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Abstract
Boron-Doped Diamond as a Resilient Electrode Material in Molten Salts
By
Hannah Katherine Patenaude
Dr. Kenneth R. Czerwinski, Committee Chair
Professor of Chemistry
University of Nevada, Las Vegas

Molten salt chemistry has a range of applications within nuclear technology,
including for the Molten Salt Reactors (MSRs) and pyroprocessing to recover valuable
actinides for energy and national security needs. However, the high-temperature, corrosive
nature of molten salts makes them particularly challenging to deploy on an industrial scale
and study in benchtop measurements. Material accountability and corrosion monitoring
of MSR fuels are essential components to the successful deployment of MSRs, and
electroanalytical techniques like cyclic voltammetry (CV) and spectroelectrochemistry
(SEC) can provide a wealth of information to describe salt systems in situ. To perform such
measurements, it is imperative to have materials that can withstand the harsh environment
of molten chloride and fluoride salts. It is hypothesized that boron-doped diamond (BDD),
a well-studied, ‘designer’ electrode material, can serve as a resilient working electrode in
molten salt systems given its previous applications to other harsh environments.

To better understand the use of BDD in molten salts, it was first studied in aqueous
systems using CV to determine the impact of crystal structure, morphology, and carbon
hybridization (e.g., sp> or sp®) on the electrochemical response. Potassium ferricyanide,
hexaammineruthenium(III) chloride, europium trichloride, and uranyl nitrate were all
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evaluated using CV on the two distinct sides of free-standing BDD to find that there is, in
fact, an difference between large and small-grain structures of polycrystalline diamond.
Values for formal potential (E°), peak separation (AE,), diffusion coefficients (D), and
heterogeneous electron transfer rate constants (k) were compared for each side of the BDD
to quantify the quality of each response. Then, a novel optically transparent electrode
(OTE) design from free-standing BDD was applied to SEC measurements of aqueous
potassium ferricyanide to determine E° and D. Following successful measurements, this
OTE could be a resilient design applicable for actinide species in molten salt systems to
help characterize MSR fuels.

Then, BDD was exposed to chloride (NaCl-KC) and fluoride (FLiNaK) molten salts
under various conditions for extended periods to determine if it would survive under the
most extreme environments (i.e., exposed to air, in inert atmosphere, using non-purified
salts, using thermally dried salts, etc.). The material was then evaluated using scanning
electron microscopy (SEM), profilometry, Raman spectroscopy, X-ray photoelectron
spectroscopy (XPS), and Time-of-Flight Secondary Ion Mass Spectroscopy (ToF-SIMS) to
determine changes to the surface structure and chemistry after exposure. There was
virtually no change to the material after exposure except in the case of chloride salt that
was not dried and was exposed to air where etching was seen in some regions of the crystal
structures. However, when aqueous CV was performed on the samples to determine
changes to the electrochemical performance, there was very little change, including for

the corroded sample.
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Finally, BDD was used to perform CV on Eu’*** and U**** redox couples in
chloride salts using various BDD electrode geometries. Successful measurements of Eu
were performed using free-standing BDD and thin-film BDD in LiCl-KCl, and U was
evaluated with thin-film BDD in LiCl-KCl and MgCl,-NaCl electrolytes. The impact of BDD
crystal structure with the differing electrode geometries for Eu and changing electrolyte
cation side for U were significant and produced an interesting set of results that opened
doors for a wide range of future studies. Ultimately, BDD successfully performed
measurements of f-block species relevant to MSR fuels and should be further explored

under various conditions and optimized electrode designs.
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1 Introduction

1.1 Motivation

The research presented in this dissertation aims to expand the limited repository of
robust materials suitable for applications in molten alkali and alkaline earth halide salts
(i.e., NaCl,). Boron-doped diamond (BDD) is expected to be a resilient, conductive
material in the extreme environment of high-temperature, corrosive, and potentially
radioactive molten salts. With the potential to help characterize fuel salts or provide online
monitoring, BDD may be able to support the deployment of multiple Generation IV reactor
designs and enhance pyroprocessing technology. The initial steps to determine BDD’s
applicability in these systems included using various aqueous analytes (KsFe(CN)s,
Ru(NHj;)Cls, EuCls;, and UO,(NOs),) to explore the impacts of varied surface morphology
due to the ‘grown’ (top) and ‘nucleation’ (bottom) sides of free-standing polycrystalline
diamond on the electrochemical response when used as a working electrode. Additionally,
aqueous matrices were used to test a novel BDD optically transparent electrode (OTE)
design for spectroelectrochemistry (SEC) measurements with the hope of translating the
concept for molten salt systems.

The resilience of BDD was tested in chloride and fluoride molten salts by exposing
coupons to NaCI-KCl (50-50 mol%) and FLiNaK (46.5-11.5-42 mol% LiF-NaF-KF), two
common eutectics,"* and performing subsequent analysis. Scanning electron microscopy
(SEM), profilometry, Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and
time-of-flight secondary ion mass spectroscopy (ToF-SIMS) were used to determine

changes to the topography and surface chemistry of the BDD after exposure. Aqueous



electrochemistry with well-studied analytes (K;Fe(CN)s and Ru(NHs)¢Cl;) was then
repeated on the exposed BDD to determine changes in electrochemical response. Finally,
BDD was used as a working electrode in molten chloride salts to study Eu and U redox
reactions. The goal of this work is to perform a preliminary evaluation of how BDD can be
used to explore fundamental chemistry on f-block elements in molten salts while studying
its survivability in harsh environments to support the development of molten salt

technology for advanced reactors and the nuclear fuel cycle.

1.2 Actinide Molten Salts

Given their high-temperature, corrosive nature, molten salt environments are
particularly challenging at both the benchtop and industrial scales. Regardless of the
environment, f-block chemistry constitutes a unique set of challenges related to the
complex electron structures and radioactivity, particularly concerning actinides. While
molten (or ‘fused’) salt chemistry began in the early 20™ century, there is still a need to
improve the reliability and standardization of measurements performed on these systems.”
There are multiple applications for alkali and alkaline earth halide salts, including as
thermal storage for Concentrated Solar Plants (CSPs),° as fuel carriers or coolants for
Molten Salt Reactors (MSRs),” and in pyroprocessing techniques for used nuclear fuel and
stockpile stewardship in the weapons complex.®'* Therefore, actinide molten salt systems
must be well-understood, and the list of robust materials for their various applications

needs to be expanded.



1.2.1 Molten Salt Reactors

While MSRs are a part of the Generation IV (or ‘Advanced’) reactor fleet, the
concept is not new. In 1992, the Director of the Oak Ridge National Laboratory, Alvin
Weinberg, described the Molten Salt Reactor Experiment (MSRE, operated 1965-1969) as
a “Dark Horse Breeder” that was lost in the shuffle of rapidly advancing nuclear energy
technology. In his words, the MSR concept was overlooked because “our main problem is
not that our idea is a poor one—rather it is different from the main line, and has too
chemical a flavor to be fully appreciated by non-chemists” (p. 153)." The modern
advanced MSR includes high-temperature, corrosive, and often radioactive matrices that
are challenging to study in the laboratory and typically require unconventional
infrastructure. Fortunately, countless researchers have still embarked on the challenge of
studying molten salts, and the field has become increasingly robust over the last decade.

The MSRE is the only MSR that has been brought to full operation and, therefore,
still provides invaluable information as modern designs are developed. It used ***U and
33U fuel systems in a solution of LiF-BeF,-ZrF,-UF, (65-29.1-5-0.9 mol%) at 650 °C with a
FLiBe (66-34 mol% LiF-BeF,) coolant."* Although funding for the MSRE ended, efforts to
develop a commercial-scale MSR continued in national laboratory and university research
settings. For example, Figure 1.1 outlines early calculations of the oxidation states of
various actinides in the salt for future molten salt breeder reactor fuels soon following the
termination of the MSRE, accompanied by a list of redox reaction potentials measured for
various electrode materials in FLiBe in Table 1.1, all of which were determined in 1974.%

However, research efforts as recent as 2020 have relied on this original data as the only



point of reference for benchmarking reactor operations while the industry prepares

deploy modern MSRs.'®
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Table 1.1 Redox potentials determined for FLiBe electrolyte at 600 °C vs. HF(g)/H,,F after the MSRE.'™"

Li*/Li
La®*"/La
Th**/Th
Be*/Be
U4+/U3+

-2.66'V
-2.29V
-1.87V
-1.85V
-1.15V

Cr**/Cr
Fe®'/Fe
HF(g)/H,,F
Ni%*/Ni
Fa(g)/F

-045V
-0.08 V
ov
+0.38V
+2.87V

Contemporary MSR designs range from chloride fuel salt systems, fluoride fuel salt

systems, and non-salt fuels paired with molten salt coolants. Therefore, to support the

deployment of these designs, thermodynamic characteristics, redox behaviors, and

resilient structural materials must be well understood for the wide range of matrices that

may exist within each of these designs. Nevertheless, there are still many gaps in the

" Reprinted from the Journal of Nuclear Materials, 51/1, C.F. Baes, Jr., The chemistry and thermodynamics
of molten salt reactor fuels, 157, Copyright (1974), with permission from Elsevier.
i Reprinted from the Journal of Nuclear Materials, 51/1, C.F. Baes, Jr., The chemistry and thermodynamics
of molten salt reactor fuels, 159, Copyright (1974), with permission from Elsevier.



literature, and it is important to complete the matrix of thermophysical and

thermochemical characteristics of MSR fuels.®

1.2.2 Pyroprocessing Applications

Like most of the technology used in civilian nuclear applications, pyroprocessing
began during the Manhattan Project while investigating methods for isolating pure
plutonium metal through electrolytic reduction in molten salts in 1944."7 This technique
has been applied at institutions like the Argonne National Laboratory (ANL) for on-site
fuel recycling at the Integral Fast Reactor (IFR) in the late 1980s,"” and Los Alamos
National Laboratory (LANL) for the pit production process at the Plutonium Facility
today.'?° Like the fuel cycle process, bulk electrolysis in molten chloride salt is performed
in a two-electrode configuration to produce pure plutonium metal from either an oxide or
impure metal feedstock. Pure plutonium metal rings are recovered following direct oxide
reduction (if needed), separation from americium, and eventually serving as the anode
during an electrorefining step, typically paired with pure tungsten cathode.'*

Although reprocessing used nuclear fuel is not currently being pursued in the
United States, decades of research have been invested in better understanding how
pyroprocessing could be applied to the fuel cycle and extended into potential medical
applications for the extraction of Mo from MSR fuel.">*! For example, fuel from the
Experimental Breeder Reactor (EBR-II) is undergoing treatment via pyroprocessing (also

referred to as “electrometallurgical treatment”) for final disposition,” and it has been

considered for online reprocessing at nuclear power plants, like in the case of the Integral



Fast Reactor concept.”® Common electrode materials evaluated for these applications

8,24,25 1.22 10,25
5

include, but are not limited to, 316 stainless steel, plain carbon steel,** tungsten,

and even liquid metals, like cadmium.®

1.3 Electroanalytical Chemistry

Unlike bulk electrolysis used in pyroprocessing applications, electroanalytical
chemistry hosts a suite of powerful techniques that can produce fundamental values that
characterize redox reactions with popular techniques like cyclic voltammetry (CV).*
Three-electrode cells, like in Figure 1.2 A), can be used for experiments of this nature,
which comprises a working electrode (WE) where current is measured during a half-cell
reaction of interest, a reference electrode (RE) that serves as the other half-cell reaction
and provides a constant reference potential, and a working electrode (CE) to complete the
circuit with the WE, all immersed in an electrolyte containing the analyte to be studied. In
CV, a potential sweep is applied between two potential values at the WE, and the resulting
current profile is measured. The potential waveform (potential vs. time) is shown in Figure
1.2 B), and an example voltammogram (current vs. potential) is in Figure 1.2 C). Peaks
in the current indicate oxidation or reduction events occurring at the surface of the WE
when one oxidation state of an analyte is brought to the surface of the electrode via mass
transport, converted to a different oxidation state depending on the applied potential
through an electron transfer process and carried away from the surface into the bulk

solution via mass transport.*’
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Figure 1.2 A) three-electrode cell with a counter electrode (CE), working electrode (WE), and reference
electrode (RE) in the sample solution; B) potential waveform for CV and C) the resulting voltammogram
with oxidation (anodic) and reduction (cathodic) peaks.

Cyclic voltammetry can be used to determine formal potentials (E°), which indicate
the potential at which a particular redox reaction occurs, diffusion coefficients (D) that
describe the rate of diffusion of a species away from the surface following the redox
reaction, heterogeneous electron transfer rate constants (k), which specifies the rate of the
redox reaction, and the number of electrons transferred during the reaction, or electron
transfer stoichiometry (n). Additionally, a range of thermodynamic information can be
extracted if the temperature is varied. These calculations will be described in further detail
as they are applied to molten salt electrochemistry measurements in Chapter 6.

These sensitive measurements can provide information that allows for elemental
and oxidation state analysis based on characteristic potential values for redox reactions.
Additionally, material characterization may be performed on electrodes of various
compositions when used in well-studied analyte solutions. However, ensuring that the

experimental infrastructure comprises resilient, reliable materials that can withstand the



given environment where measurements are performed is necessary. Electrochemical
measurements are trivial tasks in simple room temperature, neutral pH, and aqueous
environments. When harsh systems are of interest, like molten salts, ensuring that the
electrochemical cell construction will provide meaningful results becomes increasingly

challenging.

1.3.1 Boron-Doped Diamond Electrodes
1.3.1.1 Chemical Vapor Deposition for Diamond Growth

Polycrystalline diamond is typically grown via microwave plasma chemical vapor
deposition (CVD) under high temperature (700-1200 °C) and high pressure (20-150 Torr)
conditions onto a substrate material (i.e., ceramics and metals) that has been seeded with
diamond nanoparticles in the presence of H,(g) containing a low concentration of CH,4 (1-
5 %).”**° The CH, molecules are dissociated by the plasma in the CVD reactor, forming
diamond (sp*-hybridized carbon) and non-diamond (sp*-hybridized carbon) clusters on
the substrate surface. Similarly, hydrogen ions are produced from the H, interactions with
the plasma, which selectively etch sp® carbon clusters from the substrate, leaving only
diamond carbon to grow in a direction normal to the surface. The final polycrystalline
material is then primarily sp*>-hybridized carbon, except at grain boundaries between
individual crystals where there is increased disorder during the growth process, resulting
in the presence of non-diamond carbon.?

Substrates like silicon wafers can be etched or polished, leaving pure diamond films

depending on the thickness of the material. This results in two sides with distinct



morphology because the growth mechanism is such that increased thickness produces
increased crystal size, given the tapered shape of individual crystals as they grow to
hundreds of microns in thickness. The side with large crystals (top) will be referred to as
the ‘grown’ side, and the portion revealed following removal of the substrate (bottom) will
be referred to as the ‘nucleation’ side. This phenomenon is illustrated in part a) of Figure
1.3 with accompanying example micrographs describing three regions: b) a top-down view
of large diamond crystals, ¢) a top-down view after polishing the material, and d) a top-

down view of a thin layer only a few microns in thickness with no discernable crystals.***'

4 As-grown BDD

Polished
i freestanding BDD

: Nanodiamond

Figure 1.3 a) Schematic of boron-doped diamond grains on a growth substrate, b) rough surface of as-grown
crystals, ¢) polished crystals, and d) nanocrystalline material.>**""

il Used with permission of Annual Reviews, Inc., from Boron Doped Diamond: A Designer Electrode Material
for the Twenty-First Century, Samuel J. Cobb, Zoe J. Ayres, Julie V. Macpherson, 11, 2018; permission
conveyed through Copyright Clearance Center, Inc.

v Adapted with permission from P. W. May and Y. A. Mankelevich, "From Ultrananocrystalline Diamond to
Single Crystal Diamond Growth in Hot Filament and Microwave Plasma-Enhanced CVD Reactors: a Unified
Model for Growth Rates and Grain Sizes," Journal of Physical Chemistry C, vol. 112, no. 32, pp. 12432-12441,
2008. Copyright 2008 American Chemical Society.



This process results in a material over 95 % face-centered cubic crystalline diamond
with a lattice constant of a = 3.567 A, as shown in Figure 1.4.% The final product is a
resilient, chemically inert material with notable strength, amongst many other positive
qualities that indicate its potential applicability to a molten salt system.***® However, pure
diamond is an insulator with a large band gap (~5.5 eV) and, therefore, does not constitute

a suitable electrode material.?®36-38

Q

Figure 1.4 Face-centered cubic diamond structure where the dotted portion indicates a crystallographic
unit cell containing two carbon atoms.?®"

1.3.1.2 Boron-Doped Diamond

By introducing a compound such as B,Hg to the source gas (CH, and H,), boron
atoms will be substitutionally incorporated into the diamond crystal structure. The
presence of boron atoms introduces acceptor levels at 0.37 eV above the valence band
maximum, changing the overall polycrystalline material from a non-conductive insulator

to a p-type semiconductor suitable for electrode use.”® However, there is a delicate balance

v Used with permission of Elsevier Science & Technology Journals, from Diamond Films: Chemical Vapor
Deposition for Oriented and Heteroepitaxial Growth, Koji Kobashi, 2005; permission conveyed through
Copyright Clearance Center, Inc.
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when introducing a boron dopant, as sufficiently high concentrations (>10* B-
atoms/cm®) can make the material metal-like and potentially promote graphitization
during the CVD process.?®*****! Both factors may weaken the positive attributes of BDD,
like the rapid electron transfer kinetics, wide solvent window, low background current,

and corrosion resistance,>364%43

as the material becomes more akin to that of something
like glassy carbon (non-diamond carbon). However, in the range of 10'°-10%° B-atoms/cm®,
the material will present sufficiently p-type semiconductor behavior’*® and has been
described as a ‘designer electrode material™®® given its many benefits, like those listed
previously. These favorable characteristics of BDD electrodes have expanded their practical

applications to span wastewater treatment,*** inorganic trace metal determination,***

47,48 49-53 It

neurochemical analyses, and measurements in harsh environments. is
hypothesized that those benefits will extend to the complex systems of f-block redox

couples and in extreme environments, like high-temperature, corrosive molten salts.

1.3.2 Molten Salt Electrochemistry

Electrochemistry is a powerful tool that has been proven beneficial to help
characterize redox behavior, corrosion kinetics, and low-level detection of various molten
salt systems. Some of the earliest publications regarding molten salt (also known as ‘fused
salt’) electrochemistry came in the early nineteen hundreds before ever being considered
by Manhattan Project scientists when metals like thorium were being electrodeposited out
of chloride salts.>*** The field expanded throughout the 20™ century as electroanalytical

measurements and infrastructure evolved.**®°
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Fortunately, the molten salt electrochemistry community continues to grow, and
the literature is expanding exponentially to include a range of traditional electrochemical
techniques that aim to probe redox couples, including, but not limited to, cyclic
voltammetry, polarization, and spectroelectrochemistry.®”® Especially in the LiCl-KCI
electrolyte, there have been many investigations of f-block elements like europium and
uranium using CV on non-diamond carbon electrodes.”””*® Although this arsenal of
literature continues to expand, there are still many challenges in performing molten salt
electrochemistry, such as the need for robust working electrodes, difficulties with reliable
reference electrodes, and ensuring salt purity.

This work proposes BDD as a robust material to a contender as a WE in molten
salts, considering it has proven superior to other electrodes in aqueous environments®>*®
and is quite resilient, as described in 1.3.1. Additionally, while it has been shown that BDD
is not entirely resilient in environments with high levels of oxygen at elevated
temperatures,® successful attempts have been reported for the application of BDD as an
inert anode for electrolytic reduction in molten salts even in the presence of oxides.®>*®

However, there is no evidence of BDD used for as a WE electroanalytical measurements in

molten salt systems.

1.4 Organization of Dissertation
The research performed in support of this dissertation involved preliminary
characterizations of aqueous systems using voltametric and SEC techniques with BDD

electrodes. Then, BDD was exposed to molten chloride and fluoride salt environments to

12



determine its resilience before being applied as a working electrode to study Eu and U
redox couples in molten chloride salts. Each chapter outlines the motivation, materials,
methods, and instrumentation used in each experiment, followed by results, discussion,
and conclusions.

Chapter 2 provides an overview of free-standing BDD working electrodes used to
study well-known (KsFe(CN)s, Ru(NH;)¢Cl;) and more challenging (EuCl;, and
UO,(NOs),) analytes in aqueous environments. The grown and nucleation sides of the BDD
WE were isolated, allowing for comparisons between the electrochemical responses for the
two distinct morphologies of the polycrystalline diamond.

Chapter 3 employs a first-of-a-kind free-standing BDD optically transparent WE
that can be used for spectroelectrochemistry. Proof-of-concept experiments with aqueous
K;Fe(CN)s are used to determine redox potential and diffusion coefficients
spectroelectrochemically that are easily compared to literature and previous
measurements performed in Chapter 2 using voltammetry.

Chapter 4 is the first of two parts to study BDD’s response to prolonged exposure
in chloride (NaCI-KCl) and fluoride (FLiNaK) molten salt systems under various
conditions. Results from a variety of surface chemistry and material analyses are included
for the grown and nucleation sides of each exposed sample, such as SEM, profilometry,
Raman spectroscopy, XPS, and ToF-SIMS to determine if there are significant
topographical or chemical changes to the BDD.

Chapter 5 is a sequel to Chapter 4, where the exposed samples are studied using

CVs of the same well-known (K;Fe(CN)s, Ru(NHs)Cl;) analytes from Chapter 2 to

13



determine if the molten salts induced changes to the electrochemical responses to either
the grown or nucleation sides of the BDD. The size and thickness of the samples used here
are slightly larger than that of Chapter 4, so accompanying SEM is included since the
morphology of the samples’ grown sides will be slightly different.

Chapter 6 uses both free-standing and thin-film BDD Wes to study f-block chloride
salts (EuCl; and Ucl;) in a LiCl-KCl (55.7-44.3 mol%) electrolyte to determine its
performance as an electrode in molten chloride salts. SEM is provided for the BDD used
to study europium, given the non-radioactive nature of the salt to which the material was
exposed. The challenges and limitations of these experiments are also explored in this
chapter.

Finally, Chapter 7 provides an overall summary of this work with suggestions on
areas for future studies. It also explores the possible industrial applications for BDD
regarding fundamental studies that benefit a range of molten salt technologies, especially

with respect to MSR fuels and in situ monitoring.
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2 Aqueous Electrochemical Characterization of Free-Standing
Boron-Doped Diamond

Abstract
The purpose of this chapter is to perform a preliminary characterization of the two
distinct sides of free-standing boron-doped diamond (BDD) using cyclic voltammetry (CV)
in aqueous environments before introducing the material to high-temperature molten

3/ and hexaammineruthenium:

salts. Two common analytes (ferri/ferrocyanide: Fe(CN)s
Ru(NH,)s**"?") studied frequently using BDD electrodes are used to evaluate the grown
and nucleation sides of the electrode. Since BDD is considered a high-quality working

3+/2+ and

electrode material, it is also used to study two less trivial f-block analytes (Eu
UO,**/U*") with more complex redox chemistry.

The differences In response for each side of the BDD are compared using values for
formal potential (E°), diffusion coefficients (D), peak separation (AE,), and electron
transfer rate constants (k). Values calculated for Fe(CN)¢*”* and Ru(NH;)¢**/** align with
previous reports, and minimal differences were found between the two sides of the BDD.
These cases use common methods (i.e., Randles-Sevcik equation) to determine the
previously mentioned values given their relative reversibility. However, the lanthanide and
actinide species exhibited quasi-reversibility and required a different approach to evaluate
the diffusion and electron transfer processes for the oxidation and reduction reactions.

In these cases, values are in the expected range based on the literature available for

systems as close as possible to what is used for the Eu and U studies. In each case, there

were slight to moderate differences in the responses for each side of the BDD, likely due
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to the crystal structures. The grown side has large crystals, while the nucleation side
presents non-diamond carbon (NDC) morphology that will affect the conductivity and
chemistry of the surfaces based on ratios of sp*>- to sp>-hybridized carbon. These results
present a variety of considerations that will be important as the chapters in this document
progress toward the ultimate application of BDD as an electrode in high-temperature

molten salts.

2.1 Introduction

Boron-doped diamond has a strong reputation as a high-quality electrode with
features like wide solvent windows, low background capacitance, rapid electron transfer
kinetics, and resistance to fouling compared to metal and other carbon electrodes when
performing measurements like cyclic voltammetry (CV).******* However, the majority of
BDD working electrode designs are either thin films on a substrate, or if free-standing, the
material typically has small crystal grain boundaries, is polished to a smooth surface on
both sides, or is isolated to a small, single-sided surface for disc electrode designs.>**>%%4
However, a portion of the experiments performed in this manuscript (Chapter 6) employ
polycrystalline material hundreds of microns in thickness where one side (grown) has
crystals of about 50 — 100 um across, which is hypothesized to be resilient in molten salt
systems. Additionally, those electrodes also have a side with sub-micron grain boundaries
(nucleation) that will also be exposed to the high-temperature molten salts. This variation

in surface structure will affect the electrochemical response given the increased presence

of highly conductive sp*>-hybridized carbon compared to the grown side (see Figure 1.3).
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Therefore, this work uses well-known aqueous analytes (ferri/ferrocyanide:
Fe(CN)¢*’* and hexaammineruthenium: Ru(NH;)¢*"*) to characterize the two distinct
sides of the BDD before introducing the material to molten salt systems. It will also provide
insight into the possible differences in electrochemical responses due to the significantly
different morphologies of the polycrystalline surfaces. Given the wealth of literature for
Fe(CN)s>’* and Ru(NH;)s>*?** on BDD,¥°*>%° the results for each side will be easily
classified for relative electrode quality by comparing values like formal potential (E°), peak
separation (AE,), diffusion coefficients (D), and the heterogeneous electron transfer
coefficient (k).

Additionally, it is notoriously difficult to study f-block oxidation states in aqueous

3+/2+ and U®*** (as the uranyl ion) redox

media, so BDD is also used to probe the Eu
couples, because of its superior qualities as a working electrode.®® There are very few
published studies of these systems using techniques like cyclic voltammetry in aqueous
systems and even less using BDD.”'® These experiments also provide a baseline for
comparison as Eu and U electrochemical behavior will later be studied with BDD in molten
salt systems. Again, the grown and nucleation sides of the BDD will be applied to

determine if there is a preferable morphology for studying these analytes in water-based

electrolytes.

2.2 Methods and Materials

Free-standing BDD (10 X 10 X 0.6 mm) from ElementSix was initially imaged with

a Thermo Fisher Scientific ApreoS LoVac Scanning Electron Microscope (SEM). Before
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each analyte was studied, the BDD was anodically pre-treated by scanning the potential
from +2.4 to -2.8 V vs. Ag/AgCl for 50 cycles in 1 M H,SO, at 100 mV/s."*"'** After the
pre-treatment, each side of the BDD (grown and nucleation) was isolated using a plate
material evaluating cell from BioLogic, LLC (1 mL solution volume, exposed surface area
= 0.57 cm?), shown in Figure 2.1. Electrical contact was established by placing copper
foil below the BDD working electrode (WE) while assembling the cell. Electrochemical
measurements for Fe, Ru, and U were taken on a BASi PalmSens potentiostat, and a
Metrohm AutoLab potentiostat was used for Eu measurements. Silver-silver chloride
(Ag/AgCl, 3.5 M) reference electrodes (RE) used were from BASi. In the case of the anodic
pre-treatment and uranyl nitrate voltammetry, double junctions filled with 1 M H,SO, and
HNO;, respectively, were used. A Pt wire (d = 1 mm, 99.95% purity) from Strem
Chemicals was used as the counter electrode (CE), except for the anodic pre-treatment,

where a graphite rod was used as a consumable material.

Grown Side

. Nucleation Side

Copper Foil

- |

Figure 2.1 Electrochemical cell used to isolate each side of the BDD. CE: Pt wire; RE: Ag/AgCl (3.5 M KC).
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All salts and the non-uranium analytes were reagent grade from Acros Organics,
and ultra-pure water (18.2 MQ-cm) was used for all solutions using a D2798 Barnstead
water purification system. The uranyl nitrate solution was prepared by dissolving solid,
hydrated UO,(NOs), crystals from existing inventory in 1 M HNO; with vigorous mixing
for 10 — 15 min. Given the age of the crystals (prepared circa 2012), the exact hydrate
stoichiometry is unknown; however, a final concentration of 11.3 mM [UO,**] for the
solution used here was determined with inductively coupled plasma optical emission

spectroscopy (ICP-AES, R* = 1) using a PerkinElmer Optima 8000.

2.3 Scanning Electron Microscopy

The grown and nucleation sides of the BDD WE material were first analyzed using
scanning electron microscopy (SEM) to visualize the distinctly different crystal structures.
Figure 2.2 A) shows the grown side of the material with exceptionally large crystals, up
to 100+ pm across, while B) uses twice the magnification, but grain boundaries are still
not visible for the nucleation side. Increasing the magnification further in Figure 2.2 C)
still does not present any clear grain boundaries, further emphasizing the stark contrast
between the grown and nucleation sides of the BDD due to the chemical vapor deposition
(CVD) growth process. Even compared to literature of large BDD crystals (up to 50 um
across), the morphology of the material in Figure 2.2 A) is still much greater in size than
what is typically published.'® The ‘grown’ side of BDD is often about 5 um crystals.*"*>'%

The nucleation side resembles the ‘nanocrystalline’ diamond (NCD) previously reported

for thin BDD films.>!
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2.4 Cyclic Voltammetry

Scan rate studies were performed on the grown and nucleation sides of free-standing
BDD for two well-studied transition metal complexes (Fe(CN)s*”* and Ru(NH;)s****) and
two f-block species (Eu**/** and U®*/**). Values for formal potential (E°), peak separation
(AE,), diffusion coefficients (D), and electron transfer rate constant (k) were compared for

each side of the BDD and literature available for comparable systems.
2.4.1 Transition Metal Redox Chemistry

The Fe(CN)s>’* (Eq. 1) and Ru(NHs)s>*** (Eq. 2) redox couples are common
standards in aqueous electroanalytical chemistry, especially for characterizing and
comparing electrode designs.

Fe(CN);” + e~ = Fe(CN)g~ (D

Ru(NH3)3* + e~ = Ru(NH;)2* 2)
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These two analytes have previously been applied to BDD electrodes of various
compositions, morphologies, and configurations.’****>% Because the grown side has
unique crystal structures compared to much of the available literature, there is minimal
evidence available to make a direct comparison. This is unlike the nucleation side, which
is like most BDD electrodes described previously.

Scan rate studies (10, 25, 50, 75, 100 mV/s) were performed over three trials on
each side of the BDD for the different metal ions, where each scan rate (v) was cycled
three times. The average values for E, and i, were used to produce the calculated values
reported below. Voltammograms for the 50 mV/s scan rate are shown in Figure 2.3 for
the grown (pink) and nucleation (purple) sides of the material for A) Fe(CN)s>’* and B)
Ru(NH,)s**** in 1 M KCI vs. Ag/AgCl. For both analytes, the grown and nucleation sides
vary slightly in their response. However, for Fe(CN)¢*”*, the nucleation side shows slightly
larger peak currents and enhanced peak resolution compared to the grown side. The
difference between the two sides for Ru(NH;)s**/** is less significant, but the grown side

exhibits a slightly increased peak current compared to the nucleation side.

— Nucleation — Nucleation

Current (mA)
(=]

Current (mA)
o

Figure 2.3 Overlays of 50 mV/s scans for 1 mM A) Fe(CN)¢*’* and B) Ru(NHs)¢**** in 1 M KCI on the
grown (pink) and nucleation (purple) sides of free-standing BDD. RE: Ag/AgCl; CE: Pt wire.
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The formal potential (E°) can be calculated by taking the average value between

the anodic (E,,) and cathodic (E,.) peak potentials using Eq. 3:

5o = @ (3)
The formal potentials determined for Fe(CN)¢*’* differ slightly for the grown and
nucleation sides but do not change for Ru(NH;)s**/**. However, all values fall within

expected ranges vs. Ag/AgCl.79>107108

Table 2.1 Figures of merit determined for Fe(CN)¢>’* and Ru(NHs)¢**/** in 1 M KCI using the grown and
nucleation sides of free-standing BDD. *For 50 mV/s scan rate.

