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Abstract  

Predictive control over the selectivity outcome of an organic synthetic method is an essential hallmark of 
reaction success. Electricity-driven synthesis offers a reemerging approach to facilitate the design of 
reaction sequences towards increased molecular complexity. In addition to the desirable sustainability 
features of electroorganic processes, the inherent interfacial nature of electrochemical systems present 
unique opportunities to tune reaction selectivity. To illustrate this feature, we outline examples of 
mechanism-guided interfacial control over CO2 electroreduction selectivity, a well-studied and instructive 
electrochemical process with multiple reduction products that are thermodynamically accessible. These 
studies reveal how controlled proton delivery to the electrode surface and substrate electroadsorption with 
the electrode dictate reaction selectivity. We describe and compare simple, yet salient, examples from the 
electroorganic literature, where we postulate that similar effects predominate the observed reactivity. This 
perspective highlights how the interface serves as a tunable dimension in electrochemical processes, 
delineating unique tools to study, manipulate, and achieve reaction selectivity in electricity-driven organic 
synthesis.  
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Introduction  

The discovery of organic synthetic methods enables the production of agrochemicals, pharmaceuticals, and 
soft materials that underpin modern living. The inquiry of the reaction mechanisms that underlie the 
reported transformations facilitates further creative manipulations of chemical reactivity, thereby 
contributing to the ever-increasing catalog of versatile approaches to access new chemical space. As 
synthetic efforts become increasingly automated and environmental impact considered, protocols that are 
simultaneously sustainable become valuable additions to this growing lexicon.1–3 Electrifying synthetic 
methods presents an opportunity to both drive reactivity via renewable sources of electricity and facilitate 
automated scale-up in flow.4–9 The growing literature10,11 shows that electroorganic reactivity can be tuned 
and optimized by modifications to the electrode12–15 and electrolyte16,17; however, beyond these studies, the 
detailed mechanistic role of the electrified interface remains largely tacit in modern reaction design, and 
thereby product selectivity. The electrified surface is primarily viewed as one that provides a source or sink 
of electrons. In this view, the electrode enables the formation of high-energy intermediates or active forms 
of fine-tuned molecular catalysts via outer-sphere electron transfer,18–21 thereby serving to replace 
(super)stoichiometric oxidants or reductants. In the limit where the electrode enables direct access to 
reactive intermediates, a key differentiating aspect of electrosynthesis from other radical-based organic 
transformations is that electrochemical processes are inherently heterogeneous; redox equivalents are 
delivered at a phase boundary, i.e. at the interface of electrified solid electrodes and solution-dissolved 
reagents.22 This unique feature can offer complementary tools to direct reaction selectivity in 
electrosynthetic sequences.23  

Integrating interfacial manipulation into reaction design requires a molecular-level understanding of the 
electrified interface. Its mechanistic role remains the subject of intense study in the field of energy 
conversion and storage for over 70 years. Subtle changes in the interfacial structure have large effects on 
the efficiencies of electricity or fuels generation, a dominant factor in assessing the viability of emerging 
alternative energy technologies.24 Thus, uncovering the mechanistic origin of interfacial control over 
enhanced efficiency enables the construction of new molecular-level roadmaps detailing how to manipulate 
this key parameter. While the efficient use of renewable electricity, as has previously been noted,10,25 is not 
the primary goal when developing synthetic schemes, progress made in elucidating the underlying chemical 
processes gating the selectivity of electrocatalytic fuel formation at electrified interfaces can translate across 
the two fields of electroorganic synthesis and energy conversion. In particular, two strategies – controlled 
proton delivery to the electrode surface and substrate (electro)adsorption with the electrode – have shown 
to significantly redirect the product selectivity in various energy conversion catalysis schemes, ranging 
from oxygen reduction26,27 to the CO2 reduction reaction (CO2RR)28–30. With this backdrop, the following 
questions begin to emerge. Can these interfacial tuning strategies, unique to electrified interfaces, also be 
utilized to envision new electrosynthetic reaction design? How can these effects be studied, manipulated, 
and improved?  Here, we explore these questions by offering the perspective that an interdisciplinary 
approach targeting a molecular-level understanding of the interfacial structure, its manipulation, and its 
effects on electroorganic reactivity will enable additional dimensionality to advance and develop the science 
of selective electricity-driven organic synthesis.   

