 3.30 can be simplified by introducing the ratio of radical diffusion 

coefficients, ̝  (Equation 3.28), as shown in Equation 3.31. For similar diffusion 

coefficients (0.4 < ̝ < 2.5), Dô does not deviate significantly from unity (Figure 3.5B). 

This range of relative diffusion coefficients appears reasonable for species with a 

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

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

surface diffusion-controlled regime. Using the aldehydes diffusivities (see above) as 

an approximation suggests a ˔ of 1.3, with a Dô of 1.005. Although a larger impact 

than Kô, Dô remains negligible, allowing exclusion of this term.  

 Ὀ     (3.31) 

The final term in the kratio expression consists of the decomposition time ratio, ô̱, as 

shown in Equation 3.32. The effective time constants have been substituted for each 

radical pair based on Equation 3.24. 
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Similar to Dô, Equation 3.32 can undergo simplification by introducing the ratio of 

radical decomposition times, yΣ as shown in Equation 3.33, with y  defined in Equation 

3.34. Note that Equation 3.33 is identical to the Dô expression in Equation 3.30. 

Accordingly, ̱ô shows the same weak deviation from unity for a range of  yvalues 

(Figure 3.5B). Similar to ,̝ the stochastic y 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 stability. Although, the lack of radical stability data 

for benzaldehyde or furfural prevents the actual estimation of y in the present case. 

 †    (3.33) 

 ‒
ᶻ
 z (3.34) 

All terms have now been evaluated for the reaction-diffusion kratio expression 

(Equation 3.26). Under the correct conditions, i.e. high ɓR, and similar radical stability 

and diffusion, all terms approach unity, resulting in a kratio of two and effective 

stochastic control. As shown in the next section (3.3.4), the kratio determines 

dimerization selectivities, so that a kratio of two effectively ensures stochastic control of 

dimer products. Thus, a semi-stochastic model based on surface diffusion-reaction 

results in stochastic control. It is also noteworthy that the Kô, Dô and ô̱ terms all result 

in positive deviations from two. Thus, surface diffusion-reaction cannot explain the 

kratio below two observed for Pb, and Cu at low potential (see Figure 3.9 in section 

3.4), suggesting these kratio values result from radical-radical coupling as the rate 

determining step. Indeed, the reaction-diffusion kratio can predict a transition from 

reaction diffusion to coupling energetic control by modifying the surface diffusion-

reaction expressions to include coupling kinetics. Freeman and Doll234 show that the 

diffusion limited system can be expanded to mixed control by a combination of the 

diffusion and reaction rate constants, as shown in Equation 3.35. Further combination 

of the mixed rate constants gives the kratio for the mixed reaction diffusion control, as 

shown in Equation 3.36. For fast coupling relative to radical production and surface 

diffusion, this expression reverts to Equation 3.25 for a stochastically controlled 

system (kratio = 2). For slow reaction kinetics (kD >> kr), the diffusion terms become 
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negligible and the equation reverts to Equation 3.5 derived for radical coupling as the 

rate determining step. Thus, the mixed surface diffusion-reaction model allows for a 

transition in kratio with radical production rate and radical coverage.  

 Ὧ  (3.35) 
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3.3.4 Dimerization Selectivities 

Together the kratio and the ratio of radical formation rates completely determine 

dimerization selectivities. To show this dependence, it is easiest to begin with the 

steady state mass balances on the benzyl and furfuryl ketyl radicals, shown in 

Equations 3.37 and 3.38, respectively. The selectivity definitions are then substituted 

(Equations 3.15 and 3.16) into these mass balance to give Equations 3.39 and 3.40. 
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Solving these equations results in expressions for dimerization rates in terms of 

selectivities and radical production rates, as shown in Equations 3.41-3.43.  
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The relationship between selectivities is then obtained by noting that the expression 

for rCC derived from the two mass balances must be equal, as shown in Equation 3.43. 

Rearranging this expression gives one selectivity (SHB in this case) in terms of the 

other (SHF in this case), as shown in Equation 3.44. The parameter ɹ represents the 

ratio of radical formation rates, as defined in Equation 3.45.   

 Ὓ  (3.44) 
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To solve for the selectivity, note that the product of the selectivities gives the kratio 

squared, as shown in Equation 3.46. Combining Equations 3.44 and 3.46 gives an 

expression for selectivity in terms of kratio and ɔ, shown in Equation 3.47. Rearranging 

this expression gives Equation 3.48, with solution by the quadratic equation to give 

Equation 3.49. This expression shows that the ratio of cross-coupling to homo-

coupling depends only on the kratio and ɔ, such that a kratio of two guarantees stochastic 

control of the products. 
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In the stochastic limit (kratio = 2), Equation 3.49 reduces to the selectivity expression 

for pure stochastic control given in Equation 3.16, as expected. It is important to note 

that Equation 3.49 applies strictly for dimerization without any alcohol production. It 

is possible, however, to correct for alcohol production by subtraction, using the net 
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rates of radical production used for dimer production. This correction has been applied 

for the data plotted in Figure 3.9. Additionally, all calculations of selectivities and 

radical concentration ratios only include the flux toward dimer products.  

3.4 Results and Discussion 

3.4.1 Cyclic Voltammetry 

Cyclic voltammograms were collected for benzaldehyde and furfural suggest a 

larger difference in aldehyde binding energy on Pb than on Cu. Upon furfural 

introduction to the phosphate buffer electrolyte (pH = 6.7) with Cu electrode, a 

shallow peak appears in the CV at -0.45 V vs. the reversible hydrogen electrode (RHE, 

all potentials in this work are referenced to RHE), corresponding to furfural reduction 

(Figure 3.6A). Further addition of benzaldehyde to the furfural solution produces a 

similarly weak peak at -0.33 V for benzaldehyde reduction (Figure 3.6A and B), in 

agreement with the reduction peak observed at -0.36 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 electron reductions observed in acidic 

electrolytes (Figure 3.1).71,220 This broad peak occurs for benzaldehyde reduction at 

pH > 371,220 and has been suggested to result from a cathodic shift in the first reduction 

reaction due to lower stability of the unprotonated radical. Both aldehydes also 

severely inhibit HER activity of Cu upon introduction. A similar inhibition is observed 

for Pt group metals30 (Figure B.8A) and Au (Figure B.8B), and suggests site 

competition between aldehyde and proton (water) reduction on the Cu surface. Pb 

shows different CV behavior from Cu. Introduction of furfural to the same electrolyte 

containing a Pb electrode results in a strong reduction peak at ï0.63 V (Figure 3.6C). 
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The sharper peak likely results from a lack of competing HER activity, which does not 

appear until approximately -1.1 V. Interestingly, unlike Cu, introduction of 

benzaldehyde to the furfural system on Pb results in a slight deepening of the furfural 

reduction peak and a cathodic shift to -0.68 V (Figure 3.6C). This change does not 

correspond to a benzaldehyde reduction peak, as a weaker reduction peak appears at -

0.65 V for benzaldehyde alone (Figure 3.6D). A similar mixed peak appears at -0.7 V 

when furfural is added to benzaldehyde (Figure 3.6D). The reduction peak intensity 

also changes for the mixed system, but, importantly, depends on the addition order. 

The peak for the mixed aldehyde system (~ -0.7 V) shows a similar intensity as 

furfural alone (Figure 3.6C), but a large increase over benzaldehyde alone (Figure 

3.6D). The smaller intensity change for benzaldehyde addition to furfural solution, 

compared to the reverse sequence, suggests the ~ -0.7 V peak corresponds to furfural 

reduction shifted cathodically by the presence of benzaldehyde. 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 of organic halides 

upon halide anion (Cl-, Br- and I-) introduction.238 The strong competitive adsorption 

on Pb contrasts with a previous cross-coupling investigation, in which the addition of 

4-fluourbenzaldehdye did not significantly affect benzaldehyde reduction.220 In that 

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 between furfural 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.   

 

  

Figure 3.6: (A) Cyclic voltammograms for furfural and benzaldehyde-furfural 

solutions on Cu foil. (B) The same as in (A), but with a narrower 

potential range. (C) Cyclic voltammograms for furfural and 

benzaldehyde-furfural solutions on Pb foil. (D) The same as in (C), but 

with benzaldehyde added first then furfural. All voltammograms were 

collected in pH 6.7 phosphate buffer solution after Ar purge. 

Benzaldehyde and furfural both had concentrations of 20 mM. 
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3.4.2 Reactivity Tests 

Reactivity tests suggest effective cross-coupling of benzaldehyde and furfural 

on Cu. One-hour reactivity tests are performed on Cu to evaluate the reduction 

products of equimolar benzaldehyde and furfural in phosphate buffer (pH 6.7). Five 

main products are identified by coupled gas chromatography and mass spectrometry 

(GCMS): benzyl alcohol, furfuryl alcohol, hydrobenzoin, hydrofuroin and the cross-

coupled diol (1-(2-furyl)-2-phenyl-1,2-ethanediol) (Figures 3.1 and B.1-B.6). All three 

dimers show stereo isomers, with two peaks in the chromatograms (Figure B.1). Note 

that the cross-coupled product may have more than two isomers, suggesting that the 

observed peaks may represent a convolution of multiple species. Herein, discussion 

will  not distinguish between stereoisomers; all rates and selectivities reflect the sum of 

isomers for a given dimer. Cu also shows strong hydrogen production at low potentials 

due to the hydrogen evolution reaction (HER). In addition to Cu, Au and Pt were also 

tested for benzaldehyde-furfural coupling. Consistent with previous work,219 neither Pt 

nor Au show any aldehyde coupling activity, producing only alcohols and hydrogen 

(Figure B.9). The two aldehydes show similar reduction rates on both Au and Pt, with 

Pt generally showing higher activity and a higher onset potential. Au and Pt also 

produce large amounts of hydrogen, which constitutes the major product for both 

metals. Given the lack of coupling products, no further analysis is undertaken for Au 

or Pt.  

Reactivity tests suggest a preference for cross-coupling on the Cu surface. The 

distribution of reduction products on Cu shows a strong potential dependence (Figure 

3.7). At a less negative potential (-0.3 V), benzaldehyde shows slightly higher 

coupling activity than furfural, with self-dimerization rates of 0.86 ˃mol h-1 cm-2 and 

0.72 ˃ mol h-1 cm-2, 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 (Figure 3.6A and B). Note, however, that the 

higher coupling activity for benzaldehyde is relative to furfural, as the cross-coupled 

species represents the predominant product at -0.3 V, with a rate of 1.84 ˃mol h-1 cm-2. 

At -0.3 V, the reduction also shows greater selectivity toward benzyl alcohol 

compared to furfuryl alcohol, with a benzyl alcohol rate of 0.50 m˃ol h-1 cm-2 and no 

detectable furfuryl alcohol. Furfuryl alcohol appears at -0.4 V, although benzyl 

alcohol still retains the higher rate. Faradaic efficiencies (FE) mirror the reactivity 

trends at high potential, with cross-coupling showing the highest FE (Figure 3.7C). 

Decreasing the potential results in a transition from dimers to alcohols as the major 

reduction products (Figure 3.7). Benzyl alcohol becomes the major self-reduction 

product for benzaldehyde at -0.4 V with a rate of 8.32 ˃mol h-1 cm-2 compared to 5.01 

m˃ol h-1 cm-2 for hydrobenzoin. Furfural reduction transitions slightly lower, at -0.5 

V, with rates of 25.8 and 32.2 ˃mol h-1 cm-2 for hydrofuroin and furfuryl alcohol, 

respectively. The shift from dimer to alcohol agrees with the two sequential reduction 

steps suggested for benzaldehyde reduction (Figure 3.1).59,71,147,152 Although co-

production of hydrobenzoin and benzyl alcohol at -0.3 V suggests similar reduction 

potentials for the two steps, as expected from the unresolved peak in the 

voltammograms (Figures 3.6A, 3.6B and B.7). Stepping the potential down (< -0.4 V) 

also results in a transition from benzaldehyde to furfural as the predominant reduction 

reaction, with higher rates and FEs for both the alcohol and dimer species (Figure 3.7). 

This transition agrees with the CV peak at -0.45 V for furfural (Figure 3.6A and B) 

and suggests a more facile reduction for furfural despite its more cathodic onset 

potential. The higher furfural activity contrasts with recent results for aldehyde 
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reduction on Cu particles,40,42 which suggest benzaldehyde reduction rates 

approximately double those of furfural. Although those studies used an 80 mM 

aldehyde concentration, lower pH and 47% isopropyl alcohol co-solvent, and these 

factors could alter relative reduction rates compared to the present study. Dimer 

production rates also increase with decreasing potential, but at a slowing rate, with all 

three dimers showing a maximum rate between -0.5 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 radical concentration due to faster 

reduction of radicals to alcohols. Alternatively, 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 HER onset (Figure 3.7). This 

mechanism, effectively a proton coupled electron transfer followed by an inner sphere 

reaction with adsorbed hydrogen, would also agree with the suppression of furfuryl 

alcohol production by organothiols on Cu reported by Chadderdon et al.132 The 

present data do not provide sufficient evidence to differentiate these two mechanisms. 

Despite the decline in dimerization, the cross-coupled species remains the 

predominant dimer at low potentials, with rates ~ 1.5 times greater than hydrofuroin 

and between 1.5 and 3 times greater than hydrobenzoin (Figure B.10A). Interestingly, 

this strong cross-coupling occurs despite a large difference in benzaldehyde and 

furfural self-coupling rates (Figure 3.7A). The disparity suggests the radicals may 

combine non-stochastically. This non-stochastic coupling is discussed further in the 

modeling section below. At potentials below -0.7 V, alcohol activity begins to slow 

with a concurrent increase in the HER activity (Figure 3.7B and D), suggesting 

competition of the HER with benzaldehyde and furfural reduction. This HER 
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predominance at low potential agrees with previous reactivity studies of furfural 

reduction.47,48 Product FEs on Cu (Figure 3.7C and D) largely parallel the trends in 

reduction rates (Figure 3.7A and B). Overall, Cu shows good total FE, near 80% 

(Figure 3.7D). The low FE for -0.3 V results from a low amount of charge passed. 

Faradaic losses at lower potentials (< -0.3 V) likely result from side reactions of 

benzaldehyde and furfural to produce larger oligomer species. Such electrochemically 

generated oligomers have previously been observed for furfural on Cu,48 and similar 

species have been observed previously for benzaldehyde reduction (see Chapter 2).219 

These oligomer losses suggest practical issues of surface fouling over long time 

periods, which may be exasperated by running at higher concentrations.46,227 It is 

important to note 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 oligomerization selectivities, with FE losses of ~ 20% for benzaldehyde 

reduction219 and 10-30% for furfural reduction.47,132 The similar oligomer losses 

suggest minimal impact of oligomerization on dimerization selectivities or the kratio 

(see below).  
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Figure 3.7: (A) Average reaction rates for the coupled products of furfural and 

benzaldehyde on Cu foil. (B) The corresponding rates for the 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 M NaH2PO4 and 0.25 

M Na2HPO4 (pH 6.7) and was Ar purged before testing. 

Reactivity tests suggest lower cross-coupling selectivity on Pb than on Cu. Pb 

shows a lower onset potential than Cu, with no detectable products until -0.5 V 

(Figure 3.8). To account for this lower onset, the potential window is adjusted, with 

reactions performed between -0.5 and -0.9 V. No significant hydrogen production 

occurs in this region, as expected from the ~ -1.1 V onset observed in the Pb 

voltammogram (Figure 3.6C and D). Similar to Cu, the product distribution on Pb 
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shows a strong potential dependence. At high potentials (Ó -0.6 V), the reduction 

favors dimerization, with slightly higher selectivity toward hydrobenzoin and the 

cross-coupled species over hydrofuroin. This stronger benzaldehyde coupling supports 

the higher reduction onset potential for benzaldehyde in the mixed system inferred 

from the CV data (Figure 3.6C and D). Additionally, the dimer predominance agrees 

with the sequential, one-electron reductions previously suggested for benzaldehyde 

reduction on Pb.59,71,220 The presence of benzyl alcohol at -0.5 V (0.13 ˃ mol h-1 cm-2) 

does suggest similar reduction potentials for the two steps, similar to the reduction on 

Cu, in agreement with the voltammograms (Figure 3.6C and D) and previous 

reactivity studies.71,220 Stepping the potential further down results in a transition from 

benzaldehyde to furfural as the predominant self-coupling reaction, and in the 

predominant reduction path from dimerization to alcohol production. The 

benzaldehyde to furfural transition occurs sharply between -0.6 and -0.7 V, in 

agreement with the -0.63 and -0.68 V reduction peaks observed for benzaldehyde and 

furfural, respectively, in the Pb voltammogram (Figure 3.6C and D). Unlike Cu, cross-

coupling does not remain dominant after this transition. Instead, hydrofuroin becomes 

the predominant dimer product at potentials below -0.6 V, with rates 1.3 to 2.7 times 

higher than the cross-coupled species (Figures 3.8A and B.10B). Benzaldehyde self-

coupling again shows the lowest activity, with rates between one half and one tenth 

those of hydrofuroin (Figure B.10B). The strong hydrofuroin activity suggests that the 

weaker cross-coupling activity does not result from a low furfural radical 

concentration. Instead, the lower cross-coupling activity (compared to hydrofuroin) 

likely results from either a low benzaldehyde radical concentration or a smaller rate 

constant for cross-coupling. The product ratios alone do not provide sufficient 
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information to determine the more likely explanation. However, the stronger 

benzaldehyde adsorption inferred from the CV data (Figure 3.6C 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 likely. All three dimers show a maximum rate with potential, with hydrofuroin 

peaking at a lower potential (-0.8 V) compared to hydrobenzoin and the cross-coupled 

dimer (-0.6 and -0.7 V, respectively).  Note that these maxima represent a higher 

coupling selectivity than Cu. All three dimers show similar maximum FEs, between 

29 and 35% (Figure 3.8C), approximately 10 percentage points higher than the largest 

coupling FE on Cu (Figure 3.7C). At -0.6 V, the dimer species combine for 95% FE, 

highlighting the strong Pb dimerization selectivity at intermediate potentials. Similar 

to Cu, the dimer maxima on Pb coincide with increasing alcohol rates (Figure 3.8B), 

suggesting that the subsequent decrease in dimerization results from greater radical 

consumption by the alcohol pathway. The alcohol rates continue increasing until -0.9 

