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ABSTRACT

Electrochemical reactions show promise for decarbonizing the chemical industry through
distributed, local chemical synthesis; replacement of hazardous, atom-inefficient, and
emissions-heavy precursors and processes with benign reagents and electrical potential; the
storage of intermittent renewable energy in chemical bonds; and the direct conversion of CO2
into value-added chemicals. Before electrochemical technologies can be deployed, however,
they must go through many stages of development. Different electrochemistries have different
needs prior to deployment. In this thesis, we focus on lab-scale, fundamental kinetic studies of
select electrochemistries — particularly those chemistries for which dilution or mixing
phenomena are of practical concern.

We first discuss electrochemical COz2 reduction — a chemistry that is very well studied in the
lab environment, but has yet to reach deployment stage. In particular, we address the questions:
what happens if we do not have access to a pure CO2 gas feed? Is electrochemical CO2
reduction tolerant to common CO2 impurities such as N2 and O2? Through mechanistic study,
we demonstrate that neither the rate nor the mechanism of CO2 reduction is affected by the
presence of Oz, but that the cathodic co-reduction of O: at relevant potentials represents a
parasitic current — an energetic trade-off for tolerance to feed impurity which should be
considered in technoeconomic analyses of CO2 reduction systems.

Next, we consider mixtures not in the gas phase but in the liquid phase: blended aqueous-
nonaqueous electrolytes. Such mixtures are often used to bring organic substrates into contact
with water as a co-reactant, for example in O-atom transfer chemistries. We describe and
measure complexities of working in such systems, such as solvent components that behave
nonideally and ill-defined potential scales. We report the first measurement of the water
dependence of nonaqueous alkaline hydrogen evolution, accounting for such nonidealities. In
doing so, we propose molecular explanations for water’s nonideal behavior and hypothesize
many roles water can play in blended electrolytes. Finally, we use such a blended electrolyte
to develop an approach to benzylic C-H oxidation for the production of commodity chemicals.

We hope this work represents a useful step toward the understanding and deployment of these
relevant electrochemical systems.
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1 INTRODUCTION

1.1 Electrochemistry as a tool for decarbonization

Climate change is a defining challenge of the present generation. As of 2016, annual
anthropogenic greenhouse gas emissions total 49.4 gigatonnes CO: equivalent.! Of this, 73.2%
is attributable to total energy use; 24.2% specifically to energy use in industry; and 5.2% to
direct process emissions from the production of chemicals such as ammonia and cement. Since
CO:2 emissions are the largest contributions to these numbers, there is presently an ongoing
push to decarbonize the energy sector through the use of renewable electricity generation — via
the likes of solar, wind, hydropower, and (debatably renewable) nuclear power. However, in
order to reach global climate goals, there is an urgent need to not only incorporate renewables
into the energy sector, but also to address problems of renewable energy storage, sustainable
manufacturing, and process electrification. A powerful tool in our kit which can address many

of these issues is electrochemistry.”

At its core, the subject of electrochemistry is not so different from the subject of chemistry
itself — the primary focus is on the behavior of electrons, and controlling where those electrons
go as bonds are made and broken, and as oxidation states change. The difference is that, in
contrast to chemical redox, an electrochemical system allows for the decoupling of reduction
and oxidation into two distinct half-reactions that can be tuned independently from one another
and also spatially separated from one another. Because electrons can pass through an external
circuit connected to the interfaces at which charge transfer occurs, the driving force for a redox
reaction can be supplied or harnessed as a voltage. This powerful thermodynamic handle offers
many benefits, from enabling chemistries which would be otherwise impossible, to quicker
responsiveness — allowing for easy ramp up/ramp down of reaction rates — to modularizability,
allowing for the production of small-scale devices and highly distributed, decentralized

implementation.?
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There are several examples of electrochemical technologies or reactions that have contributed
to decarbonization, and many more show promise for doing so in the future. One is the battery,
and the lithium-ion battery in particular, which is a compact form of energy storage allowing
for the off-grid electrical operation of small devices and appliances as well as vehicles.*>
Beyond the battery paradigm of storing energy in devices which can be cycled, we can also
think about storing energy in chemical bonds, which leads us to electrosynthetic applications
such as water splitting, CO2 reduction, N2 reduction, and organic electrosynthesis.>’ By
splitting water to produce hydrogen, we can avoid the CO2 emissions inherent in steam methane
reforming, the state-of-the-art in industrial hydrogen production.® By reducing CO2, we can
reverse combustion and directly close the carbon cycle.” By reducing N2 electrochemically, we
can synthesize the valuable molecule ammonia at low temperatures and pressures, allowing for
distributed fertilizer production.!®!! And through the use of voltage, specific transformations
such as the partial oxidation of small hydrocarbons as well as selective functionalization steps
in pharmaceutical manufacturing pathways has been shown to be possible.” In this respect,
electrosynthesis can be thought of both as a tool for renewable energy storage, and as an

approach to sustainable manufacturing.

1.2 Current state of electrochemical technology development

Of course, different electrochemical technologies have been researched and developed to
varying extents. On one hand, the state-of-the-art industrial processes for the production of
chlorine, the refining of metals such as aluminum and magnesium, the separation of transition
metals such as copper from aqueous solutions, and even the production of adiponitrile (a

precursor to nylon-6,6) are all electrochemical.'? On the other hand, electrochemical processes

13,14 15-19

such as nitrogen reduction and the partial oxidation of methane are still in relatively
early research stages, dealing with questions of reproducibility, low observed rates, and active
catalyst discovery. Here we will make note of the present development level for

electrochemical reactions highlighted in this thesis.?

1.2.1 Hydrogen evolution
First reported in the year 1789, the splitting of water to produce hydrogen and oxygen is one
of the simplest and most foundational electrosyntheses. The half-reactions involved can be

written as follows (acidic form, pH 0):

HER: 2H;0%(aq) + 2e~ = Hy(aq) + 2H,0(1) E’=0V vs. SHE
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OER: 2H,0(1) = 0,(aq) + 4H" (aq) + 4e~ E’=1.23 V vs. SHE

An abundance of reports on water splitting — over 20,000 articles — have been published in
recent years. As a result, water splitting is one of the most highly developed electrosyntheses,
with electrolysis units now commercially available. There are three major types of water
splitting devices that have been developed: the proton exchange membrane electrolyzer
(PEME), which is acidic and uses a hydrated membrane as the electrolyte; the alkaline
electrolyzer (AE), which uses an alkaline liquid electrolyte; and the solid oxide electrolyzer
(SOE), which conducts oxide ions through a solid oxide electrolyte and is operated at high
temperatures. Of these, the PEME is the most developed, followed by the AE — although there
is optimism that alkaline electrolysis, in promoting the more kinetically difficult half-reaction
of OER at the expense of HER, will overtake PEME in commercial viability in the long-term.
The selectivity of the reactions, their mechanisms, and even the design of systems for high-rate
electrolysis, are well developed. Much research conducted in water splitting today aims to
develop catalysts with catalytic activities and stabilities comparable to or better than expensive
noble-metal-based materials such as Pt, while simultaneously being less expensive and more
earth-abundant.?>"*> Simultaneously, alongside increasing interest in alkaline electrolyzers,
there has been increasing research interest in electrolyte effects and solvent dynamics during

HER, which is the more difficult half-reaction under alkaline conditions.?¢3%

While water-splitting technologies are highly developed in these contexts, even to the point
that multiple large-scale electrolysis projects have been announced, it should be noted that our
understanding of water reduction in particular is limited mostly to the context of aqueous
electrolytes. Limited efforts have been dedicated to the study and development of water-

39,40

splitting reactions in nonaqueous contexts, or in the context of blended aqueous-

nonaqueous electrolytes.*!*?

1.2.2 CO; reduction
The electrochemical reduction of CO2 consists of many different half-reactions, all following

the general form:?°
CORR: XCO, + n(H* + e7) & CuH,0, + mHy,0  E°=-0.47~0.17 V vs. SHE

This reaction is again written in acidic form, at pH 0 — although COz reduction is largely carried

out at near-neutral pH’s.
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First reported in 1870,* electrochemical CO2 reduction has seen a renewed wave of interest in
the new millennium, as the deleterious effects of increasing levels of CO2 in the atmosphere on
global ecosystems have become more apparent. Products of CO: electrolysis on most metals
have been fully reported,” and those showing the highest activity for products — namely Sn (for
making formate), Ag/Au (for making CO), and Cu (for making CH4 and multi-carbon products)
—have been studied in great depth, through experiment, spectroscopy, and simulation. Alloying
and nanostructuring of these materials, particularly Cu, has been a major subject of research.*
In addition, certain highly-selective molecular catalysts — usually producing CO — have also
garnered considerable interest.*> In the meantime, as with HER, work in CO2 reduction has
also recently begun to address solvent effects, electrolyte salt effects, and the impact of local

pH on reaction rate and selectivity.*¢->!

By now, several publications have demonstrated reasonably high-rate, durable, and selective
systems for CO: electrolysis.***?> However, CO: reduction systems in general have a
considerably lower technology readiness level (TRL) than water splitting systems.
Commercially, there exist a handful of early-stage companies, as well as smaller divisions
within large companies, aiming to deploy CO: reduction technologies; their success as

measured through profitability remains to be seen.’>>

One practical aspect of CO2 electrolysis which had been investigated only sparingly prior to
this thesis work was the behavior of COz reduction reactions at lower pressures of CO2,% and/or
in gas mixtures containing contaminants.’’*® This is surprising, as one factor in determining
the feasibility of CO2 reduction is the cost of obtaining the CO: itself,>**® which can be
decreased substantially by decreasing CO2 feed purity.5!> Knowing exactly what impurities a
COz electrolysis system can tolerate, and how this impacts technoeconomic considerations, is

a useful goal.

1.2.3 Partial oxidation of small organic molecules

Finally, we will briefly consider a class of transformations within organic electrosynthesis: the
partial oxidation of small organics. The foremost example of such a chemistry is the partial
oxidation of methane to produce methanol. This transformation is particularly attractive given
that (a) methane, being a gas at STP, is more difficult to transport and handle than methanol,
which is a liquid at STP, and (b) methane is particularly inexpensive in modern times as a result

of the advent of hydraulic fracturing, whereas methanol is a valuable synthetic precursor.
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However, as of this writing, the partial oxidation of methane to produce methanol at

appreciable rates is still largely a dream.!>°

Expanding scope to include organics slightly heavier than methane, there is a small but growing
body of literature focusing on electrochemical reactions for oxygen-atom transfer (OAT) to

63-69 and

organics. Early work on O-atom transfer by researchers such as Dennis Johnson
Richard Holm” in the 1980°s and 1990’s laid the groundwork for much modern OER catalysis
as well as our own group’s use of metal oxide nanoparticles to achieve O-atom transfer to
epoxidize olefins”' and make lactones from cyclic ketones.”? Other groups such as those of
Lutz Ackermann and Phil Baran are conducting work in electrochemical C-H activation
(mostly sp? activation on aryl rings)”-’>7* and partial oxidation of organics for pharmaceutical

75-79

applications, respectively. In addition, the electrochemical hydrogenation and oxidation of

biomass-derived molecules is also a growing area of interest.>

In general, most reactions involving organic substrates are less developed than HER and the
CO2 reduction reactions, and there is more “green space” to not only explore catalysts but to

ask which reactions are possible in the first place.

1.2.4 Identifying barriers to technology development

As may be observed from these brief overviews, a much-simplified representation of the
workflow in electrocatalysis research and development might be: (1) first identify a half-
reaction which can take place, then (2) study the impact of electrode material on that reaction,
then (3) understand how electrolyte-side variables impact the reaction, given a particular
electrode material, after which point (4) the engineering of the system can be tweaked and the
technology can eventually be deployed. Aqueous acidic HER in particular has progressed
through these stages toward commercialization, and CO2 reduction is following behind, albeit
at a somewhat considerable distance. Meanwhile, organic electro-oxidation reactions are less

developed as a rule, with considerable room for additional reaction identification.

The question is: where might a Ph.D. thesis fit into this landscape? That is to say, where are
the opportunities to conduct fundamental research for these applied contexts? Across the board,
these chemistries require testing under more complex cases of deployment. Specifically for this
thesis, we have identified 3 distinct opportunities to address barriers to technology development

on these fronts:
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1. Study HER in nonaqueous contexts in which the reaction may serve as a counter for an
organic electro-oxidation.
2. Study the impact of gas feed impurities on electrochemical CO:z reduction.

3. Develop novel partial oxidation reaction(s).

1.3 Brief description of work in this thesis

The primary focus of this thesis is to push the boundaries of practical understanding for these
key chemistries, with a specific focus on the effects of mixtures on “ideal,” well-documented
reaction rates and mechanisms. In a sense, where chemistries have previously been described,
we are applying them in a “messy” system that better reflects current research needs and real-
world conditions. Figure 1-1 illustrates the two major themes of this work: developing a
molecular-level understanding of electrochemical reactions in the context of 1) gas-phase

diluents/contaminants, and 2) blended electrolytes.

1. Dilute gas feed effects:
- Side reactivity
- Mechanistic changes

. Blended electrolytes:

- Nonideal thermodynamics

- Heterogeneous on the
nanoscale

- lll-defined potential
referencing scheme

Figure 1-1. Overview of this thesis work, focusing on the development of mechanistic
understanding of electrochemical reactions in the context of (1) dilute gas feed effects and (2)

blended electrolytes.

Following this introduction, Chapter 2 is an exploration of the impact of gas feed impurities on
electrochemical COz reduction. In particular, we examine the impact of dilution with nitrogen
and oxygen on CO2 reduction on a planar gold foil catalyst. The motivation for doing so is that

these gases are commonly found in practically-accessible CO:2 sources, ranging from flue gas
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to air itself. We sought to understand the trade-off between CO: feed purity and reactor
performance. In doing so, we discovered that neither the rate nor the mechanism of CO2
reduction on Au is greatly impacted by the presence of oxygen. However, because O is easily
reduced at CO2 reduction conditions, any Oz present is reduced at a rate that is limited only by
the diffusion of O2 to the catalyst surface. Since electrons contributing to Oz reduction are
unable to contribute to CO2 reduction, the reduction of Oz can be considered parasitic current
—aloss of efficiency during the reaction. This insight enables technoeconomic analyses of CO2
reduction systems to consider the impact of feed purity on cost. In addition, our mechanistic
investigation of CO:z reduction contributed to a growing body of literature characterizing the
reaction on Au, offering support for a chemical rate-determining step and opening the door to

investigations of the impact of the bicarbonate ion on CO2 reduction catalysis.

Chapters 3 & 4 focus on reactions taking place in blended aqueous-nonaqueous electrolytes. In
Chapter 3, we explore the fundamentals of thermodynamic nonideality in blended solvents and
how our understanding of this nonideality may impact mechanistic analysis. Using HER as a
case study, we demonstrate that explicit accounting for water activity is necessary in order to
yield meaningful water-dependence data for reactions in which water is a reactant. We present
a methodology for quantifying nonidealities, and speculate on the many roles of water in a
blended aqueous-nonaqueous electrolyte system. For instance, in the HER system where the
measured water dependence is found to be ~3"-order, we demonstrate that this may be
attributable to multiple effects, from water’s participation as a reactant, to acting as a
proton/hydroxide shuttle, to displacing bulky surface adsorbates, to changes in both
equilibrium potential and felt potential, to differences between solvation of reactants and
transition states. We aim to provide perspective that is currently lacking in the scientific
literature: an in-depth molecular-level discussion of thermodynamic nonideality which can be
directly tied to bulk experimental measurements. In addition, we extend the relevance of the
activity discussion to more complicated O-atom transfer chemistries such as cyclooctene

epoxidation and cyclohexanone lactonization.

In Chapter 4, we build on the methodologies discussed in Chapter 3 to characterize a newly-
reported electrochemical O-atom transfer chemistry: direct benzylic C-H activation. Using p-
xylene as a model substrate, we characterize the product distribution from the reaction at
various potentials and investigate pathways to forming more deeply oxidized products. We
conduct a mechanistic analysis for the reaction, highlighting once again an unexpectedly high-

order dependence of the reaction rate on electrolyte water content. In addition, we highlight the
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impact of electrode material on C-H activation activity, noting in particular that carbon-based
electrodes perform well, and the incorporation of metal catalyst materials does not positively
impact reaction rate — a puzzling conclusion, to be sure, but one which implies that this reaction
can be carried out without the use of expensive precious-metal-based materials. Future
development of this reaction scheme may allow for the partial oxidation of xylene to more
cleanly synthesize products such as terephthalic acid, which is used in the production of PET
plastic and is currently made in a harsh, corrosive environment conducive to the undesired co-

generation of COx.

Finally, in Chapter 5, we present conclusions and an outlook for these areas of research moving
forward. Among other impacts, work from this thesis will hopefully aid in informing
technoeconomic analyses for the deployment of CO2 reduction units, spawn interesting next
steps toward deconvoluting the roles of water in blended solvent environments via the study of
H: and alcohol oxidation as well as the use of techniques such as soft X-ray spectroscopy and
MD simulations for probing the structure of water, and enable new synthetic pathways

requiring selective C-H activation.
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2 IMPACT OF GAS FEED
IMPURITIES ON
ELECTROCHEMICAL CO»
REDUCTION

The material in this chapter is adapted from Williams, K., Corbin, N., Zeng, J., Lazouski, N.,
Yang, D.-T., Manthiram, K. Protecting effect of mass transport during electrochemical
reduction of oxygenated carbon dioxide feedstocks. Sustainable Energy & Fuels 2019, 3, 1225-
1232.3! Reproduced with permission from the Royal Society of Chemistry.

2.1 Abstract

Electrochemical CO2 reduction is a promising path toward mitigating carbon emissions while
also monetizing waste gas through chemicals production and storage of surplus renewable
energy. However, deploying such a technology for use on industrial CO2 sources requires an
understanding of the effects that gas feed impurities have upon CO2 reduction reaction
(CO2RR). In this work, we elucidate the impact of molecular oxygen on the network of
reactions occurring in a CO:z reduction system. Our findings indicate that for a planar,
polycrystalline Au electrode in an aqueous environment, oxygen reduction current is limited
by the transport characteristics specific to the cell geometry and solvent; as a result, mass
transport confers a protective effect by mitigating the otherwise thermodynamically and
kinetically favorable reduction of oxygen. The presence of oxygen does not appear to have a
significant impact on either CO2RR or hydrogen evolution partial currents, indicating that the
mechanisms of reduction reactions involving oxygen are independent of CO2RR and hydrogen
evolution. Further, an electrochemical kinetic analysis indicates many feasible candidates for
the rate-determining step of CO2RR; there is no indication that the CO2RR mechanism at Pcoz
= 0.5 atm is altered by the presence of oxygen, as the Tafel slopes (59 mV/dec) and reaction
orders with respect to bicarbonate (0), CO2 (~1.5), and protons (0 from lack of KIE) are

consistent between systems with Po2 = 0 atm and those with Poz = 0.5 atm. While this is
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promising for the robustness of CO2RR to oxygen impurities in gas feeds, the ultimate design
trade-off when utilizing CO2 sources containing oxygen is between the cost of separation
processes and the corresponding cost of power inefficiency as a result of electrons lost to
oxygen reduction. This represents a first step in understanding kinetic and transport

considerations in the design of gas-impurity-tolerant COz reduction systems.

2.2 Motivating the study of CO: reduction with oxygenated CO-
feedstocks

With the rise of concern regarding carbon dioxide (CO2) emissions, CO2 valorization as a
means of energy storage or chemicals production is an attractive pursuit. While round-trip
efficiencies for energy storage technologies such as lithium ion batteries and pumped hydro
power are greater than those for CO: electroreduction to fuels,®? the generation of energy-dense
chemicals allows for flexibility of energy recovery strategy as well as for product utilization in
synthetic organic applications. CO2 reduction reactions (CO2RR) have been employed to reach
products ranging from carbon monoxide (CO) and formate to more deeply-reduced products
such as ethylene, methanol, and ethanol.”**%* Generating such products from point-sources of
CO2 may prove to be an attractive means of both curtailing and monetizing CO2 emissions in

the future.

A major limitation of existing studies of CO: electroreduction, however, is that almost all
experiments conducted to date have utilized gas feeds of 99.9% or purer COz2. Those
investigations which have focused on dilute streams of CO2 have so far mostly done so in the
context of low-conversion molecular catalysts and inert gas impurities such as nitrogen (N2).>¢
If COz reduction is ever to be practically employed, it may not be feasible — logistically or
economically — to expect end-users of COz2 reduction technology to supply feedstocks of high
CO2 purity. Some estimates have indicated that the purification of CO:2 from air (which
currently contains ~400 ppm or 0.04% CO2)*> would cost roughly $1000/metric ton CO2
captured, while similar capture from the effluents of coal-fired power plants (containing 10-
15% COz2) would cost about $25-100/metric ton CO2.°! A more promising study on the design
of a system for direct CO2 capture from air was able to decrease the cost of air capture to $94-
232/ton CO2.> However, even this cost may prove prohibitive for the commercialization of
COz reduction technology, as many technoeconomic analyses investigating CO2 reduction

viability rely on CO2 capture costs being no more than $30-60/ton CO2.%%%° Therefore, it would
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be valuable for developed CO2 reduction technologies to exhibit some degree of tolerance to

gas feed impurities.

Previous studies involving non-inert impurities in COz reduction streams have focused on the
effects of NOx, SOx, and O2 on CO2RR at Cu cathodes.””® In these contexts, Oz was treated
either as a species with the propensity to interfere with other impurities (e.g. by oxidizing
poisoning sulfide ions),’” or as a catalyst oxidant.”® Ex-situ catalyst characterization and
changes in bulk product distribution were the primary metrics of the impurities’ effects,
whereas impacts on the electroreduction mechanisms occurring in the cell and the physical
phenomena governing the feed impurities’ behavior in these contexts were not explicitly
treated. Thus, there is a need to build upon these efforts in order to ensure the catalysts being

developed for COz2 reduction today will be viable for implementation in the future.

In particular, an abundant and reactive impurity in most anticipated CO: feed streams is
molecular oxygen (Oz2). Oxygen-tolerant catalytic networks are increasingly being studied for
hydrogen evolution; methods for minimizing O2 competition include the development of bio-
inspired catalytic pockets in order to exclude, photo-reduce, or otherwise steer molecular
oxygen away from poisoning catalytic systems for proton reduction.®® Platinum catalysts for
the hydrogen evolution reaction (HER) seem to maintain current density to HER in the
presence of 0.21 atm O2;* however, the exact means by which this is possible have not been
investigated. It is equally as important, if not more so, for the impact of Oz on CO: reduction

to be studied and mitigated, since O2 may very well be a constituent of CO2 reduction gas feeds.

The goal of the present work is to demonstrate the effects of the presence of oxygen on the
network of reactions occurring during electrochemical COz2 reduction on gold catalysts. Gold
was chosen as a test catalyst due to its high activity toward COz2 reduction and for ease of study
due to its high selectivity toward only gas-phase products (CO and H2).”8437-! Cultivating an
understanding of oxygen’s effect on such an electrocatalytic system will pave the way for the
development of systems with tolerance toward a broader variety of gas-phase impurities
characteristic of many COz point sources, which may be required for industrially viable CO2

reduction.
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2.3 Methods for electrochemical CO» reduction

2.3.1 Electrochemical cell
A two-compartment cell design was used for CO: reduction experiments (Figure A-A1).”? A

full treatment of cell design and assembly can be found in Appendix A (A.1, A.6).

2.3.2 Catalyst, electrolyte, reference, and gas feed preparation

Gold foils were mechanically wet-polished using new 400-grit sandpaper for 3 minutes,
sonicated in Milli-Q® water for 3-5 minutes, and dried with compressed nitrogen gas prior to
insertion in the electrochemical cell. Unpolished platinum foil was used as the counter-
electrode, and the two electrode compartments were separated by a Selemion™ AMYV anion-
exchange membrane. Sodium bicarbonate electrolytes were prepared by dissolving sodium
carbonate into Milli-Q® water to yield solutions with carbonate molarities of 2 the desired
bicarbonate molarity, followed by bubbling overnight using instrument-grade (99.99%) CO2
to convert the carbonate to bicarbonate. A leak-free Ag/AgCl reference electrode was used,
and was calibrated to a master Ag/AgCl reference in saturated KCI before each experiment.
Gas feeds during experiments were mixed by combining research-grade (99.999%) COs-,
industrial-grade (99.7%) Oz, and house-supplied N2 (the inert feed) in the appropriate ratios.
Total gas flow was set to 10 sccm unless otherwise noted, and the pressure in the
electrochemical cell remained at roughly 1 atm. Further details on materials and experiments

can be found in Appendix A (A.6. Electrochemical Experiments).

2.3.3 Product characterization

While minor electroreduction products were detected through a combination of NMR
spectroscopy and colorimetric assays (see Appendix A.7. Product Detection), the majority of
confirmed products were detected through in-line gas chromatography (GC). An SRI MG #5
Model 8610C GC was set up to auto-sample gas effluent from the electrochemical cell during
operation. Products were detected using both a flame ionization detector (FID) and a thermal
conductivity detector (TCD). Full details of GC setup and calibration can be found in Appendix
A (A.7. Product Detection). GC samples taken at t = 20, 30, and 40 minutes during each
electrolysis experiment were averaged for the data reported herein. Oxygen reduction reaction
(ORR) current densities for most experiments were calculated from the balance of current after

accounting for all detected products. The validity of this approach is confirmed both by lack of
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detectable liquid-phase products (A.7.2. Proton NMR for Liquid CO2RR Products) and by FE

closure to 100% in the absence of oxygen.

2.4 Results & Discussion

2.4.1 Oxygen'’s effect on reactions in a CO2RR cell

Initial experiments were conducted holding the partial pressure of CO2 constant at 0.5 atm,
while the pressure of O2 was varied between 0 and 0.5 atm using N2 as the balance. The effect
of the oxygen partial pressure on partial current densities toward CO2RR, HER, and ORR was

quantified. (Figure 2-1) Results of this experiment conducted at different voltages can be found

in Appendix A (A.8).
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Figure 2-1. Oxygen's effect on partial current densities of HER (black), CO2RR (red), and
ORR (blue) in a cell flowing 0.5 atm CO: and various amounts of O2, with N2 as inert balance.
Experiment was conducted at -1.06 V vs. SHE (-0.65 V vs. RHE) in 0.1 M NaHCOs, with each

point in duplicate.

As increasing amounts of oxygen were added to the gas feed, current toward ORR increased
linearly while partial currents toward CO2RR and HER remained roughly constant. This
implies that ORR chemistry did not affect CO2RR or HER catalysis. Further, it suggests the
nature of the catalyst itself may have been unaffected by the presence of oxygen. It should be
noted that there is somewhat larger uncertainty in the partial current measurements toward

CO2RR and HER, consistent with previous studies using foil electrodes.’*** This is because
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foil preparation by polishing introduces surface irregularities that cannot be easily replicated
from run to run. However, the uncertainties expressed in the error bars of this figure are
noticeably small for the ORR data points. This is indicative that the quality of the foil

preparation has no effect on ORR currents, and reinforces our confidence in the data.

At less reductive potentials and lower current densities, an apparent negative trend in both
CO2RR and HER current is observed (Figure A-A19). The fact that this trend is evident only
at low overpotentials suggests either that oxygen interferes with these mechanisms in a distinct
way at lower overpotentials, or that the effect of Oz in the system is constant, but kept small on

an absolute scale, therefore only showing up at low current densities.

To investigate why these trends hold true, the factors governing each reaction — namely, the
kinetic versus transport control of ORR, as well as mechanistic aspects of CO2RR and HER —

were studied in the context of Pco2 = 0.5 atm.

2.4.2 ORR under CO> reduction conditions on gold
CO2RR, HER, and ORR can be described through the following respective equilibria on gold
at pH 7:%%

CO2RR: C0,(aq) + H,O(l) + 2e~ = C0O(aq) + 20H (aq) E’=-0.52 V vs. SHE
HER: 2H,0(l) + 2e” = H,(aq) + 20H (aq) E°=-0.41 V vs. SHE
4e” ORR: 0,(aq) + 2H,0(l) + 4e~ = 40H (aq) E’=0.82 V vs. SHE

2¢ORR:  0,(aq) + 2H,0(]) + 2e~ = H,0,(1) + 20H (ag) ~ E°=0.27 V vs. SHE

Thermodynamics would dictate that at CO2 reduction conditions that allow for the formation
of CO, reducing oxygen is extremely favorable. Since the equilibrium potential for CO:
reduction is roughly -0.52 V vs. SHE in neutral media, the cathode must be held at more
reductive potentials than -0.52 V vs. SHE in order to achieve significant CO2 reduction
currents. It is reasonable to imagine that at greater than 1.3 V of overpotential, the rate of ORR

may not be strictly dictated by kinetics. However, it was prudent to confirm this experimentally.

In this vein, cyclic voltammograms taken at Pco2 = 0.5 atm were compared with and without a
half-atmosphere of oxygen (Figure 2-2A). It can be observed that at around 0.25 V vs. SHE,
the onset of ORR occurs. This reduction current density plateaus at -0.26 mA/cm? around -0.2
V vs. SHE. HER and CO2RR onset, meanwhile, do not occur until the potential is swept down
to almost -0.8 V vs. SHE. It is therefore concluded from this plot that ORR is transport-limited
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at the CO2RR potentials of interest. This explains the phenomenon wherein ORR current is not

impacted by changes introduced to the catalyst surface by polishing — the current is limited by
diffusion.
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Figure 2-2. Transport limitations of ORR. (A) Modified CV scans (each is cycle #2 at a scan
rate of 20 mV/sec) showing the onset and transport limitation of ORR at potentials less
reductive than the CO2RR operating regime. Relevant transport conditions were simulated by
maintaining gas bubbling at 10 sccm. (B) Conceptual sketch of the stagnant mass-transport

boundary layer model.

For a planar electrode, assuming a stagnant boundary layer model (Figure 2-2B), the formation

of a linear species concentration profile at the catalyst surface leads to the expression:*®

iy j = — ] (Eq. 1)
]

where iim,; represents the diffusion-limited current density for a reduction reaction involving
species j, n is the number of electrons involved in the reduction, F is Faraday’s constant, D; is
the diffusivity of species j, cruik; is the concentration of species j in the bulk of the solution (in
turn dictated by Henry’s law in the dilute limit), and J; is the mass transfer boundary layer
thickness for species j. Because of the relative insolubility of oxygen in water — the Henry’s
law constant for Oz is 0.0013 mol/kg-bar, compared to 0.034 mol/kg-bar for CO2’" — the
relative transport-limited current density of oxygen compared to carbon dioxide in solution is

quite low.
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To understand more about the mass-transport boundary layer in the cell, its thickness was
determined by measuring the diffusion-limited current density of the ferricyanide ion and back-

1.9 A conversion was then

calculating its mass-transport boundary layer thickness using Eq.
applied to account for the difference in the diffusion coefficients of ferricyanide and gas-phase
species such as CO2 and Oz (see Appendix A.6.5). For the transport of dissolved Oz gas, the
calculated boundary layer thickness was 200+7 pm. Using the values n = 4 (see below), Do =
2.10x10° cm?s,” and Cpur02 = 0.65 mM at 0.5 atm,”’ the resulting prediction for the ORR

diffusion-limited current density is 0.26 + 0.01 mA/cm?, in remarkable agreement with our

voltammogram.

In addition, it was necessary to confirm which type of ORR was occurring under CO: reduction
conditions. Gold is a known peroxide-forming ORR catalyst,'* more typically implicated in

101102 whereas within the bicarbonate mass

selective H20> formation under acidic conditions,
transport boundary layer, conditions should be slightly basic (up to pH 9-10, depending on the
current density drawn).!® Long-term experiments passing over 50 C of charge were conducted
in order to study the accumulation of ORR liquid-phase products; the colorimetric assay
corresponding to the quantification of hydrogen peroxide in this electrolyte returned negative
results, meaning that less than 10% of the oxygen being reduced is forming hydrogen peroxide
(Appendix A.7.3). We can therefore posit not only that ORR is transport-limited at relevant
testing potentials, but also that it is primarily forming water. As water is the chief component

of the electrolyte, the ORR products are not expected to interfere with any other catalytic cycles

occurring in the cell.

2.4.3 Changes to mechanism of CO; reduction

To follow up on these observations, it was pertinent to interrogate the effect that oxygen’s
presence in the CO:2 reduction environment had on the HER and CO2RR mechanisms,
especially in the low-current density regime. As the kinetics of HER were difficult to probe —
a kinetically interpretable Tafel slope for HER was never attained, consistent with previous
observations® — the focus of this investigation was on the mechanism of CO2RR. Probing the
effect of oxygen in this context necessitates not only the study of the CO:2 reduction mechanism
under oxygenated conditions, but also the study of the same mechanism at dilute concentrations
and with no oxygen present, as most investigations of CO:z reduction to this point have been
conducted at 1 atm of CO,.389%91:1%4 T¢ this end, a mechanistic study of CO2 reduction was

conducted.
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Kinetic data were captured through Tafel analysis, bicarbonate dependence, CO2 dependence,
and kinetic isotope effect (KIE) experiments. The results are displayed and discussed below

(Figure 2-3).
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Figure 2-3. Summary of CO2RR kinetic data on polycrystalline Au for Pcoz2 = 0.5 atm, both
with and without 0.5 atm O2. (A) Tafel slopes in 0.1 M NaHCOs; (B) Bicarbonate dependence
at-0.82 V vs. SHE; (C) Pcoz dependence at -0.82 V vs. SHE in 0.1 M NaHCO3; and (D) Kinetic
Isotope Effect for HER and CO2RR at -0.82 V vs. SHE in 0.1 M NaHCOs. Note that, consistent
with the Po2 effect data, there is a slight decrease of CO2RR and HER currents when oxygen is

present.

