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Abstract

Upcoming depletion of non-renewable fossil fuels provides an urgent prompt for
reshaping the current structure of both direct energy sources and processing for industrial
chemicals. Biorefinery hints an alternative pathway especially in processing industrial
chemicals through oxidation of bio-derivable alcohols towards aldehydes and carboxylic
acids that may serve as precursors to esters and polymers. With development in
photovoltaic electrolyzers, renewable-energy compatible electrocatalysis serves as a
promising tool to perform the selective oxidation reaction under the principles of green
chemistry.

Aldehydes are considered relevant industrial chemicals that are usually evolved from
fossil-fuel dependent procedures. Alcohol oxidation towards aldehyde products usually
suffers from poor selectivity, remains challenging in the field and relies heavily on noble
metal complexes or electrocatalysts. Here, this thesis outlines strategies to use inorganic
mediators and noble-metal-free inorganic materials to achieve selective ethanol oxidation
towards acetaldehyde. Solvent-free electrolysis, with ethanol as both the solvent and the
substrate, is heavily implemented, where acetalization allows the generated acetaldehyde
to be protected. This scheme is however understudied with ethanol being thought of as a
difficult solvent for electrochemistry.

Under these circumstances, Chapter 2 investigates the use of chloride as redox mediator
for solvent-free ethanol oxidation. On glassy carbon (GC), cyclic voltammetry (CV) shows
chloride oxidation originates at lower potential compared to oxidation in chloride-free
electrolyte. Constant potential chronoamperometry (CPC) shows 2-electron ethanol
oxidation to 1,1-diethoxyethane (DEE) proceeds with >95% faradaic efficiency (FE) with
chloride electrolyte. DEE arises from acetalization of acetaldehyde and protects
acetaldehyde from overoxidation. UV—vis spectroscopy shows that ethyl hypochlorite
(EtOCl) is the sole chloride oxidation product, which is known to decompose
unimolecularly to form HCI and acetaldehyde. Finally, kinetic experiments show steady-

state formation of EtOCI during electrolysis.
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Chapter 3 seeks to understand the mechanism of the chloride oxidation reaction (COR)
in ethanol. CV carried out at varying scan rate in inert dichloromethane solvent establishes
a Volmer step, where solution chloride ion adsorbs as chlorine(0) on GC. At higher applied
potential, a second electron transfer from ethanol solvent occurs, forming EtOCI. Rotating
ring-disk electrode (RRDE) measurement and in sifu spectroelectrochemical
measurements corroborate the mechanism by showing no EtOCI is produced in lower
potential (<0.8V), despite anodic current being observed. Thus, the 2-electron COR
mechanism is confirmed to be Volmer step followed by a subsequent reaction between
ethanol and adsorbed chlorine(0). Koutecky-Levich (K-L) analysis quantifies the kinetic
rate constant of the COR to be 107 to 10 s!, which is 2 — 3 orders of magnitude faster
than direct alcohol oxidation.

Chapter 4 develops a noble-metal-free electrocatalyst for neat ethanol oxidation. MnOx
is deposited on FTO by electrochemical deposition. The material is amorphous by X-ray
diffraction (XRD), and X-ray photoelectron spectroscopy (XPS) reveals a mixed-valent
manganese (between Mn*" and Mn*"). Similar linear-sweep voltammetry (LSV) current
responses are observed when tested with CI'-, NOs™-, and OTf- containing electrolytes,
indicating direct ethanol oxidation occurs on MnOx. After 16-hour CPC, >90% FE for DEE
is observed by gas chromatrography in both BusNOTTf and HOTT electrolytes. Elemental
analysis of the electrolyte solution shows <1% Mn dissolved after long-term electrolysis,
highlighting its operational stability. With no potential applied, Mn dissolution occurs, and
we propose the chemical oxidation of ethanol by Mn*" is the rate limiting step, supported

by Tafel analyses in electrolytes of varying acidity.
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Chapter 1

Introduction
1.1. Renewable Resource Transition as the Solution to Fossil Fuel Depletion

1.1.1. Current State of Fossil Fuel Dependence

Non-renewable fossil fuels, despite their limited reserve, have seen their consumption
by human activities elevating since the 1800s. Such resources were initially consumed as
mainly direct energy sources as they are burnt for heating or generating electricity.!
Accompanied with the development of chemical industries and the elevating requirement
of synthetic materials, fossil fuels are also found to be critical as the fundamental source
for processing, especially for industrial organic chemicals.? As of today, these two
directions are still dominated by fossil fuels, and the productivity of many industries
heavily relies on their efficient mining and conversion.

Formed from the slow decomposition of prehistoric biomasses, the once-abundant
reserves of fossil fuels have made them convenient for human beings to harvest and utilize.
However, due to the non-renewable nature of such substances, their complete depletion is
fast approaching. A 2020 study projects that the current reserve of major fossil fuels, coal,
oil and natural gas, will run out in 139, 54 and 49 years, respectively.® This is particularly
due to the elevating consumption of such resources over the past century as can be seen
from Figure 1.1.* One may also notice an equally daunting fact that despite the steady
increase in total energy consumed, the contributions from renewable sources as well as
nuclear are still far from ideal. Moreover, consumption of these carbon-based feedstocks
brings significant public health and environmental impacts. Studies have shown that air
pollution created from fossil fuel processing causes millions of casualties annually globally,
in addition to as much as greater than 2 degrees Celsius of regional warming resulting from
the greenhouse gas emitted.>

As such, efforts in developing renewable energies are being made by entities to target

fossil fuel phase-out. Realistic projections indicated such phase-out can bring significant
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Figure 1.1. Trend of total energy consumption and breakdown of contributions from each
component for the 1965-2022 region.

benefits towards controlling the adverse effect towards air quality and global warming.’
Given the heavy current dependence on those traditional resources, the transition is
expected to be a long way ahead, yet the deadline is fast approaching. Fortunately, many
forms of renewable energy can be harvested and utilized once the corresponding
technologies become mature. The corresponding data for “other renewables” in Figure 1.1

consists of biofuels, solar, wind, hydropower, nuclear, and other minor sources.
1.1.2. Biomass Derived Alternative Resources for Processing

The catalytic conversion of fossil fuels remains the biggest source of many fundamental
chemicals used in multiple industries. For example, hydrogen gas is sought after as the
ideal “clean” fuel due to its high heat value and preferred combustion product (water).?
However, greater than 75% of its industrial production arises from fossil fuel conversion,
including steam-methane reformation with natural gas or from coal gasification.” Despite

the fact that these methods inevitably produces COz as a byproduct, the overarching reason
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for their dominance is the low cost for H2 generation compared to renewable approaches,
including photochemical and photoelectrochemical catalysis that has the potential of
utilizing the pseudo infinite solar energy. Similarly, crude oil cracking provides feedstock
for a variety of critical chemicals including methane, ethylene, propylene, butadiene and
aromatics that are then used as starting materials for synthesis of other organic
chemicals.!%1112

Gratefully, fossil fuel is not the only carbon-rich material available. Through
photosynthesis, creatures can generate a theoretical value of ~100 billion tons of biomass
annually.”> While not all the biomass is harvestable, agricultural practices see a striking
amount of biomass byproducts produced that can be further utilized. Lignocellulosic
biomass is widely collected as a byproduct from sugarcane and corn agriculture and has
been overlooked and wasted until recent years. Roughly 180 billion tons of such biomass
is produced annually and, even though only a small portion of it has been utilized,
industries have found the potential in converting it towards value-added products. Figure
1.2 shows possible outcomes of lignocellulosic biomass valorization. Through a series of
biological and chemical refining, a series of small molecules (petrochemicals) that would
otherwise require the above-mentioned oil cracking can be obtained. For example, >112
Mton ethylene, >9.3 Mton butadiene and >71 Mton propylene per year is generated from
petroleum refining. These chemicals are then crucial for the formation of other industrial
chemicals. Fortunately, the processes illustrated in Figure 1.2 can be implemented with
little technical difficulties. From bio-derivable ethanol, ethylene can be obtained through a
scalable thermal dehydration reaction; butadiene can be prepared with an aldol
condensation reaction with >70% yield between ethanol and acetaldehyde, which can
originate from dehydrogenation (oxidation) of ethanol. Finally, propylene can be produced
in industry scale by dehydration of 1,2-propanediol.'* Considering that greater than 180
billion tons of biomass is produced annually, fully covering the needs for such chemicals
can be possible with the advances of technology and chemical engineering. Hence,
products from biomass refining provide an approach to relieve the dependence on fossil

fuels and their conversions by enabling alternative synthesis routes for chemicals.
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Figure 1.2. Possible production pathways of some petrochemicals from conversion of
lignocellulosic biomass.

1.2. Renewable Energy Driven Catalysis of Bio-derivable Feedstocks
1.2.1. Venturing beyond Traditional Synthesis Methods

Both the fossil fuel reformation and biomass refining pathways in most cases only yield
starting precursor for the chemicals needed for real-life applications. As such, performing
catalytic conversion is critical to bringing absolute value to the resources.!> With the
development of photovoltaic technologies, direct and indirect conversion of renewable
solar energy has been more effective. Electrocatalysis, photocatalysis and
photoelectrocatalysis thus also received lots of attention and development recently,

especially with the potential of direct generation of electricity from photon energy.'¢



Compared to traditional chemical conversion methods, these approaches have potential
to be more budget and environmentally friendly. Partial or complete removal of
stoichiometric reactant strongly increases the atomic economy, which is highly sought after
under the guidance of green chemistry principles.!” Moreover, these methods possess less
demand for reaction conditions and can usually be carried out at ambient temperature and
atmospheric pressure, allowing a further cut for cost and simplification of chemical

processing devices.
1.2.2. (Photo)Electrochemical Water Splitting and Hydrogen Evolution Reaction

The most attractive and most developed reaction to carry out with these methods is
currently water splitting. Due to the lack of stoichiometric oxidants/reductants, both sides
of the redox reaction can be cast on the chemical of interest and can usually be engineered
as needed. Hydrogen gas can be obtained from the cathodic (reduction) side of water
splitting and may serve as an important secondary energy carrier, where ideally renewable
energy is stored, besides the benefits mentioned earlier as clean fuel.'® On the other side,
oxygen gas is formed in the anodic (oxidation) reaction. A general scheme for
electrochemical water splitting to give Oz and Hz and corresponding standard potentials for

the half reactions can be found in Figure 1.3."

) In acidic solution:

H,0 — > 1/20,+2H*+2¢ E°=-123V
* 420 H,0 - 26"
E1ihg = f 2 2H* +2¢ —~ H, E°= 0.00 V
K In alkaline solution:
Ha 2H" + 2OH- —— 120, +H,0 +2e° E°=-040V
) LI, 2H,0 +2e¢ ——>=  H,+20H" E°=-0.83V
Cathode Anode
Membrane

Figure 1.3. Scheme of electrochemical water splitting. Standard potentials for the
corresponding electrode reactions are listed.

Considering the high cost for seawater purification, despite being an industrialized
process, water splitting is far from ideal, and there are still angles for improvement.?® In an

engineering viewpoint, efforts must be made to ensure the complete separation of the



generated oxygen and hydrogen gases to avoid the explosion hazard.?! Chemically, the
oxygen evolution reaction (OER) shown in Figure 1.4 has a complicated mechanism, is
thermodynamically energy demanding, and requires a large overpotential.?? Finally,
oxygen as the anode product generates very low financial value. Therefore, researchers
have been seeking valuable substitutes for the OER reaction to couple with the desired

hydrogen evolution reaction (HER).
1.2.3. Bio-derivable Alcohol Upgradation as Anodic Reaction

As discussed, bio-derivable alcohol (abbreviated as bioalcohols) is a readily available
resource that can be utilized to relieve the dependence on petrochemicals. Ethanol is one
of the most used and produced bioalcohol, and much of its current usage is as either fuel
additives or as fuel itself for automobiles.?> However, as a versatile chemical, ethanol can
serve as the platform for the synthesis of many other industrial chemicals, including
ethylene, acetaldehyde, acetic acid, ethyl acetate and as polymer precursors.>* The majority
of the chemicals mentioned above require an oxidative conversion of ethanol, which can
be potentially carried out via renewable energy driven approaches mentioned in 1.2.1.
Another example is 5-hydroxymethylfurfural(5-HMF), which can also be formed from the
degradation of lignocellulosic biomass.”®> Upon selective oxidation, 5-HMF can be
converted to a variety of valuable species that serves as precursors to bio-derivable
polymers.?® In addition, glycerol is also well sought after for its versatility in forming
various chemicals upon oxidation or oxidative cleavage, despite originating from a
different type of biomass.?”-?®

Still, the major purpose of performing these reactions is to produce valuable hydrogen
gas with the cathodic reaction. This makes bioalcohol a more suitable target substrate
especially amongst organic molecules, not only due to the extra solubility of small alcohols

in water where water is the natural proton source, but also from the potential for non-

aqueous electrocatalysis where the alcohol itself could serve as the proton source.
1.3. Principles and Strategies of Electrocatalysis

1.3.1. Electrochemistry and Electrochemical Organic Synthesis



Electrochemistry is one of the most powerful tools when it comes to performing redox
reactions. In an ordinary electrochemical cell, one would expect the presence of electrodes,
electrolyte and usually solvents. Depending on the setup required for the cells, all the
components can be in different phases. A potentiostat is usually attached to the electrodes,
where designated programs can be run to control the potential or current output into the
cell. Generally, a 3-electrode setup including a working electrode (WE), a reference
electrode (RE) and a counter electrode (CE) is preferred. The working electrode is where
the most controlled reaction happens depending on the orders sent to the potentiostat. To
ensure a precise quantification of the relative potential applied throughout the measurement,
reference electrode is used as a non-polarizable electrode that serves as a steady reference
point with known potential values. Finally, counter electrode ensures a complete circuit is
formed between the cell and the potentiostat, and the opposite direction of electron transfer
proceeds compared to the WE.*

Thus, electrochemical setup separates the desired alcohol oxidation reaction (AOR)
away from the rather simple hydrogen evolution reaction so one can better provide the
precise control needed in selective alcohol oxidation, where various mechanisms may
proceed and lead to different products. An illustration of the AOR—HER cell can be found
below in Figure 1.4.%° Despite this, one still needs to keep in mind that the oxidation and
reduction must proceed at the same rate. This provides more impetus to replace the slow
4-electron 4-proton OER with AOR, since the OER could be rate-limiting thus slowing the

HER down.

OH
2H* + 2"
R -2e
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5 /\OH _ )]\ + 2H* + 2o E°=0.22V vs. NHE
DI H
R”H

Hp

2H'(aq) + 260 — Hy(g) E° =0.00 V vs. NHE

Cathode Anode

Figure 1.4. Scheme of AOR-HER electrochemical cell. Acetaldehyde/ethanol pair is
selected as the model redox couple to demonstrate the design. Standard potentials of the
electrode reactions are also attached.

In recent decades, electrocatalysis based organic synthesis has seen a renaissance where

researchers are re-realizing its benefits and discovering amounts of novel reactions.’!



Through applied potential on the electrodes, one-electron transfers that induce radical
species critical to certain organic synthetic mechanisms may proceed in mild conditions.
Moreover, through manipulating the chemical potentials of the solution redox couples as
well as the potential applied on the WE, accurate control of reaction that happens can be
achieved, thus unlocking undiscovered mechanism that would otherwise be impossible or

avoiding undesirable parasite reactions easily.>?
1.3.2. Direct Electrocatalysis

Selectivity is one of the major concerns in synthetic chemistry since it dictates both the
yield and the extra cost introduced by purification and separation.’® Electrochemically,
selectivity can be controlled through different approaches depending on the type of
electrolysis.