V, at which point they begin to plateau. This plateau likely results from mass transport 

limitations, as no detectable hydrogen production occurs (Figure 3.8B). Like the dimer 

products, the alcohols 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, reduction FEs on Pb reflect the trends in the rate data (Figure 3.8C 

and D).  Overall, Pb also shows better charge balance than Cu, with total efficiencies 

near 100% for potentials below -0.5 V. The higher total FE suggests less 

electrochemical oligomerization on 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 potentials (-0.4 V and -0.5 V). These low efficiencies could 

result from electrochemical oligomerization similar to Cu. Although, they could also 

result from error due to low rates or loss due to the reduction of trace PbOx on the 

surface. Given the small amount of charge passed at these potentials (< 2 C) and the 

confinement of low FE to high potentials, the latter two explanations appear more 

likely. 
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Figure 3.8: (A) Average reaction rates for the coupled products of furfural and 

benzaldehyde on Pb foil. (B) The corresponding Faradaic efficiencies of 

the coupled products. (C) Faradaic efficiencies for the coupled products 

of benzaldehyde-furfural reduction. (D) The total Faradaic efficiency 

and efficiencies for the alcohols and hydrogen. The phosphate buffer 

consisted of 0.25 M NaH2PO4 and 0.25 M Na2HPO4 (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 potentials. To gain further insight into cross-

coupling selectivity, ratios of the dimer products are compared with those expected 

from a stochastic model. The model assumes coupling upon the encounter of two 

radicals, with a first order dependence for each radical (2nd order overall) and different 
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rate constants for the three coupling reactions. Rate constants may result from either 

coupling energetics or surface diffusion depending on the rate limiting step (Figure 

3.3, see Section 3.3). Unfortunately, the resulting predictions for dimer ratios depend 

on the ratio of ketyl radical species coverages at the Cu surface, which remains 

unknown. Guena and Pletcher220 circumvented this issue by assuming the radicals had 

the same ratio as the reactants. In the present case, however, such an assumption 

seems imprudent given the difference in benzaldehyde and furfural adsorption strength 

suggested by cyclic voltammetry and the spectroscopic data (see below). Fortunately, 

altering the parameter of interest can circumvent this issue. Specifically, radical 

concentration dependence can be removed by taking the ratio of the cross-coupling 

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

herein termed the kratio, represents a geometric average of the relative cross-coupling 

activity compared to furfural and benzaldehyde self-coupling, as in Equation 3.5 

(rewritten here). 
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 (3.5) 

Parameters rCC, rHF and rHB are the rates of formation of the cross-coupled dimer, 

hydrofuroin and hydrobenzoin, respectively, and kCC, kHF and kHB are the rate 

constants of formation of the cross-coupled dimer, hydrofuroin and hydrobenzoin, 

respectively. Equation 3.5 applies generally for a 2nd order coupling of two radicals, 

with the rate constants determined either by the energetics of the radical-radical 

coupling or by the relative diffusion of the reactants (Figure 3.3). Assuming a facile 

coupling step with rates dependent solely on radical concentrations, i.e. a purely 

stochastic coupling (kCC = kHF = kHB), gives a kratio value of two. A model based on a 

modified Smoluchowski approach230,232,234 suggests that a kratio of two also applies for 
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semi-stochastic control based on surface diffusion-reaction under certain 

circumstances (see Section 3.3). Specifically, surface diffusion-reaction approximates 

stochastic control if the radicals have similar diffusivities 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 (see Section 3.3). Note that the 

kratio controls the selectivity of cross-coupling to self-coupling for a given ratio of total 

radical production rates (Figure 3.9A) so that a kratio of two guarantees stochastic 

product selectivities (see Section 3.3). Deviation of the kratio from two, therefore, 

implies deviation from stochastic coupling. At -0.4 and -0.5 V, Cu shows a kratio of 

approximately two (Figure 3.9), suggesting stochastically controlled coupling. 

Reactivity data collected at the most positive potential on Cu and Pb are not included 

in Figure 3.9, as the low absolute production rates of dimers result in large 

uncertainties for their ratios (rCC/rHF). At lower potentials, the kratio on Cu drops, with 

values of approximately 1.4 and 1.6 at -0.6 V and -0.7 V, respectively (Figure 3.9). 

This sharp transition likely results from a change in rate determining step with 

potential. For high potentials, the radical formation (first electron transfer) step is 

likely rate limiting, whereas the coupling step becomes rate limiting at lower 

potentials. The lower kratio at lower potential suggests a relatively lower rate for cross-

coupling compared to that which the stochastically controlled coupling would entail. 

This decrease in the relative cross-coupling rate could result from a smaller cross-

coupling rate constant compared to furfural coupling, benzaldehyde coupling or both. 

Given the larger rate of cross-coupling compared to benzaldehyde coupling (Figure 

3.7A), a smaller cross-coupling rate constant compared to furfural appears more 

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

As a necessary corollary, the less active benzaldehyde ketyl radicals would also show 

lower self-coupling, as observed in the reactivity data (Figure 3.7A). This difference in 

radical activity likely results from a difference in radical binding energy. Recent 

computations have suggested a higher (~ 0.3 eV) binding energy for benzaldehyde on 

Cu compared to furfural.42 Assuming a similar difference holds for the radical species, 

the stronger binding energy for the benzaldehyde species would explain the lower 

reduction activity despite the higher onset potential for benzaldehyde (Figure 3.6A and 

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

coupling activity. 

 

Figure 3.9: (A) Cross coupling selectivity (vs. hydrofuroin) as a function of kratio and 

radical formation ratio for the furfural-benzaldehyde mixtures. The dashed 

lines are selectivities calculated from the mass balance. (B) kratio as a 

function of potential for the reduction of furfural-benzaldehyde mixtures 

on Cu and Pb foils. The kratio is defined as the ratio of the cross-coupled 

dimerization rate to the geometric average of the individual coupling rates 

(Equation 3.4).  The phosphate buffer consisted of 0.25 M NaH2PO4 and 

0.25 M Na2HPO4 (pH 6.7) and was Ar purged before testing. 
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Comparison with a stochastic model suggests the low cross-coupling rate on 

Pb results from a lower cross-coupling rate constant compared to hydrofuroin. Similar 

to Cu, comparison of the Pb dimerization data with a stochastic model allows insight 

into the relative dimerization rates.  Unlike Cu, Pb deviates strongly from stochastic 

control. Below -0.6 V, the kratio is consistently less than two on Pb, with values 

ranging between 1.25 and 0.9 (Figure 3.9). The deviation from two suggests a lower 

cross-coupling rate constant compared to either benzaldehyde of furfural self-

coupling. Similar to Cu, the lower benzaldehyde coupling rate compared to cross-

coupling (Figures 3.9A and B.10B) suggests that the deviation of the kratio from two 

likely results from a lower cross-coupling rate constant compared to furfural coupling. 

The lower rate constant has the same interpretation as for Cu, i.e., furfuryl ketyl 

radicals show greater self-coupling activity compared to coupling with benzaldehyde 

radicals. This interpretation agrees with the stronger hydrofuroin activity on Pb 

(Figure 3.8A). Like Cu, the difference in radical activity likely results from a 

difference in radical binding energy. The lower kratio on Pb suggests a greater 

difference in radical coupling activity and binding energy compared to Cu. This 

greater binding difference agrees with the greater effect of benzaldehyde on the 

furfural CV for Pb compared to Cu (Figure 3.6). Unfortunately, to the authorsô 

knowledge, the binding energies for benzaldehyde and furfural on Pb have not been 

determined experimentally or computationally, preventing a quantitative comparison. 

Qualitatively, however, the difference in aldehyde binding energies on Pb appears 

large given the large difference in coupling selectivities and the furfural peak shift in 

the cyclic voltammogram. The lower coupling activity for benzaldehyde, despite its 

stronger binding energy, suggests that benzaldehyde over-binds on both Cu and Pb, 
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with greater over-binding on Pb. Furfural shows more optimal binding, resulting in 

higher coupling activity. Combined, the two metals suggest that an optimal 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 binding energies on Cu. 

Attenuated total reflection surface enhanced infrared reflection absorption 

spectroscopy (ATR-SEIRAS) 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 surface: first separately, then 

sequentially. Introduction of furfural to the Cu surface results in new peaks 

corresponding to furfural (Figures 3.10A and B.11). The peaks at 1567, 1464 and 1395 

cm-1 correspond to furan ring modes, while the 1667 and 1369 cm-1 peaks correspond 

to the C=O stretching and C-H bending modes of the carbonyl, respectively.239ï241 The 

small peaks at 1667 and 1476 cm-1 correspond to contaminant trans-furfural.239ï241 

Note that all identified furfural bands correspond to in-plane vibrations. Generally, the 

furfural peaks appear close to those of the bulk species (Figures 3.10A, B.11 and 

B.12), suggesting relatively weak furfural adsorption on Cu. Despite the weak 

adsorption, the furfural peak intensities do show a relative change compared to the 

bulk species. Specifically, the carbonyl (1667 cm-1) peak intensity decreases relative to 

the other bands. This decrease occurs relatively slowly (~ 12 min) during furfural 

adsorption (Figure B.11) and suggests a concentration dependent reorientation of 

furfural upon adsorption. Per ATR-SEIRAS surface selection rules,94,105 the intensity 

of vibration modes decreases as their dipole moment becomes more parallel to the 

surface, with no IR absorption for vibrations completely parallel to the surface. For 
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furfural, the selection rules suggest that adsorption results in a C=O bond more 

parallel to the surface than the furan ring vibrations. Further, the decrease of the 

carbonyl peak with time suggests that the C=O 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, resulting in a concurrent 

change in the orientation of the C=O bond (Figure 3.11). This interpretation agrees 

with a study in vacuum suggesting that benzaldehyde undergoes a transition to vertical 

adsorption with increasing coverage on Pd.242 In addition to furfural, a broad peak also 

appears at 1750 cm-1, developing more slowly with time than the other bands (Figures 

3.10A and B.11). Given the peak width and stronger time dependence, the peak likely 

corresponds to oligomer or decomposition products formed by the furfural on the Cu 

surface. Benzaldehyde introduction to the Cu surface results in peaks consistent with 

those previously reported for adsorbed benzaldehyde (Figure B.13).219 Peaks at 1598, 

1584, 1455 and 1310 cm-1 correspond to the ring modes of benzaldehyde.168 The peak 

at 1706 cm-1 corresponds to the carbonyl stretch of bulk benzaldehyde, with a shoulder 

at 1695 cm-1 corresponding to the carbonyl of the adsorbed benzaldehyde 

species.169,190,219 Like furfural, all observed benzaldehyde bands correspond to in-plane 

vibrations. Unlike furfural, benzaldehyde does not show an appreciable change in 

carbonyl peak intensity upon adsorption or with adsorption time (Figure B.13), 

suggesting a similar orientation of the carbonyl and ring modes.  
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Figure 3.10: (A) ATR-SEIRAS spectra collected for furfural on a Cu surface before 

(bottom solid 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 added to achieve a 20 mM 

concentration. All spectra were collected using 64 co-added scans, with 

128 background scans. Backgrounds were collected at -0.2 and -0.3 V 

vs RHE for Cu and Pb, respectively. Phosphate buffer consisted of 0.25 

M NaH2PO4 and 0.25 M Na2HPO4 (pH 6.7) and was Ar purged before 

testing. 

To probe relative binding strengths and co-adsorption effects, benzaldehyde is 

introduced to a furfural covered Cu surface (Figure 3.10A). As expected, 

benzaldehyde peaks appear at 1700, 1598, 1584, 1455, and 1310 cm-1, similar to 

benzaldehyde on Cu (Figure B.13). Note that peak frequencies typically vary by ± 2 

cm-1 between tests. In addition to benzaldehyde peak emergence, furfural carbonyl 

peak intensity decreases with benzaldehyde introduction. Similar to furfural 
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adsorption (Figure B.11), this decrease in carbonyl intensity does not coincide with a 

decrease in any other furfural band, suggesting reorientation, not displacement, of 

furfural. The C-H aldehyde bending peak (1369 cm-1) actually increases upon 

benzaldehyde adsorption. Combined, these changes suggest that benzaldehyde 

adsorption likely causes a similar reorientation as that observed during the adsorption 

of furfural on Cu, forcing the furfural into a vertical adsorption with the C=O nearly 

parallel to the surface (Figure 3.11). The reorientation, rather than displacement, of 

furfural by benzaldehyde suggests only marginally stronger binding for benzaldehyde. 

This slightly stronger benzaldehyde binding agrees with the calculated binding 

energies,42 as well as the negligible effect of benzaldehyde on the furfural 

voltammogram (Figure 3.6A). 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. 

 

Figure 3.11: Schematic representation of the proposed changes in furfural orientation 

on Cu with increasing coverage and benzaldehyde adsorption. 
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Benzaldehyde introduction results in more effective displacement of furfural 

on Pb, suggesting a greater difference in aldehyde binding 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 1369 cm-1 (Figures 3.10B and B.14). The 

carbonyl peak position shows greater variation (± 5 cm-1) than the other furfural peaks 

due to interference from the adjacent water band (Figures 3.10B and B.14). Similar to 

Cu, the carbonyl peak for furfural decreases over time during adsorption (Figure B.14) 

while the other peaks remain nearly constant, suggesting reorientation of furfural with 

increasing coverage. Pb also shows an oligomer/decomposition peak at 1750 cm-1. The 

peak appears larger (relative to the furfural bands) 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 1310 cm-1 (Figure 

B.15). Note that the contribution of the bulk benzaldehyde band (1700 - 1706 cm-1) 

varies between tests (Figures 3.10B and B.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 benzaldehyde spectra on Pb 

also show a broad peak at 1389 cm-1 (Figure B.15). This peak likely corresponds to an 

adsorbed benzoate species, given its similar position and width to benzoate observed 

on Au219 and likely results from reaction of benzaldehyde with trace PbOx on the 

surface. It is important to note here the possible impact of the Au underlayer on the Pb 

spectra. Previous work has shown benzaldehyde adsorption on Au,219 with similar 

peak locations as observed on Pb and Cu. However, two considerations suggest a 

negligible effect of the Au underlayer in the present case. First, the current decay 

observed during plating (Figure 3.2) suggests nearly complete Pb coverage, with 
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minimal Au exposure. Second, the spectroscopic observation of dimer species for the 

Pb film (see below) supports a predominantly Pb surface, as these species do not 

appear on Au spectroscopically219 or in reactivity tests (Figures B.9A and C). 

Combined, these considerations suggest the Pb films represent a Pb surface, with 

minimal interference from the Au underlayer. The main difference between Pb and Cu 

appears upon sequential aldehyde addition. Introducing benzaldehyde to the furfural 

covered Pb surface results in a decrease in the furfural carbonyl band (Figure 3.10B). 

Unlike Cu, however, the other furfural bands also decrease, although not as drastically 

as the carbonyl peak. The 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 surface. This greater binding difference agrees 

with the stronger effect of benzaldehyde on the furfural CV for Pb (Figure 3.6C and 

D) and the lower kratio (Figure 3.9). The stronger benzaldehyde binding also likely 

applies to its ketyl radical intermediate, supporting different radical binding energies 

as an explanation for 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 dimerization rates results from 

different radical binding energies. Further, the increase in the aldehyde binding energy 

difference from Cu to Pb corresponds to a decrease in cross-coupling selectivity. This 

inverse correlation of binding energy difference and cross-coupling selectivity 

suggests over-binding of benzaldehyde (relative to furfural) limits cross-coupling, as 

well as benzaldehyde self-coupling, on both surfaces, with Pb showing greater over-

binding of benzaldehyde than Cu. In short, the combined reactivity and spectroscopic 

data suggest cross-coupling follows a two reactant Sabatier rule, with the difference in 
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aldehyde binding energy controlling the relative rates of cross-coupling and self-

coupling. 

Benzaldehyde shows a greater impact on furfural reduction for Pb than Cu, 

supporting stronger relative benzaldehyde 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 appear at 1505, 1496 

and 1455 cm-1 for the benzaldehyde-furfural mixture (Figures 12A and B.16). 

Notably, the 1455 cm-1 peak does overlap with the benzaldehyde peak at the same 

wavenumber. However, as no other benzaldehyde peaks increase with potential, the 

1455 cm-1 peak largely results from a new species. The peaks at 1496 and 1455 cm-1 

correspond to both hydrobenzoin and benzyl alcohol, as these bands overlap for the 

two species.170 Both peaks have been previously observed for benzaldehyde reduction 

on Cu219 and appear for reduction of benzaldehyde alone (Figure B.17). The peak at 

1505 cm-1 corresponds to a furfural reduction product, as it also appears for furfural 

reduction on Cu (Figure B.18). Given the peak size, and the lack of a peak near 1380 

cm-1 expected for furfuryl alcohol,170 the 1505 cm-1 peak likely corresponds to 

hydrofuroin. This assignment agrees with the spectrum collected for synthesized 

hydrofuroin in acetonitrile (Figure B.19). Importantly, no distinct peak appears for the 

cross-coupled species despite its predominance in the reactivity tests (Figure 3.6A and 

C). The lack of this peak could result from two possibilities. First, the cross-coupled 

species may have a distinct peak between the two individual product peaks which 

remains unresolved. This explanation appears unlikely given its predominance in the 

product distribution. Alternatively, the two moieties of the cross-coupled species may 

have relatively independent vibrational modes, resulting in two peaks for the cross-
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coupled species at nearly identical frequencies as hydrobenzoin and hydrofuroin. This 

explanation appears more likely given the negligible effect of the additional phenyl 

ring on hydrobenzoin peak position compared to benzyl alcohol.170 The spectra 

collected during the co-electrolysis of benzaldehyde and furfural also lack any 

distinguishable feature for benzaldehyde or furfural ketyl radical species (Figure 

3.12A). The lack of radical peaks 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 conditions (pH 4.6).219 Alternatively, the smaller 

difference in aldehyde and radical reduction potentials at higher pH71,220 may play a 

role by limiting the potential window in which radicals predominate. In addition to 

growth in product peaks, the reactant peaks decrease at lower potentials. This decrease 

suggests some mass transport limitations for the spectroscopic cell, as it coincides with 

reduction onset (-0.3 to -0.4 V, Figures 3.8 and 3.12A). Importantly, neither the 

reactant nor product peaks show any shift in position with potential, i.e., a Stark tuning 

effect (Figures 3.12A, and B.16-B.18). The lack of Stark tuning suggests these species 

adsorb outside the inner Helmholtz layer which contains the strong electric field 

required for Stark tuning.107 This layer has been estimated as two to four  thick, 

based on CO Stark tuning rates107,110 and X-ray scattering of cations.172,173 The 

relatively distant adsorption of the benzaldehyde and furfural species suggest 

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 to Cu, but with 

different onset potentials (Figures 3.12B, B.20 and B.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 (Figures 3.12B and B.20). Although weak 

dimer peaks still appear at higher potentials (Figure 3.12B). This cathodic shift agrees 

with the effect of benzaldehyde on the furfural CV (Figure 3.6C and D) and suggests 

stronger competitive adsorption for benzaldehyde species on Pb. The stronger 

competitive adsorption supports greater benzaldehyde over-binding on Pb as the cause 

of lower cross-coupling selectivity, as inferred from the stochastic modeling and 

benzaldehyde displacement data. Importantly, this stronger adsorption remains non-

specific. No detectable Stark tuning occurs on Pb (Figures 3.12B, B.20 and B.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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Figure 3.12: (A) Spectra collected for equimolar benzaldehyde and furfural under 

reduction conditions on Cu. (B) The same, but for a Pb surface. All 

spectra were collected using 64 co-added scans, with 128 background 

scans. Backgrounds were collected at -0.2 and -0.3 V vs RHE for Cu 

and Pb, respectively. The phosphate buffer consisted of 0.25 M 

NaH2PO4 and 0.25 M Na2HPO4 (pH 6.7). The buffer was Ar purged 

before testing. 