2.4.3.1 Tafel slope

Tafel slopes were measured under 0.5 atm of CO2 on Au, both with and without 0.5 atm Oz
(Figure 2-3A). The Tafel slope for CO2RR under the testing conditions without oxygen is 72 +
4 mV/dec, while in the presence of oxygen the slope is 68 = 6 mV/dec. The results presented

are consistent with a theoretical 59 mV/dec Tafel slope. The resulting data were interpreted as
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being linear at potentials less reductive than -0.845 V vs. SHE. At potentials more reductive
than this value, nonlinearities are observed which may be due to transport effects, mechanistic

changes, or non-logarithmic kinetic response at high overpotentials.

The Tafel slope of 59 mV/dec indicates that a chemical step past the initial electron transfer to
COz is the rate-determining step (RDS) (see Appendix A.10). Subsequent experiments were
designed to probe what this chemical step might be. Experiments were intended to probe purely
the kinetics of the reaction and therefore were primarily conducted in the linear Tafel region —
here selected as 300 mV overpotential, or -0.41 V vs. RHE in 0.1 M NaHCO3 (-0.82 V vs.
SHE).

2.4.3.2 Bicarbonate order dependence

One possibility for the RDS is the transfer of a proton from bicarbonate to the adsorbed CO2
anion radical Ocoz-. to form Ocoon (here 0 is used to denote a surface adsorption site). The most
straightforward way to test this RDS possibility is to conduct a bicarbonate order dependence
test. This was done by varying the concentration of sodium bicarbonate in the electrolyte while
holding the total solution ionic strength constant with sodium perchlorate. Perchlorate was
regarded as an innocent bystander ion, while buffers such as phosphate were avoided due to
their ability to poison the catalyst surface.”® Further, the potential with respect to SHE rather
than RHE was held constant, as this voltage is absolute in nature, and therefore represents the
activity of the electron in the reaction — a factor which should be held constant when trying to
probe the effects of a different reagent on the reaction rate. A full treatment of this topic can be
found in Appendix A (A.10). These tests were performed at Pco2 = 0.5 atm both with and
without oxygen (Figure 2-3B). In processing this data, note that we do not account for “salting-
out” of COz, in contrast to the analysis reported in our 2019 publication; this is because CO2

activity is constant in all of the bicarbonate tests (see Appendix A.6.2).

While most conceivable CO2RR mechanisms consistent with the Tafel data might have either
a zeroth- or first-order dependence on bicarbonate, the slope in the bicarbonate plot suggests
that CO2RR is negatively impacted by increased bicarbonate concentrations. The slope without
02 1s -0.2 + 0.2, while the slope with Oz is -0.23 + 0.05. This trend is especially true as we
approach the solubility limit of sodium bicarbonate at roughly 1.2 M (see Appendix A.6.2).!%
Results of the same experiment repeated with potassium bicarbonate, which is of a different
purity than and nearly three times as soluble as the sodium salt, are shown in the Appendix

(A.6.2). Because the potassium bicarbonate data yields a fairly clear zero-order dependence on
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bicarbonate, it is anticipated that the negative slope in the sodium case is the result of a

secondary effect and that the reaction order in bicarbonate is 0.

2.4.3.3 COz order dependence

Experiments probing the effect of Pcoz in the inlet gas on CO2RR current were conducted
(Figure 2-3C). It should be noted that changes in Pcoz corresponded to bulk electrolyte pH
changes; however, since bicarbonate order was found to be 0, this was regarded as having no
convoluting effect on the CO2 order dependence measurement. With slopes of 1.2 + 0.3 and
1.6 + 0.2 respectively for the cases with and without oxygen, the reaction order with respect to
CO2 can neither be said to be 1 nor 2. In fact, it is possible that we are operating in a regime of
mixed control, where the rates of different paths toward COz reduction — one of which involves
a solution-phase CO: accepting an oxygen atom from a surface-bound species — are
comparable. From these experiments alone, we cannot entirely rule out the possibility that the
activity of COz in solution may have a superlinear effect on current densities toward CO2
reduction, although the slope here could also be due to changes in adsorbate coverage and other

second-order effects.

2.4.3.4 Kinetic isotope effect

A proton involved in the RDS of CO2RR need not come from the bicarbonate ion; protons are
also plentiful in the water solvent. To examine the role of protons in the RDS, it is useful to
note that a proton transfer occurring in an RDS is normally subject to a kinetic isotope effect;
that is, because the proton is so light, and because its vibrational mode is the coordinate along
which the reaction proceeds, affecting the frequency of vibration by swapping out an H for a
D can elucidate the participation of the H in the reaction. Thus, experiments were conducted in
which the H20 solvent was replaced by D20, with proper accounting for additional required
drying, membrane soaking, and bubbler replacement in order to minimize adventitious H20

sources (Figure 2-3D) (Appendix A.6.3).

It was shown that at the testing conditions, the KIE is negligible (KIE = kn/kp = 1 within error)
for COz reduction, while for HER the value of the KIE is greater than 10. This is suggestive
that while the KIE could be considerable in this experiment given the participation of a proton
in the RDS, the KIE is not observed, and therefore it is unlikely that a proton transfer is
involved. Notably, KIE experiments have been known to lead to false negative conclusions,

but only in very specific and rare instances.!*®
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2.4.3.5 Mechanistic interpretation of kinetic data

Notably, the kinetic data obtained here in the context of Pcoz = 0.5 atm differ from the outcomes

presented in existing literature on CO2RR mechanisms with Pco2 = 1 atm.”®*! We therefore

present a list of possible mechanisms, with a focus on those candidates which fit the Tafel slope
data (Table 2-1). Derivations of rate laws and further discussion may be found in Appendix A

(A.10).

Table 2-1. Postulated mechanisms of CO: reduction on gold under 0.5 atm CO2.%%1%

Acidic
RDS Tafel Slope Form Tafel Slope at Proton Peoz KIE?
298K,B=0.5 Sl Order

X.1 CO,+0+e = 0c0:- 2.3RT/BF 118 0 1 N
A2 Bco;- + HCO3 = Ocpoy + CO5™ 2.3RT/F 59 1 1 Y
A3 Ocoon +e =0+CO+O0H™ 2.3RT/(B + 1)F 39 0 1 N
B.2 Ocos- + Hy0 2 Ocooy + OH™ 2.3RT/F 59 0 1 Y
B.3 Bcoon +e" =6 +CO + OH" 2.3RT/(B + 1)F 39 0 1 N
C.2* Ocos- + [H*] 2 Ocoon 2.3RT/F 59 1 Y
c3 Bcoon + 6 = 0o + Oon 2.3RT/F 59 0 1 N
C4 Bco =6+ CO 2.3RT/2F 30 0 1 N
D.2 Ocor- + 02 0cp + O 2.3RT/F 59 0 1 N
D.3 Oco =6+ CO 2.3RT/2F 30 0 1 N
E.2 Oco- + CO, = O+ + COS™ 2.3RT/F 59 0 2 N
E.3 Ocor + e~ =6+ COo 2.3RT/(B + 1)F 39 0 2 N
F.2* Ocos- + [H*] 2 Ocoon 2.3RT/F 59 1 Y
F.3 Bcoon = Oco+ + OH™ 2.3RT/F 59 0 1 N
F.4 Ocot +e=264CO 2.3RT/(B + 1)F 39 0 1 N
G.1t HCO3; +0+e” =26, +C05™

G.2 Ocoy- + 60y = Ocoon- + 0 2.3RT/F 59+ 0 1 Y
G.3 Bcoon-= 0+ CO+OH™ 2.3RT/F 59+ 0 1 N
H.2 Oco;- + Y= 0 +VYcor 2.3RT/F 59 0 1 N
H.n®

Outcomes of experiments to probe the kinetics are listed next to each step in every postulated
mechanism, under the circumstances that the step in question is the respective mechanism's
rate-determining step (RDS). 0 represents a catalytic active site on the Au electrode. B is the
symmetry factor, interpreted as being 0.5. Bolded steps remain plausible RDS candidates after

the kinetic investigation conducted here. *C.2 and F.2 are written such that any proton donor
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could in principle serve as the proton source, including water and bicarbonate. YG.1 is a separate
mechanistic step also involved in the HER pathway. ‘Mechanism G requires the assumption
that Ou is dictated by equilibrium described by the Tafel step of HER. See derivation (A.10.7).
®H.n steps could in principle be almost anything, including previously listed mechanisms. H.2
is simply the rearrangement of CO2*" on the surface to generate an intermediate which then

reacts to form products. It does not necessarily require that y differs from 0.

In these mechanisms, CO2RR is regarded as proceeding through inner-sphere transformations.
While the list of mechanistic possibilities compiled here is not exhaustive, it encompasses
many of the commonly reported mechanisms of CO2 reduction to CO on Au, as well as a
number of speculative possibilities.!® In particular, excluded from this list are possibilities
involving concerted proton-electron transfer (CPET). However, all mechanisms with CPET
corresponding to initial CO2 adsorption can also be collapsed down into the starting points
represented by mechanistic steps C.2 and F.2, and therefore are also encompassed by this

treatment.

The more commonly accepted intermediates for CO2RR are implicated in mechanisms A and
B. However, RDS candidates A.2 and B.2 are ruled out due to lack of bicarbonate dependence

and KIE, respectively.

If we allow for the participation of surface sites or adsorbed species which are uncommon in
the existing literature, then many RDS candidates remain (bolded options, Table 2-1). These
include steps involving the formation of an Au-O bond, which we deem unlikely on the basis
of gold’s low oxophilicity; examples of this are Ocoon dissociation into adsorbed CO and OH
(mechanism C, excluded on the grounds of pH dependence) and the dissociation of adsorbed
CO2* into CO and an oxygen atom anion radical adsorbate (D.2). Mechanisms forming an Au-
O bond can be avoided by instead invoking a cationic 6co+ adsorbate species, which seems
only to have been described in metal complexes rather than on surfaces;'°”!% this is
exemplified in mechanisms which exhibit the participation of CO2 in the RDS (E.2) and the
dissociation of the OBcoon intermediate into charged species (mechanism F, excluded on the
grounds of pH dependence). Further, under certain mathematical assumptions and allowing for
the Ocoon- anion, the desorption of CO (G.3) is an RDS that is consistent with the data. A

conformation change of adsorbed CO2*" (H.2) may also serve as the RDS.

Accumulation of surface intermediates involved in these mechanisms could be assessed by use

of FT-IR in order to further narrow down the mechanistic possibilities or develop new, more
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plausible hypotheses. For instance, a large IR band associated with 6co may indicate that this
species has accumulated on the surface and is therefore the bottleneck in CO2RR, supporting a
CO desorption step as an RDS. The observation of such intermediates is currently a subject of

debate.3!

More relevant to the discussion of oxygen’s effects, however, is the understanding of whether
the mechanism of CO2 reduction changes under oxygenated conditions in the electrochemical
cell. The findings presented above suggest that so far, we have no reason to believe the
mechanism of COz reduction changes in the presence of oxygen. This is a promising result if

we hope to develop oxygen-tolerant CO: reduction systems in the future.

2.4.4 Synthesizing the data into a picture of oxygen’s interactions

Our understanding of the effect of ORR on the product distribution allows us to envision the
interactions at the catalyst surface wherein the electrocatalytic steps involving CO2 and HER
are distinct from and unaffected by ORR intermediates and products (Figure 2-4). In this
conception of the relevant catalytic interactions, while the mechanisms of none of the
individual reactions can be isolated, the chemistries of CO2RR and HER vs. ORR are

nonetheless distinct from one another.

No Catalytic

Interference
CcO CO, H,0 Hy H,O 0,
e’- le- e._ -« COZ =0
Kinetically Controlled Reactions Transport Controlled Reactions

Figure 2-4. Interactions between CO2RR, HER, and ORR during cathodic polarization on a
bulk Au surface.

Because oxygen is less soluble than CO: in aqueous electrolyte, transport provides a protecting
effect against ORR. However, that does not mean that ORR even in this context is entirely
benign. It is important to note that for practical design purposes, a high-rate CO2 reduction

reactor may need to operate under configurations such as a gas diffusion electrode (GDE) or a
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flowing-electrolyte design, wherein the length scales over which interfacial transport occurs
are much smaller, and protecting effects of solubility are lessened. In such a scenario, the
mechanistic analysis conducted here may not apply; further, power inefficiencies as a result of
ORR may dominate economic considerations. Even in the context of the aqueous cell with a
planar electrode reported here, assuming CO2:Oz ratios typical of flue gas streams from natural

),19 and assuming activity and selectivity to CO2 matching

gas power plants (roughly 1.67:1
those reported here at -1.06 V vs. SHE, roughly 12% of applied power would be lost to ORR.
In the case that this value in a practical system is smaller than the equivalent power loss
required to purify a COz stream of oxygen, direct reduction of a mixed O2/COz stream may be
a viable design option. The strategy to accept loss of power in a CO2 electrolyzer could be
viewed as complementary to other techniques which have been suggested for

thermochemically reducing dilute oxygen impurities in CO2-rich feedstocks using methane.'!°

2.5 Conclusions

The presence of oxygen was shown to not have a significant impact on the current toward CO2
reduction at high current densities, largely due to the suppression of ORR by the transport
characteristics of a flooded aqueous electrolysis system. The presence of oxygen has not to this
point been implicated in affecting the mechanism of CO2 reduction. While these are promising
results for CO2 reduction system design and scale-up, it is likely that ORR could become an
economic consideration, with the design trade-off being between cost of CO2 separation and

power inefficiencies introduced by the presence of oxygen.

Future work should be dedicated toward developing a better understanding of the RDS of
CO2RR on gold, as well as conducting similar studies on more oxophilic metals. Further, for
power efficiency purposes, it may prove economical to invest effort toward the design of an
inherently oxygen-tolerant CO2RR system through modulating transport parameters at the

electrode surface.
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3 ACCOUNTING FOR
THERMODYNAMIC
NONIDEALITIES IN LIQUID-
PHASE ELECTROCATALYSIS

Content of this chapter adapted from the recently-submitted publication: Williams, K., Limaye,
A., Weiss, T., Chung, M., Manthiram, K. Accounting for species’ thermodynamic activities

changes mechanistic interpretations of electrochemical kinetic data. ChemRxiv 2022.!!"

3.1 Abstract

The thermodynamic activity of a reacting species, rather than the concentration of that species,
generally determines the rate of a kinetically-limited reaction. In this work we demonstrate the
need for the explicit accounting of reacting species’ thermodynamic activities in solution,
especially when conducting electrochemical kinetic tests. In hydrogen evolution in an alkaline
acetonitrile-water blended electrolyte as well as previously-reported oxygen-atom transfer
reactions (cyclooctene epoxidation and cyclohexanone lactonization), we demonstrate that
accounting for species thermodynamic activity causes water-dependence measurements to
yield different mechanistic interpretations than data which treats concentration as a proxy for
activity. We hypothesize many ways in which water contributes to the reaction rate beyond
direct participation in the reaction, offer initial molecular interpretations of the water activity-
concentration relationship in the blended electrolyte, and discuss implications of these findings

for better understanding solvent effects.

3.2 Introduction

Electrochemical reactions are some of the many tools at society’s disposal for aiding in
renewable energy storage, decarbonization of the chemical industry, modular/low-temperature
and -pressure transformations, and selective chemical synthesis.> In the study of these

reactions, attention has been paid to the design of both the electrode/catalyst material used to
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facilitate charge transfer as well as the electrolyte — that is, the medium through which ionic
conduction occurs between the anode and the cathode. In engineering liquid/solvated

t47,1127114

electrolytes, electrochemists are increasingly interested in solven and electrolyte

salt*!46:115:116 effects on reaction rates and mechanisms. Recent work has also demonstrated the
usefulness of operating in mixed-solvent environments. For example, some O-atom transfer
(OAT) reactions require contacting water — the O-atom source — with organic substrates, which
are often relatively water-insoluble hydrocarbons.”"’> An organic solvent is often used to bring
these species into contact with one another in a single phase as an alternative to approaches

117-119

involving two-phase or segmented flow!?’ setups. Acetonitrile is an example of such a

solvent, often chosen due to its relative oxidative stability in the absence of a co-solvent.!?!
The resulting electrolyte, consisting of organic solvent, water, salt, and any substrates of
interest, we will here refer to as a “blended electrolyte” (or, in the absence of electrolyte salt,
simply “blended solvent”). These electrolytes exhibit interesting intermolecular interactions

and properties at the nanoscale, such as the clustering of water into so-called “nanoreactors.”!

The literature is rich with investigations of the structure and properties of blended solvent
systems outside the contexts of electrochemistry and catalysis. For instance, the proton-
solvation properties of solutions consisting of water and amines,'?* nitriles, and alcohols'??
have been investigated. Techniques such as infrared (IR) spectroscopy,'?* nuclear magnetic
resonance (NMR),'? X-ray absorption spectroscopy (XAS),'?%!?7 and molecular dynamics
(MD) simulation'?® have been applied to study the structure and bonding of components in
blended solvents. Recently, much attention has been directed toward understanding blended

128 as well as

electrolytes consisting of water and charged components such as ionic liquids,
toward high-concentration salts in so-called “water-in-salt” electrolytes.'?® However, relatively
little work in catalysis has been directed toward quantifying the impact of these structural
changes brought about due to nonideal solvent mixtures — that is, solvent mixtures in which the
activity coefficient of species of interest is not constant across the concentration range of

interest (see 3.3. The relevance of species activities in rate laws).

Blended solvents have been employed in catalysis to varying extents based on application. In
homogeneous catalysis, water/organic blended solvents have been used to illustrate solvent
effects for acid-catalyzed biomass conversion.'**13 Homogeneous hydrogen evolution reports
utilizing transition metal complex catalysts have also implemented blended electrolytes
consisting of organic solvents alongside organic acids acting as proton donors.'**!3* In general,

research pertaining to hydrogen evolution (HER) and oxidation (HOR) has paid the most
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explicit attention to the impact of water content and structure on heterogeneous catalysis, both
in purely aqueous electrolytes, where interfacial water structure has become increasingly

d,26738,135,136

emphasize and in blended electrolytes.*!#*>137-139 Recent interest in decoupling the

role of water as a proton source and as a solvent in heterogeneous HER and HOR has prompted

342137140 35 well as in

novel investigations of the reactions in water/acetonitrile mixtures
water/carbonate-based electrolytes.*’ These works have utilized limited approaches to perform
fundamental kinetic characterization on the reactions at hand that could decouple the many
roles of water in these reactions; however, questions of thermodynamics with respect to

potential scales and proper referencing techniques are increasingly being addressed.!'*!:!42

Outside of HER and HOR, electrochemical applications of blended electrolytes have focused
less on the specific roles of water in reactions. Instead, reports have emphasized the impact of
blended electrolyte composition on redox potentials for homogeneous complexes,'** redox
potentials for the various carbon dioxide reduction reactions (CO2RR),'** and effects of added
acetonitrile in blended electrolytes for oxygen reduction (ORR)!* and formic acid oxidation.'4
In addition, research efforts utilizing water as an O-atom source have also historically been
conducted in blended electrolytes. While some of these works included explicit measurements

71,72,147

of the dependence of reaction rate on water concentration, no extensive treatment has

been given in any of these works to the nonidealities of the electrolyte mixture.

In this work, we directly account for the nonideal thermodynamics of water in a blended
electrolyte, and use this accounting to better understand measured dependences of
heterogeneous electrocatalytic reaction rates on water. We conduct novel investigations on the
water dependence of alkaline HER in acetonitrile, and also look back at previously-reported
water dependences for electrocatalytic O-atom transfer chemistries. In addition, we discuss the
structure and energetics of water in a simulated blended electrolyte, and offer a number of
explanations for the many roles water plays in blended electrolyte electrocatalysis. While water
is an interesting edge case when it comes to intermolecular interactions, many of these roles

also pertain to nonaqueous co-solvents, lending to the broad applicability of these conclusions.

3.3 The relevance of species activities in rate laws
When studying electrochemical reactions, one useful goal might be to achieve mechanistic
understanding of a reaction, often with an associated reaction rate expression. For an arbitrary

reaction, a generic rate law can be written from Transition State Theory:
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_ k7 Vi
r= Vi H] aj (Eq 1)9

where r is the reaction rate, k is a reaction rate constant which subsumes details about
temperature as well as energetics of the transition state, y; is the activity coefficient of the
transition state, and a; represents the activity of species j with corresponding stoichiometric
coefficient v; (see Appendix B for a full treatment of this rate formulation). That reaction rate
laws should be formulated using species activities rather than species concentrations is well-
established within the heterogeneous catalysis community, where explicit tracking of transition
state nonidealities has been a subject of discussion.'*® The relationship between activity and
concentration can be written as:

aj =22 (Eq. 2)
where y; is the activity coefficient of species j, ¢; is the concentration of species j, and ¢jo is a
reference concentration at which activity is typically set to be unity. Many researchers tend to
apply the simplifying assumption that the activity coefficients y; are constant for a given species
at all tested conditions — in other words, the reactants are assumed to behave ideally in solution.
To assess the validity of this assumption, we can examine the anatomy of a previously

measured activity-concentration relationship for a binary mixture.'**!%" (Figure 3-1)
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Figure 3-1. Illustrative concentration-activity relationship for a binary mixture of water and

acetonitrile. The dashed orange and blue lines roughly indicate the Henry’s Law (dilute water
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reference) and Raoult’s Law (pure water reference) ideal cases, respectively. Data extracted

.150

from Sirotkin et al.;'*° originally collected by Treiner et al.!*

For this binary mixture of water and acetonitrile, we have noted the two distinct types of
ideality using dashed lines. In the first type, the species of interest (here water) is assumed to
be infinitely dilute in the solvent of interest, with each water molecule assumed not to interact
to a great extent with other water molecules around it. In this formulation, we can refer to a
species as being ideal with respect to Henry’s law (orange dashed line). Here, concentration

and activity can be related by:

‘.
G =5 (Eq. 3),

where H; is the Henry’s law constant for species j, and is the inverse slope of the dilute-; limit
of the activity-concentration relationship, equivalent to H; = c;0/y;. This formulation is often
applied to dilute salts and dissolved gases in solution. On the other hand, the Raoult’s law
ideality formulation (blue dashed line) is one in which a saturated reference is used — a

reference in which the species of interest is only engaging in self-interactions. For this

formulation,

a =L (Eq. 4).

] Cjoo

Where ¢« is a saturated reference state, equivalent to x; = 1. This would imply that for a

Raoult’s law ideal mixture, y; = 1.

Examining the activity-concentration relationship for water and acetonitrile, it can be observed
that an ideal formulation of either variety is only applicable across a very narrow range of
concentrations. In a blended aqueous-nonaqueous system, we must consider the middle region,
in which the relationship exhibits curvature. For most fully-miscible binary mixtures, the
relationship will take this general shape: first upward, deviating positively from Raoult’s law,
then with decreasing slope, then curving upward to rejoin Raoult’s law at high x;. The positive
deviation from Raoult’s law across the middle of the plot indicates that species j is engaging in
self-interactions that are more favorable than interactions with the other component of the
mixture. Note that in these cases y; > 1. Water, being uniquely polar and strongly H-bonding,
tends to have a large preference for self-interactions. As a result, the downward curvature at
intermediate water concentrations leads to a very obvious “plateau” in activity. We hypothesize
this 1s due to clustering of water at the nanoscale, though it appears discussion of the molecular

origins of activity coefficient have been sparse in the literature.
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Thus, in the case in which water and acetonitrile are the primary components of a blended
electrolyte, it is necessary to apply a correction to measured data in which the composition of
the electrolyte is changing. It should be noted that this conclusion generally applies to any
electrolyte or reaction solution in which activity coefficients might reasonably be changing

throughout a given set of tests.

3.4 Hydrogen evolution as a demonstration of the activity correction

In order to clearly illustrate the importance of the activity correction in a nonideal electrolyte
mixture, we studied the water dependence in a blended electrolyte of one of the simplest, most
well-studied electrocatalytic reactions: the hydrogen evolution reaction (HER). HER represents
the cathodic half-reaction in oxidative electro-organic transformations such as oxygen-atom
transfer chemistries’’’? and is a foundational chemistry to understand in any solvent system
under consideration for practical deployment. We elected to characterize HER on a Au rotating
disk electrode (RDE) cathode using an electrolyte consisting of acetonitrile, water, 0.778 M
TBABF4, and 0.022 M tetrabutylammonium hydroxide (TBAOH). (Figure 3-2) Including base
helped to ensure that water was the reactant rather than protons, and that there was no large pH
swing in the working electrolyte throughout the course of the experiment. HER on Pt in this
electrolyte was also studied, but was found to exhibit substantial shifts in Tafel slope at
different values of water activity, suggesting (among other possibilities) an inconsistent

reaction mechanism; those results may be found in Appendix B.
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Figure 3-2. Data collected for the purpose of evaluating the mechanism of HER on Au in basic
blended electrolyte. A) Concentration-activity relationship for water in acetonitrile with 0.778
M TBABF4, 0.022 M TBAOH, measured using HS-GC-TCD. Error bars represent standard
deviation from triplicate measurements. B) Tafel plots for HER at multiple concentrations of
water in basic blended electrolyte (water in acetonitrile with 0.0778 M TBABF4, 0.022 M
TBAOH), collected on Au RDE under Ar atmosphere (deoxygenated electrolyte) by

conducting linear sweep voltammograms at a sweep rate of 2 mV/sec from -0.5 V vs. Meio-Fc
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to roughly -2.0 V vs. Meio-Fc. C) Water dependence of HER evaluated at a single potential,
here -1.875 V vs. Meio-Fc. X-error bars reflect errors in activity measurements, while y-error
bars reflect measured error in Meio-Fc calibrations. Further treatment of errors can be found in

Appendix B.

Since the water dependence of HER in a blended electrolyte has never been reported, a new
protocol was developed for this purpose. This protocol consisted of four main steps: 1) directly
measuring water activity in the electrolytes of interest; 2) calibrating reference electrodes in
those electrolytes; 3) performing linear sweep voltammograms in those electrolytes; and 4)
combining all the data to yield a water dependence measurement for HER. Detailed

experimental methods for each of these steps may be found in Appendix B.

In order to measure water activity, vapor-liquid equilibrium was invoked, which is to say: uuiguia
= uvapor, Where u represents species chemical potential. A headspace gas sampling protocol
was established in which the vapor that had equilibrated over each electrolyte mixture could
be sampled and characterized. (see Appendix B) This protocol was used to generate Figure
3-2A. It may be noted that the high concentration of the tetrabutylammonium salt, which is
relatively hydrophobic, served to elevate water activity relative to that in a binary water-
acetonitrile mixture at a given water mole fraction. (Figure 3-1) This is because unfavorable
interactions in general increase species activity. The hydrophobicity of the salt also caused
visual phase separation at cr20 = 8.3 M, at which concentration the measured water activity

was found to be within error of unity.

It may be noted that the activity measurements described above are bulk measurements,
whereas heterogeneous electrocatalysis is an interfacial phenomenon. Why then should a bulk
measured species activity value be applicable to reactions taking place at a surface? The surface
environment is clearly quite different from the bulk, in ways ranging from specific surface
interactions to features of the interfacial electric field.'*! The orientation and concentration of
species in this region should also differ from that in the bulk. However, we emphasize that
species activity measured in the bulk should be indicative of species activity at a surface in
equilibrium with that bulk as long as there are no transport-induced limitations impeding the
equilibrium between the bulk and surface, 1.e. ujbuik = pjsurr. Based on the definition of activity,

this in turn means:

— i —Uj RT _ i —Uj RT _
aj,bulk — e(ﬂ],bulk ﬂ],o)/ — e(ﬂ],surf ﬂ],o)/ — aj,surf (Eq 5)
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That is to say, regardless of any factors at an electrode surface that might affect species
orientation and abundance — e.g., hydrophobicity, catalyst morphology, and polarization — bulk
measured activity is equivalent to surface activity so long as surface fluxes are not so high that

transport limitations cannot be neglected.

In order to establish a measure of electrochemical potential in each composition of the blended
electrolyte, a leak-free Ag/AgCl pseudoreference electrode was calibrated versus
decamethylferrocene (Meio-Fc), an electron-transfer (ET) reference species whose redox
potential demonstrates a high degree of solvent-independence.!*? It should be noted that the
potential of an ET reference is distinct from a pH-dependent reference such as the reversible
hydrogen electrode, RHE. Referencing against RHE would yield information about HER at a
constant overpotential — a value that accounts for the thermodynamics of the proton transfer.
Both the potential of an ET reference such as Meio-Fc as well as that of a coupled proton-
electron transfer (CPET) reference such as RHE can be measured in any arbitrary
electrolyte.!#1:153:134 Both referencing schemes are informative, especially in the context of one
another — the difference between results referenced to the ET versus CPET can be attributed
specifically to the thermodynamics of the proton transfer. For the purposes of this discussion,
we will primarily examine the water dependence of HER at a constant potential versus an ET
reference rather than at constant overpotential; results referenced to RHE as well as a further

discussion of insights offered by those results can be found in Appendix B.

After obtaining the water activity-concentration relationship, as well as calibrating the
reference electrode, HER experiments were conducted. Linear sweep voltammetry was
performed using a polished, pre-oxidized Au disk in RDE configuration to generate Tafel plots
(Figure 3-2B) as well as water dependence measurements (Figure 3-2C). (see Methods) It
should be noted that while the RDE was spun at 1600 rpm for these measurements, similar tests
were also conducted at 900 and 2500 rpm to demonstrate that transport limitations did not play

a substantial role in the measurements (see Appendix B).

From the measured Tafel slopes of 130-183 mV/dec, we can conclude that the mechanism of
HER on Au in the blended electrolyte media likely involves a rate-determining step with a
cardinal Tafel slope value of 118 mV/dec, such as the Volmer step (initial electron transfer to
a proton donor), the Heyrovsky step at high surface coverage (electron transfer to a solution-
phase proton donor following adsorption of H*), or surface diffusion at moderate surface
coverage (see Appendix B).!3%!% Of these, the Volmer is the most likely rate-determining step,

as this aligns with previous reports on aqueous alkaline HER on Au.'>” The measured Tafel
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slope decreases with increasing water content — or in other words, an increased presence of
water leads to a larger current response to a given change in potential. It is possible that the
difference in slopes is in some way related to the fact that the Tafel fits are performed at
different potential ranges (see below for more details). Note that while the reported Tafel slopes
were not fit using a Bayesian approach!®® due to persistent ORR background (see Appendix

B), sensitivities to the fit range are reported in Appendix B.

With the assertion that the Volmer step is rate-limiting comes the physical picture of a single
water molecule donating a proton which combines with an electron to form an adsorbed H-
atom. However, working in the blended electrolyte environment allows us to ask: is this the
only contribution water makes in this reaction, or are additional water molecules involved in
facilitating the reaction? Figure 3-2C illustrates the dependence of HER on both water
concentration (blue) as well as water activity (red) at a constant potential versus Meio-Fc. To
our knowledge, there is no precedent for the reporting of the water-dependence of HER in this
manner. The line fit through the blue data with log(concentration) on the x-axis, which exhibits
“saturation”-type curvature, exhibits a slope of 1.74+0.13, while the line fit to the red data with
log(activity) on the x-axis gives a slope of 2.78+0.44. It is therefore clear regardless of the x-
axis transformation that HER in an alkaline blended electrolyte on Au is dependent on water
to a greater-than-1% degree. However, in analyzing the fit to the concentration-based data, one
might reasonably propose mechanisms in which two distinct water molecules participate in the
reaction — for instance, one as a reactant and one to coordinate the reacting molecule, or perhaps
to shuttle a proton toward the electrode following a reaction. In processing the data with
log(activity) on the x-axis, it becomes apparent that any simple proposed mechanistic picture
involving distinct water molecules is insufficient to explain the reaction kinetics. A 2.78-order
water dependence is quite high, and without the invocation of pre-equilibrated surface
intermediates (which is incompatible with the assertion of a Volmer rate-determining step), it
cannot be justified by the direct participation of ~2.78 water molecules in the reaction — they
would all need to participate in a single elementary step. The activity-based data, then, has
opened the door of mechanistic interpretation to additional complexity, which we can here

begin to further examine.
3.5 The many roles of water

Water, despite its ubiquity in electrochemistry and (electro)catalysis, is an interesting edge case

when it comes to intermolecular interactions. As mentioned previously, water has a strong
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tendency toward self-interaction, making mixtures of water and other solvents highly nonideal.
Moreover, water has several other interesting properties such as its small size, strong dipole,
and Grotthuss-style diffusion mechanism for the transfer of protons and hydroxides.*!-!3%160
These properties are especially amplified at an electrified interface.'>! As a result, there are
many roles water can play in an electrocatalytic reaction. A non-exhaustive selection of such

contributions is illustrated here. (Figure 3-3)
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Figure 3-3. Schematics showing selected roles of water in an electrocatalytic reaction: A) as a
reactant, B) a proton/hydroxide shuttle, C) a solvent, D) a source of surface intermediates, E)
a displacer of bulky adsorbates such at the TBA" ion, and F) a modifier of the interfacial
potential drop. Note that roles (A), (B), and (C) can also apply at interfaces.

Beyond direct participation as a reactant in solution phase (Figure 3-3A) and/or at a surface
(Figure 3-3D), this scheme illustrates that water can also behave in many other ways. Water
can act as a buffer, shuttling protons and hydroxide ions (Figure 3-3B); it can also modify the
solvation of reacting species (Figure 3-3C). For instance, reactive intermediates’ disruption of
water H-bonding networks has been implicated in observed water orders of -3 in zeolite

catalysis.'®! Water can also displace surface adsorbates such as TBA* and acetonitrile (Figure
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3-3E)*"162 _ while itself blocking surface sites at the same time. In addition, we hypothesize
that it can modify the shape and profile of the potential drop at an interface (Figure 3-3F), much
as ions have been shown to do in the context of aqueous electrolytes.*® On top of these effects,

water can participate in specific electrostatic interactions at an interface.