Direct electrocatalysis usually refers to the scenarios where the charge transfer proceeds
directly between the working electrode surface and the targeted substrate. In this case, the
substrate molecule will need to diffuse to the electrical double layer, possibly adsorb onto
the heterogeneous electrode, and then the product must diffuse away from the surface so
that new substrate molecule can diffuse into the double layer. Thus, the reaction is heavily
dictated by the physical structure and chemical properties of the working electrode material.
An ideal reaction then would require swift adsorption and low-energy electron transfer
intermediate to form with the surface.’® To satisfy these criteria, noble metal-based
electrodes are usually considered the best candidate, especially for alcohol oxidation
reactions.®> Various research has been carried out with several noble metal electrodes,
where unique strong absorption features are observed for C=0 intermediates.*® For direct
electrocatalysis, selectivity is controlled through engineering of electrode material to favor

different intermediates, and alternating electrochemical potential applied to the surface.
1.3.3. Indirect Electrolysis with Mediators

While direct electrolysis serves as a straightforward approach, the requirements
mentioned above set many restraints on the material-substrate couple. Expensive, toxic
noble metal outperforms most other materials due to their excellent properties in adsorption
and stabilizing charge transfer intermediates.’” To put more materials to use and make more

mechanisms available, indirect approaches have been introduced. Redox mediators are
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then utilized to bypass the hindrances of the direct pathway. Figure 1.5 shows the general

scheme for mediated indirect electrolysis.

Mediated Electrocatalysis

Med* Sub
WE!| -€
Med Sub*/Product

Figure 1.5. Scheme of mediated electrolysis for a 1-electron oxidation reaction. For
simplicity, the counter electrode part is removed from the scheme.

Heterogeneous or homogeneous mediators will perform electron transfer (in this case,
oxidation) instead. The substrate will subsequently get oxidized in a separate chemical step
with the oxidized form of the mediator, with the mediator regenerated. Criteria for choosing
redox mediators for alcohol oxidation are: 1) the mediator provides decent selectivity
towards the desired product;®® 2) the mediator is inexpensive and readily available; and 3)
most importantly, the mediator possesses fast kinetics for its oxidation on the anode, as
well as fast kinetics for oxidizing the alcohol.** With those in mind, various organic and
inorganic mediators has been researched on, and are shown to enhance not only the
selectivity but also the rate of alcohol oxidations towards desired products.*#!

Despite the benefits of mediators, there are noteworthy hinderances in their applications
and should be considered when designing reactions. Many mediators are noble metal based
organometallic compounds that suffer from poor stability in ambient conditions;*** extra
separation step adds to the cost for the recycle of organic mediators; active species

generated from the oxidation/reduction of mediator molecules is too active that parasite

reactions may proceed.*

1.3.4. Noble Metal Free Electrodes/Electrocatalysts
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Noble metals are known to have very scarce preserve in earth crust. They pose a high
cost in mining and purification, while producing strong adverse effects when released to
the environment. Developing noble metal free materials thus shows much importance.

Figure 1.6 shows the abundancy of minable metal elements.*’
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Figure 1.6. Abundance of different metals on the earth’s surface.
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Early transition metal oxides have been shown to perform alcohol oxidation, yet they
always lack the characteristic adsorption feature exhibited by noble metals. Fortunately,
with control over synthetic methods, the surface composition and morphology of these
metal oxides can be engineered and can be addressed by surface characterization
techniques. Advanced material synthesis methods then gave birth to tandem materials
where noble metal components are loaded to a metal oxide backbone to maximize the
surface area, utilize the benefits from the noble metal oxide and reduce the cost.’
Nonetheless, researchers are still striving to create genuinely noble metal free
electrocatalysts that provide similar outcomes as their noble metal based compartments.

Practically, transition metal oxides (TMOs) exhibit very different electrochemical
properties in operation.*® Compared to noble metal substance and noble metal oxides,
TMOs usually suffer from poor chemical stability under unideal conditions. Under applied

potential, electrochemical corrosion or passivation can also happen, adversely affecting the

10



activity of the material.*” Moreover, based on element-based Pourbaix diagrams, TMOs are
also prone to composition changes depending on the environment they are placed in.*® Thus,
much effort is still needed to bring TMOs to the high level of performance that noble metal

based materials have been at.
1.4. Thesis Scope

This chapter highlights the overarching drive and the problem to tackle for the research
carried out in this thesis. Realizing the potential of coupling electrochemical bio-derivable
alcohol oxidation with hydrogen evolution reaction as an improvement substitute to water
splitting, this thesis aims to provide cutting-edge insights and practices into performing
such reactions with satisfactory rate and selectivity on noble metal free materials. Both
direct and indirect approaches will be investigated alongside strategic improvements that
bring totally different mechanisms. Electroanalytical approaches are implemented to fully
understand the mechanism in neat ethanol, where chloride is used as an affordable and
abundant mediator that is found to significantly accelerate the rate of electrochemical
alcohol oxidation. Following deciphering the mechanism, noble metal free materials are
fabricated and used as electrocatalysts for the alcohol oxidation reaction. The material
exhibited a faster rate and excellent stability even under strong acidic conditions. Finally,
strategies in adapting the solvent-free mechanism into the upgradation of more alcohols
will be discussed, where the use of light-adsorbing semiconductors as photocatalyst is
considered as a promising approach to circumvent the potential issues in electrochemistry
or photoelectrochemistry.

Chapter 2 demonstrates the use of chloride anions from simple salts as redox mediators
for electrochemical ethanol oxidation. Following recent work from the author and the
research group, a solvent-free condition where ethanol serves both as solvent and substrate
is explored. This condition showed completely different reaction pathways compared to
the previous work, in which chloride was oxidized to hypochlorous acid (HOC]I). Instead,
UV-vis showed the formation of ethyl hypochlorite (EtOCl), avoiding the formation of an
oxidized species with too strong oxidizing properties. Instead of functioning as an oxidant
like traditional mediators, EtOCIl produces acetaldehyde (MeCHO) with spontaneous

decomposition in a separated chemical step. This alternation in oxidation product from
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chloride oxidation reaction (COR) proves to be crucial in optimizing the selectivity of 2-
electron oxidation product of ethanol. This work opens the gate towards a reaction system
that provides excellent selectivity control, while utilizing a very accessible mediator that
significantly accelerates the reaction.

Chapter 3 provides an in-depth mechanistic study for the electrochemical COR
discovered in Chapter 2. In the latter, ex sifu approaches are applied to prove the formation
of EtOCI following COR, including cyclic voltammetry and UV-vis absorption analysis.
To obtain more understanding on this newly discovered anode reaction, electrochemical
analysis with faster timescale is utilized. Rotating ring-disk electrode analysis (RRDE), as
well as other electrochemical methods, are carried out to determine the kinetic and
mechanistic details of the reaction. Voltammetry experiments in an inert aprotic solvent
revealed the presence of an one-electron Volmer step of Cl™ oxidation to C1(0) on the surface
of the carbon. RRDE revealed the significant rate difference (2-3 orders of magnitude)
between COR and direct ethanol oxidation in the absence of chloride. Eventually,
collection experiments with RRDE, alongside spectroelectrochemical analysis indirectly
confirm the presence of a first step where EtOCI isn’t generated despite the presence of
anodic current.

Chapter 4 discovers an appropriate noble metal free electrocatalyst specifically for the
solvent-free ethanol oxidation scheme. On a FTO substrate, MnO. was deposited by
electrochemical deposition followed by annealing. Compared to bare FTO electrode, MnOx
showed lower overpotential besides faster rate, as is revealed by Tafel analysis.
Additionally, very similar current response as well as overpotential was observed for
chloride-based and chloride-free electrode, indicating the electrocatalyst can accelerate the
kinetics of direct ethanol oxidation reaction by such a great extent that the rate advantage
of mediators no longer exists. Moreover, the anodic current is found to be stable even in
high concentration of triflic acid during electrolysis, and that the acidic condition further
elevates the reaction rate. ICP-MS revealed neglectable dissolution of manganese after 24-
hour electrolysis, further confirming the excellent stability. To understand the mechanism,
thorough material characterizations are carried out for the film before, during and after
electrolysis. It is hypothesized that a regeneration mechanism proceeds in maintaining the

integrity of the MnOx film. This work adds to more progress to the solvent-free alcohol
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oxidation scheme by proving that noble metal free electrocatalysts can significantly
accelerate the once-sluggish process while maintaining excellent selectivity.

Despite the promising results with alcohol oxidation in neat ethanol scheme, its
drawbacks and limitations must be acknowledged. Chapter 5 delivers a comprehensive
view on the potential approaches to bypass or circumvent those issues, either by performing
photocatalysis or by introducing inert solvent to extend the scheme to different sorts of
alcohols. This chapter also discusses the current state-of-the-art strategies applied in
photocatalytic alcohol oxidation, from the standpoint of both alternating mechanisms and
engineering of the semiconductor nanomaterials. Eventually, preliminary results are
included to demonstrate the effectiveness of those strategies under solvent-free scenarios.
The author believes that this thesis will be able to inspire further investigation in materials
and mechanisms for the newly established solvent-free alcohol oxidation scheme, a novel
subfield in renewable energy driven bio-derivable organic substrate upgradation and assist

in relieving the elevating dependence on fossil fuels.
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Chapter 2
Selective Electrochemical Chloride Mediated Neat Ethanol Oxidation to 1,1-
Diethoxyethane

Portions of this chapter have been published:

Reprinted with permission from Li, S.; Bartlett, B. M. J. Am. Chem. Soc. 2021, 143, 15907-
15911. Copyright 2021 American Chemical Society.

2.1. Introduction

Selective conversion of biomass-derivable compounds has potential to serve as an
alternative for fossil-fuel based chemical manufacturing.! Among all the compounds
obtainable from biomass, bioethanol stands out, and the oxidative conversion of bioethanol
has been widely investigated.?> In particular, the formation of acetaldehyde as a platform
chemical from bioethanol has attracted significant attention due to acetaldehyde’s versality
in preparing long-chain organic compounds.* Industrially, acetaldehyde is produced at 10°
tons/year through the Wacker process starting from petroleum-based ethylene.>® While
converting ethanol to acetaldehyde remains a highly sought industry target, preventing
overoxidation to acetic acid remains a challenge,’ and selective ethanol oxidation typically
requires either high-temperature gas phase conditions, which are energy- and equipment
intensive, or requires noble metal catalysts.®%!® Consequently, electrocatalysis stands as a
promising alternative, where inert reagents can be activated via control of reaction
conditions, serving as in situ oxidants under ambient conditions as mediators.'!:!?

Despite the excellent performance from noble metal catalysts, scarce reserve hampers
the sustainability of their implement. To reduce the need for costly noble metal catalysts
while maintaining selectivity, mechanistic differences must be designed to inhibit
overoxidation, particularly under electrochemical (bulk electrolysis) conditions. 1,1-
diethoxyethane (DEE) is a highly desirable oxygenated fuel additive (derived from ethanol

and acetaldehyde) for corrosion prevention in combustion engines. This molecule offers an
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additional benefit of serving as a storage platform for acetaldehyde due to its resistance to
further oxidation and its low volatility, and possibility of releasing acetaldehyde when
hydrolyzed.'*!'* When acetaldehyde and ethanol are mixed in low-water conditions with
strong acid, DEE will form swiftly due to the acid-catalyzed nucleophilic attack of ethanol
to the aldehyde, illustrated in Figure 2.1.!° This established preparation requires the
stoichiometric mixture of ethanol and acetaldehyde with the presence of homogeneous'® or

heterogeneous!” acid catalysts.

0 H*  *OH - “OH J\
)J\H )J\H _H+ HO O/\

P G- N
PN
HO” 07 ™ H07 0TS oyt 707 0T
overall balanced equation
o~ O strong acid J\ H.O
2 + > + 2
OH )'k H catalyst A @) O/\

Figure 2.1. Scheme for acid catalyzed DEE synthesis by ethanol and acetaldehyde.

With DEE being a utility chemical and this specific synthesis pathway, this chapter seeks
to explore its electrochemical generation through ethanol oxidation in neat ethanol
conditions. In this case, acetaldehyde will be generated by the electrode reaction, resulting
in the removal of it as a stoichiometric reactant, thus lowering the production cost and
environmental impact. Moreover, we hypothesize that by operating in solvent-free
conditions, rapid conversion of acetaldehyde to DEE shown in Figure 2.1 will proceed,
thus indirectly preventing the formation of overoxidation products. Such scheme,
combined with the ethanol oxidation towards acetaldehyde, gives the overall hypothesized

electrochemical reaction:

3 R )\ +H,0O +H
on AN NN i 2.1)
Where DEE can be converted to acetaldehyde and 2 equivalence of ethanol through
hydrolysing.'®!° These considerations provide the impetus of using DEE as a protective
platform for acetaldehyde, whose selective conversion from ethanol has been

challenging.?*?! To accelerate the oxidation of the rather inert a C-H bond, researchers
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22,2324

have utilized redox mediators and heterogeneous® catalysts. Historic attempts on

26,27,28

performing equation (1) have mainly been through the methods of photocatalysis and

thermochemistry?®-*

, since the 1990s. With the development of electrocatalysis, where
reactions can be carried out in mild conditions with accurate potential control, equation (1)
is also investigated electrochemically with both indirect and direct pathways. However, in
these studies, not only is noble metal involved, but undesirable overoxidation to acetic acid
and/or ethyl acetate proceeds, hampering the selectivity of the reaction.?!32-3?

In such circumstances, we hypothesize that chloride anion can be an attractive abundant
redox mediator, since its highly oxidizing oxoanions and substance are commonly used to
oxidize organic compounds during wastewater treatment and other practices.’*3-3°
Consequently, we decided to explore indirect electrochemical solvent-free ethanol

oxidation with chloride anion as mediator, targeting the synthesis of DEE.
2.2. Experiments
2.2.1. Chemicals and Materials

All  chemicals were used as received unless specifically mentioned.
Tetrabutylammonium chloride (BusNCl, >97.0%, Sigma-aldrich, recrystallized).
Tetrabutylammonium trifluoromethanesulfonate (BusNOTf, >98.0%, TCI), sodium
chloride (certified ACS, Fisher), sodium sulfate (99%, Alfa Aesar), silver nitrate (99.9+%,
Alfa Aesar), ammonium iodide (>99%, Sigma), L-ascorbic acid (certified ACS, VWR),
ferrocene (98%, Sigma-aldrich), calcium hypochlorite (Alfa Aesar), deuterated chloroform
(Cambridge Isotope Laboratories), ethanol (200 proof, Fisher), acetic acid (glacier, Fisher)
and hydrochlorous acid (concentrated, Fisher) are used throughout the chapter’s research.
Ferrocene is purified by sublimation, where the commercial ferrocene is placed in a beaker
above the surface of a hotplate, and a watch glass is placed above the beaker. Upon

sublimation, ferrocene will re-crystalize on the watch glass, and is collected.
2.2.2. Electrochemical Reaction Conditions

All electrochemical measurements were carried out on a CHI1000C electrochemical
workstation (CH Instruments) if not specifically stated. A glassy carbon disk electrode

(3mm diameter, CH Instruments) was used as working electrode throughout the study.
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After each electrochemical measurement, the working electrode was polished by 0.3-
micron alumina and then rinsed with 200 proof ethanol, then dried with N2. A silver wire
electrode soaked in a vessel containing the same solution as the bulk solution but separated
by a glass frit was used as reference electrode. All electrochemical reactions were
conducted in a glass 2-compartment cell with a glass frit as a separator. During CPC
experiments, the cell was covered by parafilm to reduce the evaporation of ethanol and
other volatile organic compounds. To calibrate the reference electrode to ferrocene redox
couple, a 100 mM ferrocene stock ethanol solution was prepared and added to the working
solution, yielding a 10 mM total concentration of ferrocene in the working solution. The
ferrocene calibration scan rate was 50 mV / s. All electrolytes for quantification are
prepared in volumetric flasks to certify the concentration. Tafel analysis was carried out on
a CHI760C electrochemical workstation using the same electrodes (working: glassy carbon
disk, counter: glassy carbon disk, reference: silver wire) and electrolyte (200 mM of salt

dissolved in EtOH). The scan rate for the Tafel study was 0.5 mV / s with vigorous stirring.
2.2.3. Product Identification and Quantification

The DEE product was characterized by GC-MS analysis (Shimadzu QP-2010) and
quantitative "TH-NMR spectroscopy (Varian Vnmrs 700 MHz). The GC-MS sample was
prepared by diluting the post-electrolysis aliquot in 200 proof ethanol. The quantitative 'H-
NMR sample was prepared by diluting the post-electrolysis aliquot in deuterated
chloroform. NMR signals from the BusNCl electrolyte are applied as the internal standard
for quantification.