Analyte BDD Side E° (V) D x 10 (cm?/s) AE,* (V) k* x 10® (cm/s)
Fe(CN) &+ Grown +0.288 +0.0002 1.7 £0.09 0.106 +£0.0004 1.6
Nucleation +0.273 +0.0001 3.8 £0.07 0.068 +0.0001 17
Ru(N o> GTown  0.170£0.0005 3.840.1 0.095 £0.003 2.9
Nucleation -0.170 £0.0004 3.8 £0.06 0.069 +0.001 13

In the case of redox reactions with good reversibility, like those presented in Figure
2.3, the Randles-Sevcik equation for room temperature measurements (Eq. 4) can be used

to determine D for the reduced or oxidized species after performing a scan rate study.

ipa/c = 2.69 X 10°AC /nBDR 1oV (4)
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By plotting the square root of the scan rates (v/v) against the anodic and cathodic peak

current values (i ), the regression slope can be used to calculate Dg,, where D,

p.ajc
describes the diffusion of the oxidized species toward the electrode surface for the cathodic
reaction and Dy is for the diffusion of the reduced species toward the electrode surface for
the anodic reaction. Additionally, A is the surface area of the electrode, C is the
concentration, and n is the electron transfer stoichiometry. In cases where reversibility is
good, D should be the same for both anodic and cathodic reactions, which is the case for
both Fe(CN)¢*”* and Ru(NHs)¢**/?*, as shown in Table 2.1 where D, = Dy on the grown
and nucleation sides of the BDD for both analytes. However, D for the grown side when
studying Fe(CN)s>’* is slightly smaller than that for the nucleation side, and both
Ru(NH;)s**"*" studies (grown: D = 1.7 X 10°cm?/s and nucleation: D = 3.8 X 10° cm?/s).
In all four cases (grown and nucleation for each analyte), R* is greater than or equal to
0.99, indicating diffusion-controlled processes, as expected.'” These values also fall within
the expected range for BDD electrodes.’’?>1971%

The electron transfer kinetics can be described using a method outlined by

110

Nicholson ™ that takes the reversibility of the reaction and separation of the anodic and

cathodic peaks into consideration using Eq. 5:

Dp. %
k(p)?
l/) - D gunF (5)
=2
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The peak separations (AE,) can be used to estimate a value for y for each scan rate using
the Nicholson method,''® where F is Faraday’s constant (96,485 A-s/mol), R is the gas
constant (8.314 J/mol-K), and T is the solution temperature (298 K). Because the values

for AE, increase with the scan rate for Fe(CN)g"*

, it is technically a quasi-reversible
system. However, it is standard to assume a reversible system with respect to the charge
transfer coefficient (o = 0.5) to determine k after calculating the values for D, and Dy (all
other terms have their usual meaning).

The values for AE, and k at 50 mV/s are listed in Table 2.1 for the grown and
nucleation sides of BDD for Fe(CN)¢*’* and Ru(NH;)¢>*/?*. Unlike the calculated values
for D, k varies significantly between the grown and nucleation sides of the BDD for both
analytes. In each case, the nucleation side (10? cm/s) produced larger values for k (107
cm/s) compared to the grown side (10° cm/s). Similarly, the values for AE, are smaller by
30 — 40 mV for the nucleation sides compared to the grown sides (106 vs. 68 mV for
Fe(CN)¢*’* and 95 vs. 69 mV for Ru(NH;)¢**/?*). Therefore, the NDC structure on the
nucleation side of the BDD may have slightly better kinetics than the grown side, likely
due to the increased conductivity due to the increased presence of conductive sp*-
hybridized carbon. This result confirms the initial hypothesis regarding the difference
between the electrochemical response for each side. The results for both sides align with
the range of values available in the literature published for small-grain BDD

electrodes,91-95107,108,111
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2.4.2 f-Block Redox Chemistry

Lanthanide and actinide elements have large, complex electron structures that can
complicate simple methods like CV (i.e., disproportionation).'" For this reason, a different
approach is required to process the results for Eu and U as analytes that fall strictly in the
quasi-reversible category. Furthermore, the responses for Eu and U differ on each side of

the BDD, all of which are discussed in detail in the following sections.

2.4.2.1 Europium(III) Chloride

Although most lanthanides (Ln) only exhibit the Ln** oxidation state, europium can
also exist as Eu”* when it loses both electrons in the 6s shell, leaving a stable half-filled 4f
shell with seven remaining electrons. This stability is a unique feature compared to the Ln
elements that typically only participate in three-electron reactions (II1/0), except in cases
like Ce, which can exhibit a (IV) oxidation state, making Eu a commonly studied
electrochemical analyte for rare earth applications or as a non-radioactive surrogate for

actinide (An) elements. The one-electron transfer for Eu®** to Eu®* is illustrated in Eq. 6:

Eut + e = Eu®t (6)

Very few nitrate-based aqueous systems are reported in literature where Eu has

been studied with voltametric techniques.”” However, there is some published evidence

that experiments were successfully performed in aqueous electrolytes to probe Eu
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electrochemistry on glassy carbon,””

and even an example of a ‘conductive diamond’
working electrode (thin-film BDD) that was used to study Eu and Ce.?*%

Like measurements in the previous section, three scan rate study trials (10, 25, 50,
75, 100 mV/s) were performed on each side of the BDD, where each scan rate was cycled
three times. Again, the average values for E, and i, were used to perform the calculated
values reported below. Voltammograms of Eu**/?* in 1 M KCI for the 50 mV/s scan rate
are overlain in Figure 2.4 for the grown (pink) and nucleation (purple) sides of the
material. The redox chemistry of Eu is considered quasi-reversible to a much greater

degree than what is seen for Fe(CN)¢*"*

, which is evident in the asymmetry of the anodic
and cathodic peaks. Unlike the previous measurements, the oxidation and reduction
processes do not appear to behave similarly when comparing the shape of the well-
resolved oxidation peaks to the reduction peaks that begin to fall within the hydrogen-gas

evolution at the negative end of the solvent potential window. This behavior is observed

on both sides of the BDD.

0.2
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Figure 2.4 Overlays of 50 mV/s scans for 10 mM Eu?*/?* in 1 M KCl on the grown (pink) and nucleation
(purple) sides of free-standing BDD. RE: Ag/AgCl; CE: Pt wire.
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Values for E° were calculated using Eq. 3 and are reported in Table 2.2. The results
for each side of the BDD (grown: E° = -0.709 V and nucleation: E° = -0.676 V vs. Ag/AgCl)
both fall within the expected range.””*® The slight positive shift for the nucleation side may
result from the difference in kinetics seen in Figure 2.4 compared to the grown side, likely

due to the different morphologies and surface chemistry of the material.

Table 2.2 Figures of merit determined for Eu>*/?* in 1 M KCl using the grown and nucleation sides of free-
standing BDD. *For 50 mV/s scan rate.

BDD Side E° (V) Do x 107 (cm?/s) Dy X 107 (cm?/s) AE,* (V) k* x 10 (em/s)
Grown -0.709 +0.001 6.0 +0.8 8.7 +0.4 1.122 +0.001 1.1
Nucleation -0.676 +0.004 4.6 £0.8 3.0 £0.2 0.767 +£0.001 1.2

The Randles-Sevcik equation (Eq. 4) used in the previous section is intended for
the calculation of D for reversible (or minimally quasi-reversible) reactions. Therefore, the

Berzins-Delahay equation for quasi- and irreversible redox reactions (Eq. 7) can instead

be used to calculate diffusion coefficients for f-block systems like the Eu**** couple.®”'"*
115
ip,ajc = 0.496nFAC %:Mv o

Unlike the previous measurements, determining D first requires a calculation of the charge
transfer coefficient as a function of the electron stoichiometry of the rate-limiting step,

ang. This value was determined using Eq. 8,°”'*''* where Ep is the half-peak potential,
2

which is the potential where the peak current is at half value and was collected for the

anodic and cathodic peaks at each scan rate.
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(8)

Like in the previous section, the anodic and cathodic reactions can be characterized
by plotting i, vs. Vv and using the slopes to determine values for Do and Dx. The two

values used for an, were determined by averaging the individual calculations for each
scan rate for the anodic (grown: an, = 0.323 and nucleation: an, = 0.422) and cathodic
(grown: ang = 0.144 and nucleation: an, = 0.121) peaks. A similar study of Eu** in IL
applied this method but used only the value determined for the slowest scan rate (10
mV/s) when studying the cathodic reaction."* However, that value alone does not
consider the changing value for an, at each scan rate, although the regression used to
calculate D incorporates the entire range. Adjusting the value to only the slowest scan rate
had a minimal impact on the final calculations (still 107 cm?®/s) provided in Table 2.2, so
it was determined that an average over the scan rates would be an appropriate choice.
During the oxidation reaction, the diffusion of the reduced species toward the
surface of the electrode was found to be similar for the grown (D = 3.4 X 107, R* =
0.9955) and nucleation sides (Dzx = 1.5 x 107 cm?/s, R* = 0.9991). There is literature on
experiments performed in IL that corroborate these values.'"> However, for the reduction
reaction, the diffusion of the oxidized species toward the surface of the electrode was
found to be slightly faster for the grown side (D, = 1.2 x 10%, R* = 0.9880) compared to

the nucleation side (D, = 6.7 x 10° cm?/s, R* = 0.9809). The grown side result of D,
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aligns with previously reported values."'* The difference between diffusion behavior for
each reaction (Dr > Do) aligns with the shape of the voltammograms shown in Figure 2.4.
All cases for the Eu couple have slower diffusion behavior compared to Fe(CN)¢*”* and
Ru(NH;)¢**** (10° cm?/s),"'*'" potentially as a result of the f-block valency that can be
more complicated than the d-block transition metals like Fe and Ru. Regardless of the
differing values, the overall linearity in each case (R* > 0.9) confirms a diffusion-
controlled process for both oxidation and reduction on both sides of the material.'”
These results also call for a different approach for determining the electron transfer
rate constant. The Nicholson method can only be used for peak separations between 0.061
V and 0.212 V when approximating y,''° and the separations for the grown and nucleation
sides in this experiment are both too large (grown: AE, = 1.122 V and nucleation: AE, =
0.767 V for 50 mV/s). Instead, the Klingler-Kochi equation (Eq. 9) can be utilized since it

does not impose any limitations to features of the voltammograms:'*'*11¢

a’nF
k=218 /DO (ang) = e Crr (Epc=Epa)} ©)

The charge transfer coefficients (grown: o = 0.233 and nucleation: a = 0.272) used in
these calculations were determined by averaging the anodic and cathodic values for the
combined charge transfer coefficient and electron stoichiometry of the rate-limiting step
value, an,, on each side of the BDD and dividing by the electron stoichiometry (1 e’).
The values determined for the grown (k = 1.1 X 10* cm/s) and nucleation (k =

1.2 x 10* ecm/s) sides of the BDD at 50 mV/s is at least an order of magnitude slower than

29



what was calculated for Fe(CN)¢*”* and Ru(NH;)¢**** (102 and 10® cm?/s), but more
than an order of magnitude faster than what has been previously reported for Eu**/** in IL
(~4 x 10 cm/s at 100 °C),'"* and two orders of magnitude faster than what has been
reported in perchloric acid systems on BDD (2.7 x 10° cm/s).”® However, the method used
to determine the latter value is not well-described, so a recalculation of that published

data using the above process may improve their value.

2.4.2.2 Uranyl Nitrate

Favorable electron configurations make the U*" and U®" oxidation states
particularly stable. For U°*, the species reaches noble gas configuration ([Rn]), while for
U** the unpaired electrons in the 6d (1 €) and 5f (3 e) shells are emptied, leaving the
configuration as [Rn]7s® with no partially filled shells. However, U°* is unstable in aqueous
environments as it is much less favorable than the configurations for U** and U°* and will
immediately disproportionate.'’” Therefore, when performing voltametric techniques in
water-containing systems, it is expected that a two-electron transfer reaction will occur.

The redox reaction for the uranyl nitrate ion is illustrated below in Eq. 10:''%'*

U0%*(aq) + 4H* (aq) + 2e~ = U**(aq) + 2H,0 (1) (10)

However, in the presence of nitric acid, the coordination complexes of uranyl vary

based on the oxidation state of U and the concentration of nitric acid, making the redox

reaction far more complex than the analytes discussed earlier in this chapter.””>'*' An
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additional consideration is the possible production of solid UO, from the reduction of
UO,**. Fortunately, the Pourbaix diagram shown in Figure 2.5 indicates that the 1 M HNOs
electrolyte used for these measurements is expected to have sufficient acidity (pH = 0)
such that the U** species is soluble, as opposed to inducing the precipitation of solid UO,."**
Additionally, no visible deposits of UO, were observed on the electrode following

experiments.
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Figure 2.5 Eh-pH diagram for the system U-O-H (2). XU = 10, 298.15K, 10° Pa.'*

Like the previous measurements, scan rate studies were performed on each side of
the BDD, except in this case, 25, 50, 75, 100, and 125 mV/s were used because 10 mV/s
did not produce meaningful results considering no peaks were detected. However, the
selected range successfully executed the full studies on the grown and nucleation sides
required to determine D and k, and the suite of values for the BDD characterization was

successfully calculated. The 50 mV/s overlays in Figure 2.6 show similarities to the Eu**/**
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voltammograms in Figure 2.4, except in this case, the grown side has greater peak heights

and peak resolution for both the oxidation and reduction reactions.
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Listed in Table 2.3 the values determined for E° of U°*/** are not equal for the
grown (E° = -0.075 V vs. Ag/AgCl) and nucleation sides (E° = -0.139 V vs. Ag/AgCl). In
contrast to the Eu results, the response on the grown side is shifted in a positive direction
compared to the nucleation side. However, the discrepancy is also likely related to the
kinetics of the electron transfer processes, which are still generally more resolved for the
anodic than cathodic reaction (seen in Figure 2.6). Again, due to the complex
coordination that varies between oxidation states of U in nitric acid in addition to the
disproportionation of the intermediate U°*, the process to transfer electrons during a
voltametric measurement is nontrivial.""”"** Additionally, the variation in reported values
for E° in aqueous environments encompasses both calculated potentials, but the literature

favors the result for the nucleation side.'?°

32



Table 2.3 Figures of merit determined for U**/** in 1 M HNOs using the grown and nucleation sides of
free-standing BDD. *For 50 mV/s scan rate.

BDD Side E° (V) Do x 10® (cm?/s) Dz x 10°® (em?/s) AE,* (V) k* x 10* (cm/s)
Grown -0.075 +0.002 5.4 +0.9 4.4 +0.3 0.933 £0.01 6.0
Nucleation -0.139 +0.005 7.2 +0.8 1.4 +0.2 0.976 +£0.002 3.9

Like for the Eu measurements, the Berzins-Delahay equation (Eq. 7) applies to this
system as well, given the quasi-reversible nature of the reaction. Limited literature is
available to directly compare electroanalytical figures of merit for the uranyl ion in nitrate-
containing aqueous environments,””>'** but this equation has been applied for U
measurements previously.®”'**'** The two values used for an, were, again, determined by
averaging the individual calculations for each scan rate for the anodic (grown: an, =
0.245 and nucleation: an, = 0.285) and cathodic (grown: an, = 0.201 and nucleation:
oan, = 0.221) peaks. For the anodic reaction, the diffusion of the oxidized species to the
surface of the electrode was found to be remarkably similar between the grown (Dx = 4.4
x 10®% cm?/s, R*> = 0.9956) and nucleation (Dzx = 1.4 x 10® cm?/s, R*> = 0.9907) sides.
This pattern was also observed for the cathodic reaction, but the linearity of the grown
side (Do = 5.4 x 10® cm?/s, R* = 0.9492) is slightly less than that of the nucleation (D,
= 2.6 X 10® cm?/s, R> = 0.9831) side. Because all correlation coefficients are greater than
0.9, they can be considered diffusion-controlled processes.'® The diffusion behavior in the
present study is compared to comparable literature in Table 2.4. These values reported
here for BDD are faster than previous measurements of U®*** chemistry in IL using a non-
diamond carbon electrode," but two orders of magnitude slower than what has been
reported for low concentrations of HNO; (0.04 M or 0.05 M) on Pt.'?>!?* This differs from

3+/2+

what was found for the Eu redox couple which was faster using both the grown and
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nucleation sides of BDD in the present study compared to values found in the literature
for IL and acidic electrolytes. In the case of measurements in IL, their value of D increased
with temperature,' so it can be inferred that if the temperature were lower, the diffusion

would have been slower.

Table 2.4 Diffusion coefficients of U(VI) published in literature compared to the present study.

-8
D(Zniz};)) Working Electrode Electrolyte (IT() Reference
0.664 Glassy Carbon 1-Butyl-3-methylimidazolium 343 125
219 Pt 0.05 M HNO; 298 120
330 Pt 0.04 M HNO 295 126
4.4 Free-Standing BDD — Grown Side 1 M HNO; 298 This work
1.4 Free-Standing BDD — Nucleation Side 1 M HNO; 298 This work

The rate constants for the grown and nucleation sides were calculated using Eq. 9
following the evaluation of diffusion behavior. The charge transfer coefficients (grown: o
= 0.112 and nucleation: o« = 0.126) used in these calculations were determined by
averaging the anodic and cathodic values for the combined charge transfer coefficient and
electron stoichiometry of the rate-limiting step value, an,, on each side of the BDD and
dividing by the electron stoichiometry (2 e). The values determined for the grown (k =
1.6 X 10* ecm/s) and nucleation (k = 6.3 x 10 cm/s) sides of the BDD at 50 mV/s differ
by approximately an order of magnitude, where the grown side most closely aligns with
the chemistry of Eu discussed in the previous section (10* cm?/s) and what has been

reported for U**/** in literature.'*
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2.5 Conclusions

The work presented in this chapter aims to provide a base understanding of how
the morphology of BDD surfaces affects the electrochemical response when used as a
working electrode. The grown and nucleation sides were compared for two analytes widely
published in the literature on various forms of BDD, Fe(CN)*’* and Ru(NHs)¢**/**. After
performing scan rate studies with CV, the values for E°, D, AE, and k in each case were
comparable to previous reports, but there were slight differences between the two sides.
For both analytes, the kinetics were marginally faster on the nucleation side, as seen in
the 50 mV/s overlays and confirmed by the values calculated for AE, and k. Ru(NHs)¢****

is considered a reversible redox couple, and although Fe(CN)¢*"*

is officially considered
quasi-reversible, the electron transfer process is reversible enough that the charge transfer
coefficient, o, was assumed to be 0.5 for both analytes. This decision allowed each system
to be evaluated using the method outlined by Nicholson to characterize electron transfer
kinetics''® and the Randles-Sevcik equation for diffusion reactions.'”

Because BDD is considered a high-quality electrode material, it was also used to
study two more complicated redox couples: Eu®>*?* and UO,**/U*". Again, the responses
on the grown and nucleation sides of the material were compared using CV scan rate
studies. However, in both cases, the resulting voltammograms indicate quasi-reversible
behavior where the reduction peaks are less resolved and asymmetrical than the oxidation
peaks for both analytes on both sides of the BDD. Additionally, the AE, at each scan rate in

all four cases is too wide to use the Nicholson method to determine k,'*° so a different

approach was taken. First, the value for a was calculated and applied to the Berzins-
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Delahay equation for quasi-reversible or irreversible reactions. The resulting values for a
and D were then used in the Klingler-Kochi equation for electron transfer kinetics,'
appropriate for quasi-reversible systems.

Most literature containing CVs of Eu and U employs the quasi-reversible method to
determine D and k, but often for non-aqueous systems, given the impact of oxidizing
environments on the stability of f-block oxidation states. Values for Eu and U are aligned
with what aqueous and non-aqueous measurements are available, except in the case of
calculating k on the grown side of the BDD for UO,** reduction. Instead, the grown side
aligns with the kinetics seen when studying Eu and previously published reports of U®*
reduction. While this may be an attribute of the NDC nature of the nucleation side, it is
not immediately apparent as to why, in this case, it does not perform as well as the grown
side. Further investigations should be conducted to probe the nuances of uranyl chemistry
for BDD electrodes.

However, the differences between electrode materials and their corresponding
behavior at diffusion layers have been discussed at length. Especially comparing n-type
(e.g., nitrogen-doped diamond with an extra valence electron compared to carbon) to p-
type (e.g., boron-doped diamond with one less valence electron compared to carbon)
semiconductor electrodes, materials like BDD typically perform better for anodic reactions;
in contrast, n-type materials are more suitable for cathodic mechanisms.'” Future studies
could include using n-type electrodes, like nitrogen-doped diamond, under the same
conditions to study these f-block redox couples to determine if they perform better during

the cathodic reactions than BDD.
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Overall, the results of this study indicate there may be slight differences in the
electrochemical response based on the crystal structure of BDD. Techniques like
chronoamperometry and impedance spectroscopy could further investigate the differences
between the grown and nucleation sides of BDD for various analytes, including f-block
redox couples. While the differences observed in the present study are minor under these
circumstances, they introduce new considerations for applications in molten salts to study
f-block systems. Additionally, a more extensive collection of literature is available for
studying Eu and U electrochemically in molten salt systems that will provide more direct

comparisons to the results discussed in Chapter 6.
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3 Aqueous Spectroelectrochemical Measurements with Free-
Standing Optically Transparent Boron-Doped Diamond

Abstract

This chapter introduces a novel design for an optically transparent (OTE), free-
standing, boron-doped diamond electrode (BDD) for spectroelectrochemical (SEC)
applications. Given the known strength of free-standing BDD in harsh environments and
the flexibility afforded by SEC techniques to investigate redox chemistry, this design could
expand the application of SEC.

Preliminary characterization of the BDD OTE is described using secondary ion mass
spectroscopy (SIMS) to determine the boron concentration followed by imagining with
scanning electron microscopy (SEM) to investigate the structure and topography of the
material after laser-drilled holes were created to produce the grid structure which allows
light to pass. Additionally, cyclic voltammetry (CV) results are shown for the grid electrode
(G-BDD) and a non-grid electrode (NG-BDD) to determine if the presence of non-diamond
carbon (NDC) because of the lasing process influences the electrochemical response of
Fe(CN)¢**.

Finally, the G-BDD OTE was used in two capacities to study Fe(CN)¢*”*. First, a thin-
layer cell is shown for the determination of the standard reduction potential (E”) and
electron transfer stoichiometry (n), followed by an unrestricted diffusion (semi-infinite
linear diffusion) cell to calculate the diffusion coefficient (D). The results from the CV and

SEC measurements are compared to prove the consistency between techniques using the
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BDD OTE. However, a discussion is presented regarding the calculation of D based on the

unique, three-region nature of the diffusion layer for this electrode design.

3.1 Introduction

While several electrochemical methods are available to characterize redox couples,
spectroelectrochemistry (SEC) offers several advantages, including increased sensitivity
and selectivity.'”® Additionally, it can eliminate the need for reversibility like in CV, which
was shown to be challenging for quasi- or irreversible redox couples when studying f-block
species in Chapter 2. Spectroelectrochemistry is frequently performed by combining and
electrochemical technique with a spectroscopic method like UV-Visible spectrophotometry
(UV-Vis) or spectrofluorometry, but several other optical detection modes have been
reported (Infrared, Raman, X-ray, etc.)."”"*' For SEC with UV-Vis, observed absorbance
changes occur proportionally to the applied potential and can be used to determine
parameters like formal potential (E°), thermodynamic values (AG.., 4H, AS), diffusion
coefficient (D), and electron transfer stoichiometry (n) for a given redox reaction.
However, an appropriate optically transparent electrode (OTE) can be challenging to
acquire, especially in harsh environments. Common OTEs include metal mesh designs
from materials like Pt or Au, or transparent, conductive films like indium tin oxide or BDD
on a transparent substrate.'*>'3*134
Two variations of SEC can be performed: thin-layer diffusion (TLD), which allows

for the calculation of E°, and semi-infinite linear diffusion (SID) that can describe D. The

electrode configuration for SID measurements is closest to that of measurements like CV
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where the diffusion layer is unrestricted, while TLD ensures that geometric structure of
the electrode confines the analyte within a range that is the thickness of the diffusion
layer."*>"*” Rather than oxidized or reduced species diffusing to and from the surface of an
electrode in and out of the bulk solution with CV and SID, the diffusion layer is the entirety
of the sample solution such that the entire sample can be uniformly electrolyzed for TLD.
By applying potentials near E° for a redox reaction, the ratio of oxidized to reduced species
will change proportionally. This change can be observed using spectroscopic methods
thanks to the associated color changes (like in the case of colorless ferrocyanide to yellow
ferricyanide) as the ratio of the species changes. Like with CV, the redox potential is the
point at which the concentration of oxidized and reduced species is equal at the surface.
However, the SID technique does not restrict the surface, allowing for the determination
of diffusion rates as the absorbance changes when a species is electrolyzed at the surface
and then migrates to the bulk solution.

Given the opacity due to the boron-doping, BDD OTEs are typically either in the
form of thin films on substrates like quartz or as a coating on a metal mesh (i.e., Nb, Ta)
that contain small, macroscale holes.”® However, these designs do not take advantage of
the robust features of BDD given the lack of strength due to the minimized thickness
required for optical transparency and cannot be applied to harsh environments.
Additionally, literature on the use of free-standing BDD for SEC is limited.”*"*® Overall,
there are few options for resilient BDD OTEs capable of withstanding harsh environments

like strong acids and bases or high-temperature molten salts.
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This chapter presents a free-standing BDD grid electrode (G-BDD) design for SEC
measurements. The G-BDD electrode is free-standing polycrystalline diamond with holes
created using laser-etching to fabricate the grid for optical transparency (discussed further
in BDD Grid Electrode). As a proof of concept, the model 1-electron transfer
ferri/ferrocyanide (Fe(CN)s>’*) redox couple was studied, in addition to the UV-Vis
absorbance change from colorless to yellow when oxidizing Fe** to Fe**. Like in Chapter
2, E”, D, n, and the heterogeneous electron transfer rate constant (k) were calculated using
CV for general electrode characterization. The G-BDD electrode was compared to an
identical BDD electrode without the lased grid (‘non-grid’: NG-BDD). The resulting E’, n,
and D values were compared for the two electrodes (G-BDD vs. NG-BDD) and two
techniques (SEC vs. CV). This work supports a novel grid electrode designed with resilient,

high-performing material to advance fundamental redox chemistry in a variety of media.

3.2 Methods and Materials

Potassium nitrate (KNO;), potassium chloride (KCl), potassium ferricyanide
(KsFe(CN)g), and potassium ferrocyanide trihydrate (K,Fe(CN)¢-3H,O) were purchased
from Sigma Aldrich. Sulfuric acid (H,SO,, trace-metal grade), sodium hydroxide (NaOH),
and phosphate buffered saline (PBS) was purchased from VWR. Ultra-pure water (18.2
MQ-cm) was used for all standard solutions using a D2798 Barnstead water purification
system. Miniature silver-silver chloride (Ag/AgCl, 3.5 M) reference electrodes from eDAQ
were used for all measurements. A Pt wire (d = 1 mm, 99.95% purity) from Strem

Chemicals was used as the counter electrode.
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All electrochemical measurements were completed using either a SP-300 (Biologic)
or a PalmSens EmStat3+ (BASi). For the optical measurements, a DH-2000 BAL light
source and HR4000 spectrometer from Ocean Insight were used. For the control study, an
Agilent Cary 100 UV-Vis spectrophotometer was used. A JEOL JSM-5600 scanning electron
microscope was used for imaging.

The voltammetry performed in this chapter is different from what was presented in
Chapter 2 in that the two distinct sides of the free-standing BDD are not being isolated.
The schematic in Figure 3.1 shows that both sides are submerged in the solution and a
connection is made in the top hole described in Section 3.2.1. The same BASi Ag/AgCl
(3.5 M) RE from Chapter 2 was used along with a graphite CE in a shot-glass vessel. The
1 M KCl electrolyte was purged of dissolved oxygen via Ar(g) bubbling before

measurements were performed.

Figure 3.1 Electrochemical cell for CVmee. . cccooeeee . © =~ ... . Pt wire; RE: Ag/AgCl (3.5 M KCl).
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3.2.1 BDD Grid Electrode

Free-standing BDD with custom dimensions was purchased from Elementsix, and
Diamond Technology Innovations completed the laser-etching process. The dimensions of
the BDD grid electrodes were 9 mm (wide) X 45 mm (long) X 0.375 mm (thick). A 3 mm
diameter hole was cut at the top-center of the material for electrical connection to be made
using a ring terminal. The grid was cut into the lower portion of the material in 120 rows
and 10 columns of holes. Each hole was cut to 100 um in diameter with a spacing of 150
um (edge-to-edge). Prior to the completion of any electrochemical experiments, all BDD
electrodes were cleaned following the procedure outlined by Read and Macpherson to
remove non-diamond carbon.'”'* The electrodes were placed in H,SO,, heated to boiling,
and KNO; was added to saturation. The cleaned electrodes were first sonicated in
deionized water, followed by sonication in ultra-pure isopropanol.

To determine E”, a thin layer diffusion (TLD) electrode was constructed using strips
of 0.170 mm thick polyethylene film placed on both sides of the BDD (grown and
nucleation) along the long edges of the grid (left and right). Then, cut-to-size microscope
slides were positioned on each side of the electrode and fixed using a quick-cure epoxy.
The analyte solution was then added into the ‘spacer’ region and held through capillary
action. Schematics of the front and side views of the assembled G-BDD is shown in Figure
3.2. Finally, a small amount of 1.0 M KCl was placed at the bottom of the cuvette to create
an ionic connection the Ag/AgCl RE and Pt wire CE that were affixed to corners of the
cuvette with the quick-cure epoxy. The grid portion of the G-BDD was placed in the center

of the cuvette in the region of the light path.
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Figure 3.2 Front and side views of the assembled G-BDD with the spacer material and glass slide on each
side of the electrode.

Chronoabsorptometry was performed in a similar cell to determine D, but the
diffusion layer was not restricted, resulting in the semi-infinite diffusion (SID) observed
under conditions used for techniques like CV. In this case, the cuvette was filled with the
analyte solution and the grid area was fully submerged. Schematics of both the TLD and

SID cell setup are shown in Figure 3.3.

Electrolyte

|

Figure 3.3 Spectroelectrochemical cells for A) thin-layer diffusion and B) semi-infinite diffusion with G-BDD
OTEs; RE: Ag/AgCl; CE: Pt wire.
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3.3 Grid Electrode Characterization
3.3.1 Secondary Ion Mass Spectroscopy

The boron concentration of the G-BDD electrode material was determined using
secondary-ion mass spectroscopy (SIMS) measurements completed at Eurofins USA. The
measurement was focused on a region near the top and away from the grid. A boron
concentration of 3.0 x 10*° atoms-cm™ was obtained, as shown by the SIMS depth profile
in Figure 3.4. The reported value is based on an average of the flat region of the depth

1.* Higher or lower doping levels

profile and is indicative of a ‘medium’ boron-doping leve
may be desirable for specific applications and could be adjusted accordingly in the CVD

process.
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Figure 3.4 SIMS depth profile of free-standing BDD to determine B concentration.