When considering how to justify the 2.78-order water dependence, then, we are left with many
possibilities. For instance, it would be reasonable to hypothesize that water participates both as
a proton donor (Figure 3-3D) and as a hydroxide shuttle (Figure 3-3B) — or at least that some
screening or diffusion of the resulting negative charge is required as the Volmer step proceeds.
The question is, to what extent does hydroxide shuttling ability depend on water activity? We
could equally easily postulate that outside of water’s direct role as a surface reactant (Figure
3-3D), the only other way it acts is to displace surface adsorbates such as TBA™ or acetonitrile;
it is also possible that the transition state during the Volmer step is more stabilized by the
presence of water as a solvent (Figure 3-3C), to the point that y; is proportional to amzo™7%.
Clearly, additional evidence is required in order to elucidate the origin of the 2.78 order

dependence on water.

In addition to affecting the water order dependence, it is possible that the adsorbate
displacement and potential-drop modification mechanisms illustrated in Figure 3-3E & F
contribute to the observed increase in Tafel slopes at lower electrolyte water content. Moreover,
the contributions of water as a solvent and proton shuttle (Figure 3-3B,C) leading to decreased
Tafel slopes at higher concentrations are also in line with reports of higher concentrations of
cations contributing to more facile water reduction.'®” Just as cations have been implicated in
stabilizing the transition state for the Volmer step in alkaline aqueous media, so too can water

fill this role for itself in the absence of strongly coordinating cations.

It is worth noting at this point that there is no reason to believe the combination of all these
effects should yield an integer-order dependence of a reaction rate on a reactant, especially a
reactant with as many roles as water. Moreover, although it is certainly the case that reactant
species activity should be a relevant descriptor for reaction rate, there is similarly no reason to
expect a linear relationship between log(rate) and log(reactant activity). This is because the
different roles fulfilled by the reactant of interest are liable to change across a wide
concentration range. For instance, trace water has been implicated in surface accumulation
even in nominally nonaqueous electrolytes;*? therefore, perhaps water’s roles at a polarized
interface are accentuated at low concentrations. On the other hand, maybe water only plays a

traditional homogeneous solvating role for reacting species at much higher concentrations.
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Because the prevalence of the contributions of any arbitrary solution component can shift as
one traverses the selected range of concentrations, it stands to reason that, in general, order-
dependence measurements may exhibit curvature even if the direct reaction mechanism itself

is not changing.

When a dependence is observed to be linear, it is worth considering what this might mean for
the mechanism in question. Such an observation could arise from very consistent contributions
of the reactant of interest across the activity range of interest; however, it could also arise due
to fortuitous cancellations of different effects as they concurrently become more and/or less
relevant to the reaction rate. To fully understand an order-dependence study in this context, it
is necessary to tease apart the various roles of the reactant of interest through electrolyte and

catalyst design as well as through spectroscopic and modeling approaches.

Finally, we wish to reiterate that the linear-looking, 2.78-order slope achieved in Figure 3-2C
is indicative of water order when the potential of the reaction is referenced versus Meio-Fc, not
a pH-dependent reference or gauge of overpotential such as RHE. When measured at a constant
potential versus RHE (Figure A-B19), dependence of the rate on water content is still positive
at most values of water activity, indicating that for the most part, the impact of water is not
thermodynamic in nature. However, the slope specifically between the low-activity data points
(0.5 M and 1 M water) does appear to be lower, suggesting that there may be more of a
thermodynamic / equilibrium potential shift effect at these low values of water activity than at

higher values of water activity.

3.6 Extension to other chemistries

In order to demonstrate the broad applicability of our approach with respect to chemistry, we
have also conducted water activity measurements — again in acetonitrile-based blended
electrolytes — for the analysis of two previously-reported oxygen-atom transfer chemistries:

'and the lactonization of cyclic ketones’ (Figure 3-4). Both of these

olefin epoxidation’
chemistries have been shown to exhibit a nonzero rate dependence on water because water acts
as the oxygen-atom source in these transformations. After measuring water activities in the
exact electrolytes used for these two chemistries via headspace-gas chromatography-TCD (HS-
GC-TCD) (Figure 3-4A,B), we shift the values on the x-axis of the water dependence plots to

reflect water activity rather than water concentration. (Figure 3-4C,D)
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Figure 3-4. The effect of accounting for species activity for O-atom transfer chemistries in
blended electrolytes. A) Water activity-concentration relationship in epoxidation electrolyte,
consisting of acetonitrile, 100 mM TBABF4, and 200 mM cyclooctene. B) Water activity-
concentration relationship in lactonization electrolyte, consisting of acetonitrile, 350 mM
TBABF4, and 400 mM cyclohexanone. C) Water dependence data for cyclooctene epoxidation
on Mn304 nanoparticles at +1.45 V vs. Fc, with concentration (light red) and activity (dark red)

1.”! D) Water dependence data for

as descriptors for water availability, as shown in Jin et a
cyclohexanone lactonization on Pt at +2.15 V vs. Fc, with concentration (light blue) and
activity (dark blue) as descriptors, as shown in Maalouf et al.”? Note that in the case of (A) and
(C), cyclooctene epoxidation, phase separation (seemingly of the substrate) was observed

above ~10 M water.

It can be observed that the lighter-colored data in Figure 3-4C & D — plotted with water
concentration as the operative variable — exhibit significantly different slopes when re-plotted
as the darker-colored data in Figure 3-4C & D using water activity on the x-axis. These plots
suggest that what was previously interpreted as ‘“‘saturation” behavior — i.e., a waning

dependence on water at higher concentrations — may be partially attributable to the curvature
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of the water activity-concentration relationship above ~1 M. Some saturation behavior remains
after correcting for activity coefficients of water, but as discussed previously, this is not
necessarily due to a shift in the mechanism of each reaction in terms of the direct participation
of water. Moreover, in the case of cyclohexanone lactonization on Pt, this correction suggests
an altogether different interpretation of the mechanism — favoring a rate expression that is
closer 2™-order with respect to water rather than 1%-order. While this conclusion can be easily
justified, it would not have been evident without the application of the activity-concentration

correction.

Further, it should be noted that for these chemistries which also require an organic substrate,
water content can have a substantial effect on substrate activity as well. We were able to
perform limited tests on the effect of water content on substrate activity, with inconclusive
results. (see Appendix B) It stands to reason, however, that the activity of hydrophobic
substrates may increase with increasing water content — this is qualitatively borne out in the
observed phase separation of the epoxidation electrolyte at high water content. Because the rate
of cyclooctene epoxidation was shown to be proportional to Ceycioocrene, it is possible that the
two order dependence measurements are interdependent on one another. In cases such as this,
it is advisable to carefully measure the effects of one species’ activity on another species’
activity, and to design experiments such that one species’ activity is held constant while the
other is varied. This may require the formulation of electrolytes that contain different
concentrations of a component whose activity is being held constant, which may seem counter-
intuitive. For example, when conducting a water dependence experiment for cyclooctene
epoxidation, it may be necessary to decrease the volume of cyclooctene added to the electrolyte
as the water content increases, so that the activity of cyclooctene is the same at all tested

conditions.

3.7 Toward a molecular picture of species activity

A desire for molecular understanding of how the water activity-concentration relationship
arises in the blended acetonitrile-water system drove us to investigate this system using
molecular dynamics simulations. (Figure 3-5) Molecular dynamics simulation systems
composed of acetonitrile molecules,'®* tetrabutylammonium cations,'®* and tetrafluoroborate
anions (force field parameters taken from Liu et al.!®%), and a variable number of water
molecules (using the TIP3P force field with SHAKE constraints)'® were constructed using the

Packmol software.'®” (see Methods) It should be noted that the force field used in these
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simulations has not been rigorously validated in the context of the blended electrolyte; as such,
the simulation results should not be taken quantitatively, especially those at very low

concentrations of water.
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Figure 3-5. Results of molecular dynamics simulations of the acetonitrile-water blended
electrolyte with 0.8 M TBABF4. A) Snapshot of 0.5 M water condition; B) snapshot of 6.6 M
water condition; C) radial distribution function showing relative abundance of water H-atoms
as a function of radius from a central water O-atom; D) plot showing integrated areas of the
first and second water peaks from (C) for each composition, versus electrolyte water mole
fraction. In (A) and (B), water is shown as a red surface; TBA" and BF4 are shown in the
licorice representation with carbon light blue, nitrogen blue, hydrogen gray, boron pink, and

fluorine lime green; and acetonitrile in lines representation with the same color scheme.

Figure 3-5A & B are snapshots of the electrolyte box at low (0.5 M) and high (6.6 M)

41 we observe

concentrations of water, respectively. Similar to previously reported simulations,
relatively isolated water molecules at low concentrations and clusters or “nanodomains” at
higher concentrations. The hydrophobic TBA" ions appear to carve out pockets where water is
less concentrated, while water in the “nanodomains” becomes energetically similar to bulk

water.

It is fairly straightforward to interpret the molecular pictures shown here to justify the concave-
down trend in the activity curves (Figure 3-1, Figure 3-2A) in the dilute-water limit. At the
lowest concentrations of water (Figure 3-5A), most water molecules are completely surrounded
by acetonitrile and TBABF4 — perhaps as little as 10-20% of water molecules are H-bonded to
other water molecules. At this condition the chemical potential of any single water molecule is

quite high, as it is engaging in less favorable interactions than it would be in a pure water phase.
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As water is added into the system and we approach near-saturation conditions (Figure 3-5B),
“wires” and even “domains” of water form in which water molecules are clustered with
themselves. Under these conditions, the water molecules engage in more stabilizing
interactions, and the chemical potential of any one water molecule is less than that of a water
molecule in the dilute-water case. That is, the measured “energy per additional molecule”
decreases as the concentration of water increases. This corresponds to a decrease in activity
coefficient with increasing water concentration, and is borne out as a concave-down trend in
the activity-concentration relationship. Notably, we can see from the radial distribution
function showing water O — water H distances in Figure 3-5C, as well as the plot of the g(r)
peak area values in Figure 3-5D, that water does have a propensity to cluster with other water
molecules at all concentrations. The absolute abundance of water clusters increases with
increasing concentration, as it is of course entropically disfavored for all water in the low-
concentration limit to remain bound to itself. However, there is an enthalpic driving force that
encourages excess water coordination, especially at the conditions of highest chemical

potential per molecule of water.

A question that remains through this analysis, however, is whether certain sub-populations of
water — such as dimers or tri+-mers — are more reactive than other sub-populations — for
example, lone water molecules. While the probability of finding these populations gradually
changes with water activity (Figure 3-5D), it is perhaps remarkable that despite all such
reasoning, water activity remains the descriptor in the system that tends to linearize observed

experimental trends.

While these results should be considered only preliminary, they are interesting enough to
warrant validation in an experimental setup — which we strongly advocate. In the future, it
would be interesting to take the further step of calculating activities directly from simulations
as part of this validation, as well as to spectroscopically probe the structure of water in bulk
blended electrolytes. In addition, due to the catalytic relevance of the surface, it is worth
assessing the interfacial structure of water in the blended electrolyte — ideally under

polarization — through both simulation as well as spectroscopy.

3.8 Conclusions
In this work, we emphasize the importance of directly measuring the thermodynamic activity
of species relevant to electrocatalytic reactions in order to properly interpret electrochemical

kinetic data. Headspace gas chromatography techniques have been used toward this end. Upon
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applying a correction to account for the species activity coefficient in the solvent of interest,
water dependence data for HER as well as previously studied O-atom transfer chemistries
yields water orders that were previously obscured by changes in activity coefficient. However,
these dependences do not necessarily exhibit linear slopes, nor slopes indicative of integer-
order dependence, because of the many roles that water can play in the electrochemical system.
Water mixtures are particularly prone to being affected by nonidealities, although any mixed
system consisting of components that exhibit intermolecular interactions that strongly differ
from self-interactions will also yield substantial nonidealities. Finally, we also speculate at the
molecular origins of the water activity-concentration relationship in the blended electrolyte, for
which validation of molecular simulations with experimental data is required. Principles
discussed in this work are applicable to the deconvolution of system parameters in the future
study of electrochemical active species dependence as well as solvent effects. Further, the
relevance of these conclusions also extends to environments similar to blended electrolytes
where local solvation deviates from that of a pure solvent, such as in zeolites and metal-organic

frameworks.

3.9 Methods

3.9.1 Headspace-Gas Chromatography-TCD measurements for activity
quantification

Each tested electrolyte composition was prepared in a 20-mL glass headspace vial under
unaltered lab atmosphere, then capped and allowed to equilibrate at room temperature (~20-23
°C) for at least 12 hours. An Agilent automated headspace sampler then sampled from the
electrolyte headspace, sending each sample through a DB 624-UI gas chromatography column
that led to a thermal conductivity detector (TCD). The ideal gas law was assumed to hold for
these headspace samples — a generally good assumption for air at STP. A pure water sample
was taken in-between consecutive electrolyte samples. Using a Raoult’s law referencing
scheme in which the activity of pure water was defined as being equal to 1, the activity of water

in each electrolyte was calculated as:

AHZO,sample
aHZO,sample - AH20 pure (Eq- Ml)-

Triplicate measurements were conducted in this way to generate Figure 3-2A.
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3.9.2 HER experiments: Au disk in RDE

The Au disk used in experiments was prepared!® by consecutive polishes with 0.3 pm alumina
on a vinyl pad (30 sec — 2 min) and 0.05 um alumina MicroPolish on a microfiber pad (2 min),
then sonicated twice in fresh 50:50 Milli-Q:acetone by volume (~2 min each). The disk was
then electro-polished by inserting it into a rotator and cycling 200x between 0 and +1.800 V
vs. a Pt wire counter electrode at a rate of 1 V/sec in an electrolyte of 0.1 M H2SO4. After a
double-rinse with Milli-Q and drying with a Kimwipe, the electrode was ready for use. The
RDE was inserted into a custom H-cell containing the working electrolyte, leak-free Ag/AgCl
pseudo-reference electrode, as well as Pt wire counter electrode. The working compartment
was sealed using a Pine Gas-Purged Bearing into which 20 sccm Ar gas was flowed to blanket
the electrolyte and maintain an inert atmosphere. After reacting away the dissolved oxygen gas
in solution, LSVs performed at a sweep rate of -2 mV/sec yielded the Tafel plots shown in
Figure 3-2B. A cut through at a constant potential versus Meio-Fc on Figure 3-2B, combined
with the activity concentration relationship in Figure 3-2A, yielded the water dependence

shown in Figure 3-2C.

3.9.3 Molecular dynamics simulations

The simulated MD systems were initially relaxed using conjugate gradient minimization, and
then the system volume was relaxed over the course of a 1 ns NpT ensemble simulation using
the Nose-Hoover thermostat and barostat, with an integration timestep of 1.0 fs. Upon volume
relaxation, systems were prepared at the equilibrated densities, followed by a production NVT
simulation of 1 ns using the Nose-Hoover thermostat, with a timestep of 1.5 fs. Densities of

simulated electrolytes were found to be within 10% of experimental values.
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4 CHARACTERIZING DIRECT
ELECTROCHEMICAL
BENZYLIC C-H ACTIVATION
IN A BLENDED ELECTROLYTE

In this chapter, we extend the insights of Chapter 3 further to develop and study a method for
partially oxidizing benzylic C-H bonds through direct electrochemical activation. This report
contains current progress on reaction characterization, which will be supplemented with a small
number of additional experiments prior to submission for publication in a peer-reviewed

journal.

4.1 Background and motivation for electrochemical C-H activation

C-H activation, or the breaking of a carbon-hydrogen bond, is a desirable approach to achieving
organic chemical transformations in as few steps as possible, with as little waste as possible.'®
However, because C-H bonds are ubiquitous in organic chemicals, activation of those bonds
needs to be directed in some way in order to achieve reasonable selectivities. In addition, C-H
activation is relatively difficult compared to O-H or N-H activation due to the low acidity of
the C-H bond. In other words, heterolytic cleavage of a C-H to form C and H' is very
unfavorable. On the other hand, C-H activation via homolytic cleavage — splitting C-H into C’
and H' —is easier for C-H than for O-H or N-H, meaning thermodynamics impart a path toward
selectivity in the homolytic case. Thus, routes to C-H functionalization often rely on

coordination by a transition metal complex, or pathways that involve formation of a radical.

This is one area of chemistry in which electrocatalysis has a chance to shine.

One quintessential aspiration of C-H activation is the conversion of methane to methanol.
Practically, this is because methanol is not only a substantially more valuable chemical than
methane in the era of hydraulic fracturing, but it is also much easier to transport, being a liquid

at STP. However, the partial oxidation of methane has proven difficult. Methane’s C-H bonds
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exhibit the highest bond dissociation energy of any sp®> C-H bond, and once the kinetic barrier
to C-H activation has been crossed, it is often most favorable to over-oxidize CH4 to CO or
COz. Numerous works over the years have tried to oxidize methane to methanol, but achieving
partial oxidation with any great degree of selectivity or high rates has been out-of-reach until
relatively recently.!®!7" Instead, we can consider other C-H activation reactions as simpler
starting points that may offer insights into approaches to more difficult C-H activation

reactions.

A class of reaction that fits this description while also having practical applications is benzylic
C-H activation — activation of a C-H bond adjacent to a phenyl ring. The simplest example of
a benzylic substrate is toluene. For this work, we focus on p-xylene — a benzene with 2 methyl
substituents para to one another. P-xylene is currently used largely as a feedstock for the
production of terephthalic acid, which is itself a precursor to PET plastic. The conversion of p-
xylene to terephthalic acid is brought about through the Amoco process, which is built around
a thermochemical catalytic reactor.!”"!”? In this reactor, p-xylene and O2 gas are combined at
~200 °C and 15-30 bar, contacted in a solvent environment consisting of acetic acid, Co/Mn-
based salts as catalysts for the C-H activation, and a Br™ source such as HBr that allows for
radical propagation. The process achieves 98% conversion of p-xylene, with a terephthalic acid
yield of 95%. However, the harsh, corrosive environment of the reaction requires thick-walled,
highly engineered reaction vessels; the Oz supplied at high pressures poses a safety hazard; and
through the process, much of the acetic acid solvent is burned in the presence of the O2, leading
to the direct production of >1 mol of CO/CO: for every 4 mol p-xylene fed to the process.

Thus, an alternative route with fewer direct emissions would be appealing.

The literature contains several examples of electrochemical benzylic C-H activation/partial
oxidation, but the approaches to catalysis and sources of the O-atom that is ultimately
incorporated into the product have varied widely. For instance, early reports of benzylic C-H
activation tended to utilize homogeneous inorganic mediators for catalysis, containing active
centers/ions such as Ce,! 73175 V176 M, 175177 Co 178179 Rp,180 ¢y, 176178179 Bj 181 apd Se. 82
More recently, the use of organic mediators such as tBuOOH'® and quinuclidine,”” or even
combined schemes using both metal and organic mediators such as Co/NHPI'#185 for selective
benzylic C-H oxidation has gained traction. Direct, unmediated C-H activation on
carbon, 47186187 pq 188 and Pt!89 electrodes has also been reported. Across all of these reports,
the molecules used as the O-atom source (or “oxidant) for the final product included

methanol,173’178’179’186’187 tBUOOH,ISO’lgl H202,177 02’77,176,185,188 and Water.147’174’175’183’189 The
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emissions, hazards, and poor atom economy associated with certain of these oxidants, namely
methanol, tBuOOH, and H202, make them less attractive as feeds to a C-H activation process.
All told, we know of only a couple documented cases in which benzylic C-H bonds were
activated directly — without the use of a mediator — at low temperatures, and where an abundant
and benign oxidant such as Oz or water was used as the O-atom source.'*”"!3? Of these examples,
only one explicitly studied impacts of oxidant content upon the C-H activation reaction;
however, nonidealities in the solution were not addressed, nor were partially oxidized products

able to be isolated and characterized.'*’

In this chapter, we report findings that benzylic C-H bonds in substrates such as xylene can be
activated directly, using water as the O-atom source, at a carbonaceous electrode, to produce
primarily p-tolualdehyde. We characterize the response of the reaction rate to different
perturbations in the system, such as system configuration, electrode material, potential,
substrate concentration, water content, kinetic isotope effects, and pH. We propose a likely
reaction pathway that involves a concerted proton-electron transfer from the substrate,
invoking effects from Chapter 3 to explain a very high-order dependence of the reaction rate
on water. In addition, we speculate on the role of the carbonaceous electrode material in this
transformation, as it is surprisingly the case that somewhat low Tafel slopes are observed,

despite the reaction being insensitive to electrode metals content.

4.2 Initial methods and characterization of product

4.2.1 Initial methods

To begin our investigations, we used a 1-compartment electrochemical cell, outfitted with a
stir bar and outlet ports. The working electrode was chosen as MnOx nanoparticles (NPs) on
annealed Toray 060 carbon paper, in line with insights from prior works indicating the
effectiveness of MnOx NPs for O-atom transfer catalysis.”! Pt foil was employed as the counter
electrode. For the electrolyte, a blended electrolyte consisting of acetonitrile, varying amounts
of water (5 M base case), TBABF4 (0.1 M initially), and varying amounts of p-xylene (200
mM base case) was used. A leak-free aqueous Ag/AgCl pseudo-reference electrode calibrated

to Fc and Meio-Fc was used as the reference.

Products of the reaction were characterized primarily by NMR spectroscopy, by first diluting
the electrolyte to a known volume, then preparing a sample with an internal standard of known

concentration. Peak areas for products were compared to peak areas of the internal standard on
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the basis of NMR calibration data from product standard solutions. (see Appendix C) Where
applicable, gaseous products were detected in separate experiments through the use of in-line

gas chromatography.

4.2.2 Possible products of benzylic C-H oxidation of xylene

Figure 4-1 depicts a variety of possible products that we anticipate making through the
oxidation of p-xylene. Included are all combinations of oxidations at the benzylic positions, as
well as representative sp? oxidation products from activation of C-H bonds directly on the aryl
ring, and CO and CO2, which represent over-oxidation products. The boxed species, 4-
methylbenzyl alcohol (red), p-tolualdehyde (yellow), p-toluic acid (green), terephthalaldehyde
(light blue), 4-carboxybenzoic acid (indigo), and terephthalic acid (violet) are species for which
NMR standards were prepared. (see Appendix C)
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Figure 4-1. Anticipated products of electrochemical xylene oxidation in the presence of water.
Numbers indicate the number of electrons required to produce each product. Boxed species

were purchased and used in making NMR standards for electrolysis product analysis.

A few points should be noted here about the product distribution. First, the range of possible
products is broad because it includes not only several degrees of oxidation at one benzylic
carbon, but also combinations of oxidations at both benzylic positions. Certainly product
analysis would be simpler and more straightforward for a substrate with fewer benzylic
positions, such as toluene — but at the same time, the electron-donating p-methyl group makes
oxidation of xylene easier than oxidation of toluene (see Section 4.9: Substrate scope & initial

Hammett analysis). In addition, because oxidation at either one of the methyl groups has an
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electron-withdrawing effect on the opposite methyl group, we anticipate that it is more
thermodynamically difficult to achieve oxidation at both methyl groups than at just one.
Because terephthalic acid is only sparingly soluble in acetonitrile and water in its acidic form,
we relied on the formation of solids and subsequent alkaline treatment and NMR on those
solids to indicate terephthalic acid formation — although again, because oxidation decreases
propensity for deeper oxidation from a thermodynamic perspective, we did not expect initial
tests to yield much if any terephthalic acid product. Finally, it should be noted that CO/CO-
coming from the electrolyte doesn’t necessarily come from the oxidation of xylene; it might
instead be a product of acetonitrile breakdown. '*C labeling experiments would be necessary
to identify the source of any CO/COz. Even then, if these products could be ascribed to xylene
oxidation, it would be necessary to identify other unlisted degradation products in the

electrolyte in order to ascertain the number of electrons involved in the oxidation.

4.2.3 Observed products of benzylic C-H oxidation of xylene

Following electrolysis at roughly +1.4 V vs. Fc, passing a total of 30-50 coulombs, and
subsequent product analysis in the 1-compartment cell, two major products were identified: 4-
methylbenzyl alcohol (“alcohol”) and p-tolualdehyde (“aldehyde”). The aldehyde was
identified as the major product, accounting for ~20% of the anodic Faradaic efficiency, while

the alcohol accounted for less — about 5-10% FE. (Figure 4-2)
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Figure 4-2. Major products from initial xylene oxidation experiments in the 1-compartment

cell.

In addition to these main products, very small amounts of p-toluic acid and terephthalaldehyde
were occasionally observed via NMR, with low FEs of ~1%. While the balance of FE was not
fully studied in the I-compartment configuration, minimal OER (FE <10%) was observed
through subsequent experiments using in-line gas chromatography. Similarly, little to no

CO/COz2 were detected.
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Through additional experiments using in-line gas chromatography, the counter reaction was

confirmed to be HER with ~100% FE. (see Appendix C)

4.3 Impact of cell configuration

Part of the question of missing FEs at the anode can be answered through examining the impact
of altered electrochemical cell configuration on the reaction. We experimented with insertion
of a porous polyethylene-based separator (Daramic) to prevent movement of products between
the anode and cathode compartments. When the cell was separated into 2 compartments in this
way, the FE for alcohol product decreased substantially, to somewhere between 0-3%. In
addition, the catholyte compartment was observed to be darker in color (yellow to brown) than
the catholyte. It is difficult to explain the color changes observed in the catholyte — our
hypothesis is that this can be caused by a small amount of cathodic polymerization of xylene
and products. To explain the decrease in the amount of alcohol produced during the reaction in
the 2-compartment cell, there are two most likely options: 1) alcohol is produced at the anode
and is mostly further oxidized to aldehyde, although some can “escape”; and by inserting the
separator, the less-oxidized alcohol is concentrated in the anolyte and prevented from escaping,
and thus is further oxidized to the aldehyde. Or, option 2) the aldehyde is the main product
directly from the anode, and this aldehyde can be partially reduced at the cathode back into the
alcohol; so by inserting the separator, we are preventing the reduction of the product. This

raises the possibility that back-reactions may decrease measured FEs over time.

A simple test of these hypotheses is to separately quantify the xylene oxidation products from
the anode and cathode. More alcohol in anode compartment than the cathode compartment
would indicate that the alcohol is produced at the anode and diffuses down its concentration
gradient, over to the cathode side (option 1). More alcohol in the cathode compartment than
anode compartment would indicate that the alcohol is produced by reduction of the aldehyde
at the cathode, and diffuses down its concentration gradient, over to the anode side (option 2).
Based on our experiments, it appears that option 1 (anodic co-production) is more likely, as the
absolute concentration of alcohol is higher in the anolyte than in the catholyte. It is worth
noting, however, that the relative concentration of the alcohol versus aldehyde is substantially
higher in the catholyte than the anolyte. This result, then, does not preclude the possibility that
both reactions (fast anodic alcohol oxidation and cathodic aldehyde reduction) are taking place
with comparable rates, and this approach would not be sufficient to identify this. To further

identify the sources of the products, two experiments could be run: 1) spike a typical product
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amount of alcohol into the anode chamber and run the electrolysis. This will give a sense for
the reaction rate of alcohol to aldehyde at the anode, which can then be used to back-calculate
whether concentration of alcohol in the anolyte is sufficient to explain differences in rate
toward aldehyde with vs. without the separator. 2) Spike some aldehyde into the catholyte
chamber and apply a typical cathodic voltage reached during normal electrochemical
operations, observing reduction reaction rate; compare these results to those achieved in (1).
Initial experiments suggest that alcohol is oxidized to aldehyde at roughly the same rate as
xylene is, and also that aldehyde can in fact be reduced to alcohol (as well as to xylene) at a Pt
cathode. Notably, these former results may imply that the RDS of the xylene oxidation
mechanism is either after formation of the alcohol, or that the RDS and alcohol oxidation steps
take place at similar rates. As for the results showing aldehyde may be reduced: this merely
motivates short-duration experiments in which products are prevented from reaching the

cathode as much as possible so as to measure the results of direct oxidation.

Whether option 1 or 2 is closer to the truth determines how we calculate FE. For option 1, FE
= FEac + FEa4; for option 2, FE = FEad + 2FEai, to account for the fact that all alcohol
generated was originally aldehyde, a product requiring twice the number of ET steps as xylene
-> alcohol. For the purposes of the subsequent sections, we have calculated treating option 1
as valid when reporting separate FEs for aldehyde and alcohol, and when conducting kinetic
analysis we have focused entirely on the major product p-tolualdehyde, excluding all other
product partial currents. It should be noted, however, that due to the relatively low FEs
measured for alcohol production in the 2-compartment setup — usually at least 10x less than
the FE measured for aldehyde production — the method selected out of these two does not

greatly impact analysis.
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Daramic 175 Separator
AvCarb P50 Anode

Figure 4-3. The 2-compartment cell setup used in most of the subsequent analysis. p-
substituted toluenes (mostly p-xylene) are oxidized at the anode, protons travel across the cell,

and hydrogen is evolved at the cathode.

4.4 Impact of charge passed

While still using the 1-compartment cell, we also made note that the FE for xylene oxidation
decreased with increasing charge passed. (Figure 4-4) Increasing the number of coulombs
passed in a single experiment from 5 to 50 C led to a decrease in aldehyde FE from ~25% to
~15%. The FE for alcohol production remained roughly constant. This also may be attributable
to back-reaction of the aldehyde over time, or it could indicate the decreasing activity of the
electrode for facilitating xylene oxidation. The impact of passing different amounts of charge
on FE has not yet been studied in the 2-compartment cell, but could also aid in developing an

understanding of the variety of reactions occurring at the cathode.
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Figure 4-4. Impact of total charge passed on average partial current and average FE over the

course of a xylene oxidation experiment.

4.5 Impact of catalyst materials

4.5.1 Metal- and metal-oxide-based catalysts

In order to understand the role of the catalyst, a variety of anode materials were tested for their
abilities to facilitate xylene oxidation. We first investigated the effectiveness of various metal-
oxide nanoparticles for xylene oxidation, deviating from MnOx to investigate FeOx, CoOx, as
well as Ir-decorated MnOx, all supported on the same Toray 060 carbon paper, and all of which
had previously demonstrated activity for O-atom transfer. In addition, we conducted xylene
oxidation over a Pd foil due to molecular Pd catalysts’ precedent for C-H activation activity,

as well as a control experiment of xylene oxidation on bare carbon paper. (Figure 4-5)
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Figure 4-5. Partial currents and FEs for xylene oxidation on a variety of metal- and metal-
oxide-based catalysts: Pd foil, bare Toray 060 carbon paper, MnOx NPs on Toray 060, Ir-
decorated MnOx NPs on Toray 060, FeOx NPs on Toray 060, and CoOx NPs on Toray 060.

Note the 1-compartment cell setup used in these tests.

Xylene oxidation currents and FEs were lower on the Pd foil than on any of the other
experiments. While it is possible that lower currents could be attributed to lower
electrochemically active surface area (ECSA) for a foil electrode versus a carbon-paper-based
electrode, the decrease in FEs for xylene oxidation likely indicates that Pd is not a very good
xylene oxidation catalyst. Comparing all of the metal oxide catalysts, we observe that perhaps
the activity of the MnOx NPs is better than that of the FeOx and CoOx; however, comparing
especially partial current density measurements, the blank carbon paper control experiment
would indicate that these variations are within the experimental noise. In fact, it appears that
from a partial current perspective, there is very little difference between xylene oxidation on
MnOx NPs and the bare carbon paper support. Modest increases in FE for Mn-containing
electrodes are suggestive, but not strong indicators that MnOx is serving as a good catalyst

material.

4.5.2 Carbon- and inert-oxide-based electrodes

Since the bare Toray 060 showed considerable activity for xylene oxidation, we investigated
the activities of other carbon papers as anodes in a 2-compartment cell setup. Using the MnOx
on Toray 060 as a baseline, other materials investigated included: AvCarb P50 carbon paper;
Freudenberg-H14 carbon paper; Sigracet BC carbon paper with microporous layer (MPL); and
fluorine-doped tin oxide (FTO) — essentially, conductive glass. (Figure 4-6)
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Figure 4-6. Partial currents and FEs for xylene oxidation on a variety of carbon- and glass-
based electrodes: Toray 060 carbon paper, AvCarb P50 carbon paper, Freudenberg-H14 carbon
paper, Sigracet BC carbon paper with MPL, and fluorine-doped tin oxide glass (FTO).

Differences between these supports were considerably larger than differences between
different metal oxides on a given carbon support. FTO showed extremely low currents and
xylene oxidation FEs of ~10%, and Freudenberg-H14 electrodes likewise exhibited a lower
partial current density for xylene oxidation than Toray 060 carbon paper. However, other
materials such as Sigracet BC and AvCarb P50 demonstrated increases in FE and partial current
relative to Toray 060. The best-performing electrode out of those tested was found to be
AvCarb P50, with a partial current density of almost 10 mA/cm? toward aldehyde production
at the tested potential — an increase by nearly 4x over Toray. FEs toward xylene oxidation were

nearly 40% in total on the AvCarb anode.

One interesting point to note is that in most of these tests, trends with respect to FE and partial
current were consistent with one another; in other words, when a material or catalyst exhibited
a higher FE than another material or catalyst, it also exhibited a higher partial current density
toward xylene oxidation. There are at least two possible explanations for this: 1) there is a sort
of autocatalytic property to the xylene oxidation reaction, wherein higher currents cause the
reaction to proceed more easily. However, the more likely option is related to the nature of the
measurements: 2) because a constant amount of charge is passed in each of these experiments,
the duration of the experiment — and therefore the amount of time the electrolyte has to
equilibrate — depends upon the rate of the reaction; as such, a longer experiment with lower
total current density is also more likely to exhibit lower FEs from loss of oxidized product to
the cathode, and subsequent reduction of that product. This mechanism assumes that product

can be oxidized at the cathode; this is a phenomenon for which we have evidence. (see
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Appendix C) This also raises the point that the results in Figure 4-6 and Figure 4-5 cannot be
directly compared, since they were conducted in different cell setups. The 1-compartment cell
used to generate Figure 4-5 skews results toward lower FE and partial current measurements,
and tends to under-estimate differences between experiments. While we are confident that
carbon material has a greater impact on xylene oxidation partial current and FE, a quantitative
comparison could more accurately be made by conducting all relevant experiments in the same

cell configuration.