3.5 Conclusions 

Effective cross-coupling of benzaldehyde and furfural has been demonstrated 

on Cu and Pb foil. Of the two, Cu shows a higher selectivity toward the cross-coupled 

species, while Pb favors furfural 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 benzaldehyde on furfural reduction for the Pb 

surface, suggesting a larger 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 selectivities.  In particular, the kratio (cross-

coupling rate over geometric average of the self-coupling rates) has been demonstrated 

as a useful parameter to characterize relative dimerization rates independent of 

intermediate concentrations. In situ ATR-SEIRAS spectra show greater furfural 

displacement by benzaldehyde on Pb, 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. Combined, the 

voltammetry, reactivity and spectroscopic data suggest benzaldehyde-furfural cross-

coupling follows a two-reactant Sabatier rule, with the difference in ketyl radical 

binding energy controlling the cross-coupling selectivity of a catalyst. This rule likely 

applies to other cross-coupling systems and the difference in radical binding energy 

may provide a design criterion for further development of cross-coupling catalysts. 
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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 production. To become 

effective alternatives, raw biomass species often require upgrading to improve stability 

and energy density. Electrochemistry provides a promising route for upgrading, easily 

incorporating renewable energy sources. Recent work has demonstrated the effective 

electrochemical upgrading of biomass species.20,40ï43,131,243,244 In particular, biomass 

derived carbonyl species have become increasingly important for investigation.40ï48 

These species represent an optimal biomass upgrading target due to their instability 

and ease of reduction. Of the biomass carbonyls, however, aliphatic ketones have 

received relatively little attention. These species can be readily produced from 

biomass via ketonization of biochemically produced carboxylic acids,245ï248 and their 

alcohols show potential as fuels and solvents. 

Aliphatic ketones have shown ready electrochemical reduction. Reduction 

generally produces the alcohol species,68 although hydrocarbons and dimer species 

have been observed at low pH.249ï255 Despite this ready, and relatively simple 

reduction, these reductions still lack a fundamental understanding. To present 

knowledge, only two studies have probed the fundamentals of aliphatic ketone 

reduction. Bondue and coworkers performed two studies of acetone reduction on Pt 

Chapter 4 
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using cyclic voltammetry. In the first study, they probed the reaction mechanism, 

suggesting conversion of acetone from the enol form before reduction and hydrogen 

inhibition at lower potentials.256 In the follow up study, they investigated facet 

dependence, showing a volcano relationship between reduction rate and facet binding 

energy.257 Finally, Lopez-Ruiz et al cursorily show the effect of carbonyl position, 

with different activities for heptanal, 2-heptanone and 4-heptanone on Pd and Rh, but 

not Cu and Ru (not in the main text, see Figure S4 of that work).42 Despite these 

investigations, a clear lack of fundamental understanding remains for ketone 

reduction, particularly into parameters such as pH, catalyst and ketone structure. 

This chapter seeks to further the understanding of aliphatic ketone reduction by 

investigating the effect of structure on the electrochemical reduction of aliphatic 

ketones. Electrochemical reactivity tests are performed for six ketones on Pb: acetone, 

2-butanone, 2-pentanone, 2-hexanone, cyclopentanone and cyclohexanone, with 

additional tests performed for acetone, 2-butanone and cyclohexanone on Au. The 

reactivity tests show alcohols as the ketone reduction products, with a clear 

dependence of activity on size. Linear ketones show a rate decrease with size, while 

the cyclic species show higher rates and a rate increase with size. Similar Tafel slopes 

suggest a common reduction mechanism for all ketones, with a change in Tafel slope 

at higher overpotential suggesting a mechanistic change. Analysis of effective charge 

transfer coefficients suggests the change in Tafel slope most likely results from 

hydrogen competition at lower overpotential. Rate order and pH dependence 

measurements further support this interpretation. Measured activation parameters 

suggest the rate decrease with linear ketone size results from a smaller pre-exponential 

factor due to a larger carbonyl-electrode distance and smaller orbital overlap. 



 114 

Activation energy measurements suggests a highly localized energy change during 

electron transfer, with ketone size trends resulting from different adsorption energies.  

4.2 Experimental Methods 

4.2.1 Electrochemical Methods 

Electrochemical reactivity tests were performed in a sealed, glass H-cell at 

constant pressure. A balloon was employed to collect gas products. Au and Pb foils 

served as working electrodes (cathode) with a carbon anode and Ag/AgCl (3 M, 

BASi) reference electrode. Reduction potentials were subsequently converted to the 

reversible hydrogen electrode (RHE) and all potentials in this work refer to the RHE 

scale unless otherwise noted. A Nafion 211 membrane separated the anode and 

cathode compartments. Both the Pb and Au electrodes were pre-treated before use. 

Section 4.2.2 outlines the pre-treatment procedure. Reactivity tests were performed 

potentiostatically, using a Solartron SI 1287 (Ametek) or VersaStat3 (Princeton 

Applied Research) potentiostat (Au and Pb tests, respectively). For the Au electrode, 

accurate rate-potential relationships required accurate resistance correction due to the 

large hydrogen evolution current. Resistance was measured using impedance 

spectroscopy and corrected using the Solartron software to give an uncompensated 

resistance of two ɋ. After reduction, the potential was then corrected for this two ɋ 

resistance by subtracting the product of the uncompensated resistance and 

experimental current. Without this correction, Au shows erroneously large Tafel 

slopes (Figure 4.1). After correction, the slopes become comparable to those of Pb. Pb 

generally did not require resistance correction due to the much lower currents. Before 

Pb tests, the foil resistance was measured to ensure a ñnegligibleò reading (< 2 ɋ). 
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Otherwise, the electrode was remade. Concentration and pH dependent measurements 

used the Solartron SI 1287 (Ametek) potentiostat without potential correction. Rates 

did not vary significantly between potentiostats.  

 

Figure 4.1: Effect of resistance compensation for acetone reduction on Au. The blue 

squares represent the reactivity data the without correcting the potential 

for the 2 ɋ uncompensated resistance. The red dotes represent the fully 

corrected data. The line fits correspond to the points in the lower 

potential region for the two set of points. 

Reduction occurred via a three-step process. First, the phosphate buffer 

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

electrode was inserted into the cell and underwent pre-treatment (see section 4.2.3). 

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

same area for each test. The electrode was never submerged below the water level to 

avoid Cu contamination. Resistance was then measured. Subsequently, the ketone was 

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

concentration tests with 0.2 M 2-hexanone, mixing time was increased to 10 minutes 
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to allow for the low solubility. No undissolved droplets were observed for any 

reduction test. Following mixing, Ar was purged through the head space for 

approximately five minutes to remove any hydrogen or air. For the temperature tests, 

this time was decreased to one minute to avoid damage to the Ni wire-electrode 

connection at the higher temperatures. The volatile ketones tended to get underneath 

the Cu tape and disrupt (dissolve) the adhesive. If sufficient ketone got under the Cu 

tape, the tape would loosen, causing high resistance and an artificially low rate. The 

effect was generally worse for larger ketones and at higher temperatures. The smaller 

Ar purge time helped mitigate part of the temperature effect. After purging, the 

electrode underwent a one minute pre-reduction (-0.2 and -0.3, for Au and Pb, 

respectively) followed by a 20 minute reduction.  

Reduction products were quantified following reaction. Liquid products were 

quantified via a calibrated NMR, with dimethylsulfoxide (DMSO) as an internal 

standard. Hydrogen was quantified using a calibrated gas chromatograph. All rates 

were normalized to geometric area. Hydrogen and the alcohol were observed as the 

only products for the ketone reductions on Au and most ketones on Pb. 

Cyclohexanone on Pb deviated. After reduction, large amounts of CO2 were observed 

in some reduction tests. This species may result from light induced decomposition of 

cyclohexanone, a related chemisorbed species or the product of a cyclohexanone and 

PbOx at the surface. Decomposition of cyclic ketones has previously been suggested to 

produce CO and other carbon species.258,259 Analysis by GC also showed other carbon 

products after reduction, likely decomposition species or their further reduced 

products. Neither these products, nor CO2, were observed on for cyclohexanone 

reduction on Au, suggesting a Pb chemisorbed intermediate. Generally, the CO2 
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production did not occur consistently on Pb, with CO2 appearing in ~60% of tests 

below -1.1 V. This inconsistency gives further weight to a light-based mechanism, 

possibly influenced by fluctuation in laboratory light levels.  Further investigation of 

the cyclohexanone decomposition process falls outside the scope of this work. 

Although the process suggests much stronger cyclohexanone binding on Pb, possibly 

chemisorption, and this difference requires consideration in explaining the differences 

between cyclohexanone and the other ketones (see Section 4.3). 

To select reaction pH, an initial pH screening was performed using acetone 

reduction at constant RHE potential (Figure 4.2). The reduction rate increased with pH 

(at constant RHE potential) and a pH of 9.2 was selected for further reduction 

experiments. A high phosphate concentration (1 M Na+) was selected to eliminate 

electrolyte double layer effects and provide effective pH buffering. The pH buffering 

was especially important for Au given the high hydrogen production rates.  The 1 M 

Na+ concentration was generally high enough to have negligible effect on the reaction. 

Halving the Na+ concentration to 0.5 M did not change the acetone reduction rate, in 

agreement with previous measurements on Hg at high pH.70 The effect of ketone 

reduction time was also probed using 2-pentanone reduction at -1.05 V on Pb. This 

reduction proceeded for 40 minutes, with an additional sample collected at 20 minutes.  

The reduction generally showed a similar rate for the two 20-minute reduction 

segments (Table 4.1). The relatively constant rate with time suggests steady state 

operation and that the low Faradaic efficiencies observed at low overpotentials results 

from a steady background process. The process could be either capacitive or fouling 

(see section 4.3.1). 
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Figure 4.2: Effect of pH on the reaction rate for electrochemical reduction of acetone 

on Pb at constant RHE potential. The buffer was Ar purged before use. 

Table 4.1: Effect of Time on 2-Pentanone Reduction at -1.05 V. 

Time 
/min 

Average Rate 
/ɛmol h-1 cm-2 

Charge 
/C 

2-Pentanol FE  

20 2.79 0.76 19.9% 

40 3.58 0.91 21.2% 

 

Capacitance measurements were employed to probe surface adsorption and 

fouling for acetone (see next section). Capacitance measurements used the same cell, 

electrode area and pre-treatment as the electrochemical reactivity tests, but without 

stirring. Potential dependent impedance, Z, measurements were collected at 40 Hz by 

scanning potential scan using a Solartron SI 1287 (Ametek) potentiostat. The 

impedance was subsequently converted to pseudo-capacitance, Cps, using the method 

of Pajossky and coworkers (Equation 4.1).63,260 The variables ɤ, Rs, and Ael are the 

angular frequency (radians), solution resistance and electrode area, respectively. The 

pseudo-capacitance contains real and imaginary components, representing energy 
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(charge) storage (i.e., the ñclassicalò capacitance) and energy loss (from reaction, etc), 

respectively.63 

 ὅ ‫
 

 (4.1) 

4.2.2 Surface Fouling and Pre-treatment 

Ketone reduction shows some fouling of the Pb surface during reduction. 

Pseudo-capacitance measurements for acetone show a dependence on the potential 

range employed, with a decrease in the real part of the capacitance after the electrode 

reaches reduction onset (-0.9 to -1 V) for the first time (Figure 4.3A). The reduction 

onset potential is suggested by the imaginary part of the capacitance which increases 

sharply between -0.9 and -1 V (Figure 4.3B). The drop in real capacitance under 

reduction conditions suggests fouling of the electrode surface by acetone. To test the 

fouling severity, the acetone solution was replaced by pure buffer and subjected to 

reductive and oxidative stripping at -1.3 V and 0.3 V, respectively.  The drop in real 

capacitance remains upon electrochemical oxidation or reduction, suggesting strongly 

adsorbed fouling species. Additionally, the Pb surface would often show discoloration 

after reduction, with greater discoloration for larger ketones and higher temperatures. 
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Figure 4.3: (A) The real component of the pseudo-capacitance of the Pb surface in the 

absence and presence of acetone. (B) The imaginary component of the 

pseudo-capacitance. The capacitance curves in the presence of acetone 

were collected sequentially with decreasing lower potential bounds.  

To mitigate surface fouling, the Pb electrodes were cleaned by pre-treatment in 

nitric acid before testing. The following procedure was performed three times 

consecutively: the Pb electrode was dipped in nitric acid for 5 s, followed by rinsing 

with DI water and drying with compressed air. The nitric acid submersion time was 

increased to 10 s for the temperature dependent tests due to the increased discoloration 

and fouling at higher temperatures. Aqua regia (25% nitric acid, 75% hydrochloric 

acid) could also effectively clean the Pb electrode. Rates were generally similar for the 

two pre-treatments, although the nitric acid showed lower test to test variation and was 

accordingly employed for all further tests. Following the acid cleaning, the Pb 

electrode was reduced via a one minute hold at -0.3 V vs RHE, followed by 20 CV 

(cyclic voltammogram) cycles between -0.4 V and -1.2 V. 

Unlike the Pb electrode, Au did not show significant surface fouling and did 

not require chemical pre-treatment. Reproducible results were obtained by rinsing the 

electrode with DI water, followed by an electrochemical pre-treatment. The 



 121 

electrochemical pre-treatment consisted of a two minute hold at 1.4 V vs RHE, 

followed by a two minute hold at -0.4 V and 20 CV cycles between 0 and -0.4 V. 

4.2.3 Temperature Dependent Measurements 

Temperature dependent reactivity measurements were performed using the H-

cell reactivity assembly (see Section 4.2.1) in a water bath to maintain temperature 

(Figure C.1). Heat was supplied via a hot plate. Temperatures were measured using a 

thermocouple and adjusted manually, as necessary, by altering the heat setting or 

adding ice to the bath. Points were collected between 25 and 50° C in 5° C increments 

for two potentials: -1.05 and -1.15 V. The room temperature measurements (~ 20° C) 

were added to these points to ensure congruity between the potential dependent (room 

temperature) and temperature dependent data sets. Due to the cell design, the reference 

electrode could not be maintained at a temperature separate from reaction solution and 

measurements were collected isothermally, i.e., with the cell and reference electrode at 

approximately the same temperature (part of the electrode protruded from the bath and 

cannot be assumed to have the exact temperature of the bath). Strictly, temperature 

measurements are typically performed under non-isothermal conditions (reference 

electrode at fixed temperature) to allow for constant Galvani potential 

measurements.261,262 The isothermal cell introduces an error into the applied potential 

equal to the redox potential change for the reference couple between the reference and 

operating temperature. The magnitude of this impact depends on the change in the 

reference electrode potential with temperature. To measure this change, a control 

experiment was performed using two Ag/AgCl references electrodes. One electrode 

had a sleeve attached into which water was injected to maintain the reference 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 the 20° electrode serving as the reference electrode. 

The bath temperature was then increased in 5° C increasement and the potential 

difference between the electrodes measured after 30 minutes of equilibration (Figure 

4.4). After an initial decrease, the potential of the Ag/AgCl electrode increases with 

temperature at 0.12 mV K-1. The change in Ag/AgCl potential with temperature has 

been measured as 0.23 mV K-1 for a 1 N NaCl solution.263 Correcting for the Cl- 

concentration difference (assuming ideal solution) gives a value of 0.13 mV K-1, in 

excellent agreement with the presently measured 0.12 mV K-1 (Figure 4.4). This 

temperature effect on the reference electrode is relatively small, with only a 2.4 mV 

change over the temperature range (20 - 50° C), and has accordingly been ignored. 

 

Figure 4.4: Effect of temperature on the reference potential of a Ag/AgCl (3 M) 

reference electrode. The potential difference refers to the reference 

electrode potential at the cell temperature compared to 20° C.   
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A larger error arises in the correction of the RHE potential with temperature. In 

addition to isothermal vs non-isothermal measurement, temperature dependent 

measurements must also select a method for controlling the potential. Generally, two 

main activation energies are relevant for electrochemical systems: 1) the ñidealò 

activation energy, Ea,id, and 2) the ñrealò activation energy, Ea,r.
261,264,265 The ideal 

activation energy is the activation energy measured at constant Galvani potential, ◖. 