3.3.2 Scanning Electron Microscopy
Like the BDD used in Chapter 2, the G-BDD grid was first topographically
characterized using scanning electron microscopy (SEM). SEM micrographs in Figure 3.5

A) and B) show the grown side of the BDD material, while C) and D) show the nucleation
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side. The nucleation side of free-standing BDD was initially attached to a silicon substrate
which was etched away after the chemical vapor deposition (CVD) growth process. Due to
the diamond seeding process that was used to deposit BDD onto the substrate, the crystal
grain size is expected to be much smaller for the nucleation side than the grown side. This
is evident when comparing Figure 3.5 B) (grown side) and D) (nucleation side). The
crystallites appear on the order of 10 — 20 um on the grown side, while sub-micron
crystallinity was observed on the nucleation side. The laser-etching process was performed
with the grown side facing the laser, and as a result Figure 3.5 B) and D) indicate that
there may be a taper in the cut from the grown side to the nucleation side considering the
hole diameter in B) is 15 — 20 um larger than that shown in D). Based on Figure 3.5 A)
and C), it also appears that the holes on the grown side present greater symmetry than

those on the nucleation side.
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Figure 3.5 Micrographs of the grown (A,B) and nucleation (C,D) sides of the BDD OTE.
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3.3.3 Cyeclic Voltammetry

Cyclic voltammetry was used to assess the electrochemical performance of the BDD
grid (G-BDD) electrodes. Results were compared to an identical non-grid BDD electrode
(NG-BDD). This was completed to observe changes in the electrochemical response
brought about by the presence of residual non-diamond carbon due to the laser-etching
process. After acid cleaning the electrodes, an anodic pre-treatment in 1.0 M H,SO, using
CV was also performed where the potential was scanned from +2.5 V to -1.5 V at 100
mV-s' for 30 cycles. It is important to note that previous studies including such pre-
treatment on laser-etched BDD reported pH-dependent quinone groups on the sp*-rich
lased BDD areas, but they are not expected to impact spectroelectrochemical studies."**'%*

Voltammograms were recorded on both electrodes in 1 mM Fe(CN)* in 1.0 M KCI
before and after pre-treatment. Several redox parameters were determined and are given
in Table 3.1. A series of CVs were recorded at varied scan rates (10 — 100 mV-s?) within
a potential window of -0.2 to +0.8 V. Each scan rate was cycled three times and repeated
for three trials. The geometric surface area of the electrode submerged in solution was
6.61 cm?® for NG-BDD and 8.01 c¢cm® for G-BDD. Current interrupt iR compensation was
completed prior to all CV measurements using 1 or 10 mA, 50 ms current pulses.'®” The
uncompensated resistance was automatically accounted for (80% compensation) using the
EC-Lab Software.

As seen in Table 3.1, the values for E° were similar across all four electrodes,

ranging from +0.279 to +0.283 V vs. Ag/AgCl, which agree with values reported for the

Fe(CN)s>’* couple on BDD.” The CV i-E curves from the scan rate study on G-BDD after
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pre-treatment are shown in Figure 3.6 A). Like in Chapter 2 the quasi-reversible form of
the Randles-Sevcik equation (Eq. 1) was used to produce a plot of i, vs. v"/> which yielded
a linear response on all electrodes, indicative of semi-infinite linear diffusion.'” All values
obtained for D ranged on the expected order of magnitude (10°® cm?/s). Values of 3.8 and
4.1 X 10° cm?/s were obtained on anodically pre-treated G- and NG-BDD, respectively,

and both align with literature (10° cm?/s).”

Table 3.1 Figures of merit determined for Fe(CN)¢*’* in 1.0 M KClI using BDD with and without the grid.
*For 50 mV/s scan rate.

. E° Ep,a'Ep/Z,a Dgr X 106 AEP* k* x 10_3
Electrode Pre-Treatment? Technique W) W) n (em?/s) W) (cm/s)
G-BDD Yes Ccv +0.279  0.058  0.97 4.1 0.064 14
G-BDD No Ccv +0.281 0.074 0.76 5.4 0.112 1.6
NG-BDD Yes Ccv +0.282  0.058 0.97 5.1 0.067 12
NG-BDD No Ccv +0.283 0.067 0.84 2.9 0.096 1.8
G-BDD Yes SEC +0.278 -- 0.91 5.2 -- --

Also like Chapter 2, the method outlined by Nicholson''® using Eq. 2 was used to
determine k based on the peak separation (AE,) and Do, calculated for each scan rate. The
values for k and AE, for the 50 mV/s scan rates are listed in Table 3.1. In both cases, the
values for the anodically treated BDD are ‘improved’ than the untreated electrodes where
AE, is smaller (64 and 67 mV vs. 112 and 97 mV for G-BDD and NG-BDD, respectively)
and k is larger (10 vs. 107).

A full scan rate study for the G-BDD after anodic treatment is shown in Figure 3.6
A) for 10 — 100 mV/s in 1 mM Fe(CN)s*>”* in 1 M KCL. B) and C) show CV overlays for the
pre-treated G-BDD vs. pre-treated NG-BDD (B) and the pre-treated vs. un-treated G-BDD
(C) at 50 mV/s. In Figure 3.6 B), there is a close overlay in the response between the pre-

treated G- and NG-BDD electrodes. The slight increase in the anodic response at +0.8 V is
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the beginning of the surface sp*-carbon peak observed in the KCI background (Figure 3.7
E), discussed below). There is a visual difference in the pre-treated vs. un-treated G-BDD
in Figure 3.6 C). Like for AE, and k, E,, — E,», (Table 3.1) was lower on the pre-treated
electrodes than the untreated BDD: 0.058 V was observed on both G- and NG-BDD, with
0.074 V and 0.067 V from their untreated counterparts. These results correspond to larger
k values on the treated electrodes; pre-treated G-BDD was over an order of magnitude
larger than the un-treated material, as seen in Table 3.1. This may suggest the presence
of quinone groups on the surface due to sp*-hybridized carbon at the lased regions of the
BDD grid because of the pre-treatment process, which has been reported in literature.'"*
In general, these results confirm that the pre-treatment process results in an improved

3/4-

response towards Fe(CN)s”* and that the electrochemical activity is not hindered by the

presence of the grid.
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Using the pre-treated electrodes, the potential window for both BDD electrodes was

then examined in five aqueous electrolytes: 1.0 M H,SO,4, 1.0 M NaOH, 1.0 phosphate-
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buffered saline (PBS), 1.0 M KNOs, and 1.0 M KCI. The respective CV i-E curves for each
electrode in the electrolyte series are shown in Figure 3.7. A threshold of 0.4 mA-cm™ was
used in the oxygen- and hydrogen-overpotential regions to determine the anodic and
cathodic potential window, as previously described by the Macpherson group.'”* In PBS,
KNOs, and KCI, the potential window was similar on both BDD electrode types, and the
values determined for each electrode are listed in Table 3.2. These values agree with
previous findings.>*>»87101:104138142 1y KNQ,, an anodic peak ca. +1.2 V was observed on
both electrodes, but with a larger magnitude on G-BDD (1.34 vs. 1.22 mA-cm™). This peak
has been attributed to signatures of sp*-carbon, so the increased signal on G-BDD is
expected.'”’ However, in KCI, a cathodic peak appears at approximately 0 V for both
electrodes. This phenomenon has not been reported in literature, but it is hypothesized
that it may be a result of reaching significant current densities in the O, overpotential.

Further discussion about this result is presented in Chapter 5.
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Table 3.2 Potential window magnitudes for the G- and NG-BDD electrodes in various electrolytes (1 M).

H2S0, NG-BDD 3.16

NG-BDD 3.15

An increase in the baseline current was observed with G-BDD in 1.0 M H,SO,, as
evident in Figure 3.7 A), which caused the measurement of the anodic potential limit to

be skewed. However, the oxygen overpotential was not reached until nearly +2.0 V.
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Considering the baseline current, the potential window was 1.42 V with G-BDD. With
baseline correction, this nearly doubles to 2.85 V, and a window of 3.16 V was observed
using NG-BDD with no baseline correction needed (Table 3.2).

Measurements completed in 1.0 M NaOH (Figure 3.7 B) also yielded a difference
between the potential window of the BDD electrodes. Also listed in Table 3.2, a potential
window of 2.70 V was observed on NG-BDD, while 2.05 V was observed on G-BDD. The
oxygen-overpotential (OH oxidation) accounted for most of the difference in the potential
window (NG-BDD: 0.92 V, G-BDD: 0.50 V), again, likely due to the presence of sp*

36,107,143-145

hybridized carbon.

3.4 Spectroelectrochemical Measurements

The Fe(CN)s*’* redox couple was used again since the reduced form (ferrocyanide)
does not absorb light and the oxidized form (ferricyanide) exhibits strong absorption at
420 nm (& = 1020 M"-cm™). Two SEC techniques were used: thin-layer diffusion (TLD)
and semi-infinite diffusion (SID). For both the TLD and SID studies, the analyte began as
the colorless Fe(CN)¢* and oxidizing potentials were applied to generate the yellow

Fe(CN)¢* solution.

3.4.1 Thin-Layer Diffusion
The TLD measurements yield E° via a Nernst plot (log([Ol/[R]) vs. E.). This
regression combines the Nernst equation and the Beer-Lambert law, summarized via the

modified Nernst equation (Eq. 11):'*
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2.303RT Abs(0)

— IO
Ecell_E + nF log(Abs(R))

(11D

The UV-Vis spectra obtained for the TLD study is shown in Figure 3.8 A) along with the
corresponding Nernst plot in B), displaying the expected characteristic peak shape for
Fe(CN)s”, with a 4. ca. 420 nm. In this experiment, the potential was stepped from 0 V
to +0.4 V vs. Ag/AgCl in increments of 0.05 V after +0.15 V. The potential was held at
each step for 5 — 8 min. until the absorbance and current stabilized. As the potential was
increased, a proportional increase in the absorbance response was observed, indicating the
conversion of Fe** to Fe*' in the TLD cell. Using the absorbance value at A, (420 nm), a
Nernst plot was generated and is shown in Figure 3.8 B), exhibiting excellent linearity (R?
= 0.999). Since the y-intercept of the Nernst plot yields E°, this value was determined to
be +0.278 V vs. Ag/AgCl (3.5 M KCl).

After normalizing the Ag/AgCl reference potential with a Cl" concentration of 3.5
M for all electrodes, E° by TLD-SEC is nearly identical in magnitude to all other
measurements completed with CV (Table 3.1). No statistical difference in E° was observed
between TLD-SEC and CV on G-BDD (95% confidence). The slope of the Nernst plot
(0.059/n) was used to determine n. The value observed with TLD (0.91) was also close to

what was obtained using CV with pre-treated G-BDD (0.97) and NG-BDD (0.97).
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3.4.2 Semi-Infinite Diffusion

The SID measurements were completed using chronoabsorptometry where a single
potential step was applied such that the BDD grid electrode potential was held at 0 V vs.
Ag/AgCl for 20 sec. before stepping to +0.8 V for 120 sec. Based on the combined CV and
TLD results shown in Figure 3.6 and Figure 3.8 A), +0.8 V gave sufficient overpotential
to keep the process diffusion limited. The absorbance response at 420 nm was then
monitored over time before and after the potential step. Five trials were conducted for all
measurements and averaged to provide the reported values.

Figure 3.9 A) shows the original Absorbance (Abs) vs. time (t) at 420 nm and B)
displays the chronoabsorptometry plot (Abs vs. t?), where the O-time point is taken as the
moment the potential step to +0.8 V vs. Ag/AgCl was made. In both figures, there are two
regions of separate slope, indicating that G-BDD follows the trend for previous work using
mini-grid electrodes.”” The region after 3 seconds in Figure 3.9 B) (purple), is attributed

to G-BDD exhibiting a pseudo-planar surface (discussed below). A strong linear
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relationship was obtained in this region (y [a.u.] = 0.0079x [a.u./s"?] + 0.048 [a.u.], R®

= 0.996).
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To accurately determine D from this data, the three-dimensional geometry of the
G-BDD electrode must be considered. It is different from the equation that has been

classically used to define the relationship between absorbance and time after an

electrochemical potential step:

Abs = ZSIC\/% (12)

This equation holds for an electrode with one conductive side, where the light path only
traverses one diffusion layer on the singular electrode surface (e.g., BDD thin film on one

side of a quartz slide). This relationship is derived by combining the Beer-Lambert Law,
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Abs = €lC (13)

with the charge-concentration relationship

Q = nFAC (14)
which equation simplifies to

Abs s_l

T T nFA (15)

and can be combined with the Anson equation (Eq. 16) to produce Eq. 12.

Q= 2nFAC\/% (16)

All terms have their usual meaning.
However, with multiple conductive sides to the OTE, the light path will include
multiple, distinct diffusion layers. This was first postulated by the Murray group in 1971

using an Au grid electrode that was conducive on two sides, and they modified the Abs vs.

t1/2 147

relationship accordingly.

Abs = 4elC |2 (17)

Vi
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This derivation is like the described above, only now considering that the Beer-Lambert
Law must be doubled since a diffusion layer would develop on both sides of their Au OTE
(Abs = 2¢lC). 1t is important to note that the thickness of the Au grid electrode was no
larger than ~8 pm, which is 50 times smaller than G-BDD. The Murray group reported
additional theory on SEC with their Au mini-grid electrodes that is applicable to G-BDD.

1/2

When evaluating the Q vs. t’° response at short timescale, they mentioned that the

diffusion layer is small relative to the wire dimension and linear diffusion will prevail.'*
The slope of the plot in this timescale is proportional to the microscopic surface area (A.c).
At sufficiently long times, the diffusion layer will become large relative to the hole and
wire dimensions.'*” This will then cause the diffusion layers from individual wires to
merge, linear diffusion will dominate, and the slope of the plot is proportional to the
macroscopic surface area (A,..). The averaged diffusion profile under this condition would

cause the grid to behave as a pseudo-planar surface. In turn, the Q vs. t*

response should
exhibit separate short- and long-time linear segments and only in the case where A, =
Apnqe Will the slopes be the same.

With the Abs vs. t"> response, Murray et al. mentioned that most of the
characteristics would be like Q vs. t"2.'* However, only the solution present in or above a
hole would interact with the light path and the response from any solution present above
an outer wire would be ‘shadowed’ and not optically observed.'*” This means that for linear

Abs vs. t"? response, diffusions conditions where the grid exhibits a pseudo-planar surface

need to be obtained. Therefore, the electrolysis time needed to obtain the pseudo-planar
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surface can be estimated by calculating the amount of time it would take to produce a

diffusion profile depth one-half of the mini-grid hole size using Eq. 18:

f&b = 050 = erf G (18)

ch

where x is the hole diameter size. This could then cause the Abs vs. t'/* plot to exhibit two
regions of different slope at short and long timescales, depending on the hole size.

The phenomena discussed above would be expected to hold true with G-BDD;
however, the thickness of G-BDD (0.375 mm) is 50x larger than any Au mini-grid studied
by the Murray group.'”” Therefore, the diffusion layer development inside the 0.1 mm
diameter, 0.375 mm deep holes must also be taken into consideration, which is depicted
in Figure 3.10. Using the equation above, the time needed to reach a pseudo-planar
surface with G-BDD is approximately 3 seconds, for a theoretical value of 5 X 10° cm?/s
for D of Fe(CN)s". At this time point, the diffusion layer thickness is about 40 um and walls
within the conductive ‘tubes’ confine the electrogenerated Fe(CN)¢> diffusion direction
away from the electrode surface. Fe(CN)¢> can travel either parallel along the walls or
radially toward the center of the tubes. At a relative diffusion layer thickness of 40 um that
builds in all directions, a tube diameter of 100 um (0.1 mm), and a length of 375 um
(0.375 mm), it is reasonable to consider the tube as an additional diffusion region through
which the light path traverses, as depicted in Figure 3.10. Considering this third diffusion

1/2

layer would cause an additional modification to the Abs. vs. t/“ relationship. The Beer-
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Lambert Law would need to be tripled (Abs = 3&lC) and completing the same derivation

as described previously yields:

Abs = 6¢lC |2 (19)

[

Light Path

B = -

Diffusion Layer 1 Diffusion Layer 2 Diffusion Layer 3
(Edge / Face) (Hole) (Edge / Face)

Figure 3.10 Schematic o yers for the G-BDD during SID
measurements.

In the Abs. vs. t? plot (Figure 3.9 B), the time point where the slope magnitude
changes is ca. 3 seconds which then produces a value that is in direct agreement with the
what was calculated using Eq. 19 (the modified chronoabsorptometry equation for a three-
section diffusion layer). After this, G-BDD exhibited a pseudo-planar surface (Figure 3.9
1/2

B). This region was then used to determine D for Fe(CN)¢* using the Abs vs. t

relationship for 3 diffusion layers and a value of 5.2 X 10°® cm?/s was obtained, which is
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within the expected order of magnitude based on literature, and the previously discussed

CV measurements.’>'4’

For justification, if a constant of 4 is used in the Abs vs. t'/

relationship (Eq. 17)
like the mesh electrode used by the Murray group,'* D increases to 1.2 x 10”° ¢cm?/s, which
deviates from the expected literature value and the results gathered using CV. These
results prove that 1) the SID-SEC response with G-BDD follows that published previously

for other mini-grid electrodes, and 2) the constant in the chronoabsorptometry equation

for G-BDD must be larger than 4 due to its characteristic thickness of 0.375 mm.

3.4.2.1 SID Control Studies

Three separate control studies were completed: 1) a benchmark with a Pt-mesh flag
electrode (BASi), 2) a comparative measurement using two models of UV-Vis
spectrophotometers, and 3) reversal of the G-BDD direction so that the nucleation-side,
rather than the grown-side, of the electrode faced the light path.

With the Pt-mesh electrode, the same SEC cell design as G-BDD was used with 25
mM Fe(CN)s* in 1 M KCI. The resulting plots for Abs. vs. t and Abs. vs. t'/* are presented
in Figure 3.11. Unlike for the G-BDD, the t"? plot for the Pt OTE follows a linear pattern
with a singular slope. To calculate D, a constant of 4 (Eq. 17) was used for two conductive
sides, as suggested previously when a similar Au mesh design was used,'* and produced
a value of 7.3 x 10 cm?/s for D, aligning with the literature and previous measurements

/91147

using C However, if a constant of 2 was wused like in the original
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chronoabsorptometry equation (Eq. 12), the value inflated to 2.3 x 10° cm?/s, far from

the expected value.
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determination of D.

Additionally, a set of measurements was completed with G-BDD using a benchtop
UV-Vis spectrophotometer (Agilent Cary 100). The SEC cell design was the same as with
the Ocean Optics setup used previously and the concentration of Fe(CN)¢* was 1.0 mM.
Using a constant of 6, a value for D of 5.1 x 10 cm?/s was determined, nearly identical
to the 5.2 x 10° cm?/s obtained with Ocean Optics.

Lastly, the G-BDD electrode was flipped so that the nucleation-side of the material
faced the light path. Up to this point, all measurements were conducted with the grown
side facing the light path. As seen in Figure 3.5, the holes in G-BDD were lased from the
grown-side to the nucleation-side. This caused a slight taper in the hole as the laser etched
through the BDD and the holes on the nucleation-side ranged 10 - 25 um smaller in diameter

than the grown-side. Considering what this means for the light path exiting a hole smaller in

diameter than the entrance hole, diffraction is likely to occur with the light exiting the nucleation-
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side. Internal reflection could also occur, but this was unlikely due to the BDD inside the holes.
So, by reversing the G-BDD direction, the light would exit a hole with a wider diameter than it
entered, and verification was needed to determine if this would affect the response.

The Abs. vs. 12 response for when the G-BDD was reoriented such that the nucleation
side faced the light source is shown in Figure 3.12 (green-blue) and the shape of the plot is like
that seen in original data where the grown side faced the light source (pink-purple). The electrolysis
time (green portion, Figure 3.12) needed to reach a pseudo-planar surface (blue portion, Figure
3.12) was nearly identical to the grown-to-nucleation results ca. 3 seconds. A strong linear
correlation was observed in the period where the electrode behaved pseudo-planar (y [a.u.] =
0.0074x [a.u./s"*] + 0.0388 [a.u.], R* = 0.996). This corresponded to a value for D of
4.59 x 10° cm?/s, of which is directly in-line with that obtained with the other electrodes
and measurements reported in Table 3.1. This indicates that the orientation of the G-BDD

72 response. In

electrode with these dimensions does not significantly impact the Abs. vs. t
all three cases, the control measurements support modification of the

chronoabsorptometry equation to accommodate the G-BDD electrodes and development

of three diffusion layers.
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Figure 3.12 Chronoabsorptometry of 1.0 M Fe(CN)s*’* in 1.0 M KCl using the BDD OTE. Pink to purple
line: grown side facing light source; Green to Blue line: nucleation side facing light source.

2 relationship to account

While we have proposed this modification to the Abs vs. t
for three diffusion layers, it is possible that the exact value for the constant lies somewhere
between 4 and 6 and is dependent on several factors. For example, the electrode thickness,
diameter of the grid holes, and spacing between holes could all affect the diffusion of the
analyte, especially at the inner layer of the grid. Such variations were out of the scope of

172

this thesis but will be the focus of future work to elucidate the Abs vs. t"“ relationship for

SEC with electrodes like G-BDD.

3.5 Conclusions
An optically transparent, free-standing BDD grid electrode (G-BDD) was fabricated
and characterized topographically, electrochemically, and spectroelectrochemically.

3-/4-

Several important redox parameters were calculated using the Fe(CN)¢"’* redox couple,

such as E”, D, n, and k. A pre-treatment process was used, and the response was compared
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before and after. Additionally, BDD electrodes of the same dimensions without the lased
grid were used as a control. Good agreement was observed between the calculated redox
parameters for the two the electrodes.

Chronoabsorptometry was also completed to determine D for Fe(CN)s* and 5.2 X
10 cm?/s was obtained. To calculate this value, however, modification of the traditional
chronoabsorptometry equation that relates absorbance to t*? (Abs vs. t“?) was required.
Due to the characteristic thickness of the G-BDD OTE (0.375 mm), the light path must
pass through three different diffusion layers: one on either face (two) and one within the
0.1 mm diameter, 0.375 mm thick grid holes. In the 1970s, the Murray group first
published on this phenomenon on multiple conductive surfaces of OTEs and the light path
traversing multiple diffusion layers. However, they used Au grid electrodes and considered
them a surface with two distinct diffusion regions (increasing the constant from 2 to 4).
The G-BDD OTEs used in this work contain three distinct diffusion regions and, thus,
required further modification of the constant (from 4 to 6). The constant is expected to be
somewhere between 4 and 6 and dependent on factors like electrode thickness, hole
diameter, and hole center-to-center spacing and these features will be a focus of future
work. Overall, the work reported here expands the applicability of BDD as an electrode
material and spectroelectrochemical techniques as a suitable method for characterizing

redox analytes in a range of environments.
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4 Boron-Doped Diamond Resilience in Molten Salts Part I:
Topography and Surface Chemistry Investigation

Abstract

This chapter aims to determine changes to the topography and surface chemistry of
the grown and nucleation sides of BDD after exposure to as received and dried chloride
and fluoride molten salts. After ten days of exposure to each environment, each side of the
material was monitored using scanning electron microscopy (SEM) and profilometry to
monitor topographical changes to the surface structure. Electron and optical images were
collected, and the structure of the BDD was characterized with quantitative values like
surface roughness for new and corroded samples.

Then, the chemistry of the material was evaluated using various techniques,
including Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and Time-of-
Flight Secondary Ion Mass Spectroscopy (ToF-SIMS). Based on instrument availability and
prepared samples, some cases (ToF-SIMS) used only samples exposed to salts melted in
the fume hood environment (air-exposed), while other measurements (XPS) only included
samples exposed to dried salts in the inert glovebox environment. These impacts are
considered in the discussion of results for each technique, and gaps remaining are noted
in the proposed future work.

After exposure, only one sample exhibited changes to the surface structure: the
grown and nucleation sides of NaCl-KCl (H). Water and oxygen in this salt system and

environment likely caused the observed etching. These changes were quantified using
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profilometry, and features like roughness, sharpness, and uniformity were slightly altered
due to the corrosion on both sides.

Concerning the surface chemistry, none of the techniques used here detected
differences between the new and exposed samples. In the Raman spectroscopy case,
apparent features were present for the nucleation side, not on the grown side, but this was
consistent regardless of sample treatment. This difference was not seen using XPS. A range
of species were detected using ToF-SIMS, but none indicated changes to the structure or
chemistry of the surface after exposure to either salt. Other methods for characterizing the
surface chemistry may provide alternate results, but based on what was determined using
the methods presented in this chapter, the grown and nucleation sides of BDD seem to be

inert chloride and fluoride salt systems.

4.1 Introduction

Materials compatibility is a primary challenge of high-temperature molten salt
environments across various industrial and lab-scale applications. For electroanalytical
applications, there is a limited selection of robust working electrodes, which often leads to
compromising the quality of the results. Although boron-doped diamond (BDD) has been
regarded as a high-quality working electrode material, its application in molten salt

systems is limited to a small collection of electrolytic reduction measurements.*>®

However, BDD has been used successfully in various other harsh environments,*? so it is
hypothesized that it may be a strong contender as an electrode for sensitive measurements

in molten salts.
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The previous chapters have outlined the impacts of the crystallinity of BDD on the
electrochemical response. Before those experiments can be extended into molten salt
systems, studies are outlined here to determine if the material is resilient under extreme
conditions. It is known that oxygen exposure at elevated temperatures (>600 °C) will
result in etching of the surface,® but there is minimal work otherwise to explore how
diamond would respond to high-temperature liquid salt systems. In the following work,
BDD is exposed to two common molten salt systems, NaCl-KCl (50-50 mol%) and FLiNaK
(46.5-11.5-42 mol% LiF-NaF-KF),"*' for ten days which is longer than most laboratory
experiments would require. Additionally, the impact of using salts that are dried and
melted in an inert Ar(g) glovebox environment versus using salts as received (stored and
used in Los Alamos, NM) and melted in a fume hood under otherwise atmospheric
conditions was explored.

The grown and nucleation sides of new (untreated) BDD are compared to material
soaked in the hood (NaCl-KCl (H) and FLiNaK (H)) with salt that was not dried or in the
glovebox with dried salt (NaCI-KCl (GB) and FLiNaK (GB)). The sample treatments are
outlined in Table 4.1. The topography of the samples was evaluated using scanning
electron microscopy (SEM), and the one sample that corroded (NaCl-KCI (H)) was imaged
and measured using profilometry where metrics like surface roughness were quantified for
each side of the BDD and compared before and after corrosion. Surface structures on thick
BDD films are minimally reported in the literature, where the majority of BDD roughness

has been studied to tailor the surface of thin films for industrial applications.'**'*° This
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work expands the general characterization of large and small-grain crystal structures for

BDD while describing the resilience of the material in molten salts.

Table 4.1 Sample names, salt treatment, and exposure environment.

Sample Name Salt Treatment Exposure Environment
NaCl-KCl (H) None Fume Hood

NaCl-KCl (GB) Thermal drying in glovebox vacuum furnace antechamber Glovebox
FLiNaK (H) None Fume Hood
FLiNaK (GB)  Thermal drying in glovebox vacuum furnace antechamber Glovebox

Additionally, the surface chemistry was probed using Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS), and time-of-flight secondary ion mass spectroscopy
(ToF-SIMS) to determine if factors like termination are affected after exposure to molten
chloride and fluoride salts. However, not all samples were able to be studied with each
technique, so Table 4.2 outlines which samples were evaluated which each instrument.
These methods have been used repeatedly on BDD surfaces, and many results are readily
available in the literature to compare new and exposed samples.*>*''®! However, no
published work using these techniques has been employed after the material has been
exposed to molten salts. This suite of instruments provides preliminary insight into the
effects of these harsh systems on the grown and nucleation morphologies of BDD before it

is used as an electrode in molten salt environments.
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Table 4.2 Matrix describing the techniques used on each sample.

Sample Side SEM _Profilometry Raman XPS ToF-SIMS
Grown X % 5 ) .
New i
Nucleation X % 5 "
Grown & x ) i
NacCl-KCl (H) Nucleation X % 5 -
Grown X . '
NaCl-KCl (GB) (oo )
) Grown 2 § :
FLiNaK (H) 1 eation s -
) Grown % -
FLiNaK (GB) 1o e o :

4.2 Methods and Materials

In all cases, the BDD samples were placed at the bottom of Coors alumina crucibles
with the grown side facing up. All salts used (NaCl, KCl, LiF, NaF, KF) were from
ThermoScientific and reagent grade (>99%). Each salt system was mixed to the eutectic
composition to minimize the overall melting point: NaCl-KCl (50-50 mol%) that melts at
approximately 657 °C* and FLiNaK (46.5-11.5-42 mol% LiF-NaF-KF) at approximately
454 °C.>* The salts melted in the fume hood were weighed, mixed, and ground by hand
with mortar and pestle before being added to the BDD samples in alumina crucibles. Salts
melted in the glovebox environment were first dried as separate constituents within a
vacuum oven antechamber on a VAC NexGen inert Ar(g) atmosphere (<1 ppm H,0, <1
ppm O,) glovebox. The chloride and fluoride salts were dried in two separate runs (NaCl
and KCl followed by LiF, NaF, and KF), each under the same temperature profile: 100 °C
for 6 hours, 150 °C for 6 hours, and 200 °C for 72 hours. The Pyrex jars containing each
salt were covered in aluminum foil with holes to release water during drying. Once dried
and introduced to the glovebox, the salts were weighed, mixed, and ground by hand with

mortar and pestle before being added to the BDD samples in alumina crucibles.
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The fume hood salts were melted using a ThermoScientific Thermolyne Benchtop
Muffle Furnace. The dried salts in the glovebox were melted in an MTI KSL-1100X High
Temperature Muffle Furnace. While the furnace was running in the glovebox or while salts
were dried in the vacuum oven antechamber, a PolyScience DuraChill Portable Chiller was
kept at 5 °C and circulated through the doors of the antechamber and fan system inside
the glovebox. The internal temperature of the glovebox remained below 18 °C for the
duration of all furnace operations. The salts were held at approximately 50 °C above their
respective melting points (700 °C for NaCl-KCl and 500 °C for FLiNaK) for ten days. The
FLiNaK temperature was chosen to ensure melting while minimizing salt creep throughout
the exposure, as higher temperatures encouraged the salt to escape the crucible over the
edges.

The grown and nucleation sides of free-standing BDD (5 X 5 X 0.45 mm) from
ElementSix were first imaged through scanning electron microscopy (SEM) with a
ThermoFisher Scientific ApreoS LoVac Scanning Electron Microscope. Surface roughness
was evaluated via profilometry using a KEYENCE VK-1000X 3D Laser Optical Microscope.
Surface chemistry was studied using a HORIBA XploRA Conical Raman Microscope with a
532 nm laser, a ThermoFisher Scientific Nexsa G2 X-ray Photoelectron Spectrometer, and
a Kore Analytical Time-of-Flight Secondary lon Mass Spectrometer.

Raman spectroscopy is a non-destructive technique that was used to study the
vibrational modes of a given species by taking advantage of photon inelastic scattering
after a laser is reflected off the sample. The resulting spectrum provided insight into the

components of the sample via characteristic peaks at known wavenumbers. For XPS, X-ray
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photons at a known energy and wavelength are used to excite and eject photoelectrons
from various orbitals in the atoms of the sample. The ejected photoelectrons are detected,
and the elemental composition can be described by the resulting count and kinetic energy
(KE) of the detected electrons. Subtracting the KE of the electrons from the KE of the
incoming photons, the characteristic binding energy (BE) of the ejected electron can be
used to describe the element and electron orbital from where it originated. Finally, ToF-
SIMS uses particle beams to dislodge species (ions, molecules, or fragments) from the
surface of the sample, which are accelerated toward a detector. The ‘time-of-flight’ for the
species corresponds to the mass of the sample, and a resulting mass spectrum (measured
using a mass/charge ratio: m/z) is produced with characteristic peaks for various elements

or isotopes.