The question arose: what could explain the effectiveness of certain carbon papers over one
another, in contrast to the seeming lack of impact of the incorporation of metal oxides on those
carbon papers — and what implications does this have for our molecular understanding of the
catalysis taking place? In particular, carbon is normally viewed as an electrode material that
does not strongly coordinate reacting species; in general, practitioners of electrocatalysis treat
carbon-based electrodes as capable of achieving only outer-sphere transformations. To
reconcile this, we can turn to the vanadium redox flow battery literature as an example. In
vanadium redox flow batteries, carbon-based electrodes are often employed, and yet ongoing
discussions in this literature suggest that electron-transfers and O-atom transfers taking place
in these investigations may be inner-sphere, particularly at active sites containing oxygen
functional groups.'®® This would suggest to us that it is in fact possible for carbon-based
electrodes to facilitate inner-sphere electrochemistry. We therefore hypothesize that some
mechanism may facilitate inner-sphere electrocatalysis for xylene oxidation on carbon
electrodes — perhaps coordination to O-functional groups, or perhaps a mechanism unique to
xylene, such as pi-stacking between the aryl ring of the substrate and graphitic portions of the

carbon electrode. We began to investigate these hypotheses, and present initial results below.

4.5.2.1 Characterizing structural differences between carbon electrode materials

We probed the hypothesis that pi-stacking interactions between xylene and electrode could lead
to inner-sphere catalysis, and therefore that variation in xylene oxidation activity between
different carbonaceous electrodes could be explained by variation in the graphitic character of
the electrode. To do this, we compared Raman spectra of 3 different carbon-based electrode
materials exhibiting different activities for xylene oxidation: Freudenberg-H14 (least active),

Toray 060 (more active), and AvCarb P50 (most active). (Figure 4-7)
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Figure 4-7. Raman spectra of 3 tested carbon-based materials: Freudenberg-H14 (black),
Toray 060 (red), and AvCarb P50 (blue). Freudenberg and Toray Raman credit: Dengtao
Yang.!”! AvCarb Raman credit: Kyoungsuk Jin. Thanks to the Anderson lab at MIT for the use

of their instrument.

In these spectra, the D and G bands are labeled. The D peak at 1310 cm™ can be assigned to C-
C vibrations signaling “disorder,” while the G peak at 1580 cm™! is the Eag sp> C=C stretching
band indicating “graphitic” carbon.!”? If increased graphitic nature were associated with
increased activity for xylene oxidation, we would expect that the ratio of the G peak to D peak
(I¢/Ip) would be highest for the most active electrode materials, and vice versa. However, that
does not seem to be the case; while the materials are active in the order AvCarb > Toray >
Freudenberg, their I6/Ip ratios are ordered Toray (~1.7) > AvCarb (~0.7) > Freudenberg (~0.2).
It is possible that gathering these spectra at different times under different conditions makes it
more difficult to directly compare them; as it stands from these results alone, however, there is

no clear correlation between graphitic nature of carbon paper and activity for xylene oxidation.

As an additional test of the impact of graphitic carbon, we also tested xylene oxidation on two
different AvCarb carbon felts — one designed to be graphitic, the other not. (Figure 4-8) While
xylene oxidation proceeded more quickly on the graphitic felt than the non-graphitic felt, rates
for the reaction on both of these felts were lower than on carbon paper. This may be partly due
to the thickness of the carbon felts, which were roughly 5 mm in depth, and may have absorbed

some of the oxidation products, preventing those products from being accounted for.
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Figure 4-8. Partial currents toward xylene oxidation on the graphitic and non-graphitic AvCarb

felts. Thanks to the Brushett lab at MIT for providing these felts.

Overall, it remains unclear whether the graphitic nature of a carbon electrode is related to its

activity for xylene oxidation. Our limited tests are inconclusive in this regard.

4.5.2.2 Effect of carbon electrode oxidation on performance

In addition, we probed the hypothesis that O-functional groups on the carbon electrode may
facilitate O-atom transfer to xylene, just as is the case for vanadium catalysis. In order to do
this, we oxidized the AvCarb P50 carbon paper, using 2 approaches: 1) re-using a previously
used anode, and 2) thermally oxidizing the anode in air at 600 °C for 1 hour prior to electrolysis.

(Figure 4-9)
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Figure 4-9. Effect of oxidation on FE and partial current toward xylene oxidation. Base case
=no AvCarb P50 pre-treatment; reused anode = 2 experiments conducted one after the other
using the same AvCarb P50 anode, with results from the second experiment shown; pre-
oxidized anode = AvCarb P50 anode thermally oxidized in air at 600 °C for 1 hour prior to

electrolysis.

Regardless of the scheme for pre-oxidation of the anode, the FE for xylene oxidation was
roughly the same — about 35-40% in total. The total current on the different electrodes differed,
however, meaning partial currents for xylene oxidation also differed. For this set of
experiments, partial currents toward C-H activation were highest in the base case (i.e., no pre-
oxidation), followed by the case with the reused anode, followed by the thermally oxidized

anode, which had a partial xylene oxidation current only about 15% that of the base case.

While it is certainly the case that thermal oxidation does not have a straightforward effect on
the activity of a carbon paper for electrocatalysis in general,'®* these results would imply that
oxidation of the AvCarb anode does not positively impact xylene oxidation catalysis. Oxidation
of'a less-active carbon paper as a starting point may prove more interesting, but for the purposes

of this work, the AvCarb electrode is not oxidized to enhance performance.
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4.6 Transient changes during electrolysis & impact of solution ionic
strength

Particularly with high-rate electrodes such as AvCarb P50, it was observed that experiments
conducted in 0.1 M TBABF4 electrolyte tended to run away in the first few minutes, with
current increasing over time — sometimes to the point of potentiostat failure (automatic
termination of the experiment). Through PEIS, it was determined that the resistance of the
electrolyte decreased shortly after polarization, in a way that was reversible. In order to
minimize the relative decrease in the resistance upon polarization, the ionic strength of the
solution was increased by increasing the concentration of the TBABF4 in the electrolyte to

0.885 M. This suppressed transient changes in current in the early part of experiments. (Figure
4-10)
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Figure 4-10. Effect of electrolyte salt concentration on the current profile during a constant-
potential xylene oxidation experiment. Electrolytes were ACN with 5 M water, 200 mM
xylene, and either 0.1 M TBABF4 (red) or 0.885 M TBABF4 (blue). Anode was AvCarb P50.

IR compensation was set to 85% of the measured value.

The reason for this resistance decrease over time is unclear. It is likely that polarization leading
to the production of protons and surface aggregation of more highly screening species such as
water and BF4™ ions serves to slightly decrease the Ohmic resistance right at the anode interface;
however, we find it improbable that such an effect would be observed over the span of a few
millimeters, the distance scale over which the reference electrode and working electrode are
separated. This is a phenomenon which warrants further inquiry. Regardless, for the purposes

of this thesis, the finding that transient changes could be suppressed by concentration of the
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electrolyte salt was utilized; subsequent data mostly represent results from systems in which

electrolyte TBABF4 concentration was ~0.8-0.9 M.

4.7 Response of xylene oxidation to potential

Following finalization of the cell design, identification of AvCarb P50 as an electrode material,
and establishment of a “standard” electrolyte, the xylene oxidation reaction was characterized
on an AvCarb P50 electrode in a 2-compartment cell. To establish the response of different
components of the electrolyte to potential, four electrolytes were prepared: 1) an acetonitrile
blank with 0.885 M TBABF4, 2) ACN + 0.885 M TBABF4 + 200 mM xylene, 3) ACN + 0.885
M TBABF4 + 5 M water, and finally, 4) ACN + 0.885 M TBABF4 + 5 M water + 200 mM
xylene, the “standard” electrolyte. CVs were conducted in order to observe the potential-

dependent behavior of these electrolytes. (Figure 4-11)
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Figure 4-11. Cyclic voltammograms of different electrolytes to isolate the potential response
of different reagents. Traces include: acetonitrile background (yellow), + xylene (green), +

water with no xylene (light blue), and + water + xylene (dark blue).

We can make a number of observations from this set of CVs. First, since the ACN oxidation
background (yellow) is relatively low across the potential range of interest, it is possible to
observe from the light blue and green curves both the onset of water oxidation (and possible
concurrent ACN oxidation in the presence of water), as well as xylene oxidation, independently
of one another. From the green trace, we can see that xylene can be activated even in the
absence of water, reaching a current density of 10 mA at around 1.3 V vs. F¢/F¢'. From the

light blue trace, we observe that the onset of current happens earlier for water oxidation,
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reaching 10 mA around 1.2 V vs. Fc¢/Fc™. However, this early onset seems to represent a slight
“shoulder” in front of a steeper-onset wave that takes over around 1.4 V vs. Fc/Fc'.
Additionally, we see that the presence of water in the electrolyte in both the light and dark blue
traces leads to the persistence of a background oxidative current on the reverse sweep, roughly
10 mA in magnitude. This background current persists to some extent on subsequent CVs as
well. It is unclear exactly how this current arises; traditional CV analysis would suggest that
this phenomenon of crossover indicates a reaction with an “ECE” mechanism — that is, an initial
electrochemical step, followed by a chemical step, followed by another electrochemical step.
If the first electron transfer happens at a high potential and the subsequent chemical step is
slow and/or the final electrochemical step can also take place at lower potentials than the initial
electron transfer, a new background current will persist as this final electron transfer takes place
on the reverse sweep. It is possible that such a mechanism dominates for water oxidation in
this context, or for acetonitrile oxidation in the presence of water. That said, it is also strange
that this background current exhibits “arcing” behavior, first increasing slightly and then
decreasing again below roughly 0.3 V vs. Fc/Fc¢'. Regardless of the explanation for this
phenomenon, it is clear from the CVs that traditional CV analysis alone will likely be unable
to tell the full story of xylene oxidation. From a CV analysis perspective, the reason is that the
traces lack peaks. The onset of water/solvent oxidation takes place a bit too close to the onset
of xylene oxidation. Moreover, none of these processes are very simple; for instance, we do
not know what xylene is being oxidized to, what other species participate in the reaction, and
whether the water oxidation represents OER alone or also the activation of ACN. The reactions
taking place cannot be fully decoupled from one another via CV. This means we need to
conduct experiments during which we explicitly quantify the products of the various reactions

taking place.

Figure 4-12 presents this potential-dependence data, as a result of batch experiments similar to
those previously reported, passing 50 C for each experiment. By quantifying the products post-
experiment, we can report an average FE over the course of the run. The peak FE was observed
at 1.25 V vs. Fc, and was found to be roughly 50% toward xylene oxidation products. Similar
FEs (40%) at substantially higher rates (~37 mA/cm?) can be obtained by further increasing
potential by 100 mV.
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Figure 4-12. FEs (blue, left axis) and total current density (red, right axis) for xylene oxidation
at several potentials. Potentials are “nominal potentials,” not felt potentials after final 15% IR
correction. Duplicates were run for each potential except 1.05 V, and all current densities are
reported. Reported FEs are from first replicate only but are representative of duplicate data set

as well.

4.8 Electrochemical kinetic tests to identify reaction mechanism

In order to move past understanding of the potential-dependent behavior of the reaction, toward
a full mechanistic understanding, additional tests were needed. In this section we present the
potential-dependence data in the form of a Tafel plot for p-tolualdehyde formation, as well as
reporting data on substrate dependence, water dependence, kinetic isotope effect, and pH
effects. We also highlight results of an explicitly aerobic experiment meant to intercept Oz gas
as an oxidant in the absence of water. Using all of these results together, we propose a

mechanistic pathway toward xylene partial oxidation.
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Figure 4-13. Electrochemical kinetic data for the reaction of xylene and water to produce p-
tolualdehyde. (A) Tafel plot, (B) xylene dependence, (C) water dependence, and (D) kinetic

isotope effect.

4.8.1 Tafel slope

By representing the potential dependence data in Figure 4-12 as a Tafel plot, we get Figure
4-13A. The Tafel slope, fit for data obtained between roughly 1 V and 1.25 V vs. Fc/F¢*
(nominally), is 8245 mV/dec. Reinforcing the discussion from Section 4.5, this is a relatively
low Tafel slope — lower than the 120+ mV/dec that is normally associated with an outer-sphere
electron transfer RDS — supporting the idea that some sort of inner-sphere catalysis may be
taking place. We know that a cardinal Tafel slope value is not necessarily to be expected,'®
especially for a complicated reaction with a broad range of possible products. Moreover, if we
do elect to interpret this slope expecting a cardinal value, it is difficult to draw any simple

conclusion. Cardinal Tafel slope values in this range include 120 mV/dec and 60 mV/dec —
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82+5 mV/dec is nearly equidistant from these, and the uncertainty in the data does not warrant
interpretation as either 120 or 60. (see Appendix C) It is possible that under the conditions
tested, the reaction is under mixed control between two different rate-determining steps — one
involving an initial electron transfer from xylene, and another involving a subsequent chemical
step. Deconvolution of these possibilities could be possible by probing the Tafel slope under a
different set of conditions, such as at a different water concentration or different substrate

concentration.

It should be noted that the seeming ‘“autocatalytic” effect that may be attributable to a
systematic error in data collection methodology also applies here — it may be the case that, if
back-reaction of products occurs at the cathode, then lower currents (observed at lower
potentials) result in longer experiments to pass the same amount of charge, and partial currents
are deflated by loss of the product to back-reaction over time. This error would have the effect

of decreasing the Tafel slope relative to its “true” value.

4.8.2 Xylene dependence

We measured the dependence of the reaction rate on xylene by altering the xylene concentration
in the electrolyte and observing the corresponding C-H activation rate. (Figure 4-13B) In order
to ensure that xylene depletion did not affect measurements, a constant theoretical conversion
(conversion of xylene to aldehyde assumed 100%) of 15% was maintained, meaning different

amounts of charge were passed for each experiment.

Because total current does vary with xylene concentration, it is important to try to anticipate
total current prior to experiments and adjust the applied potential slightly so that the “felt
potential” — the potential felt at the anode, which does not account for the final 15% of Ohmic
resistance — is as consistent as possible between experiments. Since each data point is a batch-
averaged partial current measurement, there is no other practical way to make data within a
single measurement set comparable. As a result of this potential inconsistency, the raw
measured xylene dependence of 1.2+0.1 changes drastically upon application of a correction
which uses the measured local Tafel slope to back-correct measured currents. This approach
(with local TS measured as 142 mV/dec) yields a xylene dependence of 2.3+0.3. This second-
order dependence should be tested by subsequent iterative experiments with the goal of

ensuring constant-potential operations so that no Tafel correction needs to be applied.
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It should be noted that the analysis presented here assumes that xylene is dilute enough that
concentration is a reasonable proxy for activity; seeming lack of curvature in the measured data

supports this, but the assumption should be verified by xylene activity measurement.

4.8.3 Water dependence

In addition, the water dependence for the reaction was measured, this time employing an
activity correction for water, which is known to behave nonideally across the concentration
range of interest. By utilizing the water concentration-activity curve presented for a 0.8 M
TBABF4 ACN electrolyte in Chapter 3, the measured water dependence changes from 2.01-
order with relatively strong “saturation” behavior (concentration case, light blue) to 2.74-order
and more linear (activity case, purple). As for the meaning of these slopes, it is yet unclear —
we can again refer to the many mechanisms for water’s participation in electrocatalytic
reactions, as illustrated in Figure 3-3. In addition to all of these possibilities, there is also a
chance that water may not be the direct oxidant in the reaction, but rather that water forms
peroxide or Oz which then goes on to react with xylene. Regardless, we can say that the very
high measured water order here is suggestive that the role(s) played by water in the C-H
activation reaction are more similar to the role(s) played by water during HER in a blended

electrolyte than they are to water’s roles in other O-atom transfer reactions.

Again, because it is experimentally impossible to exactly hold “felt potential” vs. Meio-Fc
constant, a Tafel slope correction can and likely should be used in order to make better sense
of the data at a constant potential. Applying this correction (with local TS measured as 142
mV/dec), the water dependence values change to 2.44-order and 3.30-order for concentration
and activity, respectively. Importantly, because the total current varies so greatly with water
content, this point about adjusting the applied potential to maintain a constant “felt potential”
becomes even more relevant for the collection of this data set. As with the xylene dependence

data, additional experiments are required in order to make this correction unnecessary.

The high measured water orders after all corrections are applied raise a final question which
was also addressed in Chapter 3 — if the water dependence is this high, is it not possible that
some portion of the water dependence arises from thermodynamic shifts in reaction equilibrium
potential? In other words, perhaps this reaction should be analyzed on a pH-dependent scale
such as RHE. Unfortunately, it is unlikely that we would be able to measure the equilibrium
potential for C-H activation, in contrast to O-H or N-H activations, because of the relatively

low exchange currents for C-H activation.!>* Utilizing an RHE scale, however, would imply
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an assumption that the thermodynamics of protons matters to steps that impact the rate of the
C-H activation reaction. By studying KIE and pH dependence below, we can begin to probe

whether this is a valid assumption.

4.8.4 Kinetic isotope effect

We measured the kinetic isotope effect for xylene oxidation by running experiments with
xylene-d10, a fully deuterated substrate. If cleavage of the C-H (C-D) bond is part of the rate-
determining step of the reaction, then deuteration at this position should cause the reaction to
proceed more slowly. This is a slight simplification, of course — as mentioned in Chapter 2,
many variables change in subtle ways with the replacement of protons by deuterons, and there
are cases in which CPET reactions have been shown to not exhibit KIE’s (ku/kp) of much more
than 1.!% However, noting these caveats, we did observe a ku/kp of about 2 for xylene

oxidation, suggesting that C-H cleavage may in fact be a feature of the RDS.

It should be noted that the product yield was determined through a different mechanism for the
deuterated experiment (analyzed via GC-MS) than for the protonated experiment (analyzed via
NMR), since the deuterated product does not feature NMR-active protons. As such, this
measured KIE is only preliminary, and should be confirmed by a direct comparison using

consistent quantification methods.

4.8.5 pH dependence

In addition, while we did not conduct a comprehensive pH dependence study, experiments
were designed in which 0.09 M electrolyte salt was used. This salt was TBABF4 in the base
case, but was swapped with HBF4 in an acidic experiment and TBAOH for an alkaline

experiment, generating electrolytes with pH of roughly 1 and 13, respectively. (Figure 4-14)
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Figure 4-14. pH-dependence experiments for xylene oxidation, in 3 cases: 1) 0.09 M HBF4
(acidic), 2) 0.09 M TBABF4 (neutral, un-buffered), and 3) 0.09 M TBAOH (alkaline). FEs

(blue) and total current density (red) are reported.

As is evident from the figure, the explicit addition of acid did not greatly impact the measured
xylene oxidation FEs, although the total current density in the cell decreased by about 40%
relative to “neutral” conditions. The relatively similar results under acidic and “neutral”
conditions are to be expected, since the local pH at the polarized anode interface is acidic in
the unbuffered case regardless of the bulk pH. In contrast, the experiment featuring 0.09 M
TBAOH resulted in FEs of less than 5%, and a total current of only about 2 mA — a decrease

by more than 90% from the neutral case.

Since these experiments are conducted at very low ionic strength, it is difficult to deconvolute
pH effects from other impacts of altered electrolyte. Additional — although not directly
comparable — experiments were carried out at a total ionic strength of 0.9 M, with TBABF4 as
the supporting electrolyte and either 0.1 M or 0.01 M TBAOH to make the bulk pH basic. In
these cases, total current decreased less dramatically (36 mA/cm? neutral — 17.1 mA/cm? at
“pH 12” — 22.1 mA/cm? at “pH 13”), and FEs did the same (aldehyde: 34% neutral — 26.7%
at “pH 12” — 7.3% at “pH 13”). A variety of additional unidentified products were observed
in the pH 13 case.

It is unclear what causes the decrease in FE with increasing pH; this runs counter to our
intuition, assuming that a basic electrolyte more easily accepts protons released from xylene as

the C-H bond is broken. It is possible that the kinetics of this transfer are somehow disfavored
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in base, or that other oxidative reactions taking place simultaneously alongside C-H activation
are more strongly favored in the basic environment. It is also possible that the alkaline
electrolyte alters the carbonaceous anode in some way that is disadvantageous for xylene
oxidation. Regardless, a neutral-to-acidic electrolyte seems preferable for this reaction, which
is interestingly consistent with not only the industrial process for xylene oxidation,'’""!”? but

also with many research reports on benzylic C-H activation,!47173-17%.181.187.188

4.8.6 Testing for alternative oxidants

As a final contribution to our mechanistic analysis, we sought to test the hypothesis that the
contribution of water in the reaction does not have to be direct, but rather that water can first
be oxidized to a stronger oxidant such as peroxide or Oz gas, which can subsequently react with

xylene.

4.8.6.1 Peroxide

A colorimetric assay designed to detect H202 was used on a representative electrolyte sample,
and did not reveal a detectable amount of peroxide persistent in the solution following
electrolysis. We did not, however, test the selective addition of peroxide to the reaction, so it
remains possible that peroxide species are formed as short-lived intermediates during the

experiment.

4.8.6.2 Oxygen

We conducted an experiment with no xylene while bubbling N2 through the working electrolyte
for gaseous product detection at an in-line gas chromatograph. Under these conditions, we were
unable to detect any O2 gas made as a product of water oxidation. This seems to indicate that
O2 is not generated during the experiment, but it is also possible that Oz very quickly reacts
under the conditions tested, so that no Oz is detectable in the outlet. We therefore aimed to
probe whether Oz gas in the absence of water was capable of oxidizing xylene. To do this, we
conducted a test in a dry ACN-based solvent without addition of water while bubbling O2 gas.
Under this condition, some xylene was indeed made — although the total current density was
low, at 2.77 mA/cm?, and the measured aldehyde FE was 14.7%. This represents a substantially
smaller current toward xylene oxidation than in the case with 5 M water and no flowing Oz
(>10 mA toward aldehyde product). It is possible that the low solubility of Oz gas in the
electrolyte contributed to this. However, because extreme supersaturation (dissolution above
ao2 = 1) of Oz at the interface due to OER in experiments with water is unlikely — especially in

the case that no Oz escapes the system as a gaseous product — and because a diffusion-limited
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current density for direct reaction of Oz at such an electrode under these conditions is expected
to be on the order of 10 mA (higher than the observed current), we hypothesize that the direct
involvement of Oz is at most a minor pathway toward xylene oxidation products, occurring at

substantially lower rates than xylene oxidation in which water participates as the direct oxidant.

4.8.7 Proposed reaction pathway
With all of this mechanistic data in mind, we propose a reaction pathway toward synthesis of

the alcohol and aldehyde products observed in this work. (Figure 4-15)
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Figure 4-15. Proposed xylene oxidation reaction pathway, first generating 4-methylbenzyl

alcohol (top row), followed by p-tolualdehyde (bottom row).

We invoke the participation of a single xylene molecule, hypothesizing that the initial step is a
concerted proton and electron transfer to produce a xylene radical. Water can act as the base in
this step, as one of its many roles. Because this initial activation is a CPET rather than a PT or
ET step alone, much like in the case of HER in a blended electrolyte, the impact of water
activity on the rate of the reaction is quite large in magnitude — although we have yet to

selectively identify why this is the case.

Following this step, we hypothesize that an additional electron transfer to form a cation,
followed by attack by water to form a C-O bond, can lead to formation of the alcohol. By
largely repeating this sequence of events once more on the alcohol, we obtain the aldehyde

product.

While it remains possible that water may functionalize the surface of the carbon paper electrode
itself, we are not certain of this, since oxidation of the electrode seems to have no positive

impacts on measured rates. In addition, while we have some sense that xylene and the various
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reactive intermediates may be coordinated to the carbon surface, we have not drawn this
explicitly. Coordination to the surface could be a reason why we observe very little alcohol
product directly from the reaction — while this is a stable intermediate along the reaction
pathway, perhaps it is oxidized further rather than detaching and diffusing into the bulk of the

electrolyte.

We wish to emphasize that this is still a preliminary understanding of xylene oxidation, and
that much of the steps depicted here — including essentially everything after the initial CPET —
is difficult to experimentally probe. Future work to even better understand the mechanism of

direct electrochemical xylene oxidation with water is warranted.

4.9 Substrate scope & initial Hammett analysis

We have also begun to explore the scope of substrates to which this C-H oxidation approach
applies. In addition to studying 4-methylbenzyl alcohol and p-tolualdehyde as starting
materials (the products reported throughout this chapter), a variety of other substrates including

benzyl-substituted and para-substituted species has been tested. (Figure 4-16)
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Figure 4-16. Products of benzylic C-H oxidation with a variety of substrates: A) 1,4-
diethylbenzene, B) 1,4-diisopropylbenzene, C) 4-methylanisole, D) p-toluidine, E) toluene,
and F) 4-nitrotoluene. Percentages reported are FE for the corresponding product, while current
densities are the partial current densities for each product. Unless otherwise noted, each
experiment was conducted at the standard conditions for xylene oxidation (AvCarb anode, 2-
cpt cell, 1.35 V vs. Fe/Fe', 5 M water, 200 mM substrate). ® Toluene oxidation carried out at

1.45 V vs. Fc/Fc* in order to achieve appreciable currents.

It can be observed that the most electron-rich substrates with the least heteroatoms — especially
the benzylic-substituted xylenes — tend to be the most reactive. All told, the quantified FEs for
C-H oxidation are 48.7% for 1,4-diethylbenzene and 41.6% for 1,4-diisopropylbenzene. Other
electron-rich substrates such as 4-methylanisole and p-toluidine also exhibit low but
measurable FEs for benzylic C-H oxidation, in the range of 5-6%. The issue with these
substrates seems to be that the heteroatom imparts cross-reactivity, leading to the production
of many unidentifiable products. In addition, we also tested relatively electron-poor substrates

such as toluene and 4-nitrotoluene. Even increasing the oxidative potential by 0.1 V, the FE for
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toluene oxidation was <5%. For 4-nitrotoluene at standard conditions, the FE for C-H
activation was even lower, at 0.08%. As we might expect, the inductive effect of the p-
substitution has an effect on reactivity for these substrates. However, the observed differences
in C-H activation rate are larger than might be predicted from these inductive effects alone. To

visualize this, we present a (very preliminary) Hammett analysis. (Figure 4-17)
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Figure 4-17. Hammett plot for benzylic C-H oxidation for the substrates p-xylene, toluene,
and p-tolualdehyde, focusing specifically on current toward aldehyde products. Hammett

parameter values from Hansch et al. 1991.'%

For 3 selected species — p-xylene, toluene, and p-tolualdehyde — we have plotted the logarithm
of the current density specifically toward the formation of the corresponding aldehyde product
— p-tolualdehyde, benzaldehyde, and terephthalaldehyde, respectively — versus the Hammett
parameter for each substrate.'”* The Hammett parameter is an empirical constant for a given
substituent that indicates electronic effects — field-based and induction-based — that that
substituent exerts on a certain position of a molecule. (Here we use op, the para-parameter.) As
indicated by the arrow, the trend we observe in these three substrates is generally in the
expected direction; as the ¢ increases, meaning the para-substituent withdraws more electron-
density from the benzylic site, so too does the oxidation rate decrease. However, it does so with
a much steeper slope than is usually reported for Hammett analyses, particular between p-
xylene and toluene. This is even despite the fact that the toluene experiment is carried out at a

more oxidizing potential than the p-xylene experiment.

Hammett analysis, then, is insufficient in the case of our set of reactions. This is for many

reasons: chief among them, the fact that each of these reactions exhibits a wide product
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distribution that is not just limited to the products plotted here. The complexity of these

reactions warrants further study prior to analysis of this sort.

4.10 Xylene oxidation in different solvents

Finally, xylene oxidation has been tested in methanol- and ethanol-based blended electrolytes,
in addition to the electrolytes reported here based on acetonitrile. Due to experimental issues,
we have not yet been able to reliably quantify the FEs for C-H activation in these electrolytes.
However, from these initial investigations, it seems that ethanol is an equally effective solvent
for xylene oxidation. On the other hand, it seems that methanol-based electrolytes perform
rather poorly, whether due to oxidation or evaporation of the solvent during the experiment.
Further investigation is required in order to optimize the solvent for this reaction. Such
investigation will do well to bear in mind the concepts discussed in Chapter 3, controlling for

species activity in the analysis.

4.11 Conclusions

Here we have presented an initial characterization of the direct benzylic C-H oxidation of
xylene and related substrates on carbonaceous anodes. We move far beyond the current state
of the literature, reporting not just the product distribution — primarily aldehyde with a small
amount of alcohol — but also how those products are generated. We report the impact of changes
to the cell configuration on this distribution. In addition, other variables investigated include:
total charge passed, catalyst material, potential, substrate activity, water activity, kinetic
isotope effect, pH, addition of O2 oxidant, and benzylic as well as para-substitution of the
substrate. Electrochemical kinetic data was combined to propose a mechanistic pathway for
benzylic C-H oxidation that involves an initial CPET from xylene, with water acting as a key
mediator for this process. Outstanding questions from this investigation include whether and
how the benzylic substrate and intermediates chemically interact with the carbonaceous anode;
exactly what roles water plays during the oxidation, including how the thermodynamics of C-
H activation change with water content; why alkaline pH’s lead to lower activities for C-H
activation; how much product is formed as a result of reaction with Oz produced as an
intermediate; and identification of the major source of alcohol from the reaction, along with a
full accounting for product back-reaction. In addition, future work in this area should aim to

fully account for anodic FE, as well as closure of the mass balance on the substrate. We hope
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that this work can serve as a basis for further investigation and development of this direct C-H

activation approach, which does not require the use of metal catalysts.
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5 CONCLUSIONS & OUTLOOK

5.1 Conclusions

This thesis work broadly aimed to address the challenges and complexities of conducting
mechanistic analysis for electrochemical reactions under “messy,” real-world conditions.
Specifically, we focused on: 1) side-reactivity and mechanistic shifts when conducting CO2
reduction with impure gas feeds, and 2) thermodynamic nonidealities in blended aqueous-
nonaqueous electrolyte systems, through the lens of both the widely-studied hydrogen

evolution reaction as well as a relatively novel electrochemistry, xylene oxidation.

In the case of CO2 reduction on dilute and oxygen-containing CO2 feedstocks, we demonstrated
that the presence of Oz gas in a COz feed does not greatly impact the overall CO2R rate on Au,
nor the CO2R mechanism on Au. Oz does, however, quickly react at typical CO2R potentials —
and its rate at a flooded electrode is limited by O2 transport to the electrode surface. ORR
represents an efficiency loss in this system and is therefore viewed as parasitic current. We also
presented a mechanistic analysis of CO2R under both oxygenated and N2-diluted conditions,

providing evidence for a chemical (n = 1, q = 0) rate-determining step.

With our study of nonidealities in blended electrolytes, we demonstrated that accounting for
species’ thermodynamic activities is critical for accurate interpretation of electrochemical
kinetic data. Through HER as a case study, we showed that water is a particularly important
reacting species to which this accounting applies, as its strong self-interactions cause it to
behave less ideally than many other solvents in mixtures. We reported the high dependence of
Au-catalyzed water reduction on water activity (~3"-order), and proposed many roles that
water can play in the reaction as an explanation for this high dependence. We speculated on
the molecular origins of the relationship between concentration and activity, and extended the
relevance of our arguments to O-atom transfer reactions that exhibit rate dependence on

electrolyte water content, such as cyclooctene epoxidation and cyclohexanone lactonization.

Finally, we demonstrated direct benzylic C-H oxidation in the ACN-water blended electrolyte
and conducted novel kinetic investigations on this chemistry, accounting for species
nonidealities. We showed that direct oxidation of xylene to p-tolualdehyde with moderate

selectivities (FE ~50%) 1s possible even (and especially) on metal-free carbonaceous
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electrodes. We hypothesized that these electrodes engage in inner-sphere interactions with
aromatic substrates. We also demonstrated a very high dependence of the xylene oxidation
reaction rate on electrolyte water content, with a water order of ~3-4 measured. This result,
coupled with the measured kinetic isotope effect for the reaction, suggested that high water
dependence may be correlated with the predominance of CPET steps in a reaction mechanism.

We also presented preliminary substrate scope results for this class of reaction.

5.2 Outlook

Much progress has already been made in further advancing the study and implementation of
some of these chemistries; for others, however, there is much still to be done. Herein we will

propose many future steps that naturally follow from this work.

5.2.1 CO; reduction with gas-phase contaminants and concentrated electrolytes
In the years since the publication of our study on oxygenated CO2 feedstocks, there has been
increased attention paid to CO2R in the presence of contaminants. For instance, researchers

195,196 and ionomers!'*” which act to

have designed systems imbued with microporous polymers
sieve O2 in oxygenated feedstocks, preventing Oz from reaching electrode surfaces and
imparting CO2R selectivity. Others have investigated the impact of different contaminants on
CO2R, such as NOx.!?® Still others have continued to address questions of CO2R at low CO2
pressures, absent reactive impurities.!”®?% That said, there is still a disappointing lack of
discussion of CO: feed purity requirements, or assumptions thereof, when analyzing the
feasibility of CO2R deployment. Among other goals, our study aimed to highlight that the
choice to model and operate CO: electrolyzers with “pure” CO2 feeds is just that — a choice.
There is a good opportunity to develop technoeconomic models which can be explicit about

this design decision, and can use results such as ours and those that have been published since

in order to inform trade-offs in process performance caused by relative CO2 feed purity.

