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Abstract

Selective oxidation of alcohols, aldehydes, and amines to corresponding carboxylic acids
and nitriles is of broad importance for applications in organic synthesis. In addition, these
electrochemical conversions are considered viable anode reaction that can replace the oxygen
evolution reaction as the anodic process paired with H> evolution or other reductive fuel production
reactions in electrochemical and photoelectrochemical cells to simultaneously decrease the energy
requirements and allow for production of valuable products at both electrodes. NiOOH is among
the most promising electrocatalysts for selectively achieving these dehydrogenation reactions.
Since the 1970’s, oxidation of alcohols and amines on NiOOH has been understood to proceed
through an indirect mechanism in which the applied potential is used to electrochemically oxidize
Ni(OH). to NiOOH which can then act as a chemical oxidizing agent to oxidize an alcohol or
amine in solution through a rate limiting hydrogen atom transfer from the alpha position of the
alcohol/amine to NiOOH. More recently, however, a few reports have emerged indicating that
there is a sperate, potential dependent oxidation mechanism that occurs concurrently with this well
known indirect oxidation pathway.

In the work presented in this dissertation, | confirm the existence of this second, potential
dependent pathway for oxidation of alcohols, amines, and aldehydes on NiOOH. Then by taking
advantage of an electrochemical procedure | developed to deconvolute the current through these
two pathways, | reveal that the different functional groups have distinct preferences for the two
pathways. Further experiments examine the effect of solution pH, organic species concentration,
applied bias, and isotopic substitution of protium for deuterium on the rate of these two competing
oxidation pathways. By synthesizing the insights from these experiments, a comprehensive

mechanistic understanding of the two pathways can be achieved including an elucidation of their



respective active sites, key mechanistic steps, the factors controlling their rate, and the conditions
that can lead to one pathway being favored over the other. These insights are then applied to
achieve unprecedented insights into the mechanism of oxidation of 5-hydroxymethylfurfrual
(HMF) to 2,5-furandicarboxylic acid (FDCA), which has been one of the most intensely studied
biomass valorization reactions in recent years. Overall, this work provides an essential foundation
for understanding the mechanism of various oxidative electrochemical dehydrogenation reactions

on oxide and hydroxide-based catalytic electrodes.
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Chapter 1: Introduction to Electrochemical
Dehydrogenation Reactions on NIOOH electrodes

Portions of this chapter have been adapted from:

Bender, M. T.; Yuan, X.; Choi, K.-S. Alcohol oxidation as alternative anode reactions paired
with (photo)electrochemical fuel production reactions. Nat. Commun. 2020, 11, 4594. DOI:
10.1038/s41467-020-18461-1



1.1 Importance of electrochemical fuel and chemical production reactions.

There is a great need to develop renewable and environmentally benign routes to achieve
both fuel production and synthesis of fine and commodity chemicals. On the reductive side,
aqueous (photo)electrochemical reactions have received a great deal of attention as promising
avenues through which green fuel production can be achieved with water reduction to Hz gas, CO>
reduction to carbon fuels, and N2 reduction to NHs all receiving a great deal of research attention.*?
Aqgueous (photo)electrochemical fuel production offers several attractive features including the
ability to be conducted at ambient temperature and pressure, the use of water as the hydrogen
source, and the ability to be driven by renewable energy sources (either directly by sunlight for
photoelectrochemical reactions or by renewably generated electricity for electrochemical
reactions). Additionally, (photo)electrochemical reduction of N2> and CO; are achieved without
prereducing water to Ho, eliminating steps involved in the storage, delivery, and use of Ha.

In (photo)electrochemical cells, production of the desired fuel at the cathode must be paired
with an oxidation reaction at the anode. Traditionally, water oxidation through the oxygen
evolution reaction (OER) has been used as this anode reaction. This choice has the advantage of
being simple, as it does not necessitate the addition of any other species, and the O produced is
environmentally benign. OER, however, is Kinetically slow and requires a large overpotential. This
results in an increase in the operating voltage of the cell (when the cell current is fixed) or a
decrease in the rate of fuel production (when the input voltage is fixed). Additionally, while Oz is
benign, it is not a highly valued product. As such, in recent years attention has been directed to
finding more attractive oxidative reactions that form value-added products that can be paired with
reduction reactions of interest. This is of great importance not only as a means of increasing the

economic viability of (photo)electrochemical fuel production but also as way of synthesizing



industrially relevant oxidative products through a greener route than is provided by more

traditional thermochemical methods.

1.2 Biomass valorization as an alternative anodic reaction.

Features that make a reaction an attractive alternative to OER include: (1) being
thermodynamically or kinetically more favorable than OER, (2) production of a valuable product,
(3) production of H* to maintain the overall solution pH (as all the aforementioned fuel production
reactions consume H¥), and (4) abundance of the reactant and high demand for the product. A
variety of reactions have been investigated in recent years as potential alternative anodic reactions
that can be paired with fuel production, including oxidation of CI™ to Cl, or HCIO, oxidation of
water to H.0, and oxidation of various organic molecules to molecules of greater value.®® Among
these reactions, oxidative valorization of biomass derived intermediates to produce commodity
chemicals is of particular interest because it possesses all of the aforementioned features required
to be a promising alternative anode reaction. The biomass conversion reaction that has perhaps
attracted the most research interest is the valorization of 5-hydroxymethylfurfural (HMF), a key
intermediate produced from cellulosic biomass. This can be oxidized to a variety of products
(Scheme 1.1), with 2,5-furandicarboxylic acid (FDCA), a potential replacement for the
terephthalic acid used in polyethylene terephthalate (PET) plastics,® being the most widely pursed
product, though 2,5-diformylfuran (DFF) is also highly desirable as it has important applications
for the synthesis of pharmaceuticals, resins, various fine chemicals, and an antifungal agent.%-*3
In addition to HMF valorization, oxidation of glucose and glycerol, which can be produced
abundantly from cellulosic biomass conversion and biodiesel production, respectively, to more
value-added products such as glucaric acid, dihydroxyacetone, and formic acid is also of great

interest.®” We note that all the above biomass valorization reactions involve oxidation of alcohol



and aldehyde functional groups. Accordingly, materials that perform these reactions effectively
have great potential as electrocatalysts for these alternative anodic reactions that can be paired with

fuel production.
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Scheme 1.1. Scheme depicting two possible routes for oxidation of HMF to FDCA.

1.3 Notable Alcohol Oxidation Electrocatalysts.

Several materials have been investigated for their ability to electrochemically oxidize
biomass derived alcohols and aldehydes. One approach has been to use type of noble metals such
as Pt and Au that have traditionally been employed in thermochemical biomass oxidations.** This
has some advantages, such as early onsets for catalytic current and stability in acidic conditions,
however, there are also some significant drawbacks including the high cost of materials, low
current densities, and poor selectivity for full oxidation to carboxylic acids. For example, Au
electrocatalysts can effectively oxidize the aldehyde in HMF to form 5-hydroxymethylfuran-2-
carboxylic acid (HMFCA)™ and Pt can oxidize alcohol in HMF to form 2,5-diformylfuran (DFF)
in moderate selectivity,*® but neither is effective at fully oxidizing HMF to form FDCA, which is
the most sought-after product.

An alternative approach that addresses many of the issues with the noble metal electrodes
is to use transition metal oxides to perform these oxidations (with oxide here including hydroxides
and oxyhydroxides). While these electrocatalysts do require the application of more positive

potentials before the onset of catalytic current for reasons that will be explained in section 1.4



below, they offer the distinct advantages of being far cheaper, being able to achieve greater current
densities, and showing very high selectivity toward oxidation to carboxylic acids. A number of
transition metal oxides have been found to be highly effective for these reactions, for example,
Cu,!” Co," and Ni-based® ones have all been reported to convert HMF to FDCA with >95%
selectivity and Faradic efficiency (FE). Of these, Ni-based electrocatalysts stand out as being both
the most widely studied and generally the most active and a wide variety of as prepared Ni-based
materials have been investigated for these conversions including nickel boride,'® phosphide,?
nitride,?* sulfide,® and selenide.?? Critically, however, x-ray photoelectron spectroscopy (XPS)
data collected after these electrodes were used to conduct electrolysis experiments showed that in
all cases the surface spontaneously converts to NiOOH under reaction conditions. A similar
phenomenon has been observed for Co-based electrocatalysts (the second most widely studied

class of materials for these conversions), with borides?® and phosphides?*?® being found to convert

to CoOOH under reaction conditions.

1.4 Prior mechanistic understanding of dehydrogenation on MOOH electrocatalysts.

Given the highly promising performance they have shown for oxidation of biomass-derived
alcohols and aldehydes, there is great value in understanding the mechanism through which
MOOH electrocatalysts generally and NiOOH electrocatalysts specifically achieve these
conversions. This is especially true given that biomass-derived starting molecules of interest such
as HMF, glycerol, and glucose possess multiple functional groups that can be oxidized to form a
variety of different products. Having a strong understanding of the reaction mechanism can
therefore be invaluable in rationally identifying reaction conditions and catalyst modification
strategies that will be effective in producing a desired product in high selectivity. Similarly,

understanding how the alcohol/aldehyde oxidation mechanism compares to that of OER on these



electrocatalysts is important for rationally choosing catalyst compositions and reaction conditions
that minimize the amount of current that goes to perform OER, which is always a concern that
must be kept in mind given the aqueous reaction conditions and that MOOH electrocatalysts also
tend to be highly active for OER.

While we are most interested in understanding the oxidation of biomass-derived
compounds on these electrocatalysts, studying these reactions is challenging given that they have
multiple functional groups that all undergo competitive oxidation. Therefore, before theses more
complicated cases can be investigated, it is important to first develop an accurate understanding of
the mechanism for general alcohol and aldehyde oxidation on MOOH electrocatalysts. The
foundations for this understanding were established 50 years ago in a pair of papers by Fleishmann
et al.®®?” In them, cyclic voltammograms (CVs) and linear sweep voltammograms (LSVSs)
corresponding to oxidation of a series of alcohols and amines on Ni, Co, Cu, and Ag anodes were
examined under alkaline conditions where an oxide/hydroxide layer would spontaneously form.
In doing so, Fleishmann et al. made a few key observations. First, in all cases the onset of
alcohol/amine oxidation coincided with the conversion of the lower valent metal oxide to a higher
valent one (e.g. oxidation of Ni(OH). to NiOOH) and the oxidation of the alcohol/amine resulted
in an enhancement of the current for the oxidation peak corresponding to conversion of the lower
valent oxide to the higher valent oxide. Moreover, the peak in the return sweep of the CVs
corresponding to reduction of the higher valent oxide (e.g. NiOOH reduction back to Ni(OH),)
was either absent or significantly diminished in the presence of the organic species. Based on this,
they argued that the mechanism for alcohol/aldehyde oxidation was an indirect one in which the
electrocatalyst must first be electrochemical oxidized to a higher valent oxide and that it is this

higher valent oxide that is active for oxidation of the organic species.?” This explains why in all



cases the current onset for organic oxidation coincides with the oxidation of the lower valent oxide
and also why transition metal oxides consistently require much higher applied biases than the noble
metals to initiate alcohol/aldehyde oxidation, as the noble metals do not share this requirement to
form the higher valent oxide before becoming active for oxidation of organic species. Once the
higher valent oxide forms, Fleishmann et al. argue that an organic species will adsorb on these
sites and that the higher valent oxide will then act as a chemical oxidizing agent to oxidize the
alcohol/amine adsorbed on it.?” Drawing on the rate data they observed with their various metal
oxides and on earlier work by Konaka et al. examining the reactivity of “nickel peroxide” as a
chemical oxidizing agent,?® Fleishmann et al. argue that this chemical oxidation reaction proceeds
through a rate limiting hydrogen atom transfer of a hydrogen at the alpha position of the alcohol
to the higher valent metal oxide, which is reduced in the process back to the lower valent state.?’
This lower valent oxide can then be re-oxidized by the applied bias to reform the active higher
valent oxide. This process explains both the enhancement of the peak corresponding to oxidation
of the lower oxide in the presence of organic species as well as the diminishment in the peak
corresponding to reduction of the higher valent oxide as the chemical reaction with the organic
species will continuously convert the higher valent oxide to the lower valent one. The steps
involved in this indirect mechanism are summarized in Scheme 1.2 using Ni(OH)2/NiOOH as a

model for the lower valent oxide/ higher valent oxide.

OH™ + Ni(OH), <—— NIiOOH + H,0 (1)
fast
RCH,OH, RCH,0H 4 (2)
HAT . _
(RCH,0H)44s + NIOOH —— RCHOH_4s + Ni(OH), (3)
RDS

RCHOH, 45 + 3NIOOH + H,0 —>—>—> RCOOH,, + 3Ni(OH), (4)

Scheme 1.2. Mechanism proposed by Fleishmann et al. for the oxidation of alcohols and amines
on MOOH catalysts (with NiOOH shown as an example electrocatalyst).



While the mechanism outlined above did receive some initial criticism,?>% it became
widely accepted in the 50 years following its publication.3** Moreover, while the initial work
discussed only alcohol/amine oxidation, later papers extended the mechanism to also describe
oxidation of aldehydes as they will first undergo hydration to form a 1,1-gemainal diol before
being oxidized and thus can undergo the same mechanism.**3¢ More recently, however, a few
works have noted the presence of a second, potential dependent current feature in LSVs collected
for oxidation of various alcohols, aldehydes, and amines that occurs at more positive potentials
than that for oxidation of the lower valent oxide(Figure 1.1).%37® Such a feature cannot be
explained by the indirect mechanism proposed by Fleishmann et al. as the current through that
mechanism should be evident as a characteristic enhancement in the peak associated with oxidation
of Ni(OH)2 to NiOOH because oxidation of the organic species consumes NiOOH and generates
Ni(OH). during the LSV, thereby requiring more current to fully oxidize Ni(OH)2 to NiOOH.
Because, however, in this mechanism the applied bias is only being used to generate the higher
valent oxide and does not have any direct effect on the rate limiting HAT step, the current through
this pathway should rapidly become potential independent and it cannot explain the second,
potential dependent (PD) feature seen in Figure 1.1 at more positive applied biases. This indicates
that there is a second oxidation pathway active for oxidation of alcohols and aldehydes that occurs

concurrently with the well-known indirect pathway proposed by Fleishmann et al.
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Figure 1.1. Schematic LSV showing the current profiles generated when using a Ni(OH)2 working
electrode without (black) and with (red) alcohol present in solution.

Though a few studies noted the existence of this second pathway, details about it such as
its mechanism, how prevalent it is relative to the indirect pathway, and what factors influence its
rate were not well understood. A few studies speculated that it might correspond to a direct
oxidation pathway in which oxidation occurs on Ni®* sites in NiOOH and that those sites remain
as Ni®* throughout the process;®3"3 however, no experiments were done to verify this hypothesis.
Moreover, analysis of this second pathway was made challenging by the fact that it occurs
concurrently with indirect oxidation and produces the same terminal carboxylic acid product.
Accordingly, if a comprehensive understanding of alcohol and aldehyde oxidation on NiOOH
electrocatalysts were to be achieved, a method to separate out and quantify the relative
contributions of these two pathways would need to be developed, the mechanism for this second,
PD pathway identified, and the factors affecting it and its competition with both indirect oxidation
and OER elucidated. These are the primary topics | will explore in the following chapters of this

dissertation.
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1.5 Summary of dissertation Work.

As noted above, in order to understand the differences between PD and indirect oxidation
it was necessary develop a method capable of deconvoluting and quantifying their respective
contributions to the overall oxidation current. In chapter 2 | describe an electroanalytic technique
| developed to achieve this and apply it to study the oxidation of a variety of aliphatic and aromatic
alcohols and aldehydes and determine that the PD pathway is dominant for alcohol oxidation while
the indirect pathway dominates for oxidation of aldehydes. Furthermore, drawing on a
combination of experimental results and computational work performed in collaboration with
Sharon Hammes-Schiffer’s group, I propose that the PD pathway involves a potential driven
hydride transfer (2e-, 1H") to Ni*" sites as opposed to the hydrogen atom transfer (1e”, 1H")
involved in the indirect pathway.

In Chapter 3, | expand on the insights laid out in Chapter 2 by examining the effect varying
the pH and alcohol/aldehyde concentration has on oxidation through the two pathways. Using this
data, I identify what conditions favor oxidation through the two pathways and why this is the case.
Moreover, by pairing these results with Kinetic isotope effect studies I also reveal which steps are
critical for controlling the rates of the two pathways and how this can change depending on the
reaction conditions.

While the discussion above has focused on alcohol/aldehyde oxidation, Fleishmann et al.’s
initial work also proposed that oxidation of primary amines to nitriles occurs through the indirect
pathway.?827 As nitriles are important synthetic intermediates with application in the synthesis of
pharmaceuticals, fine chemicals, and agricultural chemicals, oxidation of primary amines to
nitriles can also be viable anodic reactions to pair with cathodic fuel production to yield a value-
added product at both electrodes.®®*' Accordingly, understanding the mechanism of these

reactions on NiOOH is also of great interest so in Chapter 4 | apply the same electroanalytic
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techniques used in Chapters 2 and 3 to probe the conversion of primary amines to nitriles. This
reveals that amines are also oxidized through both pathways and overall show similar reactivity to
alcohols. This confirms that the indirect and PD pathway are not just relevant to alcohol/aldehyde
oxidation but rather that they apply for a more broad set of dehydrogenation reactions.

Finally, in Chapter 5 I use the knowledge gleaned from studying the PD and indirect
pathway for oxidation of a variety of simple alcohols and aldehydes to allow me to effectively
examine the more complicated mechanistic question of HMF oxidation to FDCA. In that chapter,
| lay out the relative contribution of both pathways to oxidation of HMF and its oxidative
intermediates on the way to FDCA, reveal whether this reaction occurs preferentially through the
DFF rout or HMFCA route (Scheme 1.1), identify what steps limit the HMF oxidation rate, and
examine how catalyst modifications to shift the potential of the Ni(OH)2/NiOOH affects the rate
of HMF oxidation through both pathways and the overall electrolysis performance.

Overall, the work contained in this dissertation forms an essential foundation for
understanding dehydrogenation mechanisms on NIOOH electrocatalysts. It lays out an
electroanalytical technique that can be used to probe these reactions, provides a comprehensive
discussion and analysis of two pathways for oxidation of a variety of general alcohols and
aldehydes, and demonstrates how this knowledge can be used both to understand the more
complicated mechanisms of biomass oxidation reactions and to guide and gauge the impact of
modifications to the electrocatalysts that perform these biomass valorization reactions. While the
work contained in this dissertation is restricted to oxidations on NiOOH electrocatalysts, it is quite
likely both the indirect and PD pathway are active for oxidation reactions on a broader set of
MOOH catalysts. It is my hope that future work will explore how these insights can be used to

understand dehydrogenation reactions on a broader class of electrocatalysts as well as examine
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how they can be applied to rationally design electrocatalysts and reaction conditions to optimize a

variety of oxidative biomass valorization reactions.
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Chapter 2: Unraveling Two Pathways for
Electrochemical Alcohol and Aldehyde Oxidation on
NiOOH
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2.1 Introduction

Electrochemical alcohol oxidation to produce molecules of greater value is an important
reaction for energy and catalysis sciences.! In addition to its utility in organic synthesis,
electrochemical alcohol oxidation is also considered a viable anode reaction that can replace water
oxidation as the oxidative reaction paired with Hz evolution or other reductive fuel production
reactions in electrochemical and photoelectrochemical cells to increase their efficiency and
utility.? Interestingly, one of the most promising catalysts for the selective oxidation of alcohols
to their corresponding carboxylic acids is NiOOH,>? a material that has also been extensively
studied as an oxygen evolution catalyst.! Thus, developing in-depth mechanistic insight into
alcohol oxidation on NiOOH is of great interest in advancing our understanding of NiOOH as an
electrocatalyst.

The mechanism for electrochemical alcohol oxidation on NiOOH has been well established
by Fleischmann et al. as shown in Scheme 2.1.1%!* Under open circuit conditions, the resting state
of NiOOH is Ni(OH).. Thus, the first step is the electrochemical oxidation of Ni(OH)2 to NiOOH.
The NiOOH then serves as a chemical oxidant and abstracts an a-hydrogen atom from the alcohol,
which is rate limiting.1%! This step converts NiOOH back to Ni(OH)2, and the role of the applied
potential is to keep regenerating NiOOH from the Ni(OH). produced by this chemical oxidation
of alcohol. Since Ni(OH)2/NiOOH serves as a solid-state mediator, and the applied potential is
used only to regenerate the mediator, this mechanism is referred to as indirect oxidation in the
literature.”® As long as the applied potential is sufficiently positive to rapidly regenerate NiOOH,
the rate of indirect alcohol oxidation is independent of the applied potential because the chemical

oxidation of the alcohol by NiOOH is the rate determining step (RDS).!
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_e'

OH"+ Ni(OH), =—— NIOOH + H,0 (1)
fast

RCH,0H,,;, === RCH,0Hg4s (2)

HAT . ,
(RCH,OH),4s + NIOOH ——» RCHOH,q4s + Ni(OH),  (3)
RDS

RCHOH, 45 + 3NiOOH + H,0 ——>— RCOOH,,, + 3Ni(OH), (4)

Scheme 2.1. Mechanism proposed by Fleischmann et al. for the indirect oxidation of alcohols at

NiOOH electrodes in alkaline aqueous media.

While this mechanism has been well accepted for the past several decades,®° there have
been a few studies reporting electrocatalytic behaviors of NiOOH that cannot be explained by the
indirect mechanism.®2-22 These papers commonly report the observation of potential-dependent
(PD) alcohol oxidation at potentials more positive than the potential enabling indirect oxidation.
In these studies, this PD oxidation was referred to as direct oxidation in contrast to the indirect
oxidation mechanism proposed by Fleischmann et al.,®"?22 pecause these studies hypothesized
that this PD oxidation may involve direct electrocatalysis in which Ni®* sites remain as Ni®*
throughout the mechanism.???® However, no evidence has been presented to support this
hypothesis. In fact, other than its existence, not much is known about the PD oxidation mechanism
on NiOOH.

The goal of the current study is to clearly elucidate the PD oxidation mechanism on NiOOH
with a detailed understanding of its mechanistic difference from Fleischmann’s potential-
independent indirect oxidation. The challenge of studying the PD oxidation mechanism is that in
the potential region where it is enabled, the contribution from indirect oxidation still remains. Thus,
it is difficult to accurately deconvolute the rates of PD and indirect oxidation, a critical step if a

mechanistic understanding of both processes is to be developed.
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In this study, we report a three-step electrochemical procedure that can not only
deconvolute the rates of indirect and PD oxidation but also identify the oxidation state of Ni
involved with indirect and PD oxidation. We applied this procedure to a variety of aliphatic and
aromatic alcohols and aldehydes to quantitatively study the rates of indirect and PD oxidation on
NiOOH and to demonstrate the substrate-dependence of the two oxidation mechanisms.
Furthermore, we combined experimental and computational studies to propose hydride transfer as
a plausible dehydrogenation mechanism that is responsible for PD oxidation, in contrast to indirect
oxidation that achieves dehydrogenation via hydrogen atom transfer (HAT). We also demonstrate
that PD oxidation is enabled only when Ni*" is formed. Our combined experimental and
computational investigations provide a coherent and thorough understanding of the mechanistic

differences between indirect and PD oxidation on NiOOH.
2.2 Results and Discussion
2.2.1 Qualitative Assessment Through LSVs.

The oxidation of various aliphatic and aromatic alcohols and aldehydes on NiOOH
was investigated in this study. Aldehydes were included because aldehyde oxidation in aqueous
electrolyte proceeds through a geminal diol and is thus a type of alcohol oxidation. Also, aldehydes
are intermediates for the oxidation of alcohols to carboxylic acids. Thus, the comparative study of
alcohol and aldehyde oxidation can provide useful and important insights.

Figure 2.1 shows linear sweep voltammograms (LSVs) of representative alcohols and
aldehydes, which can be used to qualitatively assess the contribution of indirect and PD oxidation.
These LSVs clearly show how the contributions of indirect and PD oxidation dramatically change

depending on the molecular structure of the substrate.
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Figure 2.1. LSVs using a Ni(OH)2 working electrode in a pH 13 solution without (black) and with
(red) A) 10 mM acetaldehyde, B) 10 mM benzaldehyde, C) 10 mM EtOH and D) 10 mM benzyl

alcohol (scan rate 10mV/s).

When no organic substrate is present (Figure 2.1, black line), a peak corresponding to the
conversion of Ni(OH)z into NiOOH is observed with an onset at ~0.4V vs Ag/AgCl followed by
an oxidative wave corresponding to water oxidation starting shortly before 0.6V vs Ag/AgCI.
When acetaldehyde or benzaldehyde is present in solution (Figure 2.1A-B, red line), since
NiOOH can be reduced back to Ni(OH)2 by oxidizing the aldehydes during the potential sweep,
more current is generated for the conversion of Ni(OH)2 to NiOOH, resulting in an enhancement

of the Ni(OH)2/NiOOH peak. The enhancement of the Ni(OH)2/NiOOH peak is thus directly
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related to the rate of indirect oxidation of the aldehydes by NiOOH via the mechanism proposed
by Fleischmann et al.*%!

Conversely, the LSVs for the oxidation of EtOH and benzyl alcohol (Figure 2.1C-D, red
line) show no or only modest enhancement of the Ni(OH)2/NiOOH peak and instead feature a new
anodic peak at a more positive applied bias, which cannot be explained through Fleischmann’s
potential-independent indirect oxidation. This peak is instead associated with the PD oxidation
mechanism, which has been referred to as direct oxidation in previous studies.®"?22* Of further
note is that the prominence of the PD oxidation peak relative to the very modest enhancement of
the Ni(OH)2/NiOOH peak in the presence of either EtOH or benzyl alcohol suggests that, contrary
to the findings of Fleischmann et al., ' for alcohol oxidation the PD pathway is actually dominant.
Additionally, the observation that the LSV with benzyl alcohol shows a slight enhancement of the
Ni(OH)2/NiOOH peak while the one with EtOH does not suggests that the structural details of the

substrate, such as aromaticity, may play a role in determining the relative prominence of the

indirect vs the PD mechanism.

2.2.2 Description of Rate Deconvolution Procedure.

While the LSVs presented above reveal qualitative information about the
preference of different substrates for the PD and indirect oxidation pathways, the overlap of
currents corresponding to initial oxidation of Ni(OH)2, the indirect process, the PD process, and
water oxidation makes it difficult to quantitatively assess the rates of the two mechanisms.
Additionally, the swept potential and unstirred solution present during an LSV are different from
the conditions present during a constant potential electrolysis that might be used when trying to
efficiently convert one of these substances to its carboxylic acid. To address these issues, we

developed a 3-step electrochemical procedure to deconvolute and identify the rates of the PD and
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indirect mechanisms under conditions that more closely match those of a constant potential
electrolysis (Scheme 2.2). A general overview of the technique will be given here with additional

details in the experimental section.

Y . N 3 N VR
Ni2+ Step 1: . Ni%+ Step .2. . Ni2+ Step 3: Ni2+
Apply constant anodic Stop applying bias Apply potential
Ni2+ | Potential until current | .5, | forachosenamount | pise | for Nis* reduction Ni2+
stabilizes of time

Niz e Ni** e Ni2* — Niz*

Ni2* Rxns occurring: Ni3+ Rxns occurring: Ni3* | Rxns occurring: Niz*
Ni2* -Ni(QH)2 ox_idation N3+ -Indirect oxidation Niz+ -NiOOH reduction Nie
-Indirect oxidation
Ni2+ -PD oxidation Ni3+ Ni2+ Ni2*
. J ——— N . J

Scheme 2.2. A schematic representation of the 3-step rate deconvolution procedure. (For the sake
of simplicity the oxidized Ni catalyst is depicted as having only Ni** sites; however, as will be

shown below, depending on the applied potential Ni** sites can also form.)

The 3-step procedure is performed in a rapidly stirred alcohol/aldehyde solution with a
Ni(OH). working electrode (WE). In the first step a constant positive potential is applied long
enough for the current to stabilize to a steady state value. During this step the Ni(OH). electrode
is converted into the oxidation state it would be in during a constant potential electrolysis at that
applied potential, and both the indirect and PD processes are occurring. In the second step the
applied potential is turned off, and the NiOOH electrode is left in the stirred solution under open
circuit conditions for a specified length of time. During this time neither the PD process nor
NiOOH regeneration can occur as both require applied bias, but the potential-independent indirect
process will continue unabated, converting NiOOH back into Ni(OH) as it acts as a chemical
oxidizing agent reacting with the alcohol/aldehyde. In the third step a reducing potential is applied

to convert the remaining NiOOH back to Ni(OH).. The magnitude of the charge passed during this
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third step is equivalent to the number of coulombs needed to reduce all the higher valent Ni ions
remaining after the second step back to Ni?* to form Ni(OH). (hereafter referred to as “charge
stored” in the NiOOH). By repeating this 3-step process with different times stirring under open
circuit conditions in step 2, a data series can be constructed showing the disappearance of positive
charge from the NiOOH as a function of time left at open circuit during step 2 (Figure 2.2). For
all the substrates tested here, a plot of 1/(charge stored) vs time is linear at relatively short times
stirring at open circuit, indicating that over this time span the disappearance of charge proceeds as
if it is “second order” in charge stored (Figure S3). This allows the rate of disappearance of charge
from these films at time t to be calculated using a pseudo-second order rate law equation (eq. 1)

where Qriim(t) is the charge stored in the Ni film at time t and kobs is the slope of the 1/(Qfiim) Vs t

plot.
dQfim(t) _ 2
- (1;: - kobsinlm (t) (1)
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Figure 2.2 Depiction of A) Charge vs time and B) 1/Charge vs time for the amount of positive
charge remaining in a NiOOH film after a given length of time sitting at open circuit condition in

a stirred pH 13 10 mM furfural solution.
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Moreover, since the charge is disappearing from the NiOOH film as a result of being used
to oxidize alcohol/aldehyde through the indirect process, the instantaneous rate of disappearance

of charge from the film is equal to the rate of the indirect process at that time (eg. 2).