4.3 BDD Topography

After removal from frozen salt castings, the BDD samples were sonicated in water
to remove excess salt and dried with ethanol before analysis. The surface morphology of
new and exposed BDD was first studied using scanning electron microscopy (SEM) to
visually determine changes to the crystal structure on the grown and nucleation sides. The
one sample that showed etching to the surfaces was then evaluated using profilometry to
quantify changes to the surface structure, including a topographical height map and

roughness factor calculations.
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4.3.1 Scanning Electron Microscopy

The BDD coupons used in the following measurements are slightly different
morphologies from those used in the previous chapters. In this case, the overall thickness
is 0.45 mm, slightly smaller than in Chapter 2 (0.6 mm) and slightly larger than the
material used for the optically transparent electrode in Chapter 3 (0.375 mm). The grown
and nucleation sides of the material used in this body of work are shown in Figure 4.1.
The grown side in A) still has large crystals and is distinctly different from the nucleation
side in B), where the surface texture is indicative of where the substrate was previously
adhered. The surface structure of the ‘bottom’ of polycrystalline material corresponds to
where crystal sizes start small (um scale) during the CVD process and grow up to 50 — 100

um for samples of this thickness.
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After ten days in the NaCl-KCI (H) environment, there is a significant difference on
the grown side of the material, as seen in Figure 4.2 A). Corrosion has occurred at the
grain boundaries, at the edges connecting the facets of each crystal, and even in select
areas where holes developed on some of the facets of the crystals. This feature follows the

expected trend where sp®-hybridization at the grains would be susceptible to etching
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compared to the broader surfaces primarily composed of sp’-hybridized carbon.®*

Delocalized electrons associated with the sp” planes between sp® crystal structures are
more readily available to react with species like oxygen than larger crystal surfaces where
electrons are already occupied in the lattice. However, after the salt was dried and the
exposure was performed under oxygen and moisture-free conditions (NaCl-KCl (GB)), the

surface appeared unchanged, which is highlighted in Figure 4.2 B).

Figure 4.2 SEM of the grown sides of the A) NaCl-KCl (H), B) NaCl-KCl (GB), C) FLiNaK (H), and D) FLiNaK
(GB) BDD samples.

However, the untreated fluoride salt in the air system (FLiNaK (H)) also shows no
change to the surface in Figure 4.2 C), which is also the case for the dried glovebox
fluoride salt melt (FLiNaK (GB), Figure 4.2D). Therefore, the grown side of the BDD is
most certainly resistant in systems that contain only trace levels of oxygen and moisture,
but there is a stark difference between the NaCl-KCI (H) and FLiNaK (H) samples, although

neither used dried salt and both were exposed to air for the duration of the soak. Previous
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reports of high-temperature oxygen exposure for diamond results in etching like what is
seen for the NaCl-KCl (H) sample,® indicating that it is possible that the corrosion
exhibited here is a result of the increased deliquescence of chloride versus fluoride
salts.'®>'®® Furthermore, in previous studies where the surface of BDD was fluorinated
using non-salt methods, no changes were observed using SEM."' Additionally, the 200 °C
discrepancy between the temperatures where the chloride (700 °C) and fluoride (500 °C)
salts were held should be considered. There is a possibility that corrosion was induced by
maintaining a higher temperature, but a logical expectation would be to see at least some
degree of etching, even if minimal, on the FLiNaK (H) sample.

For the nucleation side, the NaCl-KCl (H) in Figure 4.3 A) again has the most
significant transformation compared to the other exposed samples. The grains are more
well-defined than the new or other exposed samples, and a degree of crystallinity has
appeared across the surface. However, the three other samples may also have some degree
of etching at the grain boundaries, as seen in Figure 4.3 B), C), and D), which could be a
result of the proximity to the Al,Os crucible considering the nucleation side was face-down
for the duration of the exposures. If oxygen escaped the ceramic during the ten-day soak,
it would be in direct contact with the nucleation side of the BDD. Nevertheless, the effect
is minimal, and the surfaces of NaCl-KCl (GB), FLiNaK (H), and FLiNaK (GB) resemble the

micrograph in Figure 4.1 B) of the nucleation side of the new BDD.
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Figure 4.3 S \ | o nd D)
FLiNaK (GB)

4.3.2 Profilometry

Following SEM imaging, the material was examined using profilometry to
characterize the roughness of the BDD before and after corrosion occurred. Because
corrosion was only seen on the NaCI-KCl (H) sample, the grown and nucleation sides of
that piece were compared to the new BDD using profilometry. The topographic features
of the other samples were unchanged after exposure based on SEM, so the measurements
would be comparable to the new material. After optical images were taken with the
microscope, laser scanning across the surface fabricated a three-dimensional height map
of the material. The resulting map is accompanied by values for a variety of surface
descriptors outlined in Table 4.3.'®* The arithmetical mean height (S, /um) or ‘roughness,’
is determined by taking the absolute value of the height difference at each point compared

to the mean of the surface. The maximum height (S, /um) is the sum of the largest peak
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height value and the largest pit depth value. The texture aspect ratio (S, 0-1) describes
the overall uniformity of the texture where lower values correspond to more uniform
surfaces The arithmetic mean peak curvature (S,. /mm™) indicates rounder surfaces with
smaller values and sharper surfaces with larger values. The developed interfacial area ratio
(Sar, %) quantifies the percentage of additional surface area that is contributed by texture.
Diamond and BDD surface roughness have been studied, but not always using profilometry
and often for thin films (nm to tens of um in thickness) with roughness values on the nm
scale.””" The other values determined using profilometry in this study have not been

extensively evaluated for diamond, and little to no literature is available for free-standing

BDD.
Table 4.3 Quantified material surface descriptors from profilometric measurements.'®*
Characteristic Symbol Unit or Value Range Description
Arithmetical Mean Height Sa um Roughness
Maximum Height S, um Highest peak
Texture Aspect Ratio St 0-1 Uniformity
Arithmetic Mean Peak Curvature Spe mm'’ Sharpness
Developed Interfacial Area Ratio Sar % v as
due to texture

The material was initially examined using the optical microscope such that an
image of the entire sample was constructed for the grown and nucleation sides of the new
and NaCl-KCl (H) BDD, shown in Figure 4.4. This magnification shows no visible
difference between the new and exposed material on the grown side. However, the
nucleation side was affected, given the dark ring that appeared around the edge of the
sample. Additionally, there are ring-like patterns at various locations across the surface.

The center of the nucleation side for the new and exposed pieces was investigated further,
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indicated by points (i) in Figure 4.4 B) and D). Additionally, the inner and outer rings in
C) are studied closer, as indicated by points (ii) and (iii) in D). The purple horizontal
streaks in A) and C) are artifacts of the image processing, like the large grid that appears

in B).

Figure 4.4 Optical i of n lton sies of (A and B) new and (C and D) NaCIl-KCl (H)
exposed BDD.

The grown side of the new BDD was evaluated. An increased magnification of
Figure 4.4 A) is shown in Figure 4.5 using an optical image (A), a two-dimensional height
map (B), and multiple angles of a three-dimensional height map (C). In the height maps,
the maximum relative peak height value (64.247 um) corresponds to the red regions at
the highest points of each crystal, and the relative minimum value (12.922 pm)

corresponds to the blue regions describing grain boundaries between the structures. The
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height map ranges for the grown side of the new and NaCl-KCl (H) samples are listed in

Table 4.4.

Figure 4.5 Surface structure analysis of the grown side of new BDD. A) optical image with increased
magnification, B) 2-dimensional height map, and C) various angles of a 3-dimensional height map.

Table 4.4 Height map ranges for the grown side of the new and NaCl-KCl (H) samples.

NaCl-KCl (H; 62.625 8.632

When comparing the SEM images between Figure 4.1 and Figure 4.2, there is a
clear difference between the new and NaCI-KCl (H) BDD samples where the chloride-
exposed material experienced corrosion across the surface. However, when viewed by
profilometry, those differences are not apparent in either the higher magnification optical
image or the height maps shown in Figure 4.6, which is an increased magnification of the
surface shown in Figure 4.4 C). In this case, the maximum relative peak height is 62.625
um, and the valleys are lowest at 8.632 um (Table 4.4). These values are comparable to

what was determined for the area observed on the new sample, and the difference could
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result from the non-homogeneity of the grown side of BDD grown to this thickness.
Increased sampling and statistical analysis could be performed to understand better the
significance of any differences determined here, which extends to the quantified surface

characteristics discussed below.

Figure 4.6 Surface structure analysis oI tne grown sidae oI NaGl-KUl (H) exposed BUD. A) optical image with
increased magnification, B) 2-dimensional height map, and C) various angles of a 3-dimensional height map.

Various characteristics of the surface were quantified and are listed in Table 4.5.
In the regions analyzed for the new BDD, S, (roughness) was calculated to be 8.71 pm,
which is significantly greater than what is typically reported for BDD films (typically
nanoscale),"”*"® but not much larger than what was determined for the NaCl-KCl (H)
sample, 8.63 um. However, the diamond films where profilometry has been performed
were often significantly thinner and, therefore, had smaller crystals, resulting in smoother
surfaces. Additionally, S, in the studied areas was found to be 72.4 and 71.0 um, S, is
0.919 and 0.902, S, is 3332 and 3319 mm’, and S, is 1.01 and 1.17 for the new and

NaCl-KCl (H) samples, respectively. These values are similar in both cases, and each
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corresponds to large maximum peak heights for non-uniform surfaces with sharp
structures. On the new material, an excess of 1% of the surface area is attributed to the
texture of the crystals, and this value increased to 17% after corrosion occurred. While this
difference is not visible in the profilometry figures, it corresponds to the etching seen in
the SEM micrographs at the grain boundaries, edges between the facets on each crystal,
and on the facets in some areas. Values of this nature are not readily available in previous
reports for polycrystalline BDD to make reasonable comparisons. However, this

information provides a relative baseline to compare with the NaCl-KCI (H) sample.

Table 4.5 Surface roughness characterization of the grown side of BDD before and after exposure to NaCl-
KCl (H).
Sample Side S,(um) S,(um) S« (0-1) Sp(mm?) Sq (%)
New Grown  8.71 72.4 0.919 3332 1.01
NaCl-KCl (H) Grown  8.63 71.0 0.902 3319 1.17

The nucleation side of the BDD shows a vastly different topography, which is
evident using both SEM and profilometry. Figure 4.7 is a magnification of region (i) in
Figure 4.4 B) and includes an optical image of the region (A), a two-dimensional height
map (B), and multiple angles of a three-dimensional height map (C). Here, the highest
measured surface is only 11.563 um, and the lowest is 10.357 um, a significantly smaller
difference compared to the surface structures of the grown side. This range is compared
to that of the NaCl-KCI (H) sample in Table 4.6. In this case, there are select locations
with taller structures, but most of the surface falls along the lower end of the height

spectrum.
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Figure 4.7 Surface structur ' nage with increased
magnification, B) 2-dimensional height map, and C) various angles ot a 3-dimensional height map.

Table 4.6 Height map ranges for the nucleation side of the new and NaCI-KCl (H) samples.

The NaCl-KCl (H) nucleation side shows a different height distribution than the
new piece. Figure 4.8 magnifies region (i) in the middle area of Figure 4.4 D). The
internal and external rings will be discussed in more detail below. For this area, instead of
most of the surface residing in the lower end of the height spectrum, the corroded piece
exhibits significantly more of the surface at the mid-range (9.049 to 7.816 um, listed in
Table 4.6). Additionally, roughness increases across the material regardless of the height
in each area, which corroborates the increase in grain boundary depth shown in Figure
4.3 A). The peak height in this region is also slightly lower than the lowest portions
measured on the new sample. However, further sampling and analysis should be
performed to calculate standard errors for each sample and determine if there is statistical

significance between the samples.
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Figure 4.8 Surface structur . ' BDD. Central region
(i): A) optical image with increased magnitication, B) 2-dimensional height map, and C) various angles of a
3-dimensional height map.

Figures of merit describing the nucleation side of each sample are listed in Table
4.7. Significantly different from the grown side, the value for S, for the nucleation side of
the new material was calculated as 0.120 um. This value increased to 0.136 um for the
NaCl-KCl (H) sample, which is expected given the change in texture observed visually and
the smaller scale of the height distribution for the nucleation sides overall. Although much
less than the grown side, these values for roughness are still relatively large for what has
been previously reported for BDD films (nanometer to sub-nanometer scale).**'*®
Additionally, S, in the studied areas on the nucleation sides was found to be 4.47 and 4.58
um, S, is 0.623 and 0.712, S, is 362.0 and 547.4 mm™, and S, is 0.0129 and 0.0252 for
the new and NaCl-KCl (H) samples, respectively. Each of these descriptors is significantly
smaller than what was observed for the grown sides. In both cases, each sample
corresponds to much smaller maximum peak heights for moderately non-uniform surfaces

with rounder structures than the grown side of the respective samples. On the new
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material, an excess of 0.0129% of the surface area is attributed to the texture of the
surface, and this value increased to 0.0252% after corrosion occurred. Again, these
contributions are fractions of what was observed for the large crystals on the grown side,

but the value almost doubled after exposure to the air-exposed salt system.

Table 4.7 Surface roughness characterization of the nucleation side of BDD before and after exposure to
NaCl-KCl (H).
Sample Side Sa(um) S, (um) S& (0-1) Spc(mm™) Sy (%)
New Nucleation 0.120 4.47 0.623 362.0 0.0129
NaCl-KCI (H) Nucleation 0.136 4.58 0.712 547.4 0.0252

On both samples, the grown sides are significantly taller, sharper, less uniform, and
the texture contributes much more to the overall surface area. These differences quantify
the visual observations via SEM, optical images, and height maps. The grown and
nucleation sides changed in different ways when comparing the new and exposed samples.
The changes were minimal on the grown side after exposure. The roughness, maximum
peak height, and sharpness decreased very slightly, while the uniformity and additional
surface area because of texture both slightly increased. The physical structure of the
crystals in the BDD did not truly change shape, but the way the value for sharpness is
calculated affected the overall description due to the corrosion observed on the surface in
various areas.

After exposure on the nucleation side, the roughness and maximum peak height
increased. Although the material did not grow, the value for S, is determined by
considering the highest height value combined with the lowest, and because of the

corrosion, the lowest point on the surface increased the overall ‘maximum peak height’
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calculation. Additionally, the uniformity decreased, the sharpness increased, and the
surface area contributed by texture increased. These factors support the increased texture
in the height maps when comparing Figure 4.7 and Figure 4.8.

Two unexpected features appeared on the nucleation side of the NaCl-KCl (H)
sample. Multiple small, dark rings appeared in the upper portion of Figure 4.4 D), and a
large dark ring appeared around the edge of the whole sample. Measurements were
performed in each of these areas. An increased magnification optical image of region (ii)
in Figure 4.4 D) is shown in Figure 4.9 A) along with a two-dimensional (B) and three-
dimensional (C) height map. This portion of the surface represents the bottom left edge of
one of the small rings where the height ranges from 9.066 um to 7.716 um. The ring
pattern is visible in the optical image and height maps, indicated by the slightly darker
and yellow vertical area. These color variations indicate that the ring is elevated compared
to most of the surface, but an explanation for this is unclear. One possible explanation
could be related to oxygen release from the Al,O; crucible during the exposure, producing
a bubble of air between the crucible bottom and nucleation side (facing down) of the BDD.
This would selectively etch the central portions of the material more rapidly than the
edges. However, previously published tests of Al,O; corrosion resistance in NaCl-KCl,
specifically, found that little-to-no change was found to the surface of the ceramic after
400 hours of exposure to the salt at 800 °C,'® meaning the likelihood of an entire oxygen
bubble forming during the present study (250 hours at 700 °C) is highly unlikely. A similar
process that may explain this phenomenon would be if the BDD etching process resulted

in the production of gases like CO, that may have been trapped, further reacting with the
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surface of the material and unable to escape. Again, this mechanism requires further

investigation before a conclusion can be made.

%

Figure 4.9 Surface StrucCtll. wiusyow vs wic srucicauon viae v svaus ssws sy vapuooed BDD. Internal ring
region (ii): A) optical image with increased magnification, B) 2-dimensional height map, and C) various
angles of a 3-dimensional height map.

The large ring encompassing the four edges of the sample was investigated by
increasing the magnification of four areas in the bottom left corner, region (iii) in Figure
4.4 D). The four areas are illustrated using optical images (left) and two-dimensional
height maps (right) in Figure 4.10. The four regions are not a perfect stitching of the
bottom left corner but generally represent that sample area. The heights range from 9.537
um to 7.756 um, comparable to those observed in the previous areas. However, like in the
case of the smaller internal ring, the dark regions observed in the optical image of the
bottom corner correspond to the larger end of the height spectrum. Again, there is no
explanation for this feature that is immediately obvious and should be the focus of further

investigation.
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Figure 4.10 Surface structure analysis of the nucleation side of NaCl-KCl (H) exposed BDD with optical
images (left) and their corresponding height maps (right). External ring region (iii): 1) left side edge, 2)
central region, 3) corner edge, 4) bottom edge.

4.4 BDD Surface Chemistry

To determine if the exposure to molten salts changed the surface of the BDD, the
grown and nucleation sides were investigated using Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS), and Time-of-Flight Secondary Ion Mass Spectroscopy
(ToF-SIMS). Each technique uses a unique approach to probing the BDD crystal structure

and exploring material composition.

4.4.1 Raman Spectroscopy

The first measurement performed to study the surface chemistry of the grown and
nucleation sides of the material was Raman spectroscopy. Raman has been used
extensively to study BDD in various forms, primarily identifying sp® and sp® hybridized
carbon, residual silicon from the substrate material, and boron incorporation.*>!*%%-172

The grown and nucleation sides of the new BDD were first analyzed as a baseline

measurement to compare the exposed samples. The spectra are overlain in Figure 4.11,
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and it is clear to see that the primary features present include the sharp sp® peak at 1332
cm’ on the grown side, which corresponds to the first-order diamond Raman line expected
at 1330 cm™ for C-C stretching, whose slight positive shift is indicative of the large grain
size.'®>1%172 The same sharp sp® peak appears within the broader features associated with
the G peak for amorphous carbon ranging from 1520-1580 cm™.'® In this case, the sp®
peak is at precisely 1330 cm™ due to the smaller grain size for the nucleation side. It is
expected that a 520 cm™ first-order silicon Raman peak'® would appear, considering the
nucleation side was previously attached to a silicon substrate during the chemical vapor
deposition (CVD) growth process, but if present, it is lost in the noise caused by a broad
peak around 500 cm™’. These results correspond to the expected carbon structures
associated with the large crystals on the grown side that are primarily sp® carbon, and the
increased grain boundaries on the nucleation side introduce a significant amount of sp?
carbon. However, the origin of the peak at approximately 1240 cm™ is unclear. There have
been reports of broad peaks in the regions of 500 cm” and 1230 cm™ that may be
associated with damage to the crystal structure because of the ion beam (consistent with
the phonon density of states of diamond), or they may be indicative of boron incorporation
into the lattice.'*'**'%® Both phenomena are plausible explanations, but the likely source

is doping at boron concentrations >10%° cm™ and various reports of this result,!6*16+167.169
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Figure 4.11 Raman spectra of the grown and nucleation sides of new BDD.

After exposure to the molten salts, it was anticipated that the surface chemistry
would be altered, potentially with respect to termination of the surface where various
species can form bonds with the surface or carbon hybridization as the crystals are etched
(in the case of the NaCl-KCl (H) sample) converting sp® to sp> carbon. Typically, BDD
surfaces are either oxygen or hydrogen-terminated; however, previous studies have found

160 Minimal work has been

minimal changes in Raman spectra based on termination.
performed in the chlorination of BDD, but quite a few reports are available for surface
fluorination and studied with Raman spectroscopy. For example, plasma-induced
fluorination and chlorination of BDD found no change with respect to the sp® and sp?
carbon, and no other changes were reported.’”'”>'7® However, with Raman spectroscopy
at 1096, 1251, and 1347 cm™, C-F stretching was observed for BDD that was grown using
a BF; source during the CVD process (as opposed to B,Hs, for example) [169]. Yet another

study used a thermal reaction of elemental fluorine with undoped diamond and found the

same three peaks for C-F stretching as the BFs-sourced BDD.'® Furthermore, fluorine was
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physisorbed for BDD film via electrochemical modification in tetrabutylammonium
tetrafluoroborate and studied with Raman spectroscopy, but the resulting peaks were most
likely a result of the monolayer composition as opposed to direct C-F bonding.'”® Of these
examples, none involve the exposure of BDD to high-temperature halogen salts to provide
a clear expectation of what should be observed on either the grown or nucleation sides of
the material in the present study.

Raman spectra of the grown and nucleation sides on new, NaCl-KCl (H), NaCI-KCl
(GB), FLiNaK (H), and FLiNaK (GB) samples are shown in Figure 4.12 A) and B).
Although there may be variation in intensities, the same features seen on the new samples
are present for the exposed material, with no new artifacts to report. Compared to previous
studies that claimed to chlorinate or fluorinate the surface of BDD, the material in this case
seems unchanged. The same responses for sp?, sp’, B, and Si are present, but the
anticipated peaks for C-F, any indication of possible C-Cl formation, or any other factor
published previously for halogenation of BDD surfaces are absent. The lack of change in
the Raman spectra does not necessarily rule out changes to the surface chemistry,
considering plasma-induced fluorination or chlorination did not change Raman
spectra.”"'”® However, any changes that may have occurred do not reflect what has been
previously reported in the literature for other techniques to incorporate F or Cl into the
material.'®”'”° Further investigation is required to fully characterize the surfaces of BDD

after exposure to chloride and fluoride salts.

89



' D’
310*
.
2510 1510
g e — FLiNaK (GB) ,; -FLiNaK (GB)
& &
z P & 110
w —
£1510 2 A
| & 3
- i A \'\ A
110 N A
\ 5000 U A
5000 oo b e e

Figure 4.12 Raman spectra of the A) grown and B) nucleation sides of new, NaCl-KCl (H), NaCl-KCl (GB),
FLiNaK (H), and FLiNaK (GB) exposed material.

4.4.2 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is another non-destructive technique that
can further explore surface chemistry through elemental identification at and just below
the surface of the material (nm scale). If bonds like C-F or C-Cl are formed on the surface
of the BDD after exposure to NaCl-KCl or FLiNaK, XPS should be able to describe these
features. In the case of C, for example, the photoelectrons detected typically originate from
the core 1s orbital in BDD with a BE of 284 eV."7'¥1%2 Due to logistical constraints, the
following measurements include new, NaCI-KCl (GB), and FLiNaK (GB), but not NaCl-KCl
(H) or FLiNaK (H). It is not expected that corrosion or the air-exposed environment would
affect the results based on the lack of change in SEM images (outside of corrosion seen for
NaCl-KCl (H)) and Raman shifts. On the new samples, the primary peak expected is the
C1s representative of C-C bonds on the surface, and this is observed at 284 eV for both the

grown and nucleation samples seen in Figure 4.13."7%1%71%
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Figure 4.13 XPS of the grown and nucleation sides of new BDD.

There is literature available identifying differences in carbon hybridization by

194 50 it is possible that this phenomenon

observing slight positive shifts in BE (<1 eV),
would be observed when comparing each side of the BDD. Although the increased
presence of sp® hybridized carbon on the nucleation side as shown by Raman spectroscopy,
the delocalized electrons in the pi bonding of polycrystalline diamond are not in the form
of C=C double-bonding like in hydrocarbon molecules but rather serve as connecting
planes between sp® hybridized material. Therefore, it is expected that both sides would
have similar, if not identical, features of single C-C bonds.'”® In addition to evidence of
carbon, there is a strong O1s peak at 532 eV representative of C-O bonding on the surface
of each side."*'® Reports of BDD XPS spectra do not include the presence of B (expected
at 190 eV),"7>"*" which is reflected for both the grown and nucleation sides.

Like Raman spectroscopy, several studies have been published for XPS spectra

following the fluorination and occasional chlorination of BDD wusing various
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methods."*'7%!7317¢ If fluorination occurs in the form of C-F bonds on the surface, a peak
at 687 eV is expected for the Fls photoelectron ejection.’%7+1761931% Again  there is a
significant gap in the literature regarding the chlorine functionalization on the surface of
BDD, but one example using plasma-induced chlorination corroborates other samples of
material with C-Cl chemistry that have shown peaks at 200 eV for this feature (Cl2p
photoelectrons).'”>"” However, Figure 4.14 shows that the spectra for the grown (A) and
nucleation (B) sides of new, NaCl-KCl (GB), and FLiNaK (GB) samples have identical
features. Again, the C1s and O1s peaks are the only two significant peaks, and they appear
at the expected BE values based on literature and when compared to the new material.
Unlike previous reports of fluorinated BDD surfaces, there is no presence of an F1s peak,

or in the case of general C-Cl bonds, there is no evidence for the Cl2p peak.
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As in the case of Raman spectra, there is no apparent difference between the new
and exposed samples using XPS to characterize the surface chemistry of BDD. When

comparing to previous claims of fluorination and C-CI bonds, neither side of any sample
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shows the presence of these features. Only C1s and O1s peaks are present, indicating only
C-C and C-O bonding were detectable using this technique. Given the sensitivity of XPS
and the results discussed in the previous section, it may be inferred that the material is
inert in molten chloride and fluoride salts. However, further analysis may be performed to
understand better if other changes aside from halogenation have occurred on the surfaces

of the material, like ToF-SIMS.

4.4.3 Time-of-Flight Secondary Ion Mass Spectroscopy

Time-of-flight secondary ion mass spectroscopy (ToF-SIMS) is yet another non-
destructive analysis technique sensitive to compositions of sample surfaces to nm scale
depths. This technique has been applied to materials comprising both diamond and non-

178,198-202

diamond carbon, and has been extended to BDD where the primary characteristics

include principal components®”

in the form of hydrocarbon, H,C,0, compound,
borocarbon, and borohydride ion fragments.'””**" However, the only comparable literature
for this study with respect to material changes after a surface treatment is a measurement
performed on an undoped, single-crystal diamond after exposure to LiCl-KCl for five days
which found Li leaching into the crystal lattice.*** Still, there is no readily available
literature where diamond material exposed to fluoride salts, where polycrystalline
diamond is exposed to molten salts, or where diamond doped with boron is exposed to

molten salts of any kind have been studied using this method, much like the techniques

discussed previously in this chapter.
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The grown side of the new, NaCl-KClI (H), and FLiNaK (H) samples were measured
using ToF-SIMS after a light sputtering with Ar™ for 2 minutes prior to analysis to remove
surface contaminants. A 250 X 250 um region was analyzed using a ®Ga* liquid metal ion
gun at a base pressure of 5 X 10"° Torr. Although the BDD was dried with ethanol after
removing the salt with sonication in deionized water, there was apparent off-gassing while
the samples were being introduced to the instrument. The ion sputtering pre-treatment
likely helped to remove much of the species that would be present because of the
remaining water.

Each sample showed various levels of the same species and the individual isotopes
detected along with principal components as negative or positive ion fragments are listed
in Table 4.8. The elements included in the detection of negative ion fragments include H,
C, O, F, Na (not identified as an individual isotope peak, only as a part of a fragment ion),
and Cl, and the positive ion fragments were composed of H, Li, B, C, Na, and K. However,
the new sample should not have salt components on the surface (Li, Na, K, F, or Cl), the
NaCl-KCl (H) sample should not have Li or F species, and the FLiNaK (H) sample should
not have Cl-containing fragments. One explanation could be related to the off-gassing of
water during sample introduction which may have induced cross-contamination. The

levels to which this occurred is discussed in more detail below for each sample.

Table 4.8 Isotopes and principal components in the negative and positive fragment ions detected for the
grown side of the BDD samples.
Fragment Ion Charge Isotope Peaks Principal Components

12C2-’ 12CH-’ 12C21H-, 12C21H2-, 12CX1Hy-’

Negative 'H, C, '°0;, “F, *Cl, ¥Cl 1601, 2Na'H, *CI'H, YCI'H,
POSitive 1H+’6Li+, 7Li+, 10B+, 11B+, 12c+, 23Na+, 12C2+, 12C2Hx+, 12clH+’ 12C1H2+, 12C1H3+’
39K+, 40K+, 41K+ 6Li2+, 7Li2+’ 23Na1H+J 39K1H+’ 40K1H+
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The negative and positive ion fragment patterns for the new sample are shown in
Figure 4.15 A) and B), respectively. The negative pattern has significant 'H and '°O" peaks
and a range of hydrocarbons. Additionally, there was some evidence of *F, **Cl,, and *'CI
isotopes, where the Cl appeared at the expected isotopic ratio of 75-25 % (**CI-*’Cl),** in
addition to CIH compounds containing both isotopes at the appropriate ratio. The positive
fragment pattern included hydrocarbons in addition to relatively large amounts of Na and
the three naturally occurring isotopes of K (A = 39, 40, and 41). However, the K isotopes
did not align exactly with the expected 93.25-0.01-6.73 % ratio,**® which is likely due to
the presence of *KH* and *“°KH*, which affected the remaining fragment pattern and

increased the relative amount of K" identified.
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Figure 4.15 A) Negative and B) positive ion fragment patterns for the grown side of new BDD.

The resulting ion fragment patterns for the NaCl-KCl (H) sample are shown in
Figure 4.16 where A) describes the negative ion fragments and B) describes the positive
ion fragments. Both patterns were like that of the new sample, but in the negative ion

fragments, the two Cl isotopes had a much larger presence, as expected. However, the
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*37CIH was not detected in this measurement, which indicates that it may have been a
product of the cross-contamination during the water off-gassing during sample
introduction. Additionally, the presence of '°0O” and F decreased significantly compared
to the new sample, and there was minimal detection of hydrocarbons within the mass
range of 40 to 60 m/z. The positive fragment pattern was also like the new sample, but a
mass 24 m/z peak developed, which was identified as either *C,* or **Na'H*. The peak
for isotopic **Na* decreased compared to the new sample, therefore, >>Na'H" is likely to

be present due to the trace amounts of NaCl salt that likely remained following exposure.
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Figure 4.16 A) Negative and B) positive ion fragment patterns for the grown side of NaCl-KCl (H) BDD.

The negative and positive ion fragment patterns for the FLiNaK (H) sample are
shown in A) and B) of Figure 4.17. Much like the new sample, the negative fragment
pattern shows a large '"H peak and evidence of ***’CIH. However, the intensities of '°O
and "°F were greater than for either of the other two samples, and overall, the ion intensity
yields were largest for this sample with respect to both the negative and positive ion

fragments. The positive fragment pattern is very similar to that of the new sample, but
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with greater intensities for Na* and all three isotopes of K*, which corresponds to the

exposure to NaF and KF.
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Additionally, light weight principal components may appear at low mass values but
can be overshadowed by the intense peaks of larger species with higher mass values.
Therefore, the positive ion fragment patterns for additional species (< 20 m/z) are shown
in Figure 4.18 for the new (A), NaCl-KCl (H) (B), and FLiNaK (H) (C) samples. A range
of hydrocarbon ion fragments appeared, like at higher masses, in addition to "H* peaks for
each sample at greater intensities for NaCl-KCl (H) and FLiNaK (H). Additionally, the two
naturally occurring isotopes for Li (A = 6 and 7) and B (A = 10 and 11) were visible.
Unlike the previous reports for ToF-SIMS of BDD,"””'®" there are no BH or BC principal
components on any of the three samples, only signals for the two naturally occurring
isotopes. Additionally, the B isotopes should follow a ratio of 20-80 % for '°B-''B and the
Li isotopes are expected to appear at a ratio of 7.6-92.4 % for °Li-’Li.**”**® The FLiNaK (H)

sample showed the greatest intensity for the “Li, which corresponds to the LiF exposure in
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the FLiNaK, and it was also the only sample to show both isotopes at the expected ratio.
This trend, in addition to the generally higher intensity yields on the previously discussed
fragment patterns for the FLiNaK (H) sample, may be a result of the large '°O" peak, which
is known to enhance secondary ion yield for electropositive species (e.g., Li, B, Na, and K
isotopes).?**?!° Furthermore, the '°O" peaks for the new and NaCI-KCl (H) samples which
are lower and lowest, respectively, which aligns with their relative intensities for positive
fragment ion patterns. The higher intensity of B isotopes for the FLiNaK (H) sample
compared to the new and NaCl-KCl (H) samples supports this hypothesis as well. However,
regardless of the '°O peak intensity for NaCI-KCl (H), the lower mass hydrocarbon positive
ion fragments are relatively strong intensity yields, which may be a result of the corrosion
observed using SEM that could have graphitized the BDD due to high-temperature oxygen

exposure given the non-dried salt melted under non-inert conditions.®*

40 20 0 ”
12C1H,*+/7Liy* 1+
530 2 30 1201+ | 12c1H,* G 30
= 7Li+ =] | | =1
8 4 g 12C+ /7L +\| ‘ g 12C+/7Li2+
= e ) o 12¢1
20 12C+/7Li,* 20 ‘ 20 CIH*
g FCHH* | R 12C1H. +
MG, /7L, N ug+Ql | 2C'H,
g+ i
10- H* B { " J‘I‘2C1H3+ 10 - - - 12C1
SLi* 10B+ | g TLi+ B 64
6Li+ 'l" 1DB+‘: | I 1UB+
o™ B e e 0 HSm == =SENENN - 0 [ II
0 5 10 15 20 0 5 10 15 20 0 5 10 15
Mass (m/z) Mass (m/z) Mass (m/z)

Figure 4.18 Low mass (m/z) positive ion fragment patterns for the grown side of A) new, B) NaCl-KCl (H),
and C) FLiNaK (H) BDD.