Beyond addressing gas feed contamination, our work also contributed to ongoing conversations
surrounding the mechanism of CO: reduction without contaminants.”®*! Preliminary results
from our work (Appendix) also revealed suppression of CO2 reduction at high concentrations
of bicarbonate, which was further elucidated as a poisoning effect by Zeng et al. out of our

own lab.?"!

CO2 reduction as a field is continuing to develop, and we anticipate that CO2R systems will

begin commercial deployment in the coming years. It may take a while, however, for CO2R to
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reach similar optimized performance as HER. Ongoing academic-level investigations into
design considerations such as electrode flooding?®? and bipolar membranes?® is representative
of the distance CO2R has yet to cover as a field of study. Looking further into the future, an
even earlier-stage class of research in COz utilization — namely, organic carboxylation — is also

on the rise, and is beginning to show promise for eventual use in CO2 upgrading.?®*

5.2.2 Deconvoluting roles of water in blended electrolytes

The proposal that water plays many distinct roles in blended electrolyte systems opens up the
opportunity to deconvolute those roles from one another. Here we briefly describe some
approaches to isolating water’s various contributions to electrochemical reactions through

sequential simplification of the reaction taking place in the blended electrolyte.

The first simplification that can be made is the removal of water as a direct reactant, but
retention of its role as a Bronsted-Lowry base/acid. This can be achieved through the study of
the impact of water content on proton-/H-atom-transfer reactions such as hydrogen oxidation
or alcohol oxidation at the anode; or, at the cathode, low-rate acidic HER. These are all
reactions which involve proton transfer to or from a reagent that is not water itself. However,
water may be present in the reaction to coordinate a proton transfer or act as a buffer in the

corresponding generation of a proton or hydroxide.

Next, the reaction could be further simplified by removing the proton-transfer aspect and
focusing entirely on water’s impact on ET-only reactions. We can tease out water’s role in
solvation by studying the impact of water content on ET reactions for species that are more or
less affected by solvation — e.g. by comparing the ET behavior of a more solvent-agnostic
species such as Meio-Fc and that of a solvent-exposed redox species such as diquat or ethyl
viologen. Water dependence of e.g. ethyl viologen redox at a constant potential vs. Meio-Fc
would give insight into water’s solvating role and corresponding kinetic impacts, or lack

thereof.

To begin to address surface-specific roles such as the displacement of adsorbates by water, one
could turn to surface-sensitive spectroscopy to examine surface speciation. There is precedent
for study of TBA™ cations at surfaces;*?*> however, these methodologies may be complicated
by the nature of the blended electrolyte. In addition, one could also consider experimentally
probing features of the interface such as potential drop by using some sort of tethered moiety
at an electrode surface, and/or computationally probing the interface using molecular dynamics

simulations.
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Assuming one could identify a redox mediator with kinetics entirely unaffected by water
content — or with affected but fully characterized kinetics w.r.t. water content — one could also
use mediated electrocatalysis to entirely remove water’s roles at the electrode surface by

extending the ET reaction of interest into the bulk electrolyte.

5.2.3 Spectroscopy to characterize relationships between thermodynamics and
electrolyte structure

In order to further develop our hypotheses surrounding the relationship between measurable
thermodynamics (species activity) and the structure and intermolecular interactions of species
in the blended electrolyte, we propose to spectroscopically probe the bulk and interfacial
structure of water in these systems. This is possible through techniques such as soft X-ray
absorbance spectroscopy, which can selectively probe O-atoms in solution.’® Such
measurements made in electron-yield mode can offer information specifically on surface-

adjacent water molecules, even under slight polarization.

5.2.4 Extending conclusions from blended electrolyte work to new systems

One additional application of the activity-accounting techniques reported in the blended
electrolyte work is in informing studies on solvent effects. Any study involving solvent
screening or reporting a solvent effect should consider the impact of the solvent on the
thermodynamics of the reactants — and if possible, measure this impact using headspace

sampling or similar techniques.

5.2.5 Developing electrochemical xylene oxidation

The xylene oxidation reaction reported in this thesis is still in early stages of development.
Further study on the role of the catalyst could help in the eventual development of an even
more effective material that can achieve C-H activation at higher rates through inner-sphere
interactions. In addition, a more complete product characterization including mass balance on

the benzylic substrate and accounting for the full balance of anodic FE should be conducted.

5.2.6 Incorporating xylene oxidation into electrosynthetic schemes

Finally, because of developments on other electrochemistries, it is possible to consider
combining many electrochemical steps along more complicated synthetic pathways. For
instance, right now we are not aware of any direct electrochemical C-N functionalizations for

unactivated hydrocarbons. If we consider starting from N2, H20, and substituted toluenes,
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however, we can devise a fully-electrochemical route toward C-N functionalization: first,
employ a combined water-splitting and nitrogen reduction device to generate ammonia.!! In
parallel, use water to partially oxidize the toluene species to its corresponding aldehyde (this
work). Finally, combine the aldehyde and ammonia in a recently-developed electrochemical
reductive amination scheme to make benzylic C-N bonds.?’” A reach goal along this pathway
is the eventual development of a chemistry that can transform COz to aromatic species such as
xylene, meaning that the full synthesis route would be fully sustainable, relying only on inputs

of air, water, and electricity.

We hope that this thesis has contributed in some small way to the realization of a future in

which sustainable syntheses such as these are practicable.
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APPENDIX A: ADDITIONAL CONSIDERATIONS FOR CO>R WITH
BLENDED GAS FEEDS

A.1 Cell Design

A two-compartment cell was used for all electrochemical experiments discussed in this text.”?
This cell was manufactured out of polycarbonate by Lab Machinist Solutions. Plugs and
connections that served as the cell parts were made of polypropylene, while ferrules were made
of ETFE (Tefzel™); these parts were purchased from IDEX Health & Science. O-rings to seal
the compartments upon assembly were made of FEP-Encapsulated Silicone (9319K15 &
9319K142) and were purchased from McMaster-Carr. The design of the openings for the
catalysts in the cell was such that 1 cm? would be exposed to electrolyte. In this way, partial

currents obtained in electrochemical experiments were converted directly to partial current

Figure A-A1l. Schematic of the electrochemical cell and flow scheme used in CO2 reduction

densities.

0, T T Feed + CO, H,
(to GQ)

Gold Cathode
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experiments.”?

A.2 Electrolyte preparation

Sodium bicarbonate electrolyte was prepared by dissolving enough sodium carbonate in Milli-
Q® to yield sodium carbonate of half of the desired final bicarbonate molarity. For example,
in preparing 200 mL of 0.1 M sodium bicarbonate, 1.06 g of Na2COs3 was dissolved in 200 mL
of water to yield 0.05 M sodium carbonate. This solution was then bubbled overnight (using

1/16” tubing submerged in the electrolyte solution) to convert the carbonate to bicarbonate
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using Instrument grade COz. Electrolyte solutions were stored in colorless polypropylene
containers (VWR). They were bubbled periodically as used, with a bubbling time of 30-60

minutes sometime within the day before use in an experiment.

A.3 Foil preparation

Au foils were prepared by placing the 25x25 mm catalyst foil on a clean aluminum foil
polishing surface, then covering the face of the Au foil with roughly 1 mL Milli-Q® water, and
subsequently hand-polishing (while wearing fresh nitrile gloves) with 400 grit sandpaper for 3
minutes. Foils were scrubbed gently but thoroughly, moving in a circular pattern and rotating
the foil throughout the polish. A few mL of fresh Milli-Q® were used to gently rinse the surface
of the foil. The foil was then submerged in Milli-Q® within a 50 mL centrifuge tube and
sonicated for 3-5 minutes. VEVOR PS-10A (2 L; 60 W, 40 kHz) Ultrasonic Cleaners were
used interchangeably with a VWR Symphony™ (97043-992; 90 W, 35 kHz) Ultrasonic
Cleaner for this purpose. The Milli-Q® was then decanted, and the foil dried off by passing it

under a stream of house-supplied compressed air.

Foils were designated as having a “back™ and a “front,” so that only one side of the foil was

polished and used in catalysis throughout the foil lifetime.

A.4 Reference Electrode Calibration

3.4 M Ag/AgCl reference electrodes used in the experiments were calibrated in the morning
before each experiment in order to prevent reference potential drift. These leak-free references
were stored with their frits submerged in vials of Milli-Q® water. The reference electrode to
be calibrated was placed in a solution of saturated KCl (i.e. a solution of Milli-Q® at
equilibrium with solid KClI in the bottom of the vial) along with a saturated master electrode.
The master electrode was purchased with 1.0 M KCl filling, but was stored in an insulation-
wrapped vial of saturated KCI in Milli-Q® and not used in any electrochemical experiments.
Because the master electrode had a porous frit which allowed ion transport, storing the
electrode in saturated KCl caused it to take on the characteristics of a saturated KClI reference.
The Ag/AgCl in saturated KCI master reference was then taken to be +0.197 V vs. SHE.?% By
hooking up the master as the counter/reference electrode and the experimental reference as the
working electrode using a BioLogic VMP3 potentiostat, it was possible to monitor (either
through observation or data-recorded OCV experiments) the potential difference between the

two references in the same saturated KCI solution. In this way, the reference electrode values
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were adjusted daily. For instance, a morning reading indicating the experimental reference was
+0.016 V vs. the master was interpreted to mean the experimental reference was +0.213 V vs.
SHE on that day. Long-term data collection suggests that the reference most used in this work
drifted upwards by less than 1 mV (0.001 V) per day — roughly 25 mV per month — through

constant storage in Milli-Q® water.

Figure A-A2. Calbrating the LF-2 Ag/AgCl reference electrode used in experiments to a

master saturated Ag/AgCl reference.

Conversion between voltages applied on an SHE scale and an RHE scale:
URHE = USHE + 0059pH

The bulk pH value of 0.1 M bicarbonate is taken to be 6.8 at 1 atm CO2 and 7.1 at 0.5 atm COz,
and the broadly-used conversion in this work is that 0 V vs. RHE corresponds to -0.41 V vs.

SHE.

A.5 Gas Mixing and Flow Scheme
A three-gas mixing setup was constructed using three flow controllers (MC-50SCCM-D/5M,

5IN, GAS: Air; accurate to two decimal places in sccm) purchased from Alicat Scientific. One
was hooked up to CO2 via lab manifold dropdown lines and 1/8” FEP tubing (Cole-Parmer,
EW-06406). Another controller was connected to house N2 through 1/8” FEP tubing. These
two gases were mixed using an ETFE (Tefzel™) tee from IDEX Health & Science. The
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resulting stream was carried off the center connection of the tee and through an additional 1/8”
FEP tubing section, then united with a gas line coming off of a free-standing oxygen tank
through 1/8” FEP. This combined stream from all three gas sources was conveyed by another
section of 1/8” FEP and then bubbled through a 20-mL hydration bubbler (maintained between
1/3 and 2/3 full with Milli-Q® water). This stream was sent into the electrochemical setup
using a 1/16” FEP tubing. A 1/16” tubing section exiting the electrochemical setup then
conveyed gas to a mostly-empty 20 mL vial where it was mixed in order to average out any
bubbles of evolved gas leaving the electrochemical cell. 1/8” FEP tubing connected the outlet
of this mixing vial to an Alicat flow meter (MS-100SCCM-D/5M, GAS: Air; accurate to 1
decimal place in sccm). This flow meter helped to ensure there were no gas leaks anywhere in
the flow configuration. The outlet of this flow meter was sent to a gas chromatograph (SRI
Instruments, Inc., Model 8610C) where gas products were detected in-line. The sample loop
vented to local exhaust when samples were not being loaded onto the GC columns; when
samples were injected, the analyzed products were vented to the ambient environment in an
intrinsically safe fashion (the last analytical device in the gas line was an FID, which converted
all hydrocarbons and hydrogen to CO2 and water). Disjointed tubing sections throughout the
gas flow setup were connected by ETFE (Tefzel™) unions (IDEX Health & Science).

Custom gas mixes were programmed into the Alicat flow controllers and meter to ensure proper
flow rates and closures. An example of such a mixture includes 50% COz2, 37.5% N2, 12.5%

O2.
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Figure A-A3. Schematic for gas flow through the COz2 reduction system.

A.6 Electrochemical Experiments

In preparation for an electrochemical experiment, the polycarbonate cell and all cell parts in
immediate contact with the electrolyte (plugs for working compartment; reference electrode
connector & ferrule; plug for counter compartment) were submerged in 20% v/v nitric acid.
The polycarbonate (PC) was removed from nitric acid after less than one minute so as to avoid
PC dissolution or etching (as PC is not compatible with nitric acid over long exposure times).
The PC cell (with o-rings assembled) was then rinsed with Milli-Q® and allowed to air-dry.
The 20% nitric acid was decanted off of the cell parts after roughly five minutes, and the parts
were triple-rinsed with Milli-Q®. These parts were placed onto a clean absorbent towel
(WypAll Cleaning Wipes) and allowed to air-dry. The Au foil was then polished and prepared
according to the procedure described above. The Pt counter-electrode was placed on the
aluminum current collector for the anode side, then the counter compartment was used to
sandwich the foil in place. A new piece of Selemion™ (stored in Milli-Q®; roughly 2 cm by 4
cm; enough to cover the window between the two cell compartments) was then cut using
scissors which were reserved for cutting membranes and dried after each use. The Selemion™

was rinsed with fresh Milli-Q® and assembled into the cell, followed by the working
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compartment, then the gold foil. Once the second backplate of the cell was in place, the pieces
were bolted together with wing nuts and tightened with a hex key. A calibrated reference
electrode was then inserted into the reference port of the working electrode compartment of the
cell using an extra-long IDEX connector and a 2.0 mm ferrule. The bottom port of the working
side of the cell was then connected to the gas mixing setup, with the desired flow of each
component already set; meanwhile, the bottom port of the counter compartment was plugged
with a polypropylene plug. Flow rates for the gases were modulated depending on the type of
experiment being conducted. Unless otherwise indicated, all experiments were conducted with
a total inlet gas flow rate of 10 sccm. (So a normal gas flow consisting of 0.5 atm CO2 and 0.5

atm O2 would be fed as 5 sccm CO2, 5 sccm Oz.)

The prepared electrolyte was loaded into the cell using the same plastic pipette tip for each test.
1.75 mL was used to fill each side of the cell. After filling, the working compartment of the
cell was then closed from the atmosphere by plugging the top ports on the cell diagonals, and
the center port was hooked up to the gas flow system as described above. The cell was then
allowed to sit while bubbling for roughly 15 minutes to allow air to flush out of the gas flow
lines. Meanwhile, the reference and anode/cathode current collectors were hooked up to a
BioLogic VMP3 potentiostat. Upon beginning an experiment, a blank GC sample was initiated;
GC samples were taken every 10 minutes thereafter, with the results at t = 10 minutes thrown
out due to lack of complete mixing. To compute faradaic efficiencies and partial current
densities, the data points at t = 20, 30, and 40 minutes were averaged. Long-time experiments
were avoided due to persistent current decay over time during electrochemical reduction on
gold (consistent with previous literature observations; see A.9. Discussion — CO2RR Current

Decay on Gold).

IR compensation was handled in each experiment by performing potentiostatic electrochemical
impedance spectroscopy (PEIS — frequency range 10 kHz-1 Hz) and visually extrapolating the
EIS curve to the x-intercept (estimating to the nearest Ohm). 85% IR compensation was then
applied. Typical 100% IR compensation values obtained from PEIS were 70 Ohms for 0.1 M
NaHCOs3 and 5-15 Ohms for 1.0 M sodium electrolytes.

All data points were gathered independently of one another and in a randomized order to ensure
no bias by variables drifting in time. That is, a new cell was prepared as described above for

each data point reported herein.
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Figure A-A4. Image of disassembled electrochemical cell, including (L-R): Backplate with
bolts and Al foil current collector, Pt counter electrode, counter electrode compartment, plug,
Selemion membrane, working electrode compartment, plugs and reference electrode adapter,

Au working electrode, backplate with Al foil current collector, and wing nuts.

Steps in cell construction:
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Figure A-AS. Steps in cell construction, from laying down the Pt electrode to connecting the

closed cell to potentiostat cables.

A.6.1 Poo Effect, Tafel Analysis, and CO> Order Dependence Studies

Po2 effect and Tafel analysis data points were gathered as described above. Pox effect was
determined by holding CO:2 flow rate constant at 5.00 sccm and varying Oz pressure (through
flow rate), while using N2 to balance the total flow to 10.00 sccm. Tafel analysis was conducted
with either 5.00 sccm CO2/5.00 sccm N2 or 5.00 sccm CO2/5.00 sccm Oz and varying the
applied potential. CO2 order dependence was determined by holding oxygen flow rate constant
at either 0.00 sccm or 5.00 scem and varying COz pressure (through flow rate), while using N2

to balance the total flow to 10.00 sccm.
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A.6.2 Bicarbonate Order Dependence Studies

Bicarbonate dependence was probed by holding absolute potential constant (vs. SHE) — not
potential vs. RHE. This is for reasons discussed below. Bicarbonate concentration was varied
while holding total solution ionic strength constant. This was done using sodium perchlorate
as the supporting electrolyte. In most cases, the electrolyte was made by mixing prepared 1.0
M sodium bicarbonate (made using 299.0% pure untreated sodium carbonate, Sigma-Aldrich
S7795, Lot SLBT0414) with 1.0 M sodium perchlorate in the desired ratio. For instance, 0.4
M bicarbonate solution was made by mixing 4 mL of 1.0 M bicarbonate with 6 mL of 1.0 M
perchlorate. For the potassium bicarbonate order dependence experiments detailed in the SI, it
was not possible to balance the electrolyte with perchlorate, as potassium perchlorate is not

soluble up to 1.0 M. Thus, these experiments were conducted at different total ionic strengths.

In interpreting these experiments, in contrast to what is reported in our 2019 publication, we
have not normalized the data by the concentration of COz in solution. This is because while the
concentration of dissolved CO2 may change with alterations to the electrolyte, the activity of
CO:z is set by the partial pressure of CO2 in the gas phase and does not change. As long as the
lower solubility does not lead to transport limitations, there should be no effect of salting-out
on rate. Note that the magnitude of the reported correction is very small and does not

fundamentally change the interpretation of the data.

Sodium Bicarbonate Experiments at High Bicarbonate Concentration

Sodium bicarbonate experiments were carried out at up to 1.0 M NaHCOs3, but at very high
concentrations, extremely low currents to both CO2RR and HER were observed (Figure A-
A6). It is estimated that this is due to a secondary effect such as metal impurity plating or being

close to the solubility limit of bicarbonate.
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Figure A-A6. Bicarbonate dependence of both (A) CO2RR and (B) HER at a wide range of

bicarbonate concentrations.

Potassium Bicarbonate Experiments

Bicarbonate order dependence was studied with unbalanced potassium bicarbonate electrolyte,
resulting in the conclusion that the negative dependence of CO2RR on sodium bicarbonate was
due to some secondary effect. Note in the case of KHCOs3 that there appears to be a region in
which there is a positive dependence upon bicarbonate, but that this is below the concentrations

at which the experiments employed in this work operate.
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Figure A-A7. Bicarbonate order dependence using potassium bicarbonate as the electrolyte.
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A.6.3 KIE Experiments

The kinetic isotope effect was elucidated by preparing electrolyte in the same way as other
experiments, but this time using D20. D20 was removed from its sealed container with a
syringe. Special care was taken when bubbling the D20-based electrolyte to cover the top of
the container it was in, in order to prevent absorption of H20O in the air. Other changes to
procedure relative to the standard CO:z reduction were:

e Cell drying: rather than allowing cell and cell parts to dry in air, all parts were dried in
an 80 °C oven for at least 15-20 minutes to evaporate as much residual water as
possible.

e Selemion™ soaking: prior to use in the experiment, the Selemion™ membrane to be
used in the experiment was shaken dry, placed in a nitric-acid-cleaned petri dish (no
more than 5 cm in diameter), and covered in a thin layer (~4 mL) of D20. The dish was
covered to prevent atmospheric water uptake, and the membrane was allowed to soak
for roughly half an hour. After this time had elapsed, two more 4 mL soaks were
provided, each with soak times on the order of 10 minutes. This helped to prevent
adventitious water sources that may have convoluted the results of the experiment.

e Hydration bubbler: switched out the normal water hydration bubbler to a D20-based
bubbler.

For HER quantification in the deuterated solvent case, it was necessary to perform
normalizations on the raw H: data, as the thermal conductivity detector used in product
detection was less sensitive to D2 than to Hz. It was gathered from existing literature that the
sensitivity factor (ratio of D2 peak to Hz peak area of identical concentration) should be roughly
0.75,%% but this was tested for our instrument by preparing a conductive electrolyte without
COz2 (0.1 M NaClOs4 in D20) and bubbling N2 through the solution at 10 sccm to remove any
dissolved Oz and/or COz, then applying a constant current of -0.5 mA to the system and
quantifying the hydrogen signal as a result of HER. From this, it was found that the appropriate
sensitivity factor was 0.7031, so a conversion factor corresponding to the reciprocal of this
value — 1.4223 — was applied to all hydrogen signals for experiments with deuterated

electrolyte.

A.6.4 Modified Cyclic Voltammetry
Cyclic voltammetry, modified to study characteristics of the non-quiescent cell, was used as

evidence that the onset of ORR occurred at a much less reductive potential than required for
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CO2RR or HER in the system in question — and, moreover, that ORR was transport-limited at
the tested voltages. CVs were conducted in 0.1 M NaHCO3, and were IR-corrected just as
constant-potential experiments were. The CV blank was obtained by bubbling N2 at 10 sccm
and scanning from +1.00 V vs. SHE to -0.40 V vs. SHE and back, while the CV with Oz and
CO2 was obtained by scanning from +1.00 V vs. SHE t0 -0.80 V vs. SHE and back (this extends
the first test to within the Tafel regime and after CO2RR/HER onset).

While the main-text scan (Figure 2A) does not highlight this feature, a persistent observation
during these experiments was an initial reductive wave around 0.2 V vs. SHE, followed by
another reduction which quickly became transport-limited around -0.2 V vs. SHE. This is
highlighted more clearly in the figure below. We hypothesize that the initial reductive wave is
the more kinetically facile ORR to peroxide, while ORR to water takes over when

overpotentials and current densities are higher.

0.25
— 5 scem O,/5 scem CO,
—— N, Blank
< 0.001
E
=1
c
(]
=
S
=
O -0.254
-0.50 T

-1.0 -0|.5 050 0?5 1.0
Potential (V vs. Ag/AgCl)

Figure A-A8. Modified cyclic voltammogram better highlighting the different reductive

waves observed during ORR onset.

A.6.5 Measuring Boundary Layer Thickness

Because transport is so integral to dictating oxygen’s effect on the CO2RR system, it was useful
to quantify the boundary layer thickness at the surface of the cathode in the cell. This was done
using a procedure from Clark et al.”® A full description may be found in the cited work’s

Supporting Information, section SI-4.

In short, mass transport boundary layer thickness was quantified by measuring the diffusion-

limited current of a known reaction — ferricyanide reduction to ferrocyanide:
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Fe(CN)} +e™ — Fe(CN)¢™

Two bicarbonate solutions were made —one 0.1 M in NaHCOs3, and the other 1.0 M in NaHCO3
— and both of these were made to be 0.01 M in KsFe(CN)s by addition of 32.9 mg ferricyanide
salt per 10 mL electrolyte solution. By performing a CV extending from roughly +1.1 V vs.
RHE (+0.69 V vs. SHE) to -0.4 V vs. RHE (-0.81 V vs. SHE) in the 0.1 M solution, it was
possible to extract the mass transport boundary layer thickness from the steady-state current
density at the plateau of the CV. This plateau occurs from roughly +0.5 V vs. RHE to -0.2 V
vs. RHE. Taking the value at around +0.1 V vs. RHE to be a good middle point, the steady-

state current density can be related to boundary layer thickness by:

F- DFe(CN)G_ ) C;e(CN)é_
OpL = iss

where F is Faraday’s constant, D, cy3- is the diffusivity of the ferricyanide ion (this is taken

to be 0.720x10” cm? 1), C; 3~ is the concentration of ferricyanide ion in the bulk of the

e(CN

electrolyte, and iss is the steady-state current.

It should be noted that the accuracy of the boundary layer thickness when determined this way
is contingent upon migration being negligible. The ferricyanide ion in these tests is dilute
enough in the supporting salt that migration effects can be ignored; and moreover, experimental
evidence suggests no substantial difference between reduction currents under the above
protocol for 0.1 M and 1.0 M bicarbonate electrolytes. Using this method, the d for ferricyanide
mass transport was found to be 140 pm, as the steady-state reduction current density was

around 0.497 mA cm™.
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Figure A-A9. CV to identify the proper potential for testing boundary layer thickness, and

CA to determine limiting current density of ferricyanide reduction.
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Conversion of ferricyanide boundary layer to relevant species’ boundary layer

The delta obtained above is the accurate value for the transport of the ferricyanide ion; however,

an adjustment must be applied in order to obtain §; for the dissolved gas species.

It can be (and has been) derived that the concentration boundary layer 6c and momentum

boundary layer &wm scale as such:*°

8c ~ Re Y/25¢c=1/3

6M ~ Re_1/2
So that, for reference,
Sy 1 AA
— ~ /3 = (—
5~ S¢ ( D) »> 1

Or, because the Schmidt number Sc to the 1/3 power is much greater than 1 for almost all
liquids, including water, the concentration (or mass-transport) boundary layer 6c is embedded
within the momentum boundary layer ém. To understand the nature of how different species’
mass transport boundary layers scale with one another, we expand the expression for 6c, where

below the &8s correspond to the concentration boundary layers for the subscripted species:

_1 -1/3
8; ~ Re~1/2§¢71/3 = (u_L) ’ <l>
j

v D]

So that the following is true:

Srecn)3~ _ Oco, _ Go,

1/3 ~ N1/3 7 A1/3
DFe(CN)6— Dcoz Do2

Rearranging to find the boundary layer thickness for either of the gas-phase species, we obtain:

1/3

Sgas = 6 Doas

gas — OFe(CN)3~ DFe(CN)3_
6

The diffusion coefficient of ferricyanide is as above taken to be 0.720x10 cm? s!.2!° Diffusion
coefficients for CO2 and O2 are taken as 1.92x10 cm? s7! and 2.10x107 cm? s™! respectively.”
Therefore, the conversion factor from the above ferricyanide boundary layer of 140 pumis 1.387

in the case of COz and 1.429 in the case of Oz, making the values of boundary layer thickness:

8¢co, =194 pm, 6y, = 200 um
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Further, noise in the current signal during the chronoamperometric experiment in S.7.5 can be
used to put errors on these values; in the case of the signal pictured above, the final value for

the boundary layer thickness for Oz is 20017 pm.

This value is larger than the reported ferricyanide boundary layer thickness for similar cells in

the literature, which report §pe(cyyz- = 50 pm at gas bubbling = 10 sccm;”® however,

differences in gas bubbling techniques in the cells may account for this difference.

A.7 Product Detection

The product of COz2 reduction on gold is typically CO. CO2 can, however, be reduced further
to methane, ethylene, and even liquid products such as short-chain alcohols. The competing
reaction, HER, generates H2. Oxygen reduction on gold generates water or peroxide, depending
on the pH and other cell conditions. It was necessary to quantify the various reactions occurring
during the electrochemical reduction experiments. This was done primarily through in-line gas
chromatography, but the results are also supported by negative results of product detection
through both liquid "TH-NMR and a UV-visible quantification method for determining peroxide

concentration.

It should be noted that, for all experiments implementing Oz, the ORR current was interpreted

from the lack of Faradaic closure, as water produced during ORR could not be quantified.

A.7.1 Gas Chromatography

An in-line gas chromatograph (SRI Instruments, Inc., MG #5, Model 8610C) with auto-
sampling capabilities was used for gas-phase product detection. N2 gas available in-house was
used as the GC carrier gas, and was adjusted to roughly 16.5 psig on the instrument. Data
sample rate was 5 Hz. The GC was calibrated to detect CO and H2, although representative
tests on other instruments also allowed for confirmation that the products CH4, C2H4, and C2He

were not produced during CO: reduction on gold.

Gas flow into the GC was normally vented out through a 1-mL sample loop. The GC
configuration was modified so that upon sample injection, gas flow was sent onto a 6’
HayesepD pre-column. After this pre-column, gas flowed onto a 6> MS-5A column. Finally,
gas was analyzed with both a thermal conductivity detector (TCD) and a flame ionization
detector (FID; coupled with a methanizer to detect products such as CO). Burnt sample gas

was vented to ambient air as CO2 and water.
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The long pre-column allowed for adequate column elution times so that hydrogen and oxygen
could be resolved, while at the same time excluding components from the MS-5A such as COz,
water, and hydrocarbons heavier than methane. These heavier components cannot be separated
on an MS-5A column, and therefore were excluded from loading by backflushing the pre-
column around the pre-column elution time for methane. The order of elution from the pre-
column was: Hydrogen — Oxygen — CO — Methane — CO2 — Ethylene — Ethane — Water. The
order of elution out of the entire system was: Hydrogen — Oxygen — Methane — CO. Note that
while CO emerges from a HayesepD column before methane, it elutes later than methane on
an MS-5A. The species spend a longer time on the MS-5A, so the elution of CO and CH4 out

of the entire system is swapped relative to coming out of the pre-column.

Table A-A1. GC event sequence for quantifying CO: reduction products.

Time (min) Event
0.000 Zero baseline
0.050 G valve on (Flow forward through HayesepD pre-column)
2.600 G valve off (Flow backward through HayesepD pre-column)
5.250-
6.600

8.000

Integration-based baseline adjustments

Program ends; wait at least 2 minutes to cool all the way
back down to 50 °C before loading next sample

[rit temp Hald Ramp Final temp

50.00 2,600 133333 170.00
170.00 2.000 -43.000 50.00

178.50

0.00
8.000

Figure A-A10. GC temperature profile for quantifying CO2 reduction products. 50 °C for 2.6

minutes, 0.9 minute ramp to 170 °C, 2 minute hold at 170 °C, 2.9 minute ramp down to 50 °C.

The GC was calibrated using two standard gas solutions, representing low- and high-

concentration samples.
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Table A-A2. Concentrations in ppm of gases in the calibration gas tanks.

Gas Ho> 02 CcO CH4 C2H4 C2Hs
1,000 ppm Cal. Gas 980 990 990 990 980 980
10,000 ppm Cal. Gas 10,000 0 10,000 10,200 0 0

The pure COz2 tank contained < 0.554 ppm of CO (per Airgas specifications) and negligible
amounts of other gases, so it was assumed to be pure COz. Calibration gases both had CO: as

the balance.

To calibrate, GC samples were taken every 10 minutes (8-minute program, 2 minutes to purge
sample loop of carrier gas and cool down). One 20 mL hydration mixing vial (half filled) and
one 20 mL empty vial were used prior to insertion into the GC. No baseline subtraction was

used.

An Alicat FlowVision script was written to automatically change gas flow rate set points every

4 samples (40 minutes), starting 60 seconds after the last sample at a given concentration was

injected. See the table below for flow controller settings.

Table A-A3. GC calibration sequence for CO2 reduction work.

LY St Pure COz (sccm) Nominal ppm Value File Numbers
Gas (sccm)
High FID Sensitivity
20 0 1000 1-5
18 2 900 6-9
10 10 500 10-13
6 14 300 14-17
2 18 100 18-21
1 19 50 22-25
0.5 19.5 25 26-29
0.5 30 16.4 30-33
0.5 40 12.3 34-37
0.3 40 7.4 38-41
Medium FID Sensitivity
2 18 100 42-46
10 10 500 47-50
20 0 1000 51-54
10’822 (p;};znm()ial. Pure CO2 (sccm) Nominal ppm value File Numbers
High FID Sensitivity
0.5 19.5 250 55-59
2 18 1000 60-63
3 17 1500 64-67
3.8 16.2 1900 68-71
Medium FID Sensitivity
0.5 \ 19.5 | 250 | 7276
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2 18 1000 77-80
6 14 3000 81-84
10 10 5000 85-88
14 6 7000 89-92

Chromatogram processing: no baseline subtraction or smoothing was conducted, nor were the

windows of integration around the components shifted. Data are given as-collected from the

above experiments.

Calibration Curve Results:

Table A-A4. Area calibration parameters for FID high signal.

Retention RMSE LQA | MQA
Gas . : m b | om’ 2| ot R?
Time (min) (ppm) (ppm) | (ppm)
Hz 2.4 37.192 15.906 0.9999| 12-16 | --
CcO 6.2 0.1474 57033 1.0000| <7.3 |~1400
Both fits are for low cal gas, and as a result are only valid up to 1,000 ppm.
Table A-AS. Area calibration parameters for FID medium signal
Retention
Gas Time a m b | om’ | Gb° | Omb’ I({Mi])E R? (LQ;I?) i\/Ianle)
(min) pp pp pp
Ha 2.4 - [36.825|2.6655 1.0000
CcO 6.2 0.0019]2.283462.405 0.9984
These are taken from the combined H2 and high-cal gas CO fits.
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Figure A-A11. Calibration graphs for high FID sensitivity.

Fit for data points below 50 ppm CO: [CO] (ppm) = 0.13903xPeak Area —4.12485
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Figure A-A12. GC fit for data points below 50 ppm CO.
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i Medium
8000 Medium) 8000 )
7000/ = 2 ) 7000 °
= 0.0019x2 + 2.2834x + 62.405 Lo 5= 29001x-355.63
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a* < 83000 e
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Figure A-A13. Calibration graphs for medium FID sensitivity.
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Figure A-A14. Typical gas chromatogram for CO2 reduction experiments.
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Calculating Partial Current from GC Data

GC peak areas were converted to parts-per-million (ppm) according to the procedure above.