[e10) i m(t)
- % = Iindirect(t) (2)

We note that we are using lindirect(t) in €q. 2 to refer to the rate of the indirect process even
though there is no externally measurable current during step 2 (which is at open circuit) because
the units of that rate are coulombs per second. Furthermore, we also note that the instantaneous
rate of the indirect process at t = 0 s during step 2 has a special meaning as it corresponds to the
steady state partial current for the indirect process at the potential applied in step 1 (lindirect). Thus,
once lindirect IS determined by solving eq. 1 for t = 0 s, the steady state partial current for the PD
process (Ipp) at the potential applied during step 1 can be calculated from the total steady state
current observed in step 1 (ltt) using eg. 3 as long as the potential chosen for step 1 is before the
onset of water oxidation.

frot = findirect + /PD 3)

Lastly, we note here that it is likely the “true” rate equation describing the relationship
between stored charge and the rate of indirect oxidation is more complicated than the simple
pseudo-second order equation expressed in eq. 1. For the purpose of deconvoluting lindirect and Ipp,
however, it is not necessary that this be the “true” rate equation to describe this reaction. Rather,
we require only that it accurately reflects the change in charge stored in the nickel film over the
timespan of interest, and for all the substrates studied here a simple pseudo-second order

relationship does so successfully.
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2.2.3 Evaluating the Rate of Indirect and PD Oxidation.
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Figure S3. 1/Charge vs time plot for the amount of positive charge remaining in NiOOH films
after given lengths of time sitting at open circuit condition in a stirred pH 13 alcohol or aldehyde

solution.
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The method described above was used to evaluate the rates of the indirect and PD process
for oxidation of a variety of aromatic and aliphatic alcohols in pH 13 KOH at 0.55V vs Ag/AgCl.
The resulting 1/charge vs time plots are shown in Figure 2.3 and the deconvoluted indirect and
PD currents are shown in Figure 2.4. We confirmed that under these conditions a high Faradaic
efficiency toward oxidation of the alcohol/aldehyde to the corresponding aldehyde/carboxylic acid
(£95%) is achieved for all the substrates tested. Oxidation of the aldehydes and aliphatic alcohols
resulted in the corresponding carboxylic acid as the only detectible product while oxidation of the
aromatic alcohols produced a mixture of the corresponding aldehyde and carboxylic acid. For the
aliphatic alcohols 200 mM was used rather than 10 mM because at 10 mM the slow rate of the

indirect process made it challenging to measure accurately.

200mM EtOH

200mM Butanol

10mM Furfuryl alcohol
10mM Benzyl Alcohol
10mM Acetaldehyde

10mM Butanal

10mM furfural

I PD oxidation

10mM Benzaldehyde I (ndirect oxidation

0 1 2
Current density (mA/cm?)

Figure 2.4. The component of the current due to indirect (red) and PD (blue) oxidation of alcohols
and aldehdes at 0.55V vs Ag/AgCl and pH 13.

The data presented in Figure 2.4 reveals alcohols and aldehydes have a distinct difference
in their respective preferences for indirect and PD oxidation. As was suggested qualitatively by

the LSVs, the rate deconvolution data shows that at 0.55 V vs Ag/AgCl PD oxidation is the
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dominant process through which alcohols react. Conversely, aldehydes react preferentially through
the indirect process and their partial current densities for the indirect process are considerably
higher than those of their corresponding alcohols. To understand this increased preference of
aldehydes toward the indirect process relative to their corresponding alcohols we need to first
consider the tendency for aldehydes to convert into a geminal diol under alkaline conditions. For
the aldehydes studied here, the equilibrium ratio of aldehyde to geminal diol molecules at pH 13
was estimated through nuclear magnetic resonance (NMR) spectroscopy by comparing the ratio
of the integration of the aldehyde peak to that of the rest of the protons. This showed that for
furfural 56% was converted into the diol while for benzaldehyde 65% was in the diol form. For
the aliphatic aldehydes no aldehyde peak was visible so they were assumed to be nearly 100% diol.
The fact that the aliphatic aldehydes readily undergo oxidation while being entirely converted into
geminal diols suggests that for “aldehyde” oxidation the diol is the actual reactive form of the
molecule, with the mechanism being comparable to that through which alcohols react. This in turn
allows us to rationalize the increased preference of aldehydes toward the indirect process relative
to their equivalent alcohols. This is because the second —OH group that diols have bound to the a-
C would result in additional stabilization of the radical intermediate formed following the rate
limiting HAT step of the indirect process (Scheme 2.1, step 3).

The data in Figure 2.4 also confirms that aromaticity increases the relative proportion of
oxidations that occur through the indirect pathway for both alcohols and aldehydes. This can also
be attributed to additional stabilization of the radical intermediate formed during the indirect
pathway as the radical formed on the a-C will be delocalized throughout the adjacent aromatic

ring.
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2.2.4 Average Ni Valence.

Next, we investigated what valence of Ni in NiOOH is associated with indirect and PD
oxidation by modifying the rate deconvolution technique described above. We used solutions of
10 mM furfural (pH 13), 200 mM EtOH (pH 13) and pH 13 KOH without any organic substrate
to study how the average Ni valence changes for indirect oxidation, PD oxidation, and water
oxidation when we apply a gradually more positive potential to NiOOH. Furfural and EtOH were
chosen because they have the highest proportion of oxidations occurring through the indirect and
PD mechanisms, respectively.

In the modified procedure, the constant potential held in step 1 was varied and the time at
open circuit in step 2 was fixed at 0.1 s across all measurements (see the Experimental section for
further details). We selected 0.1 s for the time at open circuit because this was the shortest time for
which we could obtain an accurate measure of the charge stored in the NiOOH film. The average
amount of Ni present in a film was determined to be 23.6 + 0.4 nmol by inductively coupled plasma
mass spectrometry (ICP—MS). This quantity, along with the charge passed in step 3 of the rate
deconvolution procedure, allowed the average Ni valence under steady state conditions at the
potential applied in step 1, E, to be calculated according to eq. 4, where Qe is the magnitude of the
charge passed during step 3, ny; is the moles of Ni in the NiOOH film, and F is Faraday’s constant.

2

(Ni valence) = 2 + o~

(4)
The results of these experiments are shown in Figure 2.5A where the average Ni valence
as a function of applied potential during indirect oxidation of furfural, PD oxidation of EtOH, and
water oxidation are compared. Figure 2.5B shows the steady state current obtained while stirring
at each applied potential. This shows that, in pH 13 KOH, as the potential is increased from 0.45

V vs Ag/AgCl the average Ni valence increases roughly linearly from +3.47 until plateauing at
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about +3.8 at 0.625 V vs Ag/AgCI. This increase in average valence is due to an accumulation of
Ni** sites in the film as potential is increased, and the plateau is due to an increasing rate of Ni**
consumption as the rate of water oxidation increases. The Ni valence of NiOOH in a similar
operating condition has previously been determined using quasi in-situ X-ray absorption
spectroscopy (XAS), although only one potential was used for the measurement due to procedural
complexity. The reported value of +3.7 as the Ni valence at 0.665 V vs Ag/AgCl in a pH 13 KOH
solution agrees well with our measurement of +3.8 at 0.65 V vs Ag/AgCl in the same pH 13 KOH
solution.?* We note that our procedure, which is based on simple electrochemical techniques and
a straightforward data workup, provides a convenient yet effective way to rapidly determine the
average Ni valence in NiOOH at numerous different operating potentials and under various
solution conditions without needing access to a synchrotron, a complex measurement setup, or
data interpretation based on comparison with reference samples.

When 10 mM furfural is present, the average Ni valence drops to about +2.57 at 0.45V vs
Ag/AgCl. This is because Ni** is consumed by furfural via indirect oxidation. Figure 2.5A also
reveals that from 0.5 V onward the average valence increases at the same rate with furfural as
without it until plateauing at 0.625 V vs Ag/AgCI at +3.63, indicating that the indirect oxidation
of furfural does not significantly affect the accumulation of Ni*. This, coupled with the
observation that the steady state current for furfural oxidation does not increase significantly from
0.5 V vs Ag/AgCl to 0.55 V vs Ag/AgCl and actually decreases at potentials above this (Figure
2.5B), indicates that either Ni** sites are not significantly more reactive toward the indirect process
than Ni®* sites or that furfural cannot effectively outcompete water oxidation intermediates for
access to the Ni** sites. The latter would explain why the steady state current for furfural falls as

the potential increases and more of the sites are converted to Ni*". Moreover, if, as will be



30

discussed below, the PD oxidation occurs at Ni** sites, this inability for furfural to outcompete
water oxidation intermediates for adsorption on Ni** sites would explain the very low rate of

oxidation of furfural through the PD mechanism.

Potential (V vs RHE) Potential (V vs RHE)
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Figure 2.5. A) The average steady state Ni valence in a stirred pH 13 solution as a function of
potential in the absence (black) and presence of 10 mM furfural (blue) and 200 mM EtOH (red).
B) Steady state current in a pH 13 stirred solution in the absence (black) and presence of 10 mM
furfural (blue) and 200 mM EtOH (red).

In contrast, when EtOH is present, the average Ni valence even at 0.45V vs Ag/AgCl is
well above +3 and between 0.45 V and 0.5 V, where the rate of EtOH oxidation is still fairly
modest, the increase in Ni valence in the 200 mM EtOH solution tracks closely with that in pH 13
KOH. In the EtOH solution, however, the average Ni valence reaches a plateau at ~+3.4 and does
not significantly increase as the potential is further increased (Figure 2.5A), despite an increasing
steady state oxidation current (Figure 2.5B). This plateau in the average Ni valence indicates that
the presence of EtOH inhibits the accumulation of Ni** in the film, meaning PD oxidation of EtOH
consumes Ni**. Moreover, this plateau suggests that at potentials above 0.525V vs Ag/AgCl

regeneration of Ni** from the reduced catalyst limits the rate of catalyst turnover and that the
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observed potential dependence of the PD oxidation rate (Figure 2.5B) may be due to a faster
regeneration of Ni** at higher applied biases. The fact that PD oxidation also involves a change in
oxidation state in NiOOH indicates that the name “direct oxidation” used in previous studies®’?223
is not actually an accurate description of PD oxidation. (The term “direct oxidation” was used in
previous studies based on the assumption that the oxidation state of Ni remained as +3 throughout
PD oxidation.?>?3) The reason that PD oxidation is potential-dependent is not because Ni* remains
as Ni*" during oxidation but rather because generation of the site Ni** needed to perform PD
oxidation is both potential and rate-affecting and because the applied bias is necessary to activate
those Ni4+ sites toward the PD mechanism. This can be contrasted with case of Fleischmann’s
potential-independent indirect oxidation where the electrochemical regeneration of the
catalytically active Ni* species is not the RDS and the reaction between Ni* and the organic
species does not require an applied bias to occur. Thus, PD oxidation is in fact a potential-

dependent indirect oxidation if “indirect” is taken to mean that alcohol/aldehyde oxidation is

mediated by a change in the valence of Ni.

2.2.5 Computational Study.

The experimental results clearly suggest that the PD oxidation must have a
dehydrogenation mechanism that is different from the HAT of the a-hydrogen that is involved in
Fleischmann’s indirect oxidation. We expect that the ability for NiOOH to selectively oxidize
alcohols and aldehydes only to their corresponding carboxylic acids instead of completely
oxidizing them to CO- stems from its ability to selectively dehydrogenate alcohols and aldehydes
through its conversion to Ni(OH)2. This characteristic indicates that not only electrons but also
protons need to be transferred from alcohols and aldehydes to NiOOH to form Ni(OH).. Thus, we

do not expect that the PD oxidation occurs through a multisite proton-coupled electron transfer
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mechanism where only electrons are transferred to the catalyst while the protons are transferred to
solution species. (This is the mechanism used by metal electrocatalysts for complete oxidation of
alcohols to CO2.%) In contrast, hydride transfer of the a-hydrogen of the alcohol/aldehyde to a
Ni** site in the catalyst does involve transfer of both electrons and a proton to the catalyst and
would reduce the Ni** site to form Ni(OH)2. As such, it seemed a reasonable mechanism through
which the PD oxidation could be occurring. To test whether such a mechanism is truly plausible
for PD oxidation, we performed computational studies modeling oxidation of ethanol, which
shows the highest PD oxidation component, through a hydride transfer.

The results of our computational studies are summarized in Table 2.1, with the optimized
structures of selected slabs shown in Figure 2.6. The NiOOH catalyst was first modeled as having
two layers, each comprised of four NiO2H units. To investigate the effect of Ni valence on hydride
transfer energetics, the oxidation state of Ni ions in the upper layer, which is the outermost layer
facing the solution, was changed from +3 to +4 and hydrogen atoms were removed from O atoms
facing the solution to ensure charge neutrality during the oxidation of the slab. When all Ni ions
in the slab are Ni**, the slab formula is NigO1sHs (Figure 2.6A). When one and two Ni®** ions in
the upper layer are oxidized to Ni**, the corresponding slab formulae are NisO1sH7 (Figure 2.6B)
and NigO16He (Figure 2.6C), with average surface Ni valences of +3.25 and +3.5, respectively.

As alcohol oxidation on NiOOH only occurs appreciably under alkaline conditions, it is
clear that base must play an important role in the mechanism.”® One possibility that would account
for this would be if alkoxide, rather than alcohol, is the active molecule toward hydride transfer.
This is because under alkaline conditions there would be a modest equilibrium concentration of
the alkoxide available to undergo oxidation. Alternatively, if the alcohol itself is the active

molecule toward hydride transfer, the requirement for alkaline conditions could be explained if the
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hydride transfer is accompanied by a concerted proton transfer to hydroxide in solution.
Accordingly, to ascertain if hydride transfer is a plausible mechanism for the PD pathway, we
examined the energetics of both a hydride transfer from EtO™ to the catalyst surface to form
acetaldehyde as well as a hydride transfer from a complex comprised of EtOH hydrogen bonded
to OH™ ([EtOH—OH]") to form acetaldehyde hydrogen bonded to water [MeCHO—H20].

The results in Table 2.1 show that hydride transfer from EtO™ is highly unfavorable for a
surface with a +3 average Ni valence (row a) and highly favorable for a surface with a +3.5 average
Ni valence (row b). For an average valence of +3.25, hydride transfer is favorable (row c) but not
as favorable as it is with a +3.5 average Ni valence.

For an average valence of +3.25, it is also necessary to consider if the surface exposed
hydrogen of NigO1sH7 would undergo deprotonation when exposed to a strong base such as EtO™
and how that would affect hydride transfer. This examination is not needed for NigO1sHs as it does
not contain surface protons (Figure 2.6C), nor is it needed for NigO16Hs where hydride transfer is
already strongly unfavorable with the neutral surface. (Surface deprotonation results in a
negatively charged surface, which should make hydride transfer even more unfavorable.)

We found that full deprotonation of NigO1sH7 by EtO™ to form NigO16He™ (which has no
protons on the surface) is not favorable (row e). In order to examine the possibility of partial
surface deprotonation, we doubled the slab size to NiigOs2H14 (eight NiO2H units per layer with
two layers). We found that deprotonation of Ni1sOs2H14 by EtO™ to form Ni1sOs2H13™ (Figure 2.6d),
which is equivalent to deprotonation of half the surface protons, is favorable (row f). We also
found that hydride transfer from EtO~ to this Ni1sO3z2H13™ slab is favorable (row d). This result
indicates that with a +3.25 average Ni valence, hydride transfer can occur even to a surface that is

partially deprotonated.
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Table 2.1. Calculated changes in electronic energies for reactions related to the NiOOH-catalyzed
oxidation of EtOH.

Reaction Average Valence | AE/kcal
of Ni in the mol-1°

Catalyst Surface?

Hydride transfer from EtO™ to the catalyst surface

a | NigOHs (s.) + EtO™ (ag.) 2> +3 +21.3
NigO16Hg™ (5.) + MeCHO (aq.)

b | NigO1sHs (s.) + EtO™ (aq.) 2> +3.5 —-42.2
NigO1H7~ (s.) + MeCHO (aqg.)

¢ | NigOssH7 (s.) + EtO~ (aq.) > +3.25 -11.0
NigO1Hs™ (s.) + MeCHO (aqg.)

d | NizsOs2H13™ (s.) + EtO~ (ag.) > +3.25 -14.7

Ni1sOs2H14% (s.) + MeCHO (aq.)

Deprotonation of the catalyst surface by EtO"

e | NigOwH7 (s.) + EtO (aq.) = +3.25 +11.1
NigO1Hs™ (s.) + EtOH (aq.)
f | NigOs2Hi4 (s.) + EtO (ag.) 2> +3.25 -9.2

Ni1sO32H13™ (s.) + EtOH (aq.)

Hydride transfer from EtOH to the catalyst surface
coupled with deprotonation of EtOH by OH-

g | NigO16Hs (s.) + [EtOH—OH] (aq.) > +3.5 -32.9
NigO1H7 (s.) + [MeCHO—H.0] (aq.)

h | NigOwsH7 (s.) + [EtOH—OH] (aq.) > +3.25 -1.7
NigO16Hs™ (s.) + [MeCHO—H20] (ag.)

i | NitgOs2His™ (s.) + [EtOH—OH]- (ag.) = +3.25 -5.4

Ni16O32H14> (s.) + [MeCHO—H:0] (aq.)

a. The average valence of Ni was inferred from the composition and charge of each slab, where O was
assigned a charge of —2 and H was assigned a charge of +1.
b. Change in electronic energy for the specified reaction.
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Figure 2.6. Optimized unit cell structures for selected NiOOH-derived slabs used in evaluating
the energetics of hydride transfer; A) NigO1eHs, B) NigO1sH7, C) NigO1sHs, and D) Ni1sOz2H13~
before (top) and after (bottom) hydride transfer.

When we modeled hydride transfer to the catalyst surface from the [EtOH—OH]™ complex
rather than from EtO™, our results showed that hydride transfer to the slabs with average surface
Ni oxidation states of +3.25 and +3.5 is still energetically favorable (rows g-i), although the
hydride transfer from EtO™ is more favorable by 9.3kcal/mol for all cases (rows b-d). In this case
hydride transfer from the [EtOH—OH]™ complex to the slab with an average surface Ni valence
of +3 did not need to be modeled, as the transfer from EtO™ to that surface is already highly
unfavorable (row a).

Overall, these computational results agree well with the experimental findings described
above, in which we observed that Ni** was necessary for the PD oxidation to occur. Moreover,
while the calculations do not provide any indication of kinetics, these results are consistent with

the experimental observations that the average Ni valence is +3.2 around the onset of PD oxidation
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and that the oxidation of EtOH becomes fast relative to regeneration of Ni** sites at an average
valence of +3.4 (Figure 2.5). As such, hydride transfer, which converts a Ni** site to a Ni®* site,
is a plausible dehydrogenation mechanism for the PD oxidation pathway.

2.3 Conclusions

In summary, we have successfully demonstrated the mechanistic differences between
Fleischmann’s indirect oxidation and PD oxidation on NiOOH. Deconvoluting the rates of
Fleischmann’s indirect and PD oxidation for various aldehydes and alcohols revealed that, contrary
to the previous belief, alcohols react primarily through the PD mechanism, not Fleischmann’s
indirect one. Aldehydes, on the other hand, react primarily through Fleischmann’s indirect
mechanism with aromaticity further enhancing this preference. By determining the average Ni
valence as a function of potential during Fleischmann’s indirect and PD oxidation, we uncovered
that the formation of Ni*" is necessary to enable PD oxidation while Fleischmann’s indirect
oxidation occurs with Ni®*. We also discovered that the oxidation state of Ni** changes during PD
oxidation, revealing that PD oxidation can also be considered a form of indirect oxidation. The
reason that PD oxidation is potential-dependent is not because Ni*" remains as Ni*" during
oxidation but rather because the electrochemical regeneration of the catalytically active species
(Ni*") affects the rate and because the reaction of that Ni** sites requires applied bias to occur,
unlike in the case of Fleischmann’s potential-independent indirect oxidation where the
electrochemical regeneration of the catalytically active species (Ni®**) is not the RDS and no
applied bias is required to enable the HAT. Finally, through computational studies, we showed
that hydride transfer, which is enabled by the formation of Ni** and converts that Ni** to Ni?*, is a
plausible dehydrogenation mechanism for PD oxidation. This is distinctly different from
Fleischmann’s indirect oxidation, which occurs through a turnover limiting HAT to Ni®* sites and

thus has a potential-independent rate. This study offers a new and more comprehensive
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understanding of oxidative dehydrogenation mechanisms on NiOOH and provides an essential
foundation to understand electrochemical alcohol and aldehyde oxidation on oxide and hydroxide-
based catalytic electrodes. This clear understanding of the mechanistic differences between
Fleischmann’s indirect and PD indirect oxidation as well as the substrate dependent preference for
oxidation through one pathway or the other will enable a more rational design of electrocatalysts
for alcohol and aldehyde oxidation, as it will allow catalyst structure and composition to be tuned
to enhance either Fleischmann’s indirect pathway or the PD indirect pathway based on which one
is favored by a given substrate. Furthermore, the new electrochemical procedure reported in this
study will allow us to conduct quantitative investigations of the effects of various solution
conditions (e.g. pH, concentrations of substrates, supporting electrolytes) on the rates of
Fleischmann’s indirect oxidation and PD indirect oxidation as well as how those effects vary

across different substrate types.
2.4 Experimental Section
2.4.1 Materials.

All chemicals used were commercially available and were used without further purification.
Acetaldehyde (>99.5%, Sigma Aldrich), ethanol (>99.5%, Sigma Aldrich), benzyl alcohol (>99%,
MP Biomedicals, LLC), benzaldehyde (>99.5%, Sigma Aldrich), butanol (99.8%, Sigma Aldrich),
Butyraldehyde (>99.5%, Sigma Aldrich), furfural (99%, Sigma Aldrich), furfuryl alcohol (98%,
Sigma Aldrich), potassium hydroxide (>85%, Sigma Aldrich), Ni(NOz)2:6H20 (99%, Acros),
KNO3 (99%, Alfa Aesar). Deionized water (Barnstead E-pure water purification system,

resistivity >18 MQ cm) was used to prepare all solutions.
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2.4.2 Ni(OH), Electrode Preparation.

The thin a-Ni(OH)2 films used for the rate deconvolution experiments were prepared
through a well-established synthesis technique in which nitrate is electrochemically reduced,
raising the local pH at the working electrode (WE) and causing Ni(OH)2 to precipitate out to form
a Ni(OH); film on the WE.?® This reaction was controlled using an SP-200 potentiostat/EIS
(BioLogic Science Instrument) and was conducted with a 3-electrode setup in a single
compartment cell made of glass using a fluorine doped tin oxide (FTO) working electrode (WE),
Pt counter electrode, and Ag/AgCl (4 M KCI) reference electrode (RE). The FTO WE’s were
prepared by cutting larger FTO plates into 2.5 cm x 1 cm strips, attaching Cu tape to the top to
provide electrical contact, and masking the FTO with Teflon tape with a 0.5 cm? hole punched in
it. The Pt counter electrodes were prepared by sputter coating a 20 nm Ti adhesion layer followed
by 100 nm of Pt on precleaned glass slides. The thin Ni(OH)2 films used for LSVs and the rate
deconvolution experiments were deposited from an aqueous plating solution of 10 mM
Ni(NO3)2-6H.0 and 30 mM KNO; by galvanostatically maintaining a current of -0.25 mA/cm? for
45 s. The resulting Ni(OH)2 films were then rinsed with >18 MQ c¢m water and dried with an air
stream. Thicker Ni(OH)2 films used for the electrolyses were prepared though the same method,
however, the exposed FTO area was larger (3.2 cm?) and the galvanostatic current was maintained

for 12 minutes.

2.4.3 Electrochemical Experiments.

Linear sweep voltammetry (LSV) was performed with a 3-electrode setup in an undivided
cell made of glass. Ni(OH)2 films were used as the WE, Ag/AgCl as the RE and Pt as the CE. The
potential was swept from the open circuit in the positive direction at a scan rate of 10 mV/s.

Electrolyses were performed in a sealed, divided cell and employed the same 3-electrode setup as
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was used for the LSVs. The pH 13 KOH alcohol or aldehyde solution was added to the WE
compartment while pH 13 KOH was added to the CE compartment. 0.55 V vs Ag/AgCl was
maintained potentiostatically until 33.3% of the charge required for the full conversion of alcohol
or aldehyde into the carboxylic acid was passed. An exception to this is that for the much more
concentrated 200 mM EtOH and 200 mM butanol solutions 6.5% of the charge required for full
conversion was passed. We chose to pass only a portion of the charge required for full conversion
when conducting these electrolyses to ensure that the results provided a more accurate reflection
of the selectivities and Faradic efficiencies that would have been present during the rate
deconvolution experiments, as those were conducted at a substrate concentration equal to the
concentrations at the beginning of the electrolyses. Additionally, doing so minimized the risk that
any of the aldehydes would undergo degradation during the course of a longer electrolysis in the
highly alkaline reaction solution. For the 200 mM EtOH and 200 mM butanol solutions, the smaller

6.5% of charge was used to keep the electrolysis times comparable across the different solutions.

2.4.4 Product Analysis.

Quantification of electrolysis products and evaluation of the geminal diol component of
the aldehydes was achieved via *H NMR spectroscopy using a Bruker Avance 111 400 MHz NMR
spectrometer. NMR samples were prepared by adding 0.450 mL of the electrolysis solution and
0.050 mL of D20 with 12.5 mM of a dimethyl sulfone internal standard to an NMR tube and
shaking vigorously. NMR analyses were conducted with a relaxation delay of 30 s and using a
WATERGATE method with excitation sculpting to remove the background signal due to the water
solvent. Product quantification was performed by comparing the product integrations in the post

electrolysis solutions to those in a standard of known concentration.
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2.4.5 ICP-MS.

Ni(OH): films were deposited and subjected to a 2 cycle CV in pH 13 KOH according to
the methods laid out above to ensure that the samples used for ICP were in the same state as those
used for the rate deconvolution experiments. These films were then dissolved in 10 mL of 1 wt%
nitric acid (Fisher Chemical, TraceMetal Grade) in a polypropylene centrifuge tube. Three samples
were prepared for ICP analysis, one with 2 films dissolved, one with 3 films dissolved, and one
with 4 films dissolved. Standard solutions containing 0, 50, 100, 200, 350, 500, and 750 ppb Ni in
1 w% nitric acid were prepared to construct a calibration curve. The standards and samples were
analyzed using inductively coupled plasma optical emission spectrometry (ICP-MS) (Shimadzu
ICP Mass Spectrometer-2030) and the Ni concentration in the samples used to determine the
average Ni per film. The linearity of a plot of the mol Ni in the samples as a function of number
of films dissolved was assessed to confirm the deposition described above resulted in only a minor
variance of Ni from film to film. All containers and pipet tips used to prepare the ICP samples

were washed with 10wt% nitric acid prior to use to remove any trace metal ions on them.

2.4.6 Computational Methods.

All calculations were performed using DFT in the computational chemistry package
Quantum-ESPRESSO.2% The core electrons were described with norm-conserving
pseudopotentials,3®3! and a kinetic energy cutoff of 80 Ry was used for the planewaves. The
solvent was modeled using the self-consistent continuum (SCCS) method implemented in the
Environ module?®®2 of Quantum Espresso. In this method, the solute cavity is determined from the
electronic density of the atomistic system, and the solvation contribution to the energy is computed

by solving the Poisson equation self-consistently with the Kohn-Sham equations. A dielectric
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constant of 78.3 was used to simulate water as the solvent. For charged systems, a neutralizing
background charge was included to ensure a neutral supercell.

The NixOyH; catalyst was represented with two-layer slabs derived from the (0001) facet
of B-NiOOH. All geometry optimizations of these slabs were performed with I"-point calculations
using the PBE functional®® with a Hubbard U correction®** of 6.6 eV*® applied to Ni. For the
NixOyH; slabs, the top layer of Ni, O, and H atoms, together with any molecular adsorbates, were
optimized with no constraints, while the atoms of the second layer were fixed at the positions
found in bulk Ni(O)(OH). Single point calculations were performed on these geometry-optimized
slabs using the hybrid PBEO functional,®-® the Brillouin zone being sampled by a 4-by-4 (for slabs
containing 4 Ni atoms in each layer) or 2-by-2 (for slabs with 8 Ni atoms in each layer) k-point
Monkhorst-Pack grid for the in-slab dimensions. The cell dimension was set to 40 A in the surface-
normal direction to minimize unphysical interactions between slabs. For molecular species such
as acetaldehyde, geometry optimizations were performed with I'-point calculations using the PBEO
functional.*”*8 A cube of 20 A was used as the unit cell, and optimizations were performed without

constraints.

2.4.7 Rate Deconvolution Procedure.

Before being used for the 3-step rate deconvolution experiment each thin Ni(OH)2 film was
used as the WE for 2 CVs in a pH 13 KOH solution to ensure that the deposition had occurred
correctly and that the Ni(OH)2/NiOOH peak had the normal shape and position. After this, the
Ni(OH). film was transferred to a single-cell sealed container made of glass with a 3-electrode
setup. The Ni(OH)2 film was used as the WE, Ag/AgCl as the RE, and platinum mesh as the CE.
The cell was filled with 30 mL of a pH 13 alcohol or aldehyde solution. For most

alcohols/aldehydes tested the concentration was 10 mM, however, for butanol and EtOH 200 mM
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was used because at 10 mM the indirect rate was too slow to be accurately measured. Additionally,
pH 13 was chosen rather than pH 14 for these experiments to limit the risk of aldehyde degradation
under highly alkaline conditions affecting our results and to minimize potential interference from
water oxidation, which is more competitive with alcohol/aldehyde oxidation at pH 14. This
solution was stirred rapidly throughout the rate deconvolution experiment to mimic the conditions
during an electrolysis, minimize mass transport induced limitations on the current, and to allow us
to model the alcohol/aldehyde concentration at the surface of the electrode as constant for the
purpose of the kinetics equations. The same stir speed was used for every substrate and was
selected to be sufficiently fast such that for all the substrates tested, further increasing the stir speed
no longer resulted in a noticeable increase to current.

For step one of the rate deconvolution procedure, 0.55 V vs Ag/AgCl was applied for long
enough for the current to stabilize to a steady state value (typical 20 s). At this point the NiOOH
film has achieved a steady state composition and the observed current is all caused by turnover
due to alcohol/aldehyde oxidation rather than being due in part to oxidation of the original Ni(OH).
film. We chose 0.55 V vs Ag/AgCl for this measurement because this was one of the most positive
potentials we could apply before the onset of significant water oxidation. This allowed us to
achieve the highest rates of alcohol/aldehyde oxidation we could without water oxidation
significantly lowering the Faradic efficiency (FE) toward their oxidation.

During the second step, the potential was no longer applied and the film was allowed to sit
in the stirred solution under open circuit conditions. During this time the NiOOH film acts as a
chemical oxidizing agent reacting with alcohol/aldehyde in solution through the indirect process
and thus loses positive charge stored in it during the first step. The length of this step was varied

from trial to trial to collect a dataset showing the disappearance of charge from the NiOOH film
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over time. For each solution data points were collected at 0.1, 0.3, 0.7, 1, 1.5, 2, 3.5, 5, and 7
seconds under open circuit conditions. For each time under open circuit conditions, 3
measurements were made using 3 different Ni(OH). films (for a total of 27 measurements per
organic substrate tested) so the results could be averaged. These relatively short times stirring
under open circuit conditions were chosen because our goal was to determine the instantaneous
rate of disappearance of positive charge at 0 s (when the film is in the same state as it is during an
electrolysis) and these short times stirring under open circuit conditions are when the film is in a
state most similar to the one in which it would be under applied bias.