The culmination of data from ToF-SIMS of the new, NaCl-KCl (H), and FLiNaK (H)

samples provided a wealth of information regarding the species at the surface of the
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material. However, species that did not appear were indications of changes to the surface
with respect to termination or bonding of the carbon to salt species, including C-F or C-Cl
bonds that would be expected following the fluorination or chlorination of the BDD. The
salt components that appeared are, instead, likely the result of the highly sensitive
technique detecting residual, trace levels of salt on the surface that remained even after

sonication.

4.5 Conclusions

In this chapter, the surface structure and chemistry of the grown and nucleation
sides of BDD were investigated before and after exposure to NaCl-KCl and FLiNaK either
in air or using thermally dried salts in an inert glovebox. The surface of the BDD was
visually inspected using SEM to determine morphological changes or lack thereof, for the
grown and nucleation sides after exposure. Like the previous chapters, the free-standing
BDD showed two distinctly different crystal structures on the grown and nucleation sides,
given the thickness of the material. The only notable change visually observed was for the
NaCl-KCl (H) sample, where corrosion was observed at grain boundaries, the edges
between facets of individual crystals, and, in some cases, holes appeared on the facets of
the crystals.

On the sample that did experience corrosion (NaCl-KCl (H)), profilometry was
performed to quantify changes to the surface, like roughness, uniformity, and sharpness.
The values were significantly different for the grown and nucleation sides on the new and

exposed material, given the differences viewed using SEM and the optical microscope
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portion of the profilometry measurement. After exposure, there was a slight change to the
surface due to etching on the grown and nucleation sides. More surface locations should
be sampled since there are inherent differences for any given portion of the large crystals
on the grown side to determine the statistical significance of these differences. Another
feature observed using this technique was a series of dark rings that appeared on the
nucleation side of the BDD after exposure to the water and oxygen-containing NaCl-KCl.
It is unclear why they developed, especially considering the rings are greater in height
than the rest of the nucleation side. This phenomenon requires further investigations
regarding corrosion mechanisms and environmental variations, including moisture
content in the salt, temperature, and crucible material during exposure.

The surface chemistry was also studied using a complementary suite of techniques
that approach speciation and elemental analysis from various perspectives by probing
distinctive features of the sample, including molecular vibrations (Raman), photoelectric
excitation (XPS), and mass spectroscopy of dislodged portions of the material (ToF-SIMS).
There was virtually no change after exposure to the grown or nucleation sides in the
chloride or fluoride samples. Although ToF-SIMS provided the only indication of salt
components, their speciation indicates that they are likely residual from exposure rather
than evidence of changes to the surface chemistry (i.e., termination or bond formation).

However, while Raman was used to study all four exposed samples, XPS was only
performed on the GB samples, and ToF-SIMS was only performed on the H samples, given
their readiness at the time of instrument availability. Further studies could include XPS on

the NaCl-KCl (H) and FLiNaK (H) samples, but differences are unlikely given that the only
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variation seems to be corrosion that occurred on the chloride sample. Additionally, steps
could be taken to better clean and dry the surfaces of the BDD before performing ToF-
SIMS, but this would not be likely to affect the formation of C-F or C-Cl bonds. If
measurements were performed on the NaCl-KCI (GB) sample to compare with the NaCl-
KCl (H) sample, it could be possible to compare the presence of hydrocarbons that may
have been a result of graphitization due to corrosion only seen on the NaCl-KCl (H)
sample.

Although no significant changes were observed using these techniques, other
approaches must be taken to investigate to deem BDD a completely inert material in
molten chloride and fluoride salts. For example, contact angle analysis, atomic force
microscopy, and auger electron spectroscopy each measure other features of the samples
to explore changes to surface chemistry. However, based on the results discussed in this
chapter, a preliminary material analysis of BDD after exposure to chloride and fluoride salt

indicates that it is most likely unchanged.
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5 Boron-Doped Diamond Resilience in Molten Salts Part II:
Aqueous Electrochemical Response Investigation

Abstract

This chapter is a sequel to what was discussed previously, aiming to characterize
the electrochemical performance of boron-doped diamond (BDD) after exposure to molten
chloride and fluoride salts for extended periods of time. Following the same procedure
used before, the material was exposed to NaCl-KCI (700 °C) and FLiNaK (500 °C) either
in as-received salts in air or in dried salts in an inert Ar(g) glovebox environment for ten
days. The coupons were then studied in a side-isolating cell that allowed for
electrochemical measurements on either the grown (top, large crystals) or nucleation
(bottom, nanometer scale grain boundaries) using two common analytes,
(ferri/ferrocyanide: Fe(CN)¢*’* and hexaammineruthenium: Ru(NH;)s**/**), in a KClI
electrolyte. Each analyte exploits different electron transfer mechanisms, either inner- or
outer-sphere, that describe different portions of the diffusion layer of an electrode.
Together, performing cyclic voltammetry (CV) scan rate studies of each system on the two
sides of the new and exposed BDD samples should be useful in monitoring changes to the
surface of the electrodes at the Inner Helmholtz Plane (IHP) with Fe(CN)s*’*, or farther
into the diffusion double-layer at the Outer Helmholtz Plane (OHP) with Ru(NH;)****.

Previous studies of fluorinated and chlorinated BDD provided a baseline of expected
changes for the solvent potential windows and any possible changes to CV for Fe(CN)>"*

and Ru(NH;)¢****. However, although there were some changes observed for each of the

three studies, they did not align with what has been previously reported, like widening of
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potential windows and peak separations. Instead, slight differences were found for
diffusion or electron transfer kinetics, but all values determined still fell within the
expected values for measurements on BDD. It was concluded, however, that whatever

3/4 rather than

changes had occurred had a more significant impact on Fe(CN)g
Ru(NHs)¢**/?*, which was anticipated based on their electron transfer mechanisms.
Ultimately, the changes seen to the electrochemical responses of the grown and
nucleation sides of BDD do not align with the expectations for fluorination and
chlorination that have been previously described (e.g., slower electron transfer kinetics).
Therefore, the alterations that have occurred are likely due to another undetermined
change. Further investigation is required to better understand these changes. However,
those changes were not significant enough to eliminate BDD as a potentially useful

electrode in molten salt systems considering all values generally fell within the expected

ranges, and exposures lasted far longer than laboratory-scale experiments would require.

5.1 Introduction

If boron-doped diamond (BDD) is to be used as an electrode in molten salts, it is
imperative to determine changes to its electrochemical performance in addition to the
physical and surface chemistry analysis after exposure to chloride and fluoride systems. In
Chapter 2, two common aqueous analytes (ferri/ferrocyanide: Fe(CN)¢*’* and
hexaammineruthenium: Ru(NH;)¢*/*") were used to characterize the differences in
response based on the morphologies of the grown and nucleation sides of free-standing

BDD given the extensive literature available using the same working electrode material to
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measure these species.®*"*>% This chapter will build upon the previous measurements of
aqueous species each side of free-standing BDD in Chapter 2 and continue discussions
from the materials science investigation from Chapter 4. Cyclic voltammetry (CV) scan
rate studies were performed to determine formal potentials (E°), peak separations (AE),
diffusion coefficients (D), and heterogeneous electron transfer rate constants (k) for
Fe(CN)¢*’* and Ru(NHs)s>*** on the grown and nucleation sides of free-standing BDD
after exposure to molten NaCl-KCl and FLiNaK.

Although there were no significant changes to the topography or surface chemistry
of the material after exposure in Chapter 4, this chapter uses highly sensitive
electrochemical methods that may uncover impacts that could not be detected using the
previous techniques. It is hypothesized that measurements like CV scan rate studies can
further explore impacts that the molten salt systems may have on the performance of BDD
as an electrode. In addition to the materials characterization explored in the previous
chapter (i.e., scanning electron microscopy, Raman, x-ray photoelectron spectroscopy),
literature regarding the halogenation of BDD surfaces often includes CVs of Fe(CN)g>"*
and Ru(NHs)¢**** which can be used for reference for the salt-exposed samples
investigated in the present study.

Two different sizes of free-standing BDD were used for the previous chapter (5 x 5
mm) and this chapter (10 x 10 mm) and were simultaneously exposed to the same four
environments: NaCl-KCI (700 °C) and FLiNaK (500 °C) without drying and in the fume
hood, or after drying and in an inert Ar(g) glovebox for ten days (see Table 5.1). Again,

scanning electron microscopy (SEM) was used to image the grown and nucleation sides of
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new, NaCl-KCI (H), NaCl-KCl (GB), FLiNaK (H), and FLiNaK (GB) BDD samples since the
material used for these experiments needed to be large enough to fit in the side-isolating
electrochemical cell. The increase in surface area of the BDD was also slightly thicker, so
any differences in crystalline structure compared to the smaller samples were captured
using SEM. Finally, aqueous electrochemical measurements were performed for each side

of each sample via CV scan rate studies of Fe(CN)¢*”* and Ru(NH;)¢**** in KCL.

Table 5.1 Sample names, salt treatment, and exposure environment.

Sample Name Salt Treatment Exposure Environment
NaCl-KCl (H) None Fume Hood

NaCl-KCl (GB) Thermal drying in glovebox vacuum furnace antechamber Glovebox
FLiNaK (H) None Fume Hood
FLiNaK (GB) Thermal drying in glovebox vacuum furnace antechamber Glovebox

The electron transfer mechanisms for the redox reactions of Fe(CN)¢*’* and
Ru(NH;)¢**/?* describe different regions of the electrode double-layer. Inner- and outer-
sphere electron transfer processes either involve direct (inner) or indirect (outer)
interactions between the electrode and the coordinated ligand of an electroactive metal
complex.?**?'® In the case of an inner-sphere electron transfer, the mechanism is sensitive
to the surface of the electrode material as the redox reaction occurs at the Inner Helmholtz
Plane (IHP) via the complexed metal with the coordination spheres maintained. In the
case of an outer-sphere transfer, a solvated layer of the electrolyte (e.g., KCl in H,0) is
maintained between the electroactive species and the surface of the electrode, such that
the Outer Helmholtz Plane (OHP) is the plane of closest approach, making the redox
reaction less dependent upon the surface of the electrode. Therefore, with the goal of

monitoring changes to electrochemical response at the IHP and OHP, a wide range of
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insights could result from using analytes with inner- and outer-sphere electron transfer
mechanisms to determine changes to an electrode’s performance before and after
something like molten salt exposure.

In many cases, both Fe(CN)¢*”* and Ru(NH;)¢**** have both been classified as
outer-sphere mechanisms.''*'"*'**'® However, there has been debate with respect to the
mechanisms for Fe(CN)s’* when using carbon, especially BDD, working
electrodes.”>!1176218:220.221 T gcidic environments, outer-sphere mechanisms have been
reported,'****** but in salt systems like KCl and phosphate-buffered saline, inner-sphere
electron transfer has been observed.”>!'"'*17%23 Regardless of the actual mechanism,
Fe(CN)s*’* on polycrystalline BDD has ultimately been considered surface sensitive with
respect to functionalization and surface chemistry for various forms of carbon

95,143,176.221,224 and is assumed to extend that feature to the measurements

electrodes,
performed in this chapter. For the present study, using Fe(CN)s*’* and Ru(NHs)¢****
should speak to electrochemical responses that can be seen in the IHP (electrode surface)
or OHP (solvent layer mediator) after exposure to NaCl-KCl or FLiNaK.

The fluorination of BDD surfaces have been found to have significant impacts on
the electrochemical responses of the material and some examples are reported in Table
5.2, 150172173176 Responses for Fe(CN)s>’* changed significantly, even under acidic
conditions, while those for Ru(NH;)s**/** were virtually unchanged after fluorination or

3-/4-

chlorination.””>'”*'7® In one case, the peak separation seen for Fe(CN)s*’* on plasma

fluorinated BDD increased from 0.170 V to over 1.5 V while that for Ru(NH;)s /2"

increased from 0.1 V to just 0.22 V."™' This study also found a decrease in the kinetics,
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even for Ru(NHs)¢**/?* on fluorinated BDD, to which they attributed to possible ‘downward
bending’ of the band gap resulting in a decreased density of states at the Fermi level
considering the outer-sphere mechanism would not be affect to changes on the surface of

the material. While this feature is beyond the scope of the present study, it could be one

3+/2+

explanation any changes to the response for Ru(NH;)s if there is any change for this

analyte after salt exposure. This further strengthens the argument for an inner-sphere

3-/4-

electron transfer mechanism for Fe(CN)s to compliment results provided by

Ru(NH;)¢**/?*. There was even work to explore the impact of BDD fluorination on the

3+/2* redox couple under aqueous conditions.'”® Like for Fe(CN)¢*"*, the

kinetics of the Eu
peak separation increased significantly, speaking to a decrease in the overall kinetics of

the electron transfer.

Table 5.2 Electrochemical changes of fluorinated BDD electrodes reported in literature.

BDD Treatment Aqueous Analyte Electrochemical Response Reference
Fe(CN)&/* e AE,: 1.3 Vincrease
6 .
CF, plasma exposure S Decreasesl 151
Ru(NHa) /2 e AE;: 0.12 Vincrease
e k: Decreased
Fe(CN)&/* e AE,: >1.2Vincrease
6 .
Cl, and CF, plasma exposure SMfhiccrcased 173
Ru(NHa)& 2+ e AE,: No change
e k: No change
KCl o Negative H(g) shift
CF, plasma exposure Fe(CN)g*7* e k: Decreased 176
Ru(NH;) 2+ e No change
3.4 e AE, increased
Fe(CN)s e k: Decreased
CF, plasma exposure Eu+2t e AE, increased 195
e k: Decreased
HCIO4 e 5V Potential window

Multiple studies in the literature have shown that the solvent potential windows for

fluorinated species extended in the negative direction after fluorination and chlorination,
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such that the hydrogen gas evolution appeared at more negative potentials compared to
new BDD."""7*'% Additionally, these reports included that additional anodic peaks
appeared and were attributed to a layer of fluorocarbon polymer that formed on the
surface.””'7*'® Evaluating the solvent windows and performing scan rate studies of
species like Fe(CN)*"* and Ru(NHs)s**/** could provide insight to surface changes of the
BDD after exposure to the salts. Although the measurements in the previous chapter did
not indicate significant differences, the increased sensitivity of electrochemical methods

could expose even subtle changes to the material.

5.2 Methods and Materials

The preparation, exposure, cleaning, and SEM imaging in this chapter is identical
to that of Chapter 4. However, in this case the 10 X 10 X 0.6 mm BDD from ElementSix
is used in order to utilize the same plate material evaluation cell from Biologic, LLC, (1 mL
solution volume, exposed surface area = 0.57 cm®) used in Chapter 2 (Figure 2.1)
because the smaller coupons (5 x 5 mm) would not be large enough to create a seal with
the o-ring to retain the solution. The same chemicals used in the aqueous measurements
in Chapter 2 were used here as well, but no anodic pre-treatment was performed on the
new or exposed material to create a direct comparison when performing the
electrochemical measurements. Additionally, these measurements were performed on a
Gamry Interface 1010 potentiostat. The same Ag/AgCl (3.5 M KCl) reference electrode
(BASi) from Chapter 2 was used, but with the Pt wire counter electrode that accompanied

the side-isolating cell from Biologic.
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5.3 Scanning Electron Microscopy

The free-standing BDD used for the following measurements are identical to what
was used in Chapter 2 (seen in Figure 2.2), and thicker with slightly different morphology
than the smaller samples used in Chapter 4 (new material seen in Figure 4.1). The large
crystals of the grown side and nano-diamond structure of the nucleation side of BDD are
shown in Figure 5.1 A) and B). Compared to the smaller coupons, the crystals on the
grown side are slightly larger, and the texture of the nucleation side is also different than
what was observed previously. Instead of clear grains that show the base of the crystal
growth, this material does not have observable grain boundaries at the same
magnification. This feature is likely a result of the etching or polishing process that was
used to remove the silicon substrate after the growth process during manufacturing. This
may be a feature to consider given the impact morphology has shown in previous
measurements, but this difference is inevitable for the current study and should be the

focus of future work.
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Mirroring what was seen for the smaller coupons in Chapter 4, after exposure to
the four systems, the material is virtually unchanged except for the NaCl-KCl (H) sample.
The micrograph in Figure 5.2 A) shows a similar pattern of corrosion that was seen in
Figure 4.2 A) at the grain boundaries, edges between facets on each crystal, and some
areas of the crystal faces. However, the NaCl-KCl (GB), FLiNaK (H), and FLiNaK (GB)
samples show no evidence of etching, further supporting the idea that the NaCl-KCl (H)
environment is uniquely harsh, likely due to the increased presence of moisture which
introduces oxygen that is known to corrode diamond at high temperatures.®**'*>'®* This
result confirms that the material responds similarly to the four exposure conditions

regardless of the moderate differences in morphologies.

Figure 5.2 SEM of the grown sides of the A) NaCl-KCl (H), B) NaCl-KCl (GB), C) FLiNaK (H), and D) FLiNaK
(GB) BDD samples.

The nucleation side of the material also responded similarly to what was observed

in the previous chapter. There is a moderate degree of change on each of the samples with
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the greatest change seen on the NaCl-KCl (H) sample shown in Figure 5.3. Additionally,
for samples like NaCl-KCl (H) and FLiNaK (GB) in A) and D), the grain boundaries seen
in the smaller samples in Figure 4.3 which may be related to the etching and polishing
process, or simple due to the general variation that can occur. For example, the FLiNaK
(GB) sample in Figure 5.3 D) shows artifacts from where the diamond nanoparticle was
seeded into the original substrate through a scratching technique, leaving behind a
negative of that pattern in the final surface structure. Instead, the morphology difference
could perhaps be a result of moderate corrosion to the surface. Samples NaCl-KCl (GB)
and FLiNaK (H) also show a degree of corrosion where, although more aligned with the
roughness seen in the new sample in Figure 5.1 B), there is a slight increase in the
presence of pitting across the surface. Again, the material was grown side up such that the
nucleation side was in direct contact with the alumina crucible where oxygen may have
escaped during the exposure. The measurements in Chapter 4 did not indicate this caused
significant changes on the smaller samples where this phenomenon was more prominent,

but electrochemical investigations may be able to detect impacts from this effect.
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5.4 Cyclic Voltammetry

Like previous chapters have shown, CV is a powerful technique that can be used to
probe electroactive analytes and evaluate electrode performance. In this case, CV was
chosen to characterize free-standing BDD electrodes after exposure to molten NaCl-KCl
and FLiNaK by comparing solvent potential windows for KCl and various figures of merit
for Fe(CN)¢*’* and Ru(NHs)¢*”*, including E°, AE, D, and k. The geometric surface area

exposed for each experiment in the side-isolating cell was 0.57 cm?.

5.4.1 Solvent Potential Windows
When comparing the optically transparent grid and non-grid BDD in Chapter 3, the
current density limit for the oxygen and hydrogen evolution was 0.4 mA/cm®. In some

cases, a baseline correction was used for samples with an increased background
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capacitance that would otherwise skew the actual working window area. This approach is
adopted in the present study as well. Additionally, anodic peaks at +1.2 V vs. Ag/AgCl
were observed for the measurements in 1 M KClI that were attributed to the presence of
sp> carbon which rightfully increased for the grid electrode given the lasing process that
graphitized some of the diamond crystal lattice.

In this case, the grown side of the new material was measured and a window with
approximately equal current densities for the oxygen and hydrogen overpotentials was
selected: +1.75 V to -2.0 V at 100 mV/s. This scan range was used as a standard for the
remaining samples. Based on the previous results for Chapter 3, the solvent potential
windows for 1 M KCl were expected to be approximately 3 V. However, those BDD
electrodes had been anodically pre-treated in 1 M H,SO, while the samples in this chapter
have not. This will likely impact the solvent windows on both side of the material since
the surface is not necessarily hydrogen-terminated.

The grown and nucleation responses on new BDD are shown in Figure 5.4. At
approximately +1.2 V an anodic peak appeared for the nucleation side which corresponds
to the measurements performed in 1 M KCI in Chapter 3. Because this feature is attributed

191 this result corroborates the morphology of the

to the presence of sp® hybridized carbon,
nucleation side has far more grain boundaries compared to the nucleation side.

Additionally, the Raman spectroscopy performed in Chapter 4 detected sp® non-diamond

carbon.
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Figure 5.4 Solvent potential windows for 1 M KCl on the grown (purple) and nucleation (pink) sides of new
BDD. RE: Ag/AgCl; CE: Pt wire.

The potential windows calculated for each side are reported in Table 5.3. The
grown side was found to be 2.88 V and the nucleation side was 2.98 V, including the
anodic sp® peak such that the positive end was chosen at the valley between the anodic
peak and oxygen overpotential. If this peak was not included, the potential window
decreases to 2.31 V. Although the window is slightly smaller for the grown side, the
hydrogen overpotential region of the solvent window is more negative on the grown side.
Overall, the responses on both the grown and nucleation sides are slightly smaller, but

comparable to the results seen for the anodically treated material in Chapter 3.

Table 5.3 Solvent potential windows and oxygen and hydrogen evolution onset potentials vs. Ag/AgCl for
1 M KCl on the grown and nucleation sides of each BDD sample.
Treatment Side Potential Window (V) 0.(g) vs. Ag/AgCl (V) Ha,(g) vs. Ag/AgCl (V)
New Grown 2.88 +1.20 -1.70
New Nucleation 2.98 +0.84 -1.47
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It has been shown that functionalization like fluorination and chlorination will have
an impact on solvent potential windows."*'7®!?* Previous reports describe an extension in
the negative direction, and even the presence of additional anodic peaks after these forms
of halogenation. However, these phenomena are not observed for salt-exposed material.
After exposure to NaCl-KCl and FLiNaK in the fume hood and glovebox, the potential
windows show slightly different features in various ways. The responses on the grown side
of the new (pink), NaCI-KCl (H) (orange), NaCl-KCI (GB) (green), FLiNaK (H) (blue), and

FLiNaK (GB) (purple) are illustrated in Figure 5.5.
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Figure 5.5 Solvent potential windows for 1 M KCl on the grown side of new (pink), NaCl-KCI (H, orange),
NaCl-KCl (GB, green), FLiNaK (H, blue), and FLiNaK (GB, purple) BDD. RE: Ag/AgCl; CE: Pt wire.

The NaCl-KCl (H), NaCl-KClI (GB), and FLiNaK (GB) sample shows an additional
broad cathodic peak around 0 V which was also observed for the material used for Chapter
3 where both sides of the BDD were simultaneously exposed to the solvent during
measurements. This is likely attributed to the large current density achieved at the positive
overpotential, which may induce a reduction event of some kind. The 0 V cathodic peak

seems to correspond with the magnitude of the oxidative overpotential, so this
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phenomenon should be studied further to better understand the mechanism of the
reaction. However, it does not have significant implications for the current study.

Unexpectedly, the sp® carbon peak at +1.2 V is seen on the NaCl-KCl (H), NaCl-KCl
(GB), and FLiNaK (GB) samples although these were performed on the grown side. It may
be possible that corrosion observed on the NaCl-KCl (H) sample could have residual non-
diamond carbon following graphitization of the diamond crystal lattice, but this does not
explain the NaCl-KCl (GB) and FLiNaK (GB) samples that did not show corrosion.
Additionally, none of these samples had detectable levels of sp* carbon when performing
Raman spectroscopy in Chapter 4, which may simply speak to the sensitivity of
electrochemical methods. The FLiNaK (H) is the most comparable to the new material on
the grown side. However, it does not show the reported features expected for fluorinated
material, like wider overall window and additional anodic peaks.'*"*7*%

The solvent potential windows for the nucleation side are shown in Figure 5.6.
Interestingly, the sp> peak which would be expected for all nucleation measurements does
not appear for the NaCl-KCl (H), FLiNaK (H), or FLiNaK (GB) samples. Like on the grown
side, this peak appears on the nucleation side of NaCl-KCl (H) sample at an equally large
current magnitude (4.71 mA/cm?® on the grown side and 4.78 mA/cm?® on the nucleation
side), compared to just 1.02 mA/cm® on the new piece and only 0.69 mA/cm® for the
grown side of the FLiNaK (GB) sample. If this peak does in fact correspond to the presence
of sp? carbon, it conflicts with the lack of corrosion seen via SEM, and lack of detection

using Raman spectroscopy in Chapter 4 considering sp® carbon was seen for all of the

nucleation sides of each sample, but not detected most of the potential windows.
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The calculated values for the solvent potential windows are listed in Table 5.4.
Throughout each of the measurements, the windows ranged from as small as 2.67 V on
the nucleation side of NaCl-KCI (GB) to as large as 3.28 V for the grown side of FLiNaK
(GB). Overall, NaCl-KCl (GB) has the smallest windows for both the grown and nucleation
sides, even with the presence of the anodic sp® carbon peak, while no clear pattern has
otherwise arisen for the other samples or grown versus nucleation sides. Ultimately, none
of these results correspond to the impacts reported by chlorination or fluorination of the

surface of BDD electrodes.

Table 5.4 Solvent potential windows and oxygen and hydrogen evolution onset potentials vs. Ag/AgCl for
1 M KCl on the grown and nucleation sides of each BDD sample.

NaCI-KCl (¢ Grown 2.69 +1.33 -1.36

FLiNaK (G Nucleatic 2.81 +1.32 -1.49
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5.4.2 Ferri/Ferrocyanide

Scan rate studies (10, 25, 50, 75, 100 mV/s) were performed over three trials on
each side of the BDD for each system, where each scan rate (v) was cycled three times.
The average values for E, and i, were used to perform the calculated values reported below.
As the surface-sensitive analyte, it is expected that Fe(CN)¢*’* (1 mmol, 1 M KCl) will
expose any changes to the material surface that have not yet been identified using surface
chemistry or potential window measurements in previous sections. Additionally, like what
was seen in Chapter 2, the differences between the grown and nucleation morphologies
can also be explored using the results from CV scan rate studies even without the anodic
pre-treatment. The overlays of the 50 mV/s scans for each side of the new material are
show in Figure 5.7, and like in the previous studies, the nucleation side shows higher

resolution peaks compared to the grown side.
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Figure 5.7 Overlays of 50 mV/s scans for 1 mM Fe(CN)¢*”* in 1 M KClI on the grown (pink) and nucleation
(purple) sides of new free-standing BDD. RE: Ag/AgCl; CE: Pt wire.
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The scan rate studies repeated on the grown and nucleation sides of each exposed
sample showed variation in the electrochemical responses that ranged from slight to
moderate. The 50 mV/s scan rate overlays for the grown and nucleation sides of each
sample are presented in Figure 5.8 A) and B) respectively. The least change is seen
between the new and NaCl-KCI (H) material on the nucleation sides. In the case of the
grown and nucleation sides, the two FLiNaK exposures resulted in the most significant
change. The FLiNaK (H) sample shows an increase in peak current while the FLiNaK (GB)
sample shows a decrease in peak current. With respect to differences between the grown
and nucleation sides, the NaCl-KCl (H) and NaCl-KCl (GB) samples show much better
kinetics on the nucleation sides compared to the grown sides. Additionally, although the
peak current increased after exposure, the FLiNaK (H) sample does not have the same
sharp resolution on the grown side like what is seen for the nucleation side. Overall, the
worst response on the grown side is the NaCl-KCl (GB) while the worse response on the

nucleation side is for FLiNaK (GB).
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Figure 5.8 Overlays of 50 mV/s scans for 1 mM Fe(CN)¢*’* in 1 M KCl on the A) grown and B) nucleation
sides of new (pink), NaCl-KClI (H, orange), NaCl-KCl (GB, green), FLiNaK (H, blue), and FLiNaK (GB, purple)
BDD samples. RE: Ag/AgCl; CE: Pt wire.
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Like for the previous chapters using scan rate studies, characteristics like E°, D, AE,,
and k have been calculated for the grown and nucleation sides of each sample to quantify
the performance of the electrode material. These values are listed in Table 5.5. Again, the
values for E° were calculated using Eq. 3 which averages the anodic and cathodic peak
potentials. The values determined for each surface extend from +0.263 V to +0.286 V vs.
Ag/AgCl but fall within the expected range.’*>'%"1% Because of how E° is calculated, it is
not expected that it would change based on surface chemistry but rather serves as a
standard of comparison and baseline for electrode quality. In this case, the consistency is
the first good sign that BDD can generally still perform well after exposure to each molten

salt environment.

Table 5.5 Figures of merit for 1 mM Fe(CN)¢*’* in 1 M KCl vs. Ag/AgCl on the grown and nucleation sides
of BDD after various treatments. *For 50 mV/s scan rate.

. E° D x 10° AE,* k* x 10°
Treatment Side W) (em¥/s) W) (em/s)
New Grown +0.263 £0.0007 1.7 £0.02  0.190 +0.00002 0.48
New Nucleation +0.267 +0.0003 3.8 +0.07 0.076 0.0 8.4
NaCI-KCl (H) Grown +0.286 £0.0003 1.7 £0.05 0.133 £0.0003 0.17
NaCl-KCl (H) Nucleation +0.272 +0.0003 3.8 +0.1 0.084 +£0.0 4.8

NaCl-KCl (GB) Grown +0.270 £0.002  0.43 £0.04 0.262 +0.0007 0.26
NaCl-KCI (GB) Nucleation +0.287 +0.0002 3.8 +0.08  0.081 +0.0003 6.1
FLiNaK (H) Grown +0.279 £0.0004 3.8 +0.3 0.121 +0.0003 1.7

FLiNaK (H) Nucleation +0.272 +0.0008 6.8 +0.1 0.076 £0.0 9.7
FLiNaK (GB) Grown +0.286 £0.004 1.7 £0.1 0.185 +0.0003 0.48
FLiNaK (GB) Nucleation +0.286 £0.0 3.8 £0.08 0.182 +0.0 0.73

The diffusion coefficients for the anodic and cathodic reactions were calculated
using the Randles-Sevcik equation (Eq. 4). In each case the values for D, and Dy were
equal and are reported as one value for D in Table 5.5. The rate of diffusion ranges from
as fast as 6.8 x 10° +0.1 cm?/s for the FLiNaK (H) nucleation side to as slow as 4.3 x 10°

7 £0.4 ¢cm?/s for the NaCl-KCl (GB) grown side. The behavior of the NaCl-KCl (H) and
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FLiNaK (GB) samples mirrored what was calculated for both the grown and nucleation
sides of the new BDD. The FLiNaK (H) grown and nucleation sides both resulted in faster
diffusion than their counterparts for the new material, and the nucleation sides of each
sample saw faster diffusion than the grown sides. These results generally align with the
CVs seen in Figure 5.8. Regardless of the rate of diffusion, each scan rate study produced
linear plots for i, versus Vv with R? > 0.99 which indicates semi-infinite linear diffusion,
and all of the values still fall within the expected range for measurements on BDD.”">107108

For almost all samples, the Nicholson method was yet again chosen to determine
the heterogeneous electron transfer rate constant via Eq. 5."'° However, this approach only
applies for peak separations less than 0.212 V. Therefore, because AE, for the grown side
of NaCl-KCl (GB) was 0.262 V, the Klingler-Kochi method (Eq. 9) was used instead.''® The
charge transfer coefficient, an, (equal to a for a one electron transfer) was determined to
be 0.391 using Eq. 8 as opposed to 0.5 which was assumed for the other calculations given
the near reversibility observed in the other cases, which was also done in Chapter 2 and
Chapter 3. However, all of the values for k calculated fell within the expected range (10
to 10° cm/s) for Fe(CN)s>/4 on BDD.?Vo>107:10811 The fastest kinetics were seen for the
nucleation side of the FLiNaK (H) sample, and the slowest on the grown side of the NaCl-
KCl (GB) sample. Additionally, one common trend is that the nucleation side consistently
shows faster kinetics via larger values for k and smaller AE, across all samples, like what
was seen for D and in Chapter 2.