FT-IR measurement was carried out on a Thermo-Nicolet IS-50 spectrometer with its
ATR accessory. During measurement, the background is set to ambient air, and the aliquot
was dropped on the ruby directly without dilution. For the control experiment against the
CPC sample, the same electrochemical cell was assembled and left stirring for the same
time, but with no charge passed.

The UV-vis absorption measurement was carried out on an Agilent Cary 5000 UV-Vis-
NIR spectrophotometer with a zero-baseline calibration, of which zero corresponds to air
and baseline corresponds to the unaltered mother solution of EtOH with 200 mM Bu4NCl

dissolved. Before the measurement, the aliquot underwent dilution by the mother solution
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to avoid exceeding the signal upper limit. A quartz cuvette is used to ensure the absorption
feature of the species of interest is not interrupted by the cuvette.

Chloride recovery was carried out by adding excess silver nitrate (AgNO3) aqueous
solution to precipitate AgCl (Ksp = 1.8 x 107!1? at 25 °C). The precipitate was subsequently
washed with water, EtOH, and water before being dried in a vacuum oven at 60 °C. Then,
the leftover powder was collected and weighed to calculate the chloride ion concentration
in the mother liquor.

EtOCI titration with NHal is carried out with a slight change to a reported method*’.
First, 5 mL of electrolyte was added to an aqueous solution with excess KI, which was
acidified by acetic acid. Stoichiometrically, the EtOCl will oxidize iodide in solution to
iodine rapidly. Subsequently, the iodine was titrated by L-ascorbic acid, which can be

quantified. The corresponding chemical reactions are listed below.

EtOCl +2I' + H" - EtOH + Cl + I
I> + CeéHsOs — CeHsOs + 21" + 2H"

Attempts were made to observe the acetaldehyde intermediate by low-temperature 'H-
NMR spectroscopy. Briefly, after 1h CPC experiment, an aliquot was immediately diluted
in CDCls and then instantly cooled down by liquid N2. The sample was inserted to the
NMR instrument which was pre-cooled down to —80 °C. However, even at low temperature,
the spectrum obtained showed no presence of acetaldehyde, while the formation of DEE

was observed.
2.3. Results and Discussion
2.3.1. Voltammetry and Constant Potential Coulometry Results

Electrochemical oxidation of chloride anion in neat ethanol solvent has not been
reported. Thus, to start, we assessed this process and explored the viability of chloride as a
mediator for ethanol oxidation. Cyclic voltammetry (CV) measurements were carried out
with BusNCl electrolyte, and the result was compared to BusNOTT, an inert electrolyte.

Figure 2.2 shows the CV traces at two different scan rates in both electrolytes.
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Figure 2.2. CV traces of electrolytes in ethanol. Solid and dashed lines indicate a scan rate

of 10 and 100 mV / s, respectively. The gray vertical dashed line represents the onset for
background current in inert electrolyte. The initial scan direction is positive.

With BusNCI electrolyte, a significantly less positive onset potential is observed (0.63
V vs. 1.61 V), representing an oxidation event that requires less energy input to initiate. It
is noteworthy that a cathodic (reduction) peak is observed at the faster 100 mV /s scan rate,
indicating the formation of a transient oxidizing species formed during the anodic
(oxidation) scan. Additionally, an anodic peak is observed for the slower scan rate,
representing a diffusion-controlled process in chloride oxidation. In this case, the cathodic
peak is completely absent, marking the presence of an irreversible chemical step that
consumes the generated oxidizing species. Note that none of these features appeared in
triflate-containing electrolyte, confirming that they only emerge due to chloride oxidation.

Similar observations are seen for chloride oxidation in aqueous system on glassy carbon
electrode. As can be seen in Figure A.1, in which a feature is also observed on the reductive
scan with the presence of chloride. This suggests that chloride’s behavior in ethanol mirrors
that in water where ethanol oxidation has shown to be mediated by chloride oxidation. Next,
the mediative ability of chloride is decided by conducting constant potential

chronoamperometry (CPC) analysis at 1.61 V vs. Fc*°

, which is the most positive potential
before the onset of background current observed in Figure 2.2. The CPC results for both

chloride-containing and chloride-free scenarios are shown in Figure 2.3.
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Figure 2.3. CPC curves of ethanol solution with different electrolytes poised at 1.61 V vs

Fe0

At this potential, BusNCl electrolyte shows a high, stable current density (> 15 mA /
cm?), while the BusNOTT electrolyte yields negligible current. According to the proposed
mechanism in reaction (1), DEE is the anticipated product, and is quantified through 'H-
NMR spectroscopy (Figure A.2) alongside the qualitative confirmation by GC-MS
(Figure A.3). Both techniques confirm the generation of DEE, and that DEE is the sole
organic product. Moreover, FT-IR spectrum in Figure A.4 shows no signal for C=0 stretch,
indicating no acetic acid or ethyl acetate is formed, which could be from the 4-electron
overoxidation. The faradaic efficiency (FE) is quantified to be 95.8 = 1.9 % and is

determined by the following equation:

n-NpEgg (mol) F

FE (%) = - 100 % (2.2)

where n is the number of electrons transferred (n = 2, due to the redox reaction only
proceeds towards the formation of acetaldehyde, and the conversion from acetaldehyde to
1,1-DEE is chemical, not electrochemical), F'is Faraday’s constant and Q is the amount of
charge passed (determined from the integration of the CPC curve). In the triflate case, no

detectable product is observed, as expected from to the negligible amount of charge passed.

This result suggests that in this indirect oxidation mechanism, chloride plays a critical part.
2.3.2. Detection of the Intermediate and Kinetic Study

To understand the chloride-mediated mechanism in ethanol, more efforts are made to

track the possible intermediates. Based on the aqueous chloride-water Pourbaix diagram,
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hypochlorous acid (HOCI) dominates the neutral pH region.*® In ethanol solution with no
external Bronsted acid or base source, we hypothesize that the anode reaction forms
analogous product to HOCI, which is ethyl hypochlorite (EtOCl) according to reaction (3):

Cl" + EtOH — EtOCl + H' + 2¢~ (2.3)
Most alkyl hypochlorites are volatile water-insoluable liquids that decompose violently

upon irradiation or heat, yielding their corresponding carbonyl compounds (aldehydes or
ketones) and hydrochlorous acid, according to reaction (4):>’

EtOCl — MeCHO + H" + CI (2.4)
Thus, not much attention and applications have been put to these chemicals. Realizing

most chloride-oxidation products are able to be detected by UV-vis spectroscopy, we
attempted to track and identify EtOCI. Figure 2.4 shows a series of UV-vis absorption
measurements carried out for our chloride-containing electrolysis solution, which is

measured immediately after a 1-hour electrolysis.
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Figure 2.4. UV-vis spectra of chloride solution recorded after a 1 h CPC experiment. t = 0

(orange) is measured immediately after opening the circuit. The inset shows first-order
kinetics for EtOCI decomposition, where the concentration of EtOCI is determined by
titration method demonstrated in 2.2.3. The linear fit (red) gives the rate constant, which is
an average of 3 trials (replicates presented in Figure A.7).

The aliquot was allowed to stay untouched in the UV-vis chamber, while absorption
measurements are measured over time until 60 minutes from the first measurement taken
in the beginning. Across the spectra, only one absorption feature is observed at L ~237 nm,
identical to what is observed for gas-phase ethyl hypochlorite®. The full spectrum is shown
in Figure A.S to show the sole presence of this species. This observed decomposition

pattern agrees with reported properties of alkyl hypochlorites, further confirming EtOCl is
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being produced from the anodic reaction. To assess the rate of such decomposition, initial
concentrations of EtOCI are measured via reaction with iodide and L-ascorbic acid titration,
in a separate experiment. Through replicates, we confirmed EtOCI decomposes with first-
order kinetics, as is shown by the linear relationship between In[EtOCI] and time. This
decomposition forms acetaldehyde, which immediately reacts with ethanol in the faction
shown in Figure 2.1. The kinetic rate constant of the deposition step is quantified and
shown in the figure above.

Following the confirmation of the redox intermediate, we move on to verify that
chloride is indeed functioning as a mediator, rather than consumed stoichiometrically. A
27-hour CPC experiment is carried out to pass a significant amount of charge (Figure A.6).
In this experiment, if chloride is consumed stoichiometrically for the 2-electron oxidation,
or converted to other species, ~50 % of initial concentration would be lost based on the
amount of charge passed. By adding excess aqueous AgNOs3 solution to precipitate the
chloride, 98.1 % of the initial chloride is recovered in the form of AgCl, confirming that it
1s not consumed through electrolysis. While we also attempted to track the formation of
acetaldehyde, the result was not successful. As is mentioned, DEE is observed as the only
organic product post electrolysis. Flash-freezing of the sample aliquot followed by low-
temperature '"H-NMR was not able to track the formation of acetaldehyde, either. We
believe that due to the rather slow rate of EtOCI decomposition as well as the overwhelming
excess of ethanol around, acetaldehyde reacts too quickly to be detected ex situ, thus also
avoiding overoxidation, agreeing with the near unity faradaic efficiency for DEE.

Further, we tracked the formation of DEE in parallel with the change of EtOCI by
measuring the concentration of both species by 'H-NMR and UV-vis spectroscopy,
respectively during CPC. Figure 2.5 shows the concentrations of both species over the

course of a 4-hour CPC experiment.
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Figure 2.5. Plot of [EtOCI] intermediate and [DEE] product during the first 4 hours of the
CPC experiment.

A rapid buildup of EtOCI concentration can be observed in the first ~20 minutes as it is
being electrochemically generated. Since its degradation adheres to first order kinetics, the
degradation gets accelerated as concentration builds up. Thus, it reaches steady-state
regime as it reaches its critical concentration. Once this equilibrium is established, the near-
linear growth of DEE can be observed.

Finally, we performed Tafel analysis to provide additional insight to the chloride
oxidation step. With a slow-scan rate stirred LSV measurement, the Tafel slope of chloride
oxidation is observed to be 163 mV / dec (Figure A.8), lower than that observed on a Pd/Ti
electrocatalyst for aqueous ethanol oxidation.*’ This indicates a faster kinetic compared to
the aqueous case, even with noble metal based catalyst. Although, this Tafel slope is larger
than what is observed in aqueous chloride oxidation reactions, especially on metal oxide
electodes.*! Considering the electrode used throughout the project is only glassy carbon,

there is clear impetus in developing other electrocatalyst for the solvent-free scheme.
2.4. Conclusions

On commercial glassy carbon electrode, we found selective neat ethanol oxidation to
DEE proceeds through an ethyl hypochlorite intermediate that is observable by UV-Vis
spectroscopy. The reaction yields DEE as the sole product with near unity faradaic
efficiency, under a high and stable current density at lower potential input. We propose that

acetaldehyde derived from the ethyl hypochlorite intermediate is quickly converted to DEE,
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protecting it from further oxidation or volatilization (DEE has a very high boiling point
compared to ethanol). Recovery experiments show that chloride is not consumed during
the reaction, confirming its participation as a redox mediator. Chloride oxidation occurs at
a potential 1 V less positive than background direct ethanol oxidation measured with
BusNOTT. The alkyl hypochlorite decomposition mechanism exploited here under ambient
conditions represents a promising approach to deliver targeted aldehyde (or ketone)
products from not only ethanol but other alcohols, without using toxic or expensive
oxidants and metal catalysts. Additionally, understanding the potential of applying this

mechanism to other bio-derivable alcohols is our current target.
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Chapter 3
Rotating Ring-Disk Electrodes Show that Electrochemical Chloride
Oxidation in Ethanol Occurs in Multiple One-Electron Steps

Portions of this chapter have been submitted to Chem. Sci.
Reprinted from Li, S.; Morrissey, K. H.; Van Daele, R. D.; Bartlett, B. M. Submitted.
3.1. Introduction

Electrochemical synthesis, functionalization, and transformations of organic molecules
have seen a renaissance in recent years, spurred by an emphasis on green chemistry and
insights from energy-relevant catalytic reactions. With various catalysts and redox
mediators, mechanisms that would otherwise be impossible to activate can be achieved. In
these cases, oxidation and reduction reactions occur by electron transfer reactions on
electrodes rather than through stoichiometric chemical reagents.! With developments in
photovoltaic and photoelectrochemical approaches, electrochemical synthesis also allows
renewable energy inputs from solar irradiation.? Although, one challenge in organic
electrocatalysis is the solubility of both the substrate and the supporting electrolyte
necessary to carry out the reaction in an organic solvent. Accordingly, acetonitrile is usually
used as the solvent for such applications, not only because of the considerable solubility
and conductivity for many electrolytes, but also due to its rather-large redox stability
window.>* However, it remains an undesirable solvent both from an environmental, health
and safety perspective as well as cost, especially at larger scale processing.’ On the other
hand, short-chain alcohols that can be produced from biomass feedstocks shows promising
features, with industrialized biorefineries around the world generating annual production
of greater than 10'° gallons of bioethanol.® Compared to acetonitrile, these small alcohols
possess lower viscosity, decent solubility for organic substrates, lower toxicity and better
cost efficiency, and may serve as a promising solvent for the synthesis and functionalization

for organic compounds.’® Additionally, alcohols may serve as proton source for potential
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hydrogen evolution reaction (HER) as well as for hydrogenation reactions.”!® This
provides potential for coupling the highly desirable HER reaction with the actual anodic
reaction of interest.

In the case of bioalcohols, such reaction of interest can yield a range of industry-relevant
chemicals, including aldehydes, carboxylic acids, esters and polymer precursors, whether
when the alcohols are dissolved substrates or are serving as the solvent.!! This property
allows the bio derivable alcohols to provide an alternative towards petrochemicals, which
heavily rely on crude oil cracking and natural gas reforming.'? Electrocatalytic bioalcohol
oxidation also stands as a critical part of the next generation fuel cells, direct alcohol fuel
cell (DAFCs), should appropriate electrocatalyst is found.'* Apart from developing
electrocatalysts, mediators are another critical approach for both accelerating the rate and
improving the selectivity for electrocatalysis by alternating the mechanism. During anodic
reactions, a general scheme involves the following steps: solution-phase mediator diffuses
to the anode, electron transfer takes place, then oxidized form of mediator diffuses away.
Ideally, these steps should be rapid, and the oxidized form would carry out homogeneous
chemical step forming desired product. Thus, sluggish mass transport and
adsorption/desorption of the substrate molecules can be circumvented; additionally, direct
electron transfer between the anode and the substrate can be avoided, which usually
otherwise results in compromised selectivity and electrode passivation.'*!?

N-oxyl radicals, such as TEMPO, are the most sought-after electrochemical mediators
due to their reversible kinetics and selectivity control.!®!7 Yet, as a rather-unstable organic
compound, it doesn’t suit well for larger scale practices due to concerns in cost and
environmental impact. To promote usage of low-cost, non-toxic mediators, our group has
explored nitrate (NO3/NO3") and chloride (CI/HCIO) as accessible inorganic mediators for
alcohol oxidation reactions.'®! In acetonitrile solvent, however, it is found that nitrate
radical leads to H-atom abstraction from the solvent itself, and that this reaction consumes
nitrate irreversibly.? In water, chloride can be oxidized to HCIO then homogeneously
oxidize ethanol and 2-propanol, but with compromised selectivity for the 2-electron
oxidation product due to overoxidation. Recently, we discovered that chloride mediated
ethanol oxidation can be carried out under solvent free conditions, selectively forming 1,1-

diethoxyethane (DEE) as the 2-electron product. Key to this mechanism is the formation
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of EtOCl intermediate from chloride oxidation, which is known to be a strong oxidant and
functionalization reagent yet degrades spontaneously.?! Although in this work, EtOCl is not
utilized as an oxidant, its oxidizing nature provides the impetus of studying its reactivity
through RRDE approaches.