To good approximation, a constant Galvani potential occurs for constant potential in a 

non-isothermal cell.266 Here constant Galvani potential is roughly approximated using 

constant potential vs Ag/AgCl (see above). The real activation energy is the activation 

energy at constant overpotential, ́ . For the irreversible ketone reduction, this 

activation energy is unmeasurable. Equation 4.2 shows the relationship between the 

two activation energies.261 The parameters ȹSrc and Ŭ are the entropy change for the 

reaction and the charge transfer coefficient, respectively. Note that this expression 

generalizes the more widely known expression261,264,265 (Equation 4.3) to account for 

proton activity.  It is important to note here that Equation 4.2 applies for a proton 

coupled electron transfer reaction in which the reactant receives both a proton and 

electron to form the product. In this case, the pH dependence for Ea,i results from the 

change in reaction redox potential with pH (proton activity). In this work, it has been 

assumed that protonation occurs prior to or concurrent with the electron transfer, such 

that proton activity affects the thermodynamics of the reduction reaction.   

 Ὁȟ Ὁȟ  Ὁȟ ‌ὝɝὛ ςȢσὙὴὌ (4.2) 

 Ὁȟ Ὁȟ ‌ὝɝὛ  (4.3) 
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Initial temperature tests were conducted at constant SHE potential to evaluate the ideal 

activation energy (Figure 4.5). The reduction rate shows a non-monotonic dependence 

on temperature, increasing with temperature at low temperature (20 ï 30 °C) while 

declining at high temperature (30 -50 °C). This decline likely results from a decrease 

in the overpotential due to the temperature dependence of proton chemical potential 

(the final, right-hand term in equation 4.2). Alternatively, the decline could also result 

from a negative ȹSrc. Unfortunately, ȹSrc remains unknown for the intermediate 

reduction steps of the ketone reduction. However, the entropy change for the overall 

reaction is around -22 J mol-1 K-1 (see Section 4.2.4 for estimation methodology) and 

ȹSrc likely shows a value of similar magnitude. To partially correct the overpotential 

decrease, ketone reduction was performed at constant RHE potential. This constant 

RHE potential serves as a pseudo-real activation energy, correcting for the change in 

proton chemical potential (2.3RTpH) with temperature. Unlike constant SHE, the Ea at 

constant RHE shows a linear slope through the entire temperature range. At -1.05 V, 

the constant-RHE potential activation energy (30.6 kJ mol-1-) was only slight smaller 

than the ideal activation energy in the low temperature range (33 kJ mol-1). The similar 

activation energies suggest Ea at constant RHE offers an effective proxy for the ideal 

activation energy, while maintaining linearity over a larger temperature range. 

Accordingly, constant RHE potential has been employed for all activation energy 

measurements in this work.  
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Figure 4.5: Comparison of Arrhenius plots for acetone reduction between 18° C and 

50° C at constant SHE and RHE potential. 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 pure, liquid ketones were estimated based on the 

Gibbs free energy change from gaseous hydrogen and liquid ketone to the liquid 

alcohol (Equation 4.4). The free energy change was calculated from the heats of 

formation and standard entropies (gas for hydrogen, liquid for ketones and alcohols) of 

the reactants and products. The NIST database170 provided the gas phase hydrogen 

entropy and heats of formation. The database also provided the liquid entropy for all 

ketones and alcohols except 2-pentanol, 2-hexanol and cyclopentanone. Liquid 

entropies for 2-pentanone and 2-hexanone were estimated using the group contribution 

method of Oliveira et al.267 The cyclopentanone liquid entropy could not be estimated 

by this method. Instead, the difference in entropy between the liquid ketone and 

alcohol was estimated using the difference between cyclohexanone and cyclohexanol 

(-27 J mol-1 K-1).  This estimate should provide a reasonable approximation, as ketone-

alcohol entropy differences fall in a narrow range between -25 and -29 J mol-1 K-1. All 
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ketones generally showed similar reduction free energies around -22 kJ mol-1, with 

cyclohexanone slightly lower at ~ -30 kJ mol-1 (Table 4.2). The reaction free energies 

were converted to potentials to estimate standard redox potentials vs SHE. Redox 

potentials vs RHE were obtained with the standard pH correction (-0.059pH). 

 ὅὌὅὕὙὰ   Ὄ Ὣ O ὅὌὅὌὕὌὰ (4.4) 

Activity coefficients (dilute) for the ketones were estimated using the UNIQUAC 

activity model in Aspen Plus. Ketone adsorption energies were based on the work of 

Lust and coworkers.55 Specifically, ketone adsorption energies were calculated using 

the correlation for the air-water interface (Equation 4.5),55 then adjusted to the Pb 

interface. The air interface and Pb electrode generally show similar ȹGad, with a 

constant offset (positive) of ~ 0.5 kJ mol-1.55 The parameter RA represents a function 

of refractive index, nD, molecular weight, MW, and density, ɟ, for the pure ketone, 

shown in Equation 4.6. Strictly, Equation 4.5 applies for linear aliphatic species. 

However, the predicted value of -21.3 kJ mol-1 for cyclohexanol compares well with 

measured values between 20 and 22 kJ mol-1 on Hg and different Sb and Bi facets,56 

suggesting Equation 4.5 also reasonably approximates ring species. Adsorption 

energies were not corrected for electrolyte concentration. This correction is typically 

small, at a few kJ mol-1,55 and has been ignored here. 

 ɝὋ  πȢψὙ ρ ςȢυ ὼ ρπὙ  (4.5) 

 Ὑ  (4.6) 

Note that the calculated ñadsorption energyò really denotes the average energy for 

species in an interfacial region, as opposed to specific or chemisorption, and might be 

better termed ñinterfacial energy.ò However, this work will follow the accepted 

terminology and refer to such interfacial energy as ñadsorption energy.ò Also note that 
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the adsorption free energies of Lust et al55 use the following standard state for the 

ketone: a bulk ketone mole fraction of one and a surface ketone coverage of one. For 

better experimental comparison, these values were converted to a standard state with a 

low surface coverage, using Equation 4.7.268 The interaction parameters, a, were 

estimated by interpolating values for aliphatic ketones on Bi.55 Activation energies 

with a ketone standard state of a dilute (Henry) bulk solution were corrected using the 

bulk activity coefficients, ɔb, as shown in Equation 4.8.268  

 ɝ' ᴼ  ɝ' ςὥὙὝ (4.7) 

 ɝὋ ᴼ  ɝὋ ὙὝὰὲ‎  (4.8) 

 Molecule length for the linear ketones was estimated assuming a completely trans 

configuration with a C-C bond length and angle of 1.54  and 120Á, respectively, for 

trigonal planar bonds, and 1.34  and 109.5°, respectively, for tetrahedral bonds. 

Molecular volumes for the ketones were estimated via the group contribution method 

of Zhao et al.269 From these molecular volumes, dilute diffusion coefficients were 

estimated using the Wilke-Chang correlation.270 Ketone hydraulic radius (in water) 

was estimated from the diffusion coefficients using the Stokes-Einstein relation 

(Equation 4.9). 

 Ὑ  (4.9) 

The parameters kbol, Rhy, D and ́  are the Boltzman constant, hydraulic radius, 

diffusion coefficient and water viscosity, respectively. Table 4.2 summarizes key 

parameters for the ketone species.  
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Table 4.2: Key parameters for the aliphatic ketones. 

Compound 
ȹGred 

/kJ mol-1 

E0
SHE 

/V 

E0
RHE

a 

/V 

ȹGad
b 

/kJ mol-1 
ln(ɔb) 

Diffusivity 

/cm2 s-1 x 1E6 

Rhy 

 / 

Acetone -21.1 0.109 -0.433 -15.9 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 -22.4 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 potential is for pH 9.2. b) The adsorption energy has a standard 

state of pure water in the bulk, pure ketone in the bulk and dilute ketone (Henry 

region) on the surface. 

4.2.5 Reagents and Other 

Acetone (99%) and isopropanol (99%) were obtained from Fisher scientific.  

2-butanone (99%), 2-butanol (99.5%), 2-pentanone (99.5%), 2-pentanol (98%), 2-

hexanone (98%) and 2-hexanol (99%) were obtained from Sigma-Aldrich. 

Cyclopentanone (99%), cyclopentanol (99%), cyclohexanone (99%) and cyclohexanol 

(99%) were obtained from Fisher. All chemicals were used as received. Double 

deionized, distilled (DI) water was obtained using a water purification system 

(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 sodium phosphate monobasic (Fisher) and sodium 

phosphate dibasic (Sigma-Aldrich) in appropriate ratios. pH 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%) was obtained from Matheson. Aqua regia was 
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made from a 3:1 mixture of HCl (Fisher) and HNO3 (Fisher), respectively. The same 

HNO3 was used for electrode cleaning. 

Nafion 211 membranes were obtained from the Fuel Cell Store and treated 

before use. The treatment consisted of a soak in 5% hydrogen peroxide at 60 °C for 

one hour, followed by one hour in DI water at 60 °C, then DI water over night. After 

treatment, membranes were rinsed and stored in DI water. Graphite rods were 

purchased from the Graphite Store and pre-treated by a two-hour sonication to remove 

loose carbon. The Pb and Au electrodes consisted of foils connected to Ni wire. Au 

and Pb foils were attached to the Ni wire using Cu tape, which was then covered with 

Teflon tape to limit water vapor interaction. The foils had geometric areas of 1 and 

0.84 cm2 for Pb and Au, respectively. The Cu tape connection always remained above 

the liquid level during testing to avoid Cu contamination. The foil-wire connection 

was replaced when loose. Au (99.99%) was obtained from Alfa-Aesar. Pb (99.95%) 

was obtained from Goodfellow 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 tests show effective reduction of aliphatic ketones 

on Pb and Au electrodes. Reactivity tests were performed for acetone, 2-butanone, 2-

pentanone, 2-hexanone, cyclopentanone and cyclohexanone on Pb foil, and acetone, 2-

butanone and cyclohexanone on Au foil. Pb and Au tests employed potential ranges of 

-1 V to -1.3 V and -0.5 V to -0.8 V, respectively, vs. the reversible hydrogen electrode 

(RHE, all potentials in this work are relative to the RHE potential unless otherwise 
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noted). Alcohols constituted the only ketone reduction product for both metals, with 

no other species detected via NMR. Although cyclohexanone shows some additional 

hydrocarbon species, likely as a result of partial decomposition at the Pb surface (see 

Section 4.2.1). Au did not show these additional products. Further investigation of this 

decomposition falls outside the scope of this work, but it does represent an important 

consideration in the interpretation of differences between cyclohexanone and the other 

ketones (see below). Hydrogen also appears for all ketones at potentials below -1.10 V 

as a side product of the hydrogen evolution reaction (HER). The sole alcohol product 

for the ketones contrasts with the acetone dimerization previous reported for Hg in 

base (1 M NaOH),70 likely due to the lower overpotential or higher concentrations (> 

0.7 M) of those tests. Previous studies have also reported hydrocarbon products for 

various catalysts,249ï255 including Pb, but at much lower pH values (pH 0-1) than those 

employed here. Faradaic efficiencies (FEs) for ketone reduction vary with both the 

ketone and potential applied (Figure C.2) on Pb. Ketone FEs generally increase with 

potential up to a maximum value. This maximum varied between ketones from ~ 

100% for acetone and cyclopentanone to ~ 40% for 2-hexanone. Maximum total FE 

trends generally mirrored those in ketone FE, increasing with potential and ketone 

reduction rate. Little hydrogen appears as a side product on Pb. Although it still 

constitutes an important fraction of FE for 2-pentanone and 2-hexanone reduction at 

high potential (low overpotential) due to low alcohol production rates. The absolute 

rate of hydrogen production is generally similar for all ketones (Figure C.3).  No 

hydrogen was detected at potentials above -1.10 V for any ketone on Pb. Before 

discussing Au, the low alcohol and total FEs at low overpotential require attention. As 

FE generally increases with current and ketone activity, the low FE at low 
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overpotential likely results from the relatively small current of these tests (as low as 

300 ˃ A cm-2 for 2-hexanone at -1 V) compared to a background current. This 

background current likely results from either a capacitive current or surface 

fouling/poisoning process for the ketones. Au shows much lower ketone FEs (< 1%) 

than Pb (Figure C.4). Hydrogen constitutes the major product on Au, with FEs > 80%. 

The total FE is similarly high, with much larger current densities (up to an order of 

magnitude) further supporting low current density as the reason for the low FEs on Pb. 

 

Figure 4.6: Tafel plots for the reduction of aliphatic ketones on (A) Pb and (B) Au. 

The phosphate buffer was purged with Ar before use. The rate refers to 

the ketone reduction rate and has units of ˃mol h-1 cm-2
. 

Ketone reactivity data suggests a strong effect of ketone structure on reduction 

activity. The reduction rates of the aliphatic ketones show clear structural trends 

(Figure 4.6). On Pb, reduction rate decreases with size (chain length) for the linear 

ketones (Table 4.3 and Figures 4.6A, C.5 and C.6). Importantly, however, this 

decrease does not occur uniformly with each additional carbon added. Instead, the 

reduction rate drops sharply from acetone to 2-butanone, with smaller decreases for 2-
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pentanone and 2-hexanone (Figure 4.6 and Table 4.3). A similar rate decrease with 

size (hydraulic radius) has been observed for the electrochemical oxidation of 

quinones,271 ferrocene derivatives,272 1,4-Phenylenediamines273  and anthracene 

derivatives,274 for species above a critical size. Those decreases were suggested to 

result from non-adiabatic effects on the rate constant due to a decrease in average 

orbital overlap with increasing radius. A similar explanation likely explains the current 

data and will be explored further in Section 4.3.4. The cyclic species show higher rates 

than the linear species (Table 4.3 and Figures 4.6A, C.5 and C.6) and an opposite 

trend in activity with size, with the rate increasing from ~ 28 ˃ mol h-1 cm-2 for 

cyclopentanone at -1.1 V to ~ 121 ˃ mol h-1 cm-2 for cyclohexanone (Figure C.5). This 

deviation may result from a difference in binding orientation or adsorption strength for 

the cyclic species compared to the linear species. Alternatively, the higher 

cyclohexanone rate may result from greater specific adsorption, as evidenced by the 

cyclohexanone decomposition on Pb (see Section 4.2.1). Au shows similar ketone 

activity trends as Pb (Figures 4.6B and C.6B and Table 4.4), with the rate increasing 

as 2-butanone < acetone << cyclohexanone, and the 2-hexanone rate undetectable. 
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Table 4.3: Tafel slopes and intercepts for ketone reduction on Pb. 

 
Low Overpotential High Overpotential 

Compound Slope Intercept Slope Intercept 

Acetone -0.097 -0.98 -0.205 -0.84 

2-Butanone -0.096 -1.02 -0.204 -0.92 

2-Pentanone -0.103 -1.03 -0.205 -0.95 

2-Hexanone -0.094 -1.04 -0.197 -0.98 

Cyclopentanone -0.097 -0.96 -0.205 -0.81 

Cyclohexanone -0.144 -0.79 -0.321 -0.48 

 

Table 4.4: Tafel slopes and intercepts for ketone reduction on Au. 

 
Low Overpotential High Overpotential 

Compound Slope Intercept Slope Intercept 

Acetone -0.098 -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 similar reduction mechanisms for all ketones. 

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

with nearly identical Tafel slopes (Tables 4.2 and 4.3 and Figures 4.6 and C.7). The 

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

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

equilibrium, the Tafel slope occurs at constant ketone surface chemical potential, s˃, 

as shown in Equation 4.10. 
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 ὦ
 

 (4.10) 

The variables b, E and r are the Tafel slope, electrode potential, and reduction rate, 

respectively. The negative sign defines the Tafel slope as its magnitude for the 

cathodic reaction. Both Pb and Au show ketone Tafel slopes of ~ 100 mV dec-1 at low 

overpotential (E > -1.1 V), with a transition to ~ 200 mV dec-1 at high overpotential (E 

< -1.1) (Tables 4.3 and 4.4 and Figures 4.6 and C.7). Cyclohexanone on Pb deviates 

slightly, with 50 - 60% larger Tafel slopes of 144 mV dec-1 and 320 mV dec-1 for low 

and high overpotential, respectively. The larger ketones on Pb (2-hexanone, 

cyclopentanone and cyclohexanone) also show an additional sharp increase in Tafel 

slope below -1.2 V, likely due to mass transfer limitations. Alternately, the drop may 

result from surface fouling reducing reactant access to the surface, producing a result 

similar to mass transfer limitation. These ketones tended to show the greatest surface 

discoloration and fouling (see Section 4.2.2). In either case, the sharp decline has been 

excluded in the following analysis of Tafel slopes. Comparison of the observed Tafel 

slopes with theoretical values can provide insight into mechanisms and rate 

determining steps (RDS). For ease of use, the Tafel slopes also can be converted to 

effective charge transfer coefficients (CTCs), Ŭeff, for comparison (Equation 4.11). The 

effective CTC represents the combined charge transfer coefficient for the RDS and 

any preceding equilibrium steps. The effective CTC generally offers a more 

convenient variable for derivations based on mechanisms.  

 ‌
Ȣ

  (4.11) 

The ketone Tafel slopes of ~ 100 mV dec-1 and ~ 200 mV dec-1 give Ŭeff values of 0.59 

and 0.29, respectively. Cyclohexanone shows slightly smaller Ŭeff values of 0.4 and 

0.22, for low and high overpotential, respectively. In additional to Ŭeff values, the 
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change in Tafel slope (and Ŭeff) at -1.1 V also suggests a change in reaction 

mechanism or rate determining step. Accordingly, any reaction schemes 

(combinations of mechanisms and RDS) considered should explain both the Ŭeff values 

and the change in Ŭeff. The mechanism for electrochemical ketone reduction has 

generally been suggested as similar to aldehydes (see Chapters 2 and 3): two, one-

electron transfers with a ketyl radical intermediate68,69,254,255,275 (Figure 4.7). An 

alternative mechanism involving a Hg-Na species has been suggested for reduction on 

Hg at high pH.70 However, that conclusion was based on a Na+ concentration 

dependence which could have also resulted from a radical mechanism with a Na+ 

conjugated radical. Reduction via chemical reaction with adsorbed hydrogen has also 

been suggested for Pt,257 but this mechanism appears unlikely on Pb given the low 

hydrogen surface activity. In the present case, a radical reduction mechanism appears 

the most likely on Pb and Au. Note that the similar Tafel slopes on Pb and Au suggest 

a common mechanism, so that reaction with surface hydrogen likely does not play a 

significant role on Au either.  
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Figure 4.7: Proposed reaction mechanism for the electrochemical ketone reduction. 