The third, reductive step was conducted in two parts. In the first part, the potential was
rapidly swept at a scan rate of 1 /s from open circuit to 0 V vs Ag/AgCl. Then, in the second part,
the potential was held at 0 V for 20 s. This two-part process of a rapid reductive sweep followed
by holding the potential was employed rather than just stepping the potential to 0 V and holding it
because we found that simply stepping the potential resulted in a slight undermeasurement of the
charge stored in the film. This was determined by comparing the charge passed in this reductive
step in a pH 13 KOH solution with the charge that corresponds to the area under the cathodic peak
of the NiOOH/Ni(OH)2 couple in a CV obtained in pH 13 KOH. We believe this is due to a slight
lag between when the potential was stepped and when the potentiostat begins recording the current,
resulting in a small amount of the charge passed going uncounted. By splitting the reductive step
into the 2-part sweep-and-hold this issue was avoided and the total charge passed across these two
parts matched closely with the area under the cathodic peak of the NiOOH/Ni(OH)2 couple in a
CV in pH 13 KOH. The magnitude of the total charge passed during this two-part reductive step
in the presence of an alcohol/aldehyde after a given time stirring at open circuit is the measured

value of the charge still stored in the NiIOOH film after the length of time chosen in step 2 for the
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film to sit at open circuit. However, before averaging this value with the others measured after the
same time at open circuit, it was first adjusted according to a calibration procedure described below
in section 2.4.8 and it is the averages of these adjusted data points that were used to construct the
1/charge vs time plots shown in Figure 2.3. To enable this calibration, immediately after each of
the 27 3-step rate deconvolution measurements used to produce a data point (9 different open
circuit times with each time measured in triplicate) a separate instance of the 3-step procedure was
performed with 0.1 s chosen as the time at open circuit. This means for each organic species tested
a total of 54 3-step measurements were performed (27 to produce data points, 27 to calibrate those
data points). The calculations used to convert this data set into a rate for the direct and indirect
processes will be described below in section 2.4.8.

In addition to the above, there were some other techniques and features of the experiment
that we employed to ensure more accurate results that bear further explanation. Regarding the
choice of times at open circuit in step 2, we did not collect data at O s at open circuit even though
this was the time we were most interested in because of a measurement artifact we observed at t =
0 s which resulted in an abnormally high loss of charge from the film when going from 0 s to 0.1
s at open circuit. This same unusually large loss of charge was also observed when the film was
tested in a pH 13 KOH solution without alcohol or aldehyde present and thus where the indirect
mechanism is not in effect. This is why we concluded that this significant difference in charge
passed between 0 s and 0.1 s at open circuit was not due to the indirect process but rather was
likely a measurement artifact introduced by suddenly stepping the potential. Therefore, to avoid
this measurement artifact biasing our results we did not collect data at 0 s at open circuit and
instead used 0.1 s as the lowest time and extrapolated the charge at t = 0 from the 1/(Qfiim) vs t plot

where Qfsiim refers to the charge stored in the NiOOH film.
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Regarding film reuse, we observed that repeated cycling of the Ni(OH)2 films between the
reduced and oxidized form resulted in a gradual loss of their ability to store charge. This in turn
risked biasing the rate deconvolution results as the charge passed in the reductive step was affected
not only by the rate of the indirect process but also by the number of previous measurements the
film had been used for. To avoid this issue two steps were taken. First, each film was used to
measure no more than 3 data points. This limited the extent to which the films could lose the ability
to store charge and thus bias our data. The three-measurement limit was chosen based on the
empirical observation that at this level of reuse we could still obtain highly linear plots and
reproducible results for the rate of the indirect process when collecting multiple datasets for the
oxidation of the same substrate. It is possible a greater number of data points can be collected
without introducing a significant error into the results, but this would need to be experimentally
verified. The second step was the calibration method mentioned above and described below in
section 2.4.8.

Regarding reuse of the alcohol/aldehyde solutions, we observed that, at least for alcohols
at longer times at open circuit (minutes rather than seconds) a greater amount of charge would be
lost from the film during the same time stirring under open circuit conditions in a solution in which
more than one film had been tested than in a solution in which the same number of tests had been
performed with only a single film. This effect was further exaggerated when films with higher
surface areas were used, suggesting that it is tied to a reaction that a newly prepared film undergoes
in the solution. It was unclear to what extent this solution effect was present for aldehydes and for
the much shorter times stirring at open circuit presented in this paper, but to avoid the possibility
of this influencing the results the alcohol/aldehyde solutions were replaced every time a new

Ni(OH): film was used.
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2.4.8 Mathematical adjustment of measured charge values

As described in section 2.4.7, the number of active Ni sites in the Ni(OH)2 films employed
in this study can vary slightly from film to film and measurement to measurement (generally
decreasing slightly with successive measurements). Therefore, the linearity and accuracy of the
1/charge vs time plots reported could be improved by mathematically adjusting the measured
charge stored in the Ni(OH). films to account for these differences such that the differences in
charge stored in films after different times at open circuit are due only to the changes to reaction
time for the indirect process (i.e. time at open circuit) and not due to differences in the initial
number of Ni active sites. To enable this adjustment, immediately after performing each
measurement for a data point in the rate deconvolution trials, a separate instance of the
measurement was performed with 0.1 s as the time at open circuit. This enabled us to adjust the
observed charge required to reduce the film in step 3 to the value it would have been had the
Ni(OH): film started with the average number of active Ni sites. The was done using equation 5
where Qobs(t) is the magnitude of the observed charge required to reduce the film in the rate
deconvolution trial after t seconds at open circuit, Qca(t=0.1) is the magnitude of the charge
required to reduce the film during the trial conduced immediately afterward with 0.1 s at open
circuit in step 2, Qave(t=0.1) is obtained by averaging the magnitude of the charge required to
reduce all of the films tested in their first trial conducted at 0.1 s at open circuit and Qadj(t) is the
adjusted value for the charge required to reduce the film in the third step of the rate deconvolution
process after t seconds at open circuit in step 2. It is these Qagj,(t) values that were used to produce

all the 1/charge vs time plots shown in Figure 2.3.

1 1 1 1

- + (5)

Qadj ® N Qave(t=0.1) Qcal(t=0.1) Qobs(t)
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The derivation for equation 5 can be obtained by noting that for all the organic species
tested here, over the timespan of interest the indirect process behaves as if it follows pseudo second
order kinetics with respect to charge stored in the Ni(OH)2 films. This gives equation 6, which is
the pseudo second order equation expressed in terms of coulombs where Qops(t) is the magnitude
of the charge required to reduce the NiOOH film back to Ni(OH). in step 3 of the rate
deconvolution procedure after t time stirring at open circuit while Qo is the charge required to
reduce the NiOOH film when it is in its steady state condition under the bias applied in step 1 (i.e.

Os at open circuit).

1 1
Qo0 ® 25 T Kobst (6)

Based on this, we can note that the difference between the actual charge required to reduce
the film after t seconds at open circuit (Qobs(t)) and the charge that would have been required had
the film started with the average amount of active Ni in the steady state condition in step 1 (Qadj(t))

IS given by equation 7. This equation can then be rearranged to yield equation 4 above.

1 1 1 1

- (7)

Qadi(®  Qobs(®)  Qave(t=0.1)  Qops(t=0.1)

We note here though that while this adjustment does result in more linear and, we believe,
more precise plots, removing this adjustment would not substantially affect either the slopes or y-
intercepts of any of the linear fits for the 1/(Qfim) vs time plots shown in Figure 2.3. As such, the
absence of this adjustment would not substantially change the results of any of our calculations for

the rate for the indirect process nor would it alter any of the conclusions presented in this work.

2.4.9 Measurement of Average Ni valence.

The rate deconvolution procedure outlined above was, with minor modifications, used

alongside inductively coupled plasma mass spectrometry (ICP—MS) data to determine the average
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Ni valence as a function of potential in various solutions. This was achieved by conducting the
same 3 steps outlined above; however, the time at open circuit was held constant at 0.1 s and the
potential applied in step 1 was instead varied across the trials. Additionally, the time this potential
was held in step 1 was increased to 2 minutes to ensure that even at low applied potentials enough
time passed for the catalyst to achieve a steady state composition. The magnitude of the charge
passed in the reductive step was observed and compared to the amount of Ni in a film as determined
by ICP. This allowed the average valence to be calculated based on the assumption that the reduced
film is entirely Ni(OH)2 and that the charged stored in the film after 0.1 s at open circuit is not
significantly different than the steady state charge stored in the film while potential is applied. This
average valence was calculated with equation 4 (listed in section 2.2.4 and reproduced here for
clarity) where Qe is the magnitude of the adjusted charge passed in the reductive step, nwi is the
average mols of Ni in a film as determined by ICP-MS, and F is Faraday’s constant.

Qr

ny,F

(Nivalence) = 2 + (4)

The adjustment was carried out through the same procedure as outlined above for the rate
deconvolution procedure. After every measurement of the steady state charge stored in a film at a
given potential another measurement was immediately conducted with the same film with 0.55 V
vs Ag/AgCIl applied in step 1. The charge passed in the reductive step of the first of these trials
conducted at 0.55 V vs Ag/AgCI for each film was averaged to obtain the average steady state
charge stored in a NiOOH film at 0.55 V vs Ag/AQCl, Qaveossv. This was used to adjust the
observed charge passed at each potential according to eq. 8 where Qagje is the adjusted steady state
charge stored in the NiOOH film when applying potential E, Qobs e is the magnitude of the observed

charge passed in the reductive step after applying potential E in step 1, and Qobs,0.55v IS the observed
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magnitude of the charge passed in the reductive step of the trial conducted applying 0.55 V in step

1 after the measurement applying potential E in step 1.

1 1 1 1

= - + ®

Qadj,E Qave,0.55V Qobs,O.SSV Qobs,E
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Chapter 3: Understanding Hydrogen Atom and
Hydride Transfer Processes During Electrochemical
Alcohol and Aldehyde Oxidation

Portions of this chapter have been adapted from:

Bender, M. T.; Warburton, R. E.; Hammes-Schiffer, S.; Choi, K.-S. Understanding hydrogen
atom and hydride transfer processes during electrochemical alcohol and aldehyde oxidation. ACS
Catal. 2021, 11, 15110-15124. DOI 10.1021/acscatal.1c04163
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3.1 Introduction

Electrochemical oxidation of alcohols and aldehydes is an important topic with
applications not only within the realm of organic synthesis but also as anodic reactions that can be
paired with electrochemical and photoelectrochemical water reduction to simultaneously lower
energy costs of hydrogen generation while also producing a value-added product at the anode.!®
NiOOH is among the most promising electrocatalysts for selectively oxidizing alcohols and
aldehydes to carboxylic acids, combining high performance and selectivity, good stability, and
low cost.>*® As such, understanding the mechanism of alcohol and aldehyde oxidation to
carboxylic acid on NiOOH is of great interest.}!!

For decades, the electrochemical oxidation of alcohols on NiOOH was understood to
proceed through an indirect mechanism proposed by Fleischmann et al. (Scheme 3.1).1%12 In this
mechanism, NiOOH is first electrochemically generated by oxidizing Ni(OH)2, which is the
relevant bulk stoichiometry at open circuit (Scheme 3.1, step 1). That NiOOH then acts as a
chemical oxidizing agent, oxidizing the alcohol through a rate limiting hydrogen atom transfer of
the a-hydrogen to Ni®* sites in NiOOH (Scheme 3.1, step 3).1%12 This reduces the NiOOH back
to Ni(OH)z; however, under the applied bias this Ni(OH): is then rapidly reoxidized into the active
NiOOH state (Scheme 3.1, step 1). Fleischmann et al. report that after the rate limiting step 3,
further oxidation of the organic species to produce carboxylic acid (Scheme 3.1, step 4) is fast.'?

For this mechanism, the applied potential only drives the NiOOH regeneration and does
not directly drive alcohol oxidation. Accordingly, the effective overpotential for alcohol oxidation
is set by the potential of the Ni(OH)2/NiOOH couple regardless of the actual applied potential
because NiOOH serves as a chemical oxidizing agent. Thus, once the potential is sufficient to
rapidly oxidize Ni(OH). to NiOOH, the rate for alcohol oxidation though this pathway becomes

potential independent.1®'? Although the original studies by Fleishmann et al. did not examine



56

aldehyde oxidation, subsequent works have claimed aldehyde oxidation also proceeds through this
mechanism.®1+13-14 This is possible because aldehydes in solution will be in equilibrium with their
hydrate, a 1,1-geminal diol, which is an alcohol and thus can undergo an identical reaction pathway

to the one shown in Scheme 3.1.1115

-H*, -e
OH™+ Ni(OH), ? NiOOH + H,O (1)
RCH,0OHy, === RCH,0H,qs 2)
RDS

(RCH,0H) 4 + NIOOH ——— 3 RCHOH,qq + Ni(OH),  (3)

RCHOH 46 + 3NIOOH + H,0 —>—>—> RCOOH,, + 3Ni(OH), (4)

Scheme 3.1. Mechanism proposed by Fleischmann et al. for the indirect oxidation of alcohols at

NiOOH electrodes in alkaline aqueous media.

When a linear sweep voltammogram (LSV) is recorded, alcohol oxidation through this
indirect mechanism results in a characteristic enhancement in the peak associated with oxidation
of Ni(OH). to NiOOH (Figure 3.1). This is because alcohol oxidation consumes NiOOH and
generates Ni(OH). during the LSV, thereby requiring more current to fully oxidize Ni(OH). to
NiOOH. The degree of enhancement of this peak is directly related to the rate at which a given
alcohol is oxidized by NiOOH during the LSV. However, our recent study using thin NiOOH films,
where current profiles were collected with a better resolution, revealed a second, potential
dependent, oxidation wave in the more positive potential region in addition to the enhancement of
the Ni(OH)2/NiOOH peak (Figure 3.1).!' This second feature cannot be explained by the
Ni(OH)2/NiOOH-mediated oxidation depicted in Scheme 3.1 and therefore indicates there is a

second oxidation pathway that competes with the well-known one proposed by Fleischmann et al.
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Figure 3.1. Schematic LSVs comparing representative current profiles for a Ni(OH)2 working
electrode with (red) and without (black) the presence of an alcohol.

Using an electrochemical rate deconvolution technique we developed, we demonstrated
that this second oxidation pathway involves Ni** as the active site and that its rate is potential
dependent.!! Thus, we refer to the second pathway as potential-dependent (PD) oxidation to
distinguish it from the indirect oxidation mechanism proposed by Fleischmann et al, which will
be referred to as indirect oxidation in this chapter. Using our electrochemical rate deconvolution
technique, we also showed that for alcohol oxidation, the PD pathway is dominant while for
aldehyde oxidation the indirect pathway is preferred, with aromaticity further enhancing the
preference for the indirect pathway.!! We then proposed hydride transfer from the organic
substrate to Ni** sites in the electrocatalyst as a plausible mechanism for PD oxidation (Scheme
3.2).1 In Scheme 3.2, the hydride transfer step is shown in step 4. The electrochemical
(re)generation of the Ni** sites, which is a required step for hydride transfer, is shown in steps 1
and 5. For PD oxidation, the electrochemical (re)generation of the Ni** sites affects the rate,

accounting for the potential dependence.
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-2e”

20H + Ni(OH), " NiO; + 2H,0 1)
OH + RCH,0H === RCH,0" + H,0 2)
RCH,0"; === RCH50 54 3)
RCH,0 e * NiO; oo RCHOg + Ni(OH)O™  (4)
Ni(OH)O" + HO- %» NiO, + H,0 (5)

Scheme 3.2. Hydride transfer mechanism we proposed for oxidation of alcohols to aldehydes
through the PD oxidation pathway. The oxidation of aldehydes to carboxylic acids proceeds
through the same steps because aldehydes in solution are in equilibrium with their hydrate, a 1,1-

geminal diol, which is an alcohol.

While the existence of two oxidation pathways has been revealed, our mechanistic
understanding for them is currently very limited. As such, identifying key factors that affect the
oxidation rates through these two pathways and improving our mechanistic insight into them is
vital for properly understanding the process of alcohol and aldehyde oxidation on NiOOH catalysts.
The goal of this study is to examine the effect of pH and substrate concentration on these oxidation
pathways. Solution pH is an important factor that can influence alcohol oxidation in multiple ways,
including affecting the regeneration of Ni®* and Ni** centers, the deprotonation of alcohols and
aldehydes, the equilibrium between aldehydes and their active geminal diol state, and the
competition with water oxidation. Thus, developing a clear understanding of the effect pH has on
both pathways is of paramount importance in achieving atomic level understanding of the
mechanisms. Elucidating the effect of substrate concentration is also critical because different
pathways can have different concentration dependences, and, therefore, the major pathway can
change in different concentration regions. Furthermore, by examining the effect concentration has
on the oxidation rate and the average Ni valence in NiOOH, we can elucidate which mechanistic

steps among adsorption, oxidation of the organic species, and catalyst regeneration limit the rate
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of the two pathways. We used four different substrates: benzyl alcohol, benzaldehyde, butanol,
and butanal, which represent an aromatic alcohol, an aromatic aldehyde, an aliphatic alcohol, and
an aliphatic aldehyde, respectively. Using the results obtained from this study, we provide a
comprehensive and thorough mechanistic understanding of the two alcohol/aldehyde oxidation

pathways available on NiOOH.

2.2 Results and Discussion
2.2.1 pH dependence study.

LSVs obtained with and without 10 mM butanol, butanal, benzyl alcohol, and
benzaldehyde in pH 12, 13, and 14 are provided in Figure 3.2. To quantitatively examine the
impact of pH on the PD and indirect oxidation pathway, rate deconvolution experiments were
performed for each organic species at each pH condition at a potential of 1.52 V versus the
reversible hydrogen electrode (RHE). To determine the potential vs RHE, the potentials measured
verses the Ag/AgCI reference electrodes used in our study were adjusted according to equation 1.

Erue = Eag/agci + 0.197V + 0.0591V*pH (D

A constant potential on the RHE scale was employed so we could compare the oxidation
of the compounds at the same overpotential regardless of the pH condition. Specifically, 1.52 V
vs RHE was chosen because it provided relatively fast kinetics for alcohol and aldehyde oxidation
while still being before the onset of significant oxygen evolution reaction (OER) current (Figure
3.2). To confirm that this potential is before the onset of significant OER current we performed
potentiostatic electrolyses at pH 14 (the solution condition where OER is most facile) and
confirmed that for all four alcohols/aldehydes the Faradic efficiency for alcohol/aldehyde

oxidation is >95%. We did not examine pH values below 12 because alcohol and aldehyde
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oxidation on NiOOH only occurs under alkaline conditions, and at pH values below 12 the rate

becomes quite slow.”®
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Figure 3.2. LSVs collected at a scan rate of 10 mV/s using a Ni(OH)2 working electrode with (red)
and without (black) 10 mM of alcohol/aldehyde in pH 12, 13 and 14 KOH solutions. For the pH

12 solutions, 90mM KCIO4 was added as a supporting electrolyte to ensure adequate solution

conductivity.
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The principles and experimental details of our rate deconvolution method were described
in Chapter 2 so we will provide only a brief overview here. In short, our method allows us to
measure the change in charge in the NiOOH due to indirect oxidation of any given organic species
under open circuit condition, which is directly related to the rate of oxidation of the organic species
through the indirect pathway and can be converted to the oxidation current through the indirect
pathway at a given applied potential (lindirect). ONCe lindirect IS Obtained, by subtracting it from the
total oxidation current (ltt) the current for PD oxidation (lpp) at the given potential can be obtained
(equation 2).

kot= Fndirect + Ip (2)

For all substrates and conditions tested in this study, the plots of 1/(charge in the film) vs
time were linear (Figure 3.3). This indicates that within the timeframe of interest, the indirect
pathway is behaving as if it is second order with respect to charge in the NiOOH film and allows
us to calculate the indirect rate according to the pseudo second order rate law equation shown in
equation 3, where Kops is the slope and Qriim(t=0) is the reciprocal of the y-intercept of the plots
shown in Figure 3.3. Qfim(t=0) represents the positive charge stored in the NiOOH film and
available to oxidize the organic species after 0 seconds at open circuit during the second step of
our rate deconvolution experiments (see Chapter 2.4.7 and the experimental section for more

details).

Iingirect = kopsCeim” (t = 0) 3)
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Figure 3.3. 1/Charge vs time plots for rate convolution experiments using 10mM substrate
solutions at 1.52V vs RHE in different pH solutions. Charge represents the magnitude of charge

required to reduce the films back to Ni(OH)2 in the third step of the rate deconvolution procedure.
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We use Kops in equation 3 instead of k to represent the effective rate constant because our
solution is rapidly stirred, meaning the organic species is effectively “flooded” and its
concentration is included in kobs, i.€., Kons=k[Organic species]? where a is the reaction order with
respect to the organic species. Furthermore, we note that while we use a pseudo-second order rate
equation to model the kinetics of the indirect pathway, the true rate equation may be more
complicated. For our purposes, though, it is not necessary that the reaction truly be second order
with respect to charge stored in the NiOOH film, but rather only that this accurately model the
behavior in the timespan of interest. The linearity of all the 1/charge vs time plots shown in Figure
3.3 indicates this is true for all of the substrates and conditions tested here. The results of our rate
deconvolution experiments in the different pH conditions are shown in Figure 3.4. Using these

results, we discuss the effect of pH on PD and indirect oxidation individually.

3.2.2 The effect of pH on PD oxidation.

For alcohol oxidation, the PD pathway shows a strong pH dependence, with more basic
conditions significantly enhancing the current for both butanol and benzyl alcohol oxidation
(Figure 3.4). This is consistent with the mechanism proposed in Chapter 2 for PD oxidation
consisting of hydride transfer of an a-hydrogen from the alcohol to Ni** sites in the NiOOH
catalyst. In that mechanism, to enable hydride transfer either the alcohol must have already been
deprotonated to form the alkoxide or the hydride transfer must occur in concert with deprotonation
of the alcohol group by a hydroxide ion in solution. Either way, the rate of the hydride transfer
step would be expected to be faster under more alkaline conditions. Moreover, regeneration of the
active Ni** sites from the Ni(OH), formed following hydride transfer requires deprotonation of the

Ni(OH)2 by a base in solution and should also occur faster at higher pH. Accordingly, since both
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the hydride transfer step and the regeneration of the catalyst are expected to occur faster under
more alkaline conditions, the hydride transfer mechanism we proposed for PD oxidation predicts
a faster oxidation rate under more basic conditions and is in line with the observed results for the

alcohols.
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Figure 3.4. The component of the current due to indirect (red) and PD (blue) oxidation of alcohols
and aldehydes at 1.52V vs RHE in different pH solutions.

For the oxidation of the aldehydes, the trend observed for PD oxidation is more
complicated. For both aldehydes, the predicted enhancement in PD oxidation is observed as the
pH is increased from 12 to 13. The trend, however, is broken when the pH is further increased to
14, with both aldehydes showing a decrease in the PD current. To probe this unexpected behavior
and determine if it might be tied to the potential we selected for our rate deconvolution experiments,
we collected an LSV of 10 mM benzaldehyde in a rapidly stirred pH 14 solution (Figure 3.5).
That LSV shows the current for benzaldehyde oxidation actually declines as the potential is
increased above 1.47V vs RHE. Since this LSV was collected in a rapidly stirred solution this

decline in current cannot be attributed to mass transport limitation. Instead, it suggests that
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increasing the potential enables a process that inhibits benzaldehyde oxidation. The most likely
cause of this inhibition is the increased potential enabling the oxidation of OH™ to form OER
intermediates on the Ni** sites needed for PD oxidation. Because the rate for OER is extremely
slow at these potentials, once formed these adsorbed intermediates are long lived and block the
Ni** sites from catalyzing aldehyde oxidation, leading to a decline in the observed current until a
sufficiently positive potential is reached to allow for rapid OER. This process would be most severe
at pH 14, as the increased OH™ concentration relative to that of the aldehyde would lead to greater

difficulty for the aldehyde to outcompete the OH™ for adsorption on active sites.

10 A

— 10 mM benzaldehyde
—— no benzaldehyde

Current Density (mA/cm?)

1.2 14 16 18
Potential (V vs RHE)

Figure 3.5. Linear sweep voltammograms (LSVs) collected at a scan rate of 10 mV/second in a
rapidly stirred pH 14 solution with (red) and without (black) 10mM benzaldehyde.

To further test if the above hypothesis could explain the low PD current for aldehyde
oxidation at pH 14, we performed our rate deconvolution experiment for benzaldehyde at a
potential of 1.48V vs RHE instead of 1.52 V vs RHE (Figure 3.6). As suggested by the LSV, the
decrease in applied potential led to a higher oxidation current. Moreover, the rate deconvolution
results reveal that the increase in overall current is entirely due to an enhancement of the PD

pathway and show that the partial current for PD oxidation at 1.48V vs RHE in pH 14 far exceeds
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that at 1.52V vs RHE in pH 13. This suggests that, were it not for competition from OER
intermediates for adsorption at Ni** sites, aldehyde oxidation through the PD pathway at pH 14
would be enhanced relative to its rate at less basic pH values. Furthermore, the fact that increasing
the potential in pH 14 to 1.52V vs RHE suppresses only the PD pathway provides further support
for our previously reported claim that the indirect and PD pathways occur at two different active
sites.’* The PD pathway requires Ni*" sites to occur and thus is suppressed when OER
intermediates form on those sites and prevent adsorption of the organic substrate. Conversely, the
indirect pathway occurs without issue on Ni®* sites, which are inactive for OER and do not suffer
from OER intermediates undergoing competitive adsorption; thus, no loss of indirect current is

observed as the potential is increased.
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Figure 3.6. The component of the current due to the indirect (red) and PD (blue) pathways for

oxidation of 10 mM benzaldehyde solutions at different pHs and potentials.
2.2.3 The effect of pH on indirect oxidation.

Figure 3.4 also provides insight into the pH dependence of indirect oxidation. For the

alcohols, there is a small increase in indirect current when the pH is increased from 12 to 13, and
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no change when the pH is further increased to 14. The observed minor or no impact of pH on the
rate of indirect oxidation of alcohols is consistent with the well-known mechanism proposed by
Fleishmann et al. because there is no deprotonation involved in the rate limiting HAT step in that
mechanism (Scheme 3.1, Step 3). Unexpectedly, however, for the aldehydes the rate of indirect
oxidation increases considerably as pH increases, suggesting aldehydes and alcohols may not have
the same rate determining steps for indirect oxidation.

It is possible that the pH dependence of indirect aldehyde oxidation may stem from the fact
that the active form of the aldehyde toward oxidation is not the aldehyde itself but rather the 1,1-
geminal diol formed following hydration.!>® NMR results show that for benzaldehyde the
proportion of molecules existing in the hydrated 1,1-geminial diol state increases significantly as
pH increases (Table 3.1). Such an increase in the equilibrium concentration of the active species
would be expected to increase the rate of indirect oxidation and could explain the observed trend
for benzaldehyde. This explanation, however, does not explain the similar trend observed for

butanal, as even at pH 12 butanal is entirely hydrated (Table 3.1).

Benzaldehyde % Butanal

diol % diol

pH 12 20% 100%
pH 13 65% 100%
pH 14 100% 100%

Table 3.1. The equilibrium percent of benzaldehyde and butanal molecules existing as the 1,1-
geminal diol following hydration in pH 12, 13 and 14 solutions. The percentage was determined
by comparing the observed ratio of the integration of the aldehyde H peak in the NMR and all the
other H peaks with that of the expected ratio (1:5 for benzaldehyde, 1.7 for butanal).
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Another possible explanation for the pH dependence is faster regeneration of the active
NiOOH species following HAT (Scheme 3.1, Step 1). As shown in Figure 3.7, the
Ni(OH)2/NiOOH couple does not follow ideal Nernstian behavior as pH changes as, if it did, the
Ni(OH). oxidation peak should appear at the same potential on the RHE scale. This is because, as
indicated by equation 1 above, the RHE scale shares the Nernstian shift of -59 mV per pH unit.
Instead, Figure 3.7 shows that under more basic conditions the Ni(OH)2/NiOOH peak shifts
cathodically on the RHE scale, meaning that when a fixed potential is applied vs RHE, at higher
pH values this provides a greater overpotential relative to the Ni(OH)2/NiOOH couple, which
would allow for faster regeneration of NiOOH. As will be discussed more below, this faster
regeneration enabled by more basic pH likely plays a role in enhancing the rate of indirect
oxidation for butanal and benzaldehyde. It cannot, however, fully explain the observed results
because much of the enhancement of the indirect rate as pH increases is attributable to an increase
in the pseudo-second order rate constant, Kons (Figure 3.3). This substantial increase in Kons as pH
increases suggests that the pH-independent HAT may not be the only rate affecting step for
aldehyde oxidation through the indirect pathway. Instead, there appears to be a pH-dependent
reaction that influences the rate. Such a reaction could, for example, be a deprotonation involving
the NiOOH catalyst, which influences the equilibrium abundance of active sites. Alternatively, it
could be a reaction involving the organic species in solution, such as conversion of the aldehyde
into the 1,1-geminal diol or even deprotonation of that geminal diol to form a more active alkoxide.
As none of these possibilities are accounted for by the indirect mechanism proposed by Fleishmann
et al.’®? nor can that mechanism explain the observed pH dependence of the indirect pathway,
our results suggest that the understanding provided by this mechanism is incomplete, particularly

as applied to aldehydes.
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Figure 3.7. LSVs conducted at a 10 mV/s scan rate using a Ni(OH)2 working electrode in a pH 14
KOH (red) pH 13 KOH (green) and pH 12 KOH, 90 mM KCIO4 (blue) solution.

2.2.4 Concentration dependence study.

We also explored the impact concentration had on the indirect and PD oxidation pathways.
This was achieved by performing rate deconvolution experiments in pH 13 KOH solutions at
1.52V vs RHE for 5, 10, 20, 35, and 50 mM solutions of butanol, benzyl alcohol, butanal, and
benzaldehyde. The results of these trials are shown in Figure 3.8.

For the alcohols, the rate of indirect oxidation is slow and effectively zeroth order in
concentration. In contrast, the PD oxidation rate is relatively fast even at lower concentrations and
increases significantly along with concentration for all substrates, except for 50 mM benzyl alcohol
where the rate plateaued. As a result, for alcohols the PD pathway is dominant at all concentrations,
and the increase in current as concentration increases is almost entirely due to faster PD oxidation.

For the aldehydes, the rate of indirect oxidation is higher than that of PD oxidation at lower
concentrations. The rate of indirect oxidation increases only slightly with concentration, and at
higher concentrations it either approaches a plateau (butanal) or even decreases (benzaldehyde).

In contrast, the rate of PD oxidation increases more significantly with concentration. As a result,
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while the indirect pathway dominates at low concentrations, the PD pathway becomes the

dominant pathway at higher concentrations.
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Figure 3.8. Plots depicting the trend in overall current at 1.52 V vs RHE (black) and the partial
currents for indirect (blue), and PD (red) oxidation of various organic substrates as substrate
concentration is varied in a rapidly stirred pH 13 solution.