Chloride oxidation generates strong oxidants or chlorinating agents. Under aqueous
conditions, Cl, HCIO, CIO" can be produced depending on the pH, and related
electrochemical mechanisms are well established.??* Another recent work on chloride-
mediated ethanol conversion in water indicates that chlorine radicals are produced and
subsequently attack the o or B H of ethanol, yielding acetic acid or ethylene oxide as
product, respectively.?* However, as mentioned earlier, in neat ethanol, EtOCI is observed
as the sole product from chloride oxidation reaction (COR), hinting a completely different
mechanism. Here, a hydrodynamic kinetics study on electrochemical COR in ethanol is

carried out and a reaction mechanism for this newly discovered anodic reaction is proposed.
3.2. Experiments
3.2.1. Chemicals and Materials

Tetrabutylammonium chloride (BusNCl, >97.0%, Sigma-aldrich, recrystalized),
Tetrabutylammonium  trifluoromethanesulfonate ~ (BusNOTf, >98.0%,  Fisher),
Tetrabutylammonium hexafluorophosphate (BusNPFs, >98.0%, TCI, recrystalized),
ethanol (200 proof, Fisher), dichloromethane (Stabilized/Certified ACS, Fisher), were
purchased and used as described. Ferrocene (98%, Sigma) is purified by sublimation at 120

°C on a hot plate.
3.2.2. Electrochemical Measurements

All electrochemical measurements were carried out on a CHI760E electrochemical
workstation (CH Instruments) if not specifically stated. All electrochemical data is plotted
under [UPAC convention. Rotating ring-disk electrode measurements (RRDE) are carried
out by RRDE-3A (ALS Japan) connected to the CHI760E. For all the RRDE measurements,
a 3-electrode setup is used, where Ag wire is used as a pseudo reference electrode, Pt wire
(Surepure Chemetals, 0.05 cm diameter, with 2 cm submerged, resulting with ~0.314 ¢cm?

surface area) is mounted to a piece of copper wire sealed in a glass tube and is used as the

35



counter electrode. The working electrodes for RRDE analysis are also purchased from ALS
Japan (013336, DRE-PGK Pt ring/GC disk replaceable electrode kit). The Pt ring and GC
disk are polished separately, first with 0.3-micron alumina, then with 0.05-micron alumina
on nylon polishing pads (Buehler). The GC disk is planar with a diameter of 4 mm. The
disk is then surrounded with a ring of insulating Teflon (OD: Smm; ID: 4mm) on the same
vertical level, along with the Pt ring (OD: 7mm; ID: Smm).

The RRDE assembly, including its protective shell, has an overall diameter of 12 mm.
The Ag wire reference electrodes were purchased from CH Instruments as well (CHI112P),
but the glass frit attached is replaced with a more compact glass frit with plastic seals
(Gamry, 955-00003). The solution in which the Ag wire is soaked is kept identical to the
electrolyte in the cell. PTFE stir bars, when used, are purchased from Fisher with a length
of 12.7 mm and a diameter of 3.2 mm. The single-compartment electrochemical cell
specifically for RRDE measurements is also purchased from ALS Japan. All RRDE
measurements are conducted on the CHI760E, where the disk electrode is always the
working electrode with green wiring, and the ring electrode is always secondary electrode
with yellow wiring. If not specified, the working electrode always performs oxidation and
the secondary electrode always performs reduction.

To calibrate the pseudo reference electrode to ferrocene redox couple, the exact solution
of interested is replicated but with an additional 10 mM ferrocene dissolved. Then with the
same set of working/reference/counter electrodes as the RRDE measurement, a CV with a
scan rate of 50 mV / s is carried out between 0 — 1 V to obtain the redox potentials of Fc°
redox couple by calculating the average of both the oxidation and reduction peak potential.
Note that during Fc*° calibrations, the Pt ring is not connected to workstation and thus no
current is recorded. All RRDE electrolyte solutions are prepared in volumetric glassware
and each measurement, 50 mL of electrolyte is poured into the reaction cell. Solution
deoxygenation is not required due to a lack of difference observed w/ or w/o N2 sparging.
All voltammetry measurements are performed at room temperature with IR compensation

applied in the CHI760E.

3.2.3. UV-Vis Measurement and Spectroelectrochemical Analysis
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The UV-Vis spectroelectrochemical measurement is carried out with a CHI1000C
electrochemical workstation (CH instrument), Agilent Cary 5000 UV-Vis-NIR
spectrophotometer and a custom-built spectroelectrochemical cell. For wavelength scan
measurements, the measurement is carried out with a zero-baseline calibration in
absorption mode, where zero is collected from atmosphere and baseline is collected from
the identical electrolyte solution. The wavelength scan step size is 0.5 nm, and the range is
500 nm — 200 nm. A 3-electrode system similar to that described in the RRDE set-up is
used, where the working electrode is a planar glassy carbon disk purchased from CH
Instrument (CHI104P) with a diameter of 3.0 mm. For kinetic measurements, the measured
wavelength is held at 237 nm while a linear sweep voltammetry measurement is run on the
potentiostat. Following each measurement, the electrolyte post-electrolysis is replaced with
fresh electrolyte. Detailed information and a photograph of the spectroelectrochemical

setup is presented in Figure B.1.
3.2.4. Gas Chromatography Quantification

Selective 2-electron oxidation of ethanol will result in the detection of 1,1-
diethoxyethane (DEE) as product by gas chromatography. However, if 4-electron
(over)oxidation occured, one would expect to observe acetic acid and/or ethyl acetate.
Constant potential coulometry (CPC) is applied to access the oxidation products. The
CHI760E potentiostat and a 3-electrode setup is used in all CPC experiments, where a
glassy carbon disk electrode (CHI104P, surface area: 0.07 cm?) is used as the working
electrode, and same reference/counter electrodes in the previous sessions are used. The
electrochemical cell is a custom-made 2-compartment glass cell with a glass frit as the

"0 where the former

separator. The potential applied was held at 1.91 V and 2.41 V vs Fc
represents the highest potential of interest in this work; the latter represents the case where
overoxidation occurs. CPC electrolysis was carried out with constant stirring (600 rpm)
until a significant quantity of charge is passed for accurate detection of products.

The GC sample is prepared by performing a 10-fold dilution of the post-CPC solution
with EtOH. In the sample, 2 mM toluene is added as an internal standard. The GC

measurement is then carried out with a ThermoFisher Trace 1310 gas chromatograph
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equipped with a capillary column and flame ionization detector (FID). During analysis, the

column oven was warmed from 40 to 200 °C at a 10 °C min™' ramp rate.

3.3. Results
3.3.1. Detection of Chlorine(0) Adsorption on Glassy Carbon

The reactions of interest are COR reaction based on the previous chapter:

Cl" + CH3CH20H — CH3CH20CI + H' + 2¢~ (3.1)
CH3CH20C1 — CH3CHO + H" + CI” (3.2)

Reaction 3.1 requires applied potential at the glassy carbon electrode and oxidizes
chloride anion by 2 electrons. Reaction 3.2 instead, is a purely chemical step where EtOC1
decomposes spontaneously to form acetaldehyde and regenerate chloride anion. As the
applied potential increases, however, the direct electrochemical ethyl alcohol oxidation

reaction (AOR) can also proceed:

CH3CH20H — CH3CHO + 2H" + 2¢~ (3.3)
Understanding that COR appears to proceed faster with lower overpotential, we propose
that reaction 3.1 proceeds through 2 discrete 1-electron steps: first, a Volmer step where
chloride adsorbs; then an outer-sphere reaction happens between adsorbed chlorine and the

ethanol solvent. This proposed reaction mechanism is illustrated in Figure 3.1:

7 H* H*
OH ) I~

N e N -e

| o— [ ow— W —

~SOH *+ CIF = 26« — ~>0ocl *+ H*
Figure 3.1: Proposed step-by-step mechanism of chloride oxidation reaction in neat ethanol
on glassy carbon electrode.

To certify the hypothesis, we carried out CV in a 10 mM [CI] solution in
dichloromethane (DCM), considered as an inert, aprotic and polar solvent compared to

ethanol. Figure 3.2 shows the CV curves on glassy carbon electrode with varied scan rates.
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Figure 3.2: CV traces at varying scan rate for 10 mM BuaNCIl and 90 mM BusNPFs
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An irreversible redox couple is observed at ~0.6 V. Through analyzing the scan rate —
peak current dependence, insights on reaction mechanism can be obtained. Figure 3.3

shows such dependence on both the anodic and cathodic peak in Figure 3.2.
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Figure 3.3: Relationship of peak currents from the CV traces in Figure 3.2 and either the
square root of scan rate or first order of scan rate.

From panels (a), (d) and the respective R? value, the peak current of the anodic wave
(ipa) shows a linear relationship with the square root of scan rate, reflecting a diffusion-
limited reaction. This likely represents the reaction with solution-phase chloride. However,
the peak current of the cathodic wave (ipc) shows a linear relationship with the first order
of scan rate, representing a surface adsorption-limited reaction, which can arise from the

reduction of the surface adsorbed CI(0) species. Such pattern is also observed for 100 mM
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BusNCl trials where the cathodic peak current also revealed linearity to first order of scan
rate (Figure B.2). Note that at rather fast scan rate, deviation from linearity is expected due
to the absorption/desorption equilibrium being fast and that the reaction is no longer surface
confined. Additionally, at fast scan rates, the solution internal resistance (iR) can produce
a higher distortion to the shape of the CV curves, resulting in inaccuracy. Thus, only the
relationship between ip and slower scan rates are considered. >%° These observations are
similar to those observed in water, where a Volmer step results in absorbed chloride.?”-?
Upon scanning to more positive potential, a second redox couple centered at ~1.5 V is
observed, as is shown in Figure 3.4. For this redox feature, a linear ipa — v relationship is
also observed for its anodic peak, indicating again, an adsorbed species. This further
supports the hypothesized Volmer step on GC, where the subsequent oxidation of the
adsorbed Cl1(0) species proceeded at this higher potential. It is noteworthy that in the control
CV experiment with only BusNPFs in DCM, no redox wave is observed (Figure B.3),
highlighting that all the redox features arise form chloride-related chemistry.
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Figure 3.4: CV scans to higher potential at varying scan rate for 10 mM Bu4NCl and 90

mM BusNPFs dissolved in DCM.
3.3.2. Rotating Ring-Disk Electrode (RRDE) Analysis of COR in Ethanol

With the previous section supporting chloride absorption as a plausible step on GC
electrode, we move on to assessing the COR in ethanol with a hydrodynamic study,
accomplished by RRDE. To start, we assessed our RRDE set-up by measuring the
collection efficiency (N) by using the standard [Fe(CN)s]*”* redox couple. Figure B.4
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shows the corresponding LSV curves under different rotation rate, and N was measured

with the following equation:*’

N =

(l_”'”g ) (nrﬂﬂ x 100% (3.4)
laisk/ \Ndisk

Where n corresponds to the number of electrons transferred at the disk and at the ring
(both equal to 1 for [Fe(CN)s]*"*) and i corresponds to the mass-transport limiting current.
N is thus determined to be 39.9 % by averaging out the values obtained from the
experiments. This agrees with the theoretical value of 42.4 % based on the dimensions of
the RRDE setup, provided by the vendor of the instrument. Figure 3.5 shows the LSV with
the same electrode setup, but in our ethanol oxidation scheme with either 100 mM [CI'] or
no chloride available. Note that in this case, BusNOTT is considered stable and non-
oxidizable, as a supporting electrolyte. In this case, positive, scanning bias is applied on
the glassy carbon disk, while a constant negative bias is applied on the Pt ring (Ering= -0.4

V) to reduce oxidative species generated on the disk.
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Figure 3.5. RRDE LSV (i - Edisk) with a GC-disk and Pt-ring in 100 mM electrolyte in

EtOH solvent. The solid lines are BusNCl electrolyte, and the dashed lines are the BusNOTf

control experiment. The scan rate is 20 mV/s.

Neglectable disk current is observed for the BusNOTT case before > 1.2 V applied, with
virtually no ring current even at those high potentials. However, for chloride electrolyte,
significant anodic and cathodic current can both be observed starting from 0.6 V. This
certifies generation of an oxidizing species upon COR in ethanol. However, no visible

difference is observed among rotation rates, nor is there a limiting current. These results
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hint that 100 mM BusaNCI provides sufficiently high concentration that the current will
always be rate limited, rather than mass transport limited. To further study the competition
between AOR and COR at higher potential, we carried out the RRDE LSVs with a much
lower concentration of BusNClI. Figure 3.6 shows the LSVs with 5 mM BusNCI and 100
mM BusNOTT (added for conductivity purposes), where the scale of y-axis is very different.
In this case, we do observe current increase as rotation rate increases, yet still no limiting
current is observed. It is concluded that the direct AOR will proceed before COR could
reach its limiting current. With the trend of disk current and rotation rate, Koutecky-Levich

analysis can be carried out to understand the kinetic details of the reaction.
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Figure 3.6. RRDE LSV (i - Edisk) with a GC-disk and Pt-ring in 100 mM BuNOTTf

electrolyte in EtOH solvent. The solid lines are with 5 mM BuaNCl electrolyte added. The

scan rate is 20 mV/s.

3.3.3. Koutecky-Levich (K-L) Analysis of COR in Ethanol

To fully assess the relationship between anodic current and rotation rate (that dictates
mass transport at low CI” concentration), we carried out RRDE LSVs with a wider range

of rotation rate between 60 and 3000 rpm, shown in Figure 3.7.
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Figure 3.7. RRDE LSV (i - Edisk) with a GC-disk and Pt-ring in 5 mM BusNCl and 100
mM BusNOTT electrolyte in EtOH solvent. The scan rate 1s 20 mV/s and Ering 1s poised at
—0.4V vs. Fc™.

From this experiment, noticeable differences can be observed between 1.1 V and 1.6 V.
First, multiple waves appear in the disk current at lower rotation rate yet disappear as
rotation rate reaches 1200 rpm. A crossover point can be seen at 1.1 V as well, when the
kinetic current rises faster with increasing potential. It is noteworthy that this is also the
potential where ring current arises. The above observations are consistent with the scenario
where a chloride absorption at lower potential (with minimal ring current observed) with
subsequent ethanol-involved reaction proceeds at higher potential. The increase of current
with rotation rate also indicates that COR is kinetically faster than AOR, and will dominate
the current, should a sufficient mass transport be provided. Finally, the disk current
measured for 2400 and 3000 rpm is very similar, indicating that the range of rotation rate
selected is appropriate.

Based on the above experiment, to better understand the kinetic details of the reaction,
we carried out K-L analysis in the 5 mM Bu4NCI solution. Such analysis is based on the

following equation:

1 1 1 1
? —_ l_ + Z _1 w 2 (35)
k 0.62nFAD3v 6C

Where i is the measured current, ik is the kinetic current (assuming mass-transport is not

limiting), n is the number of electrons transferred, F is Faraday’s constant (96,485 C/mol),

A is the electrode surface area (0.126 cm?), D is to the diffusion coefficient of the analyte
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(1.52 x 10°% cm?/s for chloride in EtOH; 1.01 x 10° cm?/s for EtOH itself),>* v is the
kinematic viscosity of EtOH (1.391 x 102 cm?%s),’! C is the bulk concentration of the
analyte in mol/cm® and o is the rotation rate of the electrode (rad/s). Dci. is not available
in the literature, and is measured instead via a Cottrell experiment shown in Figure B.5.