Interpreting the effective CTCs in terms of the reduction mechanism (Figure 4.7) 

suggests two key conclusions. First, no chemical step, such as protonation, acts as the 

RDS, as neither CTC (0.59 or 0.29) approaches the whole number (one or two) 

required. Additionally, the weak reduction dependence on pH at constant SHE 

supports the lack of a protonation RDS (see below). Second, the decrease in effective 

CTC suggests a transition in RDS to a step earlier in the process. This conclusion 

easily results from the expression for Ŭeff. Assuming a pseudo-equilibrium (Nernst) for 

steps preceding the RDS and a potential independent adsorption, Equation 4.12 gives 

the effective CTC as the sum of the CTC for the RDS, ŬRDS, and the number of 

preceding equilibrium steps, neq. 
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 ‌ ὲ ‌  (4.12) 

If a step occurs earlier in the reduction sequence (Figure 4.7), it would have a smaller 

number of preceding equilibrium steps (neq) and, correspondingly, a smaller Ŭeff. Using 

these two insights as a guide, the radical mechanism allows for three plausible 

explanations for the Tafel slope transition. First, the 1st electron transfer could 

constitute the low overpotential RDS. The Ŭeff of 0.6 for the low overpotential region 

(E > -1.1 V) appears close to 0.5 and may suggest the 1st electron transfer as the low 

overpotential RDS. However, this RDS would disagree with the 2nd guideline above, 

as no electrochemical step exists prior to this step. It is possible that the RDS at higher 

overpotential (E < -1.1 V) consists of a potential dependent adsorption, providing a 

potential dependent step prior to the first electron transfer. However, this proposition 

appears unlikely, as adsorption activation energy would more likely increase (more 

positive) with overpotential, producing a negative Tafel slope (in the notation of 

Equation 4.10) and a rate decrease with negative (cathodic) potential. The free energy 

of adsorption (equilibrium), ȹGad, generally becomes more positive for neutral organic 

species as the potential deviates cathodically from the potential of zero charge 

(pzc).276ï279 This change in adsorption energy (surface chemical potential) with 

potential (at constant coverage) has been termed the electrosorption valency or partial 

charge transfer coefficient,277,279ï281 ɔad, as given by Equation 4.13.  

  Ὂ‎  (4.13) 

Cs and s˃ are the surface concentration (mol/area) and surface chemical potential, 

respectively, of the adsorbed ketone. The electrosoprtion valency generally decreases 

(more negative) with cathodic deviation from the pzc,277 becoming negative at large 

deviations and resulting in less effective adsorption. Note here that a negative ɔad 
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produces less effective adsorption as the potential difference is negative, i.e., dE < 0 

and dGad = ɔaddE (for constant Cs). Assuming an adsorption activation energy 

proportional to equilibrium adsorption energy (Equation 4.14), the activation energy 

would also increase with more negative potential, resulting in slower adsorption. 

 ɝὋᶻ ‌ ɝὋ  (4.14) 

Concurrently, the increase in adsorption energy (more positive) with cathodic potential 

would produce a negative Ŭeff. This negative Ŭeff would make a transition in the RDS 

from the 1st electron transfer to adsorption an unlikely explanation for the change in 

Ŭeff. An alternate explanation comes in the second reaction scheme with a transition 

from a 2nd electron transfer RDS at low overpotential to a 1st electron transfer RDS at 

high overpotential. At first appearance, this sequence appears unlikely, as it would 

require a negative value of ŬRDS at low overpotential. However, the mechanism 

becomes more viable after accounting for the effect of potential on adsorption. As 

discussed above, adsorption free energies typically increase (more positive) with 

cathodic potential for neutral, non-specifically adsorbed species, decreasing surface 

concentration. This decrease in Cs produces a decrease in rate with overpotential for a 

typical electrochemical rate expression (Equation 4.15) (see Section C.2.1) assuming 

either: 1) similar activity coefficients for the reactant, ɔs, and transition state, ɔ*, or 2) a 

similar potential dependence for the reactant and transition state activity coefficients. 

The 2nd condition holds for congruent isotherms,280 i.e., where adsorption isotherms 

are parallel with respect to potential. Both criteria should hold at low coverages 

(Henry range), where surface activity coefficients approach one and isotherms become 

congruent.280  In the case where either condition holds, Equation 4.16 gives the effect 

of the concentration potential dependence on the effective CTC (see Section C.2.1). 
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The parameters RO and Ach are the reaction rate order (with respect to bulk 

concentration) and the pre-exponential factor, respectively. Note that the rate order 

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

 ὶ ὃ
 
ᶻὩ  (4.15) 

 ‌ ὲ ‌ ‎ Ὑὕ (4.16) 

Equation 4.16 shows that the effective CTC will likely decrease due to surface 

concentration effects, given the expected negative electrosorption valency. 

Importantly, however, the viability of the second reaction scheme requires a certain 

size decrease in the effective CTC due to ɔad.  For the 2nd electron transfer to offer a 

reasonable assignment for the first RDS, the electrosorption valency must be 

sufficiently negative to produce reasonable estimates for ŬRDS. Specifically, for a ŬRDS 

between 0.3 and 0.6, the electrosorption valency must fall between -0.71 and -1, given 

the first order reaction (see Section 4.3.2). Such values appear large, but still possible. 

Unfortunately, little data exists to estimate the electrosorption valency of aliphatic 

ketones and its potential dependence, particularly on Pb. As a rough approximation, 

the electrosorption valences are estimated using aliphatic species on Hg.277 Based on 

this data, electrosoprtion valences generally fall around 0.05 at the pzc, with a 

potential dependence (dɔad/d(E-Epzc)) between -0.3 and -0.7 V-1. Estimating the Pb pzc 

based on acetone capacitance measurements (Figure C.8) gives a value of ~ -0.1 V 

(between -0.1 and 0 V given the shallow minimum) in agreement with the ~ -0.6 V vs 

SHE (-0.057 V vs RHE at pH 9.2) previously observed for Pb.55 Correcting the 

electrosorption valency for potential gives values between -0.25 and -0.6 for the low 

overpotential region (E > -1.1 V), and between -0.3 and -0.7 for the high overpotential 

region (E < -1.1 V). Only the higher values of these ranges come close to the value 
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required for the low overpotential region. Inserting the higher ɔad values into Equation 

4.16 gives CTCs of 0.2 and 0.8 for the 1st and 2nd electron transfers (low and high 

overpotential RDS), respectively. Both values are feasible, but relatively extreme and 

the difference between them appears large given the similar species involved. For low 

overpotential, the 1st electron transfer RDS of the first reaction scheme (see above) 

appears a more reasonable explanation for the effective CTC of ~0.6. However, as 

discussed above, this mechanism fails to account for the transition to a smaller Ŭeff at 

higher overpotential. Clearly, neither reaction scheme provides a satisfactory 

explanation. A third alternative to explain the Tafel slope change is a 1st electron 

transfer RDS at low overpotential, with the Ŭeff change caused by competition with 

adsorbed hydrogen at higher overpotential. Similar to the adsorption correction, the 

hydrogen emergence would decrease the surface concentration (coverage) of ketone, 

decreasing the rate and Ŭeff. The exact relationship can be obtained using a modified 

Frumkin isotherm. Note that aliphatic species generally follow Frumkin isotherms.55 

Assuming hydrogen competition influences the ketone only by site/surface blocking, 

the Frumkin isotherm can be modified by correcting the maximum ketone coverage, 

ɗmax, for the hydrogen coverage, ɗhy, as shown in Equation 4.17, where ɗmax is given 

by 1 ï ɗhy. ɗ is the ketone surface coverage, defined by the ratio of Cs to maximum 

surface concentration, Cs,max. 

 Ὡ
Ȣ Ⱦ

 Ὡ ὅ (4.17) 

Assuming hydrogen adsorption follows a Nernst equilibrium (low coverage), Equation 

4.18 gives the corrected Cs potential dependence for this competitive adsorption (see 

Section C.2.1). Equation 4.19 gives the new Ŭeff expression. 
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 ‎   ‎ Ὑὕ (4.18) 

 ‌ ὲ ‌ ‎ Ὑὕ  (4.19) 

Equation 4.19 suggests the emergence of hydrogen decreases Ŭeff, as expected. The 

magnitude of this decrease depends on the relative hydrogen coverage. For a low 

ketone coverage of 5%, a 20% hydrogen coverage would decrease Ŭeff by 0.25, close 

to the experimental change of 0.3. Additionally, these coverage values generally agree 

with the lower rate order observed at higher overpotential (see below). Importantly, 

however, for hydrogen competition to reasonably explain the change in Ŭeff, the 

electrosorption valency must have a relatively small magnitude. Otherwise, ŬRDS at low 

overpotential will have a value too large for a one electron transfer. For example, if ɔad 

has a value of -0.6, Ŭrds would be approximately one at low overpotential, a value 

closer to a chemical RDS. The RDS at low overpotential could consist of a chemical 

step. However, as noted previously, this RDS appears unlikely given the small pH 

dependence of the reaction rate (see below). The small magnitude required for the 

electrosorption valency seems to disagree with the relatively large magnitudes (-0.3 to 

-0.7) estimated above. However, it is important to note that those estimates are based 

on different species adsorbing at a different metal electrode. Additionally, despite the 

requirement of small (magnitude) electrosorption valencies, ɔad may still contribute to 

the change in Ŭeff with potential. The electrosorption valency may become more 

negative due to the potential change or onset of hydrogen adsorption, decreasing the 

effective CTC further than hydrogen inhibition alone.  An additional issue with the 

hydrogen competition scheme arises in the reduction on Au. Au shows nearly identical 

Tafel slopes to Pb, but much high HER rates, possibly suggesting a higher hydrogen 

coverage. However, the higher Au rates do not necessarily require higher hydrogen 
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coverages and Au could still show a large change in hydrogen coverage with potential. 

Site differentiation could also play a role, with an increase in hydrogen adsorption 

blocking ketone active surface area, as opposed to the entire surface. The coverages in 

Equations 4.17-4.18 refer to areas of ketone adsorption. Combined, the small 

electrosorption valency required (magnitude) and Au-Pb HER activity difference cast 

some doubt on the hydrogen competition explanation for the Tafel slope change. 

Generally, none of the three proposed RDS schemes offer a fully satisfactory 

explanation for the two observed Tafel slopes. This ambiguity highlights the difficulty 

in using Tafel slope for mechanistic/RDS identification, as discussed by other 

authors.282 Out of the three, however, hydrogen competition appears the most likely, 

given its reasonable estimate for the change in Ŭeff. It also receives further support 

from RO and pH measurements. Specifically, the change in rate order and pH 

dependence with overpotential (see below) both suggest hydrogen adsorption plays a 

key role at higher overpotentials and would also affect the Tafel slope. It 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, hydrogen may 

continuously adsorb and desorb from the surface, but the average coverage will likely 

increase with more negative potentials and higher cathodic currents. Here, this 

increase in hydrogen coverage has been assumed to affect ketone reduction by 

decreasing the maximum surface 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 reduction. Effectively, the adsorbed hydrogen species 

would alter the local electronic structure of the surface making a fraction less, or even 

inactive, for ketone reduction. This ñarea blockingò interpretation would produce 
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similar mathematics to the decrease in maximum ketone coverage. The similarity 

makes distinguishing between the two interpretations unfeasible with the present data. 

For simplicity, this work assumes that hydrogen alters the surface by decreasing the 

maximum ketone coverage, with similar results expected for a decrease in active area. 

An additional alternative to all three RDS schemes also exists in the form of an 

organo-Pb mediated mechanism (Figure C.9). In this mechanism, the ketone would 

first react with Pb atoms at the surface, via partial charge transfer, to form a keto-Pb 

species. This species would then undergo two reductions to form radical-Pb and 

alcohol-Pb species, followed by a partial charge transfer and desorption. This Pb 

mediated mechanism produces a similar Tafel slope expression (Equation 4.20) as 

adsorption-reaction, as the partial charge transferred to form the Pb-ketone species, ŭ, 

acts identically to the combined effects of adsorption and the one electron transfer in 

the radical mechanism (see above). Note that for this mechanism, neq may not 

necessarily equal a whole number given the possibility of partial charge transfer. 

 ɻ ‏ ὲ ‌  (4.20) 

This mechanistic similarity makes evaluating the plausibility of this pathway difficult. 

Organo-Pb species have been suggested for acetone reduction on Hg and Pb at low pH 

(1.55) as precursors to propane,254 but not for reduction at high pH on Hg.70 More 

likely, the keto-Pb species represent a poisoning species or less active alternative 

pathway to the main radical reduction mechanism. Similar fouling species have been 

observed spectroscopically for furfural reduction on Pb (see Chapter 3).283 Further 

spectroscopic experiments may also help elucidate the role of the keto-Pb compounds 

in the present case. Generally, 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 the 200 mV dec-1 Tafel slope 

does not result from mass transport limitations, but may be impacted by surface 

poisoning.  In addition to the mechanisms above, other considerations may also cause 

the ~ 200 mV dec-1 Tafel slope at high overpotential (E < -1.1 V). Some authors 

suggest that such large slopes result from mass transport limitations.282 While large 

Tafel slopes can result from mass transport limitations, three considerations suggest 

that mass transfer does produce the ~ 200 mV dec-1 Tafel slope in the present case. 

First, the strong linearity of the Tafel plot at high overpotential (-1.2 V < E < -1.1 V) 

makes mass transport limitations unlikely. While 2-hexanone, cylopentanone and 

cylohexanone show a sharper drop in rate, acetone, 2-butanone and 2-pentanone show 

strong linearity over a large (200 mV) potential span. The 2-hexanone, cyclopentanone 

and cyclohexanone slopes (high overpotential) show the same value as these species 

and good linearity over a 100 mV range (-1.1 V to -1.2 V). The Tafel slope (at a 

specific potential) for a mass transfer limited reaction can be derived from the 

irreversible Koutecky-Levich equation (Equation 4.21) as shown in Equation 4.22 (see 

section C.2.2). 

  (4.21) 

 ὦ  
Ȣ

ρ  
Ȣ

ρ   (4.22) 

The parameters ik, iL and Ŭec are the kinetic current (i.e., current at bulk concentration), 

the mass transfer limited current and the effective electrochemical charge transfer 

coefficient, respectively. The effective electrochemical CTC, Ŭec, represents the 

combined transfer coefficient for all electrochemical steps and adsorption. k0 is the 

rate constant at the selected reference potential, Er. To achieve the high overpotential 
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Tafel slope of ~200 mV dec-1 from the low overpotential slope of ~ 100 mV dec-1, the 

kinetic rate (current) must equal the mass transfer rate, i.e., ik/i l = 1. Additionally, in 

order to maintain linearity, this ratio must remain approximately constant over a 200 

mV range. Such a proposition appears unlikely given the large change from -1 V 

to -1.1 V required to induce the mass transport limitation. Indeed, attempting a fit of 

the irreversible Koutecky-Levich to the high overpotential acetone data shows a 

relatively poor fit (Figure 4.8). The fit is obtained by minimizing the squared residual 

of the curve for all potential-current points. Note that only the higher overpotential 

points are shown for clarity. The mixed transport-kinetic control reproduces the 

correct slope of 200 mV dec-1 on average, but with much stronger curvature than 

experimentally observed. This poor fit suggests mass transport limitations cannot 

explain the linear 200 mV dec-1 Tafel slope at higher overpotential. Although these 

limitations may play a role in the much steeper drop in Tafel slope for 2-hexanone, 

cyclopentanone and cyclohexanone at potentials below -1.2 V.  
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Figure 4.8: Fit of acetone high overpotential data to a mixed mass transport-kinetic 

model. The solid blue curve shows the fit of the experimental data (red 

dots) to the model. This fit assumes the electrochemical process 

continues with the same 97 mV dec-1 Tafel slope as in the low 

overpotential region. The lower overpotential points have been removed 

for clarity. The dashed lines represent linear fits to the experimental data 

(Exp) and mixed mass transport model (MMT) (the solid blue curve). 

The rate has units of ˃mol h-1 cm-2
. 

The second piece of evidence against a mass transport interpretation of the 200 mV 

dec-1 slope is the general consistency of both the Tafel slope and the ñbendò potential 

(i.e., the potential where the Tafel slope transitions) among all ketones. The ketones 

generally show similar mass transport properties. Estimating diffusion coefficients via 

the Wilke-Chang correlation270 (Table 4.2) suggests a less than 41% variation, with 

acetone and 2-hexanone showing the largest (1.62 x10-5 cm2 s-1) and smallest (1.15 

x10-5 cm2 s-1) diffusion coefficients, respectively.  Additionally, the nearly identical 

hydrodynamic environments (stir rate, etc.) should largely eliminate hydrodynamic 

effects. The small variation in mass transfer coefficient, i.e., some power of the 

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

ketones with orders of magnitude different rates. Take, for example, 2-pentanone and 
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acetone. The two species have nearly identical Tafel slopes, but, from the low 

overpotential window, have rate constants 0.79 decade apart (at -1.05 V). More 

specifically, acetone has a rate ~87% larger than 2-pentanone, while it has a diffusion 

coefficient only 28% larger. Assuming a mass transport coefficient proportional to the 

diffusion coefficient, Equation 4.22 suggests that these species should not have the 

same Tafel slope. The disparity grows even further when comparing cyclohexanone 

and 2-hexanone, a nearly 39-fold rate increase (at -1.11 V) compared to a negligible 

7% change in diffusivity. The ~ 62% increase in Tafel slope (-1.1 V > E > -1.2 V) 

cannot account for this massive difference in the ratio of kinetic and mass transport 

rates, suggesting mass transport limitations do not apply. Similar conclusions stem 

from analysis of the ñbendò potential. This potential, where the Tafel slope changes, 

should occur at a roughly constant ratio of kinetic and mass transfer rates (ik/iL), likely 

where ik = iL. Rearranging the Koutecky-Levich expression (Equation 4.21) shows that 

the current where this transition occurs depends on the mass transport rate, as shown 

in Equation 4.23.  