In addition to revealing how concentration affects the rate and relative prominence of the
two oxidation pathways, a careful analysis of our concentration dependent rate deconvolution
results also provides insight into which steps impact the rate of the two pathways. In order to
perform this analysis, it is useful to split each mechanism into three general steps that could be
limiting the rate: (i) adsorption of the organic species, (ii) the reaction between the adsorbed
organic species and the oxidized Ni sites (this includes HAT for the indirect pathway or hydride

transfer for the PD pathway), and (iii) regeneration of the oxidized Ni sites. Scheme 3.3a-c shows



71

how current, Kobs, and the average steady state Ni valence under applied bias would change as
concentration increases for three extreme cases where one of these steps is slow and entirely limits
the rate while the other two steps are fast and very thermodynamically favorable.

(a) Adsorption of the organic species is rate limiting
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Scheme 3.3. Schemes depicting the relationship between concentration and current, Kobs, and the
average Ni valence for a pathway (a) when the adsorption step is slow, (b) when the oxidation of
the organic species is slow, and (c) when the regeneration step is slow. In all three limiting cases,
we have assumed that the other steps are both fast and very thermodynamically favorable. (d)
depicts the more moderate case where regeneration is neither exceedingly fast nor exceedingly

slow and both it and the adsorption step influence the rate.
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Scheme 3.3a depicts a case where the adsorption of the organic species is slow while the
other two steps are fast and very thermodynamically favorable. In such a case, we would expect
the proportion of catalyst active sites covered with an adsorbed organic species to be low. The rate
of the adsorption step would depend on the concentration of the organic species in solution.
Accordingly, as the concentration increases, the rate of this rate limiting adsorption step would
also increase, resulting in an enhancement in the partial oxidation current through the pathway in
question. Since our rapidly stirred solution means the organic species is effectively “flooded” and
included in the kobs term, kobs sShould also increase with concentration. Meanwhile, if adsorption is
the slow step, regeneration of the oxidized Ni sites should be fast relative to their consumption, so
we would expect the average Ni valence to be as high as when no organic substrate is present
(~+3.7 at 1.52V vs RHE in pH 13) and independent of concentration.

Scheme 3.3b depicts a case where the reaction between the adsorbed organic species and
the oxidized Ni sites is slow while the other two steps are fast and very thermodynamically
favorable. In such a case, the active sites should be saturated with the adsorbed organic substrate.
As such, increasing the concentration cannot lead to more adsorbed species and therefore would
not increase the reaction rate. Accordingly, we would expect both the partial current through the
mechanism in question and kobs to be concentration independent. Furthermore, as was the case for
a rate limiting adsorption step, because regeneration of the oxidized Ni sites would be fast relative
to their consumption, we would expect a high and concentration independent average Ni valence
in this case too.

Finally, Scheme 3.3c depicts the case where the regeneration of the oxidized Ni sites is
slow while the other two steps are fast and very thermodynamically favorable. In this extreme case,

we would not expect to see any meaningful accumulation of charge in the catalyst, as any higher
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valent Ni sites would be consumed immediately after formation. Thus, the average Ni valence
would remain the Ni?* of Ni(OH)2, and neither the oxidation rate nor Kobs Would have a
concentration dependence because the rate of Ni(OH). oxidation should not be affected by the
concentration of the organic species. We note that this extreme case cannot be applicable to the
1.52V vs RHE potential condition used in this study (though it may apply in less positive potential
regions) because it is clear that at 1.52V vs RHE the film does accumulate positive charge and thus
is not entirely Ni(OH).. Accordingly, should regeneration be limiting the rate, it is not the sole
limiting step. Rather, it would determine the rate in balance with one or both of the other steps
(Scheme 3.3d). In such a case, because regeneration is neither extremely fast nor extremely slow,
we would expect the average Ni valence to be significantly higher than the extreme case where
regeneration is the sole rate determining step (Scheme 3.3c) while still being lower than when no
organic substrate is present. Moreover, if either the Kinetics or the thermodynamics of the
adsorption step are not sufficient to ensure the active sites remain saturated with adsorbed organic
species, the average Ni valence will decrease as concentration increases. This is because an
increase in concentration would increase the percentage of active sites covered by adsorbed
organic species, increasing kons and thus the rate at which oxidized Ni sites are consumed. The
overall rate will also increase, although by a smaller factor than kons because the loss of some of
the active sites as the average Ni valence decreases will partially offset the higher kobs provided by

the higher degree of active site coverage.
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Figure 3.9. Plots depicting the partial current for oxidation through the indirect and PD pathways,
kobs for the indirect pathway, and the average steady state Ni valence at 1.52V vs RHE in a rapidly
stirred pH 13 solution of differing concentrations of (a) butanol, (b) benzyl alcohol, (c) butanal,
and (d) benzaldehyde. For reference, the average Ni valence at 1.52V vs RHE without the presence

of an organic substrate is +3.68.1
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Now that the general behavior expected for a mechanism limited by each of these steps has
been outlined, we can look at our experimental data for indirect and PD oxidation of the alcohols
and aldehydes to see which cases match best (Figure 3.9). For the indirect oxidation of alcohols,
our experimental data best matches a case where the reaction between the adsorbed alcohol and
the Ni®* sites is the main factor limiting our current (Scheme 3.3b). This suggests the coverage of
the active Ni®*" sites with adsorbed alcohol is high, although the small increases in Kobs as
concentration increases means this coverage is not complete and is modestly enhanced at higher
concentrations, a sign that the adsorption step is playing a minor role in governing the rate. The
average Ni valence does decline modestly as concentration increases, which could indicate a rate
partially limited by a regeneration step. The average Ni valence, however, is determined not only
by the behavior of the indirect pathway but also by that of the concurrently occurring PD pathway.
Moreover, because the PD pathway is dominant for alcohols and becomes even faster as alcohol
concentration increases, any decline in the average Ni valence as alcohol concentration increases
is likely due to the behavior of the PD pathway rather than the indirect one. As will be discussed
more below, the observed modest decrease in average Ni valence as concentration increases is
better attributed to a regeneration step limiting the rate of the PD pathway rather than the indirect
one.

For indirect oxidation of the aldehydes, Kobs increases roughly proportionally with
concentration. This indicates that the effective rate constant, kobs (Which contains concentration
terms as noted previously) has a linear (i.e., first order) dependence on the benzaldehyde and
butanal concentration. The partial current for indirect oxidation also increases as concentration
increases, though by less than the first order dependence on aldehyde concentration suggested by

the Kobs. This is because, while kobs does increase with aldehyde concentration, the average Ni
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valence falls quite a bit, decreasing from initial values of approximately +3.6 at 5mM to values of
+2.9 (butanal) and +3.1 (benzaldehyde) at 50 mM. Overall, this is consistent with the mechanistic
picture shown in Scheme 3.3d, where both the regeneration step and the inability of the adsorption
step to ensure the available active sites are fully saturated with adsorbed aldehydes play a role in
limiting the rate. The relative weight of each step’s influence on the overall rate is determined by
the concentration. At low concentrations the proportion of Ni®* sites covered by an adsorbed
aldehyde is likely low and regeneration fairly fast relative to the cumulative aldehyde adsorption
and oxidation steps. As concentration of the aldehyde increases, kobs increases and gradually levels
off at higher concentrations. This plateauing of Kops at higher concentrations is likely due to the
active sites becoming saturated with adsorbed organic species such that any further increases in
concentration cannot further increase the surface coverage. At these high concentrations,
regeneration of the Ni®* sites plays a greater role in limiting the rate, as shown by the decline in
the average Ni valence (and thus the number of available active sites).

Evaluating which step limits the PD pathway using our rate deconvolution data is more
difficult, since our rate deconvolution method provides a kons Value only for the indirect pathway.
Still, some insights can be obtained by looking at the trends in current and average Ni valence. For
both the alcohols and the aldehydes, the PD current increases significantly as concentration
increases, with the relative impact of concentration on the rate being larger for the aldehydes than
for the alcohols. This indicates that for all the species and conditions examined here, the kinetics
and/or thermodynamics of the adsorption step are insufficient to fully saturate the active Ni** sites
with adsorbed organic species. This limits the rate of the PD pathway, with the relative size of the
impact being larger for the aldehydes than for the alcohols, suggesting the proportion of Ni** sites

covered with an adsorbed organic species is lower for the aldehydes than for the alcohols. This is
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consistent with the hypothesis laid out above in the pH dependence section that in order to undergo
the PD pathway, the substrates must outcompete hydroxide ions in solution for adsorption on Ni**
sites, and that aldehydes struggle more than alcohols to win this competition.

In addition to the importance of the adsorption step, the decline in the average Ni valence
as concentration increases for both alcohols and aldehydes indicates that the rate of regeneration
of the Ni*" sites is not extremely fast. As noted previously, interpreting the average Ni valence
data can be ambiguous, since it is affected by the rate of both the indirect and PD pathways. In the
case of the alcohols, however, because the PD pathway is so dominant and the indirect current
does not increase with concentration, we can be confident that the decline in the average Ni valence
as concentration increases is primarily due to the PD pathway consuming Ni** sites more quickly
and that the regeneration of those sites is not exceedingly fast. For the aldehydes, because as
concentration increases both the indirect and PD pathway are enhanced and contribute
significantly to the overall current, we cannot say with certainty that enhancement of the PD
pathway is contributing to the decline in the average Ni valence. Given, however, the large size of
the decline in the average Ni valence and the fact that at higher concentrations the PD currents for
butanal and benzaldehyde are roughly comparable to that of butanol, it seems likely that at higher
concentrations regeneration of Ni** sites is also not exceedingly fast for the aldehydes and that this
step also plays a role in limiting the current.

Overall, our concentration dependence rate deconvolution results obtained at 1.52V vs
RHE indicate that for indirect alcohol oxidation the rate is primarily limited by the reaction
between the adsorbed alcohols and Ni** sites. This is in agreement with the well-known
mechanism proposed by Fleischmann et al. shown in Scheme 3.1.1%%2 In contrast, for indirect

oxidation of aldehydes, a balance between the adsorption step and the regeneration step is
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important in governing the rate, with higher concentrations increasing the percentage of the active
sites covered with an adsorbed aldehyde and thus enhancing the importance of the regeneration
step. Notably, neither of these steps involves the HAT considered to be rate limiting in
Fleischmann et al.’s proposed mechanism for the indirect pathway, which helps explain the
unexpected increase in the indirect oxidation rate as pH was increased that we described above for
the aldehydes. For the PD oxidation of both alcohols and aldehydes, both the regeneration of Ni**
sites and the inability of the adsorption step to maintain a high degree of coverage of the available
Ni** sites with adsorbed organic species play a role in determining the rate. Whether or not the
reaction between the adsorbed organic species and the oxidized Ni sites also plays a role in
determining the rate of PD oxidation could not be determined from these experiments because the
rate deconvolution experiments do not provide a kops for PD oxidation. However, the kinetic
isotope effect (KIE) experiments discussed below reveal that for benzyl alcohol this step also

affects the rate of PD oxidation while for benzaldehyde it does not.

2.2.5 KIE experiments.

In order to verify and supplement the conclusions from the concentration dependence study,
we also performed kinetic isotope effect (KIE) experiments comparing the oxidation of benzyl
alcohol with benzyl-a,0-d2 alcohol and benzaldehyde with benzaldehyde-a-di. LSVs taken in pH
13 KOH with 10 mM of the deuterated and undeuterated compounds show that the LSVs for
benzaldehyde are identical regardless of whether the aldehyde position is occupied by protium or
deuterium (Figure 3.10a). Conversely, there is a clear suppression of the current for benzyl-a,o-

d» alcohol relative to that for benzyl alcohol (Figure 3.10b).
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Figure 3.10. LSVs comparing the current in pH 13 solutions without (black) and with 10mM of

normal (red) and deuterated (blue) (a) benzaldehyde and (b) benzyl alcohol. Scan rate 10 mV/cm?.

We also performed rate deconvolution experiments at 1.52V vs RHE for pH 13, 10 mM
solutions of benzyl-a,a-d2 alcohol and benzaldehyde-a-d:. The resulting 1/charge vs time plots are
shown in (Figure 3.11) while the partial currents for indirect and PD oxidation are shown in
(Figure 3.12). For benzaldehyde, substituting protium for deuterium at the aldehyde position
produces no KIE and has no significant impact either pathway’s rate. Moreover, there is no
significant change in kobs or the average Ni valence (33.3 and +3.58 for benzaldehyde versus 31.3
and +3.59 for benzaldehyde-a-d1). These results agree with the identical LSVs seen in Figure 3.10.

These results augment the conclusions drawn through the concentration dependence study.
Because we do not observe a KIE for indirect aldehyde oxidation, we can conclude that it is rate
limited by a combination of the adsorption step and the regeneration of higher valent Ni sites,
neither of which would be expected to result in a KIE. We similarly did not observe suppressed
PD current for oxidation of benzaldehyde-a-ds; instead, our KIE experiments suggest that hydride
transfer from the adsorbed benzaldehyde to the Ni** sites is fast relative to the other steps and thus
does not limit the rate of PD oxidation. Thus, we can conclude that the PD oxidation pathway for

aldehydes is also rate limited by a combination of the adsorption and regeneration steps.
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Figure 3.11. 1/Charge vs time plots for rate convolution experiments with normal and deuterated
benzyl alcohol and benzaldehyde in a pH 13 solution. In all cases the potential applied in step 1 of

the rate deconvolution procedure was 1.52V vs RHE.
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Figure 3.12. The component of the current due to the indirect (red) and PD (blue) pathways when
oxidizing rapidly stirred pH 13 solutions of 10mM normal and deuterated benzyl alcohol and
benzaldehyde at 1.52V vs RHE.
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For benzyl alcohol, the results in Figure 3.12 show a significantly slower rate of PD
oxidation following D substitution, with In/lo = 1.7. The KIE observed for the PD pathway
confirms that, unlike for benzaldehyde, the reaction between the adsorbed benzyl alcohol and the
Ni** sites does limit the current. Moreover, it indicates that the rate limiting step in this oxidation
reaction involves breaking the C-H/D bond at the alpha position, which is consistent with our
proposed hydride transfer mechanism. Furthermore, it is worth noting that the decrease in the PD
oxidation current following deuterium substitution occurs despite the average steady state Ni
valence in the presence of benzyl-a,a-d> alcohol (+3.59) being higher than the average Ni valence
in the presence of normal benzyl alcohol (+3.49). This means that benzyl-a,a-d2 alcohol has a
lower current despite having more Ni** sites available for the PD oxidation reaction. This in turn
means that the ratio of the turnover rate of the active Ni** sites in the presence of benzyl alcohol
vs benzyl-a,a-d2 alcohol is greater than the observed ratio of 1.7 for In/lp. Overall, our combined
concentration dependence and KIE experiments indicate that all three steps (adsorption, the
reaction between the adsorbed species and Ni** sites, and regeneration of Ni** sites) play a role in
controlling the current for benzyl alcohol oxidation through the PD pathway. More discussions
that can help clarify how that can be the case will be provided in section 3.2.6 below.

For indirect oxidation of benzyl alcohol, we observe only a minimal KIE of In/lp = 1.2.
This result at first appears to contradict our conclusion from the concentration dependence study
that the reaction between the adsorbed alcohol and the oxidized Ni sites is rate determining and
also with Fleishmann et al.’s proposed mechanism that HAT of the hydrogen at the a position is
the rate limiting step.*®'? Our result can be understood, however, by looking not just at how the
deuterium substitution affects the current but also how it affects kobs for the indirect pathway and

the average Ni valence. With normal benzyl alcohol, keps is 16.3 and the average Ni valence is
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+3.49. These are notably different than the values observed for benzyl-a,a-d2 alcohol, which has
a kobs Of only 8.5 (giving a kn/kp of 1.9) but a higher average Ni valence of +3.59. This means that,
as expected, substitution of H for D at the alpha position does significantly lower the rate constant
for the oxidation reaction between the adsorbed benzyl alcohol and the NiOOH catalyst. However,
the more considerable decrease in Kobs does not result in a correspondingly large decrease in the
actual indirect rate because, as noted above, the D substitution also significantly lowers the rate of
PD oxidation, which is in competition with indirect oxidation, resulting in a higher steady state
average Ni valence and thus more available active sites for indirect oxidation. In other words, were
the indirect pathway to be considered in isolation, its rate would indeed be substantially inhibited
by the deuterium substitution. In reality, however, the KIE on indirect oxidation, a minor oxidation
pathway for benzyl alcohol, is affected considerably by the KIE on the dominant PD oxidation

pathway.

2.2.6 Factors determining the rate of PD oxidation

Our combined concentration dependence and KIE experiments indicate that all three steps
(adsorption, the reaction between the adsorbed species and Ni** sites, and regeneration of Ni**
sites) play a role in controlling the current for benzyl alcohol oxidation through the PD pathway.
The following discussion can help clarify how that can be the case. PD oxidation occurs at Ni**
sites and first requires the benzyl alcohol to adsorb at those sites before oxidation can occur.
Moreover, this adsorption step occurs in competition with hydroxide adsorption at those same Ni**
sites. Knowing this, we can express the rate of PD oxidation with equation 4, where Ipp is the
partial current for PD oxidation, Nyis+ is the total number of Ni** sites, 0 is the fraction of Ni**
sites with an adsorbed alcohol, and TF is the average turnover frequency of the Ni** sites with an

adsorbed alcohol.
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Ipp = (TF)(Nni4+)0 (4)

Improving the adsorption step will increase 0, leading to a greater coverage of the Ni** sites
available in the catalyst and thereby increasing Ipp (assuming the other two terms remain the same).
Improving the rate of the reaction between the adsorbed organic species and oxidized Ni sites will
increase TF, which also increases lIpp. Finally, increasing the rate of the regeneration step will
cause more Ni** sites to exist under steady state conditions, increasing Nnis+ and thereby increasing
Ipp. In considering the effects of these steps, however, it also is necessary to consider what effect
increasing the rate of one of the steps will have on the other terms in equation 4. If the adsorption
step is improved, leading to an increase in 0, this will cause Ni** sites to be reduced at a faster rate,
while the driving force for regenerating those Ni** sites remains the same. As a result, there will
be fewer Ni** sites available in the steady state (a lower Nnis+), meaning lpp will not increase by
as much as would be predicted by the change in 0 alone. Moreover, should the change in 6 be due
to a difference in the adsorption energy, this could also affect the energetics of the subsequent
reaction steps and lead to a change in TF. Similarly, in the case where there is a faster reaction
between the adsorbed alcohol and the Ni** sites, the increase in TF will be accompanied by both a
decrease in Nnis+ (for the same reasons discussed for improved adsorption) and a decrease in .
The decrease in 0 is because the faster reaction between the Ni** sites and the adsorbed alcohol
causes a decrease in the average lifetime of the Ni** sites with an adsorbed alcohol, while the
average lifetime of Ni** sites with an adsorbed hydroxide remains unchanged. As a result, under
steady state conditions a greater proportion of the Ni** sites will have an adsorbed hydroxide rather
than an adsorbed alcohol. Because of this accompanying decrease in Nnis+ and 0, an increase in

TF will also not increase lpp by as much as might first be thought.
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2.2.7 Competition between PD oxidation and OER on Ni**.

As noted earlier, our rate deconvolution results from the aldehydes in pH 14 suggest that
the rate of PD oxidation can be inhibited by OER intermediates blocking the Ni** sites. Moreover,
the fact that this inhibition was observed only for the aldehydes and not for the alcohols suggests
that the aldehydes may adsorb more weakly on Ni*" sites and thus might be more easily
outcompeted by OH™ for adsorption on those sites than the alcohols. This would be consistent with
the results from the concentration dependence study outlined above suggesting that, in general,
alcohols have a higher degree of surface coverage and the rate of their oxidation is less controlled
by an adsorption step. The fact that PD oxidation is dominant for alcohols at all concentrations but
is favored for aldehydes only at high concentrations led us to hypothesize that the ability of an
organic substrate to outcompete OER intermediates for adsorption on Ni** sites may be a key
predictor for that substrate’s tendency to undergo PD oxidation. Alcohols, which appear to adsorb
more strongly, may be capable of winning this competition at all concentrations and thus always
have a large PD component. Aldehydes, on the other hand, appear to adsorb more weakly and may
not be able to outcompete OH™ for access to the Ni** sites until higher concentrations.

In order to test this hypothesis, we performed computational experiments to compare the
adsorption strength of benzyl alcohol and benzaldehyde on a NiOOH surface with an average

valence of +3.25.

2.2.8 Density Functional Theory Calculations.

To gain further mechanistic insight into these experimental findings, we performed
periodic density functional theory (DFT) calculations to evaluate the adsorption energetics of
alcohol and aldehyde substrates, as well as subsequent hydride transfer steps. Undercoordinated

Ni sites are hypothesized to play a role in the PD oxidation mechanisms. We therefore performed
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these calculations on a NiOOH(0115) slab model, which contains undercoordinated Ni sites in
the surface layer.*5Y” Concomitant with the oxidizing conditions required for PD oxidation, we
also removed some surface H atoms to introduce Ni** sites into the slab model. Although the
NiOOH electrodes used in the experimental measurements are polycrystalline, this model is used
to establish trends in the reactivity of alcohol and aldehyde substrates on these materials. As
described further in the Methods section, total energies were obtained from single-point
calculations with the hybrid PBEO functional using geometries optimized using the PBE+U
functional.

The molecular substrates for the benzyl alcohol and phenylmethanediol (geminal diol form
of benzaldehyde) oxidation reactions were optimized on a NiOOH( 01 15) slab using periodic DFT.
Since these reactions occur in alkaline media (pH 12-14), the relevant reference states for the
adsorption energy calculations are the deprotonated forms of benzyl alcohol (benzyl alkoxide,
denoted BO") and phenylmethanediol (phenylmethane-ol-alkoxide, denoted PMOOH"). Benzyl
alcohol is slightly less acidic (pKa = 15.4) than water (pKa = 14),'® but the pKa value of
phenylmethanediol has not been measured experimentally. We calculated the relative pKa values
of phenylmethanediol and benzyl alcohol at the PBEO level of theory and estimate that
phenylmethanediol is ~5.4 pKa units more acidic (i.e., the estimated pKa value is ~10). The

adsorption energies AEags x+ Were calculated using equation 5:
AEadS,X* = E[x*]U - *1 Ne (5)

where E[x,k]0 , E[x*]* ,and E_ are the energies of the anion X~ adsorbed on the NiOOH slab, the

bare NiOOH slab with a single added positive charge, and the X~ molecule in dielectric continuum

solvent, respectively. The E[x*]° and E[ . values were determined from the calculated periodic

X*]
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DFT energies. The E_ values were determined relative to E_ _ using the charge-neutral

protonated molecules along with the experimentally measured and DFT computed pKa values. This
procedure accounts for the over-stabilization of BO™ in solution, as indicated by the under-
estimation of the benzyl alcohol pKa, at the PBEO level of theory; however, we note that the relative

reactivity between BO™ and PMOOH™ is the same if DFT energies are used directly for E__ .
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Figure 3.13. (a—c) Converged geometries for adsorbed (a) hydroxyl (OH*), (b) benzyl alkoxide
(BO*), and (c) phenylmethane-ol-alkoxide (PMOOH?*) on NiOOH(0115) slab. (d) Energies

associated with adsorption, hydride transfer, and desorption for these systems.

Figure 3.13a-c shows the optimized configurations of OH-, BO~, and PMOOH"
adsorbed on oxidized NiOOH( 0115), as well as the energetics of adsorption and substrate
oxidation. The BO™ and PMOOH"™ adsorption energies are —2.26 eV and —1.61 eV, respectively.

This difference most likely arises because the second OH group in PMOOH™ can act as an electron
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withdrawing group, stabilizing the negative charge on PMOOH" through inductive withdrawal. As
a result, PMOOH™ is more stable in solution than BO~, as suggested by the lower pKa of
phenylmethanediol. The finding that adsorbed BO™ (BO¥*) is 0.65 eV more stable than adsorbed
PMOOH" (PMOOH?¥*) suggests that it is much more facile for the anionic substrates to adsorb to
NiOOH during alcohol oxidation than during aldehyde oxidation. We identified similar trends
when performing these calculations starting with a neutral NiOOH(0115) slab model (Figure
3.14). Moreover, the results in Figure 3.13d show that the adsorption energy of BO™ (-2.26 eV)
is similar to that of OH™ (-2.17 eV). These similar adsorption energies suggest that BO™ could
displace OH* intermediates involved in OER, whereas PMOOH" is unlikely to do so.
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Figure 3.14. DFT calculated energy diagram for adsorption and oxidation of BO~ and PMOOH"
starting on a neutral NiOOH(0115) slab. The adsorption energies calculated using DFT energies
for the solvated anions are shown in light red and blue, whereas the diagram utilizing pKa-corrected
energies are shown in bolder shades of red and blue. The inset shows a closer view of the
adsorption energy step (boxed in the energy diagram) to show the splitting between the different

data series.
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Following adsorption, hydride transfer to surface oxygen sites is downbhill in both the
alcohol and aldehyde oxidation pathways (Figure 3.13d). This hydride transfer converts BO* into
benzaldehyde (denoted BA*) and PMOOH* into benzoic acid (denoted PCOOH*). Desorption of
these oxidized products is modestly uphill, by 0.21 eV for BA* and 0.23 eV for PCOOH*. We
note that these numbers reflect the differences in DFT energies and that the free energy of solution-
phase molecules should be decreased further because of higher entropy compared to their surface-
bound analogues.*® Moreover, PCOOH* is likely to be deprotonated under the alkaline conditions
of the experiments given the relative acidity of carboxylic acids compared to alcohols. We find
that desorption of benzoate is similarly uphill in energy by 0.08 eV, suggesting that either the
protonated or deprotonated form may desorb after it is formed. Overall, these computational results
suggest that hydride transfer should be thermodynamically favorable from either adsorbed species.

An important finding is that deprotonated geminal diols such as PMOOH™ adsorb more
weakly than alkoxides such as BO™ and may not effectively compete with OER intermediates such
as OH™ at the Ni** sites required for PD oxidation. During PD aldehyde oxidation, the coverage of
PMOOH?* is likely to be low, limiting the rate of hydride transfer. Following desorption of the
product, the catalytic cycle is closed when hydrogen transferred from the organic species to
NiOOH is removed as a proton by OH™ in solution (Scheme 3.2, step 5) and Ni*" sites are
regenerated. This dependence on Ni** site regeneration, in combination with the substrate surface
coverage effects between alcohol and aldehyde oxidation, support the experimental mechanistic
assumptions outlined above and lend further insights into the difference in reactivity of alcohols

and aldehydes in PD oxidation mechanisms on NiOOH materials.
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3.3 Conclusion

In summary, our study offers a comprehensive understanding of the effects of pH and
concentration on electrochemical alcohol and aldehyde oxidation on NiOOH. An increase in pH
strongly promotes the PD oxidation of alcohols. It can also promote PD oxidation of aldehydes,
but only in the potential region where OER intermediates do not form. In the potential region
where such intermediates do form, aldehydes, unlike alcohols, cannot effectively compete with the
OER intermediates for adsorption at the Ni** sites critical for PD oxidation, leading to a
suppression of the PD pathway. This conclusion was supported by computational results indicating
that deprotonated geminal diols adsorb more weakly than alkoxides. Since an increase in pH
promotes OER, it leads to a suppression of PD oxidation for aldehydes when applying potentials
that allow for the formation of OER intermediates. The indirect oxidation of alcohols appears to
show no pH dependence, agreeing with the mechanism proposed by Fleishmann et al where the
rate limiting HAT step involves no deprotonation. However, the indirect oxidation of aldehydes
shows a strong pH dependence, suggesting that the pH-independent HAT may not be the only rate
affecting step for indirect aldehyde oxidation. Instead, there appears to be a pH-dependent reaction
that influences the rate of indirect oxidation. Such a reaction may involve conversion of aldehydes
to a more reactive form or may be a deprotonation step affecting the steady state abundance of
active sites in the NiOOH catalyst.

The results obtained from concentration-dependence studies along with the KIE
experiments also enabled us to elucidate the rate determining steps for alcohol and aldehyde
oxidation for both the indirect and PD pathways. For the indirect oxidation of alcohols, our
experimental results suggest the reaction between the adsorbed alcohol and Ni®* sites is the main
step limiting the current. On the other hand, for indirect oxidation of aldehydes, a balance between

an adsorption step and a catalyst regeneration step mainly limits the current. For the PD oxidation
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of alcohols, the rate is controlled by the interplay between all three steps (adsorption step, hydride
transfer, and regeneration of Ni** sites), whereas for the PD oxidation of aldehydes, the rate is
controlled only by the balance between the adsorption and regeneration step. Overall, this work
adds significantly to our understanding of the mechanism of alcohol and aldehyde oxidation on

NiOOH surfaces, a highly important class of reactions.

3.4 Experimental Section

3.4.1 Materials.

All chemicals used were commercially available and were used without further purification.
Benzyl alcohol (>99%, MP Biomedicals, LLC), benzaldehyde (>99.5%, Sigma Aldrich), butanol
(99.8%, Sigma Aldrich), Butyraldehyde (>99.5%, Sigma Aldrich), potassium hydroxide (>85%,
Sigma Aldrich), Ni(NOz)2-6H20 (99%, Acros), KNOz (99%, Alfa Aesar), KCIOs (>99%, Sigma
Aldrich). Deionized water (Barnstead E-pure water purification system, resistivity >18 MQ cm)

was used to prepare all solutions.

3.4.2 Ni(OH)2 Electrode Preparation.

Amorphous a-Ni(OH)2 films were prepared through an established technique in which
nitrate is electrochemically reduced, raising the local pH at the working electrode (WE) and
causing Ni(OH). to precipitate out to form a Ni(OH): film.?° This reaction was controlled using
an SP-200 potentiostat/EIS (BioLogic Science Instrument) and was conducted with a 3-electrode
setup in a single compartment glass cell using a fluorine doped tin oxide (FTO) working electrode
(WE), Pt counter electrode (CE), and Ag/AgCl (4 M KCI) reference electrode (RE). The FTO

WE’s were prepared by cutting larger FTO plates into 2.5 cm x 1 cm strips, attaching Cu tape to
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the top to provide electrical contact, and masking the FTO with electroplating tape (3M Company)
with a 0.5 cm? hole punched in it. The Pt counter electrodes were prepared by sputter coating a 20
nm Ti adhesion layer followed by 100 nm of Pt on precleaned glass slides. The Ni(OH)2 films
were deposited from an aqueous plating solution of 10 mM Ni(NOs3)2-6H20 and 30 mM KNOs by
galvanostatically maintaining a current of -0.25 mA/cm? for 45 s. The resulting Ni(OH) films

were rinsed with >18 MQ cm water and dried with an air stream.