Once these values were known, they could be converted to partial current by:

moles product/total moles o 1 total mol o 1std. L
1,000,000 ppm 224 std. L. 1000 scc

1 minute o nmoles e” o 96485.3 C o 1A o 1000 mA
60 sec 1 mole product 1mole- 1C/s 1A

ppm X X (flowrate) sccm

= Partial Current (mA)

For example, for n = 2 (CO) and flowrate = 10 sccm, the conversion is 1 ppm = 1.436x107

mA.

A.7.2 Proton NMR for Liquid CO2RR Products
"H NMR was used to interrogate the formation of liquid-phase CO2 reduction products such as

methanol, ethanol, and formate. The procedure used to do this was taken from Kuhl et al.**

In short, samples were prepared by combining 700 pL of the bicarbonate catholyte with 35 pL
standard solution containing 10 mM DMSO, 50 mM phenol in D20. Samples were then
analyzed using a Varian 501 MHz NMR. Solvent suppression was conducted to dampen the
water peak. (PreSat RF = 50, number of peaks = 1). The 'H probe was manually tuned, lock
was achieved on the D20 in the sample, and gradient shimming was performed. Auto-gain was

used, but phasing was performed manually. 36 transients were collected per sample.

Quantification was achieved by comparing the areas of the peaks of interest to those of the
internal standards (phenol and DMSO — one standard on each side of the water peak to avoid
issues due to phasing). To ensure that relaxation times did not convolute results, calibration
curves were made for typically observed CO2RR products such as formate and methanol

(examples below). Detection limits for these methods were about 0.1 mM.

150



Concentration formate (mM)

Formate Calibration Curve Methanol Calibration Curve

12 10 @
o
10 o .
8 ’ s e
Ep1 01 "y =d2700x 10
6 s R? = 0.9989
¥ 5.0718x s ) 0.1
4 ~"R?=0.9998 =
. =)
. 5]
] o®
=R
2| S| e 0.01
@
0
0 1 2 3
_ o . 0.001
Ratio formate:phenol peak Ratio MeOH to DMSO Peak Area
Figure A-A15. NMR calibration curves for formate and methanol.
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Figure A-A16. Blank NMR spectrum for CO2 reduction experiments.
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Figure A-A17. NMR spectrum post-electrolysis.

Note that a very small amount of formate (8.43 ppm above) was generated from Au, but not
enough to contribute significantly to accounting for Faradaic efficiency. In addition, a
negligible peak in the alcohols portion of the spectrum was present. The remaining peaks are

likely acetone and hydrocarbon residues from the electrochemical cell itself.

A.7.3 UV-visible Quantification of Hydrogen Peroxide

Electrolytes were tested for hydrogen peroxide using a colorimetric assay.’!! 1 mL of
electrolyte from a test having passed over 50 C of charge (16 hour test on gold around -0.7 V
vs. RHE, flowing 5.0 sccm CO2 and 5 sccm Oz through 0.1 M NaHCOs3; charge toward ORR
roughly 15 C) was combined with 1 mL of a stock solution containing 2.4 mM ammonium
molybdate tetrahydrate and 0.5 M H2SO4 in Milli-Q®. The resulting solution appeared yellow
in the presence of hydrogen peroxide. This solution was analyzed using an Ocean Optics
spectrophotometer with a Flame-S-UV-Vis detector and a DH-mini-UV-Vis-NIR light source.
The absorbance was scanned at wavelengths from 200 to 800 nm, and the absorbance at 370
nm was used to quantify peroxide. A blank bicarbonate solution spiked with the ammonium
molybdate standard was used to zero the instrument prior to every acquisition. The calibration
curve provided here has been constructed by JHM. A single data point with a known

concentration of 5 mM H20:2 was used to check if this calibration curve, which is valid for
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detecting peroxide in water, was also valid for bicarbonate solutions. The data point deviated

less than 50% from the given curve, so a similar quantification limit is expected. No peroxide

was observed.

Calibration Curve for

UV-vis H,O, Quantification H,O, Quantification in H,O
20 T T T T M T T T T T
——5mMH,0, Standard 0010 1 .
Post-ORR ’
3" 0.008 i
=] ~0.008 |
< s
C
8 104 S 0006 - .
5 g ‘
C
S 054 3 0.004 | |
2 c
el S <
< O 0.002
0.0 4
0.000 |
-0.5 T : . . . L T R L
200 300 400 500 600 700 800 00 02 04 06 08 10 12 14
Wavelength (nm) Absorbance @ 370 nm

Figure A-A18. Peroxide quantification calibration curve and test confirming lack of peroxide

generation.

Calibration equation: (7.284x10%) x Abss7o + 0.190x10 = concentration (M)

A.8 Discussion — Effect of Oz at Lower Overpotentials

It should be noted that at potentials closer to the linear Tafel regime, a small but consistent
downward trend in HER and CO2RR was observed as more oxygen was added to the cell. This
small downward trend is reflected in the consistently lower CO2RR current densities obtained
for all mechanistic tests in the main text. It is possible that this small downward trend is caused
by the fact that ORR contributes a much higher percentage of the overall current density
achieved at lower overpotentials, leading to a number of effects including an increase in pH in

the vicinity of the electrode with large amounts of ORR taking place.
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Oxygen's Effect on Partial Current Densities on Au
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Figure A-A19. Effect of Poz in gas feed on CO: reduction and HER at less reductive
potentials than those discussed in the main text: -0.82 V vs. SHE and -0.92 V vs. SHE.

A.9 Discussion — CO2RR Current Decay on Gold

It should be noted that a persistent observation during tests on gold was that CO2RR currents
decreased over time. This is consistent with observations from the literature regarding time-
variance in currents and selectivities on polycrystalline Au.3® A full treatment has been given
to what we believe to be the cause this phenomenon: trace impurities in carbonate sources (Zn,
Cu).” For this reason, only early-time-averaged data points (t = 20, 30, and 40 min) were used
to construct all correlations described herein. Each data point taken in this work was from a
newly assembled electrochemical cell and newly polished gold foil. A sample of data points
taken after 1 hour of electroreduction indicates that this does not affect conclusions drawn (e.g.
with regard to the values of Tafel slopes), so long as the procedure for calculating the current

densities toward particular reactions is consistent across all data points on a single plot.

A.10 Discussion — Kinetic Rate Laws for CO2RR

Under typical CO2RR conditions in this study — namely, ambient temperature and pressure —

the form of the Tafel slope should be:

59 mV /dec

Tafel sl =
afel slope ——

where 7 is the number of pre-RDS electron transfers, ¢ is the number of electron transfers in
the RDS (either O or 1 in almost all cases), and f is the symmetry factor — typically 0.5. A Tafel
slope of 59 mV/dec implies that n = 1 and ¢ = 0, or in other words that there is one electron

transfer step prior to the RDS, and the RDS itself does not involve an electron transfer. This
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means that we need to write out a number of possibilities for what such a chemical step might

be, as in the main text.

After collecting kinetic data and narrowing down the list of possible RDSs, the remaining
candidates include: (D.2) a vacant surface site could accept an O* atom, leaving a cationic CO
adsorbate; (E.2) COz2 could accept an O* atom, leaving a cationic CO adsorbate; (G.3) CO
desorption under certain circumstances may be consistent with the given data; or (H.2) 68coz.-
could rearrange in a distinct chemical step on the surface before undergoing subsequent
chemistry. Note that step G.2 has been excluded on the grounds of lack of observable KIE.
While surface metal motions may be implicated in the vibrational modes of adsorbed protons
— which may in turn dampen any observed KIE — it has been shown both theoretically?'? and
experimentally?'® that KIEs from adsorbed species may be observed. Therefore, it is likely

from KIE data that step G.2 is not the RDS.

D.2 and E.2 are regarded as unlikely mechanisms. In the case of D.2, the presence of O*
adsorbate on gold has not to the authors’ knowledge been described (although it has been seen

on earlier transition metals and predicted for oxides of silver),?!42!3

and may imply that gold is
acting as the cation for O*" — in other words, that a gold oxide is forming. Gold is not a very
oxophilic metal, and at such reductive potentials as studied here, we are well within the stability
window of Au’.2!® In the case of E.2, the sudden formation of opposite charges without a
concurrent electron transfer likely has quite a low probability; and, once again, this mechanism
invokes an intermediate (Bco+) which seems only to have been described in metal complexes

rather than on surfaces.!?7:1%

In the case of CO desorption (G.3), such a step mathematically remains a candidate for the
RDS if the two electrons involved in CO: reduction occur in parallel. However, such a
mechanism also requires invoking the unlikely intermediate Ocoon-, which can in principle
exist, but only if drawn with a carbon radical. Further, the electron pushing required to finally
achieve CO and OH™ evolution from this adsorbate is also dubious. Unfortunately, testing such
an unlikely mechanistic step is also difficult — we do not believe that Pco dependence studies
necessarily probe the possibility that such a step is the RDS, as adding CO to the feed of a
CO2RR cell may modulate the bulk concentration of CO, but will likely not affect the
concentration of CO at the electrode surface. This is because the activity of CO is already quite

high (although not unity) in the vicinity of CO-containing bubbles at the surface.
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It is of course possible, however, that the chemical step is merely a surface rearrangement of
the CO2*" adsorbate (H.2). Because it has been shown that grain boundary sites are more active

for COz reduction,”!”

it seems reasonable to suggest that certain sites are required for further
chemistry to proceed on gold surfaces, and consequently that the diffusion of CO2*" to such
sites could be the bottleneck in CO production. This hypothesis would require spectroscopic

investigation.

Below we derive many of the kinetic rate laws which give rise to the kinetic parameters

tabulated in Table 1 of the main text.

A.10.1 — Step A.2 as RDS

The first possibility considered in the text is that bicarbonate in solution, with a pK. of 10.3
(therefore a better proton donor than water, with pK, of 14.0), is donating a proton to adsorbed
COz2". We can write out the following elementary steps in such a mechanism, describing all

steps other than the RDS as being in equilibrium:

Al CO,+6+e™ =6¢0;
A2 Ocoy +HCOF = Bcpon + CO3™
A3 Ocoon +€ =60+ CO+OH™

From A.2 being rate-limiting, we can assert that the following is true about the rate:
rate = kAZ HCOZ_' [HC 03_]

Note that the rate constant kaz is an agglomerate variable standing in for the Arrhenius kinetics

of the reaction absent any potential driving force, i.e.:

B EQ 42
kaz = kazpexp|— RT

Note also that in the derivation of Butler-Volmer from basic kinetics principles, we are left
with an expression that is exponentially dependent on ¢, the absolute potential — not on

overpotential.

While bicarbonate concentration is known in principle, the expression for the surface coverage

of CO2~ must be calculated using the equilibrium expressions for steps A.1 and A.3:

960'2_

0[CO0,] exp (#)

—Fo
= Bcoy = K410[C0;] exp (_>

K., =
Al RT
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0[CO][OH] 0[CO][OH]

Ky3 = 0 =
G hon G

Henceforth, for simplicity, we will make a change of variables, substituting lowercase ¢

for the quantity - F®/RT.
We also have the site balance relationship:

0 + Ocoy + Ocoon =1
Substituting,

8[COI[OH"] _
0+ KA19[COZ] EXp(¢) + m =1

Isolating 6,

1
0 =

[CO][OH]
Kuzexp(¢)

Substituting back into the expression for the COz" radical:

1+ Ky1[CO;] exp(¢) +

K41[CO,] exp(¢)

Ocos = _
1+ Ky [CO;] exp(ep) + %

Therefore the rate expression becomes:

ka2 [HCO3]Ky,[CO,] exp(¢)

1+ Ky1[COz] exp(ep) + %

In order to retain the exp(¢) term in the numerator and remain in line with the experimentally

rate =

obtained Tafel slope, we must be in the limit of low adsorbate coverage (i.e. the dominant term

in the denominator should be 1). Therefore,
rate = ky;Ky1[HCO5][CO;] exp(¢)

This expression is 1% order in bicarbonate concentration as well as CO2 concentration. Thus
we can directly test this mechanism by assessing the order dependence of the rate with respect
to bicarbonate and COz. Notably, if we instead wrote step A.3 as generating a Oco rather than
CO directly, there would be one surface coverage term not containing exp(¢), meaning this

limit of coverage could also hold true. This would result in a rate expression of
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ka2 Ka1Kaa[HCO3][CO;] exp(¢h)
[CO]

rate =

which would additionally be inversely dependent upon CO concentration in solution. This
argument holds true for many of the other dissociative steps to follow, but will not be discussed

in depth.

Regarding the feasibility of the main-text conclusions — upon much thought regarding the
mechanism, it seems fairly reasonable that bicarbonate, as a negatively charged species, would
not be able to easily approach the negatively polarized electrode to conduct chemistry there.
Electrostatic repulsion may in fact dictate that while there is a 3.7-order-of-magnitude driving
force for bicarbonate to act as a proton donor (over water) in this context (partially negated by
a 2.7-order-of-magnitude greater abundance of water than bicarbonate), still bicarbonate may
have a difficult time participating in cathodic surface reactions. We investigate the possibility

of water as the proton donor in S.11.3 below.

A.10.2 — Step B.2 as RDS

For mechanism B, the elementary steps are:

B.1 COp+6+e™ = 6¢p;
B.3 Ocoon + € =60+ CO + OH™

The rate law is then:
rate = szecoz—- [H2 0]

Equilibria B.1 and B.3 give us:

960'2_ _
Kp1 = 0[C0,] exp(d) Ocos = Kp,0[CO0,] exp(¢)
O[CO][OH] _ O[CO][OH]

= - = -
B3 Bcoonexp(¢p) ¢o Kgzexp(¢p)

We also have the site balance relationship:
9 + 9602—- + HCOOH == 1

Substituting,
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0[CO][OH]

+ Kp,0[CO;] exp(¢p) + Kosexp(d)
Isolating 6,

1
9 =

[COI[OH"]

1+ Kpi[COlexp(d) + oy

Substituting back into the expression for the CO?™ radical:

Kp1[CO,] exp(¢p)

Ocos = _
1+ Kg,[CO,] exp(¢p) + %

Therefore the rate expression becomes:

kp2Kp1[CO,1[H,0] exp(¢p)

1+ Kp1[CO;] exp(¢) + %

rate =

In the low-coverage limit:
rate = kg, Kp,[CO,][H,0] exp(¢p)

This expression is 1% order in CO2 concentration, and also in water. Because water is the
solvent, there is no easy way to test the mechanism by varying the availability of the reactants.
Therefore we are left to test this possibility with the kinetic isotope effect, as described

previously.

A.10.3 — Step C.3 as RDS

For mechanism C derivation, we will assume water to be the proton donor; thus, the elementary

steps are:
C.1 CO,+0+e” =0co,
C.2 Ocoy + Hy0 = Ocooy + OH™
C3 Ocoon + 6 = 0co + Oon
C4 Oco= 6+ CO
C.S5 Ooy +e~ = 0+ 0H™

The rate law is then:
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rate = kc3 HCOOHH

Equilibria C.1, C.2, C.4, and C.5 give us:

HCO'{ _
Kei = 9[C0,] exp(d) Ocoy = K¢10[CO,] exp(¢)
_ Ocoon[OH™] 5 _ Kc1Kc,0[CO,][H,0]exp(¢)
“ 7 Ocos [Hy0] oo [0H"]
6[CO] 0[CO]
Ky = Oco - Oco = Ko
0[0OH™] 0[0OH™]

= Oonexp(@) " Kesexp(@)

We also have the site balance relationship:
0 + Hcoz—- + HCOOH + 9C0 + 901_1 = 1
Substituting,

Kc1Ke,0[CO,][H,0]exp(¢p)  6[CO] O[OH]

6 + K.10[C0O,] exp(¢p) +

[0H7] Koo Kesexp(¢)
Isolating 6,
77 1+ K~ [CO Kc1Kc2[6021] [H,Oexp(¢) | [CO] [OH™]
¥ KealCO ] expl9) + [OH™] + Kcy  Kesexp(o)

Substituting back into the expression for COOH:

Ocoon
Kc1Ke2[CO,][H,0)exp()

_ Kc1Kc2[CO,][H,0] exp(¢p) |, [CO] [OH]
[OH ](1+KCl[C02] exp(¢) + —1-¢2 [éH_Z] + K., + Roe exp( ¢))

Therefore the rate expression becomes:

rate
kcsKc1Kc2[COL][H,Olexp(¢)

_ KciKea[CO,1[Ho O exp(¢) | [€O] . [0H7]
[OH ]<1+K61[COZ] exp(¢p) + —1-C OH"] + o +Kcs exp(d)))

In the low-coverage limit:
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kc3Ke1Ke2[COz1[H,Olexp(¢)
[OH™]

rate =

This may in a sense be interpreted as an expression at least first-order in protons, in which case
the mechanism can be eliminated as a possibility. Certainly surface pH should affect the rate
of a reaction under such control; however, tests to probe pH effects are inextricably convoluted
with other aspects of the solution chemistry, and would have to be confirmed with efforts to

model surface pH under reaction conditions.

A.10.4 — Step D.2 as RDS

For mechanism D, the elementary steps are:

D.1 COp+0+e™ =06¢p;
D.2 Bcos + 6= Bco + Oo-
D.3 Oco= 06 + CO

To complete the mechanism, O-atom anion adsorbates would have to undergo the following

final step, or something adjacent:
D4 0p- + HCO; +e =60+ 0H +C0O5™
We have the following rate expression in the case of D.2 as the RDS:
rate = kp,0co;-0

Equilibria D.1, D.3, and D.4 give us:

960'2_ _
Kp1 = 0[C0,] exp(d) Ocos = Kp10[C0,] exp(¢h)
_ 0[CO] S g = 0[CO]
D3 = _9c0 co = _Kps
O[OH][COF] O[OH"][COF]

D4 = = - 0~ = -
8o-[HCO5 Jexp(¢) Kp4[HCO5 ]exp(¢)
We also have the site balance relationship:
9 + Hcoz—- + HCO + 60— =1

Substituting,
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9[CO]+ 0[OH7][CO5™]
Kps — Kp [HCOSlexp(¢p)

0 + Kp,0[CO,] exp(¢) +

Isolating 6,

1
6 =
[CO] [OH-][C037]
1+ Kp1[COz] exp(¢) + Kps + KD4[HC03_]E)3(I)(¢)

Substituting back into the expression for the CO>™ radical:

0 _ Kp1[CO,] exp(¢)
CO'Z_ - — 2—
co OH~][CO
L+ KnlCO,)exp@ + G+ s et
Therefore the rate expression becomes:
kp2Kp1[CO;] exp(¢)

rate = 2

[CO] [0H-][C0§7]
(1 + Kp,[CO,] exp(¢) + Kps + Kpa[HCO; ] e;p(cl)))

In the low-coverage limit:
rate = kp,Kp1[CO;] exp(¢)

Also, in the limit of high CO coverage, the same Tafel slope holds, while there is a [CO]?

dependence of the rate.

A.10.5 — Step E.2 as RDS
We apply analysis in much the same form for subsequent mechanistic possibilities. For

mechanism E, the RDS possibility is step E.2, so that the elementary steps are:

E.l CO,+0+e™ =6¢p;
E2 Hco-z— + COZ - 9C0+ + 603_

The rate law is then:
rate = kEZQCOZ_'[COZ]
Equilibria E.1 and E.3 give us:

960'2_

K1 = 91C0,T exp(@)

9C0-2‘ = Kp160[C0,] exp(¢)
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B 6[CO] L g B 6[CO]
- Oco+exp(P) cot = Kgsexp(¢)

We also have the site balance relationship:

K3

6 + GCOZ—- + 6C0+ =1

Substituting,
0[CO]
0 + Kg,10[CO,] exp(¢p) + ——= =
Ol ORI e (@
Isolating 6,
5= 1
B [CO]

1+ Ka[CO,] exp(9) + et

Substituting back into the expression for the CO>" radical:

0 _ Kg1[CO,] exp(¢)
oz~ [CO]
1+ Kg,[CO;] exp(¢p) + Koaexp(d)
Therefore the rate expression becomes:
_ kg2 Kg1[CO,]% exp(¢h)
rate = [col
1+ Kg,[CO;] exp(¢p) + Koaexp(d)

In the low-coverage limit:
rate = kg, Kg1[CO,]* exp(¢)

This expression is 2" order in CO2 concentration. Thus we can directly test this mechanism by

assessing the order dependence of the rate with respect to COz.

A.10.6 — Step F.3 as RDS

For mechanism F, the elementary steps are:

F.1 CO,+0+e™ =6¢0;
F.2 Bcos + Hy0 > Ocoon + OH™
F.3 Bcoon = Oco+ + OH™
F4 Opp+ +€ = 6+ CO
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The rate law is then:
rate = kF30C00H_

Equilibria F.1, F.2, and F .4 give us:

_ 960'2_ _
Kpy = 9[C0,] exp(d) Ocoy = Kp10[CO;] exp(¢)
Koo = Ocoon[OH™] 5 0 _ KpyKp16[CO,][H,0]exp(¢)
" Ocos [Hy0] o [0H"]
0[CO] 0[CO]

= —— —_ =
™ Bcorexp(¢) €@ Krsexp(¢)
We also have the site balance relationship:
7] + HCOZ_' + HCOOH + 9C0+ =1

Substituting,

Kp:Kp10[CO,][H,0]exp(¢) n 6[CO]

0 + Kp16[CO;] exp(¢) +

[0H-] Kraexp(§)
Isolating 6,
”_ 1
= K, Kp1[CO,1[H,0]exp(¢) [CO]
1+ Kp1[CO,] exp(¢p) + —F2—EL [5H‘ﬁ + Kraexp()

Substituting back into the expression for COOH:

0 _ Kr2Kp1[CO;][H,O)exp(¢)
COOH = B - COTOR ]
[OH™] + Kp1[CO,][OH™] exp(p) + K2 Kp1[CO,][H,0]exp(¢) + Kraexp(®)

Therefore the rate expression becomes:

kp3Kp2Kp1[CO,][H,0]exp(¢)

rate = _
[0H™] + Kr1[CO,1[OH ] exp(¢) + KrzKr1 [CO,][Ho0lexp(e) + %

In the low-coverage limit:

k3 KpyKp1[CO,][H,O]exp(¢)
[OH]

rate =

This may in a sense be interpreted as an expression at least first-order in protons, in which case

the mechanism can be eliminated as a possibility. Certainly surface pH should affect the rate
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of a reaction under such control; however, tests to probe pH effects are inextricably convoluted
with other aspects of the solution chemistry, and would have to be confirmed with efforts to

model surface pH under reaction conditions.

A.10.7 — Step G.2/G.3 as RDS

For mechanism G, the elementary steps are:
G.1 CO;+0+e” =0co;
HCO3; +0+e” =20y +CO5~
G.2 Oco; + 0y = Ocoon— + 6
G3 Ocoon-=0 +CO + OH™

Here there is necessary adsorption of H to the surface prior to the CO2RR RDS. In principle,
the donor for this proton could also be water, and the adsorbed H could also divert toward HER.
Depending on the HER mechanism, the subsequent step may either be the Tafel or Heyrovsky

generation of Ha:
Tafel 20y =20 + H,
Heyrovsky 0y + HCO; +e =0+ H, +C0O5~

It has been shown in other works’ Supporting Information that using the initial H adsorption as
the equilibrium expression for the coverage Ou leads to Tafel slopes not consistent with our
experimental data (30 mV/dec).”® If, however, the Volmer step (H adsorption) is the RDS of
HER, and not truly in equilibrium, then the equilibrium expression that holds true is either the
Tafel or Heyrovsky relation. We will derive here the case in which the equilibrium expression

for B is obtained through the Tafel step equilibrium.
rate = szecOZ—-eH

Equilibria G.1, G.3, and the Tafel step give us:

960'2_
K¢ = 0[C0,] exp(d) 9c0-2‘ = K10[CO0,] exp(¢)
=6?[6'0][0H_] S 9 ) =0[C0][0H‘]
G3 —HCOOH_ COOH —KG3

02 [H,] [H,]
for=gg 7 T K "
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We also have the site balance relationship:
0 + 9602—- + HCOOH_ + GH = 1

Substituting,

6 + K;,60[C0,] exp(¢) + H[COIE[OH_] + [:2] 6=1
G3 GT

Isolating 6,

1
6 =

[COJ[0H"]
Kgs

[H]

+
KGT

1+ K;1[CO;] exp(p) +

Substituting back into the expressions for the COz radical and H sites:

_ K1[CO,] exp(¢)
Peos = [COl[0H] ,  [[H]
1+ K1[CO;] exp(¢) + = + |72
G3 GT
[H,]
0., = KGT
o [COl[0H]  [[H]
1+ Kg1[CO,] exp(¢) + K, T KGZT
Therefore the rate expression becomes:
H
k¢2Ke1[CO,] [K_Z]EXP(QD)
rate = i >
CO][OH~ H
(1 + Kei[CO,] exp() + (COUIOHT] [1<2]>
G3 GT
In the low-coverage limit:
_ [H]
rate = kg;Kg1[C0,] K—exp(¢)
GT

The unique thing about this mechanism is that it is 0.5-order in the concentration of H2 gas.
However, due to H2’s low solubility in water and relative abundance at the surface of the

cathode, this mechanism is rather difficult to test by modulating Pmo.

It should also be noted that such a mechanism is additionally plausible by assuming separate
types of adsorption sites for protons on the surface, in which case the following expression is

obtained (y = H adsorption site):
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ke2Kg1[CO,] [1?_2] exp(¢)

rate = COllOH- H
(1+ KealCOsTexp(@) + %) (1 + %)

Moreover, Tafel slopes are still consistent with experiment even if the coverages of COOH™ or
H dominate in either case. However, this mechanism was excluded in the main text because it

likely involves an observable KIE.
In the case of G.3 as the RDS, we have the rate:
rate = kG3 QCOOH_

Equilibria G.1, G.2, and the Tafel step give us:

960'2_
K¢ = 0[C0,] exp(d) 9c0-2‘ = K10[CO0,] exp(¢)
6%[H,] [H,]
for == 7 "7 %
00 - [H,]
Koz =22~ = Ocoon- = K1Kg20[C0,] |——exp()
GCOZ_'HH KGT

We also have the site balance relationship:
0 + 9602—- + HCOOH_ + GH = 1

Substituting,

g /[Hz] f[Hz] _
+ K;10[C0;] exp(¢) + K;1K5,6(C0,] K_eXp(¢) + Ko 0=1
GT GT

Isolating 6,

1

. [H;] A

1+ K1[CO;] exp(¢) + K1 K2[CO,] K—Zexp(cp) + K_z

GT GT

Substituting back into the expressions for the COOH" sites:
H
K1Kg2[CO,] _[K 2| exp(¢)
— GT

Ocoon- = A ]
1+ K1[COz] exp(¢) + K1 K2 [CO,] K—zexp((p) + K_Z
GT GT
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Therefore the rate expression becomes:

ke3Kg1KG2[CO,] [KH—GZT] exp(¢)

rate =

1+ Ky [CO,1 exp($) + KorKe [C0;] [ R exp(g) + (2]

In the low-coverage limit:

[H,]
rate = kG3KGlKG2[COZ] K_Zexp((nb)
GT

A.10.8 — Step H.2 as RDS

There are a number of post-RDS paths in mechanism H, so these have not been specified in the
table, nor will they be specified here. However, it should follow from very similar math as
applied above that the rearrangement of adsorbed CO:z*" on the surface is a chemical step with

a Tafel slope of 59 mV/dec, first-order dependence on COz, and no dependence on protons.
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APPENDIX B: ADDITIONAL CONSIDERATIONS FOR BLENDED
ELECTROLYTES

B.1 Methods: Electrolyte preparation

Electrolytes for electrochemical experiments as well as headspace experiments were prepared

from a combination of the following stock solutions:

1. Acetonitrile, dried over 3A Molecular Sieves

e Anhydrous acetonitrile direct from the supplier was removed and pipetted into

a 250 mL polypropylene stock bottle, where it was stored over 3A molecular

sieves at a ratio of about 10% molecular sieves by volume.

e Molecular sieves were regenerated periodically to maintain low moisture

content by:

1.
il.

iil.

1v.

V1.

Vil.
Viii.

1X.

Pouring off any residual acetonitrile
Rinsing sieves in acetone to remove organic contaminants
Rapidly evaporating residual acetone on the sieves by leaving sieves in
a negative-pressure location such as in a hood or under a snorkel, until
sieves returned to original light tan color
Transferring sieves to a ceramic crucible
Heating sieves in a general-use muffle furnace with the following
temperature program:

1. Ramp: Room Temperature -> 350 °C at rate of 15 °C/min (20

min ramp)

2. Hold at 350 °C for 4 hours

3. Shut off program at 4 hours and allow to cool naturally
Retrieving the sieves after ~30 minutes and returning them to a dry,
solvent-free 250 mL polypropylene stock bottle
Adding fresh acetonitrile
Stirring/shaking bottle gently

Allowing solvent to sit like this overnight prior to using

e Water content of stock acetonitrile was tested periodically by Karl Fischer

titration. Sieves consistently kept water content undetectable (<100 ppm water

given a ~0.5 mL sample of acetonitrile).

2. Milli-Q water
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e Obtained directly from the lab Milli-Q unit; stored temporarily in a 50 mL
polypropylene falcon tube.
3. 1.0 M TBABF4 in acetonitrile
e Because of the bulkiness of the tetrabutylammonium cation in solution, 1.0 M
TBABF4 was prepared by adding enough TBABF4 powder to produce the
desired molarity, then dissolving it in enough acetonitrile to lead to the desired
solution volume. For 100 mL of 1.0 M TBABF4, the formulation was found to
be:
i. 32.93 grams TBABF4 (= 0.1 mol)
il. 67.5 mL acetonitrile (= 53.055 g = 1.292 mol at room temperature)
e It may be noted that this implies TBABF4 in acetonitrile takes up space in such
a manner that it adds ~1 mL/gram TBABFa.
e The stock solution is 7.18 mol% TBABF4 and 92.82 mol% acetonitrile.
4. 100 mM ferrocene in acetonitrile
e 372.1 mg ferrocene in 20 mL acetonitrile
5. 5 mM decamethyl ferrocene in acetonitrile
e Added 21.2 mg decamethyl ferrocene to 13 mL of sieve-dried acetonitrile.
Vortexed/sonicated to dissolve. This is right at / slightly above the solubility
limit of decamethyl ferrocene in acetonitrile, so some decamethyl ferrocene

powder may persist in solution.

Note that, while volume changes were accounted for in solution (3), volume changes due to
mixing were ignored for the combination of any of these stock solutions with one another.
Visually, volumes were observed to be consistent, suggesting this approximation contributed

very little error (certainly <5%) to reported molarities. See below for solution formulations.

B.2 Methods: Electrochemical cells

The electrochemical cell used in RDE experiments was a custom 2-compartment glass H-cell
by JamesGlass. The two compartments were separated by a glass frit, and each compartment
was equipped at the top with a female 24/25 ground glass joint. Total electrolyte volume used
in experiments, in order to fully cover the glass frit, was 30 mL. A horizontal glass threaded
fitting on the working compartment allowed for the use of a reference electrode. A leak-free
Ag/AgCl in 3.5 M KCl reference was inserted into this fitting and sealed using a compression

O-ring (Markez, size 201, shaved down to non-standard size allowing full seal on the reference
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electrode). The O-ring fitting was finger-tightened as much as possible to maintain a seal
against the electrolyte. The cell was cleaned prior to all experiments by a dip in 20% nitric acid,

and between experiments was cleaned with Milli-Q water & acetone rinses.

Figure A-B1. Photo of H-cell used in electrochemical experiments. Custom cell by

JamesGlass.

B.3 Methods: RDE experiments

Prior to every RDE experiment, the reference electrode was calibrated (see Methods:
Calibrating Reference Electrode — 1. Calibrating vs. Master Ag/AgCl) and the working
electrode was cleaned and prepared according to literature-based procedures (see Methods:
Preparation of RDE Working Electrodes). In addition, the custom 2-compartment glass H-cell
with reference port — cleaned from any prior experiments — was removed from an 80 °C oven
where it had been drying. After the glass electrochemical cell had cooled close to room
temperature and the calibrated leak-free Ag/AgCl had been inserted, the relevant electrolyte
was added to each compartment to entirely cover the glass frit. See table below for formulation

of basic electrolytes.

Table A-B1. Electrolyte formulations for RDE experiments in H-cell.

Solution 0.5MH;O | 1MH;O |25MH;O0 | 5MH;0 | 6.6 M H,O
Volume Water -- 270 uL. 1.08mL | 243 mL | 3.28 mL
Volume TBAOH 451 uL 451 pL 451 pL 451 uL 451 uL
Volume Fresh ACN 6.22 mL 5.95 mL 5.14 mL 3.79 mL 2.93 mL
Volume 1.0 M TBA/ACN | 23.32mL |23.32mL | 23.32mL |23.32mL | 23.32mL
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After adding the electrolyte to the cell, 1/16” FEP tubing was used to bubble Argon gas into
the working electrolyte at a rate of 20 sccm for at least 10 minutes to purge the electrolyte of
dissolved oxygen gas. A brief purge of the counter electrolyte was also sometimes conducted.
Immediately after the electrolyte purge, the rotator shaft with working electrode was lowered
into the working compartment of the H-cell, and a Pine Gas-Purged Bearing was used to seal
the working compartment. The Ar line was reconnected to direct 20 sccm Ar through this
bearing, maintaining an inert Ar atmosphere in the working compartment headspace. The three-
electrode setup was completed by inserting a Pt wire into the counter compartment and
attaching it to the potentiostat cables. At this point the enclosure was lowered, the rotator set
to spin at 1600 rpm, and the local exhaust ventilation put in place. The setup was then ready

for electrolysis.