The figures of merit discussed in Table 5.5 are also illustrated visually for the grown

side of each sample in Figure 5.9 where the values for E° (pink) and AE, (purple) are to
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the left and D (green) and k (blue) are to the right. These visual overviews provide a clear
comparison for how these characteristics change after exposure to each environment. The
E° values changed very little across the sample set, but the two pieces exposed in the fume
hood have the smallest AE,, the NaCl-KCl (GB) sample has the largest, and the FLiNaK
(GB) changed the least compared to the new material. However, the D and k are clearly
the greatest for FLiNaK (H), and the two air-exposed samples differ. The increased peak
current seen for the FLiNaK (H) sample in Figure 5.7 increased D significantly, which
ultimately also increased k compared to the NaCl-KCl (H) material. Additionally, the wide
AE, for the NaCl-KCl (GB) material extends to the resulting values for D and k which are
clearly small compared to the other samples. However, the k for NaCl-KCl (H) is still
smallest overall but has an equal value for D compared to the new and FLiNaK (GB)
material. These plots paint a complicated picture with respect to the quality of the grown
sides of the BDD after exposure to the salt, and that there is no clear trend of improvement

or decreased performance for all values in either chloride or fluoride salts.
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Figure 5.9 Formal potentials (pink), peak separations (purple), diffusion coefficients (green), and rate
constants (blue) for 1 mM Fe(CN)¢*’* in 1 M KCl vs. Figures of merit for 1 mM Fe(CN)¢*’* in 1 M KCl vs.
Ag/AgCl on the grown side side of BDD after various treatments.
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Similar plots describing E° (pink) and AE, (purple) are to the left and D (green) and
k (blue) are shown in Figure 5.10. In this case, E’ is still constant across samples, and now
AE, also changed very little until the FLiNaK (GB) sample. Like on the grown side, the
values for D and k were largest for the FLiNaK (H) sample. Additionally, the wide
separation for FLiNaK (GB) corresponds to the significantly smaller k when paired with a
moderate calculation for D that aligns with the new and NaCl-KCl exposed samples.
Compared to the grown side, the nucleation side seems to have slightly faster diffusion
and electron transfer kinetics compared to the grown side which, again, aligns with what

was found in the work reported in Chapter 2.
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Figure 5.10 Formal potentials (pink), peak separations (purple), diffusion coefficients (green), and rate
constants (blue) for 1 mM Fe(CN)¢*’* in 1 M KCI vs. Ag/AgCl on the nucleation side of BDD after various
treatments.

Although the measurements performed to characterize various aspects of the
surface chemistry in the previous chapter do not show differences after exposure, it seems

as though not only is there a difference between the fluoride and chloride exposed
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material, but the environment in which the exposure occurred may have an impact. While
NaCl-KCl (H) was the only sample to show clear corrosion, it appears that some changes
yet to be understood have occurred to the material as determined by the inner-sphere

electron transfers performed by Fe(CN)s>"*.

5.4.3 Hexaammineruthenium(III/II) Chloride

Again, scan rate studies (10, 25, 50, 75, 100 mV/s) were performed over three trials
on each side of the BDD for each system, where each v was cycled three times and the
average values for E, and i, were used to perform the calculated values reported below.
Because Ru(NH;)¢>*?* (1 mmol, 1 M KCI) exhibits outer-sphere electron transfer
mechanisms, it is expected that changes to the electrode surface will have less of an impact
on the response. This has been observed even in the cases of confirmed fluorination and
chlorination of BDD electrodes, especially when comparing to measurements of Fe(CN)¢>
/4-.151,173,176

The 50 mV/s scans for 1 mmol Ru(NHs)¢**** performed on the grown and
nucleation sides of new BDD are shown in Figure 5.11. In this case, there is minimal
change in the response due to the differences in morphology compared to Fe(CN) ¢*/*, and
compared to what was observed for the anodically pre-treated material in Chapter 2. The
response on the grown side shows greater resolution and improved kinetics compared to

Fe(CN) */*, which furthers the argument that Ru(NHs)s*>*/** is less surface-sensitive.
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Figure 5.11 Overlays of 50 mV/s scans for 1 mM Ru(NHs3)¢**?* in 1 M KCI on the grown (pink) and
nucleation (purple) sides of new free-standing BDD. RE: Ag/AgCl; CE: Pt wire.

Overlays of the 50 mV/s scans for the new, NaCl-KCl (H), NaCI-KCl (GB), FLiNaK
(H), and FLiNaK (GB) samples are presented in Figure 5.12 where the response for the
grown side are in A) and those for the nucleation side are in B). On the grown side, the
voltammograms are nearly identical as expected, except in the case of FLiNaK (H). The
anodic and cathodic peaks have lower current magnitudes and are much less resolved.
This change indicates a change to the kinetics of the electron transfer, but because this
reaction does not occur at the surface of the material the cause it not immediately
apparent. This pattern is not observed for the nucleation side. All responses are generally
aligned with the new sample, including the FLiNaK (H) BDD which almost perfectly
overlaps the other traces and has a well resolved cathodic peak with a slightly larger
current magnitude. Instead, the only trace with a noticeable difference is for FLiNaK (GB),
but the peak resolution is maintained and only the current magnitude has decreased

slightly for the anodic and cathodic reactions.
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The responses for each side of the samples are listed in Table 5.6. The values for E°
were again calculated using Eq. 3 with minimal variation across measurements and all fall
within the expected range.’9>1°710815L173.176 Because there is good reversibility for these

measurements, it is expected that, so long as the reference electrode is in proper working

order, this value would not waiver.

Table 5.6 Figures of merit for 1 mM Ru(NH;)¢**>* in 1 M KCI vs. Ag/AgCl on the grown and nucleation
sides of BDD after various treatments. *For 50 mV/s scan rate.

NaCl-KCl Grow -0.168 +0.0002 3.8 0.1 0.083 £0.! 5.3

FLiNaK Nuclea -0.170 £0.0004 6.8 £0.06 0.079 £0.! 7.0
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The diffusion was quantified using the Randles-Sevcik equation (Eq. 4), and most
of the samples resulted in equal values for D, and Dy, except in the case of the grown side
of FLiNaK (H) and are listed in Table 5.6. However, including that measurement, the plot
of i, versus /v resulted in R? > 0.99, indicating diffusion-controlled processes, as expected.
The rates of diffusion for all other samples are generally faster than what was observed
for the Fe(CN) ¢*/*, but at an order of magnitude of 10°® cm?/s, they all fall within the
expected range for measurements using BDD.?»?>10710815L173.176 Hawever, the anodic
reaction for the FLiNaK (H) grown side slowed to 107 cm?/s, which corresponds with the
poor resolution of the anodic peak seen in Figure 5.12 A). This result is particularly
interested considering the measurements performed on quasi-reversible f-block species in
Chapter 2 saw faster diffusion for the reduction process rather than the oxidation process.
Even the slower diffusion coefficient is within the range of values expected based on
previously published literature **?>197.108.15L.173,176

The distance between the anodic and cathodic peaks were less than 0.212 V for
each side of each sample, therefore the Nicholson method was used to calculate k with Eq.
5."° Like for D, the values calculated for the rate of electron transfer are generally faster
than what was seen for Fe(CN) (%, but still fall within the expected
range o> 197 108.15L173.176 Although the grown side of the FLiNaK (H) sample had uneven
diffusion rates for oxidation and reduction, only D, is used for the calculation of k and
therefore did not have a significant impact.

A visual analysis of the Ru(NHs)¢>*/** figures of merit for the grown sides of the

BDD samples in Figure 5.13 show that E° (pink) is consistent across all of the samples.
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Additionally, AE, (purple) was constant except for the FLiNaK (H) material which was
more than twice as large as the next widest separation (NaCl-KCl (H)). The values for D
on the new, NaCl-KClI (GB), and FLiNaK (GB) samples were equal, and the calculation for
k was unchanged from the new to NaCl-KCl (GB) sample. However, D and k for NaCl-KCl
(H) and FLiNaK (H) decreased. As expected, the FLiNaK (H) sample shows the greatest
decrease in diffusion and electron transfer kinetics which corresponds to the poor

resolution seen in Figure 5.12.
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Figure 5.13 Formal potentials (pink), peak separations (purple), diffusion coefficients (green and orange),
and rate constants (blue) for 1 mM Ru(NH3)¢**/** in 1 M KCl vs. Ag/AgCl on the grown side of BDD after
various treatments.

On the nucleation side, described in Figure 5.14, there is very little change across
E’°, and minimal variation is seen between the new and exposed samples for AE, where the
FLiNaK (H) material gave slightly larger and FLiNaK (GB) gave slightly smaller
separations. The diffusion did not change after exposure for the NaCl-KCl (H) or FLiNaK
(H) samples, but their kinetics decreased slightly because of the slight differences in

features like AE,. Additionally, the variation seen on this side is much less than what was
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seen on the grown side which ranged over an order of magnitude, while the nucleation
side range is less than an order of magnitude overall. One explanation could be related to
the differences in hybridization, possibly indicating that whatever changes may have
occurred have a proclivity to affect sp® carbon compared to sp? carbon. This result needs

to be further explored to confirm this hypothesis.
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Figure 5.14 Formal potentials (pink), peak separations (purple), diffusion coefficients (green), and rate

constants (blue) constants for 1 mM Ru(NHs)¢>*/?* in 1 M KCl vs. Ag/AgCl on the nucleation side of BDD
after various treatments.

As expected, the responses for Ru(NHs)s**/** do not exhibit changes as a result of
exposure to the four salt systems like what was seen for the Fe(CN)¢*/* study. However,
there was a small degree of variation in the quantification of electrode performance using
the calculated figures of merit, and the voltammogram for the grown side of the FLiNaK
(H) sample was a clear outlier with decreased anodic and cathodic i, and less resolved
peaks. This was reflected in the calculated values for AE,, D, and k. The cause of this
difference is unclear considering the response for Ru(NHs)s**/** should not be depending

on the surface of the electrode given its outer-sphere electron transfer mechanism.'>"'7*17¢
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Therefore, changes to the Ru(NHs)s**/** response may indicate an impact to the OHP
portion of the diffusion layer for this portion of the material. This finding requires further
investigation with other electrochemical methods and materials characterization

techniques.

5.5 Conclusions

The work in this chapter aimed to characterize the electrochemical performance of
BDD exposed to chloride and fluoride molten salts either in air, or in an inert glovebox
with dried salt. Preliminary SEM to image the material showed the same results as the
smaller coupons used in the material characterization chapter, where no changes were
observed on the grown side other than corrosion seen on the NaCI-KCl (H) sample, likely
due to the increased presence of oxygen and moisture. The nucleation sides all showed
minor degrees of corrosion, which is possibly due to the removal of loosely attached sp?
carbon at the grain boundaries produced during the growth process after exposure to the
high temperature liquid. Like the previous free-standing BDD studies in this manuscript,
the grown and nucleation sides of the material showed vastly different morphologies that
have had impacts on the response, so each side was isolated for comparative
measurements.

It was expected that fluorination or chlorination to the surface will have
implications for the solvent potential windows in the KClI electrolyte and scan rate studies
for Fe(CN)s>’* on BDD based on what was previously reported in literature, assuming

Fe(CN)¢*’* exhibits inner-sphere electron transfer behavior. The measurements on
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Ru(NH,)s**"*" were not expected to change following exposure as an outer-sphere electron
transfer mechanism. These hypotheses were not clearly confirmed or contradicted. There
were some slight changes to solvent potential windows and voltammograms for Fe(CN)g>
/# but not in the ways that have been previously observed for fluorinated or chlorinated
material. There were not significant increases to the potential windows or AE,. Instead,
there were slight changes to the diffusion and kinetics of the electrode transfer
mechanisms, but all values still fell within the expected ranges for measurements on BDD.

Additionally, the voltammograms for Ru(NHs)¢**/** were generally unchanged
after exposure, as expected. However, the grown side of FLiNaK (H) drastically decreased
in peak resolution, saw a small increase in AE,, and decreases in D and k. Again, the outer-
sphere electron transfer for this analyte is not as sensitive to the surface of the electrode,
so this result is potentially related to another feature of the double-layer changing. One

3+/2+

previous study discussed a similar change for Ru(NHs)s where they claimed the band

gap for the material conductivity was altered after fluorination, so this may be one possible
explanation.'>"'7317¢

Yet, in previous cases where fluorination was monitored using these analytes, they
provided accompanying measurements like Raman spectroscopy or x-ray photoelectron
spectroscopy (XPS), like what was performed in Chapter 4. In those cases, differences
were detected for changes in carbon hybridization or the presence of C-F or C-Cl bonds on
the surface. There was no evidence for these bonds for the measurements reported in the

previous chapter, so it is not a likely explanation, including for the FLiNaK (H) response

change for Ru(NHs)s**** discussed above. Therefore, more work is required to fully
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understand the changes that have occurred to the material either through different
approaches to electrochemical measurements or other instrumental analysis to probe the
surface chemistries. Overall, the changes observed do not rule out the usefulness of BDD
as an electrode for in situ measurements of analytes in molten salt systems so long as
precautions are taken to limit the presence of oxygen and moisture to limit corrosion.
However, even after corrosion occurred, the electrode performance still aligned with

literature values for each sample.
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6 Electrochemical Characterization of f-Block Elements with
Boron-Doped Diamond in Molten Chloride Salts

Abstract

Boron-doped diamond (BDD) has been thoroughly investigated using various
techniques to probe the surface chemistry and evaluate its resilience in molten salts. This
chapter uses the material to perform electroanalytical measurements in molten chloride
salts. Previous findings reported in this manuscript determined minimal impact on the
surface chemistry, such as corrosion and surface termination, but some changes were
observed electrochemically. Therefore, the present work will determine if the quality of
BDD performance will translate to harsh molten salt environments by performing cyclic
voltammetry (CV) to study the Eu®**?* and U**”** redox couples. Values like formal
potentials (E°), diffusion coefficients (D), peak separations (AE,), and heterogeneous
electron transfer rate constants (k) were calculated and aligned with what has been
published in the literature. Additionally, when it was possible to perform measurements
at multiple temperatures, the Gibbs free energy (AG), enthalpy (AH), and entropy (AS)
were determined, and each fell within the expected ranges.

Additionally, a comparison is included for how electrochemical responses differ for
Eu using free-standing and thin-film BDD, which have stark differences in morphology,
which was also discussed in earlier chapters and has been shown to influence electrode
performance. Lastly, there was an opportunity to use BDD in measurements of U in LiCl-
KCl and MgCl,-NaCl electrolytes, significantly influencing the redox reaction. Compared

to graphite and W working electrodes, BDD performed well in the MgCl,-NaCl, where the
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presence of Mg>* has been previously found to selectively stabilize lower oxidation states,
making techniques like CV challenging.

Overall, the results collected only began to scratch the surface of what could be
possible with BDD electrodes in molten salt environments. The experiments were generally
successful, but questions are posed based on interesting results in certain circumstances.
Further work is required to understand the potential and complete limitations of the
material. Continued efforts should be made to optimize electrode designs regarding
features like doping levels, geometry, and crystallinity (material thickness) to produce the
best results. Electrodes comprising BDD material have a promising future in molten salt

electroanalytical chemistry.

6.1 Introduction

Electroanalytical measurements have been performed in molten salts over many
decades, and the interest in molten salt electrochemistry continues to grow.>** However,
experimental infrastructure is challenging to establish given the limited selection of
materials that can withstand the high temperature and corrosive nature of molten salts.
Because there are no trivial designs for thermodynamic reference electrodes in fluoride
salts, they are not yet the focus of this work. Electroanalytical methods in chloride salt
systems are well established and the materials of construction available for lab-scale
applications are accessible. For example, working electrodes are typically made of metals

) 68,225-229
)

like tungsten (W or non-diamond carbon (NDC) like graphite or glassy

carbon.”777%83230-237 Tt has been argued that metal and NDC electrodes do not perform as
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well as boron-doped diamond (BDD) in traditional aqueous environments,***® and it is
hypothesized that this feature will translate into molten salt systems. Additionally,
materials like graphite are known to foul or decompose in the harsh environment of molten
salts, experiencing changes to the diffusion layer and intercalation of Li* into the graphite
surface at sufficiently negative potentials (less than -1.2 V vs. Ag/AgCl) and formation of
Li,C, compounds.**°

Diamond electrodes have been used previously in chloride molten salts, but the
available literature is limited to oxide-containing systems generally for pyroprocessing
applications rather than electroanalytical techniques like CV to probe features like electron
transfer kinetics.**® There is a wealth of literature available for analytical measurements
of Eu and U species in molten salts using NDC electrodes,”””*** but BDD is a novel material
for this application. Therefore, there is also no discussion in the literature about the impact
of crystal morphology on electrochemical responses in molten salts, which is also discussed
below.

In this chapter, 0.1 mol% EuCl; and UCl; in LiCl-KCl were measured using CV to
evaluate solvent potential windows and determine values like formal potentials (E°),
diffusion coefficients (D), peak separations (AE,), heterogeneous electron transfer rate
constants (k) via scan rate studies. When using the free-standing BDD working electrode,
it was possible to repeat the experiment at multiple temperatures, which enabled
thermodynamic calculations for Gibbs free energy (AG’), enthalpy (AH’), and entropy

(AS°). Additionally, the impact of morphology of the BDD electrode on the electrochemical

response is explored. Free-standing BDD and thin-film BDD-coated tantalum (Ta) rod
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electrodes were used to study Eu®*?*

in LiCl-KCl. Both electrode designs were imaged
using scanning electron microscopy (SEM) after the experiments to determine changes to
the surface topography after exposure to the salt systems. However, when performing
measurements of U**/?* only thin-film BDD electrodes were available. In this case, the
impact of changing the electrolyte salt was observed by comparing LiCl-KCl and MgCl,-
NaCl systems, which has been a research area of interest based on recent publications that

explore the impact of cation size and charge on analyte oxidation state stability.”>**®

6.2 Methods and Materials

A portion of the work performed in this chapter was performed with new
infrastructure under development at the University of Nevada, Las Vegas (UNLV), and
other experiments used pre-existing infrastructure available at the Los Alamos National
Laboratory (LANL). At UNLYV, the free-standing BDD was used to study Eu**/** before an
inert glovebox environment was available, and all other measurements were performed in
the gloveboxes at LANL. The differences in experimental design and the impacts of those
changes are discussed below. In each case the total salt solution was approximately 20 g.

A matrix of the experimental conditions is provided in Table 6.1.

Table 6.1 Matrix of experimental conditions for molten salt electrochemical measurements.

. Counter Reference .

Analyte Electrolyte Working Electrode Electrode Electrode Environment
EuCl; LiCI-KCl Free-Standing BDD Graphite Block Ag/AgCl Benchtop
EuCl, LiCI-KCl BDD-Coated Ta Rod W Rod Ag/AgCl Glovebox
UCls LiCI-KCl BDD-Coated Ta Rod W Rod Ag/AgCl Glovebox
UCl;  MgCl,-NaCl Small Area BDD- W Rod Mg/MgCl, Glovebox

Coated Ta Rod
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6.2.1 Non-inert Measurements

At UNLV, Eu**?* was studied using free-standing BDD exposed to air, which
provided an opportunity to determine the performance of BDD under particularly harsh
conditions since oxygen and moisture were not prevented from impacting the system. A
schematic of the Ag/AgCl RE and three-electrode cell is shown in Figure 6.1, including
the 1 x 5 x 0.35 mm piece of BDD used as the working electrode (WE). The electrical
contact was made via a 3 mm diameter (d) hole lased in the top like the grid electrodes
used in Chapter 3. A Zn-plated steel nut and bolt set were used to attach the BDD to a
graphite block that kept the potentiostat lead entering the heating zone of the furnace. A
similar graphite block was used as the counter electrode (CE). Following a design seen

widely throughout literature,®?3>2%24

an Ag/AgCl reference electrode (RE) was
constructed by adding a 1 mol% AgCl (99.9%, Strem Chemicals) in LiCl-KCl (55.7-44.3
mol%)** solution to a thin-wall Pyrex nuclear magnetic resonance (NMR) tube (d = 5
mm, Wilmad LabGlass) with an Ag wire (d = 0.25 mm; 99.995%). The 99%+ purity
anhydrous LiCl and KCl salts were acquired from Acros Organics. The analyte solution was
0.1 mol% EuCl; (99.9% anhydrous, Strem Chemicals) in the same LiCl-KCI solvent salt.

All salts were prepared by weighing and then hand-grinding with a mortar and pestle on

the benchtop before being added to either the crucible or NMR tube in the case of the RE.
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Figure 6.1 Electrochemical cell for EuCls ir DD working electrode. RE: 1 mol%
AgCl in LiCI-KCl; CE: Graphite.

An MTI KSL-1200X muffle furnace with a custom-designed hole in the top allowed
for electrical contact between the potentiostat leads and electrodes in the crucible while
at temperature. Images of the furnace and electrochemical cell are shown in Figure 6.2.
As seen in A), copper (Cu) wire was attached to Cu clips used to make electrical contact
with the graphite of the WE and CE and suspend the RE NMR tube. The potentiostat leads
were attached to the Cu wires of the WE and CE and the Ag wire of the RE. A top-down
view of the three-electrode cells at 450 °C can be seen in B), and the electrodes at room
temperature are in C). Measurements were performed using a Biologic SP-300
potentiostat. After the experiment, a JEOL JSM-5600 scanning electron microscope was

used to image the BDD.
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Figure 6.2 Molten salt electrochemistry infrastructure at UNLV used for EuCl; in LiCl-KC]l measurements. A)
Electrical connections for the WE, RE, and CE at the top hole of the muffle furnace; B) Top-down view of
the crucible at 450 °C showing WE, RE, and CE; C) View inside the furnace at 25 °C after the experiment
showing WE, RE, and CE.

6.2.2 Inert Measurements

Polycrystalline BDD-coated Ta rods (d = 0.4 cm, 13 cm long, 5 um BDD film
thickness) were purchased from MSE Supplies with a reported doping level of 2500 ppm,
which corresponds to the boron/carbon ratio of the source gas rather than the crystal
lattice, but often results in ‘medium’ doping levels like the other BDD used in this
manuscript (see Figure 3.4).” A bare rod immersed in the salt was used when studying
Eu and U in LiCl-KCl (shown in Figure 6.3), but the original purpose of performing
measurements stemmed from a separate project at LANL that aimed to investigate ‘small
area working electrodes’ (SAWE), unrelated to the work initially planned for this

manuscript.”” There was an opportunity to include a BDD-coated rod electrode whose
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surface area (SA) was minimized by covering most of the rod, except for a small portion
at one end to be the exposed area (SA = 0.0040 cm®) and approximately 3 cm at the other
end to create electrical contact, with Cotronics Corp Resbond 989 Hi-Purity Alumina
Ceramic Adhesive. The Resbond coating was applied and left to dry overnight, followed

by cures at 65 °C for 24 hours and 200 °C for 24 hours in an MTI GSL-1500X tube furnace.

Figure 6.3 Electrochemical cell for EuCl; anu uuis w 1adl-KCl with BDD-coated Ta rod working electrode.
RE: Ag/AgCl (exchangeable with Mg/MgCl,); CE: W.

Two other SAWE designs were the original focus of the measurements performed
in MgCl,-NaCl and were constructed slightly differently. Disc electrodes are a standard
design in aqueous electrochemistry where a circular surface area is the only exposed
portion of a conductive material that is otherwise insulated. For molten salts, this was
accomplished by taking either a graphite rod (d = 0.305 cm, 99.9995%, Alfa Aesar) or W
wire (d = 0.0762 cm, 99.95%, Midwest Tungsten Service) inserted into MgO tubes

(Tateho Ozark) that were filled with liquid Resbond. After the same drying and curing
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process, the ends of the electrodes were sanded to expose only the ends of either the rod
or wire (graphite SA = 0.073 ¢cm?®, W SA = 0.0046 c¢cm?). This process was not performed
for the BDD electrode as the inner diameter of the MgO sheaths was too small for the rod,
and the sanding process would also risk compromising the BDD coating. Schematics of the

graphite and W SAWEs are shown in Figure 6.4 with a photo of the BDD SAWE.

P Y
I @

Figure 6.4 Bottom faces of W, graphite, and BDD SAWESs used to study UCl; in MgCl,-NaCl at 550 °C.

The W rods (d = 0.3175 c¢m, 99.95%, Midwest Tungsten Service) used as CEs were
sanded before each measurement. In the LiCl-KCl solvent salts, the same Ag/AgCl RE
design discussed for the UNLV experiments was used where a 1 mol% AgCl (99.99%,
Thermo Fisher Scientific) solution in LiCl-KCl and Ag wire (d = 0.1016 cm, 99.9%, Alfa
Aesar) were added to Corning Pyrex borosilicate NMR tubes (outer diameter = 5 mm,
inner diameter = 4.2 mm).****>*%2* The measurements performed in the MgCl,-NaCl
solvent also aimed to validate using a novel Mg/MgCl, RE designed by researchers at
LANL, and their process was followed for preparation.”* A Mg rod (d = 0.3175 cm,
99.935%, ESPI Metals) and the MgCl,-NaCl mixture were added to a custom-designed
MgO tube (Tateho Ozark), where a 2.54 cm porous plug was fitted to one end to serve as

the frit.
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The team at LANL had pre-existing infrastructure suitable for electroanalytical
chemistry in molten salts, shown in Figure 6.5. An MTI KSL-1100X muffle furnace had a
custom hole cut in the top with a graphite cap designed in-house using the local machine
shop on site. The graphite cap holes were drilled and tapped to house Swagelok fittings to
support electrodes. For fully conductive electrode materials like the CE comprising a bare
W rod, a MgO sheath was used to secure the W rod and prevent electrical contact with the
graphite cap. Additionally, for this work, insulation material was placed under the cap
because the BDD rod, when mounted, was slightly too tall, and the cap needed to be
elevated to ensure the WE did not touch the bottom of the crucible during measurements

since that was the location of the exposed surface.

Figure 6.5 Molten salt electrochemistry infrastructure at LANL used for EuCl; and UCl; in LiCl-KCl and
MgCl,-NaCl measurements. A) Muffle furnace with grounding strip and graphite cap with feedthroughs to
secure electrodes; B) Graphite cap with Mg/MgCl, RE (exchangeable with Ag/AgCl design), working
electrode extension (exchangeable with W, graphite, and BDD electrodes), and W CE housed in a ceramic
sheath; C) Example WE mount showcasing BDD-coated Ta rod covered with Resbond to restrict surface area
to bottom end when submerged in salt.
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A stainless-steel tongue fed through the bottom of the door and was placed under
a stainless-steel cup inside the furnace. The crucible was placed in the cup to serve as
secondary containment in the event of a spill and to create a Faraday cage by grounding
the system through a lead connecting the steel tongue and the glovebox frame (seen in
Figure 6.5 A). Small binder clips were useful in suspending or securing portions of the
infrastructure, like in B).

The WE mount served as an extension for electrical contact as the electrodes were
not long enough to reach through the graphite cap while in the salt solution. For the BDD
rod, a 0.4 cm Swagelok outfitted with Teflon ferrules held the exposed end of the electrode
(0.3175 cm components for graphite and W electrodes) and was connected to an adaptor
for a stainless-steel rod (d = 0.635 cm) acquired from the scrap metal in the machine
shop. This design is shown for the BDD rod in Figure 6.5 C).

All electrolyte salts (LiCl, KCl, NaCl, MgCl, from Alfa Aesar, >99% purity) used in
the experiments at LANL were dried following procedures outlined by laboratory standard
operating procedures like in Chapter 4 and Chapter 5 using the same vacuum oven
antechamber attached to the VAC NEXGEN Ar(g) glovebox (<0.5 ppm moisture, <0.5
ppm O,). However, the MgCl, procedure was slightly different to avoid forming MgOHCI
side products that can form from rapid reactions between H,O and MgCl, at high
temperatures.”*** The vacuum oven antechamber was held at 117 °C, 180 °C, and 240 °C,
for 20 hours each. The chloride salts (LiCl, KCl, NaCl, and MgCl,) were weighed after

drying and introduction to the glovebox. The LiCl-KCl was combined at the 55.7-44.3
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mol% eutectic ratio and 48-52 mol% for MgCl,-NaCl. The EuCl; (99.99% anhydrous,
Sigma Aldrich) and UCI; (prepared by TerraPower) were added to their respective
mixtures at concentrations of 0.1 mol% and mixed before being added to either Al,Os
(Coors) or MgO crucibles (Tateho Ozark) for measurements in LiCl-KCl or MgCl,-NaCl,
respectively.

Measurements of LiCl-KCl systems were performed with CH Instruments 1140C
potentiostats, and a Biologic SP-50 potentiostat was used for those in MgCl,-NaCl. All
experiments were performed in VAC NexGen Ar(g) gloveboxes (<0.5 ppm moisture, <0.5
ppm O,) outfitted with PolyScience Durachill chillers to regulate the temperature while
furnaces were operating. Current interrupt iR compensation was determined for all
measurements before each procedure began. A Thermo Fisher Scientific ApreoS LoVac
scanning electron microscopy was used to image the BDD rod from the EuCl;

measurements.

6.3 Europium Trichloride

Like the discussions of, the Eu®*/?*

redox couple described in Eq. 6 was chosen as a
non-radioactive f-block species before embarking on experiments with U. There is a wealth
of literature for CV of Eu in molten chloride salts to compare the values calculated in the
following sections (e.g., E°, D, and k) that will be discussed in detail below. Experiments

were successfully performed on free-standing BDD and BDD-coated Ta rod electrodes in

LiCl-KClI at 450 °C.

144



Eut + e = Eu®t (6)

6.3.1 Free-Standing BDD

In previous chapters (2 and 5), it was possible to isolate the ‘grown’ (large crystal)
or ‘nucleation’ (smooth side resulting from the removal of the growth substrate) sides and
compare the electrochemical responses of each. In the present study, the experimental
design is like in Chapter 3 when performing CV on the grid and non-grid free-standing
BDD such that both the grown and nucleation sides of the material were exposed to the
solution and participated in the measurement. Regardless, it is anticipated that based on
the culmination of results in the previous chapters, free-standing BDD should be capable

of successfully measuring the Eu®*/?*

redox couple and surviving the LiCl-KCl environment
for the duration of the experiment. Scanning electron microscopy (SEM) was performed

on the material submerged in the salt and exposed to the high-temperature air of the

furnace during the experiment to visualize any changes to the topography.

6.3.1.1 Cyclic Voltammetry

Scan rate studies at 10, 25, 50, 75, and 100 mV/s (three trials of three cycles for
each scan rate) were performed at 450, 550, and 650 °C in 0.11 mol% EuCl; in LiCl-KCl
with a graphite block CE and Ag/AgCl RE. The exact concentration that can be used for
calculations was translated to 31.1 mmol based on an assumed LiCl-KCI density of 1.6
g/mL at 450°C.** The surface area of the BDD exposed to the salt was 2.11 cm* (1 cm® on

the grown and nucleation sides plus the side and bottom edges of the material). Again,
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this experiment was performed before an inert glovebox environment was available and
performed on the benchtop exposed to air.

Before the EuCl; was added, a scan of the solvent potential window was performed
at 450 °C to first determine the working region between the Cl,(g) evolution at the positive
region and reduction of Li metal at the negative region (comparable to the production of
0.(g) at the anodic overpotential or H,(g) at the cathodic overpotential observed in water-
based solutions), also referred to as the ‘solvent decomposition’ regions. The resulting
voltammogram at 100 mV/s is shown in Figure 6.6 and provides a working window of
approximately 3 V. This is slightly smaller than what has been reported in the literature
for W, Mo, and graphite electrodes (ca. 3.25 — 3.75 V) .0676:237.242247249 Thig discrepancy may
result from multiple uncontrolled variables during the measurement. No purification steps
were taken for salt drying to remove moisture-related species (e.g., hydroxides) or a pre-
electrolysis process to remove impurities via electrodeposition. Additionally, IR
compensation was not first performed before the measurement, which may explain voltage
loss caused by the electrolyte between the WE and RE. However, the region where the
Eu®*?* is expected to appear (E° ~+3 V vs. Ag/AgCl at 450 °C)”***** falls well between

the two decomposition portions of the solvent window.