 

Scope of this Perspective  

To address these questions, we discuss examples from the electrocatalytic CO2RR literature that highlight 
the roles that controlled proton delivery and substrate electroadsorption play in enabling selective CO2 

activation. CO2RR presents an instructive system to analyze because there are several products, in addition 
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to the competing reduction of protons to hydrogen, that are thermodynamically accessible within a narrow 
potential range31,32 (potentials listed below are referenced versus the Reversible Hydrogen Electrode at pH 
7):  

CO2 + 2H+ + 2e‒ ⇌ CO + H2O ‒0.11 V (1)  

2H+ + 2e‒ ⇌ H2 0.00 V (2) 

CO2 + 6H+ + 6e‒ ⇌ CH3OH + H2O 0.03 V (3) 

2CO2 + 12H+ + 12e‒ ⇌ C2H4 + 4H2O  0.07 V (4) 

2CO2 + 12H+ + 12e‒ ⇌ C2H5OH + 4H2O  0.08 V (5) 

CO2 + 8H+ + 8e‒ ⇌ CH4 + 2H2O 0.17 V (6) 

Therefore, selective CO2RR requires control over the relative rates of these competing processes, and an 
analysis of the strategies to control product selectivity offer opportunities to study and direct the outcome 
of electrosynthetic processes. Following, we delineate simple, yet salient, examples from the electroorganic 
literature, where we postulate that similar effects predominate the observed reactivity. 

As the reactions discussed in this perspective are inherently heterogeneous, detailed investigation of the 
interfacial structure requires a complementary set of in-situ and ex-situ surface-sensitive characterization 
techniques in conjunction with standard physical electrochemical methods. We highlight the tools typically 
utilized in the inorganic energy conversion community,33,34 e.g. surface-enhanced infrared absorption 
spectroscopy,35–38 surface-enhanced Raman spectroscopy,39 atomic force microscopy,40 thermal 
programmed desorption,41 electrokinetic analyses42 and voltametric analyses43,44, that, together, reveal 
information on the surface structure, substrate binding, and dynamics as a function of common 
electrosynthetic parameters. In addition, incorporating in-line product detection methods, such as 
differential electrochemical mass spectroscopy45 or gas chromatography, enables detailed insight into how 
these spectroscopic or voltametric observables translate to the observed reactivity in real time. We also 
discuss examples of how interfacial structure, both through electrolyte, additive, and electrode tuning can 
be manipulated. Together, these tools enable a bottom-up approach, uncovering the physical organic and 
inorganic principles that underpin observed electrochemical reactivity, allowing for further predictive 
mechanism-driven manipulations of the interface to redirect synthetic outcomes. 

This perspective adds to the growing literature of electroorganic synthesis. For detailed highlights of past 
and recent work on the scope of electroorganic synthetic methods advanced and discovered, we direct the 
reader to several reviews in the field.4–7,18–21,23,46–48 It is well-established how physical electrochemical tools 
that delineate current-voltage relationships can be utilized to uncover mechanistic insights into 
electroorganic processes; however, these reviews primarily focus on the homogeneous chemistry of 
electrochemical systems.22,49–51 We note that the electrode materials’ impact on electrosynthetic processes 
has been extensively documented,11 and this perspective is not intended to address practical concerns 
associated with choosing suitable electrode materials, e.g. suppressing materials corrosion or deposition of 
insulating organic layers, a topic that has been recently covered10. For a comprehensive review on design 
strategies utilized to manipulate electrode interfaces to increase CO2 electroreduction efficiency and 
selectivity, we direct the interested reader towards recent reviews.52–54 In this perspective, we aim to 
delineate two bridging molecular-level concepts between recent examples from CO2 electroreduction and 
electroorganic synthesis in directing product selectivity – controlled proton delivery and substrate 
electroadsorption – that transcend the topical nature of either field and revealed new opportunities to utilize 
this molecular level understanding in designing electroorganic processes.  
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Controlling Electrosynthetic Reaction Selectivity via Controlled Proton Delivery  