3.4.3 Electrochemical Experiments.

Linear sweep voltammetry and electrolyses were performed with a 3-electrode setup in an
undivided glass sealed cell. Ni(OH). films were used as the WE, Ag/AgCl as the RE and Pt mesh
as the CE. For the LSVs, the potential was swept from the open circuit in the positive direction at
a scan rate of 10 mV/s. The electrolyses were performed by applying 1.52V vs RHE
potentiostatically to a rapidly stirred alcohol or aldehyde solution until the stochiometric charge
required for 25% (benzyl alcohol, butanol, benzaldehyde) or 12.5% (butanal) conversion of the
starting substrate to carboxylic acid had been passed. The lower charge passed used for butanal
was to allow the electrolysis to be completed more quickly due to concerns about the long-term
stability of the butanal in the pH 14 solution. We chose to pass only a portion of the charge required
for full conversion when conducting these electrolyses to ensure that the results would accurately
reflect the selectivities and Faradic efficiencies present during the rate deconvolution experiments,
which were conducted at substrate concentration equal to the concentrations at the beginning of
the electrolyses and to decrease the chance of aldehyde degradation during longer reaction times
at pH 14. The pH of all solutions used for our electrochemical experiments was adjusted using

KOH, and for pH 12 solutions 90mM KCIO4 was added as a supporting electrolyte.
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2.4.4 Product Analysis.

Quantification of electrolysis products and evaluation of the geminal diol component of
the aldehydes was achieved via *H NMR spectroscopy using a Bruker Avance I11 400 MHz NMR
spectrometer. NMR samples were prepared by adding 0.450 mL of the electrolysis solution and
0.050 mL of DO with 12.5 mM of a dimethyl sulfone internal standard to an NMR tube and
shaking vigorously. NMR analyses were conducted with a relaxation delay of 30 s and used a
WATERGATE method with excitation sculpting to remove the background signal of the water
solvent. Product quantification was performed by comparing the product integrations of the post

electrolysis solutions to those of standards of known concentration.

2.4.5 Rate Deconvolution Procedure.

A detailed explanation of our three-step rate deconvolution procedure is provided in
Chapter 2.4.7; however, a brief description and overview of the process will be provided here
along with specification of a few experimental details that were different in this study. The
procedure was performed with 30 mL of rapidly stirred alcohol or aldehyde solution in a single-
cell sealed cell with a 3-electrode setup. The WE was a thin Ni(OH)2 film deposited through the
procedure detailed above, the RE was Ag/AgCl, and the CE was platinum mesh. Prior to use for
the rate deconvolution experiments, each Ni(OH)> film was tested using cyclic voltammetry (CV)
(2 cycles starting at OCP and with switching potentials of 1 V vs Ag/AgCl and 0 V vs Ag/AgCl
(pH 12), 0.9V vs Ag/AgCl and 0 vs Ag/AgClI (pH 13), or 0.8V vs Ag/AgCl and 0V vs Ag/AgClI
(pH 14) to confirm the Ni(OH)2/NiOOH peak and water oxidation behavior of each film were

consistent.
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In the first step of the three-step procedure, 1.52V vs RHE was applied potentiostatically
to the WE in a rapidly stirred solution for long enough for the current to stabilize to a steady state
value (typical 30 s). This converts the film into the steady state condition it would be in during a
potentiostatic electrolysis at 1.52V vs RHE and during this step both the indirect and PD oxidation
pathways are active. During the second step, the potential is no longer applied and the film is
allowed to sit in the stirred solution under open circuit conditions. During this time neither the PD
pathway nor reoxidation of Ni(OH). can occur as both require potential, however, the indirect
pathway, which proceeds through a chemical (rather than electrochemical) HAT step still occurs,
reducing higher valent Ni sites back to Ni(OH).. During the third step, the remaining higher valent
sites still left after step 2 are rapidly reduced back to Ni(OH). by sweeping the potential from open
circuit to 0 V vs Ag/AgCl at a scan rate of 1V/s and then holding the potential at OV for 20 s. The
magnitude of the charge passed during this third, reductive step corresponds to the amount of
charge that was still stored in the film after some of it was used to oxidize the organic substrate
through the indirect pathway in step 2. By repeating this whole 3-step process with different times
stirring at open circuit in step two, we were able to construct plots showing the disappearance of
charge from the film as a function of time. This can be used to generate kinetics equations and
determine the rate of charge loss from the NiOOH film at Os at open circuit, which corresponds to
the rate of the indirect pathway under electrolysis conditions at the potential of 1.52V vs RHE
applied in step 1.

When conducting the rate deconvolution trials for a given substrate and condition, the three
step process was repeated four separate times using four different Ni(OH)2 films for each length
of time tested at open circuit in step two, with the results being averaged to get the data points

shown in the 1/charge vs time plots. When conducting these trials, the Ni(OH)2 films were replaced
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after being used to collect no more than 4 data points. Additionally, the alcohol/aldehyde solution
was replaced with a fresh 30 mL solution each time the Ni(OH)2 working electrode was replaced.
To account for small variations in the active Ni content from film to film and trial to trial, after the
measurement of each data point an additional instance of the 3-step procedure was immediately
performed with 0.1 s as the time at open circuit in step 2. This was used to adjust the measured
charge stored in the NiOOH film observed in the previous measurement according to the method

described in Chapter 2.4.8.

2.4.7 Calculation of Average Ni valence

The average Ni valence for the plots in Figure 3.9 was calculated using equation 6 where
Qo is the charge in coulombs required to reduce the Ni film to Ni(OH). from its steady state
condition at 1.52V vs RHE in the presence of the organic substrate and is obtained from the y-
intercept of the 1/charge vs time plots obtained in the rate deconvolution analysis, and ny is the
moles of Ni in one of the films, which we previously determined to be 23.6 + 0.4 nmol for our
films. 1

5

nyF

(Nivalence) = 2 +

(5)

2.4.8 Computational methods.

Periodic DFT calculations were performed using the Quantum ESPRESSO code.?*"?2 We
used the optimized norm-conserving Vanderbilt psuedopotentials?>?* with a plane-wave kinetic
energy cutoff of 80 Ry. We employed Fermi—Dirac smearing of the electronic states with smearing
widths of 0.001 Ry (0.0136 eV) and 0.005 Ry (0.068 eV) for condensed-phase and molecular
systems, respectively. Total energies were converged to a tolerance of 102 Ry with a force

convergence criterion of 102 Ry/Bohr for geometry optimizations. Geometry optimizations of the
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NiOOH systems were performed using the PBE functional?® with a Hubbard U correction?528 of
6.6 V>3 applied to the nickel d states. A single-point calculation with the hybrid PBEO
functional®* was used for the final energies, utilizing the optimized PBE+U geometries. PBEO
calculations utilized the adaptively compressed exchange (ACE) operator®? for Hartree—Fock
exchange with a kinetic energy cutoff of 160 Ry.

We modeled the aqueous solvent as dielectric continuum water using the self-
consistent continuum solvation (SCCS) method within the Environ module®® of Quantum
ESPRESSO. A dielectric constant of 78.3 was used for liquid water. We used the parabolic point-
counter-charge periodic boundary condition correction to the total DFT energies. Calculations
involving species with a net charge are compensated by a homogeneous background charge to
maintain charge neutrality in the unit cell.

NiOOH(0115) was modeled as a five-layer periodic slab with stoichiometry NizoOsoHzs,
containing six Ni atoms in each layer. The bottom two layers were constrained to their computed
bulk positions to represent the bulk NiOOH, and the top three layers were allowed to relax during
geometry relaxations. Two-thirds of the hydrogen atoms were removed from the surface layer to
introduce Ni** ions into the system, representing a partially oxidized surface. Due to the size of
the slab and the expense of the hybrid PBEQ calculations, all calculations were performed using a
single k-point (T).

Molecular geometries for the ions in solution (OH-, BO~, and PMOOH") and their
conjugate acids (H20, benzyl alcohol, and phenylmethanediol) were optimized using the PBEO
functional. In the main text, the energies of the ions were adjusted to account for deviations
between calculated and experimental pKa values due to the difficulties associated with treating

charged species using periodic DFT. This adjustment was done by referencing all anion energies
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to the DFT energy of OH™ in dielectric continuum water. Since the experimental pKa of
phenylmethanediol was not available, we computed the ApKa between the molecularly similar
phenylmethanediol and benzyl alcohol to be 5.4, thereby estimating the phenylmethanediol pKa
value to be 10. The experimental pKa values for H20 and benzyl alcohol (14 and 15.4, respectively),
as well as the pKa value of 10 obtained from the ApKa calculation for phenylmethanediol, were
used to correct the energy of the anions in solution. According to this correction scheme, the energy
of the anion was calculated relative to OH™ using equation 7.

E, =E,, +(Exi—Eyo)+(0.059eV)x[pK,(XH)-pK,(H,0)] (7)

X~ OH
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Chapter 4: Electrochemical Dehydrogenation
Pathways of Amines to Nitriles on NiOOH

Portions of this chapter have been adapted from:

Bender, M. T.; Choi, K.-S. Electrochemical dehydrogenation pathways of amines to nitriles on
NiOOH. JACS Au 2022, 2, 1169-1180. DOI 10.1021/jacsau.2c00150
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4.1 Introduction

Nitriles are highly important synthetic intermediates with applications in a wide variety of
organic reactions including production of pharmaceuticals, fine chemicals, and agricultural
chemicals.'® Traditional methods of preparing nitriles (e.g. ammoxidation, Sandmeyer reaction,
displacement of halides with cyanide ions), however, suffer from several unattractive features
including the use and production of toxic chemicals, harsh reaction conditions, and the generation
of significant amounts of chemical waste.>® As such, there is great interest in developing greener
synthetic routes to produce nitriles. One promising alternative is the oxidation of primary amines
to nitriles using molecular oxygen and transition metal-based catalysts, notably ones based on Ru
or Cu.>>® While these methods are greener than the traditional nitrile synthesis methods and offer
several important advantages, there are still challenges that must be overcome with most methods
facing some combination of drawbacks including low turnover numbers, requiring the use of
elevated temperatures and O pressures, or requiring the use of complex ligands and catalysts that
can be challenging or expensive to produce.®>° Furthermore, side reactivity can be an issue, often
stemming from the electrophilic imine intermediate undergoing nucleophilic attack before it can
undergo dehydrogenation to form the nitrile.>>°

Another promising method that has been explored is the electrochemical oxidation of
primary amines to nitriles.’®!* This method shares the benefits of using the transition metal-based
catalysts and molecular oxygen in that it eliminates the need for harsh chemicals and
stoichiometric oxidizing agents, but it offers additional benefits. First, electrochemical amine
oxidation can be performed efficiently at ambient temperatures and pressures without needing O>
or a sacrificial oxidant. Second, the electrons gained by the oxidation of amines at the anode are
transferred to the cathode and can be used for reduction reactions that produce valuable products

such as fuels (e.g., H2 by water reduction) or chemicals (e.g., reductive valorization of other
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organic species), increasing the economic viability. Third, electrochemical oxidation can be driven
by electricity generated from renewable energy sources and will only become more appealing as
an increase in renewable energy sources lowers electricity prices. As such, electrochemical
oxidization of primary amines has the potential to be among the greenest methods of producing
nitriles.

NiOOH is one of the most promising and practical electrode materials for catalyzing these
electrochemical conversions. Previous reports have shown that it can efficiently and selectively
convert a variety of primary amines into nitriles under alkaline conditions.’3'” As shown in
Scheme 4.1, the oxidation of amines to nitriles bears many similarities to the oxidation of alcohols
to carboxylic acids, another class of electrochemical reaction NiOOH is well known to effectively
catalyze.'®1° Both processes (alcohol oxidation to carboxylic acid and amine oxidation to nitrile)
are 4e- dehydrogenations occurring in two successive 2e- steps, with the first producing an
aldehyde/imine and the second then converting that aldehyde/imine into a carboxylic acid/nitrile.
One key difference is that before aldehyde oxidation, the aldehyde must first undergo nucleophilic
attack by an OH~ from solution to form the 1,1-geminal diol.?> However, for imine oxidation,
nucleophilic attack by an OH™ from solution must be suppressed as it results in the formation of

aldehyde, which can be further oxidized to carboxylic acid.*316
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Scheme 4.1. Scheme depicting (a) oxidation of a primary amine to either a nitrile or an aldehyde

and (b) oxidation of a primary alcohol to a carboxylic acid.

The electrochemical dehydrogenation of both amines and alcohols on NiOOH has long
been understood to proceed through the same general mechanism proposed by Fleischmann et al.
(Scheme 4.2).1%17 In this mechanism, NiOOH serves as a chemical oxidizing agent, undergoing a
chemical reaction with the amine/alcohol that features a rate limiting hydrogen atom transfer (HAT)
in which a hydrogen radical from the a-C of the alcohol/amine is transferred to the NiOOH
(Scheme 2, step 3).1%17 Accordingly, the oxidation of alcohol/amine through this mechanism is
accompanied by reduction of NiOOH to Ni(OH).. The role of electrochemistry is simply to allow
the Ni(OH). formed following alcohol/amine oxidation to be reconverted to NiOOH (Scheme 4.2,
step 1). As such, the actual oxidation reaction with amine is the same as when NiOOH is used as
a stoichiometric chemical oxidizing agent, with the potential serving to enable regeneration of
NiOOH and thus its use in a catalytic rather than stochiometric amount.*>1%17 This regeneration of
NiOOH from Ni(OH): is reported to become fast at relatively low overpotentials relative to the
Ni(OH)2/NiOOH couple.?®” Thus, the overall rate of alcohol/amine oxidation is reported to be

dictated by the rate of the chemical HAT step and thus unaffected by the applied potential (so long
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as the bias is sufficient to ensure fast regeneration for NiOOH).'®" As such, we will refer to this

pathway as indirect oxidation.

'H+, _e_
OH + Ni(OH), =——= NiOOH + H,0 (1)
fast
(RCHoNHp)soy === (RCH3NH;)aqs (2)
. HAT . .
(RCH,NH5) 45 + NIOOH W (RCHNH,)44s + Ni(OH), (3)
(RCHNH,),gs + 3NIOOH + H,0 ——>—  RCNg, + 3Ni(OH), (4)

Scheme 4.2. Literature mechanism propsed by Fleischmann et al. for the indirect oxidation of
amines at NiOOH electrodes in alkaline aqueous media. An identical mechasim was also proposed

for oxidation of primary alcohols to carboxylic acids.

Recently, we revealed that for oxidation of alcohols and aldehydes to carboxylic acids on
NiOOH there is a second, potential dependent (PD) pathway that occurs in addition to the indirect
one and that this PD pathway is dominant for alcohol oxidation.?®?* Unlike indirect oxidation
which uses Ni®* as the catalytic center and achieves dehydrogenation through HAT, PD oxidation
uses Ni** as the catalytic center and achieves dehydrogenation through hydride transfer.2%2! This
recent finding made us wonder if the oxidation of amines to nitriles on NiOOH truly occurs through
indirect oxidation as it has been believed or if it also occurs partly or dominantly through PD
oxidation.

The goal of this study is to interrogate and establish the oxidation mechanisms of amines
to nitriles on NiOOH using various electrochemical techniques that can qualitatively and
guantitatively analyze the indirect and PD oxidation pathways. We used aliphatic propylamine and
aromatic benzylamine as model systems and examined how the structure and concentration of
amines, pH, and oxidation potential influence the indirect and PD oxidation processes. By

comparing the results obtained from amine oxidation with those of alcohol oxidation, this study
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will establish a general foundation for understanding electrochemical dehydrogenation, one of the

major oxidation reactions in organic chemistry, on metal oxyhydroxide electrocatalysts.
4.2 Results and Discussion

4.2.1 CV Analysis

Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl)
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
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Figure 4.1. CVs collected using a Ni(OH). working electrode in pH 13 solutions with (red) and

without (black) 10mM solutions of (a) propylamine and (b) benzylamine (scan rate, 10 mV/s).

We first examined cyclic voltammograms (CVs) of NiOOH in a pH 13 solution with and
without propylamine or benzylamine (Figure 4.1). If amine oxidation on NiOOH occurs only
through indirect oxidation, we would expect the addition of amines to only enhance the anodic
peak associated with the oxidation of Ni(OH)2 to NiOOH. This is because in the indirect
mechanism the amine is not directly oxidized by the applied bias.'®*" Instead, it chemically reacts
with NiOOH to reform Ni(OH)2 which would then be re-oxidized to NiOOH during the CV scan,
enhancing the Ni(OH)2/NiOOH peak. Our results, however, show that there is only a minor
enhancement of the Ni(OH)2/NiOOH peak when the amines are present and instead the

Ni(OH)2/NiOOH peak is followed by a separate oxidation peak in the more positive potential
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region (Figure 4.1). This cannot be explained by indirect oxidation. Additionally, we note that the
second oxidation peak is significantly larger than the enhancement of the Ni(OH)2/NiOOH peak,
indicating it, rather than the indirect process, accounts for the majority of amine oxidation.
Furthermore, we note that, according to the indirect mechanism, the current for a solution rapidly
stirred to minimize mass transport limitation should settle into a potential independent plateau
shortly after reaching potentials anodic enough to oxidize Ni(OH)2. In reality, however, CVs we
collected in rapidly stirred amine solutions show the current is highly potential dependent and
keeps increasing as the potential is swept to the positive direction without ever settling into a

plateau (Figure 4.2).
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Figure 4.2. CVs collected using a Ni(OH)2 working electrode in stirred (red) and unstirred (black)
pH 13 solutions with 10 mM of A) propylamine and B) benzylamine (scan rate, 10 mV/s).

While the CV’s depicted in Figure 4.1 deviate significantly from the those expected for
indirect oxidation mechanisms, their shape is nearly identical to those we have previously observed
for alcohol oxidation where PD oxidation dominates.?%?! This suggests amine oxidation also
occurs predominantly through PD oxidation. The PD oxidation mechanism we proposed for
alcohol oxidation is shown in Scheme 4.3.22% In this mechanism, Ni** is the active center (Step

1, Scheme 4.3), which is why PD oxidation is enabled in a more positive potential region than
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indirect oxidation (which uses Ni**). The alcohol is oxidized through a hydride transfer from the
alpha position of the organic substrate to a Ni** site in the catalyst (Step 4, Scheme 4.3), thereby
reducing that site back to Ni%*. In order to activate the alcohol to hydride transfer its OH group
must also be deprotonated. We believe for alcohols this most often occurs as a separate step in
solution prior to adsorption (Step 2, Scheme 4.3); however, it is also possible it occurs either after
the alcohol adsorbs or in concert with the hydride transfer. After the hydride transfer, the now
reduced Ni site will be electrochemically re-oxidized to regenerate Ni**, closing the catalytic cycle

(Step 5, Scheme 4.3).

-2e”

20H" + Ni(OH), T NiO, + 2H,0 (1)

OH  + RCH,0H === RCH,0O" + H,0 (2)

RCH,07g,) === RCH,0 44 (3)

. hydride . :

RCH,0 545 *+ NiO, traTsfeT RCHO4, + Ni(OH)O™ (4)
2¢"

Ni(OH)O™ + HO" LN NiO, + H,0 ()
-H*

Scheme. 4.3. Hydride transfer mechanism we have previously proposed for oxidation of alcohols
to aldehydes through the PD oxidation pathway. The oxidation of aldehydes to carboxylic acids
proceeds through the same steps because aldehydes in solution are in equilibrium with their

hydrate, a 1,1-geminal diol, which is an alcohol.

Our proposed PD oxidation mechanism for amines is shown in Scheme 4.4. It is very
similar to that for alcohol oxidation, still featuring a hydride transfer from the alpha position of the
adsorbed organic substrate to a Ni** site in the catalyst. The biggest difference with the mechanism
for alcohol oxidation is that because amines are much less acidic than alcohols, the deprotonation
that enables the organic species to undergo hydride transfer is unlikely to occur in solution. Instead,
the deprotonation is expected to occur after adsorption. This is written in the scheme as a separate

step (Step 3, Scheme 4.4) to hydride transfer (Step 4, Scheme 4.4); however, it is also possible
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the two occur in a concerted manner. Another notable difference in the mechanism comes after the
imine is formed. Unlike with aldehyde oxidation, the imine does not undergo nucleophilic attack
by OH™ before undergoing further oxidation to the imine. Because the imine is highly reactive and
its further oxidation very fast, we did not detect any imine intermediates and could not directly
probe its mechanism as we could for aldehyde oxidation. Accordingly, while we expect imine
oxidation proceeds though a similar combination of indirect and PD mechanisms as does aldehyde
oxidation, we could not experimentally confirm this. Accordingly, in Scheme 4.4 we do not
propose specific steps for imine oxidation, instead showing it as an undefined set of fast steps

resulting in a nitrile (Step 5, Scheme 4.4).

-2e”

20H + Ni(OH), —> NiO, + 2H,0 (1)
(RCHyNH3)sqp === (RCH,NH3),4s 2)
OH" + (RCH NH,)aqs === (RCHyNH)yqs + H20 3)

hydride

_»
transfer

(RCH,oNH™),45 + NiOy (RCHNH),4s + Ni(OH)O™ (4)

-2e”

(RCHNH)adS ———> RCNSOI (5)
-2H*
-2e” .
NiOH)O™ + HO™ ——> NiO, + H,0 (6)

Scheme 4. Proposed hydride transfer mechanism for the PD oxidation of primary amines to nitriles

on a NiOOH elecrocatalyst.

To summarize, there are several key differences between the indirect pathway laid out in
Scheme 4.2 and the PD one shown in Scheme 4.4. The two mechanisms feature different key
mechanistic steps with PD oxidation involving a hydride transfer (1 H*/2e") and a deprotonation
instead of two hydrogen atom transfers (1H/1e"). Additionally, they differ in the primary active
site they occur at, with PD oxidation occurring only on Ni** while indirect can occur on Ni** (and

also possibly Ni*"). Finally, as will be expanded upon below, they differ in the role potential plays
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in the mechanism. For indirect oxidation the potential is important only for generating the oxidized
Ni site while for PD oxidation the applied bias is critical not only for generating the Ni** sites but

also for enabling their reaction with the amine.

4.2.2 Deconvolution of indirect and PD oxidation currents

In order to quantitatively determine the contributions the indirect and PD pathways have
toward amine oxidation, we performed a rate deconvolution analysis using the procedure that we
developed to study alcohol and aldehyde oxidation on NiOOH.?° Only a brief overview of the
principles behind our rate deconvolution process will be provided here as a detailed description is
included in Chapter 2 and the specific details used for this chapter are contained in the experimental
section. Our method for measuring the rate of a potential independent, indirect oxidation pathway
is described in depth in Chapter 2 and in the methods section. We first pre-oxidize Ni(OH)z to
NiOOH by applying a fixed potential at the working electrode in a rapidly stirred amine solution
long enough for the current to settle into a steady state. We then stop applying a bias, allowing the
NiOOH to sit at open circuit in the rapidly stirred amine solution. As the system is under open
circuit condition, during this time NiOOH cannot be regenerated nor will any potential dependent
process occur; however, NiOOH can act as a stoichiometric chemical oxidizing agent, oxidizing
the amine while being reduced back to Ni(OH).. After a specified amount of time at open circuit,
a reducing potential is applied, rapidly converting the remaining NiOOH back to Ni(OH).. The
charge passed during this reduction shows how much NiOOH “reactant” remained after
undergoing the potential independent chemical oxidation process for the amount of time the system
was at open circuit. By repeating this process for several different open circuit times, a data series
can be constructed showing the disappearance of the NiOOH reactant due to acting as a chemical

oxidant as a function of reaction time (i.e. the length of time sitting at open circuit). Kinetics
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equations can then be derived from this describing the rate of the indirect process. For all the
reactions examined here, at relatively short times at open circuit a plot of 1/charge vs time is linear.
This means during the time frame of interest the indirect process behaves as if it is second order
with respect to charge in the NiOOH film and therefore its rate can be described according to
equation 1 where Qn; is the positive charge stored in the film beyond its Ni(OH): resting state (i.e.,
the positive charge available for organic oxidation), which will be referred to as charge stored in
the NiOOH film. We note that this does not necessarily mean the reaction is truly “second order”
with respect to charge stored in the NiOOH film. Indeed, we suspect the true rate law is probably
more complicated. For our purposes, however, it is not necessary that equation 1 be the true rate
law but rather just that it accurately model the disappearance of charge from the NiOOH across
the timeframe of interest. The linearity of the 1/charge vs time plots shows that this is true for all
the conditions tested in this this work.
Rateind = Kobs,indQni? (D
We use Kobs,ind rather than king in equation 1 because the solution is rapidly stirred during
our rate deconvolution trials, meaning the concentration of the organic species at our electrode
surface is constant over the duration of the experiments and thus is effectively “flooded”. This
means the influence the concentration of the organic species has on the reaction rate will be
incorporated into Kobs,ind according to equation 2 where a is the reaction order with respect to the
organic species.
Kobs,ind = kind [Organic species]? (2)
By solving equation 1 for when the positive charge stored in the Ni film (Qni) is equivalent
to its steady state value when a constant potential is applied (obtained from the y-intercept of the

1/charge vs time plots), the current due to the indirect pathway can be obtained. We can then use
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this to obtain the current for the PD pathway by noting that, as long as we have chosen a potential

before the onset of water oxidation when generating our pre-oxidized NiOOH film, the total
current will be equal to the sum of the indirect and PD partial currents (equation 3).

[tot = lina + IPD (3)

We note that our rate deconvolution method works only because PD oxidation cannot occur

under the open circuit condition; when the applied potential is removed, PD oxidation stops and

only indirect oxidation continues until all existing Ni®* (and likely Ni**) is reduced by HATSs from

the organic species, which is experimentally observed.??! This means that unlike for indirect

oxidation where the potential is needed only to (re)generate the oxidized Ni sites, for PD oxidation

the potential is critical not only to (re)generate the Ni** catalytic centers but also to enable the

actual hydride transfer to the Ni** centers.
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Figure 4.3. 1/Charge vs time plots measuring the disappearance of positive charge from NiOOH
films due to indirect oxidation of A) 10 mM propylamine or B) 10 mM benzylamine as a function
of time at open circuit in a rapidly stirred pH 13 solution. The NiOOH used for these measurements

was pre-oxidized at 1.52 V vs RHE in the given solutions.
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The 1/charge plots obtained from the rate deconvolution experiments performed with 10
mM benzylamine and propylamine solutions at pH 13 and 1.52 V vs RHE are shown in Figure
4.3 while the deconvoluted partial current densities for indirect and PD oxidation are given in
Figure 4.4. The results confirm that, as was suggested qualitatively by the CVs, for both the
aliphatic propylamine and the aromatic benzylamine the indirect mechanism only accounts for a
small fraction of the oxidation current (13% for propylamine and 19% for benzylamine), with the
clear majority being due to a PD process. Additionally, we note that the aromatic benzylamine is

more reactive for both PD and indirect oxidation than aliphatic propylamine.
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Figure 4.4. The component of the current due to indirect (red) and PD (blue) oxidation of pH 13
solutions of 10 mM benzylamine and 10 mM propylamine at 1.52 V vs RHE.

4.2.3 pH dependence

We next considered how pH affects the rate of indirect and PD oxidation by comparing the
rate deconvolution analyses obtained at 1.52 V vs the reversible hydrogen electrode (RHE) in pH
12, 13, and 14 solutions. Before the rate deconvolution analysis, we confirmed that the Faradaic
efficiency for amine oxidation to nitrile in all these solutions is high with no detectable side

products, which is an important prerequisite for the rate deconvolution analysis. The fact that no
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aldehydes and carboxylic acids are detected suggests that once the imine intermediate is formed,
further oxidation to the nitrile is rapid. The pH dependent rate-deconvolution results, Kobs,ind, and
average Ni valence are shown in Figure 4.5. The steady state average Ni valence at the various
conditions in the presence of the amines was calculated by comparing the value of the y-intercept
of the 1/charge vs time plots to the total amount of Ni in the NiOOH film (see experimental section
for more details).
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Figure 4.5. Plots displaying (a) the deconvoluted indirect and PD current, (b) Kobs,ind, and (c) the
average Ni valence at 1.52V vs RHE in pH 12, 13, and 14 solutions of 10 mM benzylamine (top)
and 10 mM propylamine (bottom).

Figure 4.5 shows that for both propylamine and benzylamine the PD current increases
considerably as pH increases. This pH dependence can be attributed to two factors. The first is that
the Ni(OH)2/NiOOH couple follows a non-Nernstian shift as pH changes (Figure 4.6). As a
consequence, even when the same potential is applied vs RHE, under more basic conditions this

same potential vs RHE will represent a greater overpotential with respect to the Ni(OH)2/NiOOH
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peak, leading to faster regeneration of higher valent Ni. This improves the kinetics for the PD
process as the rate of this pathway is limited in part by the regeneration of Ni** sites as can be seen
by noting that the average Ni valence is significantly lower in the presence of amine than in its
absence. For example, at 1.52 V vs RHE in a pH 13 solution the average Ni valence without amine
was determined to be +3.68 in our previous study?® while in the presence of 10 mM propylamine
it is +3.44 and in the presence of the more reactive benzylamine it is only +3.27. The faster
regeneration of Ni** sites as pH increases can lead to an increase in the average Ni valence and
thus the number of active sites available to do PD oxidation, accounting for an increase in the

observed current.

Current Density (mAicm?)

1.4 1.6
Potential (V vs RHE)

Figure 4.6. LSVs collected with a scan rate of 10 mV/s using a Ni(OH)2 working electrode in pH
14 KOH (red), pH 13 KOH (green), and pH 12 KOH (blue) solutions. For the pH 12 solution, 90
mM KCIO4 was added as a supporting electrolyte to ensure adequate solution conductivity. The

dashed line indicates the potential 1.52 V vs RHE applied in the rate deconvolution measurements.