Figure A-B2. Assembly and loading of H-Cell. A) H-Cell taken directly from drying oven.
B) H-Cell with addition of compression O-ring and compression fitting on reference port. C)
O-ring/reference port prior to tightening fitting. D) O-ring/reference port after slightly
tightening fitting — note O-ring compression. E) Full cell with reference inserted into port. F)
Full cell after loading with 30 mL electrolyte. G) Front-on image of full cell after loading
with 30 mL electrolyte.

172



Figure A-B3. Insertion of prepared disk into RDE assembly.A) Polished Au disk. B) Disk in
PTFE casing at the rotator shaft tip. C) Assembly in (B) inserted into the outer PEEK shroud.
D) Pushing down the assembly in (C) to properly seat the Au disk into the PEEK shroud. E)
Image of the result of proper seating. F) Side-profile image of the same. G) Dropping a
plastic spacer into the back of the assembly. H) Screwing in the disk contact stud to enable
electrical connection to the working electrode. I) The electrode tip assembly, ready to insert
onto the rotator shaft. J) The electrode tip assembly from a different angle. K) Preparing to
insert the electrode tip into the rotator shaft. L) Seating the electrode assembly into the rotator
& screwing in. M) Final assembly, including gas-purged bearing attached to rotator shaft. N)

Wider view of final assembly, now ready to use.
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Figure A-B4. Combining the prepared H-cell with the prepared electrode to finalize setup.
A) RDE inserted into working compartment of filled H-cell. B) Argon gas line connected to
gas-purged bearing. C) Counter electrode inserted into counter compartment, and electrodes

hooked up to potentiostat. D) Final setup complete with local exhaust ventilation.

For a typical HER experiment, the following EC-Lab sequence was run:
1. PEIS: 200 kHz -1 Hz
2. Pause
3. MIR: Correct for [Rmeasured] at 85%
e Resistance was measured as the x-intercept of EIS data, to the nearest Ohm.
Usually ~15 Ohm total.
4. LSV:-0.5Vto-2.0Vvs. Ag/AgCl

e 10 mV/sec scan rate
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e Initial LSV gave a sense for the required sweep windows and hold potentials in
subsequent steps.
5. CA: hold at [Vorr] for 30 minutes
e To remove any residual oxygen from the system, the working electrode was
held at a potential at which only the oxygen reduction reaction (ORR) was
taking place. A typical value was -1.5 V vs. Ag/AgCl. Over the course of the
half-hour hold, the remaining oxygen in the cell was depleted through reaction.
Water produced by ORR during the experiment was considered to be negligible
in comparison to the amount of water explicitly added to the system, due to the
low solubility of oxygen gas in acetonitrile.?'®
6. LSV:-0.5Vto-2.0Vvs. Ag/AgCl
e 2 mV/sec scan rate — nearly steady-state measurements at every potential, with
very little contribution due to capacitance
7. CA:hold at-1.9 V vs. Ag/AgCl for 30 minutes
e To assess stability of current at any given potential
8. OCV for I min
9. PEIS: 200 kHz -1 Hz
e Confirm no change in resistance
10. LSV: -0.5 Vto -2.0 V vs. Ag/AgCl
e 10 mV/sec scan rate
e Duplicate fast LSV with no oxygen
11. CA: hold at [Vorr] for 5-10 minutes
e Confirm no increase in ORR background
12. LSV:-0.5 Vto-2.0 V vs. Ag/AgCl
e 2 mV/sec scan rate
e Duplicate slow LSV
13. CA: hold at -1.9 V vs. Ag/AgCl for 30 minutes

e To assess recovery of current at any given potential

Data from these experiments was processed in order to:
e Manually correct for the remaining 15% IR drop that was uncompensated during the
experiment

e Plotaslog (i) vs. V, ak.a. as a Tafel plot
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e Make a cut at constant V vs. Meio-Fc across all values of water content, using the

calibration of the Ag/AgCl reference versus Meio-Fc.

B.4 Methods: Preparation of RDE working electrodes

B.4.1 Gold disk'®

The Au disk (Pine Research #AFED050P040AU) was prepared by first removing any visible
residue from prior experiments by rinsing with acetone and water. The Au was then placed in
a PTFE disk polishing holder and hand-polished, in some cases with 0.3 um alumina on a vinyl
pad reserved for use with Au (30 sec — 2 min), and in all cases finishing with a fine 0.05 um
alumina MicroPolish on a microfiber pad reserved for use with Au (2 min). Following the 0.05
pum polish, the Au disk was removed from the holder and placed in a 15 mL Falcon tube, to
which was added ~2 mL of 50:50 Milli-Q water:acetone by volume. The disk was sonicated
using a VWR Symphony™ (97043-992; 90 W, 35 kHz) Ultrasonic Cleaner in the
water/acetone mixture for at least 2 minutes, then the water/acetone mixture was decanted,
more 50:50 water:acetone was added, and one more sonication cycle of 2+ minutes was
initiated. At this point the Au disk was retrieved and inserted into the RDE assembly with

Kimwipes and relatively clean gloves.

Finally, the Au disk was electro-polished by inserting the RDE into a beaker cell (10 mL beaker
volume) containing ~1 mL of 0.1 M H2SO4 and running a 200x cycled oxidative CV between
0 and +1.800 V vs. the counter electrode at a scan rate of 1 V/sec. In this case the counter
electrode was a Pt wire. The chosen voltage window was selected to correspond to roughly 0
to +1.700 V vs. SHE. The rotator was spun at a rotation rate of 600 rpm during these oxidative
cycles. Following the completion of this 200x oxidative cycling in 0.1 M H2SO4, the working
electrode was rinsed twice with Milli-Q water and any residual water remaining on the
electrode was gently wicked away using a Kimwipe. At this point the disk was ready for use

in an electrochemical experiment.

B.4.2 Platinum disk*!
Pt disks were handled in a similar manner to Au disks, with the differences being:
e During sonication, a 50:50 v/v mixture of Milli-Q and ethanol was used, rather than
50:50 water:acetone.

¢ During electro-polishing, the H2SO4 electrolyte was 0.5 M H2SOu4 rather than 0.1 M.
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e Also during electro-polishing, the oxidation was split out into two steps, with
replacement of the 0.5 M H2SO4 electrolyte in-between:
1. 2-minute hold at +2.1 V vs. counter (est. +2.0 V vs. SHE)
2. 10x CV from 0 to 1.40 V vs. counter (est. +1.35 V vs. SHE) at 50 mV/sec

B.5 Methods: Calibrating reference electrode

B.5.1 Calibrating vs. Master Ag/AgCl

Prior to most experiments, reference stability and drift were assessed by calibration versus a
“Master” Ag/AgCl reference in saturated KCI. This Master was not used in electrochemical
experiments, and was stored in saturated KCl in Milli-Q water. To calibrate, the Master
reference and the leak-free Ag/AgCl reference being calibrated were placed in the same vial
filled with saturated KCl. The reference being calibrated was hooked up as the Working
Electrode, and the Master was hooked up as the Counter/Reference Electrode. OCV was then
measured until drift over time had decreased substantially below 1 mV — often for around an
hour. The final “plateau” OCV was recorded and used to gauge reference drift between
experiments, correcting for small changes from run to run. For example: if a leak-free reference
had been calibrated as +0.100 V vs. Master Ag/AgCl, and simultaneously +0.020 V vs. Meio-
Fc in the relevant solvent being tested, and then on a subsequent experiment the reference was
measured to be +0.105 V vs. Master, then that reference was interpreted as representing +0.025
V vs. Meio-Fc. Historical calibration data — with two or more ferrocene calibrations separated
by multiple measurements of drift vs. a Master — corroborate the accuracy of this approach to

drift correction.

B.5.2 Calibrating vs. ferrocene, decamethylferrocene

Reference electrodes were calibrated simultaneously versus both Fc and Meio-Fc by preparing
solutions that were roughly 2.5 mM in both redox standard species. Other than Fc/Meio-Fc
content, solutions were prepared to reflect the conditions (water content) of each HER water
dependence test. The following table reflects the compositions of the 4-mL electrolytes used

for calibration:

Table A-B2. Formulations of solutions used in Fc/Meio-Fc calibrations.

Solution 0 M H,O 0.5 M 1M H;O 25M 5 M H;O 6.6 M
H,O H,O H,O
TBABF4 1.0527 g 1.0214 g 1.0242 g 1.0252 g 1.0258 g 1.0253 g
powder (1.0537 g) | (1.0248 g) | (1.0248 g) | (1.0248 g) | (1.0248 g) | (1.0248 g)
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100 mM 100 uL 100 uL 100 uL 100 uL 100 uL 100 uL
Fc Stock
5 mM 2mL 2 mL 2 mL 2 mL 2 mL 2 mL
Mejo-Fc
Stock
Milli-Q -- -- 36 uL 144 uL 324 uL 438 uL
Water
Fresh 846 nL 815 uL 779 uL 671 pL 491 uL 377 uL
ACN
40% - 60.1 uL 60.1 uL 60.1 uL 60.1 uL 60.1 uL
(1.5 M)
TBAOH

Solutions were tested in a randomized order (achieved via an online random number generator).
For each solution, ~2 mL was added to a 10 mL beaker containing a Pt wire that served as the
counter electrode. The working electrode was a Pt RDE disk on the WaveVortex 10 rotator.
This electrode had been rinsed with water and acetone prior to the experiment, and dried of all
solvent prior to insertion into the electrolyte being tested. During the experiment, the rotator

was spun at a rotation rate of 900 rpm.

To ascertain the potential of the reference electrode versus the redox of Fc and Meio-Fc species
in solution, square wave voltammetry (SWV) was used. The SWV started with an initial
oxidative pre-hold on the working electrode at 0 V vs. Ag/AgCl for 20 seconds, followed by a
scan down to roughly -0.300 V vs. Ag/AgCl, and then a return to the initial potential of 0 V vs.
Ag/AgCl. This was repeated twice, once with an initial hold at the reductive potential (-0.300
V vs. Ag/AgCl), and again with an initial hold at the oxidative potential (0 V vs. Ag/AgCl).
Because the cleanest data was obtained for the first scan, only results from the first SWV for
each composition is reported here. In these tests, the pulse height was 50 mV; pulse width was
100 ms; step height was (+/-)1 mV; and / was averaged over the last 20% of the step. The
potentiostat Erange was -1 — 1 V, Irange 10 mA, and bandwidth medium. Note the SWV
voltage window was shifted as necessary to contain peaks for both the Fc and Meio-Fc redox
events in any given electrolyte. In addition, 85% software IR correction was implemented

during the experiment.

Potentials were determined by identifying the peak potential on a plot of ldeita vS. Estep, and

averaging the peaks in the oxidative and reductive directions.

It should be noted that for lower water content (0 - 1 M water), stable measurements past the
initial SWV were difficult, so for each experiment (including those at higher water content, for

consistency) only the first SWV was used for peak-potential-averaging.

178



Following each electrolyte measurement, the electrolyte was removed and discarded, and the
working electrode and rotator were rinsed with acetone and Milli-Q water, while the beaker
cell and counter electrode were rinsed with dry acetonitrile. Trace acetonitrile was removed

from the beaker cell, and then the next electrolyte in the sequence was inserted and tested.

The following figures show results of this calibration.

A 300

200

(o)

Me,-Fc Potential (V vs. Ag/AgCI pr)

Water in ACN, 0.778 M TBABF,, 0.022 M TBAOH

Water in ACN, 0.778 M TBABF,, 0.022 M TBAOH
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Viep (V vs. Ag/AGCI Pseudoref) Water Concentration (M)

Figure A-BS. Meio-Fc calibration in alkaline ACN electrolyte. Note that Fc was more
difficult to calibrate in base due to overlapping OER / other pH-sensitive oxidative
chemistries. A) Raw data from Meio-Fc calibrations across water content. Darker lines
correspond to higher water content. Note the decreasing solubility of Meio-Fc is reflected by

the decrease in SWV peak height with increasing water content. B) Meio-Fc calibration data.

In addition, calibrations were also conducted in neutral electrolytes consisting of ACN, water,
and 0.8 M TBABF4 in the absence of TBAOH. Slightly different SWV settings were used for
these scans (voltage window +0.700 V vs. Ref —-0.300 V vs. Ref, pulse height 25 mV, pulse
width 50 ms, step height (+/-)2 mV, E range -2 — 2 V). These neutral calibrations yielded
similar results to those in base. Note the shifting of the leak-free Ag/AgCl pseudoreference
electrode over time led to a shift in the y-axis that is not reflective of thermodynamic shifts
between the alkaline and neutral conditions, but rather of changes in the pseudoreference itself

in the weeks/months between the neutral and alkaline tests.
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Figure A-B6. Simultaneous Meio-Fc and Fc calibration in neutral ACN electrolyte. A) Raw
data from Fc/Meio-Fc calibrations across water content. Darker lines correspond to higher
water content. B) Fc/Meio-Fc calibration data. Note that there is a similar shift in both Fc and

Meio-Fc vs. the Ag/AgCl pseudoreference.

B.6 Methods: Headspace-GC-TCD

Species thermodynamic activities were measured by sampling from the headspace of vials
containing electrolyte with a specified water content. This was achieved using an Agilent
7890B GC with 7890A Thermal Conductivity Detector and attached 12-vial 7697A Headspace
Sampler. These experiments can be broken down into two components: 1) sample preparation

and equilibration, and 2) sampling and detection.

B.6.1 Sample preparation & equilibration
Electrolyte samples were prepared in 20 mL headspace vials, with liquid sample volumes of 4

mL. Sample formulation was according to the following table:

Table A-B3. Formulations of 4-mL basic electrolytes for headspace sampling.

Solution oM 0.5 M 1M 25M 5M 6.6 M Sat'd
H>O H>O H>,O H>,O H,O H>,O H>O

Volume -- -- 36 ulL 144 uL | 324 ulL | 438 uL | 600 puL
Water
Volume -- 60.1 uL | 60.1 pL | 60.1 uL | 60.1 uL. | 60.1 uL | 60.1 pL
TBAOH
Volume Fresh | 800 pL | 829 uL | 793 uL | 685uL | 505 ul | 391 uL | 229 uL
ACN
Volume 1.0 32mL | 3.11mL | 3.11mL | 3.11mL | 3.11mL | 3.11 mL | 3.11 mL
M TBA/ACN
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It should be noted that these samples included two conditions — 0 M and saturated (~8.3 M)
water — which did not represent electrolysis conditions, but rather served as the endpoints on

the concentration-activity relationship, including a “blank measurement.

For each sample, the vial for the sample was first stored overnight in an 80 °C oven to fully
dry the glass and remove any adventitious water. The vial was then rapidly cooled to room
temperature by air-cooling in a snorkel vent, and the sample components were added to the vial
via pipette. The vial was then sealed with a Silver Aluminum 20 mm headspace crimp cap with
PTFE/silicone stopper. Sealing was done using an Agilent manual crimper for 20 mm caps.
The seal was such that the cap did not easily rotate on the vial when twisted, but the cap was
also not visibly deformed around the stopper due to over-tightening. 3 sets of samples were
prepared in this manner. Within each set, samples were prepared in a randomized order,

specified by an online random number generator.

In addition to all electrolyte samples, a pure-water reference sample was prepared for each
sample — with the intention being that a reference could be gathered before and after each
electrolyte sample, providing a standard for water activity = 1 at every time point, i.e. at every

value of room temperature.

After sealing, each sample was equilibrated at room temperature (~23 °C) for at least 12 hours.
This threshold is supported by equilibration tests on electrolytes containing only water (see

below). Water peak area reached its equilibrium value by roughly t = 8 hours.
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Figure A-B7. Time-dependence of vapor-liquid equilibrium for electrolyte headspace tests.

Samples are pure water.

B.6.2 Sampling & detection

After samples were sufficiently equilibrated, they were submitted to the Agilent 7697A
headspace unit carousel for auto-sampling. A pure water sample was included prior to every
electrolyte sample (i.e. pure water vial 1 — sample 1 — pure water vial 2 — sample 2 — pure
water vial 3 — ...), and electrolyte vials within each set were sampled in a randomized order,
specified by an online random number generator. Once a vial cap was pierced, the sample was

considered no longer usable (i.e., no vials were double-sampled).

The trajectory of each sample, including temperatures of components, was as follows:

1. On its turn, the sample vial was inserted into the oven of the headspace sampling unit,
which did not have an active setpoint and measured T ~ 24-26 °C during tests. Vial
remained in the oven for 9 seconds prior to sampling.

2. The headspace autosampler needle punctured the vial cap and began pressurizing the
sample with helium, the carrier gas. The injection duration was set to 30 seconds.

3. The He-carried sample was withdrawn into a sample loop, which was kept at the lowest

possible set point of 35 °C.
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The sample was sent through a heated transfer line leading from the headspace unit to
the GC. The transfer line was heated at 50 °C.
The sample entered the GC at the Front Inlet, which was held at 280 °C.
The sample passed through an Agilent DB-624UI column (30 m length, 0.32 mm
diameter, 1.80 u) with the following temperature profile:

e I-minute hold at 35 °C

e 4-minute ramp at 20 °C/min to final temp of 115 °C

e I-minute hold at 115 °C
The sample was finally detected at an Agilent 7890A Thermal Conductivity Detector
(TCD).

Following sample processing, TCD results were plotted and water peaks integrated. The peak

area of the pure water reference prior to each sample was used as the standard for activity = 1.

That is, this area was the denominator in the calculation:

Awater peak.sample

awater,sample -

Awater peak,reference

where a represents species activity and 4 represents peak area. The following is a representative

TCD spectrum for a blended electrolyte sample.

Signal (a.u.)

Area=0.03356
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Figure A-B8. Full and zoomed-in TCD spectra for a representative headspace sample of 2.5

M water in ACN with 0.778 M TBABF4 and 0.022 M TBAOH. The first peak (~0.9 min) is

air; the second, small peak (~1.2 min) is water; and the final peak (~2.1 min) is acetonitrile.

This method for determining activities was validated using a binary ethanol (EtOH) /

isopropanol (IPA) system of varying compositions. The activity coefficient of each species in

this mixture is predicted to deviate minimally from unity — up to about yipa = 1.015 for dilute
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IPA and yeron = 1.013 for dilute EtOH (using PSRK). That is, the relationship between mole
fraction and activity should be roughly a straight line for each species, exhibiting ideality in
the Raoult’s Law sense. This was observed experimentally, suggesting the quantification

method itself does not interfere with the activity measurements. (Figure A-B9)
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Figure A-B9. Measured activity-concentration relationship for a binary mixture of ethanol

(blue) and isopropanol (red).

B.7 Methods: Linear regression

Most of the linear regression performed in this work was carried out in Origin 2018b. Y-errors
were incorporated into the fits in this software where applicable. Instrumental weighting was
used for errors, and error was scaled with sqrt(reduced chi-squared). Fit parameters are reported

with 95% confidence intervals.

Specifically for data containing both x- and y-errors, namely the water dependence data from
main text Figure 2C, a Matlab script by Wiens employing the methods of York et al. was

utilized.?!%-%
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B.8 Raw data from main-text figures

Fig 24: Water concentration-activity relationship for HER electrolyte

Water Concentration (M) | Activity 1 | Activity 2 | Activity 3 Avg Activity
0 0 0 0 0
0.5 0.12622 0.12193 0.09097 | 0.11304 +£0.01570
1 0.26031 0.18365 0.27076 | 0.23824 +0.03884
2.5 0.61005 0.42509 0.57317 | 0.53610 + 0.07993
5 0.77496 0.5697 0.64987 | 0.66484 + 0.08446
6.6 0.86044 0.87173 0.72846 | 0.82021 + 0.06504
8.2 0.99346 0.94075 0.99195 | 0.97539 + 0.02450
55.5 1 1 1 1

Fig 2C: Water dependence of HER at -1.875 V vs. Meio-Fc

Concen- | log (cmo | Activity log Error in Current | log (Current | Error in
tration / M) HO (am20) log density / density / log (i/
H20 (M) (am0) | mAcm? | mAcm?) | mAcm?)
0.5 -0.30103 | 0.11304 | -0.94677 | -: -0.065 | -3.60E-01 -0.44399 | -: -0.009

+:0.056 +: 0.009

1 0] 0.23824 | -0.62299 | -: -0.077 | -2.32E+00 0.36495 | -:-0.011
+: 0.066 +:0.010

2.5 0.39794 | 0.5361 | -0.27075 | -: -0.07 -1.77E+01 1.24868 | -: -0.023
+: 0.060 +:0.014
5 0.69897 | 0.66484 | -0.17728 | -: -0.059 | -5.06E+01 1.70408 | -: -0.009
+:0.052 +:0.007

6.6 0.819544 | 0.82021 | -0.08607 | -: -0.036 | -6.43E+01 1.80819 | -: 0.001
+:0.033 +: 0.005

Note: the 0.5 M data point of this data set was not fit in Figure 2C because the measured partial

current was determined to be too low to yield a reliable measure for HER.

See below for more details on error estimation.

Fig 44: Water concentration-activity relationship for epoxidation electrolyte

Water Concentration (M) | Activity 1 | Activity 2 | Activity 3 Avg Activity
0 0 0 0 0
0.5 0.18532 0.18596 0.1971 | 0.18946 + 0.00541
1 0.28558 0.31913 0.31963 | 0.30811 +0.01593
2 0.49606 0.54726 0.52185 | 0.52172 +0.02090
5 0.79107 0.85994 0.86597 | 0.83899 + 0.03398
10 0.92543 0.9786 0.97072 | 0.95825 +0.02343
12.5 0.91607 0.95618 0.95348 | 0.94191 £ 0.01830
15 0.94637 0.99434 1.02212 | 0.98761 + 0.03129
55.5 1 1 1 1
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Fig 4B: Water concentration-activity relationship for lactonization electrolyte

Water Concentration (M) | Activity 1 | Activity 2 | Activity 3 Avg Activity
0 0 0 0 0
0.5 0.15441 0.15101 0.15518 | 0.15353 +0.00181
0.7 0.19631 0.20098 0.20607 | 0.20112 +0.00399
1 0.25538 0.3077 0.25893 | 0.27400 + 0.02387
1.5 0.35674 0.3458 0.42429 | 0.37561 +0.03471
2 0.41419 0.41277 0.53932 | 0.45543 +0.05932
5 0.61013 0.78799 0.58197 | 0.66003 +0.09121
10 0.88726 1.01342 0.99859 | 0.96642 + 0.05630
55.5 1 1 1 1
Fig 4C: Water dependence of cyclooctene epoxidation at 1.45 V' vs. Fc
Concentration | log (cn20 | Activity log log (Current Error in log
H.O (M) / M) H>O (amo0) | density /A cm?) | (i/Acm?)
0.5 -0.30103 | 0.18946 | -0.72248 -3.30549 0.16001
1 0| 0.30811 | -0.51129 -3.00145 0.01172
2 0.30103 | 0.52172 | -0.28256 -2.70984 0.05482
5 0.69897 | 0.83899 | -0.07624 -2.50142 0.0334
10 1| 0.95825 | -0.01852 -2.62897 0.04864
12.5 1.09691 | 0.94191 | -0.02599 -2.64739 0.03956
15 1.17609 | 0.98761 | -0.00541 -2.73304 0.08898
Fig 4D: Water dependence of cyclohexanone lactonization
Concentration | log (cm2o/ M) | Activity H20 | log (an20) log (Current
H20 (M) density / A cm™)
0.5 -0.30103 0.15353 -0.8138 -3.50516
0.7 -0.1549 0.20112 | -0.69654 -3.27263
1 0 0.27400 | -0.56224 -3.0002
1.5 0.17609 0.37561 | -0.42526 -2.85696
2 0.30103 0.45543 | -0.34158 -2.59061
2 0.30103 0.45543 | -0.34158 -2.69673
5 0.69897 0.66003 | -0.18044 -2.49055
10 1 0.96642 | -0.01483 -2.45865
10 1 0.96642 | -0.01483 -2.45347
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B.9 Discussion: Measured activity curves overlaid on one another

In order to compare the behavior of water in the blended electrolyte at varying TBABF4
contents, activity measurements from the various electrolytes reported here — 800 mM
TBABF4, 350 mM TBABF4 + 400 mM cyclohexanone, ~100 mM TBABF4 + 200 mM
cyclooctene, as well as the binary water/acetonitrile mixture (0 mM TBABF4) — were overlaid
on the same plot. (Figure A-B10) Note that for the purposes of this analysis, we will ignore the
small amount of organic substrate in the 350 mM and 100 mM TBABF4 samples; however, a

more complete comparison could be drawn by removing these substrates.
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Figure A-B10. Overlay of four activity-concentration data sets: binary water/acetonitrile as
reported in literature'*1>? (yellow), acetonitrile/water + ~100 mM TBABF4 + 200 mM
cyclooctene (light orange), acetonitrile/water + 350 mM TBABF4 + 400 mM cyclohexanone
(dark orange), and acetonitrile/water + 800 mM TBABF4 (red).

As mentioned in the main text, the activity of water reaches unity at much lower concentrations
for higher TBABF4 content. This is because unfavorable interactions with the highly
hydrophobic TBA™ cation increase water activity, leading to phase separation at lower water
concentrations with increasing TBA* content. However, there is a markedly different trend at

lower water concentrations. Zooming in... (Figure A-B11)
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Figure A-B11. Zoomed-in water concentration-activity relationships in acetonitrile with

varying TBABF4 content.

We can observe that at low water concentrations, the trend reverses: water activity at a given
concentration of water is measured to be higher at lower concentrations of TBABF4. This could
be due to a number of factors: for instance, perhaps favorable interactions with the BF4™ ion
stabilize water at these low concentrations. Perhaps trace halogens or other salt impurities in
the TBABF4 play a larger role in coordinating water at these low concentrations. These are

hypotheses we will seek to test in future work.

B.10 Discussion: Faradaic efficiency of HER

Due to the incomplete sealing of the H-cell setup used in experiments, it was not possible to
quantify HER during most of the electrochemical tests reported here. However, constant-
potential holds in sandwich cell setups connected to a gas chromatograph confirm 100%
Faradaic efficiency (FE) for HER at moderate currents (~0.1 — 10 mA). This is corroborated

by results detailed in previous O-atom transfer works.”!"?

The primary difference between the system used for FE closure analysis and the system used
for kinetic analysis in this work, in terms of variables that may affect FE, is that the kinetic

analysis setup cannot be fully sealed. Because the tests are not conducted in a glovebox,
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glovebag, or other rigorously controlled atmosphere outside of the cell, it is necessary to purge
an inert gas through the working compartment in order to remove dissolved O2. When Oz is
present, background ORR current artificially inflates the measured current by a small amount
(~0.2 mA). Further discussion on how this current was controlled and eliminated can be found

below. (See Discussion: Experimental troubleshooting & minimizing background current.)

B.11 Reference: Volmer, Tafel, and Heyrovsky steps
The most common named microkinetic reaction steps in the HER/HOR couple reaction

pathway are as follows (shown here in the alkaline case):

Volmer step: H,0+x+e” =2 H"+O0H™
Heyrovsky step: H*+ HyO+e~ 2 H,+0OH™ +*
Tafel step: 2H* @ Hy + 2 %

B.12 Discussion: TST reaction rate expression formulation

Here we will explain the derivation of the rate expression for a reaction based on Transition
State Theory — motivating our use of the term “activity” in the discussion, rather than “chemical
potential,” despite the fact that these two quantities are directly related. Many thanks to Thejas

Wesley for contributing the following distinction.

To begin, we write classical transition state theory rate expressions for an arbitrary elementary
surface reaction — noting of course that this would also apply to reactions not taking place at

surfaces, just with different notation:

aA + BB + - - [TS]

r= TG* (Eq. 1)
t —AGO% y+0
Keq exp( RT ) N l'[;af"
_ 0 .
= 0,({a}) = exp () - T 0] (Eq. 2)

where {v]-} ={a,B,..} > 0 are (absolute value) stoichiometric coefficients of reactants
{A,B,...} moving into the transition state, a; is the thermodynamic activity of species j, y; is

the activity coefficient of the adsorbed transition state, and AG°* is the standard state activation

free energy:
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AG% = pf — Zvju?

J

where ,u? is the standard state chemical potential of species j.

Bringing the product into the exponential,

Vi

> 0,({o) = exp (<

we can then substitute for AG °* using the expression above,

—(u1 = v:u®)+RTY ;v:lna;\ 1
9*({61]}) = eXp< (lu# Z] V]M]lgT Z] V] naj>y_
E:

and from here we can combine the sums,

—[uf =% v;(u} + RTIna)]\ 1
91:({aj})=exp< s Z]V];ﬁt]{ na])]>y:

at which point we recognize a common definition for chemical potential: p; = ,u}) + RT Ina;.

Substituting this in the expression, we get

—[#2 - Zj Vjﬂj]) 1
I£:

0.(lu ) =
¥ ({,Ll] }) exp < RT
And finally, we combine the numerator in the exponential into AG¥ = g — ¥ ;v;u;, which is

the free energy change going from the actual solution species to the (standard state of the)

transition state:

0,({1}) = exp (22) ” (Eq. 3)

Combining Eq. 1 and 2, the rate may be written as:

_ kpT , _ kgT —AG*\ 1 vji
r=-——0;= Texp( — )V—*]_[jaj’ =r({a;}) (Eq. 4)
But instead combining Eq. 1 and 3, it may instead be equivalently written as

—AGH
r= k"%@* = k"%exp (%)yi* = r({uj}) (Eq.5)

Eq. 4 and 5 are identical, but simply in different notation: using the activity form (Eq. 4) implies
that the free energy used in the rate constant is based on the chemical potential of the fluid

species at the standard state; however, using (Eq. 5) implies that the free energy used in the
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rate constant is based on the chemical potential of the fluid species at the real

concentrations/partial pressures in the reactor.

Eq. 4 is the more familiar formalism, common throughout thermal catalysis literature, and
which we employ in the context of this work. This is why we use the term “activity” rather

than “chemical potential” throughout the main text.

B.12.1 A note on “hot” reactants and other thermodynamic exceptions

While in this instance we hold activity to be the best descriptor of reaction rate, there are cases
in which reacting species’ thermodynamic activities are not always the best descriptors of
reaction rate. An example discussed in the main text is the previously-reported “fortuitous
cancellation” of activity coefficients of the reactant and transition state species.'*® In this case
the best variable for describing reaction rate comes out to be reactant concentration rather than

activity. Similarly, reactions which are “activationless” or “barrierless”??!

— in certain cases,
involving species so reactive that they instantly react upon collision with essentially 100%
probability — may be limited by collisions and therefore also dependent upon reactant
concentration. Another example of activity not being the best descriptor is in the literature of
“hot” reactants — that is to say, species which react while they are not yet at thermodynamic
equilibrium with the surface.??? Reactants impinging upon a surface or entering from the
subsurface carry with them energy — in many cases, translational energy — that has not yet been
dissipated as the species come into equilibrium with the surface at hand. This extra energy can
be used to overcome activation barriers, thereby yielding different reaction rates than might be

expected from the thermodynamics of the reactants and surface alone. In these senses, reactant

activity is not always a good descriptor of rate.

B.13 Discussion: HER on Pt cathode

In addition to the HER experiments reported in the main text, we also conducted HER on a Pt
cathode, in accordance with the methods reported above (see Methods: Preparation of RDE
working electrodes: 2. Platinum disk*"). The results of these experiments are shown below.

(Figure A-B12)
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Figure A-B12. HER on Pt at various concentrations of water in acetonitrile + 0.778 M
TBABF4 + 0.022 M TBAOH. A) Raw LSV data plotted vs. Meio-Fc. B) The same data
visualized on a Tafel plot. C) Water dependence of HER on Ptata -1.6 V vs. Meio-Fc.

As expected, Pt catalyzes HER in the blended electrolyte at much less reductive potentials than
required by Au for similar rates. In addition, once onset occurs, the Tafel slope is lower for Pt
than for Au, meaning the current responds more strongly to applied voltage. It may be noted
that the reported Tafel slopes increase with decreasing concentrations of water, similar to what
was noted in the main text. From 6.6 M water down to 2.5 M water, the measured Tafel slope
is between 64-74 mV/dec, which is consistent with a RDS in which no ET is involved, but
rather there is a pre-equilibrated ET step. (see Reference: Tafel slopes) At 1 M water, the Tafel
slope increases to 87, and at 0.5 M water, the slope increases further to 143 mV/dec. There
could be a variety of factors leading to an increase in Tafel slope across this range, similar to
the increase reported in the main text — however, because the swing in slopes is so large that it
could be partially attributed to a changing mechanism (i.e. cardinal “60 mV/dec” slope ->
cardinal “120 mV/dec” slope), we elected to focus instead on results obtained on Au, where

the direct mechanism is less likely to be changing as conditions are altered.

It is notable, however, that water dependences in the case of both Au and Pt (with potentials
referenced to Meio-Fc) are measured to be between 2.5-3. This may suggest that the measured

water order in fact has little to do with surface catalytic phenomena at all.