Guided by equation 3.5, Figure 3.8 shows the linear plots of i"! vs. w2

among varied
potentials. In this graph, ik is determined from the intercept and # is assumed to be 2 for
the net reaction. The analysis is based on the underlying assumptions: EtOCI, the oxidized
species, has a similar diffusion coefficient as chloride anion; decomposition of EtOCI is
negligible due to its low concentration compared to the bulk chloride concentration. For all
the potential analyzed, good linearity is observed for the high-frequency region where ideal
RDE response is determined by mass-transport. We believe that the derivation of linearity
at low frequency region is due to the lack of dependence on mass-transport, where direct
AOR acts as an interference due to the insufficient chloride available. Slight curvature near

the high frequency region is known to be due to regeneration of the disk-reactant.’>* In

our case, the slow spontaneous decomposition of EtOCI can cause a similar recycling effect.
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Figure 3.8. K-L plot of 5 mM BusNCl in neat ethanol across various potentials and rotation
rates. The LSV scan rate is 20 mV/s.

From the kinetic current determined by Figure 3.8, we can then determine the kinetic

rate constant for the forward (oxidation) reaction, kf, based on the following equation:



Where m is the apparent reaction order, measured from a separate experiment shown in
Figure B.6 and numeric results are listed in the Appendix. Similarly, reaction 3.6 is applied
to the 100 mM BusNOTT case, where AOR proceeds (since ethanol is the solvent, m is
considered as zero and the current is considered kinetic current due to sufficient reactant
without mass-transport limit, especially with conviction). This is also confirmed by the
observed result that the current for AOR does not change with @. To confirm that the AOR
reaction is strictly limited to the 2-electron reaction 3.3, we carried out gas chromatography
to certify the oxidation product by applying a constant potential coulometry (CPC)
experiment at 1.91 V, highest potential of this analysis, and 2.41 V which is a rather high
potential with higher risk of overoxidation. Figure B.7 shows the GC chromatogram for
both conditions, where for 1.91 V only DEE is detected as a product, confirming that only
2-electron reaction proceeds at this potential. With those considerations, Figure 3.9 shows
the trend of logio(kr) vs E for electrolytes with 0-20 mM [C1] in ethanol. Note that the ionic
strengths among the datapoints are kept the same by maintaining a total of 100 mM salt

concentration between BusNCl and the inert BusNOTT.
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Figure 3.9. Trend of kinetic rate constant for the forward reaction (cm/s) with potential
applied. Numerical data is included in the Appendix.

Numerically, rate constant for COR (~10° cm/s with good agreement between
concentrations) is measured to be 2-3 magnitudes larger than that for AOR (10 to 10®
cm/s). This result also agrees with the observation that COR is kinetically faster than AOR

and dominates the current when sufficient mass-transport is provided.

3.3.4. Reaction Pathway Analysis by LSV
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Additionally, conviction-free LSV experiments are carried out among different
concentrations of chloride. With the same constant ionic strength compensated by

BusNOTT, Figure 3.10 shows the measured LSV curves for 0 - 100 mM chloride.
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2.0 H
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Figure 3.10. LSV curves on a GC disk in varying chloride concentration. The scan rate is

5 mV /s. The control experiment with no chloride is also included (gray) for comparison.

From this quiescent experiment, a concentration dependent j — E profile is observed.
With the presence of chloride, 2 oxidation events can be observed with either a plateau
(<10 mM CI') or an inflection point (= 20 mM CI°) between them. Similar to the j — E
response in DCM, we attribute the first event to the absorption of ClI- and the second
step to the electron transfer with the CI° and the ethanol solvent involved, en route
to forming EtOCI. In the same fashion, one would expect the first step to be
diffusion-limited even in ethanol, and this is verified by Figure B.8 where the
expected linear relationship between peak current and square root of scan rate is
seen. Since this step determines the available CI° at the surface, it also affects the
second step. At low surface coverage, diffusion-limited flux of reactant leads to the
curvature in the LSV trace as potential increases. At higher surface coverage, the
second step also show increased current. For the 50 mM BusNCI case with clear
distinguishable redox features, varied scan rate CVs were carried out (Figure B.9)
to further understand the kinetic profile. At5 or 10 mV/s scan rate, no cathodic return
wave is observable due to the transient lifetime of EtOCI; while the return wave is

observable for faster scan rates, greater than 1 V split between the anodic and
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cathodic is seen, indicating an irreversible reaction. In such case, the peak current

can be estimated by:%°

i, = (2.99 x 10%)n3/2a2ADY* Cgv'/? 3.7)

Where ip is the observed peak current in A, v is the scan rate in V/s, a is estimated to be
0.5, with other parameters inherited from the previous calculations. Figure 3.11 shows the
scatter plot of ip recorded among various scan rate values, alongside predicted ip from the
above equation for both » = 1 and n = 2 cases. It can then be seen that the measured results
have a better alignment with n = 1 case with both similar current value and trend, agreeing

to the proposed mechanism.
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Figure 3.11. Measured vs. predicted peak current vs. scan rate plot for 50 mM BusNCl in
50 mM BusNOTT supporting electrolyte.

3.4. Discussion

The product of 2-electron COR in water is usually Clz, HCIO and CIO", depending on
the pH of the solution. These 2-electron reactions are usually found to be kinetically faster
on various materials compared to the oxygen evolution reaction (OER), which is a 4-
electron reaction.>* However, in ethanol, the competing reactions are the direct AOR
reaction, which is also 2-electron, same as the amount of electron transferred in the
formation of EtOCI. Thus, the significant faster rate observed can be attributed to our
proposed 2 1-electron steps with similar overpotential, where the kinetics are favourable
due to the attraction of charged & partially charged species in the proposed mechanism.

Unlike in DCM where the solvent is considered innocent, ethanol participates in the second
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step, lowering the overpotential by avoiding another chloride anion to diffuse and absorb
onto the surface. Additionally, the lack of chlorinated product further indicates that active
chlorine is never present in solution throughout the COR process. All electrochemical
analyses are carried out without the addition of either Bronsted acid or base, thus only
negligible amount of ethoxide anion (1.122 * 10 M) is expected considering the
autoionization constant of ethanol.’®> As a result, in all tests, anions from the added salt are
considered as the dominating anionic species.

The work in Chapter 2 understood that EtOCI has a characteristic UV-vis absorption
profile. Figure 3.12 shows the UV-vis spectroelectrochemical absorption measurement

carried out throughout the potential assessed in this chapter.
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Figure 3.12. Spectroelectrochemical measurement of 100 mM Bus4NCl solution poised at

different constant potential in a custom cell. Vertical lines in each figure correspond to
wavelength = 237 nm. UV-vis absorption measurement of the electrolyte is carried out
every minute while the CPC proceeds for 20 mins. Only selected timepoints of
measurement are shown for clarity.

These measurements are carried out to test the plausibility of the previous measurement.
For all trials listed in Figure 3.12, a custom spectroelectrochemical cell is used, and the
background of the UV-vis absorption measurements is the identical electrolyte solution
with no charge passed. Over 20 minutes of CPC, the only spectrochemical difference
observed among electrolytes under varied potentials is the intensity of the absorbance. This
confirms the formation of a single COR product throughout the potential range studied. It
is also observed that the concentration of such species undergoes a steady build-up region

before oscillating around a steady state level, agreeing with what is observed in Chapter 2.
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Notably, the higher potential applied, the faster such steady state is reached. To confirm
that the absorption features arise only from COR, a control reaction with only BusNOTTf as
the electrolyte is carried out and no visible feature is observed, as can be seen in Figure
B.10. With such information in mind, we then carried out another spectroelectrochemical
measurement, where instead of CPC, an LSV experiment is performed with rather slow
scan rate (1 mV/s). Additionally, rather than performing wavelength-scan experiment, the
UV-vis spectrophotometer is charged to continuously measure the absorption value at 237
nm, the absorption maxima of EtOCI, during the LSV. Figure 3.13 shows the LSV-

absorption measurement result.
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Figure 3.13. Spectroelectrochemical identification of EtOCI generation by linear sweep
voltammetry in 100 mM BusNCI electrolyte. LSV scan rate: 1 mV/s; UV-vis absorption
wavelength: 237 nm. The LSV and UV-vis measurement starts at the same time and are
designed in the ways that the top and bottom axis are aligned in time. The LSV experiment
stops when the time axis reaches 20.0 minutes, thus a drop is observed in absorption due
to spontaneous degradation of EtOCI.

In this analysis, the background is also the identical electrolyte solution with no charge
passed. One can then clearly observe the rapid buildup of the black curve (proportional to
[EtOCI]) starting near 5.0 min or 0.9 V. Despite the anodic current observed before such

potential, minimal amount of EtOCl is made, confirming the presence of a lower-potential
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step with only 1 electron transferred thus no EtOCI can be formed. This agrees with our
proposed mechanism. Further, by referring back to RRDE analysis, this
spectroelectrochemical observation is corroborated by the RRDE results shown in Figure

3.14.
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Figure 3.14. (a) RRDE LSV with Pt-ring and GC-disk in 100 mM BusNCl with rotation
rate = 3000 rpm. The scan rate is 1 mV/s and Ering is poised at —0.4 V vs. Fc*; (b) The
measured current ratio from the RRDE LSV.

With a chloride-rich electrolyte and very fast rotation rate on the RRDE, we anticipate
efficient EtOCI generation that AOR is outcompeted. With the rather slow scan rate (1
mV/s), we hope to elucidate the potentials where EtOCl are produced by monitoring the
ring/disk current ratio. The (b) part of Figure 3.14 shows that it is not until 0.9 V and above
that the current ratio reached a similar level to the measured collection efficiency. The
lower-than-expected ratio before 0.9 V can be attributed to a smaller-than-expected ring

current, resulting from the lack of EtOCI to reduce. This result agrees with the observation
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from Figure 3.13 where a one-electron step is present before 0.9V where no EtOCl is made,

supporting the hypothesized mechanism.
3.5. Conclusions

This chapter provides mechanistic insight to the chloride-mediated neat ethanol
oxidation reaction to 1,1-DEE by utilizing a series of electroanalytical approaches and
spectroelectrochemical studies. In inert solvent DCM, current responses and peak current
analysis agree with the presence of a Volmer step, where CI1°is produced from a 1-electron
oxidation and adsorbed onto the glassy carbon surface. In ethanol, a second step involving
solvent molecule then proceeds, oxidizing the CI° to form EtOCI, where the chloride
possesses a +1-oxidation state. Koutecky-Levich analysis with RDE quantified the kinetic
rate constant of the chloride mediated reaction as well as the direct alcohol oxidation
reaction, with the former being 2-3 magnitudes larger than the direct pathway.
Spectroelectrochemical measurements confirm that the chloride oxidation reaction yields
one sole product throughout the potential of interest, as well as discovering the first electron
transfer step in ethanol where no EtOCI is observed with the in sifu experiment. Future
work includes applying this hydrodynamic analysis towards other neat alcohol systems,
carrying out in situ IR measurements at the surface to track the formation and presence of
adsorbed species on carbon-based electrode materials, and finally develop more materials

capable of performing this mechanism with faster kinetics than carbon.
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Chapter 4
Electrochemically Deposited Manganese Oxide Allows Facile Selective

Electrochemical Ethanol Oxidation under Solvent-free Conditions
4.1. Introduction

Selective bio-derivable alcohol oxidation is considered one of the approaches to
alleviate the overdependence on fossil fuel-based processing of chemicals. In a well-
industrialized process, ethanol is produced at a scale of 10'° gallons per year simply in the
U.S. Despite being used majorly as fuel or fuel additives, ethanol has the potential to serve
as a promising building block chemical, with plenty of potentially profitable chemicals it
can be processed to.! Oxidation, or dehydrogenation of ethanol is thus heavily sought after,
since hydrogen gas may be generated stoichiometrically alongside the oxidation reaction,
depending on the approach taken. Upon selective oxidation, alcohols can be converted into
aldehydes, carboxylic acids, esters, and polymer precursors.” Although, many catalytic
ethanol conversions are carried out with gas-phase thermocatalysis. With the developments
of photovoltaic devices and photoelectrochemical materials, electrochemistry is a
promising alternative approach for carrying out catalytic conversions with renewable
energy sources.’ With (photo)electrocatalysis, stoichiometric redox reagent can be avoided,
achieving high atomic economy, as well as controlling both the anodic and cathodic
reactions. Compared to traditional thermocatalysis, electrocatalysis can be carried out in
ambient conditions where elevated pressure and/or temperature is not required. Finally,
fuel-forming reaction, hydrogen evolution reaction can proceed on the counter electrode
where reduction reaction occurs, further elevating the potential and financial benefits for
electrocatalysis.

Apart from the potential control one can directly apply on the working electrodes,
another frequently used approach for mechanistic control is redox mediators. Mediated
electrocatalysis is generally sought after due to the faster kinetics that the mediator redox

couple provide, and the benefits of avoiding direct organic oxidation on the electrode
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surface that may result in poor selectivity or electrode passivation.* While the state-of-the-
art mediators are still N-oxyl radical and their derivatives, recent studies have shown that
inexpensive, simple inorganic anions from accessible salt sources can also work effectively
in the mediated oxidation of alcohols. Apart from previous chapters’ discussion on solvent-
free chloride mediated mechanism, other recent works have been carried out regarding
mediated electrocatalysis. With nitrate anion, a hydrogen atom extraction mechanism is
observed for the reaction between benzyl alcohol and electrochemically generated nitrate
radicals on platinum electrode in acetonitrile.> Additionally, it is found that chloride anions
can be oxidized to hypochlorous acid photoelectrochemically, thus oxidizing ethanol or 2-
propanol towards acetaldehyde, acetic acid, or acetone respectively.®

Despite the obvious benefits of using a redox mediator, limitations exist especially when
larger-scale processing is of interest. The N-oxyl radicals, despite providing fast kinetics
and excellent selectivity, are reactive organic compounds that have severe environmental
impacts as well as high storage and transportation costs. Chloride anion mentioned above
shows promise, yet EtOCl is a reactive chemical and could explode in large concentration,
resulting in safety concerns especially in large-scale processing with higher working
currents. Nevertheless, inspired by the solvent-free scheme mentioned in earlier chapters,
we realize it is important to develop this scheme by seeking noble metal free
electrocatalysts that can hasten the kinetics of direct EOR without the need for redox
mediators, so that larger-scale reactions can be carried out with more financial benefits.
Finally, the lack of a solution-phase redox active species allows the use of membrane-free
1-compartment electrolysis, further lowering the cost and complexity of the device
especially for non-aqueous solutions. Previous studies have shown that platinum group
metals, especially Pt, Pd, have feasible capabilities in performing alcohol oxidation
reactions due to their strong adsorption features for reaction intermediates.”® However,
their abundancy is scarce compared to early transition metals.’

Manganese oxide is known to have applications in performing thermochemical
oxidation of ethanol.!®!! The formation and alignment of MnO¢ octahedra enables multiple
lattice structures that brings benefits to the adsorption of ethanol.'? Additionally, MnO» is
known to provide synergy effect when loaded with noble metal. In the pathway of EtOH

total oxidation to CO2, MnO: serves as a dehydrogenation agent to form C=0 intermediate
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on adjacent Pt.!’ These results show MnO, may serve as a potential noble metal free

electrocatalyst.
4.2. Experiments
4.2.1. Chemicals and Materials

Tetrabutylammonium trifluoromethanesulfonate (>98.0%, Fisher),
tetrabutylammonium nitrate (98%, Fisher), tetrabutylammonium chloride (>97.0%, Sigma,
recrystallized), manganese bis(trifluoromethanesulfonate) (98%,  Ambeed),
Trifluoromethanesulfonic acid (98+%, Thermo Scientific Chemicals), ethanol (200 proof,
Fisher), acetone (certified ACS, Fisher), hydrochloric acid (certified ACS Plus, Fisher),
nitric acid (65% w/w/certified, Fisher), hydrogen peroxide solution (30% w/w, Sigma),
toluene (HPLC, >99.8%, Fisher), 1,1-diethoxyethane (99%, Fisher), manganese sulfate
monohydrate (99%, Fisher) were purchased and used as described. Ferrocene (98%, Sigma)
is purified by sublimation at 120 degrees Celsius on a hot plate. FTO glass (1.8mm TECTM

15 Low Iron, Pilkington) is cut into 4 x 2.54 cm? slides before electrode preparation.
4.2.2. Electrode Preparation and Characterization

Up to 10 FTO glass slides of the abovementioned size are placed in a custom Teflon
rack, where the majority of the FTO surface is exposed. Such rack alongside the FTO
glasses is then placed in a 250 mL beaker where enough solvent is added to submerge all
glasses. This beaker is then allowed to sonicate for 15 minutes under room temperature. A
sequence of solvents is used in the following order: acetone, soap water, ethanol. Note that
after the soap water sonication, a complete ultrapure water (18.2 MQ / cm?) rinse is
necessary. After the final ethanol wash, the glasses are allowed to sit in ethanol until
electrodeposition. Prior to deposition, the film is completely dried with compressed air. A
custom copper wire — glass tube electrode is attached to the FTO film with conductive
copper tape (3M) and such electrochemical contact is sealed by scotch tape to avoid wetting
the copper component. The tape also limits the surface area of FTO exposed to solution to
be exactly 2.54 x 2.54 cm?.