146



Current Density (mA/cmZ)
& AN N b
& B & & & B

&
S

3 -2 -1 0 1
Potential vs. Ag/AgCl (V)

Figure 6.6 Potential windo BDD in air at 450 °C. RE: 1 mol%
AgCl in LiCI-KCl; CE: Graph

The scan rate study on free-standing BDD at 450 °C for 10, 25, 50, 75, and 100
mV/s is shown in Figure 6.7 A), accompanied by the plot of peak currents over the square
roots of each scan rate (v/v) in B). Each scan rate was cycled three times and performed
over three trials. Despite the previously discussed sources of error due to the lack of
purification or controlled environment, the oxidation and reduction peaks are well-
resolved, and the anodic and cathodic peak regression have high correlation coefficients

(>0.999), indicating semi-infinite linear diffusion.'®
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Figure 6.7 Scan rate study of 31.1 mmol EuCl; in LiCl-KCl on free-standing BDD at 450 °C in air. RE: 1 mol%
AgCl in LiCI-KCl; CE: Graphite.
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Because this initial measurement was successful, the temperature was increased to
550 and then 650 °C to repeat the scan rate studies. Overlays of the 50 mV/s scans are
shown in Figure 6.8. From 450 to 550 °C, the anodic peak resolution is consistent and
shifts positively, as expected. However, the cathodic peak shows a significant decrease and
possible shift in the background current based on the angle of the voltammogram. By 650
°C, the scan quality significantly decreased such that the anodic peak is poorly resolved,
and noise is present in the signal at both ends of the voltammogram window. This decline
may indicate an issue with the electrode response or electrical connection, but scan rate

studies with multiple trials and cycles were successfully performed at each temperature.
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Figure 6.8 Overlays of 50 mV/s scans at 450, 550, and 650 °C for 31.1 mmol EuCl; in LiCl-KCl on free-
standing BDD in air. RE: 1 mol% AgCl in LiCl-KCl; CE: Graphite.

The issue quickly became apparent after the furnace was cooled to room
temperature. The electrical contact between the graphite block and BDD via Zn-plated

steel is shown in Figure 6.9. Significant corrosion has occurred, almost certainly due to
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the prolonged exposure to high temperatures in air, resulting in oxidation of the metal
components. This damage is the most likely source of decline in measurement quality and
could likely be prevented by performing experiments under oxygen and water free

conditions.

Figure 6.9 Side view of cor | or BDD electrode from CV of EuCls
in LiCI-KCl at 450, 550, and

Although the signal quality was compromised over time, the successful scan rates
still resulted in peak current versus v/v with regressions >0.99 for 450 and 550 °C and
>0.9 for 650 °C. Therefore, the E° and D were calculated and are listed in Table 6.2 for
each temperature. Based on the Nernst equation (Eq. 20), E° was expected to increase as

the temperature was increased.

RT [Red]
Ecen = Edon = 1510 (10 (20)
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This trend was observed and reported below and aligned with values reported in the

literature versus Ag/AgCl.*>>>°

Table 6.2 Formal potentials and diffusion coefficients determined for 31.1 mmol EuCl; in LiCI-KCl at 450,
550, and 650 °C with free-standing BDD.
T (°C) Evs.Ag/AgCl (V) Do x 10®° (cm?/s) D X 10”° (cm?/s)

450 +0.288 £0.0006 1.6 £0.01 1.7 £0.04
550 +0.358 £0.001 1.9 +£0.08 2.3 £0.09
650 +0.439 £0.002 1.6 £0.5 0.9 £0.2

The Randles-Sevcik equation (Eq. 4) is commonly used to determine Eu diffusion
coefficients in molten chloride salts.®”**”' The values for the diffusion of the oxidized and
reduced species are reported in Table 6.2 for the three temperatures. Values in the
literature typically fall within 10° — 10 cm?/s,”>** aligning with the present results. The
diffusion was expected to increase as temperature increased,” and this trend was observed
for the first temperature step. However, the value collected for 650 °C decreased, most
likely due to decreased electrical contact quality. The nut and bolt connecting the BDD to
the graphite block mount was severely corroded (seen in Figure 6.9) which likely had a
significant influence on the quality of the measurement and is confirmed by the poor
resolution of the 50 mV/s scan in Figure 6.8. At that temperature, the peak current
measurements are likely skewed for higher values, supported by the declining correlation
coefficient.

The three scan rate studies also provided information regarding the kinetics of the
electron transfer through values for AE, and k. The Nicholson method for determining k
using Eq. 5 is commonly applied to Eu in molten chloride salts.®*”>''° However, the

increased temperature must be considered for AE, and vy, a value defined by Nicholson to
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calculate k as a function of AE,. The appropriate adjustment can be made using Eq. 21 and
Eq. 22 with a charge transfer coefficient (o) value of 0.5 based on the process outlined by

Kuznetsov et al.”®”%73

AEp 7298

AE =
0,298 T

(21)

Yr = ¢298\/% (22)

The adjustments for 450, 550, and 650 °C are presented in Table 6.3 and the
corresponding k values for 50 mV/s scans in Table 6.2 align with previous reports for
Eu®*?* in chloride salts, presenting the expected trend of increasing electron transfer rate

at higher temperatures.®”?

Table 6.3 Peak separation and y adjusted for salt temperature with resulting k for the 50 mV/s scan rate.
T (K) AE,y (mV) AE,,93 (mV) 3, P95 k x 107 (cm/s)

723 244 +0.001 101+0.001 0.6 0.93 6.1
823 245+0.005 88.7+0.005 0.8 1.3 9.3
923 235+0.006 75.9+0.006 1.8 3.1 12

Although the quality of scans began to decrease at higher temperatures, the peak
potentials were still easily delineated, meaning the values for E° for each scan rate study

3+/2+

could be used to explore thermodynamic descriptions of the Eu redox couple. The

relationship between E° and the Gibbs free energy (AG®) is outlined in Eq. 23.

AG° = —nFE° (23)
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Additionally, AG® also corresponds to the enthalpy (AH’) and entropy (AS°) of the reaction
that can be determined using a regression of the free energy over multiple temperatures

via Eq. 24.

AG° = AH° — TAS°® (24)

Most literature first adjusts the reference potential to that of the Cl solvent
decomposition at the positive end of the potential window, which is a temperature-
dependent shift from Ag/AgCl.>*>**”**1?>2 One published method outlines the process of
converting reference potentials based on the temperature of the salt during measurement
and the concentration of AgCl in the RE design.***>* First, the apparent standard potential

of the Ag/AgCl redox couple (Egg,44¢;) is determined for the given temperature using Eq.

25.

S ager = —1.076 + 0.0001672T (25)

Then, this value is corrected via the Nernst equation to consider the mole fraction (X44¢;)

via Eq. 26 to determine the relative cell potential, which can then be used to convert to

and from the CI'/Cl,(g).

, RT
Epg/agct = Edgjager — Eln (Xagct) (26)
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In the present study, 1 mol% AgCl (X44¢; = 0.01) conversion to the CI'/Cl,(g) reference
for 450, 550, and 650 °C shifted the potential -1.242, -1.26, and -1.29 V, respectively.

A linear regression was performed for AG°® across the three studied temperatures,
shown in Figure 6.10. The y-intercept and slope equate to AH® and AS’, respectively, and
the regression is highly linear (R*>0.99). Although the measurement quality decreased as
the temperature increased, the RE was stable, and peaks were still resolved well enough
to determine the energetics of the reaction. The values for AG® at each temperature (-92.0,
-87.5, and -81.9 kJ/mol) and resulting AH’ (-128.8 kJ/mol) and AS° (-50.7 J/mol-K)
almost exactly match what has been reported for Eu**/** in LiCI-KCL* These values are
listed alongside the corresponding temperatures and E° for both reference potentials in

Table 6.4 and comparative literature values in Table 6.5.

-80

% % %o &
® o ~ ]

Gibbs Energy (kJ/mol)
& ; A ;
=)

-92

94
700 750 800 850 900 950
Temperature (K)

Figure 6.10 Regression of Gibbs energy vs. Cl'/Clx(g) for 31.1 mmol EuCls in LiCl-KCI at 450, 550, and 650
°C with free-standing BDD.
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Table 6.4 Thermodynamic calculations for 31.1 mmol EuCl; in LiCl-KCl at 450, 550, and 650 °C with free-
standing BDD vs. Ag/AgCl and adjusted Cl'/Cl, reference.
T  E°vs. Ag/AgCl  E°vs. Cl/Cl, AG° AH° AS°
(°C) W) W) (kJ/mol) (kJ/mol) (J/mol-K)
450 +0.288 +0.0006 -0.954 +0.0006 -92.0 +0.6
550 +0.358 +0.001  -0.902 +0.001 -87.5+1 -128.8+2.4 -50.7+2.9 0.9967
650 +0.439+0.002 -0.851 +0.002  -81.9 +2

RZ

Table 6.5 Thermodynamic calculations compared to literature values.
T (°C) AG°(kJ/mol) AH’°(kJ/mol) AS°(J/mol-K) Reference
450 -92.0 £0.6

550 -87.5 +1 -128.8 £2.4 -50.7 £2.9 This Work
650 -81.9 +2

450 -92.4 +0.19

550 -87.8 £0.19 -128 +0.2 -49 +0.08 80

650 -82.5 +0.19

6.3.1.2 Scanning Electron Microscopy

After performing the solvent potential window scan at 450 °C and scan rate studies
at 450, 550, and 650 °C, SEM was used to image the grown side of the material. An image
was collected in the region submerged in the salt and a portion above the liquid level
exposed to the high-temperature air of the furnace. Based on the results of Chapter 4 and
Chapter 5, the source of corrosion after BDD was exposed to molten salts was likely
moisture and oxygen present in the salts that were not purified and melted in air.
Therefore, it is expected that significantly more corrosion is expected in the upper region
of the material that was in direct contact with the furnace air for the duration of the
experiments. The furnace temperature was above 400 °C for roughly 8 hours and cycled
approximately 150 times for the potential window and scan rate study voltammograms.

A schematic of the WE design with the regions exposed to either salt or air is on the
left in Figure 6.11 To the right are micrographs of one area in each region showing the

large crystalline structures expected for the grown side of free-standing material seen in
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the previous chapters. Both regions show white across the surfaces, indicating the presence
of salt residual that remained after cleaning with water via sonication. Although the top
region was not directly submerged in the solution, the salt may have volatilized during the
experiment. However, etching occurred at the grain boundaries and between the facets of
each crystal, much like what was previously observed on corroded samples in Chapter 4
and Chapter 5. However, the portion of the BDD that was only in the salt does not show
any apparent corrosion, which further strengthens the previous arguments that the source
of corrosion is high-temperature oxygen or moisture rather than the salt system directly,

which is a theory supported by literature where high-temperature oxidation is described.**

Graphite

Air-Exposed—

/ Salt-Exposed —

Figure 6.11 SEM of free-ste 50, and 650 °C. The
top portion was not exposec _ed in the salt for the
duration of the experiment.

6.3.2 Thin-Film BDD
Large pieces (longer than the coupons used in Chapter 5) of free-standing BDD are

challenging to grow; therefore, they are expensive and take significant time to acquire.
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Therefore, the only electrode material available during these experiments performed at
LANL was BDD-coated Ta rods that could be more easily purchased from a supplier within
a reasonable time. However, by performing scan rate studies for EuCl; in LiCl-KCl with
this material, a comparison can be made between the electrical performance of free-
standing and thin-film BDD. Because the system was not radioactive, the electrode was

also imaged using SEM after the experiment.

6.3.2.1 Cyclic Voltammetry

A scan rate study was performed for 0.1 mol% (28.2 mmol in this measurement)**
Eu®*/?* in LiCl-KCl using the thin-film BDD electrode at 100, 200, 300, 400, and 500 mV/s.
In this case, the slower scan rates used previously (10 — 100 mV/s) did not produce
meaningful voltammograms that could be used to perform calculations to quantify
electrode performance. Additionally, there were apparent issues with the construction of
the Ag/AgCl reference electrode, which were observed when the potential window was
shifted too far in the positive direction. Positive shifts have been observed by other
researchers when AgCl concentrations are sufficiently low,>* but it is unclear as to why
this was not an issue that occurred in the previous measurement, in the many publications
that also use this design, or the following measurement of U in the next section. However,
it is trivial to calibrate the reference potential of the potential window and scan rate study
to the onset of chlorine solvent decomposition in the background scan and then adjust to
the equivalent of 1 mol% Ag/AgCl using Eq. 25 and Eq. 26.>*%*® An attempt was made to

increase the temperature and repeat the scan rate study. However, the response quality

156



was too poor to utilize for quantification. Therefore, the experiment was limited to just
one temperature out of concern for the BDD rod electrode but still allowed for calculations
of E°, D, AE,, and k at 450 °C.

The potential window measured in LiCI-KCl at 450 °C using the thin-film BDD
electrode is shown in Figure 6.12 where the original data is overlaid with the shifted
potential to align with the Cl solvent decomposition (-2.3 V shift) and Li solvent
decomposition (+1.4 V shift). Like what was seen using the free-standing BDD, the
literature indicates that the oxidation of Cl to Cl,(g) should appear in the range of +1.25
to +1.5 V vs. Ag/AgCl and the reduction of Li" to Li metal occurs between approximately
-2.25 V and -2.75 V vs. Ag/AgCl.6676237:242247249 The Cl,/Cl(g) and Li*/Li reactions both
serve as standard references in LiCl-KC1">**%***?%> and their reliability is confirmed as the
solvent decomposition onsets were consistent over time. Additionally, the anodic and
cathodic peaks from the scan rate study discussed below did not shift in potential,

indicating that the RE used was precise, even if inaccurate.
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Figure 6.12 Potential window at 100 mV/s for LiCl-KCl on thin-film BDD at 450 °C with reference potentials
adjusted to Cl'/Cly(g) (green) and Li*/Li (purple). CE: W.
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The solvent window shows a relatively large background current density
(approximately 2 A/cm?) compared to what was observed using the free-standing material
(approximately 1.5 mA/cm?). One explanation for this difference may be related to the
carbon hybridization of the differing morphologies. The thin-film BDD, at only 5 um in
thickness, has many small grain boundaries and, therefore, a relatively high sp® content
compared to the free-standing material. The fine grain surface may ultimately increase the
conductivity compared to the free-standing material with large crystals on the grown side
at 350 um thick, where one-half of the surface is primarily sp>-hybridized carbon. With
this feature being considered, the working region of the solvent window is still
approximately 3 V, like the free-standing material, for the distance between the Cl and Li
solvent decomposition regions.

Another important consideration is the purity of the salt. Anodic and cathodic peaks
appear approximately 0.5 V positive from the Li reduction and are mostly likely the result
of hydroxide contamination in the form of LiOH.**® This indicates that the thermal drying
and pre-electrolysis procedures did not wholly remove moisture from the system before
melting. However, no other species appear within the window, and the regions where the
Eu and U redox couples are expected should be unaffected.

The scan rate study normalized to the Cl'/Cl,(g) reference is shown in Figure 6.13
A) for scan rates 100 — 500 mV/s, where each was cycled three times and performed over
three trials. With E° at -0.942 V vs. Cl-/Cl,y(g), this result aligns well with literature for

72,230,255 3

Eu**?* in chloride molten salts in addition to the results normalized using the free-
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standing BDD in the previous study. Additionally, if the CVs are instead normalized to the
Li*/Li reference, the resulting E° at +2.75 V exactly agrees with what has been previously
reported.”®* When adjusted to the 1 mol% Ag/AgCl reference after normalization to either

of the decomposition potentials***** E°

was +0.300 V which aligns nicely with what was
determined using the free-standing BDD at 450 °C, agreeing with expected values.**>**°

The total surface area exposed to the salt (3.9 cm?®) was determined by measuring the salt

level after removing the electrode from the graphite cap at temperature.
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Figure 6.13 Scan rate study of 28.2 mmol EuCl; in LiCI-KCl on thin-film BDD at 450 °C. Reference: CI
/Cla(g); CE: W.

The plot of peak current versus /v in Figure 6.13 B) for the anodic and cathodic
reactions produced relatively linear regressions, but both correlation coefficients are
slightly weaker than what was collected using the free-standing material at the same
temperature (R> = 0.98 for thin-film BDD vs. R? > 0.99 for free-standing BDD). However,
the trend is still overall linear and allowed for the calculations of D. Figures of merit are
listed in Table 6.6 for E° at all three reference potentials, and D was determined using the

Randles-Sevcik equation (Eq. 4).
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Table 6.6 Formal potentials and diffusion coefficients determined for 28.2 mmol EuCl; in LiCl-KCl at 450 °C
with free-standing BDD recalibrated for Ag/AgCl using Cl'/Cl,(g) and Li*/Li.
E°vs. CI'/Cly(g) (V) E°vs.Li*/Li (V) E°vs. Ag/AgCl (V) Do X 10° (cm?/s) Dg x 10° (cm?/s)
-0.942 £0.001 +2.75 £0.001 +0.300 +£0.001 2.4+0.3 0.41 £0.06

In some cases, D has been reported using the Berzins-Delahay method (Eq. 7) for
scan rates faster than 500 mV/s because the reversibility of the reaction is compromised,”
but because the study was performed with 100 — 500 mV/s scan rates, the Randles-Sevcik
equation was still provided reasonable results. The regressions for peak current over v
are not as strong as those calculated for the measurements at 450 and 550 °C using the
free-standing BDD, but R* > 0.9 for both the anodic and cathodic reactions. In comparable
studies, D is typically expected within 10° - 10®° cm?/s,*%7*?>?%> which is in line with D,
but D was determined to be slightly slower than anticipated at 4.1 x 107 cm?/s. However,
an instance has been reported where a graphite rod WE produced D in the range of 10

cmZ/S’ZSS

so one possible explanation could be the similar hybridization (presence of sp*)
of the carbon affecting the diffusion. However, based on the quality of the measurements
seen in Figure 6.13 A), it is most likely related to increased resistance indicated by the
angle of the voltammograms, which could have skewed the resulting peak current values
that directly impact the calculation of D.

As for the free-standing material, the Nicholson method with temperature-adjusted
parameters and a. = 0.5 was used to determine k.®7>''° In this case, the room temperature
and high temperature AE, and y values with the resulting k for 300 mV/s are listed in

Table 6.7. Regardless of the relatively slow diffusion of Eu**, k falls within the expected

range and aligns closely with what was calculated for the free-standing BDD.**”
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Table 6.7 Peak separation and y adjusted for salt temperature with resulting k for the 300 mV/s scan rate.
T (K) AE,;r (mV) AE, ;953 (mV) P 1Peg k (cm/s)
723 208 £1 85.7 £1 09 14 54x10°
6.3.2.2 Scanning Electron Microscopy
After the scan rate study at 450 °C was complete, the furnace temperature was
increased to 550 °C, and the measurements were attempted again. However, no usable
signal was acquired. After the furnace cooled to room temperature, it became clear why
there may have been issues compared to CVs like what was collected on the free-standing
BDD. The electrode was removed from the salt, revealing that the coating had chipped off
the rod at the end of the submerged portion. Therefore, it is likely that the Ta rod was
involved in the electrochemical response observed in the previous section. Images were
collected with SEM to evaluate the damage further. Three images of the rod end are
stitched together to produce Figure 6.14. It is hypothesized that the temperature ramping
may have been too rapid when heating to 450 and 550 °C, resulting in thermal unequal
expansion of the BDD coating and its Ta substrate, causing the thin coating to crack and
separate from the rod. This feature also appears primarily where a ‘seam’ exists in the
coating because of the chemical vapor deposition (CVD) process as the Ta is coated
horizontally, then rotated to coat the other side. The edge of the coatings would possibly

serve as points of weakness when presented with extreme environments.
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Figure 6.14 Stitched SEM aIre to LiCI-KCl at 450 and 550 °C.

However, images were also acquired before exposure to provide a thin-film
polycrystalline BDD topography baseline. Figure 6.15 A) shows a micrograph of a new
rod not yet exposed to salt. The grain structure is entirely different from what was observed
on either the grown or nucleation sides of the free-standing BDD. In this case, the crystal
structures are described in the literature as ‘cauliflower nanodiamond carbon’ based on
the resemblance of the vegetable in the crystal structure.”” Additionally, the used
electrode was imaged in a region submerged in the salt but away from the damaged
portion at the rod end in Figure 6.15 B). In this case, there is no apparent change to the
coating or crystal structure, even after exposure to various temperatures in molten chloride

salt.
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Figure 6 )8 3

6.4 Uranium Trichloride

The BDD-coated rod electrodes were used to perform CVs of UCl; in LiCl-KCl and
MgCl,-NaCl (48-52 mol%) electrolytes. Free-standing material long enough to perform
molten salt electroanalytical measurements was not available in this case but is a proposed
area of future work following the success observed in measurements of EuCl; discussed in
the previous section. Attempts were made to use the BDD coupons used in the exposure
tests of Chapter 4 and Chapter 5, but the small area was challenging to selectively expose
to the salt while also ensuring the electrical connection was resilient. Those measurements
were ultimately unsuccessful for many reasons related to the available infrastructure.

The same furnace design used for EuCl; measurements with the BDD rod electrode
was also employed in this section. In the LiCl-KCl electrolyte, a bare rod was used in the
salt. However, one feature of the project that provided the opportunity to use BDD to study
UCl; in MgCl,-NaCl was the development of small area working electrodes (SAWE) that
aimed to increase resolution and sensitivity. Therefore, the BDD rod electrode was

modified with Resbond by covering all but a small portion of one end, which was exposed
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to the salt, and approximately 3 cm in length at the other end to allow for electrical

connections.

6.4.1 LiCl-KCl Electrolyte

The solvent potential window of LiCl-KCl using the bare BDD rod electrode was
measured again before UCl; was introduced. The result was expected to be identical to
what was collected before studying Eu in the previous section. However, the
voltammogram presented in Figure 6.16 shows that the overall current density is
significantly lower, and the presence of LiOH appears to be less prominent with only a
slight cathodic wave appearing just before the Li solvent decomposition.*® Additionally,
this window does align with the potentials expected for the Cl and Li overpotential regions
at each end of the CV.%076228237242247249 Compared to what was observed on the free-
standing BDD, this window is well-resolved, and the solvent decomposition features are
not affected by issues with resistance, which may be a combination of improved electrical

connection and the use of iR compensation performed before the measurement.
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Figure 6.16 Potential window at 100 mV/s for LiCl-KCI on thin-film BDD at 450 °C. RE: 1 mol% AgCl in
LiCI-KCl; CE: W.
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Unlike the measurements of EuCl; using the thin-film rod electrode, the scan rate
study of 0.1 mol% (27.7 mmol)*' U**”** was successfully captured using the slower scan
rates, 10, 25, 50, 75, and 100 mV/s where each was cycled three times and performed
over three trials. As seen in Figure 6.17 A), there is virtually no noise across the scans,
and like for the solvent window, resistance does not appear to affect the shape of the
voltammograms. Additionally, the regressions for the anodic and cathodic peak heights

over v/v have strong correlation coefficients, both larger than 0.99.
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Figure 6.17 Scan rate study of 27.2 mmol UCl; in LiCI-KClI on thin-film BDD at 450 °C. RE: 1 mol% AgCl in
LiCI-KCl; CE: W.

The results may have improved compared to the Eu®*/?* study because the
temperature ramp rate was slower (100 °C/h) upon initial heating, and measurements at
550 °C were not attempted due to logistical limitations at the time of the experiment in
hopes of preserving the thin coating. Because the rod was then contaminated with
radioactive material, it could not be taken to the LANL electron microscopy laboratory,

and it was too large to fit in the local benchtop SEM that could handle actinide samples.
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However, it was concluded that no significant damage occurred via visual inspection. An

image of the electrode end after exposure is shown in Figure 6.18.

Figure 6.18 nts in
UCl; in LiCl-KClI at 450 “C.

Taking the average potential between the anodic and cathodic peaks provided a
value for E° that aligns with the literature using Ag/AgCl, and this holds for the U****
redox couple when normalized to the CI'/Cl,(g) reference Eq. 25 and Eq. 26.%%78-232:239,258:259
The values for E° are provided in Table 6.8 alongside D, and D, that were calculated using
the Randles-Sevcik equation like for the EuCl; measurements and similar studies published
in the literature.®******2% However, the diffusion is expected to occur at a rate within the
range of 10° — 10®° cm?/s, and the values calculated for the CVs collected using the thin-
film BDD rod electrode are slower by two orders of magnitude (10® cm?/s). The
calculation of D is directly affected by the magnitude of the peak currents considering the
slope of their regression across v/v. In Figure 6.17 it is clear to see that the current
response is on the order of less than 1 mA/cm?. For a surface area of 3.4 cm? (determined
by the salt level after removal from the graphite cap while at temperature), the current

3+/2+

density was significantly lower than what was observed when studying Eu using either

the free-standing BDD or the BDD-coated rod in the previous section. This result is curious,
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considering the higher conductivity of the BDD coating compared to the free-standing

material due to the varied ratios of sp® and sp” hybridized carbon.

Table 6.8 Formal potentials and diffusion coefficients determined for 27.2 mmol UCl; in LiCI-KCl at 450 °C
with thin-film BDD vs. 1 mol% AgCl in LiCl-KCL.
E° vs. Ag/AgCl (V) E°vs. Cl/Cly(g) (V) Do x 10® (ecm?/s) Dg x 10® (cm?/s)
-0.349 +0.0004 -1.591 £0.0004 2.3 £0.08 4.1 +£0.3

Additionally, the response presented here does not align with previously measured
using the same electrode design. One possible explanation could be the chipping observed
before, which may have increased the current response thanks to the involvement of the
exposed Ta rod. An argument could be made for the relatively large surface area affecting
the diffusion behavior compared to something like a wire or disc electrode design, but it
is, in fact, a slightly smaller exposed surface than what was used to study EuCls. That study
produced values for D within the expected range (10° cm?/s), so it seems like an unlikely
explanation.

Calculations related to the kinetics of the reaction are also nuanced compared to
the previous measurements reported in this chapter, and values for AE,, v, and k are listed
in Table 6.9. In the studies reported above, converting the required parameters to the
appropriate temperature equivalent was trivial. In this case, the original AE, was only
0.134V, and the adjusted value decreased to 0.055 V.**”® The Nicholson method is limited
to 0.061 V < AE, < 0.212 V,""? and the resulting y is estimated to the maximum table
value of 20, although it would actually be larger. The temperature adjusted value of 31

for y and yielded a value of 5.4 x 10 cm/s for k, which is still relatively large considering

the influence both D, and Dy have on the calculation of k (see Eq. 5). The expected order
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of magnitude is faster based on literature (10° cm/s),*®”° but the approximations required
to produce this value bring its validity into question. According to the Nernst equation, at
standard conditions (T = 298 K), the pink portion of Eq. 27 will equate to a separation of
0.059 V / n, meaning that AE, = 0.055 V for a 1 e transfer is smaller than theoretically

possible.

[Red]

ECB” = E(?ell - log [Ox]

(27)

When adjusted for 450 °C, the ideal separation becomes 0.143 V / n. Again, the value
collected at temperature (0.134 V) is also abnormal. While the explanation for this narrow
separation is unclear, there is an alternative for calculating k that does not consider this

detail.

Table 6.9 Peak separation and v adjusted for salt temperature with resulting k for the 50 mV/s scan rate
using the Nicholson and Klingler-Kochi methods.
T (K) AE,r (mV) AE,,o3 (mV) v P9 k" (cm/s) Kk“(cm/s) ana
723 134 1 55.0£1 20 31 54x10° 9.6 x 10? 1.1
The Klingler-Kochi approach to quantifying k was also considered.''® In this method,
Eq. 8 and Eq. 9 can be used to determine the charge transfer coefficient, ans, and k. The
result using this method is quite good and aligns with the literature.®*”® The rate constant

calculated using the Nicholson equation is denoted as k", and k*“ is used for Klingler-Kochi

in Table 6.9.
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6.4.2 MgCl,-NaCl Electrolyte

To compliment the LiCl-KCl system, BDD was also used to measure 0.1 mol% U**/**
in a MgCl,-NaCl (48-52 mol%) electrolyte. While confirming previous results on graphite
and W disc small area working electrodes (SAWE) for a separate project, a thin-film BDD
rod electrode surface area was restricted to a small portion of one end. Previous trials of
CV with the graphite and W SAWEs were not successful in capturing oxidation or reduction
peaks, and the task was to repeat the attempt once more before proceeding with a
publication regarding the electromotive force of U**° in the MgCl,-NaCl system.”® The
Mg/MgCl, RE in use aligns the Mg>*/° reaction at 0 V, which nearly overlapped the U**"°
couple during measurements. Because it is known that U**/** appears approximately +1.2
V from the U**°, anodic and cathodic responses are expected to appear near +1.2 V vs.
Mg/MgCl,.%%7>77:225:232

In Figure 6.19 A), the response collected using the graphite SAWE shows some
evidence of the oxidation reaction at ca. +1.3 V vs. Mg/MgCL, the expected region if E° =
+1.2 V. However, the reduction peak is much less prominent in the +1.1 V region.
Together, these peaks encapsulate the expected +1.2 V potential for E°, but the resolution
is poor, like when these measurements were first performed. Next, the W SAWE in B) was
deployed. In this case, there is no evidence of U*" oxidation, only an anodic peak at
approximately +2 V, hypothesized to result from W chemistry that can occur at more
extreme potentials.”” The reduction peak at +1.15 V can likely be attributed to the
reduction of U*", but overall, the U**/** is not easily identified using this electrode

material. Ultimately, the results from these two measurements confirmed what had been
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measured previously for this project. Before the furnace was brought down to room
temperature, the BDD SAWE was mounted in the graphite cap while at temperature. Based
on the results from the EuCl; experiment, there were significant concerns regarding the
rapid thermal expansion of the electrode material and a poor electrochemical response.
Instead, U** oxidation and U** reduction is detected on each side of +1.2 V, illustrated in
C). Unfortunately, because the BDD was only introduced just before taking down the
electrochemical cell, there was no opportunity to perform a scan of the MgCl,-NaCl solvent

window. This response should be pursued in future explorations of this system using BDD.

0.015 AR
e // - 1 _ 20
E oo = g k:
=z
2 = / e 2 10
. 0.005 " o ;
£ - g 2
z L g 8
a o0 / o 2 g0
= 4 =} =
o u 17
E -0.005 / // E E
< / C s C 10
-0.01 )
-0.015 -1 -20
1 12 1.4 1.6 1.8 2 0.75 1 1.25 1.5 1.75 2 2.25 0.8 0.9 1 1.1 1.2 1.3 1
Potential vs. Mg/MgCl (V) Potential vs. Mg/MgCl (V) Potential vs. Mg/MgCl_ (V)

Figure 6.19 100 mV/s voltammograms of 0.1 mol% UCl; in MgCl,-NaCl at 550 °C vs. Mg/MgCl, on graphite
(purple), tungsten (green), and BDD (pink) SAWEs. RE: Mg/MgCl,; CE: W.