This first factor (faster Ni** regeneration) alone, however, cannot explain the effect of pH
on the increase in the PD oxidation current for the less reactive propylamine, where the Ni valence
is relatively high even in pH 12 and does not meaningfully increase as pH does. The results of

propylamine oxidation suggests that the effective rate constant for the PD oxidation, Kobspp, must
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include an [OH] term as shown in equation 4 where b is the order with respect to [OH"]. In fact,
equation 4 can also explain why propylamine does not show an enhancement in the average Ni
valence as pH increases. While a higher pH does enhance the rate of Ni** regeneration, it also
enhances the rate of consumption of Ni** through the PD process. In the case of propylamine these
two effects seem to net out to zero, leading to no change in the average Ni valence while for
benzylamine the effect on the regeneration step is greater, leading to a higher average Ni valence
as pH increases.
kobs,pp=kpp[0rganic species]? [OH-]? 4)
The most likely reason kons po has a [OH™] dependence is because, in addition to the hydride
transfer, conversion of a primary amine into a nitrile through the PD process involves removing
two protons from the —NH. group. The pH dependence suggests that, for the PD pathway, at least
one of these deprotonation steps affects the rate. Moreover, due to the high reactivity of the imine
and the lack of any observed aldehyde product (indicating the lifetime of any imine formed is quite
short), we can conclude that the first deprotonation step (Step 3, Scheme 4.4) is the one much
more likely to be rate-affecting. As was mentioned when discussing Scheme 4.4, this
deprotonation is very unlikely to occur in solution and instead is expected to occur after the amine
adsorbs, either shortly before hydride transfer or in concert with hydride transfer. In either case, it
appears that this deprotonation of the adsorbed amine is critical to activate it toward hydride
transfer. This is analogous to the case of PD oxidation involving alcohols, where previous
computational results have indicated hydride transfer to Ni** sites is favorable so long as the
alcohol either has already undergone deprotonation to form the alkoxide or does so in concert with

the hydride transfer.?
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While the PD pathway was dominant at all pHs, there was also always a modest indirect
component to the current. For propylamine, both the current from indirect oxidation and Kobs,ind
remain more or less the same. This is as expected since HAT, which is reportedly the rate
determining step for indirect oxidation, is pH independent. For benzyl amine, however, there is a
modest enhancement in the indirect oxidation under more basic conditions, with the current
increasing from 0.54 mA/cm? to 0.74 mA/cm?. This occurs despite Kobsind remaining constant,
meaning the reactivity of the higher valent Ni sites toward HAT has not changed (which is as
expected). The reason for the increased current is because, for a highly reactive amine like
benzylamine, the rate of HAT is quite fast and, at 1.52V vs RHE, HAT is not actually the sole rate
determining step. Instead, the overall rate for the indirect pathway is also partially limited by the
regeneration of the catalytic center which, as discussed above, is faster under more basic conditions

due to the non-Nernstian shift of the Ni(OH)2/NiOOH couple as pH changes.

4.2.4 Concentration dependence study

Next, we examined the effect varying the amine concentration had on the current through
both pathways. This was done by performing rate deconvolution experiments at 1.52 V vs RHE in
pH 13 solutions with propylamine and benzylamine concentrations ranging from 5 mM to 50 mM.
The resulting deconvoluted current, Kobs,ind, and average Ni valence data are shown in Figure 4.7.

As can be seen in Figure 4.7, the PD current for benzylamine oxidation increases as the
concentration increases from 5 mM to 20 mM, after which it plateaus. The reason for this plateau
is that, as benzylamine concentration increases, the importance of the Ni** regeneration step for
determining the overall current also increases. Since the increase in the benzylamine concentration
does not increase the driving force for Ni** regeneration, the PD current is eventually limited by

Ni** regeneration and becomes independent of concentration, which appears to occur at 20 mM
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when the applied potential is 1.52 V vs RHE. (If a more positive potential is used, the plateau
would be achieved at a higher concentration.) The increased importance of the Ni** regeneration
step as benzylamine concentration increases is well demonstrated by the trend in the average Ni
valence. As the concentration of benzyl amine increases, Ni** is consumed more rapidly and the
steady-state average Ni valence declines considerably. Thus, further increasing the rate of PD
oxidation would require application of a more positive potential to enhance rate of Ni**

regeneration.
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Figure 4.7. Plots displaying (a) the deconvoluted indirect and PD current, (b) Kobs,ind, and (c) the
average Ni valence at 1.52V vs RHE in pH 13 solutions of various benzylamine (top) and
propylamine (bottom) concentrations. For reference, the average Ni valence at 1.52 V vs RHE

without the presence of an organic substrate is +3.68.

For the PD oxidation of propylamine, a gradual increase in current is observed as the

concentration increases and no plateau is reached in the concentration range studied here. This is
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because propylamine is significantly less reactive than benzylamine, which means the effective
rate constant for the consumption of Ni** sites through PD oxidation, kep is significantly lower for
propylamine than for benzylamine. As a consequence, at a given amine concentration the relative
importance of the regeneration step for determining the PD oxidation rate will be smaller for
propylamine than it is for benzylamine and the concentration at which PD oxidation becomes
concentration independent will be significantly higher for propylamine. The smaller relative
importance of the regeneration step on determining the PD oxidation current for propylamine as
compared to benzylamine is well supported by comparing the changes in average Ni valence as
concentration increase. For propylamine the decrease is gradual and even at 50 mM the average
Ni valence is still +3.2 while for benzylamine the decline is precipitous, with the average Ni
valence dropping to only +2.6 at 50 mM benzylamine, which means only a small portion of the
total Ni sites are in the active Ni** state at any given moment.

For the indirect pathway, Kos,ind, Which includes an amine concentration term (equation 2),
increases along with concentration for both benzylamine and propylamine. Since it is the amount
of adsorbed amine (rather than the solution amine concentration) that matters for the indirect
process, this increase in Kons,ind @S the solution amine concentration increases means that, across
the concentration range studied here, the active higher valent Ni sites are not fully covered with
amines and the coverage of those sites by amines increases along with concentration. Despite the
increase in Kobs,ind, the actual rate for indirect oxidation does not increase along with concentration.
This is because, as shown in equation 1, the rate of indirect oxidation depends not only on Kops,ind
but also on the positive charge stored in the NiOOH film and, as shown in Figure 4.5c, the Ni

valence decreases as the concentration increases, offsetting the increase in Kops,ind. In other words,
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as is the case for PD oxidation, regeneration can also become a key limiting step for indirect
oxidation when Kobs,ind IS enhanced by a high amine concentration.

The discussion above does beg the question why, for propylamine, the PD rate increases
with concentration while the indirect rate does not. This difference likely stems from the difference
in primary active site of indirect and PD oxidation. PD oxidation must occur at Ni** sites, and
adsorption on these is likely to be more difficult as it necessitates outcompeting hydroxide and
OER intermediates for adsorption on those sites.?* Conversely, amine adsorption on the Ni®* sites
that are primarily responsible for indirect oxidation does not face this competition with OER
intermediates.?* Consequently, the coverage of the Ni®* sites with adsorbed propylamine is likely
to be higher than that of the Ni*" sites, meaning increasing the solution concentration of
propylamine would enhance the PD pathway more than the indirect one. The trend in Kobs,ind as
propylamine concentration increases reflects this. While it does increase, this increase is modest
(and is much smaller than for the more reactive benzylamine), indicating that while the coverage
of the Ni®* sites with propylamine does increase along with concentration, this increase is fairly

modest.

4.2.5 Potential Dependence Study

The results from the concentration dependence study discussed above make it clear that for
both the indirect and PD pathways the rate of regeneration of higher valent Ni sites plays an
important role in determining the current. As the regeneration of these Ni sites is a potential
dependent process, this means that to have a more complete understanding of how amine oxidation
occurs on NiOOH it is also necessary to understand how these two pathways are affected by

changes in applied potential. (The choice of potentials used in this section may look unusual but
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this is because the actual experiments were performed using potentials (0.55, 0.60, 0.65, 0.70 V)
vs Ag/AgCl while they are reported here vs RHE.)

We found that NiOOH is more catalytic toward amine oxidation than toward water
oxidation; even when we apply a potential that can enable water oxidation such as 1.67 V vs RHE
(the onset potential for water oxidation is ~1.55V vs RHE at pH 13), the FE toward amine oxidation
remains high (Figure S4.8). This enabled us to apply our rate deconvolution technique to separate
out the contributions of the indirect and PD pathways to the current at higher bias conditions. We
did so using pH 13, 10 mM solutions of propylamine and benzylamine with applied potentials
ranging from 1.52 V RHE to 1.67 V vs RHE. The resulting deconvoluted current, Kops,ind, and

average Ni valence data are shown in Figure 4.9.
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Figure 4.8. Faradaic efficiencies for benzylamine and propylamine oxidation to the corresponding
nitriles at two different potentials vs RHE. The constant-potential electrolyses were conducted in
rapidly stirred pH 13 solutions with 10 mM propylamine or benzylamine. The FEs were calculated
after passing 25% of the stoichiometric charge required for full conversion. In all cases the nitrile

was the only product detected.

The rate of the PD process increases significantly as the applied potential increases. This
is as expected, since the applied bias affects not only Ni** regeneration but also the rate constant
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for hydride transfer. The strong enhancement in the rate of PD oxidation also means that the

proportion of the current occurring through the PD pathway increases along with potential.
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Figure 4.9. Plots depicting (a) the partial current for oxidation through the indirect and PD
pathways, (b) Kobs,ind, and (c) the average steady state Ni valence at various applied potentials in a
rapidly stirred pH 13 solution with a 10 mM concentration of benzylamine (top) and propylamine
(bottom).

We found that the indirect rate also increased with the applied potential, although the
increase was not as significant (Figure 4.9a). Surprisingly, this increase is primarily caused by an
increase in Kobsind (Figure 4.9b), which should theoretically be potential independent, rather than
by an increase in the average Ni valence (Figure 4.9c). We believe that this is caused by the fact
that not all the Ni sites in the NiOOH used in our experiments are perfectly identical. Instead, the
local environments of the Ni sites vary and so do their catalytic activities toward amine oxidation.
When we consider the steady state balance of sites that will be oxidized vs reduced at a given

applied bias, the least reactive sites toward amine oxidation are the ones most likely to be in the
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oxidized state (since they would be slowest to react with amine and be reduced) while the most
active sites toward amine oxidation are the most likely to be in the reduced state. Accordingly,
when the applied bias is increased (increasing the driving force for Ni oxidation), the
accompanying increase in the steady state average Ni valence is primarily caused by an increased
number of these most reactive sites being in the oxidized state rather than the reduced state. This
in turn means the average reactivity of the oxidized sites toward amine oxidation will be higher
(i.e. Kobs,ind Will be higher). This occurs not because the higher applied bias has done anything to
make any individual site more reactive, but rather because applying a higher bias means the most
active sites toward amine oxidation will comprise a greater proportion of the Ni sites in the
oxidized (rather than reduced) state. This appears to have had a greater relative effect on
propylamine than the more reactive benzylamine, perhaps because benzylamine is sufficiently

reactive that even the less active Ni sites are already enough to ensure rapid benzylamine oxidation.

4.2.6 KIE experiments

To gain further insight into what steps are important for determining the rate of PD and
indirect oxidation of primary amines, we performed experiments comparing the results of
oxidation of normal propylamine and benzylamine with oxidation of propyl-d7-amine and benzyl-
a,0-02-amine to test whether substituting the hydrogens at the alpha position for deuterium results
in a primary KIE effect. We did this first by comparing CVs taken at pH 13 with 10 mM solutions
of the normal and deuterium substituted amines. The results are shown in Figure 4.10 and reveal
that, for both propylamine and benzylamine, deuterium substitution does anodically shift the peak
corresponding to amine oxidation, though the effect on the peak current achieved is minimal.
These results qualitatively indicate there is at least a modest kinetic isotope effect (KIE) caused by

deuterium substitution.
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Figure 4.10. CVs collected using a Ni(OH)2 working electrode in pH 13 solutions with 10 mM
normal (black) and deuterated (red) solutions of (a) propylamine and (b) benzylamine (scan rate,
10 mVIs).

To gain more detailed information into the extent of this KIE and whether it differs for PD
and indirect oxidation, we also compared the results of rate deconvolution experiments for normal
and deuterium substituted amines taken with pH 13, 10 mM solutions at 1.52V vs RHE. The
resulting 1/charge plots are shown in Figure 4.11 while the comparison of the partial currents is
shown in Figure 4.12.

These results show that, for the indirect process, there is a modest Kinetic isotope effect
evident for both propylamine (In/Ip = 1.3) and benzylamine (In/lp = 1.4). Notably, these measured
KIE values are much lower than the KIE of ~7 reported by Fleischmann et al. for methanol
oxidation.!” Instead, the more modest values found here are consistent with the other results
reported throughout our pH, concentration, and potential dependence sections which highlight that
both amine adsorption and regeneration of oxidized Ni sites play a meaningful role in determining
the rate of the indirect process. All told, then, our data suggests that rather than being determined

solely by the rate of the HAT step as implied by Fleischmann et al.’s proposed mechanism
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(Scheme 4.2), the rate of the indirect process is actually controlled by a more complex interplay

between several steps, with the HAT step being but one.
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Figure 4.11. 1/Charge vs time plots measuring the disappearance of positive charge from NiOOH
films pre-oxidized at different potentials as a function of time immersed at open circuit in rapidly

stirred pH 13 solutions with 10 mM propylamine.

The KIE observed for the PD pathway is also quite small. For propylamine there is a
modest KIE observed for the PD pathway (I1/Ip = 1.3) while for benzylamine the KIE is negligible.
As was the case for the indirect pathway, the data discussed above indicates that amine adsorption
and regeneration of Ni** play an important role in determining the rate of PD oxidation, which

explains the small/negligible effects observed here. Furthermore, as was mentioned in the pH
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dependence section, the fairly strong effect of pH on the rate of the PD process indicates that the
deprotonation step that accompanies hydride transfer likely has an important effect on the rate.
When paired with the modest/negligible KIE observed here, this suggests that (at least in pH 13
solutions) this deprotonation step might play a greater role in controlling the rate than does the
hydride transfer step, particularly for benzylamine which shows the greater pH dependence and a

negligible KIE for PD oxidation.
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Figure 4.12. The component of the current due to indirect (red) and PD (blue) oxidation of pH 13
solutions with 10mM concentrations of normal and deuterated benzylamine or propylamine at 1.52
V vs RHE.

4.3 Conclusion

The present work offers a comprehensive look at the mechanism for oxidation of primary
amines to nitriles on NiOOH electrocatalysts. It demonstrates that, as is the case for alcohol and
aldehyde oxidation on NiOOH, primary amine oxidation occurs through two concurrent
mechanisms, indirect oxidation and PD oxidation. In fact, as is the case for alcohol oxidation,
amine oxidation on NiOOH occurs predominantly through the PD pathway. We also investigated
how the rates of PD and indirect oxidation are influenced by a variety of factors including pH,

concentration, applied potential, and deuterium substitution. The results reveal that, for both
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pathways, the rate is determined by a complex interplay between several steps including adsorption
of the amines, the hydrogen atom/hydride transfer step, regeneration of higher valent Ni sites, and
(for PD oxidation) deprotonation of the amine. The kinetics cannot be reduced to a single
controlling step for either pathway and indeed the relative impact of each of the steps mentioned
varies with changes to the solution conditions, applied potential, and the nature of the amine being
oxidized. There are, however, a few general statements that can be made. Across the concentration
range examined in this work (5 mM to 50 mM) the coverage of the active sites with adsorbed
amine is not complete and can be increased by increasing the amine concentration in solution.
Moreover, for all the conditions examined here the average Ni valence is substantially lower in the
presence of the amines than when no amine is present and decreases further if the amine
concentration increases. This effect is more pronounced when a more reactive amine is used. This
demonstrates that the kinetics for Ni(OH)2 oxidation are not sufficient to keep all the Ni sites fully
oxidized in the presence of the amine solution and means the regeneration of oxidized Ni sites
plays an important role in determining the rate of amine oxidation through both pathways.
Accordingly, properly understanding the effect each reaction condition (pH, potential, amine
reactivity and concentration) has on the consumption and regeneration of higher valent Ni sites is
critical to accurately interpreting results and to being able to predict what effect varying those
conditions will have.

Overall, this work provides a comprehensive examination of the mechanism of primary
amine oxidation on NiOOH. Moreover, the strong similarity between the results found here for
amine oxidation and the results we have previously reported for alcohol and aldehyde oxidation
indicates that this mechanistic framework provides a good foundation to understand a much

broader set of dehydrogenation reaction on MOOH electrocatalysts.
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4.4 Experimental Section
4.4.1 Materials.

The chemicals employed were all acquired from commercial sources and used without
further purification. Benzylamine (99%, Sigma Aldrich), propylamine (>99%, Sigma Aldrich), n-
propyl-d7-amine (CDN isotopes, 99.4%-d7), benzyl-a,a-d> alcohol (CDN isotopes, 99.4%-d>),
potassium hydroxide (>85%, Sigma Aldrich), Ni(NO3)2-6H20 (99%, Acros), KNO3 (99%, Alfa
Aesar), KCIO4 (>99%, Sigma Aldrich), boric acid (>99.5%, Sigma Aldrich). All solutions were
prepared using deionized water (Barnstead E-pure water purification system, resistivity >18 MQ

cm).

4.4.2 Ni(OH). Electrode Preparation.

a-Ni(OH)2 films were prepared using an established technique in which nitrate is
electrochemically reduced.?? This produces hydroxide and raises the local pH at the working
electrode (WE), causing Ni(OH). to precipitate out and form a Ni(OH). film. This process was
controlled using an SP-200 potentiostat/EIS (BioLogic Science Instrument) and conducted with a
3-electrode setup in a single compartment glass cell. The WE was fluorine doped tin oxide (FTO),
the counter electrode (CE) was Pt, and the reference electrode (RE) was Ag/AgCl (4 M KCI). To
prepare the FTO WE, larger FTO plates were cut into 2.5 cm x 1 c¢m strips after which Cu tape
was affixed to the top to provide electrical contact and the FTO with masked with electroplating
tape (3M Company) with a 0.5 cm? hole punched in it to ensure a well-defined conductive surface
area was exposed. The Pt counter electrodes were prepared by sputter coating a 20 nm Ti adhesion
layer followed by 100 nm of Pt onto clean glass slides. The Ni(OH)2 films were deposited by

galvanostatically maintaining a current of -0.25 mA/cm? for 45 s in an aqueous plating solution
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consisting of 10 mM Ni(NO3)2-6H20 and 30 mM KNOs. The resulting Ni(OH) films were rinsed

with >18 MQ cm water and then dried with an air stream.

4.4.3 Electrochemical Experiments.

CVs and electrolyses were performed using a 3-electrode setup in a sealed glass cell. For
CVs, the cell was undivided while for the electrolyses the cell used had a glass frit separating the
WE and CE compartments. Ni(OH): films were used as the WE, Ag/AgCl as the RE and Pt mesh
as the CE. CVs were performed starting from open circuit and the potential was swept at a scan
rate of 10mV/s in the positive direction first. For all CVs the potential was cycled at least twice
and the curves shown are from the second cycle. For the stirred CVs, the solution was rapidly
stirred using a magnetic stir bar throughout the time the potential was being scanned.

Electrolyses were performed at a constant potential in a rapidly stirred amine solution until
the stochiometric charge required for 25% (pH 13, 14) or 12.5% (pH 12) conversion of the initial
amine to nitrile had been passed. A lower charge passed was used for the least reactive case (pH
12) to allow for more rapid completion of the electrolyses. In all cases, we chose to pass only part
of the charge required for full conversion to ensure that the results would accurately reflect the
selectivities and Faradic efficiencies of the rate deconvolution experiments, as these were
conducted with amine concentrations equal to the concentrations at the beginning of the
electrolyses. The pH of all solutions used for our electrochemical experiments was adjusted using
KOH. For the CV and rate deconvolution experiments the pH 12 solutions could be used
unbuffered as the minimal amount of charge passed meant pH drift would not be an issue even
without a buffer. In these cases 90mM KCIO4 was added to the pH 12 solutions as supporting
electrolyte to ensure they had sufficient solution conductivity. For the electrolyses, the pH 12

solutions were instead buffered using 0.5 M borate.
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4.4.4 Product Analysis.

The electrolysis products were quantified by *H NMR spectroscopy using a Bruker Avance
I11 400 MHz NMR spectrometer. Samples were prepared by adding 0.450 mL of the electrolysis
solution and 0.050 mL of D20 to an NMR tube and shaking vigorously. The analyses were
conducted with a relaxation delay of 30 s and used a WATERGATE method with excitation
sculpting to remove the background signal from the water solvent. Product quantification was
performed by comparing the integrations of the product peaks of the post electrolysis solutions to

those of standards of known concentration.

4.4.5 Rate Deconvolution Procedure.

A detailed explanation of our three-step rate deconvolution procedure can be found in
Chapter 2; so only a briefer overview and description of the specific experimental parameters used
in this study will be outlined here. The process was performed using a rapidly stirred, 30mL amine
solution in a single-cell glass sealed cell with a 3-electrode setup. A thin Ni(OH)2 film deposited
using the methods described above was used as the WE, Ag/AgCl as the RE, and Pt mesh as the
CE. Before being used for the rate deconvolution experiments each Ni(OH): film was tested by
CV (2 cycles with switching potentials of 1 VV vs Ag/AgCl and 0 V vs Ag/AgCl (pH 12), 0.9V vs
Ag/AgCl and 0 vs Ag/AgCI (pH 13), or 0.8V vs Ag/AgCl and 0V vs Ag/AgClI (pH 14)) to confirm
the Ni(OH)2/NiOOH peak and water oxidation behavior of each film was consistent.

In the first step of the three-step procedure, a fixed potential was applied to the WE in a
rapidly stirred solution long enough for the current to reach a steady state value (typical 30 s). This
converts the film into the steady state condition it would be in during a potentiostatic electrolysis
at the applied potential. During this step both the indirect and PD oxidation pathways are active.

For the second step, the potential is no longer applied, leaving the film to sit in the stirred solution
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under open circuit conditions. During this time neither the PD pathway nor reoxidation of Ni(OH)2
can occur (since both require applied bias); however, the indirect pathway, which proceeds through
a chemical (rather than electrochemical) HAT step still occurs. This reduces a portion of the higher
valent Ni sites generated during the first step back to Ni(OH)2. During the third step, the higher
valent Ni sites that still remain after step 2 are rapidly reduced back to Ni(OH)2 by sweeping the
potential from open circuit to 0 V vs Ag/AgCl at a scan rate of 1V/s and then holding the potential
at OV for 20 s. The magnitude of the charge passed during this third, reductive step corresponds to
the amount of charge that was still stored in the film after a portion of it was used in step 2 to
oxidize the amine through the indirect pathway. By repeating the whole 3-step process with
different times stirring at open circuit in step 2, we could construct plots showing the disappearance
of charge from the film as a function of time at open circuit. This was used to generate kinetics
equations and determine the rate of charge loss from the NiOOH film at Os at open circuit, which
corresponds to the rate of the indirect pathway under electrolysis conditions at the potential applied
in step 1.

When conducting the rate deconvolution trials for a given amine and condition, each data
point in the 1/charge vs time points was obtained by averaging the results from four separate
measurements obtained with four different Ni(OH). films. During these trials, each Ni(OH)2 film
was replaced after being used to measure data for 4 different times at open circuit. Additionally,
whenever the Ni(OH)2 film was replaced the amine solution was replaced with a fresh solution.
Finally, to compensate for small variations in the active Ni content from film to film and trial to
trial, after the measurement was collected for each data point an additional instance of the 3-step

procedure was performed immediately with 0.1 s as the time at open circuit in step 2. This was
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used to adjust the measured charge stored in the NiOOH film during the previous trial using an

adjustment described in Chapter 2.4.8.

4.4.6 Conversion from Ag/AgCl to the reversible hydrogen electrode (RHE)

All potentials were measured using a Ag/AgCl (4 M KCI) reference electrode (RE). To
allow for easier comparison of results across pH values, in most cases these potentials have been
converted to the RHE scale. This was done according to equation 5 where Erne is the potential on
the RHE scale, Eag/age is the potential against the Ag/AgCl RE and pH is the solution pH.

Erue = Eag/agci + 0.197V + 0.0591V*pH (5)

4.4.7 Calculation of Average Ni valence

The values reported for the average Ni valence in this work were calculated according to
equation 6 below where Qo is the magnitude of the charge required to reduce the films from their
steady state condition after step 1 of the rate deconvolution procedure back to Ni(OH)2, nni is
moles of Ni in one of the Ni(OH)2 films (previously determined by inductively coupled plasma
mass spectrometry to be 23.6 + 0.4 nmol for our films)?°, and F is Faraday’s constant. Qo was
obtained by taking the reciprocal of the y-intercept of the 1/charge vs time plots produced by the
rate deconvolution trials.

s

nyF

(Ni valence) = 2 + (6)
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Chapter 5: Electrochemical Oxidation of HMF via

Hydrogen Atom Transfer and Hydride Transfer on

NIiOOH and the Impact of NIOOH Composition on
These Mechanisms

Portions of this chapter have been adapted from:

Bender, M. T.; Choi, K.-S. Electrochemical oxidation of HMF via hydrogen atom transfer and
hydride transfer on NiOOH and the impact of NiOOH composition on these mechanisms.
ChemSusChem. 2022, €202200675. DOI: 10.1002/cssc.202200675
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5.1 Introduction

Currently, production of a wide variety of chemicals relies upon nonrenewable precursors
derived from fossil fuels, which raises environmental and sustainability related concerns.>? One
method to address these concerns is to replace the fossil fuel derived precursors with biomass
derived ones, thereby opening up renewable and carbon neutral pathways to access a variety of
chemicals.®>* One transformation in particular that has garnered a great deal of attention is the
electrochemical oxidation of 5-hydroxymethylfurfural (HMF), which can be produced from
biomass derived cellulose and hemicellulose, to 2,5-furandicarboxylic acid (FDCA), a molecule
most notable for being a possible replacement for the petroleum derived terephthalic acid in the
production of widely used polymers such as polyethylene terephthalate (PET).>® The
electrochemical route for upgrading HMF to FDCA is particularly appealing since it can occur
effectively at ambient temperatures and pressure, does not require the addition of chemical
oxidizing agents, can be catalyzed by inexpensive electrocatalysts (both homogeneous and
heterogeneous), and can be driven by electricity produced from renewable sources.>® Furthermore,
HMF oxidation can be coupled with cathode reactions that produce valuable fuels and chemicals,
further enhancing the economic appeal of the approach.0-1?

A variety of materials have been investigated as potential electrocatalysts for oxidation of
HMF to FDCA and NiOOH based ones have emerged as among the most promising, able to
convert HMF to FDCA with near quantitative yields and Faradic efficiency (FE). >*'*1" Despite
these impressive results, however, there are still many questions remining about the mechanism of
this oxidation. Most works have assumed this reaction proceeds though the long-established
indirect mechanism proposed by Fleischmann et al. for oxidation of alcohols and amines on
NiOOH (and later extended to include aldehyde as they are oxidized after undergoing an initial

hydration to form a 1,1-geminal diol) (Scheme 5.1).8%18-2L |n this mechanism, Ni(OH): is first
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oxidized to NiOOH by the applied bias. This NiOOH then acts as a chemical oxidizing agent,
reacting with alcohols through a non-electrochemical and rate limiting hydrogen atom transfer
(HAT) from the carbon at the alpha position of the alcohol (or geminal diol in the case of aldehyde
oxidation) to a Ni** site in the NiOOH, thereby reducing the NiOOH back to Ni(OH)2.18*° In such
a mechanism, the applied bias does not directly drive the oxidation of HMF but instead is simply
important for continuously regenerating the chemical oxidizing agent NiOOH, which is therefore

needed only in a catalytic amount rather than a stochiometric amount.

OH" + Ni(OH), =— NiOOH + H,0 (1)
fast
RCH,0Hy,; === RCH,0H_qs (2)
HAT . _
(RCH,0H),4s + NIOOH ——— RCHOH44¢ + Ni(OH),  (3)
RDS

RCHOH, 45 + 3NiIOOH + H,0 ——>—> RCOOHg, + 3Ni(OH), (4)

Scheme 5.1. Literature mechanism proposed by Fleischmann et al. for the indirect oxidation of
alcohols at NiOOH electrodes in alkaline aqueous media.’® Aldehyde oxidation is proposed to
occur after an initial hydration to form the 1,1-geminal diol (an alcohol), after which it undergoes

an equivalent oxidation mechanism to form the carboxylic acid.

In our previous work on the use of transition metal oxyhydroxides as electrocatalysts for
HMF oxidation, we reported that in addition to the well-known indirect mechanism, there is also
a second, potential dependent oxidation mechanism enabled at potentials more positive than those
needed for the Ni(OH)2/NiOOH transition.® Since this second mechanism should be different from
the indirect mechanism which involves the conversion of NiOOH to Ni(OH)., we speculated that
in this second mechanism NiOOH may remain as NiOOH throughout the oxidation and referred
to it as direct oxidation to give a contrast to indirect oxidation.® We did not, however, closely probe

this second mechanism in our earlier HMF oxidation study because HMF possesses both an
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alcohol and aldehyde functional group, which can complicate the mechanistic analysis, and
therefore HMF is not the best model system to study for elucidating this second mechanism.

In order to investigate the second mechanism, we developed an electroanalytical technique
that allowed us to deconvolute the rates of the two oxidation mechanisms and applied it to study
the oxidation of a variety of simple alcohols and aldehydes first.?>? The results revealed that our
initial speculation that this second pathway involved oxidation on NiOOH with no change in the
oxidation state of Ni*" was incorrect. Instead, using a combination of experimental and
computational results we showed that this second pathway is only active when Ni** is present and
that it involves hydride transfer from the carbon at the alpha position of the alcohol (or geminal
diol) to those Ni** sites (Scheme 5.2).2223 This hydride transfer is coupled with proton transfer
from the alcohol group to a base in solution, which can occur either concurrently with or prior to
(likely before adsorption in alkaline conditions) hydride transfer. Because this hydride transfer
reduces the Ni** sites back to Ni?*, this pathway cannot be called a direct pathway. Another critical
difference between indirect oxidation and this second pathway is the role the applied bias plays.
For the second pathway, the application of a positive bias is necessary not only to generate the
active Ni** sites but also to drive the hydrogenation reaction. As a result, the rate of oxidation
through this pathway is potential dependent and it drops to zero as soon as bias is no longer applied
even if Ni** remains. As a result, we refer to this pathway as potential dependent (PD) oxidation

(Scheme 2).
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-2e”
20H + Ni(OH), —> NiO, + 2H,0 (1)
OH" + RCH,0H ==—== RCH,0" + H,0 2)
RCH,0y, === RCH,0 54 (3)
. hydride . )
RCH,07s + NiOz ——»> RCHOg, + Ni(OH)O™  (4)
-2e”
Ni(OH)O" + HO~ —> NiO, + H,0 (5)

Scheme 2. Hydride transfer mechanism we have previously proposed for oxidation of alcohols to
aldehydes through the PD oxidation pathway.?®> Aldehyde oxidation occurs though an equivalent
mechanism as it exists in equilibrium with its hydrated form, the 1,1-geminal diol, a type of alcohol
which can undergo the same oxidation mechanism to form the carboxylic acid.

From our studies investigating dehydrogenation mechanisms of simple alcohols and
aldehydes, we established a general and comprehensive understanding of indirect and PD
pathways and how they are affected by various factors.??% Our new understanding includes that
aldehyde oxidation occurs preferentially through indirect oxidation while alcohol oxidation favors
PD oxidation. Using this new understanding and the electroanalytical method we developed to
deconvolute the rates of the indirect and PD oxidation, we are now well positioned to return to the
more complicated case of HMF oxidation. Accordingly, the purpose of this study is two-fold. The
first goal is to develop an accurate understanding of the mechanism(s) for oxidation of HMF on
NiOOH as well as the various intermediates along the way to FDCA. This includes understanding
whether these oxidations occur though the indirect or PD pathway, what steps tend to limit the
reaction rate, and whether HMF tends to first undergo aldehyde oxidation to form 5-
hydroxymethyl-2-furancarboxylic acid (HMFCA) or alcohol oxidation to form 2,5-diformylfuran
(DFF) (Scheme 5.3). The second goal is to use this understanding and our knowledge of the
indirect and PD pathways to evaluate the effects of incorporating metal ions into NiOOH

electrocatalysts to shift the potential of the Ni(OH)2/NiOOH couple. Understanding the impact
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NiOOH composition has on the two dehydrogenation mechanisms of NiOOH will be highly
valuable to future studies trying to rationally design next generation catalysts for various

electrochemical dehydrogenation reactions.