Several electrochemical processes, including CO2 electroreduction, Equation 1 and Equations 3-6, 
hydrogen evolution, Equation 2, and organic functional group manipulations, are proton-coupled electron 
transfer (PCET) reactions. While the addition and removal of protons and electrons define the overall PCET 
stoichiometry and thermodynamic potential of the reactions (e.g. Equations 1-6), the kinetics of the process 
are dictated by the barriers associated with the elementary steps that delineate the concertedness of electron 
and proton motion.55–58 To highlight the role of the electrified interface in tuning PCET product selectivity, 
we choose to describe CO2RR systems in which the electrode material is catalytically active, i.e. an 
electrocatalyst, to magnify the interfacial effects. As all the reductive electrochemical half reactions, 
Equations 1-6, are PCET processes, H+ are consumed local to the electroactive surface, leading to a dynamic 
proton coordinate that is unique to interfacial systems, Figure 1a. This interfacial gradient is enhanced 
when reactions are occurring at diffusion-limited currents, i.e. approximately greater than 1 mAcm‒2, on 
high surface area electrode materials. These conditions are met for electroorganic processes because lower 
currents would lead to intractable reaction times to form products (e.g. to react 1 mmol of substrate 
consuming 1e‒mol‒1 with 0.1 mA requires 11 days). Thus, the necessary use of high surface area electrodes 
for electroorganic syntheses requires the identification of the effects of mass transfer on the outcome of the 
transformation via a systematic investigation in electrode materials synthesis; electrochemically accessible 
surface area, and modeling of the resulting concentration gradients. Below, we discuss how the mechanistic 
investigation of the concurring electrochemical PCET half reactions informs how to further augment and 
manipulate the interfacial proton donor coordinate to enhance the selectivity for electrocatalytic CO2RR 
(Figure 1b). Following, we discuss an example from ketone reduction that demonstrates how this 
knowledge can be applied in tuning electroorganic reaction selectivity (Figure 1c).  These considerations 
uncover design principles to systematically and predictively fully capitalize this interfacial dimension 
intrinsically present in electroorganic systems.  

The possible elementary PCET steps can be graphically represented by classical square schemes. As an 
example, we delineate the scheme associated with PCET activation of CO2, Figure 2a. CO2 
electroreduction can proceed via a sequential electron transfer- proton transfer (ET-PT, across then down 
via intermediate 1, Figure 2a) mechanism, a concerted proton electron transfer (CPET, diagonal in Figure 
2a) mechanism or a sequential proton transfer-electron transfer (PT-ET) mechanism. The latter is ruled out 
because direct protonation of CO2 is thermodynamically unfavorable under the neutral reaction 
conditions.59 Within the theory of PCET, it is well-established60 that an enabling feature of a CPET pathway 
is that it lowers the energy barrier associated with this elementary process if either the PT or ET step exhibits 
a large energy penalty, i.e. the free energy change for PT (pKa) or ET (potential) are prohibitively high. 
Recent work also demonstrated how PCET can be exploited in photoredox processes, where ET is enabled 
by a photoreductant, permitting light-driven reactivity otherwise inaccessible by the redox potentials of 
using commonly available photoredox catalysts.61 In addition to increasing reaction efficiency via CPET 
pathways, PCET processes can also enable opportunities for tuning selectivity if there are several competing 
reactions that are proton-coupled but mechanistically distinguishable, i.e. stepwise vs. CPET, by exploiting 
the different requirements for proton transfer. For example, in contrast to CO2 electroactivation, where both 
stepwise and concerted pathways are possible to form the intermediate 2, direct H+ electroactivation occurs 
via a compulsory concerted pathway, Figure 2a, to form intermediate 3. Indeed, literature reports have 
shown that controlling proton delivery to the electroactive surface enables the activation of CO2 versus H+, 
suppressing undesired H2 evolution. Utilizing Au electrode surfaces known to competitively produce CO 
and H2,32,62 reported electrokinetic data are consistent with a stepwise ET-PT activation28,63,64 of CO2 and 
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CPET activation28 of H+. These conclusions are established by employing rotating electrodes65–67 coupled 
with in-line gas chromatography, Figure 2b. These tools enable the elucidation of the activation-controlled, 
and not mass-transfer controlled, partial current density for a given product. As this activation-controlled 
current is proportional to the reaction rate,24 this observable can be tracked as a function of various 
experimental conditions to derive rate laws consistent with the data. These studies reveal that undesirable 
H2 evolution proceeded, as expected, via CPET and was strongly sensitive to the proton donor 
environment67 while CO2RR proceeded through rate-limiting ET to CO2 and was largely insensitive to the 
proton donor environment, Figure 2c.28,63,64 These insights suggest that as both half reactions consume 
protons local to the electroactive interface, leading to mathematically modelled64,68 and spectroscopically 
observed69 proton concentration gradients, attenuating proton transfer to the interface would decrease the 
rate of HER while maintaining a robust rate for CO2RR, leading to more selective catalysis. These studies 
exemplify how the heterogeneous nature of electrochemical reactions can be exploited to manipulate the 
dynamic proton coordinate, thereby facilitating selective reactions.  