 Ὥ Ὥ
 

 (4.23) 

This expression (Equation 4.23) suggests a clear linear trend between the limiting 

mass transport current and the current at which the bend occurs. The ketones do not 

generally follow this trend (Figure 4.9), assuming a mass transport coefficient 

proportional to diffusivity.  
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Figure 4.9: Relationship between reduction rate and diffusivity for ketone reduction on 

Pb at the ñbendò potential (-1.1 V).  

The larger, linear ketones (the three smallest rate points) do show a linear trend. 

However, this trend likely results from a correlation between ketone size and the pre-

exponential factor, as discussed in Section 4.3.4.  For mass transfer limitations, all 

ketones should follow the same relation between ñbendò current and mass transport 

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

suggests mass transport does not significantly limit the rate (for the 200 mV dec-1 

slopes). The ñbendò potential also fails to follow the expected mass transfer 

limitations. The potential at which the bend occurs should vary depending on species 

reactivity, given similar mass transport rates. Essentially, more reactive species should 

encounter mass transfer limitations at lower overpotentials, if the mass transport rate is 

roughly constant across species. The ketones do not follow this pattern, with a nearly 

constant ñbendò potential, despite large variations in rate. This congruity of the ñbendò 

potential further supports negligible mass transport limitations. Combined, the ñbendò 

potential analysis and congruity in Tafel slope, suggest that mass transport does not 
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produce the 200 mV dec-1 Tafel slopes. The final piece of evidence against a mass 

transport interpretation comes from the difference in reaction rate ranges between Pb 

and Au for the high overpotential (200 mV dec-1 slope) region. Given the similarity in 

hydrodynamic conditions for the Au and Pb tests, both metals should show similar 

mass transport limitations, producing similar Tafel slopes and reaction rates. As 

expressed in Equation 4.22, the relative Tafel slope depends on the ratio of kinetic and 

mass transfer rates (ik/iL). Similar Tafel slopes require similar ik/iL ratios. 

Rearrangement of the Koutecky-Levich equation (Equation 4.24) shows that this ratio 

depends entirely on the ratio of the overall rate to mass limited rate (i/i L).  

  (4.24) 

Accordingly, similar Tafel slopes should only occur within similar ranges of the 

reaction rate relative to the limiting rate. For the two metals, with similar 

hydrodynamic regimes and identical reacting species, the 200 mV dec-1 Tafel slope 

should occur over the same range of reaction rates. A quick comparison shows this 

requirement does not hold. For acetone, 2-butanone and cyclohexanone, reduction 

rates at the ñbendò potential (intersection of low and high overpotential, -1.1 V for Pb, 

~ -0.6 V for Au) are approximately four times higher on Pb. This x4 difference 

appears larger than any reasonable difference in hydrodynamic effects and suggests 

that mass transport does not contribute to the 200 mV dec-1 Tafel slope. Combined the 

metal to metal difference, general linearity and ketone to ketone consistency suggest 

that mass transport limitations do not explain the 200 mV dec-1 Tafel slope at higher 

overpotentials. Although these limitations may still, in part, explain the large Tafel 

slopes at low potentials for 2-hexanone, cyclopentanone and cyclohexanone. As an 
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alternative to mass transport and hydrogen competition, the 200 mV dec-1 Tafel slope 

could also result from surface fouling by ketone side reactions. Such reaction induced 

surface poisoning has been used to explain a change in Tafel slope with time for 

oxygen evolution on Pt,284  with slopes changing from ~120 mV dec-1 to > 400 mV 

dec-1. Those authors attributed the change to an increase of slower reduction 

mechanisms at the expense of more active processes. Effectively, this explanation 

equates to a quasi-poisoning. The number of less active surface sites increased at the 

expense of more active sites, resulting in a lower average rate change with potential. A 

similar poisoning process could occur for the ketones, with keto-Pb species (see 

above) acting as the poison or less active pathway. This preposition appears more 

reasonable than the mass transport limitations discussed above, but still has 

shortcomings. The nearly identical Tafel slopes for the ketones, excepting 

cyclohexanone on Pb, would require the same fractional poisoning of active sites. 

Such a requirement appears unlikely given the different degrees of Pb electrode 

discoloration for the ketones (see Section 4.2.3). Additionally, Au and Pb show nearly 

identical Tafel slopes, but Au does not show any significant fouling. The Au foil 

generally did not require chemical cleaning to achieve reproducible results (see 

Section 4.2.2). The poisoning theory offers a better explanation for the larger 

cyclohexanone Tafel slopes on Pb, given the relative instability of that species at the 

electrode surface (See Section 4.2.1). Poisoning may also play a role in explaining the 

large Tafel slopes (> 300 mV dec-1) at very high overpotential (E < -1.2) for 2-

hexanone, cyclopentanone and cyclohexanone. Combined these considerations suggest 

that surface poisoning may play a role in the Tafel slope, mainly for cyclohexanone on 

Pb, but does not produce the 200 mV dec-1 Tafel slope.  
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4.3.2 Rate Order 

Concentration dependent measurements suggest hydrogen competition 

decreases rate order at high overpotential. Ketone bulk concentration was varied to 

evaluate the rate order (with respect to bulk concentration) (Figure 4.10). At low 

overpotential (-1.05 V, Figure 4.10A), all ketones show an approximately unity rate 

order (0.9 to 1). This first order dependence agrees with previous measurements for 

acetone reduction on Hg in NaOH (for acetone concentration below 2 M)70 and 

sulfuric acid (for acetone concentration below 0.5 M).69 Unfortunately, the order does 

not provide any additional insight into the reaction mechanism or RDS, as all 

proposed reaction schemes can have a first order dependence (depending on 

coverage). The unity RO does, however, suggest low coverage at the Pb surface. This 

conclusion stems from analysis of the adsorption isotherm. Equation 4.25 defines the 

RO assuming similar activity coefficients for the reactant (of the RDS) and transition 

state, and a constant bulk activity coefficient (see section C.2.1).  

 Ὑὕ  
 

   (4.25) 

For the Frumkin isotherm followed by aliphatic ketones,55 Tilak and Conway give this 

derivative as Equation 4.26,285 where ɗ is the surface coverage (Cs/Cs,max) and g is the 

Frumkin interaction coefficient (2a). 

 Ὑὕ
 

 (4.26) 

From Equation 4.26, the RO should approach unity at low coverage. For higher 

overpotential (-1.15 V, Figure 4.10B), the rate order shows a slight, negative deviation 

from unity, with most values around 0.75 (0.68 to 0.86). This decrease likely results 

from competition with adsorbed hydrogen, as hydrogen onset occurs near this 
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potential (Figure C.3). Assuming hydrogen primarily reduces maximum coverage, 

Equation 4.27 gives the RO for the modified Frumkin isotherm (Equation 4.17). 

 Ὑὕ
 

 (4.27) 

Hydrogen competition generally decreases the rate order, as observed experimentally. 

For a relatively low ketone coverage of 5%, assuming negligible ketone interaction 

effects (g terms neglected), a RO of 0.75 requires a hydrogen coverage of only 19%. 

This hydrogen coverage appears reasonable and suggests HER onset likely explains 

the lower RO observed for most ketones at -1.15 V. The 19% coverage also agrees 

with the ~ 20% needed for the change in Tafel slope (see above), further supporting 

HER onset as the cause of the Tafel slope change. Cyclohexanone and 2-hexanone 

prove exceptions to the HER induced decrease in RO. Cyclohexanone shows a much 

lower RO of ~ 0.55 at -1.15 V. This lower rate order likely results from mass transport 

limitations for the 0.2 M concentration point. Assuming a RO of 0.75, doubling the 

concentration from 0.1 to 0.2 M would produce an expected cyclohexanone reduction 

rate in the mass transport limited region (the > 300 mV dec-1 Tafel region in Figure 

4.6A, rate > 246 ˃mol h-1 cm-2). Consequently, the 0.2 M point is likely mass transfer 

limited, producing an exceptionally low RO for cyclohexanone. 2-hexanone shows 

more anomalous behavior, with the rate decreasing from 0.1 M to 0.2 M. The rate 

decrease could result from increased hydrogen activity. However, this explanation 

appears unlikely given the generally similar hydrogen rates for all ketones (Figure 

C.3). More likely, the 2-hexanone RO results from unexpected phase behavior at the 

Pb surface. For 0.2 M, the 2-hexanone concentration approaches saturation. Upon 

disturbance, the post-reaction mixture phase separates, before redissolving to form a 

continuous phase. Although no phase separation was observed during reduction, the 
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high 2-hexanone concentration may affect local solvent/double layer properties near 

the electrode surface, such as ionic strength, conductivity, etc. This local change might 

alter an interfacial property (during reduction), such as resistance or electric field 

strength, with a disproportionate impact at higher overpotentials, resulting in the rate 

decrease. Given that 0.2 M 2-hexanone at -1.15 V constitutes the only unexplained 

outlier, no further investigation was undertaken into this point. Beyond cyclohexanone 

and 2-hexanone at -1.15 V, the ketones generally show an approximately linear 

dependence on ketone concentration, with a slight decrease in RO at lower potentials 

due to hydrogen competition. 

 

Figure 4.10: Effect of concentration on ketone reduction rates for Pb at (A) low 

overpotential (-1.05 V) and (B) high overpotential (-1.15 V). The 

solution consisted of phosphate buffer at pH 9.2 and was Ar purged 

before use. The rate refers to the ketone reduction rate and has units of 

m˃ol h-1 cm-2. 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 
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evaluate the effect of proton activity on the ketone reduction. Reduction tests were 

performed only for acetone given the similar mechanisms suggested by the ketone 

Tafel slopes and rate orders (see above). Acetone reduction activity generally declines 

with pH at both low and high overpotential (-1.05 and -1.15 V, respectively) (Figure 

4.11). Both overpotential regions show a non-linear pH dependence, with the rate 

plateauing or decreasing at lower pH (pH 4.6). Low overpotential shows a larger pH 

dependence than higher overpotential. However, the relatively small rate change with 

pH for both potentials, suggests that protonation does not directly impact the RDS or 

reaction steps prior to the RDS. Instead, the small magnitude and non-linearity suggest 

that proton activity impacts the reduction indirectly, through double layer structure, 

radical stabilization, redox potential, etc. A change in redox potential for the RDS 

appears the most likely mechanism. As the reduction steps require protons (Figure 

4.7), a change in pH would alter the effective redox potential, E0, (Equation 4.28) and 

the corresponding reaction rate (Equation 4.29).  

 % ὴὌ Ὁ ὴὌ
Ȣ
ῳὴὌ (4.28) 
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Equation 4.29 suggests a decrease in rate with pH, as observed. However, the pH 

dependence does not show the expected linearity (Figure 4.11). Additionally, the rate 

change with pH falls well below Ŭeff (the dashed lines in Figure 4.11). These 

considerations suggest an additional process which inhibits rate with decreasing pH. 

This process likely consists of competitive hydrogen adsorption, similar to the rate 

order. As the pH change alters the RHE potential (for fixed SHE potential), hydrogen 

adsorption would change concurrently. Assuming a Nernst equilibrium for hydrogen, 
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its coverage would increase more rapidly than ketone activity increases with 

decreasing pH, resulting in a plateau or rate decrease, as observed. As a corollary, the 

hydrogen rate should also increase with decreasing pH. This HER rate increase occurs 

experimentally (Figure C.10). Importantly, the hydrogen rate does not increase 

exponentially with pH, suggesting ketone competition also impacts the HER. An 

exponential relationship would be expected from the change in reaction overpotential 

(redox potential) with pH for hydrogen formation at constant SHE potential. Hydrogen 

competition can also explain the difference in pH dependence for low and high 

overpotential. In the high overpotential region, hydrogen already constitutes a major 

surface species, as evidenced by the RO measurements. This greater abundance results 

in greater suppression of the ketone rate increase with decreasing pH. The greater 

suppression produces the smaller pH dependence, and the rate decrease at pH 4.6 

(Figure 4.11). At lower overpotential, hydrogen constitutes a smaller fraction of 

surface species resulting in less suppression of ketone pH changes. The HER rates 

support this explanation, with a larger change in HER rate for higher overpotential 

(Figure C.10). More quantitatively, Equation 4.30 gives the rate pH dependence for 

the modified Frumkin isotherm (Equation 4.17). Importantly, the strong (exponential) 

pH dependence of Equation 4.20 makes estimating rate changes over large pH changes 

difficult  and these estimates have not been attempted here. Qualitatively, however, 

Equation 4.30 agrees with the reasoning above for the effect of overpotential on 

reduction rate pH-dependence. 

 
 

‌  (4.30) 

Combined, hydrogen competition and the pH effect on redox potential largely explain 

the non-linear pH trend for ketone rate. It is important to note, however, that other pH 
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dependent effects could also play a role in the pH dependence. For example, pH may 

change the double layer structure or the reactivity of the hydrogen donor (water vs 

hydronium). Deconvoluting these additional effects from the redox potential and 

hydrogen competition falls outside the scope of this work.  

  

Figure 4.11: Effect of pH on acetone reduction rate at constant SHE potential. The 

potentials of -1.59 V and -1.69 V vs SHE correspond to -1.05 V and -

1.15 V vs RHE, respectively, at pH 9.2. All tests were conducted in Ar 

purged phosphate buffer with a constant Na+ concentration of 1 M. The 

rate refers to the ketone reduction rate and has units of m˃ol h-1 cm-2
. The 

theoretical lines refer to the expected trend resulting from a change in 

ketone redox potential with pH (Equation 4.29). 

4.3.4 Activation Parameters 

Temperature dependent rate measurements suggest that the rate decrease with 

linear ketone size results from a decrease in pre-exponential factor. Reaction 

temperature was varied to obtain activation parameters for ketone reduction at low (-

1.05 V, Figure 4.12A) and high overpotential (-1.15V, Figure 4.12B). Importantly, 

these measurements were performed at constant RHE potential to account for the 
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change in redox potential with temperature (see Section 4.2.3). All ketones show 

linear Arrhenius plots (Figure 4.12) at both low and high overpotential. The 

temperature dependent rates show a similar trend as the potential dependent 

measurements: a rate decrease with size for the linear ketones, with higher rates and a 

rate increase with size for the cyclic species. 

 

Figure 4.12: Arrhenius plots for ketone reduction at constant RHE potential. (A) The 

reduction at -1.05 V vs RHE. (B) The reduction at -1.15 V. The solution 

consisted of 1 M phosphate buffer at pH 9.2 and was purged before use. 

The rate refers to the ketone reduction rate and has units of m˃ol h-1 cm-2
. 

Extracting the pre-exponential factor and effective activation energies (Figure 4.13) 

allows for more detailed analysis. For the linear ketones, the pre-exponential factor, A, 

decreases almost linearly with the number of carbons (Figure 4.13A). This decrease 

could result from a steric effect or an alteration of the carbonyl-electrode distance (see 

below). Note that these pre-exponential factors correspond to bulk concentration, i.e., 

reduction rates follow Equation 4.31.  

 ὶ ὃὩ  ὅ (4.31) 
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The ketone pre-exponential factors are relatively small (< 10 cm s-1) compared to the  

5 x 103 cm -1  to 5 x 104 cm s-1 expected for electrochemical reactions,262 highlighting 

the slow ketone reduction kinetics. Although it is important to note the large error 

expected when obtaining pre-exponential factors from Arrhenius plots. The cyclic 

ketones show larger pre-exponential factors than the linear species, with A increasing 

with cyclic ketone size. Cyclohexanone, in particular, shows a much larger pre-

exponential factor than the other ketones (Figure 4.13A). The apparent activation 

energies, Ea, show trends similar to the pre-exponential factor. Ea decreases with chain 

length for the linear ketones, while increasing with cyclic species size (Figure 4.13B). 

The reductions generally show low activation energies, between 16 and 31 kJ mol-1. 

These low values likely result from the inclusion of adsorption energy and 

overpotential contributions, which have not been removed from the apparent Ea (see 

below). Ketone adsorption energy generally decreases (more negative) with size for 

Pb and other sp metal electrodes55 and Marcus theory predicts a general decrease in Ea 

with size. These possibilities for the trend in Ea will be further discussed below. The 

different overpotentials show different activation energies, with a smaller Ea at higher 

overpotential, as expected. Importantly, the cyclic species do not show a consistent 

deviation in Ea relative to their linear equivalents. Cyclopentanone shows an activation 

energy smaller than 2-pentanone, while cyclohexanone has a larger Ea than 2-

hexanone. The higher Ea for cyclohexanone likely results from the smaller effective 

CTC. Given the similar redox potentials (Table 4.2), a smaller Ŭeff would result in less 

overpotential activation and a higher Ea (see below). It is important to note the 

opposite effect on rate of the A and Ea trends with linear ketone size. Combined, the A 

and Ea trends suggest that the rate decrease with size for linear ketones results from a 
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decrease in pre-exponential factor, with a lower activation energy partially offsetting 

this decrease.  Likewise, the higher rate for cyclohexanone compared to 

cyclopentanone results from a larger pre-exponential factor. The following discussion 

will investigate the physical causes of the A and Ea trends in greater detail. 

 

Figure 4.13: Activation parameters for ketone species derived from the Arrhenius 

plots of Figure 4.12. (A) The pre-exponential factor (B) The activation 

energy. 