(0] o)
L o.
HO o) DFF 0 (0] (0]
i e e
\ / HO o \ / OH HO \ / OH
\ [0) prd
HMF ) OH FFCA FDCA
HMFCA

Scheme 5.3. Scheme depicting two possible routes for oxidation of HMF to FDCA. HMF can
either undergo initial alcohol oxidation to form DFF or can instead undergo initial aldehyde
oxidation to form HMFCA.

5.2 Results and Discussion

Ni(OH)2 film on a flat, 2D fluorine doped tin oxide (FTO) substrate. The Ni(OH)> film is
thin enough that the scanning electron microscopy (SEM) images of the FTO substrate with and
without this film look comparable (Figure 5.1). The use of thin films in this study minimizes the
heterogeneity in the local environments of Ni sites as well as any impacts that the porosity or depth
of the electrocatalyst could have on the transport or adsorption of the organic species within the
electrocatalysts. This is critical to obtaining results that accurately reflect the intrinsic oxidation

mechanisms of NiOOH.
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Figure 5.1. Scanning electron microscope (SEM) images of (a) an as-deposited Ni(OH). film
deposited on an FTO substrate and (b) a bare FTO substrate. The images look comparable as the

Ni(OH) film is too thin to alter the surface morphology.
5.2.1 Qualitative assessment through CV.

To begin, we collected cyclic voltammograms (CVs) in pH 13 solutions using a Ni(OH):
working electrode (WE) in the presence and absence of 5 mM solutions of HMF, HMFCA, DFF,
and 5-formyl-2-furancarboxylic acid (FFCA) (Figure 5.2). We chose to use pH 13 for this study
as we have previously shown HMF is unstable in pH 14 solutions,?* which would complicate
mechanistic analysis. The CVs were collected in a rapidly stirred solution whose stirring speed
was chosen such that further increasing the stirring speed no longer enhanced the oxidation current.
This prevented depletion of the organic species (or hydroxide) around the electrode from having
an effect on the current profiles associated with the indirect and PD pathways. Rapidly stirring the
solution has the same effect of preventing depletion of species around the electrode surface as
using a rotating disc electrode while allowing us to use the same NiOOH electrode in the same
setup for all experiments performed in this study (CVs, rate deconvolution analysis, constant

potential electrolysis).
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Figure 5.2. CVs collected using a Ni(OH)2 working electrode in pH 13 solutions with (red) and
without (black) 5mM solutions of (a) HMF and (b) HMFCA, (c) DFF, (d) FFCA (scan rate, 10

mV/s). The solutions were rapidly stirred to eliminate the effect of mass-transport limitations.

All CVs were recorded by first sweeping the potential from open circuit in the positive

direction and then returning to the initial potential. In CVs collected in the presence of an organic

species, the indirect oxidation of the organic species appears as an increase in the Ni(OH):

oxidation peak during the forward scan and a decrease in the NiOOH reduction peak during the

reverse scan.?22 This is because when Ni(OH) is oxidized to NiOOH during the forward scan,

the concurrent indirect oxidation of organic species by NiOOH converts NiOOH back to Ni(OH)a.
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As a result, more charge is passed oxidizing Ni(OH)2 to NiOOH during the forward scan. During
the reverse scan, since some of the NiOOH is reduced back to Ni(OH). by the indirect oxidation
of organic species, less charge is required to reduce NiOOH to Ni(OH)z, diminishing the reduction
peak.?>?% In the presence of each of the organic species tested here some degree of both
enhancement in the Ni(OH)2 oxidation peak and a diminishment in the NiOOH reduction peak are
evident, suggesting that all are oxidized at least in part through the indirect pathway. Also, in the
presence of all the organic species the position of the Ni(OH). oxidation peak has been shifted
anodically, though in the case of HMF the shift is less pronounced. The most likely explanation
for the delayed onset of Ni(OH). oxidation is that HMF, HMFCA, DFF, and FDCA adsorb on the
Ni?* sites, which stabilizes Ni in the 2+ state and makes its oxidation difficult. This observation
will be revisited in a discussion further below as it turned out to be important for understanding
the oxidation mechanisms of HMFCA, DFF, and FDCA.

Unlike indirect oxidation, PD oxidation typically appears in CVs as a second oxidation
feature occurring at more anodic potentials than the Ni(OH)2/NiOOH redox couple. Additionally,
as the name implies, this feature typically shows a clear potential dependence as, unlike indirect
oxidation, its rate is driven by the applied bias and not by the oxidizing power of the NiOOH
couple.??2® We note that the species containing only an aldehyde (DFF, FFCA) do not show any
clear indication of a PD oxidation feature, instead showing only the enhancement of the Ni(OH)2
oxidation peak characteristic of indirect oxidation. Additionally, the cathodic peak corresponding
to the reduction of NiOOH to Ni(OH): is entirely absent from the reverse scan. This indicates that
DFF and FFCA are oxidized predominantly though the indirect mechanism and that this process
is fast enough to consume all the Ni®* before it can be electrochemically reduced during the reverse

scan. In contrast, for the species containing an alcohol (HMF, HMFCA), the current profiles are
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different. For HMFCA, in addition to the enhancement of the Ni(OH). oxidation peak at ~0.55 V
vs Ag/AgCl indicative of indirect oxidation there is a clear second feature that occurs at ~0.64 V
vs Ag/AgCI, well after the Ni(OH)2 oxidation peak. Similarly, HMF also shows two features,
though they do overlap. The first is a shoulder at ~0.5 V vs Ag/AgCl, which corresponds to the
position of Ni(OH)2 oxidation and thus is related to indirect oxidation while the second feature,
attributable to PD oxidation, peaks at the more anodic potential of ~0.69 V vs Ag/AgCl.
Additionally, unlike with DFF and FFCA, CVs of HMF and HMFCA show a notable reductive
wave corresponding to NiOOH reduction during the reverse scan, meaning the indirect process is
not fast enough to fully consume Ni%*. Together, these results suggest HMF and HMFCA are
primarily oxidized through the PD process. Finally, we note that as these CVs were obtained in
rapidly stirred solutions, any decrease in oxidation current when the potential is swept in the
positive direction is not due to the depletion of the organic species. Instead, it is evidence that the
electrocatalyst becomes less active for oxidation of the organic species as the potential is swept to
values closer to triggering the onset of the oxygen evolution reaction (OER). Using a combination
of experimental and theoretical results, we have shown in a prior work that the most likely cause
for this deactivation of NiOOH toward oxidation of alcohols and aldehydes at more anodic
potential is an increase in the competition with hydroxide for adsorption on Ni**.* Moreover, in
that work we showed that this competition affects aldehyde adsorption on Ni** more considerably
than it does alcohol adsorption and therefore causes the current decay to initiate at less positive

potentials for aldehyde oxidation than for alcohol oxidation.?

5.2.2 Quantitative assessment through rate deconvolution.

While the CVs discussed above can give a qualitative guide to which oxidation pathway is

preferred, to achieve a quantitative measurement it is necessary to use the rate deconvolution
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procedure we developed to separate the rates of the two pathways. A detailed description of this
procedure and the principles behind can be found in Chapter 2, so only an overview will be
provided here. In brief, the procedure is a method to first isolate and measure the rate of the
chemical reaction between NiOOH and an organic species, a measurement which is equivalent to
the rate of the indirect process. Then, assuming the potential being examined is one where only
oxidation of the organic species is possible, we can note that the overall current (ltor) will simply
be the sum of the partial currents for PD (lpp) and indirect (lind) OXidation (equation 1). Since ltot
can be measured easily, once ling is known equation 1 can be used to calculate Ipp.
Iror= Ipp + lina (1)
In order to isolate and measure ling, We perform a series of short, 3-step procedures. In the
first step, a constant potential is applied at the Ni(OH)2> WE in a solution containing the organic
species and being stirred rapidly with the same speed used for the CV experiments. This ensures
that the concentrations of solution species at the electrode surface do not change over time and
thus are effectively “flooded”. During this first, constant potential step the NiOOH film is
converted into the same state it would be in during a constant potential electrolysis at the chosen
potential in the tested solution. In the second step the potential is no longer applied and the NiOOH
electrode is instead left to sit in the rapidly stirred solution at open circuit for a specific length of
time. During this step, neither oxidation of Ni(OH)2 nor PD oxidation can occur, since both require
applied bias. NiOOH can, however, still react with the organic species as a chemical oxidizing
agent like it does in the indirect pathway, oxidizing the organic species while being reduced back
to Ni(OH).. In the third step, a reducing potential is applied to rapidly convert the NiOOH that still
remains after the second step back into Ni(OH)2. The charge passed during this step represents

how much of the NiOOH “reactant” generated by the bias applied in the first step remained after
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chemically reacting with the organic substrate in the second step with a reaction time equivalent
to the time left at open circuit. By repeating this whole 3 step process for a variety of different
times at open circuit in the second step, a data set can be obtained showing the disappearance of
charge from the NiOOH film due to chemical reaction with the organic species as a function of
time at open circuit. By examining whether [charge] vs t, In[charge] vs t, or 1/[charge] vs t plots
give a good linear fit for the data, we can determine whether this reaction follows 0™, 1%, or 2"
order kinetics with respect to charge in the NiOOH film and the observed rate constant for indirect
oxidation (kobs,indg) can be determined from the slope of the linear plot. We note that this is an
observed rate constant (Kobs,ind) rather than a true rate constant (king) because, as noted above, the
rapid stir speed means the concentrations of solution species at the electrode surface are constant
and can be incorporated into the rate constant according to equation 2 where a and b are the
reaction order with respect to the organic species and hydroxide respectively.
Kobs,ind = Kind[organic species]?[OH-]? 2
By using Kons,ind @nd the kinetics equations we can solve for the rate of the chemical reaction
at 0 seconds at open circuit which is when the NiOOH electrocatalyst is in the same state as it is
in during a constant potential electrolysis at the potential applied in step 1 (see the experimental
section for more details regarding these calculations). This is a measure of the partial current for
the indirect process (ling) Which, along with the steady state current observed in step 1 (lwot), can be

used to calculate Ipp using equation 1.
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Figure 5.3. Plots showing the disappearance of positive charge as a function of time from NiOOH
films due to indirect oxidation of 5 MM HMF, HMFCA, DFF, or FFCA in a rapidly stirred pH 13
solution. The linearity of the In(charge) vs time plot for HMF indicates that the indirect oxidation
of HMF can be modeled as a reaction with 1% order kinetics with respect to charge in the film.
Conversely, the linearity of the charge vs time plots for HMFCA, DFF, and FFCA indicate that
their indirect oxidation follows 0™ order kinetics with respect to charge in the NiOOH films. In all
cases the NiOOH used for these measurements was pre-oxidized at 0.55 V vs Ag/AgCl in the given
solution.

The rate deconvolution experiments described above were performed for 5 mM solutions
of HMF, DFF, HMFCA, and FFCA at pH 13 and 1.52 V vs RHE. The linear kinetics plots this
resulted in (In(charge) vs time for HMF and charge vs time for HMFCA, DFF, and FFCA) are

shown in Figure 5.3 while the deconvoluted partial current densities for indirect and PD oxidation
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calculated form these are shown in Figure 5.4. The quantitative rate deconvolution results shown
in Figure 5.4 agree well with the qualitative picture given by CVs in stirred solutions. HMF and
its oxidation products all have an indirect component to their current; however, for HMF and
HMFCA the PD pathway dominates, representing 72% and 73% of the overall current respectively.
Conversely, for the species with only an aldehyde, the indirect process dominates instead,
representing 67% of the current for DFF and 100% of the current for FFCA. The comparison
between FFCA and DFF is also interesting in that DFF, which possesses 2 aldehyde groups, shows
almost exactly double the indirect rate as FFCA, which has only one. Indeed, and perhaps
unsurprisingly, the molecules with two active functional groups (HMF, DFF) are both substantially
more reactive than those with only one (FFCA, HMFCA). This is likely because the presence of
two reactive functional groups increases the probability that a collision between the molecule and

the NiOOH surface will result in adsorption that can subsequently lead to oxidation.
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Figure 5.4. The component of the current due to indirect (red) and PD (blue) oxidation of 5 mM
HMF, HMFCA, DFF, or FFCA in a pH 13 solution at 0.55 V vs Ag/AgCl.
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5.2.3 Constant Potential Oxidation.
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Figure 5.5. Change in concentration of HMF and its oxidation products over charge passed at 0.55
V vs Ag/AgCl in a pH 13 solution containing 5 mM HMF.

To further examine the process of HMF oxidation, we also performed a constant potential
electrolysis at 0.55 V vs Ag/AgCI (1.52 V vs. RHE) in a pH 13 solution containing 5 mM HMF
and analyzed the changes in solution composition as the electrolysis proceeded (Figure 5.5).
FFCA is the dominant product observed until more than half the stoichiometric charge is passed,
indicating the relatively slow FFCA oxidation step does play an important role in limiting the rate
of FDCA formation. Looking at this result, one may think that the application of a more positive
bias is needed to expedite the oxidation of FFCA to FDCA. However, an important new insight
we obtained from the rate deconvolution analysis is that at this pH and concentration FFCA
oxidation occurs entirely through the indirect pathway and therefore is not expected to be enhanced
by applying more positive potentials. In fact, our previous study showed that the rate of aldehyde
oxidation can actually decrease when a more positive bias is applied and more of the Ni®* is

converted to Ni**.23 This is because unlike the Ni* sites, the Ni** sites are active for OER and thus
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hydroxide ions will compete with aldehydes for adsorption on them. Because hydroxide adsorption
tends to outcompete the aldehyde adsorption,?® this can limit the current for aldehyde oxidation
when increases to the applied potential increases the amount of Ni** sites and therefore limits the
amount of aldehyde that is adsorbed on the NiOOH. Indeed, we confirmed that the steady state
current for FFCA oxidation actually decreases as the applied potential increases (Figure 5.6). This
counterintuitive result that the fastest FFCA oxidation on NiOOH can be achieved at a less positive
bias can be understood only when the two dehydrogenation mechanisms of aldehyde on NiOOH

are recognized and comprehensively understood.
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Figure 5.6. Plot depicting the steady state current achieved when different potentials are applied
to a Ni(OH). WE in a rapidly stirred pH 13 solution containing 5 mM FFCA. The exponential
increase in the current density as the potential increases above 0.575 V vs Ag/AgCl is due to the

onset of water oxidation.

Another interesting result shown in Figure 5.5 is that DFF accumulates to almost twice the
extent as HMFCA (0.31 mM vs 0.19 mM) despite the fact that DFF is more reactive, which
suggests that HMF is converted to FFCA predominantly through the DFF route with the HMFCA

route occurring as a minor pathway under our conditions. We reasoned that the preference toward
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the DFF route could be because PD oxidation (which we showed in Figure 5.4 dominates for HMF
oxidation at our condition) would selectively oxidize the alcohol in HMF over the aldehyde. This
is suggested by our prior studies showing alcohols are primarily oxidized through the PD pathway
while aldehydes are primarily oxidized though the indirect pathway.???* Our reasoning is further
supported by the results we obtained by oxidizing HMF using NiOOH with no bias applied
(meaning only the indirect pathway can occur). This experiment was carried out by repeatedly
applying 0.55 V vs Ag/AgCI to a Ni(OH): film in a pH 13 KOH solution without any organic
species, then moving the oxidized NiOOH electrode to a solution containing HMF and allowing it
to chemically oxidize the HMF under open circuit condition. After this process was repeated 20
times the HMF solution was sampled and the products tested by HPLC.

The results of this experiment are shown in Figure 5.7 and reveal that when only the
indirect oxidation pathway is allowed, the selectivity between HMFCA and DFF is reversed, with
roughly twice as much HMFCA produced as DFF. This demonstrates that oxidation through the
indirect pathway preferentially oxidizes the aldehyde to produce HMFCA which in turn confirms
that the greater amount of DFF observed in Figure 5.5 must be because the PD pathway
preferentially oxidizes the alcohol in HMF to produce DFF. This finding means that that HMF
oxidation on NiOOH can occur through either the DFF route or the HMFCA route and that which
one dominates will depend on the chosen oxidation conditions (i.e. the DFF route if PD oxidation
is favored and the HMFCA route if indirect oxidation is favored). Our previous study showed that
conditions such as a more positive potential, higher pH, and higher concentration of the organic
species tend to promote PD oxidation and thus are likely to increase the preference toward the DFF

route.z
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Figure 5.7. Product distribution (a) after 5 C was passed at 0.55 V vs Ag/AgClI (72% PD and 28%
indirect) and (b) after using NiOOH pre-oxidized at 0.55V as a chemical oxidant (100% indirect).
A pH 13 solution containing 5 mM HMF was used for both cases. To obtain the results shown in
(b) we repeated 20 cycles of pre-oxidizing the Ni(OH)2 film in a pH 13 KOH solution without any
HMF and then transferring it to the aforementioned rapidly stirred HMF solution to chemically
react at open circuit condition before sampling the HMF solution for analysis by HPLC. The
overall product concentrations in (b) are lower because the charge we could conveniently pass for
chemical oxidation was limited (~0.65 C instead of 5 C) and a larger volume of the HMF solution

(25 mL instead of 14 mL) was used for the chemical oxidation.
5.2.4 Comparison to prior literature.

We note that most prior studies, which were performed without knowledge of the presence
of two different oxidation pathways on NiOOH, have reported that HMF oxidation on NiOOH
proceeds though the HMFCA route.#212>31 While it is difficult to be certain without performing
the rate deconvolution experiments, these studies were often conducted under conditions we would
expect to favor PD oxidation as much as or more than those used in this study (0.55 V vs Ag/AgCl
in a pH 13 solution containing 5 mM HMF) where the PD pathway (and thus DFF formation)
dominates. Therefore, we believe it is unlikely that the reason they all observed HMFCA instead

of DFF is because they all were using conditions that heavily favored the indirect pathway. Instead,
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we think it is most likely because they used high surface area NiOOH often deposited on three-
dimensional, porous substrates such as Ni foam to maximize the surface area and the rate of HMF
oxidation, which can distort the accumulation profile of the intermediates due to the reasons
explained below.

For a high surface area, three-dimensional electrode, if a molecule is oxidized to one of the
intermediates (HMFCA, DFF, FFCA) at a more interior site in the electrocatalyst and then desorbs,
it would be almost surrounded by other catalyst sites. This would make it much more likely to
reabsorb onto one of those sites and be further oxidize before it can make its way out into the bulk
solution as would be necessary for it to be detected using ex situ analysis methods. While this is
good when designing a fast and effective electrocatalyst, it is not ideal when analyzing the
mechanism or attempting to ascertain what intermediates form. Moreover, we might expect this to
be particularly problematic if the intermediates differ in activities for adsorption or oxidation. For
example, DFF, which is more reactive than HMFCA, might more readily undergo further oxidation
before making its way out of a three-dimensional catalyst’s interior, meaning its amount will be
more severely underestimated than that of HMFCA when using a thicker, porous catalyst. By
contrast, the thin, flat electrodes used in our study do not have this issue, and so the intermediate
profile we observed is more representative of what actually is produced during the reaction.

To test whether differences in the thickness of the Ni(OH), electrode could substantially
impact the detected intermediate profile, we also conducted an electrolysis of a pH 13 solution
containing 5 mM HMF at 0.55 V vs Ag/AgCl using a much thicker Ni(OH)2 electrode. Our results
show that simply increasing the deposition time from 45 s to 12 min to deposit a thicker Ni(OH):
electrode on the 2D flat FTO substrate (which is still significantly thinner than those deposited on

3D Ni foam substrates used in previous studies) significantly alters the accumulation of
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intermediates during the course of an electrolysis. As can be seen in Figure 5.8, the accumulation
of DFF and HMFCA became negligible and even the accumulation of FFCA was diminished
considerably, resulting in an almost linear increase of the terminal product FDCA over the
coulombs passed. This result clearly demonstrates how the thickness of the film can alter the
intermediate accumulation not by changing the actual oxidation mechanisms but rather by
promoting the re-adsorption and further oxidation of intermediates before they escape the catalyst
layer. This explains why prior studies using 3D electrodes could not detect the more reactive DFF
intermediate during HMF oxidation and concluded that HMF oxidation occurs through the
HMFCA route. This result also highlights the necessity of using a flat, thin electrocatalyst for an

accurate mechanistic study.
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Figure 5.8. Change in concentration of HMF and its oxidation products over charged passed at
0.55 V vs Ag/AgCl in a pH 13 solution containing 5 mM HMF using a thick NiOOH electrode.
The plot shows that using a thick film results in detection of far fewer intermediates than were

seen when using a thin film.
5.2.5 Understanding 0" order behavior.

For the simple alcohols and aldehydes we studied previously, a pseudo second order

relationship between the indirect reaction rate and charge stored in the NiOOH film was observed
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(i.e. the best linear fit was obtained when 1/charge was plotted against t).222* We note that this
does not necessarily mean the reaction is truly “second order” with respect to charge stored in the
NiOOH film. In fact, we expect that the true rate law is probably more complicated and we do not
give any chemical meaning to this “second order” relationship. Instead, we simply use this
mathematical relationship as it accurately models the disappearance of charge from the NiOOH
across the timeframe of interest, which allows us to determine Kopsind and ling.

In this study, we found that HMF instead shows a first order relationship with charge stored
in the NiOOH film (i.e. the best linear fit was obtained when In (charge) was plotted against t)
while for HMFCA, DFF, and FFCA the relationship is 0™ order (i.e. the best linear fit was obtained
when Q was plotted against t) (Figure 5.3). Again, we do not give any serious chemical meaning
to the first order relationship observed for HMF and just use this relationship to obtain the best
fitting of our experimental data to most accurately determine the indirect rate. The 0™ order
behavior of HMFCA, DFF, and FFCA, however, is bizarre in that it means the concentration of
Ni%* has no effect on the indirect rate of HMFCA, DFF, and FFCA oxidation. This would seem to
be impossible because (at least according to how the indirect mechanism has traditionally been
described) Ni®* is not only a reactant consumed in the indirect reaction but also comprises the
active sites where the organic species must first adsorb before undergoing further reaction (Step 2
in Scheme 5.2).

To have a 0" order relationship it must be the case that the oxidized Ni sites are not involved
in the rate determining step. The only scenario that we believe is consistent with this is if DFF,
HMFCA, and FFCA are able to adsorb on Ni?* sites as well as on Ni* and Ni** sites and that the
organic species adsorbed on Ni?* sites can rapidly undergo HAT to adjacent oxidized sites in a

step that is fast relative to the adsorption step. Since the slow, rate determining adsorption step
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would then depend on the total number of Ni sites rather than on the number of oxidized Ni sites,
a 0™ order relationship to charge stored in the Ni film would result.

If the above explanation is correct, we would expect to see a deviation from 0" order
behavior at some point as charge leaves the film as eventually the HAT step would no longer be
fast relative to adsorption, since the HAT step will depend on the charge in the film. Similarly, if
adsorption is truly the rate limiting step and subsequent reaction of the adsorbed species is fast we
would expect the indirect rate to increase as the concentration increases since the adsorption step
is the one that has a direct kinetic dependence on the concentration of the unbound organic species
(rather than the adsorbed species).

To test whether these predictions are accurate, we performed rate deconvolution
experiments with time points collected up to almost full conversion of the film ina 10 mM FFCA
solution and compared those to the results from a 5 mM solution. As can be seen in Figure 5.9,
the 0™ order behavior holds well throughout the first 2 seconds of reactivity, corresponding to
roughly 80% conversion of the NiOOH back to Ni(OH).. After this, however, the 0" order
behavior breaks down and the same 1% order behavior seen for HMF emerges and describes the
reaction well from 2 seconds onward to the final point collected at 3.5 seconds corresponding to
~99% conversion of the NIOOH. Moreover, when comparing the indirect current for 5 mM FFCA
to that of 10 mM FFCA, we can see the expected doubling of the rate, with the current increasing
from 0.88 mA/cm? to 2.01 mA/cm?. These results support our proposed mechanism that FFCA
can adsorb on any Ni site, including ones in Ni(OH)2 and then undergo a HAT step to adjacent
oxidized sites that is rapid unless almost all the Ni sites are in the reduced Ni?* state (which will
not occur under applied bias unless substantially higher concentrations are used and the potential

remains at 0.55 V vs Ag/AgCl).
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Figure 5.9. (a) Charge vs time and (b) In(charge) vs time plots showing the consumption of
positive charge stored in a NiOOH film for indirect oxidation of 10 mM FFCA in a rapidly stirred
pH 13 solution at open circuit condition. The NiOOH film used in this experiment was pre-
oxidized at 0.55 V vs Ag/AgCl in the FFCA solution.

The ability of these molecules to adsorb on Ni(OH): sites also provides an explanation for
the delayed onset of the Ni(OH)2/NiOOH conversion in the presence of the organic species
mentioned when discussing Figure 5.2. Adsorption of these molecules on the Ni(OH)2 would
change the energetics of those sites, likely having a stabilizing effect. Moreover, oxidizing a
Ni(OH). site with a bound organic molecule may necessitate breaking bonds or interactions
involving the organic molecule, further adding to the barrier. As such, we would expect adsorption
of these molecules on Ni(OH)- to delay the onset of its oxidation, which is exactly what is observed.
Moreover, this delay is much more substantial for the molecules which follow 0" order kinetics
(HMFCA, DFF, and FFCA) with respect to charge in the NiOOH film rather than for HMF. This
suggests HMF adsorbs less readily on Ni?* sites and explains why the indirect oxidation of HMF
has a different relationship with charge in the NiOOH film than does the oxidation of HMFCA,
DFF, and FFCA. This also highlights that the ability to adsorb readily on Ni(OH). and then

undergo further oxidation is likely a property fairly unique to HMFCA, DFF, and FFCA rather
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than one shared more broadly by alcohols and aldehydes as none of the other organic species we’ve
tested have shown either a comparable shift in the Ni(OH) oxidation peak nor 0™ order kinetics
with respect to charge stored in the NiOOH film.?22 Finally, this ability to adsorb onto and react
at Ni(OH): sites also provides an explanation for the small amount of current observed in the
presence of the organic species before the onset of Ni(OH)2 oxidation that can be seen in Figure
5.2 and which has been reported previously.® This current has previously been speculated to be
due to oxidation of organic species on Ni(OH)..° Unlike both the indirect and PD mechanisms
discussed above and which involve the reduction of Ni sites as part of oxidizing the organic species,
an oxidation at Ni(OH)2 sites would likely be a direct electrochemical oxidation and involve no
change in the Ni oxidation state. While the current for this process which occurs before the onset
of Ni(OH). oxidation is very low in all cases (perhaps due to the poor conductivity of Ni(OH).) it
is much more pronounced for HMFCA, DFF, and FFCA than it is for HMF, further confirming
that these molecules adsorb more readily on Ni(OH): sites and that this current is due to oxidation

occurring at Ni(OH): sites.

5.2.6 The impact of NiOOH Composition.

There are various metal ions that are known to shift the potential of the Ni(OH)2/NiOOH
peak when incorporated into the Ni(OH)2 structure.®-3 In this section, we investigated how such
shifts of the Ni(OH)./NiOOH peak affects the indirect and PD oxidation rates and their
contributions to the total anodic current. We chose to incorporate Co and Ga to shift the
Ni(OH)2/NiOOH peak cathodically and anodically, respectively. This was done by adding small
amounts of Co(NOs). or Ga(NOz3)s to the deposition solutions (see methods section). Co was
chosen because it has been one of the most common metals mixed with Ni in previous

studies.?®313235 Ga was chosen to shift the Ni(OH)2/NiOOH peak anodically instead of the more
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commonly used Fe because, unlike Fe,**3* Ga does not significantly improve the performance of
NiOOH for OER. Improved activity for OER could lower the Faradaic efficiency for HMF
oxidation and create potential complications in our rate deconvolution experiments.

The samples we prepared and investigated are summarized in Table 5.1. These films were
prepared such that they all contain comparable absolute amounts of Ni regardless of the different %
amount of Co and Ga present in each film. The film compositions were determined by dissolving
these films in 1 vol% nitric acid and analyzing the resulting solutions by inductively coupled
plasma-mass spectrometry (ICP-MS). We note that the amounts of Co and Ga incorporated and
the deposition conditions we used here were not chosen to achieve the best possible performance
for HMF oxidation. Instead, they were chosen to provide a set of samples with clear differences in
the position of the Ni(OH). peak while maintaining the same morphology and thickness of the
pristine NiOOH. This allows us to best identify the impact that shifts in the Ni(OH)2/NiOOH
couple have on indirect and PD oxidation. Therefore, the following data should not be used to
judge the overall value of Co or Ga incorporation for improving HMF oxidation. The effect of the
composition tuning on the Ni(OH)2/NiOOH peak is shown in Figure 5.10 and is also summarized
in Table 5.1.

Table 5.1. NiOOH films with various compositions investigated in this study.

Modification of Film composition Ni content in Coor Ga Ni(OH)2/NiOOH
the plating the film content in the peak position
solution (nmol) film (nmol)
w/ 2 mM Co NiOOH w/ 31% Co 27 12 0.41 V vs Ag/AgCl
w/ 1 mM Co NiOOH w/ 19% Co 30 7 0.46 V vs Ag/AgCI
No alteration NiOOH 29 N/A 0.49 V vs Ag/AgCI
w/ 0.5 mM Ga NiOOH w/ 3.4% Ga 28 1 0.51V vs Ag/AgCI
w/ 1 mM Ga NiOOH w/ 6.7% Ga 28 2 0.56 V vs Ag/AgCI
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Figure 5.10. LSVs of NiOOH with various compositions taken in a pH 13 KOH solution (scan
rate, 10 mV/s).
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Figure 5.11. Plots displaying (a) the deconvoluted indirect and PD current and (b) Kobs,ina When

0.55 V vs Ag/AgCI is applied to a rapidly stirred pH 13 solution containing 5 mM HMF using
NiOOH electrodes with various compositions.

The effects of the film composition on the indirect and PD oxidation pathways were also
investigated through rate deconvolution analysis performed at 0.55 V vs Ag/AgCl using 5 mM
HMF solutions at pH 13. The deconvoluted currents and Kobs,ind Values are shown in Figure 5.11.