B.14 Reference: Tafel slopes

As a reminder, the general form taken by a Tafel slope at standard conditions is:

_ 59mV/dec
M= T ¥ Bg
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where mr is the Tafel slope, 7 is the number of electrons transferred prior to the RDS, ¢ is the
number of electrons transferred during the RDS, and £ is the symmetry factor, often assumed
to be 0.5. This latter assumption is supported by historical measurements of acidic HER
kinetics on Pt,??* although the symmetry factor (or at least the transfer coefficient a as the
experimentally measurable parameter) can change with electrolyte composition,?** and

apparent 8 from literature measurements on Au'®’

can be calculated to be anywhere between
0.37-0.57. Assuming f is 0.5, some examples of cardinal values of Tafel slopes would be:
e 120 mV/dec: n=0, g =1, f=0.5 (initial electron transfer RDS)
o e.g., the Volmer step
e 60 mV/dec: n=1, g =0 (subsequent chemical step RDS)
e 40mV/dec:n=1,g=1,=0.5 (second electron transfer RDS)
o e.g., the Heyrovsky step
e 30 mV/dec: n=2, g =0 (subsequent chemical step RDS)

o e.g., the Tafel step

As previously reported, these cardinal values can be altered by a wide variety of phenomena in
an electrocatalytic system, and are not necessarily expected to be observed in actual

measurements. 8

B.15 Discussion: Confirming lack of transport limitations in RDE
measurements

The lack of limitations due to diffusional mass transport through the electrolyte was confirmed
by varying the rotation rate of the RDE during LSV experiments. The Tafel plots for these
experiments are shown below. Note that in general there is no monotonic trend in Tafel slope
as rotation rate is increased/decreased, and in fact experiments conducted at 900 RPM, 1600
RPM, and 2500 RPM all yield similar Tafel slopes within the same fit region and similar
currents at the same potential. These results serve to quell concerns that slow Hz transport away

from the electrode surface in particular leads to lower HER rates.??
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Figure A-B13. Rotation rate dependences for HER shown via Tafel plots taken at 900, 1600,
and 2500 RPM. (Order: 1600 — 900 — 2500.) Electrolytes contained acetonitrile, 0.778 M
TBABF4, 0.022 M TBAOH, and: A) 0.5 M water, B) 1 M water, C) 2.5 M water, D) 5M

water, and F) 6.6 M water.

194



B.16 Discussion: ET potential scales versus CPET potential scales
(Measurement of RHE in blended electrolyte)

As mentioned in the main text, the reference potential for reported data is the redox potential
of Meio-Fc, the oxidation and reduction of which involves only the transfer of electrons to the
Fe center. However, because the rate-determining step of HER involves a proton transfer, the
energetics of the proton in solution will also impact the reversible potential for HER, which is
definitionally the reversible hydrogen electrode, RHE. The thermodynamics of protons in the
blended electrolyte are subject to change alongside alterations in water composition. Here we
detail our accounting for the changing thermodynamics of proton transfer with blended

electrolyte composition through the direct measurement of RHE in those electrolytes.

A method to measure RHE in any electrolyte has been reported in the literature'*! and has also
been extended to apply to the determination of the potential of H-atom transfer reactions.'>>!34
In short, the method involves measuring the OCV of a clean Pt electrode in the electrolyte of
interest versus a pseudoreference electrode while simultaneously flowing H> gas to saturate the
electrolyte. As long as the electrolyte contains some reasonably labile proton, HER/HOR is the
most facile reaction on a clean Pt surface, having the largest exchange current density io.
Because of this, the potential of the Pt electrode is defined by that equilibrium. By subsequently
measuring the potential of the pseudoreference electrode versus Fc or Meio-Fc, it is then

possible to define RHE vs. that ET reference, which can in turn be referenced in

electrochemical experiments.

We employed this OCV measurement for the determination of RHE in the blended electrolytes
of interest, with some notable changes to procedure. The main difference was in the preparation
of the Pt electrode. Rather than H> flame-annealing a Pt wire that was then handled under H>
and/or N2 atmospheres prior to the experiment, we elected to use the same Pt disk employed in
HER experiments and apply the same preparation procedures as for those tests. (see Methods:
Preparation of RDE working electrodes: 2. Platinum disk*') The reasoning behind this was that
it should be much more likely for condensed-phase species such as acetonitrile and
tetrabutylammonium to poison the Pt surface than for gas-phase species such as Oz or trace
contaminants in the air to do so — and the Pt must be exposed to the condensed-phase species
regardless. Moreover, we have evidence that the preparation procedures employed in this work
have been sufficient to observe Hurp peaks on cyclic voltammograms of Pt in aqueous
electrolytes, and to our understanding, these are more sensitive measurements than the OCV

measurements we are attempting here. In order to test this hypothesis that micropolishing +
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sonication + electro-oxidative treatment in H2SO4 was sufficient to clean the Pt for OCV
measurements, we used this preparation procedure and measured the OCV of the Pt versus our
pseudoreference in two aqueous solutions: one at pH 1 (0.09167 M H2SO4), and one at pH 13
(0.1 M KOH). Note the molarity of H2SO4 required for a solution of pH = 1 was calculated by
assuming full dissociation of the first proton and a pKa2 of 2. The results of two representative

OCV measurements are shown here.
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Figure A-B14. OCV measurements of Pt electrodes versus Ag/AgCl pseudoreference in a pH

1 electrolyte (red) and a pH 13 electrolyte (blue). The bump from t = 3600 sec to t = 5580 sec

corresponds to when the working electrode was rotated at 1600 RPM.

During the OCV measurements of the aqueous solutions, we monitored the OCV over the
course of about 3 hours. For a majority of this time, the RDE setup was allowed to sit still, not
rotating, with a direct H2 purge of 20 sccm into the working electrolyte and a parafilm seal
around the top of the H-cell used for the measurements. However, the effect of rotation was
also tested. The RDE was rotated at a rate of 1600 RPM from t = 5100 sec (1.42 hr) to t = 7620
(2.12 hr) in the pH 1 case, and from t = 3600 sec (1 hr) to t = 5580 sec (1.55 hr) in the pH 13
case. From Figure A-B14, we can see that there was minimal effect of rotation on the measured
OCV in the pH 1 case, whereas the measured potential in the pH 13 case increased markedly

with working electrode rotation.

The fact that stirring impacted the OCV measurement was at first a bit concerning to us.

However, upon closer examination, we noted that other changes to the system could also induce
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increases in the measured OCV, such as the removal of the loose parafilm seal or the adjustment
of the position of the H> purge line. We hypothesize that these adjustments actually led to an
increase in the dissolved Oz content, which in turn led the OCV to be defined by a mixed
potential involving both HER/HOR and OER/ORR. This effect was only observed in alkaline
conditions because HER/HOR is kinetically more difficult in base than in acid, whereas
OER/ORR is relatively more favored kinetically in base than in acid — essentially, the exchange
current densities for the two couples became comparable in the alkaline condition. The key,
then, was to ensure these measurements fully excluded Oz to the best of our ability. By running
the same OCV measurements in a sandwich cell setup where it was easier to seal against air
while purging Ha, (Figure A-B15) we determined that the non-stirred condition in the H-cell
setup was sufficient for excluding Oz, as the AOCV between pH 1 and pH 13 conditions was
nearly identical. ([OCVpH1 — OCVypHi3]sandwich = 657.7 mV, while [OCVpa1 — OCVpHi3]Heell =
658.7 mV. Note the theoretical value for this difference is roughly (12 pH)*(293 K/298 K)*(59
mV/pH) = 696 mV, implying a reasonable difference in junction potentials AVijunct of about 34-

35 mV between acidic and alkaline conditions.
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Figure A-B15. OCV measurements of Pt foil electrode versus Ag/AgCl pseudoreference for
the aqueous pH 1 (red) and pH 13 (blue) electrolytes, conducted in a sandwich cell.

With our experimental conditions validated by the aqueous electrolytes, we used this procedure
(Pt prep as above for RDE disk, no stirring, H2 purge) to measure OCVs for the blended

electrolytes. For each experiment, the OCV was first measured for at least 4 hours. This was
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followed by a CV between 0 — -1.5 V vs. the pseudoreference, a short CA at -0.8 V, an LSV
from +0.1 V vs. OCV to roughly -2 V vs. the pseudoreference, and a final OCV, in order to
glean information on the overpotentials required for HER on the Pt working electrode and the
OCV following a reductive hold. Steps after the first OCV were not strictly necessary.
Following this final OCV, the pseudoreference was removed from the cell, quickly rinsed with
acetone and water, transferred to a new sandwich cell, and immediately calibrated versus Fc in
an electrolyte of composition corresponding to that of the OCV measurement. Results are

shown below.
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Figure A-B16. OCV measurements in the various blended electrolyte compositions reported

in this work. Darker blue corresponds to higher water content.

Figure A-B16 displays the OCV measurements in each electrolyte composition over time. It
can be seen that the measurement drifts, without an obvious plateau of steady potential, over
the course of the 4+ hours. Moreover, the drift happens at different rates for different water

content.

Following the voltammograms, which did not yield substantially more information beyond the
relatively low overpotentials required for HER/HOR on the Pt electrode, final OCV

measurements of various durations were conducted. These results are shown below.
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Figure A-B17. The final OCV measurements prior to calibration of the pseudo-reference.
During the final OCVs, potentials continued to drift at similar rates as in the initial OCV

measurements.

Following the OCV measurement procedure, the pseudoreference electrode was calibrated
versus Fc, which was added to a few mL of the electrolyte that had previously been set aside.

Fc calibrations are shown below.
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Figure A-B18. Fc calibrations of the pseudo-reference electrode following OCV
measurements. A) Raw SWV data. B) Resulting averages of oxidative and reductive peak

potentials. Only the first SWV was used in every case.

It should be noted that in contrast to the Fc calibrations used for HER experiments, these

calibrations were conducted after the pseudoreference had been allowed to equilibrate in the
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electrolyte of interest for many hours. It is perhaps for this reason that there was not an overall
trend to the measured potential of the pseudoreference versus Fc. In fact, it seems that there is
more of a correlation between duration of the OCV procedure and potential of the
pseudoreference versus Fc than anything else, with the longest-duration experiment being the
one at 2.5 M water, and the shortest being 0.5 M water. That is, longer equilibration with the
blended electrolyte leads to a decreasing potential of the pseudoreference. This would be
observed as both an increase in the measured OCV over time, as well as an increase in the

measured potential of Fc over time.

B.16.1 Water dependence at a constant V vs. RHE

Because there is no plateau in the OCV data — no clear stopping point for the experiment — we
are left with a variety of reasonable approaches we could take in order to process the data. A
non-comprehensive list of these approaches, as well as reasoning behind each approach,
follows here:

1. Compare all OCVs at a consistent time point within the respective measurement

In this approach, we treat all data at a consistent time point in the experiment as being
equivalent. This might be justified by the fact that for each experiment, the
pseudoreference electrode starts in roughly the same condition. In addition, in the LSV
data set, comparable data is taken at comparable time points in the experiment, lending
another reason in favor of this approach. However, taking this approach requires that
we further ask: at what point is it reasonable to compare data? This added layer of

choice is consequential, as the rate of OCV drift is inconsistent between tests.

2. Compare OCVs once drift rate over time becomes comparable

Because this drift rate in OCVs does change over time and is not consistent, we could
also elect to take each trace’s OCV once the drift rate has become more internally
consistent. Put another way, this approach would be to wait until the derivative of the
OCV with respect to time becomes roughly constant, and measure the OCV at this

point. There is not a strong physical basis for such an approach, however.

3. Measure OCVs from the initial “dip”

An interesting feature of each of these data sets is the initial OCV “dip” that occurs
sometime within the first hour of the experiment. Because we do not saturate the

electrolyte with Ha prior to the start of the experiment, we hypothesize that this dip is
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attributable to the point at which Hz has displaced enough O: from the air that the
dominant reaction defining the potential of the electrode switches from OER/ORR to
HER/HOR. We could elect to take the approach of measuring OCVs from this initial
dip, perhaps with the motivation that changes in the potential over time are due to
changes in the electrolyte; however, we do not believe this is the case, and there is
nothing particularly special about the point in time where the dip occurs from the

perspective of the pseudoreference electrode.

4. Extrapolate long-time data back to the origin

If we wished to capture the behavior of the reference at the beginning of the experiment,
one approach might be to extrapolate the data from the constant-drift-rate region of the
OCYV profile back to the origin. This approach assumes both that the reference behavior
at the beginning of the experiment is most relevant, and also that deviations from the
constant-drift-rate changes in the electrolyte should be ignored, neither of which are

based on convincing physical arguments.

5. Take only the OCV value measured at the very end of the run

Finally, we could also assume that all transient changes observed in the OCV data are
entirely attributable to changes in the pseudoreference over time, and that the point at
which the measured OCV most closely reflects the potential which can be related to the
Fc calibration is the OCV measured immediately prior to that calibration. We find this
to be a reasonable hypothesis, and likely the closest to the truth. The only issue is that
we do not know how the behavior of the reference changes as it is moved from one cell
to another and rinsed with water and acetone. It is possible that this part of the procedure
“resets” the pseudoreference electrode in some way, in which case the data collected
here may not mean much. We have yet to perform experiments without washing the

pseudoreference.

In truth, it is difficult to know which of these approaches will yield the most accurate results.
We visualize below how each approach leads to a different interpretation of the water

dependence data.
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Figure A-B19. Water dependence data at a constant potential vs. RHE, using various

approaches to quantify RHE. Slope inset is provided as a visual reference.

From these various approaches, it seems that there is still a strong dependence of HER rate on
water content. However, the sign and magnitude of that dependence is particularly unclear at
low water activity. Between the 0.5 M water and 1 M water samples, the various methods for
determining RHE yield water dependences ranging from 1.1-order all the way down to -2.3-
order. On the other hand, between the 1 M and 2.5 M water samples, point-to-point slopes
range from 0.6 to 4.2. In general, the various approaches seem to indicate a low dependence on
water in the low-activity limit, and a dependence on water that is on-par with the dependence
reported in the main text for all other data points (1.4-3.4). In the specific case of approach #5,
the endpoint OCV method which we find the most compelling, the water dependence appears
to exhibit more of a step-change behavior: low dependence between 0.5 M — 2.5 M, low
dependence between 5 M — 6.6 M, but an increase of about an order of magnitude in HER

current between 2.5 M and 5 M water.

It is partly due to a combination of the many uncertainties in this RHE measurement that we
elected to instead analyze water dependence at a constant potential versus an ET reference. In
addition, knowing potentials versus the ET reference in the case of HER in the blended
electrolyte is also practically useful in the sense that the full cell voltage may be better
understood in this frame of reference — assuming the counter reaction is also understood w.r.t.

an ET potential scale.
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B.17 Discussion: pH effect on HER

Experiments were carried out in order to assess the impact of adding explicit base to the
electrolyte in the form of TBAOH. Because the experiment with no TBAOH was unbuffered,
it was subject to unmitigated pH changes during the LSV. These tests served to very roughly
probe whether the interfacial pH in neutral tests was substantially different from a bulk alkaline
experiment. This is of relevance since some electrochemical systems operate with no buffer,

but only water in acetonitrile with TBABF4 and similar aprotic salts.
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Figure A-B20. LSVs of electrolyte solutions containing 2.5 M water with either 0 M
TBAOH/0.8 M TBABF4 (green) or 0.1 M TBAOH/0.7 M TBABF4 (blue). A) Raw LSV data
and B) the same data presented as a Tafel plot.

Note that while the scan rates were different between the light and dark blue data points, as
well as between the light and dark green data, the main point being illustrated is that run-to-
run differences are comparable to differences brought about due to explicit base, especially at
higher currents (>10 mA/cm?). From these results we can see that the initial takeoff of HER
may be slightly delayed in the alkaline case relative to the neutral case, which may be expected
from a thermodynamic perspective — in fact, a pH shift of this magnitude should theoretically
yield a larger potential gap than observed, ~350 mV. However, these differences roughly cancel
out once currents reach >10 mA/cm?. Under these conditions HER is producing enough base
at the electrode surface that the reaction environment in the neutral case is essentially similar
to that in the alkaline case. Note that the Tafel slope, however, is fit at lower current densities
and is therefore sensitive to the bulk pH value — with lower Tafel slopes attainable under more

alkaline conditions.
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B.18 Discussion: Experimental troubleshooting & minimizing
background current

As this project was taking shape, we progressed through several stages of experimental setups.
These are detailed here for the benefit of any researchers who may be interested in pitfalls we

encountered along the way. A rough scheme of the progression of the system is shown below.

Sandwich RDEin RDEin Inert-atmosphere
cell beaker H-cell RDE in H-cell

-G b Gl

Figure A-B21. Experimental setup progression during troubleshooting phase.

At the outset, we started with a symmetric cell setup in sandwich configuration, with Pt foils
as both anode and cathode. While this setup was conducive to online H2 quantification, it also
yielded high values of HER Tafel slopes (>300 mV/dec), even on Pt. We concluded that there
were substantial transport limitations at play, and switched to an RDE configuration in a glass

beaker cell.

While using the beaker cell, we were able to obtain higher current densities, as the rotation of
the electrode allowed for more facile transport of reactants to the surface and products away
from the surface. It was at this time that we noticed, however, that current would decrease
substantially over time at a constant potential. Hypothesizing that this might be due to
interference from the counter reaction, we returned to the sandwich cell and attempted to
quantify gas-phase products from the oxidative reaction on the Pt wire counter-electrode. We
found that at the various potentials tested, the counter electrode consistently produced a very
small amount of carbon monoxide from the oxidative breakdown of acetonitrile in the presence
of water. We hypothesize that this CO poisoned the surface of the Pt working electrode, leading
to a decrease in HER current over time. This issue was solved by the separation of the working

electrode and counter electrode by a glass frit in an H-cell configuration.

Once in the H-cell configuration, currents were steadier over time and Tafel slopes for HER
were much lower. However, at this point it became apparent from LSV experiments that some
amount of background current existed. The current was reductive, with current densities on the

order of -1 mA/cm? when the electrode was spun at 1600 RPM with no gas purge through the
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working compartment. By experimenting with purging inert gas into the working electrolyte,
we were able to observe substantial decreases in background current when Oz was excluded
from the electrolyte. As a result, a gas-purged bearing compatible with the RDE was purchased,
and a custom H-cell was ordered to provide the proper seal. At this point we arrived at the final
set of methods reported in this work. With this setup, a background of only ~0.05 mA/cm?
ORR persisted. Decreasing the background current in this way was necessary in order to

observe reasonable Tafel slopes for HER.

It should be noted that, in addition to purging N2 and Ar, we also attempted to purge Hz through
the system. The reasoning for this is similar to the reasoning behind the purging Hz during the
OCYV measurement experiments; having the product of the reaction present at a defined activity
makes the reaction better thermodynamically defined. Because Hz is such a light gas, however,
the H2 purge in general took longer to achieve the same effectiveness as Ar at excluding Oz,
especially when H2 was not introduced directly through the electrolyte but rather through the
headspace. We were unable to remove Oz to acceptably low levels using the H2 purge alone.
For this reason, the experiments reported in this work rely on Ar, a heavier gas, to remove the

O2 from solution and eliminate background ORR current.

B.19 Discussion: Local Tafel slopes & sensitivity of Tafel slope to fit
range

By taking a point-to-point instantaneous slope in the HER LSV data set and smoothing it using
a 41-point moving average, we were able to plot the approximate local Tafel slope at each
potential. (Figure A-B22) Note: there is no inherent significance to the 41-point average; this

value was chosen for visual smoothness.
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Figure A-B22. Local Tafel slope for HER on Au in the potential range studied. Note: Tafel
data at higher currents were noisy; therefore, the local data reported here are cut off prior to

the end of the data set, for clarity.

In each trace, as the Au electrode is negatively polarized, the measured current comes off of
the small ORR plateau and potential has an increasing effect on rate (i.e. a lower Tafel slope).
This is followed by a minimum in measured Tafel slope and an ensuing steady increase as a

variety of factors (transport, Marcus-like kinetics, etc.) begin to play a larger role.

Because of the density of data points used in collecting the Tafel data, it was unreasonable to
report errors in Tafel slope estimated from fitting that data, as they are artificially deflated by
an abundance of data points. However, we were also unable to use the Bayesian data analysis
approach developed previously'® to fit the full data set, as this approach has difficulty dealing
with phenomena such as background current. Instead, we have opted to tabulate here how the
reported Tafel slope would change with slight changes in the fit region. Note that we have not

altered the width of the fit region, which is 1 decade of current in all cases.

Table A-B4. Sensitivity of Tafel slope to fit range

Concen- | Reported TS fit | Reported TS | Reported | TS 0.1 | TS 0.1
tration start (log (1/ fit end (log (i/ TS decade | decade
H>0 (M) mA cm)) mA cm™?)) (mV/dec) | earlier | later
0.5 -0.5 0.5 183.4 186.1 | 184
1 -0.6 0.4 172.1 176.4 | 172.4
2.5 -0.6 0.4 148 148.9 | 1484
5 -0.6 0.4 144.5 145.1 | 144.8
6 -1 0 130.4 132.2 | 130.6
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The Tafel slope is relatively insensitive to fit range within this window, changing by less than

5 mV/dec with a shift of 0.1 dec in either direction.

B.20 Discussion: Water dependences of HER in blended electrolyte at
different potentials

There was a small window in which we could make comparisons of HER rate across most
water activities. The following plots represent constant-potential cuts (w.r.t. Meio-Fc) through
the same data set, made at different potentials than the one reported in the main text. Data for
which total current density was lower than ~0.75 mA/cm? was discarded as there was likely

too much interference from the ORR background.
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Figure A-B23. Water dependences of HER on Au at multiple potentials: A) -1.8 V vs. Meio-
Fc, B) -1.825 V vs. Meio-Fc, C) -1.85 V vs. Meio-Fc, D) -1.875 V vs. Meio-Fc, E) -1.9 V vs.
Meio-Fc, F) -1.925 V vs. Meio-Fc.
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Data shown in the main text — the plot at -1.875, here also shown with an additional lower-
concentration data point (Figure A-B23D) — was selected so that the broadest range of water
concentrations could be compared at a single potential. Because the water dependence across
this range of potentials is similar, we can say that the data selected for inclusion in the main
text is fairly representative of the full data set, and that the analysis would not change drastically

if we had selected a slightly different potential.

In all cases, the linear fits to the activity data are fairly strong. In addition, we can observe an
interesting trend: there is an apparent decrease in water dependence with decreasing potential
(increasing overpotential). At the same time, the discrepancy between measured water
dependence with respect to concentration versus activity decreases as potential becomes more

reductive — although this is at least partially due to the concentration range being compared.

B.21 Discussion: Sources of errors (accounted and unaccounted) in
HER water dependence data

The errors accounted for in main text Figure 3-2C, the water dependence of HER in the
acetonitrile-water blended electrolyte, are the following:
e X-error: error from triplicate activity measurements (no x-error reported for
concentration data)
o This is the same as error shown in Figure 3-2A, shifted into the log space.
e Y-error: error estimated from the process of averaging the oxidative and reductive
peaks during Meio-Fc calibration
o This potential error from calibration was propagated through to the LSV data to
yield errors in measured current. Note that it is relatively small compared to X-

error on activity data set.

Known errors that are not accounted for, either because they are difficult to accurately quantify
or because they likely contribute little to the results, include:

e Temporal changes in electrolyte composition throughout the HER run due to

evaporation

o Because the system was open, some amount of electrolyte was able to evaporate

during the run. Since acetonitrile is the most volatile system component,

followed by water, it stands to reason that the electrolyte left to evaporate would

increase both in water concentration and in ionic strength over time. However,

typical volume losses for recovered electrolyte over the course of a ~4-hour
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experiment were roughly 3 mL, about 10% of the total electrolyte volume and
no more than 20% of the working electrolyte volume. Actual electrolyte losses

at the time of the reported LSV were likely substantially less than this.

Temporal changes in the reference throughout the HER run, and corresponding
differences in potential

o From the measured OCV data, we know that the junction behavior of the “leak-

free” Ag/AgCl pseudoreference changes over time. Depending on the
electrolyte and the state of the reference, it appears that potential behavior can
shift at different rates as well. (Figure A-B16) This is why, despite the LSV
experiments being shorter than the reported OCV measurement experiments,
and despite the LSVs for all compositions taking place at nearly identical time
points after the start of the corresponding experiment (1.5 hours), there is still
considerable uncertainty in how the behavior of the pseudoreference
contributed to errors in water dependence measurements. However, looking at
LSVs immediately following those reported in Figure 2B (see Figure A-B13, as
the rotation rate dependence experiments were conducted in the following 2
hours, in the order 1600 RPM — 900 RPM — 2500 RPM), we can see that HER
takeoff occurs around the same potential at each time point, suggesting that the
reference is reasonably stable in the working electrolyte, and therefore this
source of error is relatively small. Perhaps coincidentally, the largest change
over time is observed in the 1 M water experiment, for both the sequential LSV's

(Figure A-B13) as well as for the OCV measurements. (Figure A-B16)

Any run-to-run differences for a given electrolyte composition

o Because only one data set for each electrolyte is used to draw the conclusions

here, we did not account for error between runs. However, replication
experiments completed within the lab using different pseudoreference
electrodes yielded similar Tafel slopes and water dependences as those reported

here.

Instrumental errors from electrolyte formulation

o This can be calculated from reported errors for pipettes used in making

electrolytes, but such errors tend to cancel and should be negligibly small.



B.22 Discussion: On curvature in order-dependence data

We wish to stress once again that linearity should absolutely not be expected from order-
dependence data a priori. It is interesting to note, however, that at essentially every ET-
referenced potential shown here, the activity correction does serve to make water dependence
data more linear. One way to show this mathematically is to look at the residuals of the linear
fits for the concentration-based and activity-based data. If a data set is fairly linear, the residuals
will scatter around the fit without a trend. On the other hand, if there is curvature in the data,
the residuals will exhibit obvious curvature, with a parabolic shape. We show a representative

visualization for the HER water dependence data here.

o
a

0.10

0.1

0.05

0.00

0.0

-0.05 4

-0.10

-0.1

T T T 1
0.0 0.5 1.0 1.5 2.0
Fitted Y

T T T T
0.5 1.0 15 20
Fitted Y

Regular Residual of Waterdep C"log (Current Density / mA cm™)"
Regular Residual of Waterdep C"log (Current Density / mA cm™2)"

Figure A-B24. Residuals of fit for HER water dependence data in the case where the x-axis
is log(concentration) (left) and log(activity) (right).

B.23 Discussion: Water movement across the glass frit

It was noted that during hydrogen evolution experiments on the RDE with electrolytes
containing a high activity of water — i.e. the 6.6 M condition — the counter-electrolyte would
cloud up and phase-separate as the experiment progressed, indicating that water activity
exceeded unity in this compartment. We hypothesize that because the cell was operated under
basic conditions, the primary ionic charge carrier was OH™ — and as this OH" diffused/migrated
toward the anode during operation, it brought with it a solvation shell containing mostly water.
For this reason, there is some transiency to the electrochemical measurements — water activity
may be slightly decreasing in the working electrolyte over time. (This balances with electrolyte

evaporation, however, which favors vaporization of acetonitrile — therefore, it is hard to predict
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the nature of the transient change in water activity. This could of course be directly measured

through HS-GC-TCD.)

Figure A-B25. Phase separation observed in anolyte of H-cell during HER at high-an2o

conditions.

B.24 Discussion: Effect of water content on organic substrate activity
for OAT reactions

While quantifying water activity for the OAT electrolytes, we were also able to quantify
activity for the OAT substrates (cyclooctene, cyclohexanone) with changing water content. A

plot of cyclohexanone peak area vs. electrolyte water content is shown here.
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Figure A-B26. Cyclohexanone substrate HS-GC-TCD peak area versus lactonization

electrolyte water content.
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Unfortunately, likely due to the low volatility of the organic substrates, the spread on these
measurements was fairly large. It was difficult to assess whether there was a trend in

cyclohexanone activity with water content from this data set alone.

In the case of cyclooctene, only two data points were collected: one at low water content and
one at 12.5 M water. In line with our intuition that increasing water content should increase the
activity of hydrophobic cyclooctene, the peak area for the 12.5 M water case was 3.4 times
larger than the substrate peak area in a 0 M water electrolyte. However, this difference is on

the same order as the spread in the cyclohexanone data, so results here too are inconclusive.
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APPENDIX C: ADDITIONAL CONSIDERATIONS FOR DIRECT
ELECTROCHEMICAL BENZYLIC C-H ACTIVATION

C.1 Methods

C.1.1 Experimental

Prior to each xylene oxidation experiment, PEEK electrochemical cell parts (described in
Appendices A & B) were washed using acetone, water, and 10% nitric acid. For the working
electrode, circular AvCarb P50 working electrodes were punched out of a stock sheet with a
12 mm hole punch. Sigracet BC electrodes, which served as the backer to prevent electrolyte
leakage, were punched slightly larger (~14 mm). An aluminum foil current collector was placed
behind this Sigracet paper, and discarded after every experiment. A leak-free pseudo-reference
electrode was calibrated versus a Master Ag/AgCl reference as described in Appendices A &
B. A Pt foil washed with acetone, water, and 10% nitric acid between experiments was used as
the counter electrode. The PEEK cell was assembled with an acetone/water/nitric-washed stir
bar in the working compartment, and a similarly washed Daramic separator between the

working and counter compartments.

After insertion of the electrolyte, the stir bar was set to stir at 80 rpm. For a typical
chronoamperometric experiment, the following EC-Lab sequence was then initiated on the

potentiostat:

e PEIS: 200 kHz — 1 Hz (measure Ohmic resistance)

e Pause (enter measured R value into MIR)

e MIR: 85% (manual IR compensation of ~15 Ohm for experiments in 0.885 M TBABF4)
e CV:between OCV and ~1.7 V vs. Ag/AgCl (roughly 1.3-1.4 V vs. Fc)

e OCV: 10 seconds (relax)

e CA: at desired potential, passing 50 C

All tests were conducted in a fume hood or under local exhaust ventilation to prevent exposure

to xylene, which is carcinogenic.

Following each experiment, electrolyte was removed from the cell into a 5-mL volumetric flask
where it was diluted to 5 mL total volume before being returned to a vial for sampling. This
was to ensure the total volume of the sample was known, and therefore the concentrations

measured during product quantification could be converted to total number of moles.
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NMR samples were then prepared using:

300 pL electrolyte sample
270 pL d3-ACN (for locking)
30 pL 1,3,5-trimethoxybenzene internal standard in d3-ACN

Each sample was then measured using a Varian 501 MHz NMR. Solvent suppression was

conducted to dampen the ACN and water peaks (‘wet’ method). Quantification was achieved

by comparing the areas of the peaks of interest to those of the internal standard (1,3,5-

trimethoxybenzene). To ensure that relaxation times did not convolute results, standards were

collected with known concentrations of products (examples below).

C.1.2 Data processing

In processing NMR spectra, the following steps were taken:

PHI phasing around the solvent peak

o Ifneeded, PHO phasing around xylene peak
Baseline correction

o Whittaker smoother with custom filter
1,3,5-trimethoxybenzene aryl peak shifted to 6.1 ppm

Peaks integrated manually

C.2 NMR standards

Solutions were prepared with known amounts of the following xylene oxidation products:

Terephthalic acid
4-carboxybenzoic acid
Terephthalaldehyde
P-toluic acid
P-tolualdehyde
4-methylbenzyl alcohol
None (xylene blank)

Solutions were made using 1,3,5-trimethoxybenzene as an internal standard. "H NMR of the

solutions is shown below, with color scheme matching that of Figure 4-1.
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Figure A-C1. NMR standards for selected xylene oxidation products.

C.3 Confirming overall reaction: HER Faradaic Efficiency

To verify the overall reaction, an experiment was conducted at standard conditions (ACN with
0.885 M TBABF4, 5 M H20, 200 mM xylene; ~1.3 V vs. Fc) while N2 was purged through the
counter electrolyte (catholyte) to an in-line gas chromatograph. H> was detected at this
chromatograph with essentially 100% cathodic FE following a lag time during which the

experiment was starting up. This confirms that the overall reaction is largely:

CgH,o(xylene) + H,0 — CgHgO(tolualdehyde) + 2H,
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Figure A-C2. Hydrogen from the cathodic half-reaction detected using in-line gas

chromatography.

C.4 Mass closure

A series of potential-dependence experiments was further examined to calculate the percentage
of xylene mass accounted for, between known (calibrated) oxidation products and the
remaining xylene substrate. Total mass closure percentages ranged from ~60-90%, with one
outlier at 120% mass closure. Note that this low mass closure may be partly due to the fact that
xylene as the substrate has not been calibrated on 'H NMR. Additional experiments are

required in order to fully account for the initial substrate mass.
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Figure A-C3. Mass closure on initial xylene substrate, based on '"H NMR.
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C.5 Bayesian method Tafel slope distribution

In order to better estimate uncertainty around the collected Tafel data, a Bayesian estimation
framework was employed to yield a Tafel slope distribution.!>® The data submitted for analysis
were a combination of aldehyde and alcohol FEs, in contrast to the data presented in Section
4.8.1. This should not greatly affect analysis, however, since the amount of alcohol generated

in these experiments is relatively small.
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Figure A-C4. Tafel data for xylene oxidation fitted using Bayesian analysis approach.'*8

Results indicate that the Tafel slope exhibits a monomodal Tafel slope distribution around ~90
mV/dec. It is possible that the relatively small number of data points (18) used to achieve this

fit have led to the intermediate, non-cardinal value.

C.6 Impact of water concentration on xylene activity
Using manual headspace injection techniques, the activity of xylene was measured as a
function of electrolyte water content in order to assess whether the measured water order was

in any way attributable to changes in the substrate thermodynamics.
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Figure A-C5. Rough measurement of xylene activity as a function of water concentration.

The resulting fit to xylene peak area is fairly flat, exhibiting no trend with respect to water
concentration, although it should be noted that there is a large spread in the data, on the same
order as the total peak signal. This is likely due to a combination of the relatively low volatility
of xylene at room temperature (and therefore the low total peak area), as well as the fact that
these were manual injections from poorly-sealed headspace vials. Additional automated

headspace measurements are recommended.

C.7 A note on running constant-conversion experiments

During the xylene dependence experiments, the initial approach tested was to run at constant
charge passed, rather than constant theoretical conversion. This resulted in as much as ~80%
theoretical conversion at very low concentrations of substrate, which resulted in substantial
depletion of substrate throughout the run, and corresponding decreases in reaction rate. This
had the overall effect of increasing the apparent reaction order with respect to xylene, causing
us to run many superfluous experiments in search of the cause of this dependence. This is all
to say, we wish to reiterate the importance of running experiments to similar extents of

conversion to avoid issues of substrate depletion in the course of a batch run.
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