The studies outlined above enable us to draw on these concepts to affect product selectivity for 
electroorganic transformations. For comparison, the selectivity of a simple, but nevertheless instructive, 
electrochemical reduction of ketones is examined, which has also been recently utilized as a model PCET 
reaction to describe the efficacy of new homogeneous PCET mediator-based strategies.70 The pH-
dependent pinacol versus alcohol product selectivity observed in the reduction of phenyl ketones, 4, is a 
well-documented phenomenon and extensive mechanistic studies have been conducted over several 
decades ago.48,71–73 While the pH-dependent product bifurcation has been shown to be dependent on the 
structure of the ketone,72 general consensus of the mechanism has been established (Figure 2e and Figure 
2f).48,71–73 At pH values less than the pKa for the one-electron reduced radical anion intermediate, 5, (for 
acetophenone, pKa = 9.974,75), a PCET voltametric wave is observed, corresponding to the horizontal step 
in Figure 2e that scales in a Nernstian fashion (60 mV pH‒1, Figure 2f, blue) to form 6. Constant potential 
electrolyses under these conditions gives rise to the exclusive formation of pinacol following a 1F mol‒1 
process, consistent with the mechanistic scheme of PCET reduction followed by dimerization, Figure 2g. 
At more negative potentials, an additional wave is observed, however, the wave is pH-independent. Thus, 
this result suggests that the second wave corresponds to the pH-independent reduction of 6 to form 7, Figure 
2e and Figure 2f, black solid line. As the pH becomes more basic (pH ≈ pKa of 5), the two voltametric 
waves are replaced by a single two-electron voltametric wave that scales 30 mV pH‒1, Figure 2f, red. This 
observation is consistent with the coalescence of the first pH-dependent voltametric wave to form 6 with 
the pH-independent reduction of 6 to form 7. Under these more basic conditions, constant potential 
electrolyses affords the formation of alcohol as the primary product following a 2F mol‒1 process, consistent 
with the mechanistic scheme of CPET reduction followed by ET and rapid protonation, Figure 2g,  or via 
a disproportionation chemical reaction.76 As the as pH is further increased such that pH>>pKa of 5, 5 is 
directly accessed following a pH-independent reduction, Figure 2e and Figure 2f, black dotted line. 
Constant potential electrolysis under these extremely basic conditions afford the pinacol as the principle 
product following the passage of 1 F mol‒1. These observations are consistent with dimerization afforded 
by reaction of the 5 with the neutral product 6 formed in minor equilibrium, which are, in some cases, more 
difficult to reduce than the starting material77.  Together these studies highlight how the PCET reactivity of 
a simple functional group reduction can be tuned to affect the product distribution.  

The above studies into PCET mechanisms enable the development of synthetic strategies to control and 
direct product selectivity by manipulating and further augmenting the dynamic proton donor coordinate, 
Figure 3a.  Electrode materials design can be manipulated to exploit and magnify the interfacial proton 
coordinate to enable more selective processes. CO2RR Au electrocatalysts with a tunable array of 
interconnected pores have been shown to systematically control the selectivity and efficiency of fuel 
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production from CO2, Figure 3b.78 Modeling of the diffusional profiles on related Ag electrocatalysts 
support these findings79. Understanding of the interfacial proton coordinate enables not only manipulation 
by the solid electrode materials design, but also by molecular additives that further augment the local proton 
donor environment. Utilization of organic modifiers, such as N-substituted pyridinium additives,80,81 Figure 
3c, drop-casted organic modifiers,82 Figure 3d,  trimethylammonium surfactants,83–85 Figure 3e,  have 
resulted in enhanced CO2RR selectivity. For CO2RR conducted in the presence of trimethylammonium 
surfactants, it was shown that the data are consistent with reduced surface concentration of H2O at the 
electroactive interface, suggesting that the enhanced selectivity can be attributed to an interfacial 
diminishment of viable proton donors, such as H2O.86 For CO2RR conducted in the presence of drop-casted 
organic modifiers,82 Figure 3d, studies showed that similarly the hydrophobicity of the surface can be 
manipulated via the use of organic modifiers, which could similarly alter the concentration of viable proton 
donors at the interface. Finally, for CO2RR conducted in the presence of N-substituted pyridinium 
additives,80,81 the formation of organic films from pyridinium-based molecules significantly enhanced the 
selectivity for CO2RR. Later in-situ spectroscopic studies revealed that the enhanced selectivity is 
consistent with a model where an interfacial proton gradient is magnified, leading to large local pH swing 
and more selective catalysis, Figure 3c.87 Together, these studies reveal how molecular tuning of the 
electroactive interface can augment the local proton coordinate, manipulating the selectivity for the desired 
transformation in heterogeneous electrochemical environments.   