Comparison with a theoretical model suggests the decrease in A with ketone 

size results from lower orbital overlap between the carbonyl and electrode. Further 

understanding the trends in A and Ea benefits from a comprehensive, if approximate, 

model for electron transfer reaction. Beginning with the pre-exponential factor, 

classical electrochemical theory estimates this constant using random particle 

collisions with the electrode surface, as shown in Equation 4.32.262  

 ὃ  (4.32) 
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Comparison of A with ketone molar mass (Figure C.11) suggests the ketones do not 

follow the classical collision expression. Ketone rates do show a relationship with 

molecular weight, but with powers of -11.8 and -9.6 for low (-1.05 V) and high (-1.15 

V) overpotential, respectively, instead of the -0.5 expected. An alternative theory for 

electron transfer has been suggested by the Weaver group based on a pre-equilibrium 

model.262,286ï290 The pre-exponential constant and rate expression for this approach are 

given by Equations 4.33 and 4.34, respectively, for a one electron transfer reaction.262  

 ὃ  ‏ὶ’‖ɜ (4.33) 

 ὶ ὶ’‖ɜÅ‏  Ὡ
ᶻ

Ὡ ȟ  ὅ (4.34) 

The term ŭr is the ñreaction zone thicknessò for electron transfer.262 Equivalently, ŭr 

represents the equilibrium coefficient for ketone adsorption at the interface, Kad, 

(Equation 4.35) when combined with the first exponential term. Assuming the 

adsorption follows a Frumkin isotherm, ŭr can also be related to the isotherm 

parameters, as shown in Equation 4.36, where Cs,max represents the maximum surface 

concentration of ketone. This maximum coverage does not change much between 

aliphatic ketones, with values between 4 x10-10 and 8 x 10-10 mol cm-2.55,277 Assuming 

low coverage, these Cs,max values give a ŭr between 0.72 and 1.44 , comparable to 

the previously measured values of  0.1-0.3  and 5-7 , for outer-sphere 

electrochemical reduction of aquo and amino Co(III) complexes, respectively.287,288 

 ὑ ὶÅ‏  (4.35) 

ὶ‏  ȟ

Ȣ Ⱦ
ρ —Ὡ  (4.36) 

ɜn represents the nuclear frequency factor. ‖  and ɜ represent the electron transfer 

coefficient and nuclear tunneling factor, respectively. The electron transmission 
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coefficient corrects for non-adiabatic electron transfer due to incomplete orbital 

overlap at larger reactant-electrode separations. The nuclear tunneling factor corrects 

for the possible tunneling between the reactant and product states without surmounting 

the activation barrier. Little work exists into the nuclear factor and it is difficult to 

estimate. Here it will be assumed as roughly constant across the ketones and no further 

discussion will be pursued. The ȹGad, ȹGad,p and ȹG
* terms represent the adsorption 

energy of the reactant, the adsorption energy of the product and the intrinsic activation 

energy (i.e., E = E0 and ȹGad = ȹGad,p = 0), respectively. Note that the adsorption 

energy has been taken as an approximation for the surface work term usually 

employed262 and that no-correction has been employed for possibly charged 

intermediates. The energy terms will be further discussed below. Importantly, 

Equation 4.34 does not account for the surface activity coefficients of the transition 

state or precursor state, or any equilibrated steps preceding the RDS. Correcting 

Equation 4.34 for these terms gives a full rate expression (Equation 4.37). E0 

represents the weighted average of the redox potential (Equation C.4). The <ȹȹGad> 

parameter represents the weighted average of the difference in the adsorption energy 

for the reactant and product species, i.e. ȹGad,p - ȹGad in Equation 4.34, for each step 

(Equation 4.38). Note that the inclusion of the surface activity coefficient requires 

revaluation of ŭr (Equation 4.39), as the Frumkin isotherm implicitly includes the 

surface activity coefficient via the interaction term (egɗ) and vacant site (1-ɗ) 

correction.291  

 ὶ  z ὶ’‖ɜÅ‏  Ὡ
ᶻ

Ὡ   ὅ (4.37) 

 ɝɝὋ  
В ȟ ȟ

 (4.38) 
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ὶ‏  ȟ

Ȣ Ⱦ
 (4.39) 

The pre-exponential terms of Equation 4.37 will allow explanation of the ketone size 

trend for A. Specifically, two terms depend on ketone size. First is the electron transfer 

coefficient. As noted, this coefficient represents a rate decrease due to non-adiabaticity 

resulting from incomplete orbital overlap.  For weak orbital overlap, əel has been 

suggested as approximately exponential in electrode-reactive center distance, d,262 as 

shown in Equation 4.40. The parameters ů and əel,0 refer to the distance of closest 

approach for the ketone and the electron transfer coefficient at that distance, 

respectively (Figure 4.14).  

 ‖ ‖ȟὩ  (4.40) 

Under weak adsorption, this distance dependence of əel creates a ketone size 

dependency for A. For ketone reduction, the electrode-carbonyl distance represents the 

appropriate distance for Equation 4.40. This distance depends on ketone position, 

orientation and, importantly, size. Assuming weak adsorption with free rotation (in 

three dimensions), the ketones will  assume a distribution of orientations with different 

carbonyl-electrode distances. These distances result in a distribution of əel values, with 

the effective əel controlled by the average electrode-carbonyl distance. To first 

approximation, this distance should correspond to the radius of the spherical volume 

occupied by the ketone, i.e. the hydraulic radius, Rhy (Figure 4.14). The hydraulic 

radius varies with ketone size and structure (Table 4.2), altering the electron transfer 

coefficient and producing a size dependence for the pre-exponential factor. 

Specifically, this framework predicts an inverse exponential relationship between A 

and Rhy (Equation 4.41).  

 ÌÎὃ ‍Ὑ ὧέὲίὸ (4.41) 
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Similar hydraulic radius approaches have been employed to explain size-activity 

trends for the electrochemical oxidation of anthracene derivatives,274 ferrocene 

derivatives,272 1,4-phenylenediamines273 and quinones.271 It is important to note, 

however, that the hydraulic radius likely does not represent the perfect descriptor for 

carbonyl-electrode distance, particularly in the case of hindered rotation. More likely, 

the correct length scale is some fraction of the hydraulic radius. For the linear ketones, 

chain length also offers an alternative measure. The two descriptors, however, are 

nearly perfectly correlated (Figure C.12), suggesting similar results for both. Here the 

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

 

Figure 4.14: Schematic for the effect of ketone size and binding orientation on the 

average distance between the electrode and carbonyl group. 

Generally, the ketones show a linear correlation between ln(A) and Rhy (Figure 

4.14A), suggesting the decrease in A largely results from weaker orbital overlap 

(smaller əel). The correlation includes both the linear ketones and cyclopentanone, 

suggesting more predictive power than the number of carbons alone (Figure 4.13A). 
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Importantly, however, cyclohexanone deviates from the other ketones, showing a 

much higher pre-exponential factor (Figure 4.15). This deviation likely results from a 

different binding orientation or stronger binding compared to the other ketones. Given 

its cyclic nature and strong binding energy (Table 4.2), cyclohexanone may adopt a 

more horizontal binding orientation compared to the other ketones (Figure 4.14). This 

horizontal adsorption would limit  variation in carbonyl-electrode distance, severely 

reducing the impact of the cyclohexanone size (hydraulic radius) on əel. This more 

horizontal adsorption might raise a similar concern about cyclopentanone which 

follows the linear ketone trend.  However, the flat orientation need not apply to 

cyclopentanone in the same degree. The larger size and stronger binding of 

cyclohexanone may allow a greater extent of horizontal adsorption compared to the 

smaller and weaker adsorbing cyclopentanone. Alternatively, stronger adsorption 

alone might explain the higher cyclohexanone activity. The stronger cyclohexanone 

binding may approach chemisorption, resulting in a breakdown of Equation 4.39 and a 

much larger əel. Essentially, stronger binding results in a closer reactant and more 

adiabatic reaction than the other ketones. This stronger adsorption would agree with 

the decomposition observed for cyclohexanone on Pb and the Tafel slope deviation 

compared to other ketones (see Sections 4.2.1 and 4.3.1, respectively). However, the 

similarity in 2-hexanone and cyclohexanone binding energies suggests binding energy 

alone cannot account for the difference. More likely the high cyclohexanone A value 

results from a combination of binding strength and orientation. Further adsorption and 

spectroscopic experiments may help elucidate these possible effects. Excluding 

cyclohexanone, experimental fits to Equation 4.40 give ɓ values of 7.8 and 6.4 -1 for 

low (-1.05 V) and high (-1.15 V) overpotential, respectively (Figure 4.15). These 
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values appear large compared to the 1-3 -1
 previously observed.271ï274,292ï294 The 

larger values may result from an orbital size difference for the ketones compared to 

previously investigated species. Specifically, the smaller, more localized ˊ orbitals 

may make orbital overlap more sensitive to orientation and increase ɓ for carbonyls.  

 

Figure 4.15: (A) Relationship between the pre-exponential factor and ketone hydraulic 

radius. (B) The linearized form of the relationship expected for a solvent 

controlled nuclear frequency factor and weak overlap, non-adiabatic 

correction (Equation 4.47). A has units of cm s-1. Note that the trend lines 

exclude the cyclohexanone points. Rhy has units of . 

The nuclear frequency factor can also contribute to pre-exponential factor size 

dependence. For systems which obey transition state theory, the nuclear frequency is 

given by Equation 4.42.262  

 ’
Ȣ

 (4.42) 

ɜ is the frequency of the reaction coordinate, ȹG is an activation free energy barrier 

and the subscripts is and os represent inner sphere and outer sphere, respectively. 

Given the much higher frequencies of inner sphere modes (ɜis) compared to outer 
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sphere modes (ɜos), the inner sphere frequency typically dominates the reaction 

coordinate frequency.262 In this case, assuming transition state vibrational changes 

localized to the carbonyl carbon, ɜn will not vary with ketone size. An alternate ɜn 

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

break down in transition state theory, in which the solvent ñover dampensò the 

reaction coordinate vibration and solvent dynamics control ɜn.
262,289,290 Equation 4.43 

gives this expression.262,289,290 The parameter ŰL refers to the solvent relaxation time, 

given as a function of the Debye relaxation time, ŰD, static dielectric constant, Ůs, and 

the high frequency dielectric constant, Ůinf (Equation 4.44).262 

 ’ †
Ȣ

  (4.43) 

 † † (4.44) 

For a solvent reorganization energy according to Marcus theory, ȹGos is given by 

Equation 4.45. Note that the hydraulic radius has been employed as an approximation 

of the ñreactant radiusò of Marcus theory, as has been done previously.271ï274,294  

 ɝὋ    (4.45) 

The parameters Ůop, Ů0, N, and e represent the optical dielectric constant, permittivity 

of free space, Avagadroôs number and electron charge, respectively. Generally, d has 

been suggested as large and the reciprocal set to zero.271ï274,294 It remains unclear if 

this approximation applies in all cases. However, some experimental evidence has 

suggested negligibility of the 1/d term295 and it will be excluded in this work 

(Equation 4.46).  

 ɝὋ  (4.46) 
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It is important to note here the relative simplicity of Equations 4.43 and 4.46. Neither 

expression includes any compensation for hydrogen bonding between the reactant and 

product. Equation 4.43 assumes that ɜn results from reorganization of a solvent 

continuum around the reacting species.289,290,296,297 Additionally, the solvent 

reorganization energy of Equation 4.46 does not consider solvent-ketone hydrogen 

bonding. Such bonding likely exists, to different degrees, for the reactant, 

intermediate, transition state and product species. This hydrogen-bonding energy is 

also likely large, with computational estimates placing it around 23 kJ mol-1 for 

acetone.298 Unfortunately, the theoretical framework for interpreting hydrogen 

bonding effects on ɜn does not appear readily available. Although work with concerted 

proton-electron transfer suggests it might constitute an additive contribution to the 

reorganization energy,299ï301 assuming hydrogen bonding acts like a weak proton 

transfer. Fortunately, given the hydrophobic ketone chain, hydrogen bonding (ketone-

water) likely occurs locally at the carbonyl and does not significantly contribute to the 

ketone size trend. Consequently, the outer sphere reorganization energy in this work 

will only consider the reorganization of the solvent continuum (Equation 4.46). 

Hydrogen bonding may still contribute energetically, but this contribution will be 

considered as a separate reorganization, constant across all ketones. To evaluate the 

importance of ɜn (solvent over-dampened) in explaining the ketone size trend, 

Equations 4.37, 4.40, 4.43 and 4.46 are combined (Equation 4.47) and the linearized 

form (ln(A* Rhy
-0.5) vs Rhy) plotted (Figure 4.15B).  

 ! ÃÏÎÓÔ †
 

Ȣ

Ὡ   (4.47) 

Similar to the ln(A) vs Rhy trend, the solvent controlled ɜn expression (ln(A*r-0.5) vs 

Rhy) generally shows a good fit to the data. Although cyclohexanone again deviates 
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from the other ketones, likely for the same reasons discussed above. The inclusion of 

the ɜn hydraulic radius dependence does not significantly affect the slope or intercept 

compared to the electron transfer coefficient dependence alone (Figure 4.15A, 

Equation 4.41). At -1.05 V, the ln(A*r -0.5) vs Rhy relationship shows a slope and 

intercept of -8.0 -1 and 17.7 (Figure 14.15B), respectively, compared to -7.8 -1 and 

17.6 for əel alone (ln(A) vs Rhy) (Figure 4.15A). The -1.15 V data show a similarly 

negligible impact. This negligible effect suggests either that: 1) ketone size has a small 

impact on ɜn (large ȹGis) or, 2) that solvent reorganization does not control ɜn. The 

former appears more likely given the sluggish rate of the reaction. Further experiments 

in other solvents would provide a more definitive distinction between the two 

possibilities. In either case, ɜn size dependence does not significantly contribute to the 

ketone trend and lower activity primarily results from a decrease in əel with size (Rhy) 

due to decreasing orbital overlap. Although cyclohexanone proves an exception. It is 

important to note here the implicit neglect of the transition state entropy in the 

preceding discussion. Implicitly included in ȹG*, this term also contributes to the pre-

exponential factor. However, given the small difference in reduction entropy between 

the ketones (< 2 J mol-1 K-1), the transition state entropy likely does not vary much 

between ketones and has been excluded from the analysis of size trends.  

Analysis of activation energies suggests ketones show a similar intrinsic 

activation energy, with size variations resulting from different adsorption energies. 

Semi-classical electrochemical theory also provides insight into Ea size trends. The 

linear ketones generally show a decline in Ea with size, with different activation 

energies for the cyclic species (Figure 4.13B). However, these activation energies still 

include overpotential and adsorption energy contributions, and require correction to 
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intrinsic activation energies for effective analysis. The intrinsic activation energy 

represents the activation energy for reduction in bulk solution with no thermodynamic 

driving force. Specifically, the activation energy requires three corrections (Equation 

4.48). 

 ɝὋᶻ Ὁȟ Ὁ ‌ ὊὉ Ὁ ɝὋ ‌ ɝɝὋ  (4.48) 

 First, Ea must have the effect of potential removed by subtracting the overpotential 

term (ŬeffF(E-E0)). As the average redox potential remains unknown, the overall 

reaction redox potential (Table 4.2) is employed here as an approximation. This 

approximation introduces some uncertainty into the activation energy. However, given 

the nearly identical ketone reduction potentials, the redox potential for the ketone-

radical and radical-alcohol steps likely does not vary much between ketones. 

Accordingly, the offset should not significantly impact the Ea size trend. The second 

Ea correction comes from the ketone binding energy (ȹGad in Equation 4.37). ȹGad 

values were estimated from adsorption measurements (see Section 4.2.4),55 and fall 

between -15 kJ mol-1 and -28 kJ mol-1 (Table 4.2). Finally, Ea requires correction for 

the average difference in reactant and product binding energy (<ȹȹGad> in Equation 

4.36). However, given the nearly identical adsorption energies suggested for aliphatic 

ketones and alcohols on Pb (within 10%),55 this term is likely negligible and has been 

ignored here. Upon correction, the trend in activation energy with linear ketone size 

(Figure 4.13B) largely disappears (Figure 4.16A), suggesting similar intrinsic 

activation barriers. Additionally, the cyclic ketone activation energies approach those 

of the linear ketones. Note that the corrected Ea values correspond to a standard state 

of pure ketone in the bulk phase, pure water in the bulk and dilute ketone (Henry 

region) in the adsorbed phase. This standard state appears the most appropriate for the 
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reaction conditions, although others are also possible. Standard state corrections were 

generally small and did not impact the interpretation of results (Figure C.13).  

 

Figure 4.16: (A) Relationship between the corrected (intrinsic) activation 

energy and hydraulic radius. (B) The same as (A), but with a charge 

transfer coefficient of 0.59 (0.4 for cyclohexanone) used in the potential 

correction for activation energies in at high overpotential (-1.15 V).  

The lack of an Ea trend applies for both low and high overpotential (Figure 4.16A). 

Importantly, even after overpotential correction, the two overpotentials still show a 

slight offset in activation energy (~ 21 kJ mol-1 on average) (Figure 4.16A).  This 

small gap likely results from the overpotential correction not accurately reflecting the 

correct Ŭeff for the whole potential range. If, as suggested by the rate order and pH 

dependence, the change in Ŭeff at higher overpotentials results from hydrogen 

competition, the high overpotential Ŭeff of 0.29 would underestimate the correct Ŭeff at 

potentials above -1.1 V. In this case, the low overpotential Ŭeff (0.59) would provide 

the more appropriate CTC value above -1.1 V. Indeed, correcting the high 

overpotential activation energies using an Ŭeff of 0.59 (0.4 for cyclohexanone) causes 
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the two sets of activation energies to collapse onto each other (Figure 4.16B). This 

agreement in activation energies further supports hydrogen competition as the cause of 

the Tafel slope change. Combined with the rate order change and pH dependence, the 

Ea agreement suggests that a 1st electron transfer RDS with hydrogen competition 

offers the best explanation for the ketone data. The lack of an Ea trend with ketone size 

suggests that either: 1) outer sphere reorganization energy represents a small 

contribution to the reaction energy barrier, or 2) solvent reorganization upon electron 

transfer occurs locally at the carbonyl. To gauge the feasibility of the first possibility, 

the relative contribution of the outer shell reorganization energy is estimated. From 

Marcus theory, Equation 4.49 gives the overall activation barrier from the inner and 

outer sphere reorganization energies. The outer sphere reorganization energy was 

estimated using the Marcus outer shell reorganization energy (Equation 4.46), with Rhy 

as an estimate for molecular size.  