Electrodeposition is carried out in an ultrapure water solution with 20 mM MnSO4 and

50 mM HCl dissolved. In a typical deposition procedure, 200 mL of this precursor is made
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in a volumetric flask and is poured into a 50 mL beaker submerging the FTO-electrode.
The FTO-electrode is anchored vertically by a clamp. On a CHI 1000C potentiostat,
electrochemical deposition proceeds with a 3-electrode system with a custom saturated
Ag/AgCl reference electrode (Ag wire is from CH Instruments; the glass part is exchanged
with a same-sized glass tube with a porous glass frit (955-00003, Gamry) attached to its
end and is sealed by a heat-shrinking plastic sleeve) and a graphite counter electrode (935-
00014, Gamry). Note that Pt counter electrode is to be avoided due to Mn platting during
experiments. A constant potential coulometry (CPC) experiment is carried out at 1.1 V vs.
reference, where 0.904 C of charge is allowed to pass. The solution is kept under quiescent
condition. After opening the circuit, the film is removed from the beaker and thoroughly
rinsed with DI water, then dried with compressed air. Such film should have a brown color.
The electrodeposition solution is replaced after every 2 depositions. On a planar slate, up
to 6 films are annealed together in a Muffle furnace at 400 degrees Celsius for 2 hours,
with a ramp rate of 10 degrees per minute. The film should look darker with a near-black
color after annealing and is stored in petri dishes when not used to avoid dust.

X-ray diffraction (XRD) is carried out in a Panalytical Empyrean diffractometer with a
power of 1.8 kW (40 mA, 45 kV) using a Cu Ka radiation source (A = 0.15418 nm). A
position-sensitive 1D diffractometer (X’Celerator Scientific) equipped with a Bragg-
Brentano'® X-ray optic was used to ensure delivery of only Ka radiation. All scan
procedures are carried out with a step size of 0.0334 degree.

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX)
is carried out on a JEOL JSM-7800FLV Scanning Electron Microscope and an Oxford
XMaxN 80mm? silicon-drift energy-dispersive X-ray spectrometer, respectively. Both
instruments are in the Robert B. Mitchell Electron Microbeam Analysis Lab (EMAL),
located in Ann Arbor, MI. For both the top-down and cross-section images, a 10 keV
acceleration potential is used.

X-ray photoelectron spectroscopy (XPS) is carried out with a Kratos Axis Ultra X-ray
photoelectron spectrometer in Michigan Center for Materials Characterization (MC?),
located in Ann Arbor, MI. For all the measurements, a monochromatic Al Ka X-ray is used.

30 core scans are done for Mn 3s, while 10 core scans are done for C Is. The charging
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effects on the substrate are mitigated by an electron gun neutralizer. Binding energy of the

adventitious carbon is adjusted to 284.8 eV as a calibration to peak positions.
4.2.3. Solution Phase Analysis

Inductively coupled plasma mass spectrometry (ICP-MS) is carried out on a Perkin-
Elmer Nexion 2000 ICP-MS with Sc as internal standard for the quantification of solution-
phase Mn. Several procedures have been carried out for the ICP-MS measurements in this
work. For the full digestion of MnOx film, the film is soaked in 20 mL of concentrated
nitric acid. Then, 1000 pL of H20: is added dropwise with a pipet. Complete digestion
proceeds after roughly 1 hour. For the control reaction, a cleaned FTO is treated the same
way. Such solutions are diluted 1:1000 with 5 % HNO3 to make the ICP-MS sample. For
the post-electrolysis dissolution assessment, aliquot is taken directly from the post-
electrolysis cell before diluted 1:1000 with 5 % HNOs3 to obtain the sample. Control
experiment of this measurement is prepared with diluting the electrolyte solution with no
charge passed. Finally, soaking experiments are done by soaking MnOx films in 20 mL 200
mM HOTT ethanol solution in a 50 mL falcon tube, with vigorous stirring for 24 hours. The
aliquot is subsequently diluted 1:1000 with 5 % HNOs3 and a same control is used. All ICP-
MS data is collected in triplicates.

Gas chromatography (GC) measurement is carried out on a Thermo Fisher Trace 13-10
gas chromatograph. A capillary column and flame ionization detector (FID) heated at 325
degrees Celsius is used. For sample preparation, a stock solution is made with toluene
(internal standard) dissolved in ethanol. The concentration of toluene is calculated to ensure
a 2 mM concentration of toluene exists in the sample. The sample is prepared by
performing a 10-fold dilution of post-electrolysis aliquot with the abovementioned stock
solution to make a 1 mL sample. The GC oven is set to 35 degrees Celsius, held for 1
minute, before ramping up to 200 degrees at a 10 degrees/min ramp rate. Finally for
quantification, a calibration curve is made for 0 — 100 mM 1,1-diethoxyethane solutions in
ethanol, where they are treated the same way as post-electrolysis aliquots when being
prepared as samples. The calibration curve is obtained from ratios of integrated peak area
of toluene and 1,1-diethoxyethane. All GC measurements, including the calibration curve,

are measured in triplicates.
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4.2.4. Electrochemical Measurements

All electrochemical experiments, apart from the Tafel analyses, are carried out on a
CHI1000C potentiostat (CH Instruments). The Tafel analyses are done on a CHI760E
potentiostat (CH Instruments). All electrochemical data is plotted and treated under the
IUPAC convention. All electrochemical experiments are carried out with a 3-electrode
system. The aqueous 3-electrode system is described in 4.2.2., and in an organic-solvent,
different reference and counter electrodes are used. The Ag reference electrode (Ag wire is
from CH Instruments; the glass part is exchanged with a same-sized glass tube with a
porous glass frit (955-00003, Gamry) attached to its end and is sealed by a heat-shrinking
plastic sleeve) is filled with the electrolyte solution, and a custom Pt wire (Surepure
Chemetals, 0.05 cm diameter, with 2 cm submerged, resulting with ~0.314 cm? surface
area) is mounted to a piece of copper wire sealed in a glass tube and is used as the counter
electrode. Note that the Ag wire serves as the pseudoreference electrode; the potential is
calibrated to the ferrocenium/ferrocene redox couple (Fc™°). To calibrate the pseudo
reference electrode to ferrocene redox couple, the exact solution of interest is replicated
but with an additional 10 mM ferrocene dissolved. Then with the same set of
reference/counter electrodes yet with a glassy carbon working electrode (CH Instrument),
a CV with a scan rate of 50 mV / s is carried out between 0 — 1 V to obtain the calibration
value by calculating the average of both the oxidation and reduction peak potential. Apart
from Tafel analyses and film deposition, all electrochemical measurements are carried out
in a custom 2-compartment compression cell with 10 mL electrolyte in each compartment.
The compartments are separated by a glass frit.

Tafel analyses is carried out within a 50 mL beaker with the film clamped so that it
suspends in solution, yet completely submerged, with a fixed position. Vigorous stirring is
applied with a stir bar (1.5 cm length, Fisher) so that convection is provided but the solution
body isn’t swiveling. Other LSVs and CPCs are carried out in a custom-made compression
cell where a fine glass frit is installed between the compartments. The o-ring and clamp
ensures a 3.14 cm? surface area is exposed to the solution. Vigorous stirring is applied with

a stir bar (3.0 mm length, Fisher) to avoid collision with the film surface.

4.3. Results
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4.3.1. Characterization of Deposited MnO, Electrocatalyst

With an electrochemical deposition method, manganese (II) sulfate is oxidized to form
MnO:x on FTO substrates, with a mixed oxidation state between +3 and +4. For this

deposition, a tentative chemical reaction can be described below:

Mn?*— (2x-2) e + x H20 — MnO. + 2x H" 4.1
where a controlled amount of charge is passed, 140 mC/cm? of FTO substrate exposed to
the solution. The detailed procedure can be found in section 4.2 of this thesis, and an
example of such CPC deposition j- curve is shown in Figure C.1. With the as-deposited
film, X-ray diffraction is carried out prior to and after annealing. Figure 4.1 shows the
diffraction spectra for both annealed and unannealed film, where barely any diffraction
peaks can be observed apart from the inherited ones from the fluorine-doped tin oxide (FTO)
underlying film (marked as vertical straight lines). Even for trials with 3 times more charge

passed during the deposition and annealing, the same diffraction pattern is observed.

—— 3* Charge passed, annealed
Annealed
As-deposited

Normalized Intensity / a.u.

———

0 10 20 30 40 50 60 70 80 90
2 8/ degrees
Figure 4.1. X-ray diffraction patterns of deposited MnOx films on FTO substrate. Vertical
black lines represent diffraction peaks from the conductive FTO layer.

Thus, we conclude that our deposited films are largely amorphous. It is noteworthy that
for the unannealed material, a reflection at ~12° 20 can be observed, agreeing with what is
reported for the d-spacing between layered Birnessite structures of MnOx prepared with a
similar method. Upon annealing, such features vanish due to the removal of interlayer
water."* Subsequently, SEM imaging alongside EDX is carried out to assess the

morphology and thickness of prepared films. Figure 4.2 shows the top-down and cross-
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sectional SEM images, as well as cross-sectional EDX elemental mapping. The top-down

image for an as-deposited, not annealed MnOx film can be found in Figure C.2.

(c)

Mn Lal,2

Figure 4.2. SEMimages for annealed MnOx films. (a) top-
(d) elemental mapping of (b) for Sn and Mn, respectively.

From the top-down image, a decent coverage of MnOx is observed with decent surface
roughness. From the cross-sectional image, corroborated with the mapping of Sn and Mn

metals, we can conclude that the MnOy films have an even thickness of ~1.2 microns.
4.3.2. Electrochemical Tests for Ethanol Oxidation Reaction (EOR) on MnOy

With the prepared material, we carry out the electrochemical EOR reaction on a custom-
made compression cell. To avoid any sort of mediated reaction, like reported in other
chapters, BusNOTT is selected to be the electrolyte due to its anion’s stability towards redox
reactions. Figure 4.3 shows the LSV curves of FTO, annealed MnOx and as-deposited
MnOy in a 200 mM BusNOTT ethanol solution.
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Figure 4.3. LSV curves for different films in 200 mM BusNOTT ethanol solution, in a
compression cell. The scan rate is 100 mV/s.

Clearly, a lower onset potential and higher anodic current can be observed with the
electrocatalyst layer, and the annealed film exhibited both traits compared to the
unannealed film as well. Thus, we chose the annealed material as our focus in this chapter.
Intrigued by the elevated rate of EOR on this material, we moved on to test if it is also
active to the easier-to-oxidize anions by performing the same LSV measurements with
BusNCI and BusNNO3, both with the same concentration as in Figure 4.4. Previous
chapters have mentioned that chloride and nitrate anions both have potential to be utilized
as redox mediators, thus they are easily oxidizable. Should these anions get oxidized, an

earlier onset potential would be expected compared to when BusNOTT is the electrolyte.
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Figure 4.4. LSV curves of different electrolytes in ethanol on MnOx. The electrolyte
concentration is 200 mM and the scan rate is 100 mV / s. Such measurements are carried
out in a compression cell with a quiescent solution.

Rather surprisingly, not much difference is observed among the 3 electrolytes tested.
Despite the ethanol-specific chloride oxidation mechanism discussed in the previous
chapters, neither lower onset potential nor higher current is observed in this case for
chloride oxidation. Similarly, despite recent reports on nitrate anions functioning as redox
mediators in alcohol oxidation reactions, insignificant difference is observed in the LSV
measurements. This result further supports the hypothesis that MnOx can significantly
improve the EOR kinetics, so that EOR is no longer outcompeted by the oxidation of easy-
to-oxidize anions. With the above observations, we carried out constant potential
coulometry (CPC) measurements to assess the long-term current output and stability of
annealed MnOy in EOR practices. Understanding that conductivity is an important factor
especially in non-aqueous systems, and that the hydrogen evolution reaction (HER) is of
great interest, HOTf is also tested out as a strong acid with an inert anion. Figure 4.5 shows
triplicates of 16-hour CPC experiments conducted in the compression cell with vigorous
stirring. Figure C.3 shows LSVs of as-deposited MnOx and annealed film in this 200 mM

HOTT solution, where a similar pattern is observed to Figure 4.3.

64



1.0 25
0.9- (a) (b)
0.8+ 2.0
0.7 p—_’/
% % &
g 0.6 g 1.5
05 <
< 05-
£ £
~ 04+ = 1.0
-~ -
—— Trial 1 — Trial 1
0.31 Trial 2 — Trial 2
024 — Trial 3 054 Trial 3
0.1
0.0~ T T T T r T T T 0.0 1~ T T T T T T T T
00 20 40 60 80 100 120 140 16.0 00 20 40 60 80 100 120 140 16.0
t/ hours t/ hours

Figure 4.5. CPC curves of 200 mM (a) BusNOTT, (b) HOTf dissolved in ethanol on MnOx.

Note that the scale on the y-axis is different. Applied potential is 1.76 V vs. Fc™°.

For BusNOTT, an unusual CPC curve is observed with an initial drop followed by a
gradual increase in current over time. For HOTY, a rather stable current is observed
following the initial drop. As is expected, roughly 3-fold higher current is observed for the
HOTT case, which has a conductivity of 7.80 mS/cm? compared to 2.74 mS/cm? for the
BusNOTT. Control CPC experiment with FTO in HOTT is shown in Figure C.4, where a
degrading, low-current density j-t curve is observed. We hypothesize that the direct EOR

on MnOx results in the following reaction regardless of electrolyte:

CH3;CH:0H - 2¢- — CH3CHO + 2H* (4.2)

Where, same as described in Chapter 2, the acetaldehyde formed is expected to form
1,1-diethoxyethane (DEE) upon acetalization reaction with the ethanol solvent. From this
viewpoint, we attribute the gradual increase in current with the BusNOTT case to the build-
up of proton concentration. To understand the selectivity of the CPC experiments, we
carried out GC analyses for the post-CPC solutions to quantify the amount of DEE made.
The Faradaic efficiency (FE) is calculated with the same solution used in Chapter 2. The
FE is measured, with triplicates, to be 98.0+0.1% for the BusNOTf and 91.3+3.9% for the
HOTT cases respectively. This demonstrates the selectivity of MnOx on direct EOR in both
solutions. GC chromatogram of post-CPC aliquot and the control is shown in Figure C.5.
While the HOTT electrolyte provides higher current and conductivity, the strong acidity
raises concerns on corrosion. Despite the stable current, to ensure that MnOx is not corroded
and dissolved, ICP-MS experiments have been carried out to assess the solution Mn cation

concentration after >24-hour CPCs. With a digestion experiment aiming to dissolve off all
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the MnOx, 4.94 x 10 moles total loading of Mn is found to be on the FTO substrate
following a normal deposition. Less than 1 % Mn is observed for the 24-hour CPC,
confirming the excellent stability of the MnOx material even under strong acidic conditions.