The PCET reactivity of simple functional group manipulations suggest that interfacial designs that tune and 
augment the proton coordinate can also alter the product selectivity for electroorganic transformations. The 
presence of trimethylammonium surfactants has been shown to affect the product distribution for pinacol 
versus alcohol formation from electrochemical reduction of acetophenone.88 In its absence, indiscriminate 
selectivity for alcohol versus pinacol was observed (33% current efficiency towards alcohol; 30% towards 
pinacol), and in its presence, alcohol formation was significantly favored (67% current efficiency towards 
alcohol; 4% towards pinacol).88 While this result has been attributed to a stabilization effect via ion-pairing 
of the ammonium with the radical anion of the reduced substrate, the results could also be explained by an 
increase in the buildup of an alkaline region as a result of the decreased concentration of viable proton 
donors near the electroactive surface, Figure 3f. This alkaline region would favor alcohol relative to dimer 
formation around the pKa value for acetophenone as described above.  It is noted that, under electrochemical 
conditions, recent findings have shown that quaternary ammonium salts were also found to suppress HER 
and Pb cathode corrosion, both which are exacerbated by presence of H+ in the reduction of menthone 
oxime89 and amide deoxygenation90. However, in the study concerning acetophenone reduction in the 
presence of trimethylammonium surfactants, HER suppression cannot be the origin of selectivity 
enhancement as the total current efficiencies remain the same in its presence and absence.88 

Together, these studies reveal how the PCET reactivity of both fuel-forming half reactions and 
electroorganic reactivity can be studied and subsequently manipulated to enable more selective 
electrosynthetic reactions via controlled proton donor delivery. By combining mechanistic insight gleaned 
from electroanalytical and spectroscopic methods with interfacial manipulation strategies, including 
electrode materials design and organic/inorganic hybrid materials, the dynamic proton coordinates inherent 
to electrochemical processes involving PCET can be utilized as an opportunity to manipulate and control 
electrosynthetic reaction selectivity via controlled proton delivery.  

 

Controlling Electrosynthetic Reaction Selectivity via Substrate Electroadsorption  
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Another key factor inherent to the heterogeneous nature of electrochemical processes is the interaction of 
neutral organic substrates with polarized electrode surfaces, known as electroadsorption.91 These 
electroadsorptive processes are sensitive to the interfacial field, leading to varying concentrations of the 
organic molecule on the electrode surface as a function of the applied potential, Figure 4a. The potential-
dependence is a result of a competition between the interaction of charged electrolyte constituents (we list 
anions denoted as E‒ in Figure 4a, the transposition to cations being straightforward), solvent (Sol in Figure 
4a), or substrate (Sub in Figure 4a). For example, the potential-dependence of neutral organics, such as 
benzene, in aqueous electrolytes is gated by a solvent exchange process, whereby water dipoles align as a 
function of the interfacial field and displace the adsorbed organic molecule.92–100 In this mechanistic 
framework, the solvent exchange process occurs most favorably at the potential of zero free charge (PZFC), 
a property that describes where the interfacial field is weakest, is intrinsic to the electrode material, and 
directly proportional to the materials’ work function. At potential values more positive and negative of the 
PZFC, water molecules reorient and align as the interfacial field increases.92–98,101 In addition to the 
interaction of solvents with the electrode surface, the intrinsic enthalpy of adsorption of the organic 
molecule, i.e. binding energy of the organic molecule to the surface, contributes to the overall surface 
population. These binding events can be described by the strength of the molecule-material interactions102 
– between the extended bands of the metal and molecular orbitals of the neutral substrate – that can 
outcompete the native solvent and electrolyte interactions with the surface. Together, these potential-
dependent interactions define the substrate surface population, and thus, reactivity under given 
electrochemical conditions. These electroadsorption events become particularly important if direct, outer-
sphere electron transfer activation occurs at extremely high reduction or oxidation potentials, which, for 
energy conversion processes limits efficiencies, and for electroorganic processes, limits the substrate scope. 
In the case of CO2 electroreduction, the outersphere direct reduction potential for CO2 is ‒1.48 V vs RHE 
(pH 7);31 this high value imparts too great an energy penalty to drive efficient CO2RR. Thus, adsorption 
events dramatically stabilize the reduction process and enable electrocatalysis, although it is estimated that 
catalysis may still be operative at an overpotential with respect to the thermodynamic potential for forming 
the adsorbed reduced CO2 species.103 Furthermore, substrate electroadsorption has also been invoked as a 
key distinguishing factor to explain why certain metal electrode surfaces selectively form CO and others 
produce higher order products beyond CO from CO2, Figure 4b. Below, we discuss how the metal electrode 
material is invoked as a critical component that dictates the selectivity in CO2 and CO electroreduction 
processes and its relation to the surface adsorption isotherm of the substrate. Following, we discuss an 
example from alkyl halide reductions that demonstrates how this knowledge can also be applied in tuning 
electroorganic reaction selectivity (Figure 4c).   