 ɝὋᶻ ɝὋ ɝὋ  (4.49) 

The estimated outer sphere contribution (including the factor of ¼) falls between 33 

and 47 kJ mol-1, representing 48 to 57% of the corrected activation energies (82.5 kJ 

mol-1 on average, Figure 4.16B). This fraction appears large and suggests that the 

intrinsic Ea (Figure 4.16B) should show a size dependence. The lack of size 

dependence, then, suggests that Marcus theory (using Rhy) does not accurately predict 

the outer sphere reorganization energy for ketone reduction. This inaccuracy likely 

results from localization of solvent reorganization, such that Rhy does not accurately 

reflect the ñreactive radiusò of the molecule. Essentially, electron transfer causes 

significant solvent reorientation only around the carbonyl carbon, with the remainder 

of the ketone unaffected. Alternately, the reorganization could occur via changes in 
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hydrogen bonding at the carbonyl, a localized process not considered in Marcus 

theory. In either case, the localized nature of carbonyl reduction contrasts with 

previous results for metal-ligand species and cyclic ring species,302271ï274,294 which 

show large, even dominant outer sphere reorganization energies. Unlike these larger 

species, the carbonyl likely has a smaller, more localized orbital for reduction, mainly 

the ˊ antibonding orbital of the carbonyl. Given this more localized orbital, electron 

transfer would likely alter only the electron density near the carbonyl, instead of 

dispersing the charge over the entire molecule, resulting in a similar ñreactive radiusò 

(radius of electron density change) for all ketones. This interpretation agrees with the 

large Rhy dependence of A (ɓ) observed for the ketones and attributed to more 

stringent orbital overlap requirements. In effect, the localized electron transfer 

simultaneously decreases both overlap probability and the extent of solvent 

reorganization (compared to larger orbital systems), increasing the sensitivity of A to 

size, while eliminating any Ea size dependence. In this manner, ketone structure 

primarily impacts the pre-exponential factor, with all Ea size dependence resulting 

from variation in adsorption energy. As noted, this lack of size dependence for the 

intrinsic activation barrier deviates from other electrochemical systems,271ï273,294 

suggesting unique considerations for small, weakly 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 use of Rhy as the length 

scale for outer sphere reorganization energy does not appear advisable. Instead, an 

alternate (and constant) length scale, such as acetone Rhy, might allow better 

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

special note. Adsorption energy has long been known as a descriptor for reactivity 
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trends, with many reactions employing the Sabatier principle and ñvolcano plotsò to 

analyze activity trends. However, the use of these relations has been relatively 

restricted to strongly (specifically) adsorbing molecules, such as H,64 O65 and N.66 The 

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

into the reduction of other biomass species42 and suggests adsorption energy concepts 

also extend to the reduction of weakly adsorbing organic species. Although, as noted 

above, other non-energetic, size-specific considerations, such as non-adiabaticity 

(orbital overlap), can also play a significant role.  

  A refined semi-classical model will enhance understanding of carbonyl 

reduction. It is important to note here the relative simplicity of the theoretical 

framework employed in this chapter. The above modeling does not account for the 

impact of hydrogen bonding or the possibility of concerted proton-electron transfer. 

Additionally, these models do not account for any complexities associated with bond 

breaking reactions.66 Despite these simplifications, the applied theory performs well in 

explaining the observed kinetic data and the trends in pre-exponential factor and 

activation energy. Hydrogen competition reasonably explains the two Tafel slopes 

observed for ketone reduction (Figure 4.6), the change in reaction order with potential 

(Figure 4.10) and the reaction pH dependence (Figure 4.11). Reaction non-adiabaticity 

explains trends in pre-exponential factor (Figures 4.14 and 4.15), with hydraulic radius 

acting as a reasonable ketone length scale. Ketone binding energy and overpotential 

can largely account for Ea variation between ketones (Figure 4.16). Combined, the 

semi-classical electrochemical theory provides an effective, if simplistic, model for 

carbonyl reduction. With further refinement, this theoretical framework may offer a 

model for understanding electrochemical biomass reduction more generally. In 
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particular, predictions of internal reorganization energies and better estimates of 

adsorption parameters will allow for more accurate comparisons between theory and 

experiment. The improved understanding of electrochemical biomass reduction, in 

turn, should allow for the improved design of catalysts and upgrading processes. 

4.4 Conclusions 

Pb and Au have been demonstrated as effective catalysts for aliphatic ketone 

reduction. Alcohols appear as the only ketone product for both metals, with hydrogen 

formed as a side product. Both metals show two distinct potential regions for 

reduction, with different Tafel slopes. Similar Tafel slopes for both metals and most 

ketones suggest a common reduction mechanism. The Tafel slope change likely 

results from competition between ketone reduction and hydrogen evolution at lower 

RHE potential, as supported by rate order measurements and reduction pH 

dependence. Although a change in RDS from the first to second electron transfer also 

offers a viable interpretation. Reduction rate decreases with linear ketone size, with 

the opposite trend for cyclic ketones. Activation parameter estimates suggest rate 

decreases result from smaller pre-exponential factors, with a partial offset from lower 

activation energies for the linear ketones. Comparison with semi-classical theory 

suggests the decrease in pre-exponential factor with ketone size results from greater 

non-adiabaticity, due to a larger average carbonyl-electrode distance. Ketone hydraulic 

radius offers an effective descriptor for estimating non-adiabatic effects for the linear 

ketones and cyclopentanone. Corrected activation energies suggest a similar intrinsic 

Ea for all ketones, with size trends resulting from ketone adsorption energies.  
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SUPPLEMENTARY  INFORMATION  FOR CHAPTER 2 

  

Figure A.1: (A) Representative current profiles for benzaldehyde reduction at -0.2 V. 

(B) The same as (A), but -0.5 V. All reactivity tests were performed with 

an 800 rpm stir rate.  

  

Appendix A 

A.1 Additional Reactivity Data 
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Figure A.2: (A) Bulk spectra collected for benzaldehyde and benzyl alcohol on bare 

Si. (B) Spectra for benzaldehyde adsorption on Au under S-polarized 

light. All spectra were collected with 64 co-averaged scans and 128 

background scans. Backgrounds were collected in pure phosphate buffer. 

A.2 Additional Spectroscopic Data  
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Figure A.3: ATR-SEIRAS spectra collected during downward potential steps on the 

Au surface. Spectra represent the final spectrum collected at each 

potential and were collected with 64 co-averaged scans. The background 

was collected at -0.2 V in benzaldehyde free buffer solution. 
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Figure A.4: ATR-SEIRAS spectra for benzaldehyde introduction to Au surface in 0.1 

M NaOH. The spectra were collected with 64 co-averaged scans and a 

background at -0.2 V in pure NaOH solution. The spectra were collected 

~3 min apart with the dashed black line denoting the spectrum in NaOH. 
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Figure A.5: Time evolution spectra for the Cu surface upon stepping to -0.5 V. The 

spectra were collected ~6 min apart. Spectra were collected in Ar purged 

solution with 64 co-averaged scans. Background spectra were collected 

with 128 scans at -0.2 V in the absence of benzaldehyde. 
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Figure A.6: (A) Initial spectra for benzaldehyde reduction on Cu after reaching -0.5 V. 

(B) C-H stretching region of the same spectra in (A). Spectra were 

collected using 64 coadded scans, with a background collected at -0.2 V 

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

reaching -0.5 V. 
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Figure A.7: (A) ATR-SEIRAS collected during upward potential steps on a Pd surface 

in benzaldehyde solution. Background at -0.2 V. (B) The same set of 

spectra collected for a Pt surface with a background at 0 V. Both sets of 

spectra were collected in Ar saturated solution with 64 co-added scans 

and 128 background scans. 
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Table A.1 Summary of Infrared Peak Assignments 

Peak Position 

/cm-1 
Peak Assignment 

Stark Rate 

cm-1/V 

Surfaces 

Present 

Figures 

Present 

1699 C=O Stretch, Bulk Benz1 NA Si A.2 

1596 ɜ8a Ring Mode, Bulk Benz1 NA Si A.2 

1584 ɜ8b Ring Mode, Bulk Benz1 NA Si A.2 

1454 ɜ18b Ring Mode, Bulk Benz1 NA Si A.2 

1390 CH Aldehyde. Bend, Bulk Benz1 NA Si A.2 

1310 ɜ3 Ring Mode, Bulk Benz1 NA Si A.2 

1496 Bulk Benz Alc., likely ɜ18a Ring Mode1,2 NA Si A.2 

1453 Bulk Benz Alc., likely ɜ18b Ring Mode1,2 NA Si A.2 

1650-1630 d(OH) Mode, Bulk/Adsorbed Water NAa Au, Cu, Pt, 

Pd 

2.8, 2.9, 

2.11A, 2.12, 

2.13A, 2.7, 

A.3-A.5, A.7 

~1700 (sh)b C=O Stretch, Bulk Benz1 0 Au, Cu 2.6A, 2.8A, 

A.3, 2.8A 

~1694b C=O Stretch, Adsorbed Benz3 0 Au, Cu, Pt, 

Pd 

2.6A, 2.8A, 

2.9B, 2.11A, 

2.12B, 

2.13A, 2.7, 

A.3, A.4, 

A.7 

1598c ɜ8a Ring Mode, Benz1,c 0 Au, Cu 2.6A, 2.7, 

A.3, A.4 

1584c ɜ8b Ring Mode, Benz1,c 0 Au, Cu 2.6A, 2.7, 

A.3, A.4 

1455c ɜ18b Ring Mode, Benz1,c 0 Au, Cu 2.6A, A.3 

1310c ɜ3 Ring Mode, Benz1,c 0 Au, Cu 2.6A, A.3, 

A.4 

1492 Benzoic Acid (contaminant), Adsorbed2 0 Au 2.6A, 2.6B 

1366-1388 Benzoate, Adsorbed 24 Au, Pt 2.6C, A.7B 

2921 Benz Alc., Ring H Stretch1,2 0 Cu 2.8C, A.6B 

2851 Benz Alc., Ring H Stretch1,2 0 Cu 2.8C, A.6B 

1496d Benz Alc., likely ɜ18a Ring Mode1,2 0 Au, Cue 2.6A, 2.8B, 

A.3 

1453d Benz Alc., likely ɜ18b Ring Mode1,2 0 Au, Cue 2.6A, 2.8B, 

A.3 

Notes: General) Benz. and Benz. Alc. stand for benzaldehyde and benzyl alcohol, 

respectively. a) Most water peaks show contributions from both bulk (1650 cm-1) and 

adsorbed water (~1630 cm-1 at ï0.3 V) making Stark tuning estimates unreliable.  b) 

Cu shows a slightly higher adsorbed peak and bulk shoulder at 1695 and 1702 cm-1, 

respectively, both within error. Pd also shows a slightly higher peak at 1696 cm-1. Pt 

shows a lower adsorbed benzaldehyde peak at 1689, likely due to interference from 

the adjacent water band. c) The benzaldehyde ring peak positions are indistinguishable 

for the bulk and adsorbed species, with the 1596/1598 and 1455/1454 differences 

falling within experimental variation. d) The electrochemically formed benzyl alcohol 

shows an identical peak position to the bulk species. e) On Cu, the 1496 and 1453 
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peaks overlap with hydrobenzoin. Benzyl alcohol likely has a significant contribution 

given the H stretching modes present.  

 

Table A.2 Summary of Infrared Peak Assignments Continued 

Peak Position 

/cm-1 
Peak Assignment 

Stark Rate 

cm-1/V 

Surfaces 

Present 

Figures 

Present 

3105 Ketyl Radical Intermediatea 0 Cu 2.8C, A.6B 

1673 Ketyl Radical Intermediatea 0 Cu 2.8A, 2.8B, A.5 

1482 Ketyl Radical Intermediatea 0 Au 2.6A, A.3 

3061 Hydroben, Ring H Stretch2,b (-10) 0 Cu 2.8C, A.6B 

3036 Hydroben, Ring H Stretch2,b (0) 0 Cu 2.8C, A.6B 

2900 Hydroben, Ring H Stretch2,b (-1) 0 Cu 2.8C, A.6B 

1963 Hydroben, Ring Mode2,b (+20) 0 Cu 2.8A, 2.8B, A.5 

1897 Hydroben, Ring Mode2,b (+17) 0 Cu 2.8A, 2.8B, A.5 

1807 Hydroben, Ring Mode2,b (-8) 0 Cu 2.8A, 2.8B, A.5 

1604 Hydroben, Ring Mode2,b (+1) 0 Cu 2.8A, 2.8B, A.5 

1496 Hydroben, Ring Mode2,b (+1) 0 Cu 2.8A, 2.8B, A.6A 

1455 Hydroben, Ring Mode2,b (+2) 0 Cu 2.8A, 2.8B, A.6A 

1191 Hydroben, Ring Mode2,b (+3) 0 Cu 2.8A, 2.8B 

1080 Hydroben, Ring Mode2,b (-3) 0 Cu 2.8A, 2.8B 

1022 Hydroben, Ring Mode2,b (-11) 0 Cu 2.8A, 2.8B 

1328 Hydroben Rearrangement Product 0 Cu 2.8A, 2.8B 

1344 Hydroben Rearrangement Product 0 Cu 2.8A, 2.8B 

1299 Hydroben Rearrangement Product 0 Cu 2.8A, 2.8B 

1258 Hydroben Rearrangement Product 0 Cu 2.8A, 2.8B 

1277 Hydroben Rearrangement Product 0 Cu
 2.8A, 2.8B 

1220 Hydroben Rearrangement Product 0 Cu
 2.8A, 2.8B 

Notes: General) Hydroben stands 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 3105 cm-1 peak may result from lower radical 

concentrations, as no ring H stretching 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 base.2 The numbers in parentheses represent the 

difference in peak position between the hydrobenzoin on Cu and the bulk infrared 

spectrum. 
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Table A.3: Summary of CO Infrared Peaks 

Peak Position 

/cm-1 
Peak Assignment 

Stark Rate 

cm-1/V 

Surfaces 

Present 

Figures 

Present 

1717a COM on Pd4 NAb Pd 2.9 

1825a COH on Pd4 36 Pd 2.9, A.7A 

1910a COB on Pd4,5 51 Pd 2.9, 2.11, A.7A 

2020a COL on Pd4,5 45 Pd 2.9, 2.11, A.7A 

1778a COB on Pt6,7 61 Pt 2.12, 2.13 

1997a,c COL on Pt6,7 32 Pt 2.12, 2.13 

2044c COL on Pt6,7 

Interacting with CO 

NAc Pt 2.13B 

1985c COL on Pt 

Interacting with Benz 

NAc Pt 2.13B 

Notes: General) Benz stands for benzaldehyde. COM, COH, COB, and COL stand for 

multibonded, hallow bonded, bridge bonded, and linearly bonded CO, respectively. a) 

The CO peaks generally show strong dependence on CO concentration and change over 

time during the decarbonylation of benzaldehyde. The peak positions quoted represent 

the highest peak position observed at -0.2 V during benzaldehyde decarbonylation, see 

Figures 4 and 6. b) The COM peak on Pd were not 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, which have been 

assigned to CO interacting mainly with itself and CO interacting predominantly with 

benzaldehyde. The original peak, assigned to a convolution of interactions, also shifts 

slightly. See Section 2.3.2 for more details and alternate assignments. Potential 

dependent measurements were not collected after CO introduction. 
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Figure B.1: GC-MS chromatogram for the benzaldehyde-furfural coupling products. 

(A) Alcohol region (B) Furfural-furfural coupling region (C) Cross-

coupling and benzaldehyde-benzaldehyde coupling region. The major 

peaks have been labeled with chemical structures. Major products are 

labeled with a (M). Rearrangement isomers are labeled with (R). The 

BHT stabilizer comes from the diethyl ether used for the extraction. The 

reductions occurred in Ar saturated phosphate buffer (pH 6.7). The signal 

corresponds to TCI signal intensity. The dotted trace corresponds to the 

signal of the reactant mixture before reduction. 

Appendix B 

B.1  Additional Reactivity Data 



 214 

 

Figure B.2: Mass spectrum for the furfuryl alcohol product. 



 215 

 

Figure B.3: Mass spectrum for the benzyl alcohol product. 
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Figure B.4: Mass spectra for the hydrofuroin products. (A) The shorter retention time 

isomer. (B) The longer retention time isomer. 

B 

A 
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Figure B.5: Mass spectrum for the cross-coupled product. (A) The shorter retention 

time isomer. (B) The longer retention time isomer. 

A 

B 
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Figure B.6: Mass spectrum for the hydrobenzoin product. (A) The shorter retention 

time isomer. (B) The longer retention time isomer. 

A 

B 
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Figure B.7: Cyclic voltammograms for benzaldehyde on Cu foil. The voltammograms 

were collected in phosphate buffer solution composed of 0.25 M 

NaH2PO4 and 0.25 M Na2HPO4 (pH 6.7). The solution was purged with 

Ar before use. Benzaldehyde was added at 20 mM concentration. 

 

Figure B.8: (A) Cyclic voltammograms for benzaldehyde and benzaldehyde-furfural 

on Pt foil. (B) Cyclic voltammograms for benzaldehyde and 

benzaldehyde-furfural on Au foil. The phosphate buffer solution 

consisted of 0.25 M NaH2PO4 and 0.25 M Na2HPO4 (pH 6.7). The 

solution was purged with Ar before use. Benzaldehyde and furfural were 

added at 20 mM concentration. 
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Figure B.9: (A) Rates for benzaldehyde-furfural reduction on Au. (B) The same but 

for Pt. (C) The corresponding Faradaic efficiencies for Au. (D) The 

corresponding Faradaic efficiencies for Pt. The phosphate buffer for all 

tests consisted of 0.25 M NaH2PO4 and 0.25 M Na2HPO4 (pH 6.7) and 

was Ar purged before testing. 
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Figure B.10: (A) Dimer product ratios for mixed benzaldehyde-furfural reduction on 

Cu foil. (B) The same but on Pb foil. In both cases the phosphate buffer 

consisted of 0.25 M NaH2PO4 and 0.25 M Na2HPO4 (pH 6.7) and was 

purged with Ar before use. 
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Figure B.11: ATR-SEIRAS spectra for furfural introduction to the Cu surface. Spectra 

were collected in Ar purged solution with 64 co-added scans and 128 

background scans. The background was collected at -0.2 V in the 

absence of furfural. The phosphate buffer consisted of 0.25 M H2PO4 

and 0.25 M HNa2PO4
 (pH 6.7). 

B.2 Additional Spectroscopic Data 
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Figure B.12: Bulk infrared spectra for furfural. The phosphate buffer consisted of 0.25 

M H2PO4 and 0.25 M HNa2PO4
 (pH 6.7). 
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Figure B.13: ATR-SEIRAS spectra for benzaldehyde introduction to the Cu surface. 

Spectra were collected in Ar purged solution with 64 co-added scans 

and 128 background scans. The background was collected at -0.2 V in 

pure buffer. The phosphate buffer consisted of 0.25 M H2PO4 and 0.25 

M HNa2PO4
 (pH 6.7). 






























