Moreover, Tafel analysis is carried out to assess the kinetic details of MnOx based EOR.
Figure 4.6 shows such results for MnOx in BuuNOTYf, HOTf and FTO in BusNOTf as a

control reaction.
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Figure 4.6. Tafel analysis with the MnOx electrocatalyst and FTO as a control. Left: LSV
curves at 1 mV/s with vigorous stirring and 200 mM BusNOTT, or HOTf if specified. Right:
Tafel slopes obtained from the LSV curves.

The following Tafel slopes are collected: FTO & BusNOTT, 304 mV/dec; MnOx &
BusNOTT, 204 mV/dec; MnOx & HOTT, 100 mV/dec. This result agrees with the previous
observations that MnOx improves the kinetics of EOR compared to FTO, as well as hinting

that the presence of acid also accelerates the reaction.
4.4. Discussion
4.4.1. Operational Stability of MnO. Electrocatalyst

Despite the observed stability during CPC from both a stable j-# curve and low Mn
dissolution by ICP-MS, it is noticed that the color of the dark-brown film would fade
following soaking in the post-CPC solution overnight. This indicates a chemical
dissolution/corrosion reaction. A soaking experiment is thus carried out to assess such
dissolution process. In triplicates, MnOx is soaked in 200 mM HOTT, with vigorous stirring
for overnight. Similarly, the color of the film is gone post the soaking experiment. [CP-MS
is carried out on the supernatant, and based on the total Mn loading measured earlier, only

59.6 £ 0.59 % of Mn dissolved, indicating a good amount of Mn left on the surface. We
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carried out XPS to determine the oxidation state of the remaining Mn after soaking that are
washed and dried thoroughly, as well as films for those deposited or annealed for reference.
The average oxidation state (AOS) of Mn on the surface is calculated with the following
reaction:!>

AOS =9.67—-1.27 X AEn3s)/ €V (4.3)
where AE corresponds to the absolute value of the difference in binding energies of the 2
Mn 3s fitted peaks. Figure 4.7 shows the fitted XPS results for as-deposited film, annealed

film, and post-soaking film.
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Figure 4.7. Mn 3s XPS spectra of as-deposited film, annealed film, and post-soaking film.

With equation (4.3), the AOS of Mn can be obtained for the abovementioned film: 3.320
for as-deposited film, 3.447 for annealed film, and 3.828 for post-soaking film. It is
intuitive that annealing increases the oxidation state of the electrochemically deposited film.
However, the significant increase in AOS after the corrosive soaking process is unexpected.
One possible explanation is that disproportionation reaction of Mn (III) proceeds to yield
Mn (IV) and Mn (II), with the latter usually being soluble. Relating this hypothesis to
earlier observed operational stability, a straightforward theory would be that during CPC,
re-deposition of solvated Mn (II) proceeds under applied potential, keeping the film intact.
To test this, we took one of the soaked films and used it as the working electrode, carried
out CPC experiment with 195 mM BusNOTTf and 2.5 mM Mn(OTf)2 to mimic the case
where solvated Mn (II) exist. Figure 4.8 shows the LSV under such circumstance alongside
anormal LSV carried out with annealed MnOx in a Mn-free electrolyte. Significantly lower
current is observed with the solvated-Mn case, likely indicating that the re-deposition is
not happening even with applied potential; and that the Mn (IV)-dominant material is not
as active as the annealed MnOx towards direct EOR. Thus, we hypothesize that other

mechanisms are contributing to the improved kinetics of MnOx based EOR.
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Figure 4.8. LSV curves of (red) soaked MnOx in 5 mM Mn(OTf)2, 195 mM BusNOTT and
(black) annealed MnOy in 200 mM BusNOTT. The scan rate is 100 mV/s.

Nevertheless, we propose a similar disproportionation reaction reported on MnOx
material during acidic oxygen evolution reaction.'® Figure 4.9 shows a tentative scheme
for such reaction that results in the formation of Mn (IV) and Mn (II):

OH _ OH +H" OH OH;

IOl > - _0 |
Mn \_/ I\/Insur No potentia| Mnsur * IVlnsol

(ay —(n applied (IV) (1)

Figure 4.9. Proposed mechanism for the disproportionation reaction of Mn (III) species
when soaked in ethanol solution.

4.4.2. Purposed Ethanol Oxidation Reaction on MnOy

Referring back to the Tafel analysis in Figure 4.6, one can notice that despite the
obvious lower Tafel slope in the HOTf case, a much higher onset potential is found
compared to BusNOTT cases. This indicates that it requires a less negative potential to
reduce the film, that the film is easier to be reduced when acid is present. Moreover, in the
previously mentioned soaking experiment, control reaction carried out with aqueous
system showed a much slower rate of film dissolution, even with 200 mM H2SO4 added
(greater than 3 days of soaking). When 200 mM ethanol is sparged in the H2SO4 aqueous
solution, a similar rate is observed to that of 200 mM HOTT in ethanol. This hints the
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likelihood of a chemical oxidation mechanism of ethanol, especially when there is acid
around. Realizing the drastic thermodynamic instability of solvated Mn (III) species,'” and
the low observed activity for Mn (IV) species, we hypothesize the following chemical EOR

mechanism shown in Figure 4.10:

H
QH/O\Cl)H H OH _ (I)H/OH . ?HZ .\ AO
Mn Mngy, Mngyr Mng,
(1) (1) No potential (1 (1)
applied

Figure 4.10: Proposed reaction for the chemical oxidation reaction carried out by Mn (III)
species when soaked in ethanol solution. Note that the stoichiometry between the Mn
species on the right side of the equation is unclear.

Such mechanism is relatable to the previously reported MnOx-driven oxygen evolution
reaction mechanism.'® And thus, based on this mechanism, we hypothesize that the
operational stability observed during the CPC experiments arise from the potential-driven
deprotonation of Mn-OH or Mn-OH2 species. As proton gets removed, the Mn center
would also be oxidized, maintaining a >3 oxidation state so that the solvation of Mn is
avoided. We then carried out Tafel analyses with varied concentrations of HOTT to explore
the relationship between reaction kinetics and concentration of HOTf, shown in Figure
4.11. Realizing the conductivity can be a factor in current data collected, we added extra
amounts of BusNOTTf to compensate for the conductivity differences among solutions
tested.

From the result in Figure 4.11, it can be concluded that the presence of acid significantly
decreases the Tafel slope, and that increased concentration of acid also mildly decreases
the Tafel slope. This observation indicates that the deprotonation step is likely not rate-
limiting, otherwise a negative relationship between acid concentration and electrochemical
reaction rate would be expected. Thus, we hypothesis that the rate-limiting step is the
chemical oxidation of ethanol with Mn (III), and that the applied bias assists in significantly
improving the turnover frequency by ensuring the surface is populated with active Mn (III)
species. Moreover, the Tafel analysis of FTO in HOTT is also included in the Appendix in

Figure C.6. In this case, despite being put into a strong acidic condition, the Tafel slope of
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FTO didn’t decrease (333.9 mV/dec), indicating that the relationship shown in Figure 4.11

is material-specific and only applies to MnOs.
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Figure 4.11. Tafel analysis for 0-50 mM HOTTf on annealed MnOx in neat ethanol. (Left) 1
mV/s LSV scans with vigorous stirring in a beaker. (Right) Tafel slope plots with the slope-
[HOTT] relationship in the inset. The 0 mM HOTf electrolyte has 200 mM BusNOTT added.

4.5. Conclusions and Future Work

Amorphous planar MnOs is prepared from an electrochemical deposition method on
FTO substrate, followed by annealing under atmosphere. This material, when used as an
electrocatalyst, can significantly hasten the kinetics of direct electrochemical neat ethanol
oxidation reaction. This is confirmed by the near-same LSV curves collected from both
inert electrolyte and redox-active anion (CI" or NO3") based electrolyte. CPC electrolysis is
carried out with MnOx in BusNOTf and HOTT electrolyte, where long-term stability
and >90% faradaic efficiency for 1,1-diethoxyethane formation is observed in both cases.
Higher current as well as lower Tafel slope is observed for the HOTf case. ICP-MS
quantified less than 1% Mn dissolution after 24 hours of CPC in HOTT electrolyte,
confirming the stability of the MnOx electrocatalyst. However, when anodic potential is not
poised, MnOx is observed to corrode with Mn collected in solution, while XPS detected
elevated amount of Mn (IV) on the surface. Thus, we propose 2 chemical processes that
could proceed on the MnOx material in neat ethanol. First, a spontaneous
disproportionation reaction converts surface Mn (III) to Mn (IT) and Mn (IV), with the latter
species being inert. Additionally, Mn (III) can chemically oxidize ethanol, protonating the
Mn-O or Mn-OH bonds and reducing to Mn (II). We hypothesis that the electrochemical

ethanol oxidation reaction proceeds through the chemical oxidation process, while the
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applied anodic potential deprotonates the Mn-OH or Mn-OH2 bond to maintain the
oxidation state and avoid passivation. This work demonstrates the potential of utilizing
noble metal free MnOx as a selective electrocatalyst for neat ethanol oxidation to 1,1-
diethoxyethane.

Future works include carrying out in situ Raman or IR experiments to track the reaction
intermediate to provide direct evidence of this mechanism. We hypothesize that through in
situ Raman, the potential-introduced transition of Mn species can be tracked, and visible
difference is expected in neat-ethanol and ethanol-free conditions. With IR measurement,
the ethanol oxidation intermediate can also be observed, thus confirming the step where
the carbonyl of MeCHO is formed. Moreover, instead of planar electrode, modifying the
electrodeposition method to deposit the material onto high-surface area carbon electrode
will assist in elevating the current output of the MnOx electrocatalyst, while benefiting from

this material-based mechanism.
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Chapter 5

Summary and Outlook
5.1. Summary of Presented Work

Through the chapters of this thesis, multiple approaches have been explored to facilitate
selective electrochemical neat ethanol oxidation. Solvent-free electrocatalysis has been an
overlooked area of study, and more applications could be implemented in not only catalytic
redox conversions but also functionalization reactions for organic compounds. We were
able to demonstrate the use of chloride as an accessible mediator in neat ethanol oxidation,
provide hydrodynamic and mechanistic study for the chloride oxidation reaction in ethanol,
and develop a noble metal free MnOx electrocatalyst that exhibit stability and selectivity in
strong acidic conditions.

In chapter 2, we found that chloride can be utilized as a redox mediator for direct EOR.
On a commercial glassy carbon electrode, much lower onset potential is observed for
chloride electrolyte compared to inert electrolyte. Constant potential electrolysis yielded
1,1-diethoxyethane (DEE) with high stability and faradaic efficiency, and collection
experiment confirms chloride was not consumed during electrolysis. With UV-vis
spectroscopy, the intermediate generated from chloride oxidation is confirmed to be EtOCI,
an unstable species that is known to decompose into acetaldehyde and HCI. Kinetic study
for the EtOCI confirms the first-order degradation mechanism. During electrolysis, an
equilibrium of EtOCI concentration is reached and DEE is formed from the acetalization
reaction of released acetaldehyde.

In chapter 3, mechanistic study is conducted to the COR in neat ethanol. With CV study
in dichloromethane, we observed a Volmer step for COR where one-electron oxidation of
chloride produced an adsorbed CI(0) species. Similar analyses are performed in ethanol,
where a one-electron anodic electrochemical step is observed. Koutecky-Levich analysis
quantified the kinetic rate constant of COR and direct EOR, with the COR’s rate constant

being 2-3 magnitudes larger than EOR. Realizing that no chlorinated product is observed
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in chapter 2, we move on to confirm that EtOCI is the only COR product with an in situ
spectroelectrochemical analysis, across the potentials of interest. Furthermore, slow scan
rate LSVs with RRDE as well as spectroelectrochemical characterization confirms the
presence of an electron transfer event where EtOCI is not observed. This chapter provides
an example methodology to assess mechanistic details and kinetics in neat ethanol.

In chapter 4, MnOx is prepared with an electrochemical deposition method on FTO
substrate. This amorphous material can electrocatalytically oxidize neat ethanol to 1,1-
diethoxyethane with high selectivity and stability. Moreover, such stability is also observed
in strong acidic conditions with elevated anodic current. However, when anodic potential
is not applied, the electrocatalyst is observed to corrode into solution. The dissolution is
then investigated by XPS and ICP-MS and a disproportionation mechanism is proposed.
Corroborating with previously reported OER mechanisms, we hypothesize that the
catalytic oxidation of ethanol proceeds through a chemical step, where Mn (III) is the
oxidant and gets protonated. Applied anodic potential then deprotonates the Mn-OH or Mn-
OH?: species, re-oxidizing Mn and maintaining the integrity of the catalyst. Tafel analyses
determined the relationship between [HOTf] and reaction rate, suggesting that the
electrochemical deprotonation step is not rate limiting. We then hypothesize the chemical
oxidation of ethanol is the limiting step in the mechanism. Future work includes in situ

measurements to provide direct observation of reaction intermediates.
5.2. Introducing Other Components to Neat Alcohol Oxidation Scheme

Despite the obvious benefits of solvent-free electrolysis, underlying challenges do exist.
Apart from smaller molecule alcohols, viscosity can be an issue that is hard to circumvent
as it significantly limits the solution conductivity. Moreover, the solubility of electrolyte
can also be limited. We then anticipate that the introduction of solvent is needed to provide
the necessary ionic conductivity, especially for larger alcohols. However, to maximize the
benefits from 1) chloride-mediated formation of alkyl hypochlorite and 2) selectivity
control from acetalization, a large enough alcohol concentration is expected to be present
in the solution. Moreover, the choice of solvent is to be considered. Water for example, is
to be avoided due to the likelihood of forming active chlorine species when oxidizing

chloride. We hypothesize that aprotic polar solvent has the most potential, including
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dichloromethane, acetonitrile, and propylene carbonate. Further studies should be
conducted in these solvents, with concentration of the alcohol substrate exceeding that of
the supporting electrolyte.

Additionally, realizing the formation of DEE in neat ethanol oxidation heavily relies on
the nucleophilic attack of ethanol molecule, we hypothesize that the addition of a strong
nucleophile could alternate the primary product for this mechanism, especially since the
acetaldehyde is slowly generated homogeneously with the chloride mediated mechanism.
A stronger nucleophile, for instance, methoxide anion, has the potential to change the DEE
product to dimethoxyethane. We anticipate more reaction pathways to be discovered for
electrocatalysis in neat ethanol system with different functionalized products. Finally, the
formation of EtOCI in neat ethanol upon the oxidation of chloride could be exploited. It is
noteworthy that in Chapters 2 & 3, EtOCI is not used as an oxidant, nor as a
functionalization agent despite its ability to do so. It is thus believed that the high selectivity
from EtOCI fromed in situ has the potential to functionalize or oxidize other organic

substances dissolved in ethanol.
5.3. Photochemical Neat Alcohol Oxidation with Hydrogen Evolution

The inevitable bottleneck of electrocatalysis in the case of neat alcohol oxidation is
determined to be conductivity, which is a term that can be thoroughly circumvented by
non-electrochemical methods. We realize that photocatalysis is also driven by renewable
energy, can also be carried out with abundant metal chalcogenides, and possesses the redox
capabilities to generate hydrogen gas as a byproduct alongside alcohol oxidation. By
applying semiconductor photocatalysts in neat alcohol, not only larger alcohols can be
handled without the worry of conductivity, but also mediators can still be applied to
alternate the mechanism. In a recent literature review, we demonstrated the strategies on
photocatalytic alcohol oxidation reactions carried out on noble metal free materials. It is
found that photocatalytic performance can be optimized by bridging the heterogeneous and
homogeneous processes with redox mediators, designing nanomaterial syntheses that focus
on the growth of active facets, reducing the particle size to expose more active areas, and
morphological engineering of the nanoparticles. Such results are summarized from

multiple common light-absorbing materials, including TiO2, ZnO, WOs3, CdS and g-C3Na.
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5.4. Preliminary Results for Photochemical Neat Ethanol Oxidation

To test the possibility of the above-mentioned photochemical scheme, we carried out
preliminary trials with hydrothermal-synthesized CdS nanowires in neat ethanol. CdS
nanowires are prepared by a hydrothermal method, where 10 mmol Cd(NOs3)2 and 40 mmol
thiourea is dissolved in 30 mL ethylenediamine with sonication. This mixture is then placed
in a furnace held at 160 C for 48 hours, and the product is filtered, washed with ethanol (3
times) and water (3 times) before drying in a vacuum oven. The diffuse reflectance data
and Tauc plot obtained for this yellow powder is shown in Figure 5.1, confirming its ability

to absorb blue light with an optical bandgap of 2.43 eV.
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Figure 5.1. Diffuse reflectance measured for prepared CdS and corresponding Tauc plot.
The CdS photocatalyst is then mixed with ethanol solution with 10 mM dissolved
electrolyte at 1 mg/mL ratio. In each run, triplicates of 10 mL solutions are placed under
200 mW/cm? 447.5 nm LED irradiation for 24 hours, with a catalyst-free control
experiment under the same light. A fan is applied to control the temperature increase during
the photolysis, and the concentrations of DEE product are quantified by GC in the same
methodology demonstrated in Chapter 4. Preliminary results show that when the
atmosphere is air, ~32 mM DEE can be produced for BusNCl electrolyte, and no conversion
is observed for chloride-free electrolyte, highlighting the effectiveness of chloride as a
potential mediator. Yet, the CdS completely dissolved only in the BusNCI case. Under N2
atmosphere however, no product is observed in either Cl" and CI free conditions, while

CdS remains undissolved. We thus hypothesize that in the air & CI case, the oxygen
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reduction reaction (ORR) proceeds alongside the oxidation reaction, and forms oxidative
products that convert the sulfide to sulfate, which makes soluble Cd*".