Cu electrode surfaces have been identified as a unique material that enables reductive C-C bond coupling 
reactivity from CO2 or CO.32,104–108 The selectivity for these processes, however, is poor. As such, numerous 
studies have postulated why Cu-based materials enable this desired multi-electron reactivity and others do 
not.32,109–111 The consensus hypothesis in the literature suggests that stronger metal-CO (M-CO) bonds 
enable higher surface coverage of M-CO,109,112 and thus, upon the application of a suitable reductive 
potential, these M-CO can be coupled, Figure 5a. In contrast, on electrode surfaces that do not form higher 
order products, such as Au, the weaker binding strength of CO leads to a lower surface coverage, and thus 
facile liberation of CO over its accumulation, Figure 5b.28 Indeed, in-situ spectroscopic studies revealed 
that a high surface coverage of labile M-CO can be maintained on copper at reductive potentials,113,114 most 
likely the result of a displacement reaction with solution-dissolved (bi)carbonate,115 while negligible 
coverage of kinetically competent CO is observed on Au.28  These insights can be made using surface-
enhanced infrared absorption spectroscopy (SEIRAS) in attenuated total reflectance mode, Figure 5c. The 
SEIRAS technique utilizes nanostructured electrode surfaces that amplify the incident IR absorption via 
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adsorbed species with transition dipole moments perpendicular to the surface.35–38 This technique is well-
suited to visualize the electrode surface structure because SEIRAS provides: (a) linear response in adsorbate 
coverage and signal intensity116; (b) unrestricted mass transport to the catalyst surface; and (c) surface 
sensitivity within ~10 nm of the electrode surface.35 In this way, the spectroscopic signatures of 
characteristic molecular vibrations of molecules bound to the surface and electrolyte constituents can be 
tracked as a function of various experimental parameters (electrolyte, potential, additive). While the surface 
is heterogeneous in nature, it is the aggregate ensemble of electrochemically accessible surface-active sites 
that govern the relevant interfacial structure; thus, these spectroscopic tools provide a way of visualizing 
the aggregate, steady state surface population of key intermediates and substrates. For CO reduction, thus, 
it is hypothesized that adsorption enables high surface population of CO, and the surface exerts a catalytic 
effect in enabling charge transfer process between these two fragments. Together, these studies exemplify 
how an understanding of the surface adsorption processes can be achieved, and therefore suggest that they 
can be manipulated to further augment surface electroadsorption, thereby facilitating selective reactions.  

The critical role of tuning CO adsorption strengths onto catalyst surfaces has also led to understanding of 
the electrode materials’ properties necessary to enable more selective catalysis. It has been shown that 
introducing defects, known as grain boundaries, is correlated to the increase in binding energy of CO on 
Cu.41,117 The adsorption energies determined for CO bound to these defects are in line with the values that 
were determined from defects on crystalline Cu(100) surfaces via isotherm studies,118 and are consistent 
with the view that defect sites lead to higher binding energies of CO. These defect-rich surface structures 
have interestingly shown higher activity for CO and CO2 reduction. Manipulation of the underlying defects, 
including grain boundaries, altered CO reduction activity and selectivity.41,117,119 Increased CO binding 
enthalpy to Cu surfaces was shown for more defect-rich Cu surfaces, and correlated  with higher selectivity 
for C-C coupled products, Figure 5d.41  These conclusions were drawn from thermal programmed 
desorption studies in the absence of electrolyte or potential. SEIRAS measurements show that the potential 
for CO adsorption and CO electroreduction are distinct,113,114 i.e. CO pre-equilibrium adsorption precedes 
activation; therefore, these insights are consistent with the TPD results and hypothesis that  higher CO bond 
strengths enable higher pre-equilibrium CO surface coverage. Together, these studies reveal how the 
materials tuning of the electroactive interface can augment the substrate interactions with the active surface, 
manipulating the selectivity for desired transformations in these heterogeneous electrochemical 
environments.   