For all films, the charge disappearance due to indirect oxidation gave the best linear fit when
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In(charge) was plotted against time (Figure 5.12). We note that the Kobs,ind Obtained from the slope
of the In(charge) vs time plots is the overall observed rate constant for the indirect process as
performed by the film (rather than only the Ni sites in the film). Since Co(OH). can also be
oxidized to CoOOH, which is capable of HMF oxidation, for the Co-containing films some of the
current and contribution to Kepbsina may come from activity of Co sites. However, we expect the
degree of HMF oxidation at Co®* sites to be fairly small as CoOOOH has previously been shown to

be significantly less active toward HMF oxidation than NiOOH.®
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Figure 5.12. Plots of In(charge) vs time showing the disappearance of positive charge from (a)
NiOOH with 31% Co, (b) NiOOH with 19% Co, (c) pristine NiOOH, (d) NiOOH with 3.4% Ga,
and (e) NiOOH with 6.7% Ga electrodes due to indirect oxidation of HMF as a function of time
immersed in a rapidly stirred 5 mM HMF solution at pH 13. The NiOOH used for these
measurements was pre-oxidized at 0.55 V vs Ag/AgCl in the HMF solution.
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The results in Figure 5.11 reveal that there is a clear trend between activity toward indirect
oxidation and the potential of the Ni(OH)2/NiOOH couple. As the couple shifts anodically, there
is an accompanying increase in the partial current for the indirect pathway, going from 0.18
mA/cm? in the case of the NiOOH containing 31% Co up to 1.1 mA/cm? for the NiOOH containing
6.7% Ga. This results in an increase in the percentage of the current occurring through the indirect
pathway as the potential of the Ni(OH)2/NiOOH couple shifts anodically, increasing from a
minimum of 23% for the NiOOH containing 31% Co to a maximum of 38% in the NiOOH
containing 6.7% Ga. This increase in the indirect current is driven by the increase in Kobs,ind as the
Ni(OH)2/NiOOH couple is shifted anodically, meaning individual Ni sites are more active toward
indirect HMF oxidation. This trend is as expected and can be best explained using the diagrams

shown in Figure 5.13.
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Figure 5.13. Scheme illustrating how shifting the potential of the Ni(OH)2/NiOOH couple affects
the overpotential for indirect oxidation of HMF, ning, and the overpotential for regeneration of
NiOOH from Ni(OH)2, nregen. Eorg.ox IS the thermodynamic potential for oxidation of the organic
species (e.g. alcohol or aldehyde), Eniomynioon is the thermodynamic potential of the

Ni(OH)2/NiOOH redox couple, and Eapplied is the potential applied at the electrode.
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The definition for overpotential () is the difference between the thermodynamic potential
for a given reaction and the potential available to perform the given reaction. Since NiOOH serves
as a chemical oxidant for indirect oxidation, the overpotential for indirect alcohol or aldehyde
oxidation (shown as ning in Figure 5.13) is always the difference between the thermodynamic
potential for alcohol or aldehyde oxidation (Eorgox.) and the redox potential of Ni(OH)2/NiOOH
(Eni(ony/nioon) regardless of the potential applied. Therefore, when the Ni(OH)2/NiOOH couple
shifts anodically, it increases nind and this change results in an increase in Kobs,ind. The shift of the
Ni(OH)2/NiOOH couple also has the effect of decreasing the overpotential for NiOOH generation
(shown as myregen in Figure 5.13), which is the difference between the applied potential (Eapplied)
and the redox potential of Ni(OH)2/NiOOH. Under our conditions, however, the kinetics of the
HAT step is more rate-determining than those for regeneration of NOOH when determining the
rate of HMF oxidation, so the anodic shift of the Ni(OH)2/NiOOH couple results in an overall
increase in the oxidation current for indirect oxidation.

We note that the prediction that ning Will affect ling is valid only when HAT is the rate
determining step for indirect oxidation. As mentioned above, unlike for HMF, the indirect
oxidation of FFCA, HMFCA, and DFF were limited by the adsorption step. In such cases,
anodically shifting the Ni(OH)2/NiOOH peak would not be expected to increase the rate of indirect
oxidation since increasing the oxidizing power of NiOOH would only speed up steps which are
already rapid. The effect of cathodically shifting the peak would depend on how much slower the
HAT steps become with the less oxidizing NiOOH. If the HAT steps are still rapid relative to
adsorption despite the decrease in the oxidizing power of the NiOOH then we would not expect to
see any effect from the cathodic shift of the Ni(OH)2/NiOOH peak. Conversely, if the decrease is

enough that the HAT steps are no longer much faster than adsorption then we would expect that
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the indirect reaction would not follow 0™ order kinetics with respect to charge in the film because

then the oxidized Ni sites would be involved in rate affecting steps.
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Figure 5.14. Plots showing the disappearance of positive charge from (a) NiOOH with 19% Co,
(b) pristine NiOOH, and (c) NiOOH with 6.7% Ga electrodes as a function of time immersed in a
rapidly stirred 5 mM FFCA solution at pH 13. The NiOOH used for these measurements was pre-
oxidized at 0.55 V vs Ag/AgCl in the FFCA solution. (d) Kobsina Obtained from the slopes of the
plots in (a-c) and (e) lina as calculated from Kobs,ing. The conversion of Kops,ind t0 ling Was achieved
by multiplying Kobsina by 1000 to convert from C/s to mA then dividing by the electrode area of
0.5 cm? to yield the current density in mA/cm?.

To illustrate this point, we performed rate deconvolution experiments comparing pristine,
19% Co-containing, and 6.7% Ga-containing NiOOH films for oxidation of 5 mM FFCA in a pH
13 solution. The resulting charge vs time plots along with the values of Kobs,ind and ling are shown
in Figure 5.14. As was expected, anodically shifting the Ni(OH)2/NiOOH peak through Ga
incorporation did not meaningfully change Kobsinda Or lina. For the Co-containing films, FFCA

oxidation also follows 0™ order kinetics with respect to the charge in the NiOOH film, meaning

FFCA adsorption is still rate determining. We also note that, with the Co-containing films, linq for
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FFCA oxidation is only 0.39 mA/cm? which is substantially lower than the ling of 0.88 mA/cm? for
the pristine films and 0.98 mA/cm? for the Ga-containing films. Given that the 0" order behavior
with respect to charge in the film is still observed for the Co-containing films, this lower ling cannot
be explained by the decreased ming. Instead, it is most likely because the presence of Co has the
additional effect of interfering with the adsorption of FFCA. Further evidence for this can be seen
when comparing LSVs taken with pristine, Co-containing, and Ga-containing NiOOH films in
solutions with and without 5 mM FFCA (Figure 5.15). As can be seen, while the LSVs taken with
pristine and Ga-containing films show a significant anodic shift of the Ni(OH)2/NiOOH peak upon
addition of FFCA (evidence of a strong interaction between FFCA and the Ni(OH): in those films)
no shift is observed with the Co-containing films. This supports that the addition of Co interferes

with the ability of FFCA to interact with and adsorb on the electrocatalyst.
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Figure 5.15. LSVs collected in an unstirred pH 13 solution with (red) and without (black) 5 mM
FFCA using (a) NiOOH containing 19% Co, (b) pristine NiOOH, and (¢) NiOOH containing 6.7%
Ga (scan rate, 10 mV/s).

We now examine the effect of NiOOH composition tuning on the rate of PD oxidation.
Ideally, PD oxidation, whose rate depends on the applied potential rather than the chemical
potential of oxidized Ni, should not be directly affected by shifts of the Ni(OH)2/NiOOH peak.
Indeed, the Ga-containing samples in which the Ni(OH)2/NiOOH peak has been shifted anodically

show Ipp values comparable to those of pristine NiOOH (Figure 5.11a). On the other hand, Irp
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was decreased by Co incorporation. Given that no change in Ipp resulted from the anodic shift
induced by Ga incorporation, we do not think the decrease in Ipp caused by Co incorporation is
due to the cathodic shift of the Ni(OH)2/NiOOH peak. Instead, we believe that it is most likely
due to the additional effect Co incorporation has of unfavorably affecting HMF adsorption on
catalytic sites. This is related to our discussion above showing that Co incorporation weakened

FFCA adsorption.

5.2.7 Electrolyses using NiOOH of various compositions.

To further study how shifting the Ni(OH)./NiOOH peak affects the activity for HMF
oxidation, we performed constant potential electrolyses at 0.55 V vs Ag/AgCl of 5 mM HMF in
pH 13 solutions using pristine, 31% Co-containing, and 6.7% Ga-containing films. The resulting
j-t plots are shown in Figure 5.16 while the products detected by HPLC at various values of charge

passed are shown in Figure 5.17.
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Figure 5.16. J-t plots obtained during oxidation of 5mM in a pH 13 solution at 0.55 V vs Ag/AgClI
using (a) NiOOH with 31% Co, (b) pristine NiOOH, and (c) NiOOH with 6.7% Ga. The breaks in
the current profiles correspond to where the anolyte solution was sampled to allow for HPLC
analysis. All electrolyses passed 40.52 C, which is the amount required for full stoichiometric
conversion of HMF to FDCA.

The data in Figure 5.17 shows there is very little difference between the electrolysis results

using the pristine and the Ga-containing films. The current densities generated by these films
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during the electrolysis were also comparable (Figure 5.16). The overall similarity between these
results is unsurprising based on the rate deconvolution data reported above; while the Ga
incorporation did shift the preferred pathway to favor indirect oxidation of HMF a bit more (38%
indirect versus 28% indirect) the overall current density was similar. Moreover, as shown above,
Ga incorporation would not have much effect on the conversion of FFCA to FDCA (which appears

to be the slowest step) because the oxidation of FFCA is controlled by the adsorption step and not
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Figure 5.16. The change in concentration of HMF and its oxidation products over charge passed
at 0.55 V vs Ag/AgCl in pH 13 solutions containing 5 mM HMF using Co-containing, pristine,
and Ga-containing NiOOH.

Incorporation of Co into the films did produce more substantial changes in the electrolysis
results, though the overall intermediate profile is still similar. The biggest change is in the current
density. This is as expected based on the rate deconvolution experiments which show the Co-
containing films are less active for both HMF and FFCA oxidation, likely due primarily to weaker
adsorption, though the lower oxidizing power of the Co-containing NiOOH also likely played a
role in suppressing HMF oxidation through the indirect pathway. The changes to the intermediate
profile, while still fairly minor, are more noticeable than the differences between the pristine and
Ga-containing cases. DFF accumulates to roughly twice the level as it does in the pristine and Ga-

containing cases, likely due to the shift toward PD oxidation (which favors DFF formation)
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induced by the inclusion of Co in the films. Additionally, at earlier amounts of charge passed more
FFCA accumulates relative to the FDCA formed, likely due to the suppressed kinetics for FFCA
oxidation causing more of the molecules to get “stuck™ at this least reactive intermediate before
eventually being oxidized to FDCA. Additionally, there is less FDCA formed after the
stoichiometric amount of charge has been passed and more of the initial HMF has gone missing
and isn’t found either as unreacted HMF or as any of the detectible oxidation products. This is
because the less reactive Co-containing films took longer to pass the set charge and HMF and its
oxidation intermediates, which are not completely stable in pH 13, degraded over time before

being converted into FDCA.

5.3 Conclusion

In this study, we have provided a comprehensive mechanistic understanding of HMF
oxidation on NiOOH using our rate deconvolution method. We showed that DFF and FFCA
(which contain only an aldehyde group) are primarily oxidized through the indirect pathway while
HMFCA (which contains only an alcohol) is oxidized primarily through the PD pathway. For HMF
(which contains both an aldehyde and an alcohol), which oxidation pathway dominates (and thus
which group tends to be oxidized first) depends on the oxidation conditions. Under the open circuit
condition where only indirect oxidation is allowed, the aldehyde group was preferentially oxidized
first, resulting in more formation of HMFCA than DFF. However, when 0.55 V vs Ag/AgCl was
applied and caused PD oxidation to be dominant, the alcohol group was instead preferentially
oxidized first to form DFF. Moreover, the 0" order dependence with respect to charge in the
NiOOH film observed for HMFCA, DFF, and FFCA oxidation allowed us to conclude that those
molecules can adsorb on Ni?* sites in addition to the oxidized Ni sites and can be oxidized through

HAT to adjacent oxidized Ni sites, meaning the adsorption site and the site where HAT occurs
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need not be the same for these molecules. Also, for indirect oxidation of these molecules, the
adsorption step appears to be rate limiting, with the subsequent HAT steps being fast unless the
percentage of Ni sites in the oxidized state is very low.

We also examined the effect on HMF oxidation of shifting the Ni(OH)2/NiOOH peak
through composition tuning of NiOOH. The Ni(OH)2/NiOOH peak position had a direct impact
on the rate of indirect oxidation of HMF because it affected the overpotential for HAT, a step
important for determining the rate of HMF oxidation. It did not, however, have much impact on
the indirect oxidation of FFCA because for FFCA oxidation adsorption is the rate determining step.
Co incorporation does significantly decrease the rate of FFCA oxidation, however, this is not due
to shifting the Ni(OH)./NiOOH peak position but rather by hindering FFCA adsorption.
Anodically shifting the Ni(OH)2/NiOOH peak through Ga incorporation did not have a noticeable
impact on PD oxidation as the Ni(OH)2/NiOOH peak position does not have a direct impact on the
rate of PD oxidation. As with indirect oxidation of FFCA, Co incorporation did considerably
decrease the rate of PD oxidation but this was due to hindering adsorption and not because of the
cathodic shift of the Ni(OH)2/NiOOH peak.

The results presented here reveal that the direct effect of shifting the potential of the
Ni(OH)2/NiOOH couple on the performance for HMF oxidation is modest. This insight suggests
those seeking to make catalyst modifications to further improve the performance of NiOOH
electrocatalysts toward HMF oxidation should focus on optimizing other catalyst properties (such
as adsorption energy and morphology) rather than on tuning the potential of the Ni(OH)2/NiOOH
couple. However, for other organic species where indirect vs PD oxidation can lead to different
products, tuning the potential of the Ni(OH)2/NiOOH couple could be an important tool for altering

the selectivity of the reaction.
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5.4 Experimental Section.
5.4.1 Materials.

The chemicals employed were all acquired from commercial sources and used without
further purification. HMF (97%, Alfa Aesar), HMFCA (98%, Astra Tech), DFF (97%, Sigma
Aldrich), FFCA (>98.0% TCI), FDCA (>98.0%, TCI), potassium hydroxide (=85%, Sigma
Aldrich), Ni(NO3)2-6H20 (99%, Acros), KNO3z (99%, Alfa Aesar), Ga(NOz3)3(99.9%, Alfa Aesar),
Co(NO3)2 (98%, Sigma Aldrich), HNOs3, 70% (>99.999%, Sigma Aldrich), Ni standard for ICP
(1000 mg/L = 2 mg/L, Sigma Aldrich), Ga standard for ICP (1000 mg/L + 2 mg/L, Sigma Aldrich),
Co standard for ICP (1000 mg/L £ 2 mg/L, Sigma Aldrich). All solutions were prepared using

deionized water (Barnstead E-pure water purification system, resistivity >18 MQ cm).

5.4.2 Ni(OH). Electrode Preparation.

Amorphous a-Ni(OH)2 films were prepared using an established technique featuring
electrochemical nitrate reduction.®® This produces hydroxide, raising the local pH at the working
electrode (WE) and causing Ni(OH)2 to deposit on the WE to form a Ni(OH). film. This process
was controlled with a SP-200 potentiostat/EIS (BioLogic Science Instrument) and conducted with
a 3-electrode setup in a single compartment glass cell. The WE was fluorine doped tin oxide (FTO),
the counter electrode (CE) was Pt, and the reference electrode (RE) was Ag/AgCI (4 M KCI). The
FTO WEs were prepared by cutting larger FTO plates into 2.5 cm x 1 ¢cm strips after which Cu
tape was attached to the top to provide electrical contact. The FTO was then masked with
electroplating tape (3M Company) with a 0.5 cm? hole punched in it so that a well-defined
conductive surface area was exposed. For the films that would be used in electrolyses, two 0.5 cm?

holes were punched in the tape instead of one to increase the electrode surface area without
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changing the nature of the electrode. The Pt CE were prepared by sputter coating a 20 nm Ti
adhesion layer followed by 100 nm of Pt onto clean glass slides. To prepare the thin and pristine
Ni(OH). films used for most experiments in this work a current density of -0.25 mA/cm? was
maintained for 45 s in an aqueous plating solution consisting of 10 mM Ni(NOz3).-6H20 and 30
mM KNOs. The thicker Ni(OH). film used for one electrolysis was prepared using a larger FTO
WE with 4 cm? exposed to the solution. The deposition solution was 50 mM Ni(NOs). and a current
of -0.5 mA/cm? was maintained for 6 minutes. The Ni(OH) films containing Co and Ga were
prepared by adding an amount of Co(NOs). (1 mM or 2 mM) or Ga(NO3)z (0.5 mM or 1 mM) to
the deposition solution used for the thin pristine Ni(OH)2 deposition (10 mM Ni(NO3). and 30 mM
KNO3). The current density and deposition time were optimized for each deposition solution to
give a uniform Ni(OH) film with a comparable amount of Ni as in the pristine case and were as
follows: 1mM Co (-0.25 mA/cm?, 54.5 s), 2 mM Co (-0.25 mA/cm?, 57 s), 0.5 mM Ga (-1.2
mA/cm?, 14 s), 1 mM Ga (-1.2 mA/cm?, 18 s). After deposition, all of the Ni(OH), films were

rinsed with >18 MQ cm water and then dried with an air stream.

5.4.3 Electrochemical Experiments.

CVs and LSVs were performed using a 3-electrode setup in a glass single glass
compartment. Ni(OH) films were used as the WE, Ag/AgCl as the RE and Pt as the CE. CVs and
LSVs were performed by starting at open circuit and sweeping the potential first in the positive
direction at a scan rate of 10 mV/s. For all CVs the potential was cycled at least twice and the
curves shown are from the second cycle. For the stirred CVs, the solution was rapidly stirred by a
magnetic stir bar while the potential was being scanned.

Electrolyses were performed with the same 3 electrode setup described above but in a glass

divided cell rather than a single cell. The two compartments were separated by a glass frit and each
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was filled with 14 mL of solution. The anolyte was a pH 13 solution of 5 mM HMF unless specified
otherwise while the catholyte was just a pH 13 KOH solution. The anode compartment was
equipped with a stir bar and was rapidly stirred throughout the electrolysis. To allow the
electrolyses to be completed more quickly despite using thin Ni(OH)2 WEs that were only 0.5 cm?
in surface area multiple Ni(OH)2 electrodes were immersed and used simultaneously. To do this,
as mentioned above, when depositing the Ni(OH)- to be used for an electrolysis two 0.5 cm? holes
were punched in the masking tape to allow two Ni(OH)2 to be deposited onto the same FTO plate.
For the electrolyses using pristine and Ga-containing films four of these FTO plates were arranged
together (two plates back to back then one more on each side so the faces with the Ni(OH). were
all 90° apart). These were then joined together and brought into electrical contact with one another
by wrapping more Cu tape around the Cu tape “handles” affixed to the FTO plates. This allowed
all 4 FTO plates (for a total of eight 0.5 cm? Ni(OH). electrodes) to be immersed and polarized
simultaneously. For the Co-containing case, to allow the electrolyses to be completed in a
comparable amount of time despite the lower current density, two of these four FTO plate
arrangements were taped together side by side for a total of sixteen 0.5 cm? Co-containing
electrodes immersed in solution. In all cases, the Cu tape was well above the solution level so only
the immersed Ni(OH)2 electrodes could participate in HMF oxidation.

The electrolyses were performed at 0.55 V vs Ag/AgCI unless specified otherwise and
proceeded until the stoichiometric amount of charge was passed for full conversion of the HMF to
FDCA (40.52 C). The applied bias was paused after specified amounts of charge passed (generally,
5, 10, 15, 20, and 30 C) so an aliquot (0.15 mL) could be drawn from the anolyte solution for

analysis by HPLC, after which the potential was applied once more. The remaining charge to be
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passed was adjusted to account for the slightly lower solution volume after removal of the aliquots,

so the true charge passed for each electrolysis was a bit less than 40.52 C.

5.4.4 Product Analysis.

Product analysis for the aliquots drawn from the electrolysis solutions was achieved by
HPLC performed using a Shimadzu Prominence-i LC-2030C 3D HPLC system equipped with an
internal UV—Vis detector. The mobile phase was an aqueous solution of 0.1% sulfuric acid at a
flow rate of 0.5 mL/min in isocratic mode. Ten microliters of the sample aliquots were injected
into a 300 mm x 7.8 mm ICSep ICE-Coregel 87H3 column (Transgenomic) and the column oven
temperature was maintained at 65 °C. Product concentration was determined by comparing the
peak position and intensity to those of standard solutions of known concentration. Retention times
of 20, 23, 27, 32, and 39 min corresponded to FDCA, HMFCA, FFCA, HMF, and DFF respectively.
The UV—Vis signal whose intensity was used for quantification was analyzed at the Amax for each
compound with wavelength of 262, 258, 281, 283, and 288 nm corresponding to FDCA, HMFCA,

FFCA, HMF, and DFF, respectively.

5.4.5 ICP-MS.

The Ni and Co/Ga amount in our deposited films was analyzed by first dissolving the films
in 10 mL solutions of 1 vol% nitric acid (70%, Trace Metal grade) in polypropylene centrifuge
tubes. For each of the NiOOH conditions, 3 separate samples were prepared and analyzed by
inductively coupled plasma mass spectrometry (ICP-MS) and their results averaged to give the
amount of Ni and Co/Ga in a film displayed in Table 5.1. Prior to being dissolved these films were
used to conduct 2 CV cycles in a pH 13 solution to ensure they were in the same state films would

be in prior to rate deconvolution analysis. The solutions were analyzed using a triple quadrupole
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inductively coupled plasma mass spectrometer (Agilent 8900 ICP-QQQ). For each sample,
intensity data was collected in triplicate and averaged for >°Co, *®Ni, ®Ni, %°Ga, "*Ga in the He gas
mode. This intensity data was converted to concentrations by comparison with calibration curves
collected just prior to sample measurement by analyzing freshly prepared standard solutions. For
elements where more than one isotope was analyzed (Ni, Ga) the concentrations produced by both

were averaged to give the concentration of the sample.

5.4.6 SEM.

SEM images of the as-deposited thin Ni(OH)2 films were obtained using a LEO Supra 55

VP (Zeiss) scanning electron microscope at an accelerating voltage of 5 kV.

5.4.7 Rate Deconvolution Procedure.

Our three-step rate deconvolution procedure has been described in detail in Chapter 2 so
only a more brief description with mention of experimental parameters specific to this study will
be provided here. The process was performed using a rapidly stirred, 30 mL aqueous solution
containing the organic species in a sealed single-cell glass compartment with a 3-electrode setup.
A thin Ni(OH)2 film deposited according to the procedure outlined above was used as the WE,
Ag/AgCI as the RE, and Pt mesh as the CE. Prior to its use in rate deconvolution experiments,
each Ni(OH) film was used to collect a CV in a pH 13 aqueous KOH solution (2 cycles with
switching potentials of 0.9V vs Ag/AgCl and 0 vs Ag/AgCl). This was to confirm the
Ni(OH)./NiOOH peak and water oxidation behavior of each film was consistent.

In the first step of the three-step procedure, a fixed potential (generally 0.55 V vs Ag/AgCl)
was applied to the WE in a rapidly stirred solution until the current reached a steady state value

(typical 45 s). This converts the film into the steady state condition it would be in during a



174

potentiostatic electrolysis at the applied potential. Both the indirect and PD oxidation pathways
are active during this step. In the second step, potential is no longer applied and the film is left to
sit in the stirred solution at open circuit condition. During this time neither PD oxidation nor
reoxidation of Ni(OH). can occur since both require applied bias; however, the indirect pathway
can still occur as it proceeds through chemical (rather than electrochemical) HAT steps. This
reduces a portion of the higher valent Ni sites generated during the first step back to Ni(OH)a.
During the third step, the higher valent Ni sites still remaining after step 2 are rapidly reduced back
to Ni(OH)2 by sweeping the potential from open circuit to 0 VV vs Ag/AgCl at a scan rate of 1 V/s
and then holding the potential at 0 V for 20 s. The magnitude of the charge passed during this third,
reductive step corresponds to the amount of charge still stored in the film after some of it was used
in step 2 to oxidize the organic species through the indirect pathway. Repeating this whole 3-step
process with different times stirring at open circuit in step 2 allowed us to construct plots showing
the disappearance of charge from the film as a function of time at open circuit. This was used to
generate kinetics equations and determine the rate of charge loss from the NiOOH film at O s at
open circuit, which corresponds to the rate of the indirect pathway under electrolysis conditions at
the potential applied in step 1.

The specific kinetics equations used to determine lind from the rate deconvolution plots
depends on the observed relationship between charge stored in the film and the rate of charge loss
from the film (Table 5.2). For FFCA, HMFCA, and DFF, plots of charge vs time were highly
linear across the timeframe of interest, indicating oxidation of those species follows 0™ order

kinetics with respect to charge in the NiOOH film across this time span. As such, the rate of charge

dQ f/m(t)

5 can be described using a pseudo-0" order kinetics expression

loss from the film at time t

(equation 3) where Kops,ind (in units of C/s) is the magnitude of the slope of the charge vs time plot.
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Reaction Differential | Integrated rate | Linear Slope of | Units of rate
order rate law law plot linear plot constant
Zero _dQ_ Q=Qo—kt Quvst -k Cls
dt
First ~L_1q INQ=1InQo—kt | InQuvst -k st
dt
Second _d9_ 12 [ UQ=1Qo+kt| LQuvst k cl.gt
dt

Table 5.2. A summary of differential and integrated rate laws for the determination of reaction
order in Q where Q is the positive charge stored in NiOOH. These expressions are available in any
general chemistry textbook where these rate laws are expressed in terms of [A] where A represents

a reactant in a solution expressed in terms of molarity.

__ dQgmm(t)
dt

= Kobs,ind 3)

When the NiOOH film is in the same state as it is in during a constant potential electrolysis
(i.e. after 0 seconds at open circuit in the stirred solution after the initial constant potential step)
the rate of charge loss from the film due to chemical oxidation will be equal to the rate of the
indirect process during a constant potential electrolysis at the potential applied in step one
(equation 4). For the 0™ order case, because the rate of charge loss is independent of time and

determined only by Kops,ing (in units of C/s), linga (in mA/cm?) can be obtained by simply multiplying

Kobs,ind by 1000 and dividing by the electrode area (0.5 cm?).

d Glm t=0
. Qf/di ) _ ling @)
For HMF, while charge vs time plots are not linear, In(charge) vs time plots are which
means the loss of charge due to chemical oxidation is best modeled as being 1% order in charge in
the NiOOH films (Table 5.2). This means that for HMF, the rate of charge loss from the film can

be described using a pseudo first order rate equation (equation 5) instead of the pseudo 0" order

rate equation shown in equation 3. Here Kops,ind (in units s) is obtained from the magnitude of the
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slope of the In(charge) vs time plots and Q: is the charge stored in the NiOOH film at time t as
measured by the magnitude of charge that must be passed to reduce the film from the state it is in

at time t to the Ni(OH): resting state.

— 2250 — Kpsina O ”

As shown in equation 4, solving equation 5 for when t = 0 will yield ling. This can be done
as long as we known the charge stored in the film when t = 0, Qo. The value of Qo can be found
from the y-intercept of the In(charge) vs time plot since this will be equal to In(Qo). In either case,
once ling Is known it can be compared to the steady state current observed in step 1 of the rate
deconvolution process (ltt) to calculate the value of Ipp according to eq. 1.

When conducting the rate deconvolution analyses for a given condition (organic species,
concentration, NiOOH composition) each data point in the kinetics plots (In(charge) vs time or
charge vs time) was obtained by averaging results from four different measurements obtained with
four different Ni(OH)2 films. When obtaining this data, each Ni(OH)2 film was used to collect no
more than four data points. This is because the rapid reduction in the third step of the rate
deconvolution process can cause the films to gradually become deactivated upon repeated use for
deconvolution trials (i.e., the amount of positive charge stored for a given condition can decrease
for successive trials). Additionally, whenever a new Ni(OH). film was used, the solution
containing the organic species was also replaced with a fresh solution. Furthermore, we developed
a calibration procedure to monitor and correct for any differences in initial active Ni content
between films as well as any slight film deactivation that occurs from repeated use that involved
immediately performing a sperate instance of the 3-step rate deconvolution procedure with 0.1 s
as the time at open circuit in step 2 immediately performing each measurement used to collect data

points. This calibration procedure allowed us to adjust the data in such a way that any variation in
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active Ni sites from film to film or trial to trial were accounted for and did not interfere with the
measurement. A detailed description of how this was done experimentally and the principles
behind it are provided in Chapter 2.4.7 and 2.4.8. For this work; however, while the experimental
methods were identically, the fact that the best liner fits for the rate deconvolution data was
obtained for 1% order or 0™ order kinetics with respect to charge stored in the Ni film instead of 2"
order kinetics necessitated a change in how the mathematical adjustment was performed using the
calibration data.

For the indirect oxidation of HMF, which is best modeled as being 1% order in charge in
the NiOOH film, the adjustment was made according to equation 6 where Qobs(t) is the magnitude
of the measured charge required to reduce the film after t seconds at open circuit, Qca(t=0.1) is the
charge required to reduce the film in the calibration measurement collected immediately after the
trial in which Qobs(t) was obtained, Qave(t=0.1) is the average of the first Qca(t=0.1) value collected
from each film for a given reaction condition,, and Quagj(t) is the adjusted (i.e. calibrated) value for
the charge required to reduce the film after t seconds at open circuit after accounting for any
deviation between Qave (t = 0.1) and Qca (t = 0.1). The resulting Qagj(t) values are what was used

to construct all the In(charge) vs time plots presented in this study.

i _ Qobs(®)*Qave(t=0.1)
Qui(t) = o =0 ©)

The derivation for equation 1 can be obtained by noting that, over the timeframe of
interest, the charge in the NiOOH film follows equation 7, which is the pseudo first order integrated
rate law expressed in terms of coulombs (Table 5.2).

In(Qops(t)) = In(Qo) — kopst (7)
Based on this, we can note that the difference between the actual charge required to reduce

the film after t seconds at open circuit (Qobs(t)) and the charge that would have been required had
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the film started with the average amount of active Ni in the steady state condition in step 1 (Qadj(t))
is given by equation 8. This equation can then be rearranged and simplified to yield equation 6

above.

In (Qaqj(®)) = In(Qobs(8)) = In(Quye(t = 0.1)) = In(Qea (t = 0.1)) (8)

Unlike indirect HMF oxidation which follows 1% order kinetics, indirect oxidation of
HMFCA, DFF, and FFCA is best modeled as being 0" order in the charge in the NiOOH film. As
a result, equation 6 cannot be used for the adjustment for the data obtained from them. Instead,
those data sets were adjusted using eg. 9. This equation can be derived using an equivalent process
as the one shown above for the 1% order adjustment, but starts from the 0™ order integrated rate

law (Table 5.2) rather than the 1% order one.

Qadj(t) = Qobs(t) - (Qcal(t = 01) - Qave(t = 01)) (9)
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