To facilitate the HER capability so that the reaction can be carried out in air-free
conditions to avoid ORR, 1 mol-% of NiS is decorated on CdS via a hydrothermal method.
1 mol-% of NiClz and 1.6 mol-% of L-cysteine are added alongside synthesized CdS to 30
mL water. This mixture is sonicated to ensure thorough mixing, and then placed in a furnace
held at 200 C for 24 hours, and is washed and dried in the same way mentioned above. The
collected powders now have a greener color. Figure 5.2 showed the XRD patterns for CdS

and CdS-NiS, where both materials showed the same wurtzite structure.

—— PDF#75-1545_CdS_Greenockite
—— CdS_HT_1% NiS_HT
CdS_HT

N

10 20 30 40 50 ) 70
26/ degree

Figure 5.2. XRD patterns for CdS and CdS-NiS. No visible difference is present before and
after the loading of NiS.
Figure 5.3 shows the SEM image before and after NiS loading, as well as the EDS

Intensity / a.u.

mapping data that confirms ~ 1% loading of Ni. Thus, we note our heterojunction material

to be CdS-1%NiS.
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Figure 5.3. (a and (b): SEM images at different agniﬁcains for obtained CdS-NiS
nanowires. (¢): EDS mapping data showing the ratio between Cd and Ni elements.
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Under the same irradiation but in a N2 glove box, we found CdS-1%NiS can also oxidize
ethanol to DEE, yet only when acid is present. Figure 5.4 shows the concentrations of DEE

generated after 24-hour irradiation with different electrolyte dissolved.

100 +

80

60 +

40

DEE Concentration / mM

20 +

10 mMHCI 10 mM H,S0, 10 mM Bu,NcI 10 MM H,S0,
_ 10 mM Bu,NCI
Dissolved lons

Figure 5.4. DEE concentration produced after 24-hour photolysis with CdS-1%NiS under
N2 atmosphere.

We observe a much faster DEE formation rate for the HC1 vs H2SO4 case, demonstrating
again the acceleration of ethanol oxidation when there is chloride around. The comparation
between HCI and BusNCl indirectly confirm the occurrence of the HER alongside ethanol
oxidation. It is noteworthy that the DEE yield of 10 mM HCl in N2 is also much larger than
the yield observed for the 10 mM BusNCl in air case (32 mM). We hypothesize that the
generated hydrogen gas quantification can be done through an on-line gas chromatography

in our lab with a custom photochemical cell. Although, an underlying issue of CdS-1%NiS
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is its acidic instability, and catalyst corrosion is indeed observed during the photolysis for
the best-performing 10 mM HCI case shown in Figure 5.4 (7.23 % Cd and 19.3 % Ni
dissolved, confirmed by ICP-MS). This preliminary work indicates the proposed
photocatalytic approach has potential to be implemented in the broader alcohol oxidation
scheme. We anticipate successful neat alcohol photochemical oxidation with other
photocatalysts or encapsuled CdS; and that not only small molecule alcohols can be

selectively oxidized this way.
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Appendices
Appendix A

Supporting Information for Chapter 2
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Figure A.1. CV measurements on glassy carbon electrode in water with acid electrolytes.
Working electrode: glassy carbon; reference electrode: saturated Ag/AgCl. Scan rate: 100
mV/s.
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Figure A.2. 'TH-NMR spectrum for a post-CPC experiment reaction mixture. The sample is
prepared by diluting 100 pL aliquot in 500 uL. CDCl3. Chemical shifts: chloroform (7.26,
1H). tetrabutylammonium chloride (3.21, 8H, m; 1.58, 8H, m; 1.37, 8H, m; 0.94, 12H, t).
EtOH (3.60, 2H, q; 3.15, 1H; 1.14, 3H, t). DEE (4.61, 1H, q; 3.43, 4H, m; other peaks
overlay with the solvent peak).
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Figure A.3. GC-MS chromatogram for the post-CPC reaction mixture and m/z ratio graph

for the 1,1-diethoxyethane peak (retention time = 4.45 min) with the standard graph from
NIST.
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Figure A.4. FT-IR spectrum of an aliquot of the reaction mixture recorded before (black)
and after (red) the CPC experiment. The % transmittance value was normalized, and the

only differences are attributed to water (the reaction byproduct): vo-x (3360 cm™) and &u-
o-t (1630 cm™).!
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Figure A.5. Extended-range UV-vis absorption spectrum of diluted aliquot after the 1h CPC
experiment. The EtOCI signature peak remains as the only notable absorption feature

throughout the UV-vis range.
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Figure A.6. Long-time CPC experiment for measuring chloride recovery. CPC potential:
+1.61 V vs. Fc™°. Black: CPC i — ¢ curve. Red: Charge passed ¢ — ¢ from integrating the i
— t curve. In total, 96.77 C of charge passed, which would correspond to 50.1% of chloride
being consumed (100.3 mM chloride consumption out of 200 mM) if chloride reacted
stoichiometrically.
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Figure A.7. Replicates of UV-vis measured EtOCI degradation kinetics presented in Figure
2.4. The CPC was carried out for 1 hour and the initial concentration is confirmed by

titration.
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Figure A.8. Tafel slopes for varying concentration of chloride electrolyte in ethanol solution.

The numeric slopes: 100 mM, 173.7 mV/dec; 200 mM, 162.7 mV/dec; 500 mM, 169.4
mV/dec; 1 M, 176.0 mV/dec.

1 Mojet, B. L.; Ebbesen, S. D.; Lefferts, L. Light at the interface: the potential of attenuated total

reflection infrared spectroscopy for understanding heterogeneous catalysis in water. Chem. Soc.
Rev. 2010, 39(12), 4643-4655.
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Appendix B

Supporting Information for Chapter 3

- 4
Figure B.1. Custom spectroelectrochemical setup.

(a) Assembly of the DIY reference and counter electrodes used in the quartz cell (d).
(b) Inside of Agilent Cary 5000 UV-Vis-NIR spectrophotometer’s measurement chamber.

(c) The working electrode holder from CH Instrument with a simple stand that is placed in
(b).

(d) Custom-made spectroelectrochemical cell. The quartz cuvette was sawed off a 4 mm
diameter hole where a glass tube is attached to allow the placement of the other 2 electrodes,
while the glassy carbon working electrode is placed in the quartz compartment. The
junction was sealed by Epoxy.
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Figure B.2. CV measurements at different scan rates, with 100 mM Bu4NCl dissolved in
DCM. The working electrode is glassy carbon disk. The inset shows the linearity of |ipc|
against first order of scan rate. At this high chloride concentration, higher current is
guaranteed so the peaks can be well resolved.
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Figure B.3. CV measurements carried out at different scan rates, with 100 mM Bu4NPFe
dissolved in DCM. The same electrochemical setup is used as in Figure B.2. The same y-
axis scale in Figure B.2 is also used for comparison.
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Figure B.4. RRDE LSV with Pt-ring (cathodic) and GC-disk (anodic) in 100 mM Na2SOsa,
aqueous solution with 5 mM K4Fe(CN)s dissolved. The Scan rate = 20 mV/s, Ering=0.1 V
vs AgCl/Ag reference. The counter electrode is Pt wire. The experiment is conducted in a
3-compartment cell with no purging gas. Starting potential is OCP, scan direction is positive.

At 0.9 V vs. Ag/AgCl, the corresponding collection efficiency: 10 Hz, 40.06%; 14 Hz,
40.60%; 18 Hz, 38.95%. The collection efficiency is determined from averaging these
values, and it agrees with the manufacturer-provided theoretical value based on the
dimensions and structure of the RRDE.
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Figure B.5. Cottrell experiments to measure the diffusion coefficient of Cl in ethanol.
Electrolyte: 100 mM BusNOTT{, 5 mM BusNCl. Electrodes: Glassy carbon disk (working),
Ag wire (reference), Pt wire (counter). Data are recorded in triplicate and the numeric
results are averaged.

Top: replicates of CPC at 2 V vs. Ag wire. Bottom: i vs % plot, guided by

0 — -
i = %. L average slope: 4.701 x 10 mA - s*3; average Dcr : 1.522 x 107° cm?/s
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Figure B.6. Estimate of apparent reaction order regarding the concentration of chloride.
RRDE experiments at 2400 rpm rotation rate are performed for varied [CI].

m is obtained with the following equation?:

d1n(i)
m=|— —=
dln (C(C l‘))
Where i corresponds to the measured disk current. The vertical line in the figure represents
the estimated reaction order with minimal interference from mass transport. Such reaction

order values are used with the ik calculated from K-L analysis, where ideal mass transport
is assumed. Numerical values can be found towards the end of this Appendix.

94



10

——241Vvs Fc*? ——2.41Vvs Fc*
——1.91Vvs Fc*? ——1.91Vvs Fc"
81 S
[4M]
o =
E =
o 6 2
[ ] [O]
< E
£ 3
= 4 N A | l
©
... - = F
o)
c z L l
1
0

0 5 10 15 20 25 30 35 40 45 5 0 2 4 6 8 10 12 14 16 18
t/'h Retention time / min

Figure B.7. CPC j-t curve of direct ethanol oxidation at varied potential and GC

chromatogram on the post-CPC solution. Electrolyte: 100 mM BusNOTT dissolved in

ethanol. In both cases, CPC are run in cell shown in Figure S1, and total charge passed is

controlled between 30 and 40 C.

Speciation in the chromatogram: CH3CH20H, Rt ~ 6.2 min; CH3COOH, Rt = 8.072 min;
CH3COOC:Hs, Rt = 8.633 min; 1,1-diethoxyethane (DEE), Rt = 10.607 min; toluene
(internal standard), Rt = 11.716 min. In such case, DEE represents 2-electron AOR product;
CH3COOH and CH3COOC:Hs represents 4-electron AOR product. In the high-potential
blue chromatogram, 4-electron AOR product are seen.
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Figure B.8. Peak current — scan rate study for 10 mM BusNCI and 90 mM BwNOTT in
ethanol. The working electrode is a glassy carbon disk. Left: CV curves. Right:
Relationship of peak currents from the CV traces and either the square root of scan rate or
scan rate. Note that due to the spontaneous degradation of EtOCI, the species responsible
for the cathodic current, measured cathodic currents are lower than what should be
expected for either case. This mismatch is more significant for slower scan rates.
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Figure B.9. CV curves for electrolyte containing 50 mM BusNClI and 50 mM BusNOTT in
ethanol, with varied scan rates. The working electrode is a glassy carbon disk.
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Figure B.10. Spectroelectrochemical measurement of 100 mM BusNOTT solution poised
at two different potentials in the custom cell. The UV-vis absorption measurement of the
electrolyte is carried out every minute while the constant potential coulometry runs for 20
mins. Only selected timepoints of measurement are shown for clarity. The negative
absorption values may be due to the destruction of species that were in the background.
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K-L Analysis Calculations and Other Numeric Results.
Parameters:

F: Faradaic constant, 96,485 C/mol;

A: geometric surface area of the disk electrode, 0.12567 cm?;

D, diffusion coefficient of the reduced species in the redox reaction of interest. Chloride
in ethanol: 1.522 x 107% cm?/s; ethanol self: 1.01 x 107 cm?/s; 3

v: kinematic viscosity of solvent. EtOH: 1.391 x 102 cm?/s;*

C: concentration of substrate in mol/cm?. Chloride: adjustable; ethanol self: 1.712 x 1072
mol/cm?;

w: disk angular rotation rate in rads/s.

Table of kr with different potential and electrolyte is attached below. Units are cm/s. Note
that reaction order for the chloride-free case is considered 0 due to ethanol being the
solvent.

E/Vvs 5 mM 10 mM 20 mM Reaction |55 11
Fc'o BwNCl BwNCI BwNCl Ordeél’? bY | BuNoOTE
1.51 9.11x 107 | 1.47x10° | 1.19 x 10° 0.355 1.88 x 10°°
1.61 927 x 107 | 1.47x 100 | 1.26 x 10 0.337 2.79 x 10°°
1.71 1.06 x 10° | 1.49 x 10 | 1.46 x 10 0.329 4.84 x 10°°
1.81 1.19 x 10° | 1.50 x 10 | 1.63 x 10 0.322 7.99 x 10
1.91 128 x 10° | 1.56 x 10° | 1.79 x 10 0.317 1.18 x 10°°

! Ruff, I.; Friedrich, V. J.; Demeter, K.; Csillag, K. Transfer diffusion. II. Kinetics of electron
exchange reaction between ferrocene and ferricinium ion in alcohols. J. Phys. Chem. 1971 75,
3303-3309.

2 Reinsberg, P.; Weip, A.; Bawol, P.P.; Baltruschat, H. J. Phys. Chem. C 2017, 121, 14, 7677—
7688

3 Lusis, M. A.; Ratcliff, G. A. Diffusion of inert and Hydrogen-bonding solutes in aliphatic alcohols.
AIChE J1971 17(6), 1492-1496.

4 Petrov A.N.; Alper G.A.. Viscosity of Non-Electrolyte Solutions on Base of Formamide. Zh.
Obshch. Khim. 1992 62,1231-1235

99



Appendix C

Supporting Information for Chapter 4
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Figure C.1. j-t curves of replicates of MnOx CPC electrodeposition on FTO substrate. The
exposed area is 2.54 cm*2.54 cm square; applied potential is 1.1 V vs. Ag/AgCL.
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Figure C.2. Top-down SEM image of the as-deposited MnOx film. The morphology is very
similar to the annealed film in Figure 4.2(a).
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Figure C.3. LSV curves for different films in 200 mM HOTT ethanol solution, in a
compression cell. The scan rate is 100 mV/s.
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Figure C.4. CPC curves of 200 mM HOTT dissolved in ethanol on FTO over 16 hours.
Applied potential is 1.76 V vs. Fc™°.
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Figure C.5. GC-FID chromatograms for (red) 200 mM BusNOTfT electrolyte in ethanol and
(blue) sample after 16-hour CPC at 1.76 V vs. Fc™°. The peak at ~13 minute represents
internal standard, toluene. The only noticeable additional peak observed in the blue
chromatogram corresponds to the desired product, 1,1-diethoxyethane. The lack of other
peaks indicates that the CPC did not generate any 4-electron product in acetic acid or ethyl

acetate.
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Figure C.6. Tafel analysis with FTO in either 200 mM BusNOTT or 200 mM HOTT. LSVs
are carried out at 1 mV/s with vigorous stirring.
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