The studies outlined on electrosorption in the context of electrocatalytic fuel formation offer opportunities 
to compare and draw on these concepts to affect the product selectivity for electroorganic transformations. 
For electroorganic processes, substrate specific-interactions with the surface facilitates selective reactivity. 
Alkyl halides, a commercially available electrophilic feedstock,  interact and adsorb on both unpolarized 
and polarized transition metal surfaces.120 Additionally, under ultra-high vacuum, alkyl halides were found 
to adsorb onto transition metal surfaces at as low as liquid N2 temperature.121 Under electrochemical 
conditions, in-situ Raman spectroscopic studies suggest that benzyl halide substrates can adsorb onto 
transition metal electrode surfaces, such as Ag.122,123 These results suggest that in contrast to direct outer-
sphere SET that is commonly employed for radical-based chemistries, electroadsorptive properties could 
enable inner-sphere SET to electroadsorbed substrates. Indeed, it has been documented that 
electroadsorptive properties alter product selectivity for simple alkyl halide reduction processes. For the 
reduction of 1-iododecane in DMF on glassy carbon surfaces, the reaction proceeds at ‒2.17 V SCE 
(aqueous saturated calomel electrode), and the primary product of the reaction was the dehalogenated 
product.124 This selectivity is consistent with electroanalytical results revealing a two-electron wave at 
potential values at 0.87-0.75 V more negative than the thermodynamic potential for primary radical 
reduction to the carbanion, Figure 5e.124–126 It is postulated that the two-electron wave arises due to the 
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extra excursion away from the thermodynamic potential, which renders the second reduction kinetically 
facile.126 Thus, the data are consistent with the formation of a carbanion, 8, via outer-sphere electron transfer 
(OSET) in solution, which is protonated by solvent or trace water. In contrast, on silver electrode surfaces, 
the potential for reduction is ‒1.06 V vs SCE, around 1.11 V more positive than that on glassy carbon.124,127 
These electrocatalytic properties of Ag towards organic halides is well-documented,128,129 and the alkyl 
halide example is chosen as bulk electrolysis data for both Ag and carbon electrodes are available. The 
primary product for 1-iodohexane reduction on silver electrode surfaces was the dimer, rather than the 
dehalogenated product. It is hypothesized that the adsorption of iodide provides additional thermodynamic 
advantage to effect robust electrocatalysis.129 The intermediacy of a radical, 9, instead of a carbanion was 
supported by the single-electron, in contrast to the two-electron, stoichiometry. In terms of product 
selectivity, this result bears resemblance to the redox-leveling effect observed for solution-dissolved 
organic or inorganic redox mediators.130,131 In the absence of the redox mediator, the two-electron 
protodehalogenated product was selectively obtained, however, in its presence, the SET radical reactivity 
was instead observed.130,132 The rationale for the leveling effect, however, is different for the two systems. 
In the solution-dissolved case, the effect is due to taking a two-dimensional scaffold and rendering it in a 
three-dimensional one.43 In the transition-metal electrode catalyzed process, there are two possible 
explanations for the leveling effect observed. First, the lowered potential energy profile by the interaction 
with the surface results in a less negative potential which disfavors the formal radical-polar crossover event 
to form the carbanion, 8. Second, the reactivity may proceed via an elementary step akin to reductive 
elimination. Thus, these results highlight that the changes in product distribution observed when altering 
electrode materials could be the result of electrosorptive mechanisms of the substrate with the material 
followed by inner-sphere electron transfer, Figure 5e versus Figure 5f. Thus, these studies motivate further 
manipulations of electrode materials design to augment electrosorption events, thereby tuning 
electroorganic reaction selectivity.  

Together, these studies highlight how substrate electroadsorption of both small molecule substrates relevant 
to the solar fuels paradigm and those utilized in synthetic organic methodology can be studied and 
subsequently manipulated to enable more selective electrosynthetic reactions. By combining mechanistic 
insight obtained from electroanalytical methods and in-situ spectroelectrochemistries with ex-situ surface 
analysis and electrode materials design, the unique added electrosorptive properties inherent to 
electrochemical systems can be utilized as an opportunity to manipulate and control electrosynthetic 
reaction selectivity. The studies highlighted in this perspective lie in contrast to the view that adsorption 
should be avoided because it leads to competing deleterious electrocatalytic reactivity. While this strategy 
is important when targeting formal outersphere electron transfer to substrates,10 emerging opportunities 
exist in manipulating innersphere electron transfer for electrosynthetic applications.  

Outlook  

While discovered over 150 years ago, electroorganic chemistry, the facilitation of organic reactivity driven 
by electricity, is relevant today because it enables a pathway to achieve sustainable synthesis goals. This 
revival has provided chemists with the opportunity to add additional ways to access high energy and reactive 
intermediates under mild conditions. In addition, the revival also provides the opportunity to revisit the 
physical inorganic and organic electrochemistry of these processes to delineate the underlying principles 
gating chemical reactivity at electrified interfaces. Organic chemists have explored the mechanistic aspects 
of reactivity to inspire new ones, and we similarly envision that understanding the underlying complexity 
of interfaces will afford more creative manipulations of electricity-driven synthesis. A key ingredient to 
achieve this vision is the appreciation that electrochemistry is an interdisciplinary study concerning the 
electrode materials design and the manipulation of the solid/liquid phase boundary, which are both dynamic 
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and change as a function of the electrode potential. In this perspective, we have delineated two concepts –
tuning proton transfer events via interfacial microenvironments and facilitation of key inner-sphere electron 
transfer events via electrosorption – that translate across the field of CO2 electroreduction, where interfacial 
physical principles have been extensively studied, and electroorganic chemistry, where these principles 
have been less explored. Together, this perspective highlights how lessons learned from the energy 
conversion and catalysis field translates into mechanism-guided electrosynthetic strategies that increase 
product selectivity via interfacial tuning and contextualizes them as an opportunity to build a richer science 
that embraces the complexity of interfacial structure in reaction design.  
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Figures 

  

  

Figure 1: (a) Schematic depiction of the dynamic proton-coordinate manipulated during reductive electrochemical PCET processes that consume 
proton donors, such as CO2RR and reduction of aromatic carbonyl compounds. (b) Depiction of the selectivity challenges in enabling selective 
PCET activation of CO2 versus H+ at an electrified CO2RR electrocatalyst. (c) Depiction of the selectivity challenges in enabling selective PCET 
reduction of an aromatic carbonyl compound to favor alcohol versus pinacol formation. Gradient arrow represents the buildup of interfacial pH 
gradient during the electrochemical processes in (b) and (c) to mirror the schematic in (a). 
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Figure 2: Inquiry of the PCET mechanism informs how to further augment and manipulate the interfacial proton donor coordinate. Possible PCET 
pathways for CO2 initial activation and compulsory CPET activation with an electrified surface (a).  Example experimental setup to investigate 
proton-donor dependence of electrocatalytic CO and H2 formation under well-defined mass transport, i.e. activation-controlled conditions (b). 
Divergent proton donor requirements for CO2 vs H+ electroactivation (modified from reference28). (e) Possible PCET pathways for activation of 
4 to investigate proton-donor dependence of pinacol versus alcohol formation. (f) Schematic depiction of cyclic voltammograms analyses to 
investigate proton-donor dependence of electrochemical pinacol versus alcohol formation. (g) Divergent proton donor requirements for pinacol 
versus alcohol formation. (f) and (g) (modified from references48,71–73). 



13 
 

 

  

Figure 3: (a) Schematic depiction of how interfacial modification augments the dynamic proton coordinate. Examples follow: (b) Porous 
electrocatalysts enhance CO2RR selectivity over HER via amplified pH gradients (modified from reference78).  (c) Electrodeposited films enhance 
CO2RR selectivity over H2 evolution via amplified pH gradients (modified from reference 80). (d) Drop-cast organic modifiers enhance CO2RR 
selectivity via tuned hydrophobicity at the interface (modified from reference 82). (e) CO2RR performed in the presence of surfactants enable 
enhance CO2RR selectivity over HER (modified from reference 83). (f) Acetophenone (Ar = phenyl, R = methyl) reduction selectivity enhanced in 
the presence of surfactants (modified from reference 88). 
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Figure 4: (a) Schematic depiction of the potential-dependence of neutral organic substrate surface concentration manipulated via interactions with 
surface, solvent, and/or interaction with electrolyte constituents. (b) Depiction of selectivity challenges in enabling selective CO formation from 
CO2 versus further reduction to form higher order products. (c) Depiction of selectivity challenges in enabling selective C-C bond formation versus 
protodehalogenation. Gradient arrow represents the changes in the substrate interaction with the surface leading to differing product selectivity in 
(b) and (c) to mirror the schematic in (a).  
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Figure 5: Inquiry of surface electroadsorption to inform how to further augment and manipulate surface interactions. Possible CO surface population 
differences dictated by changes in CO binding energetics (BE) to give rise to sole CO liberation (a) versus higher order product formation (b). Example 
experimental setup to investigate surface population and electroadsorption processes under electrochemical potential bias, surface-enhanced infrared 
absorption spectroscopy (c). (d) Defect design enables stronger CO binding and higher selectivity of C-C coupled products (modified from 
references117,119). Comparison on inert electrodes enabling outer-sphere activation of alkyl halides (e) versus electrocatalytic electrode enabling inner-
sphere activation (f) (modified from references124,127). 
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