Because both peaks were relatively well resolved using BDD, E° was determined to
be +1.22 V vs. Mg/MgCl,. This reference was converted to 5 mol% Ag/AgCl using a
method outlined by the team at LANL for this project. This reference was normalized to
Cl/Cly(g), and then 1 mol% Ag/AgCl with Eq. 25 and Eq. 26.%****® The four adjusted values
for E° are listed in Table 6.10, and the values for Cl/Cl,(g) and 1 mol% Ag/AgCl both
agree nicely with what was measured using the bare BDD rod electrode in the LiCl-KCl

electrolyte and therefore with values reported in the literature, 7823239258259
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Table 6.10 Formal potentials for U**/** adjusted for each reference.
Mg/MgCl; (V) 5 mol% Ag/AgCl (V) Cl/Clx(g) (V) 1 mol% Ag/AgCl (V)

+1.22 -0.457 -1.60 -0.357

Another group at LANL recently studied one possible explanation for why detecting
the U**** in MgCl,-NaCl was challenging. In a study where CV was performed on LnCl; in
a variety of alkali and alkaline earth chloride electrolyte salts, a pattern was detected
related to the ionic radii and electron density of solvent cations and the stabilization of
oxidation states of lanthanides in the salt.**® It was found that the larger, 2+ charge cations
(e.g., Mg*" and Ca®") shifted the redox potential for Eu’>*/** +0.5 V compared to the
measurements in KCl, favoring the lower oxidation state. Therefore, if this trend were to
extend to actinides, it is likely that the presence of Mg>* in the present study could make
the oxidation of U** to U** nontrivial. Yet, the BDD electrode was still capable of detecting
both the oxidation and reduction mechanisms at the expected potential, unlike graphite
and W, which are commonly used to measure U**/** in LiCl-KC].%78-232:239258,259

When comparing the responses in the LiCl-KCl and MgCl,-NaCl, there is a
significant difference in the current density, although the two BDD rods were from the
same batch order. The electrical conductivity of the two electrolytes was researched, and
it has been found that at 550 °C, LiCl-KCl is reported to have an electrical conductivity of
2.1 S/cm,*® but the one available study reporting the 48-52 mol% MgCl,-NaCl mixture

reported temperatures only down to 633 °C.%** That publication recorded a conductivity of

1.75 S/cm, and because electrical conductivity decreases as temperature decreases, it
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would most certainly be less conductive than LiCl-KCl at 550 °C. Therefore, this
characteristic does not explain the lower current magnitude in LiCl-KCl.

The other primary difference between these measurements of UCl; is the geometry
of the surface area exposed to the salt. For LiCl-KCl, a bare rod was submerged with a total
exposed area of 3.4 cm? including one end and a portion of the cylindrical surface.
However, the SAWE design only exposed a small region on the end, making the design
comparable to that of a disc electrode design with a surface area restricted to 0.004 cm?.
The literature shows that geometry can impact CV resolution but not necessarily the
current magnitude.”® The geometry may, however, significantly impact the direction of
diffusion based on the drastic difference between the double-layer size and shape between
the two electrode designs.?®* This comparison is much like what was discussed in Chapter
3, where the holes in the grid BDD electrode design introduced a new component to the
diffusion mechanism, adding another region of analyte interactions to consider. Again, this
difference is unlikely to explain the current density difference observed for the U**/**
studies.

Finally, the literature presented the most plausible source for the extreme difference
in current density. When the size of electrodes is drastically reduced to micron-scale
surface areas, they can be classified as ‘microelectrodes’ whose ultra-small conductive
region is much smaller than the resulting diffusion layer. This difference can also enhance

the focus of analyte detection and create relatively large current density responses.?6>2%° In
y larg y resp

one case, micro-tip electrodes produced current densities on the order of A/cm?2%°

Although the BDD SAWE used in the present study is not a small enough surface area to
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qualify as a microelectrode, the significant reduction in exposed BDD, especially compared
to the bare rod, is likely the reason for such a significant difference between their resulting

current densities.

6.5 Conclusions

This chapter aims to further strengthen the argument supporting the consideration
of BDD as a resilient electrode in molten salts by deploying BDD working electrodes to
study f-block redox couple in molten chloride electrolytes. Measurements were performed
using free-standing and thin-film material, in one case comparing the detection and

characterization of the Eu®*/?*

redox couple in LiCl-KCl. Using the thin-film rod electrode,
U*”** was studied in LiCl-KCl and MgCl,-NaCl to determine the effect of electrolyte
composition on the stability of favorable oxidation states. Additionally, there was an
opportunity to discuss the influence of surface area, further exploring the various
configurations of BDD electrodes and the quality of their responses.

Free-standing BDD had greater peak resolution compared to the thin-film material.
Although it would be ideal to use this form of BDD in UCl;-containing salts as well, this it
is generally less accessible compared to thin-film BDD coatings on substrates like the Ta
rods used here given the time and financial cost associated with growing large surface area
free-standing material. However, thin-film BDD may have the potential to perform high-
quality measurements, like free-standing material, based on the limited applications

described here. The electrode design could be optimized by varying features like the

thickness of the film, doping levels of the boron, and geometry of the substrate in order to
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increase resilience and conductivity. Additionally, the reduced surface area concept should
be explored further by refining the process to expose limited portions of the film with the

intention of increasing current density for measurements like CV.
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7 Conclusions

Molten salt technology is rapidly expanding and the urgency for quality, reliable
measurements is greater than ever. With the rise of molten salt reactors (MSRs) in the
advanced nuclear reactor fleet and growing interests in used fuel recycling and
reprocessing, it is imperative that there is a library of robust materials available to consider
at industry and laboratory-scale applications. Additionally, techniques like
electrochemistry can provide valuable information regarding redox potentials of fuel salt
systems and corrosion mechanisms for materials of construction. This manuscript
proposed boron-doped diamond (BDD) as a resilient material that can withstand the harsh
conditions of high-temperature molten salts while also performing as a robust electrode
for in situ measurements. The literature exploring the use of BDD in molten salts is
extremely limited,**® and impacts to the surface chemistry of the material or quality of
the electrode performance has not yet been reported for chloride or fluoride salt exposure.
This work contributes a novel material proven to be resilient in both chloride and fluoride
molten salts, and capable of performing as a working electrode for in situ analytical
measurements of f-block species.

A range of measurements have been performed to characterize free-standing BDD
electrodes using electrochemical, microscopic, and spectroscopic methods. First, the
grown and nucleation sides of the material was imaged using scanning electron
microscopy (SEM) to visualize the difference in topography for each side. Then, aqueous
electrochemistry was performed on the grown and nucleation sides of BDD electrodes to

compare the impact of crystal structure and morphology on the quality of the response.
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Cyclic voltammetry (CV) scan rate studies were used to quantify the oxidation and
reduction processes at the electrode surface by calculating the formal potential (E°),
diffusion coefficient (D), peak separation (AE), and heterogeneous electron transfer rate
constant (k). Potassium ferricyanide (K;sFe(CN)g) and hexaammineruthenium(III) chloride
(CI;Ru(NH3)e) are two common analytes that are well-reported in the literature and are
commonly used on BDD electrodes, but typically on thin-film material that more closely
resembles the nucleation side of free-standing material compared to the grown side.
Additionally, two f-block analytes, EuCl; in KCl and UO,(NOs), in HNO3, were investigated
on each side of the BDD electrode and characterized using the same techniques and
calculations. Overall, the responses were well-aligned with expected literature ranges, but
the electron transfer kinetics and diffusion rates were slightly faster on the nucleation side
for each analyte. The most likely explanation for this difference is the morphology,
specifically the hybridization of the carbon on each side. For the grown side with large
crystals, the surface is primarily sp>-hybridized, while the nucleation side has vastly smaller
grain boundaries, which results in more sp*-hybridized carbon. Because sp® carbon is more
conductive than sp’, this ratio difference may explain why the response was slightly
improved on the nucleation side compared to the grown side. Therefore, there does seem
to be an impact on measurement quality when morphology is modified, which will
potentially have implications for electrode designs considered for molten salt applications.

Another powerful electrochemical technique incorporates spectroscopic methods to
perform spectroelectrochemistry (SEC). One of the primary benefits of SEC measurements

includes the feature that reversibility is not a necessary feature of the redox couple being
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studied, which does drastically improve results for methods like CV. Because the actinides
and lanthanides of interest in molten salts often lack good reversibility, SEC may be a
helpful technique to provide high-quality results to describe fuel salts. In this chapter,
ultraviolet-visible (UV-Vis.) spectroscopy was used to monitor the absorbance change of
Fe(CN)s" from colorless to yellow as it was oxidized to Fe(CN)s> using a novel optically
transparent electrode (OTE) constructed using free-standing BDD material with holes
lased to allow light to pass through. Typical BDD OTEs are nanoscale thickness films on
quartz substrates which would not survive in a harsh environment like molten salts.
However, free-standing BDD may have the resilience to perform in salts, and using this
design, can also be used to extend SEC techniques to harsh environments. The holes of the
G-BDD were first described using SEM of the grown and nucleation sides to determine the
texture and uniformity of the holes. Measurements using CV were then performed on the
OTE grid BDD (G-BDD) and a non-grid electrode (NG-BDD) to determine the impact of
lasing the material on the electrochemical response. There was a slight difference which,
again, is likely attributed to the hybridization of the carbon since the lasing process
graphitizes the diamond crystals, leaving behind sp* carbon in the holes. However, an
anodic pre-treatment improved the response and likely helped to clear the surface.

Then, two types of SEC measurements were performed either with a restricted
diffusion layer (thin-film diffusion) to determine E° by monitoring the spectrum as applied
potentials were stepped from 0 V to +0.4 V vs. Ag/AgCl (around the expected E°). The
resulting absorbance value at the spectrum peak was plotted against the potential using a

Nernst plot, whose linear regression equated to the Nernst equation and provided a value
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for E° that aligned with the CVs and literature. Then, the diffusion layer was not restricted,
allowing for the measurement of D by monitoring only the absorbance of the peak
wavelength over time with chronoabsorptometry. The absorbance increased when the
potential is stepped once from 0 V to +0.8 V vs. Ag/AgCl. By converting the plot of
absorbance over time to the square root of time, two linear regions were identified. The
literature uncovered that the geometry of the OTE can affect the diffusion behavior based
on how many diffusion ‘regions’ exist for each design. It was determined that for the G-
BDD, there are three distinct diffusion regions: one on each side of the free-standing BDD,
and one within the holes. A modified form of the chronoabsorptometry equation was
proposed to account for this feature and the resulting value for D aligned with literature
and what was calculated using CV. Depending on the survivability of free-standing BDD
in molten salts, this success indicates that the G-BDD may be a suitable OTE selection for
performing in situ SEC.

Following the successful aqueous measurements, free-standing BDD resilience in
chloride and fluoride molten salts was investigated. BDD coupons were subjected to 10
days of exposure in either NaCl-KCl (700 °C) or FLiNaK (500 °C) with as-received salts
using furnaces in a fume hood (H) or with thermally dried salts using furnaces in an inert
Ar(g) glovebox (GB) producing four unique samples identified as NaCl-KCl (H), NaCI-KCl
(GB), FLiNaK (H), and FLiNaK (GB). The grown and nucleation sides of the samples were
first imaged using SEM which revealed that the surfaces were largely unchanged, except
in the case of the NaCl-KCI (H) sample which showed a noticeable amount of corrosion to

both the grown and nucleation sides, primarily appearing at the grain boundaries and
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edges between the facets of the large crystals on the grown side. This insinuates that those
regions, which happen to be the location of sp? hybridized carbon, are the likely targets
for etching. Additionally, because only the NaCl-KCl (H) sample was affected, it is assumed
that the increased presence of moisture in that salt compared to the FLiNaK (H) or dried
salts introduced volatile oxygen at the high temperature, inducing a decomposition
reaction. This sample was then measured using profilometry which creates a height map
of the surfaces and collects values for descriptors for surface roughness, uniformity,
maximum height, sharpness, and the degree to which the roughness contributes to
additional surface area. The maps for the grown and nucleation sides of NaCl-KCI (H) and
calculated values were compared to the new material. The grown and nucleation sides
were vastly different, as expected, but the new and exposed material changed minimally
regardless of the corrosion seen using SEM.

The grown and nucleation side of each sample was also measured using Raman
spectroscopy to investigate the surface chemistry with respect to speciation. Again, the
grown and nucleation sides produced significantly difference responses, particularly with
respect to the presence of only the singular, sharp sp® peak for the grown side and multiple
peaks on the nucleation side that identify both sp® and sp* carbon, which aligns with the
expected chemistry of the two morphologies. Interestingly, there was no change after
exposure to the salts and the spectra of the four samples align with the new material.
Additionally, X-ray photoelectron spectroscopy (XPS) was performed on the grown and
nucleation sides of new, NaCl-KCl (GB) and FLiNaK (GB) material as a different approach

to probe the surfaces. Similarly, the grown and nucleation sides showed, again, in this
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case, the grown and nucleation sides had nearly identical spectra showing C-C bonding
and C-O bonding. This was also the case for the exposed samples. In the literature, many
papers have reported the fluorination of BDD and resulting XPS, indicating the presence
of C-F bonding which did not appear on either side of the FLiNaK (GB) sample. Similarly,
there was no evidence of C-Cl bonding for NaCl-KCl (GB). Finally, time-of-flight secondary
ion mass spectroscopy (ToF-SIMS) was performed to explore yet another method of
investigating the surface of BDD, this time measuring new material, NaCl-KCl (H), and
FLiNaK (H). Yet again, the results indicated that there were no significant changes to the
surface chemistry of the BDD samples after exposure to the chloride and fluoride salts.
There is a wide array of other techniques that can be used to continue studying the material
after exposure, but the suite of measurements included in this chapter indicate that there
may not be a significant change to the surface of the grown or nucleation sides of BDD
after exposure to either chloride or fluoride exposed material.

Like in the first study discussed, Fe(CN)*’* and Ru(NH;)s’*?* are common
electrochemistry analytes that have been reported frequently in the literature using BDD
electrodes. They are complimentary analytes for analyzing changes to electrode surfaces
since Fe(CN)s>’* is considered to follow and inner-sphere electron transfer mechanism,
which should be more sensitive to changes at the surface of the electrode; and
Ru(NH;)¢**/?* uses an outer-sphere electron transfer mechanism which is less-sensitive to
changes at the surface. Following measurements of 1 M KCI solvent potential window
measurements on each side of new, NaCl-KCl (H), NaCl-KCl (GB), FLiNaK (H), and FLiNaK

(GB) BDD samples, scan rate studies were performed with CV using Fe(CN)¢*”* and
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Ru(NH,)s**/?**. The quality of the measurements were compared using E°, D, AE,, and k
and found that, as expected, more changes occurred to the responses for Fe(CN)s>"*
compared to Ru(NHs)s>*/**. However, none of the changes were significant enough to
diverge from the expected ranges based on the new material and values published in
literature.

Each of the previous chapters were the foundation to ultimately use BDD as a
working electrode in molten salts to study f-block species. First, free-standing BDD was
used to study EuCl; in LiCI-KCI at 450, 550, and 650 °C. At each temperature, scan rate
studies using CV were successfully completed and E°, D, AE,, and k are reported.
Additionally, the thermodynamics of the reaction were investigated thanks to the multiple
temperatures studied. All the values calculated almost perfectly aligned with what has
been published in literature and the resolution of the measurements at 450 °C were
exceptional. However, this measurement was performed on the benchtop in salts that were
not dried before the experiment. As the temperature increased, the quality of the response
decreased. After the furnace cooled to room temperature, it became quickly apparent that
this was due to the deteriorating electrical connection as the Zn-coated steel nut and bolt
corroded. Despite this challenge, the calculations still produced good results. Therefore, it
is expected that using this material in a more controlled environment should further
improve the results and allow for measurements at higher temperatures.

However, when the work transferred to the Los Alamos National Laboratory (LANL)
from the University of Nevada, Las Vegas (UNLV), free-standing material long enough to

perform such measurements was not available and the following measurements instead
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used thin-film BDD coated on Ta rods. First, the EuCl; scan rate study in LiCI-KCI at 450
°C was repeated using a thin-film rod electrode with dried salts in an inert Ar(g) glovebox.
In this case, the result did not produce peaks that were as well-resolved compared to what
was collected using the free-standing BDD at UNLV, but the calculated values for E°, D,
AE,, and k also generally aligned with measurements reported in literature. However,
when the temperature was increased to 550 °C, the response deteriorated past a point of
collecting useful information and the experiment was terminated. Then, it was discovered
that the coating had chipped which may be a result of rapid heating and possible thermal
expansion differences between the Ta of the substrate and the coating.

When a similar measurement was performed to study UCl; in LiCl-KCl, the first
temperature ramp was performed more slowly, and the results were more stable
throughout the measurement. In this case, the scan rate study was only performed at 450
°C, but the rod was not damaged following the measurement. The values for E°, D, AE,,
and k for the U**”** redox couple were successfully determined. While E°, AE,, and k
produced similar results to what has been published previously, D was ultimately much
slower (two orders of magnitude) than what was expected. The overall peak current was
very low, which has a direct influence on the values calculated for D. A direct comparison
cannot be made to the EuCl; measurement in the case that the chipping occurred before
the ramping where perhaps Ta participated in the response. There is work needed to better
develop an appropriate design for using this electrode geometry.

Finally, there was an opportunity to incorporate a BDD rod electrode into another

project at LANL where UCl; was being studied in a MgCl,-NaCl electrolyte at 550 °C. In
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this case, small area working electrodes (SAWE) were of interest, and the BDD was
modified to reduce the surface area to a mere fraction of what was exposed in the previous
measurements. It was also compared to the graphite and W disc SAWE:s originally planned
for these measurements. It was not feasible to perform an entire scan rate study at that
time, but when comparing even just single scans using each electrode showed that only
the BDD design was able to show the oxidation and reduction peaks for U**** clearly while
graphite and W could not. This difference may be attributed to the impact of electrolyte
cation strength on the stabilization of different oxidation states and the inability for
graphite and W to overcome that factor, while BDD was successful. Additionally, the
current density was remarkably high for the BDD SAWE compared to the bare rod used in
LiCl-KCl, which may be a result of restricting the surface area significantly like the
phenomenon observed with microelectrodes in aqueous applications. This design, along
with the free-standing material, should be refined and considered for the LiCl-KCl
electrolyte experiments for EuCl; and UCLs.

The results presented in this work introduced a multitude of pathways for further
investigations that should be pursued to better understand the role of BDD in molten salt
electrochemistry. These directions include, but are not limited to, further investigation of
surface chemistry changes and electrode performance after exposure to salts (e.g.,
capacitance measurements, electrochemical impedance spectroscopy, other material
characterization methods), the influence of crystal morphology on the electrochemical
response in molten salts, and electrode design optimization for molten salt measurements,

for example. Now that it is clear BDD will survive molten salts, especially free-standing
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material, the G-BDD design should be applied to perform SEC in molten salt systems to
study f-block analytes that can be challenging with techniques like CV. Additionally, the
changes (or lack thereof) to the surface after exposure to chloride and fluoride salt for an
extended period could be further investigated using a range of other techniques, but
changes observed in the current study are minimal-to-none. Furthermore, the ideal
morphologies and designs should be further explored to optimize electrochemical
responses in high-temperature molten salts.

In addition to laboratory-scale measurements, BDD could be considered for more
far-reaching applications such as elemental speciation, corrosion monitoring, and low-
level detection using a suite of techniques reaching far beyond CV in MSR systems or fuel
cycle technologies. If the corrosion mechanism observed for exposure to oxygen in the
system could be better understood and even quantified, it may be possible to use BDD as
an oxygen-monitor. Additionally, if there is success in using BDD for low-level detection,
there could be an opportunity to apply the electrode for material accountability and
nonproliferation applications within the MSR and pyrochemical fuel cycle systems. As
further studies explore BDD in molten salt systems, there could be a range of other ways

in which this invaluable material could benefit molten salt technologies.
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Systems Oral Session. 152" Annual Minerals, Metals, and Materials Society Meeting
and Exhibition. San Diego, CA.

Patenaude, H.K., Mehta V., Freibert, F.J. (2023, Mar). “Oh, My Darling Clementine:
A Contemporary Investigation of the Los Alamos Plutonium Fast Reactor.” Seaborg
Institutes: Emerging Topics in Actinide Materials and Science Oral Session. 152"
Annual Minerals, Metals, and Materials Society Meeting and Exhibition. San Diego,
CA.

Patenaude, H.K., Mehta V., Freibert, F.J. (2023, Feb). “Oh, My Darling Clementine: A
Contemporary Investigation of the Los Alamos Plutonium Fast Reactor.” Student
Poster Session. 2" International Workshop on Theory Frontiers in Actinide Science:
Chemistry & Materials. Santa Fe, NM.

Patenaude, H.K., Damjanovic, N., Rakos, J., Gonzalez, K., Branch, S.D., Rusinek, C.A.
(2022, Oct). “Electrochemical Characterization of Molten Salt Fuel Systems with
Boron-Doped Diamond,” Poster Session. Oak Ridge National Laboratory Molten Salt
Reactor Workshop. Oak Ridge, TN.

Patenaude, H.K., Damjanovic, N., Rakos, J., Gonzalez, K., Branch, S.D., Rusinek, C.A.
(2022, Oct). “Electrochemical characterization of molten salt fuel systems with
boron-doped diamond,” Inorganic and Materials Chemistry Oral Session. American
Chemical Society Western Regional Meeting. Las Vegas, NV.

Damjanovic, N., Patenaude, H.K., Rakos, J., Rusinek, C.A. (2022, Oct). “Free-standing
optically transparent carbon electrodes for spectroelectrochemistry,” Environmental

223



Chemistry, Energy Storage, Education Poster Session. American Chemical Society
Western Regional Meeting. Las Vegas, NV.

Freibert, F.J., Johns, R.C. Patenaude, H.K. (2022, Sep). “A Contemporary
Investigation of Clementine,” Nuclear Fuel Cycle Oral Session. Plutonium Futures -
The Science. Avignon, FR.

Patenaude, H.K., Rakos, J., Olney, R., Damjanovic, N., Branch, S.D., Rusinek, C.A.
(2022, Apr). “Boron-doped diamond resilience in chloride and fluoride molten salt
fuel systems.” Salt Chemistry and Radiochemistry in Support of Molten Salt Reactors
Oral Session. Twelfth International Conference on Methods and Applications of
Radioanalytical Chemistry (MARC). Kona, HI.

Patenaude, H.K., Rakos, J., Olney, R., Damjanovic, N., Rusinek, C.A. (2022, Apr).
“Electrochemical characterization of molten europium chloride with boron-doped
diamond.” Sciences Poster Session. Graduate & Professional Student Association
Research Forum. University of Nevada, Las Vegas. Las Vegas, NV.

Patenaude, H.K. (2022, Apr). “The Rhetoric of Nuclear Power and Power of Nuclear
Rhetoric.” University of Nevada, Las Vegas Inspiration, Innovation, Impact Graduate
Student Research Forum Series. Las Vegas, NV.

Patenaude, H.K., Rakos, J., Olney, R., Damjanovic, N., Branch, S.D., Rusinek, C.A.
(2022, Mar). “Boron-doped diamond resistance in chloride and fluoride molten salt
fuel systems.” General Topics in Nuclear and Radiochemistry Oral Session. American
Chemical Society National Meeting. San Diego, CA.

Patenaude, H.K., Rakos, J., Olney, R., Damjanovic, N., Branch, S.D., Rusinek, C.A.
(2022, Mar). “Boron-doped diamond resistance in chloride and fluoride molten salt
fuel systems.” General Topics in Nuclear and Radiochemistry Sci-Mix Poster Session.
American Chemical Society National Meeting. San Diego, CA.

Patenaude, H.K., Rakos, J., Damjanovic, N., Gelis, A.V., Rusinek, C.A. (2021, Dec).
“Electrochemical characterization of molten uranium chloride fuel systems with
boron-doped diamond.” Virtual General Materials Poster Session. International
Chemical Congress of Pacific Basin Societies.

Patenaude, H.K., Rakos, J., Olney, R., Damjanovic, N., Branch, S.D., Rusinek, C.A.
(2021, Dec). “Boron-doped diamond resilience in molten LiCl-KCl.” American
Chemical Society Southern Nevada Section Student Poster Competition Exposition.
Las Vegas, NV.

Patenaude, H.K. (2021, Apr). “Spectroelectrochemical Characterization of Uranium
and Plutonium Chloride and Fluoride Molten Salt Fuel Systems.” Pitch Your
Generation IV Virtual Research Competition. Generation IV International Forum.

Patenaude, H.K. (2021, Apr). “Spectroelectrochemical Characterization of Uranium
and Plutonium Chloride and Fluoride Molten Salt Fuel Systems.” Pitch Your Ph.D.
Oral Session. American Nuclear Society Student Conference. Virtual.

Patenaude, H.K., Carlsen, B., Bloomfield, E.F. (2020, Aug). “Nuclear Communication
Certification.” 2020 INL Summer Intern Virtual Poster Symposium.

Patenaude, H.K., Bloomfield, E.F. (2020, Feb). “Storytelling and Risk Communication
in Nuclear Scientists’ Perceptions of Publics, Nuclear Energy, and Sustainable
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Futures.” Nuclear Energy and Environmental In/Justice Panel. Western States
Communication Association Convention: Communication, Agitation, & Justice.

Denver, CO.

Patenaude, H.K., Nevarez, R.B., Poineau, F. (2018, Aug). “Selective Separation of
Cesium Fission Product via [-diketones.” Poster Session. UNLV Office of
Undergraduate Research Symposium. Las Vegas, NV.

Patenaude, H.K., Nevarez, R.B., Poineau, F. (2017, Nov). “Selective Separation of
Cesium Fission Products via PB-diketones.” Oral Presentation. UNLV Office of
Undergraduate Research SLAM Lightning Talk Competition. Las Vegas, NV.

Professional Panels & Invited Talks

2023

2022

2021

2021

2020

2020

Summer 2019

2019

STEM Leadership Panel

Nevada Afterschool Network panel series exposing young students in
Las Vegas to STEM careers.

Effectively Communicating your Research, Creative, & Scholarly
Work Panelist

UNLV Graduate College Grad Academy Workshop Series discussing
how students can best communicate and find opportunities to share
their work in and outside of their specialty areas.

Outreach Webinar Panelist

U.S. WIN & Nuclear Matters Webinar, “Building Trust Online.”
Discussion regarding effective and empathetic nuclear science
communication.

Women’s History Month Panelist

UNLV Student Involvement & Activities WHM Panel: Supporting
Women & Non-Binary Folks in Male-Dominated Fields. UNLV U.S.
Women in Nuclear representative.

Medallion Ceremony Speaker

UNLV Honors College 2020 Graduate Medallion Ceremony keynote
speaker.

Keynote Speaker

UNLV National Society of Collegiate Scholars Induction speech as
Student Body President.

New Student Orientation Keynote Speaker

Speeches as Student Body President at the New Student Orientations
for incoming students.

Scholar Achievement Panelist

UNLV Scholar Achievement Reception College of Sciences
undergraduate panelist for high-achieving Las Vegas high school
students.
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2018

2017

2015

Keynote Speaker

UNLV Honors & Research Symposium speech to high achieving high
school seniors about the undergraduate experience in the Honors
College, research, and campus involvement.

Undergraduate Research Conference Panelist

UNLV Undergraduate Research panelist regarding experience with
undergraduate research.

Keynote Speaker

UNLV Honors Recruitment Banquet. Experience as a first-year, out-
of-state student in the UNLV Honors College presented to high-
achieving high school seniors.

GRANTS & AWARDS

Research Sponsorships

2023 — Present

2023 — Present

2023 - 2024
2023
2022 - 2024
2020 - 2024

Harmonia Plutonium Science (PluS) Laboratory, Nonproliferation
Stewardship Program, National Nuclear Science Administration
Office of Defense Nuclear Nonproliferation (NA-20)

Molten Salt Reactor Campaign, Gateway for Innovation in Nuclear,
U.S. Department of Energy

Space Nuclear Propulsion Program, National Aeronautics and Space
Administration

Advanced Characterization to Enable Prediction of Actinide-Molten Salt
Behavior, LANL Laboratory Directed Research and Development
Directed Research | 20210113DR

Glenn T. Seaborg Institute, LANL Laboratory Directed Research and
Development Centers Research | 20210527CR & 20240478CR
Nuclear Energy University Program, U.S. Department of Energy | 20-
19188

Awards & Recognition

2021 - 2024

2024
2022

2022

2022

2022

U.S. DOE Nuclear University Leadership Program Graduate
Fellowship | $161,000

LANL Chemistry Division SPOT Award | $100

U.S. DOE Innovations in Nuclear Technology R&D Awards: 1* Place,
Energy Policy | $3,000

U.S. DOE Molten Salt Reactor Workshop Poster Session: 1* Place |
$500

ANS Methods in Analytical Radiochemistry Conference Oral Session:
1* Place | $500

UNLV Graduate & Professional Student Association Research Poster
Session: 1* Place | $500
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2022
2021
2021
2021 & 2020
2020
2017

ACS Southern Nevada Graduate Student Travel Grant | $300
ACS Southern Nevada Poster Session, 1* Place | $400

Gen IV International Research Forum Pitch Your Ph.D. Finalist
U.S. Women in Nuclear Sponsored Student Program | $200
Southwest Airline Research Travel Award | $400

UNLV Undergraduate Research SLAM, 3™ Place | $350

Scholarships & Academic Achievements

2022 UNLV Nowak Notre Dame Scholarship | $1,450

2022 UNLV Gregg Calvird Scholarship | $1,275

2021 ANS Fuel Cycle & Waste Management Division John Randall
Scholarship | $5,000

2019 U.S. DOE Nuclear Energy University Program Scholarship | $7,500

2019 UNLV Undergraduate NSHE Regents’ Scholar Award | $5,000

2018 & 2019 UNLV Honors College Mentor Scholarship | $5,000
2018 UNLV Hall of Fame
2015 -2019 Helping Hands Service Scholarship | $20,000
2015 -2019 UNLV Rebel Challenge Scholarship | $44,000
2015-2019 UNLV Mary & John Hughes Provost Scholarship | $20,000
2015-2019 UNLV Provost Scholarship | $13,000
2015 -2019 UNLV Top 10% Incentive Scholarship | $4,000
2015 UNLV Bennett Family Honors College Scholarship | $2,000
2015 Phoenix Education Burn Survivor Grant | $1,000
PROFESSIONAL EXPERIENCE
2020 - 2024  Research Assistant, Public Communication Initiative, UNLV
Continuation of INL Internship project to construct a Nuclear
Communication Certification for professionals within the nuclear
technologies industry. Additional assistance in other PCI projects,
including a climate change survey sponsored by the Nevada
Governor’s office.

2020 Intern, Used Fuel Management, Idaho National Laboratory
Communication research-based internship at INL to create a Nuclear
Communication Certification for nuclear experts to strengthen and
practice their communication skills to build relationships and trust
with their communities.

2017 -2019 Senior Editor, Spectra Undergraduate Research Journal

Created the foundation for Spectra, an undergraduate-operated, peer-
reviewed research journal. Coordinated and composed biannual
publication processes and mechanisms to spotlight research from high
school to post-baccalaureate students, reviewed by graduate students
and faculty.
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2019

2019

2016 - 2017

Student Advocate, CSUN Student Government, UNLV

Legislative meetings in Carson City, NV regarding funding requests
for student success at UNLV.

Undergraduate Teaching Assistant, College of Sciences, UNLV
Assisted the College of Sciences Dean in teaching SCI 102x, an
introductory course for students entering STEM disciplines.

Tutor, Asian American Native American Pacific Islander Serving
Institution Program, UNLV

Undergraduate tutor for mathematics through calculus III and
chemistry through organic chemistry.

PROFESSIONAL MEMBERSHIP

U.S. Women in Nuclear

2020 - Present Member, Communications Committee

2020 - 2022

Website coordinator (2022 - Present). Liaison to the Nuclear
Executives of Tomorrow (NEXT) program (2021 - Present), including
website construction for the program in collaboration with U.S. WIN
and the Nuclear Energy Institute. Collected and published
submissions for the national Outreach Library (2020 - 2021). Other
general support of U.S. WIN communications, including publications
and webinars.

Founding President, UNLV Student Chapter

Aim to create an inclusive culture within the nuclear industry,
provide opportunities for professional development and networking,
and share the technology and impact of nuclear energy technology.

U.S. WIN Nuclear Executives of Tomorrow

2021 - Present U.S. WIN Liaison, Planning Committee

NEXT communications include the development of an encompassing
communication strategy and coordinating NEXT updates through The
WINning Edge newsletter, press releases, and website. Support for the
general planning and logistics of NEXT.

American Nuclear Society

2023 — Present Member, Trinity Professional Section

2022

Outreach events to local students and support for the section’s
website.

Student Program Co-Chair, Student Sections Committee, Winter Expo
Facilitated participation and coordinated volunteers for various
components of the Winter Expo.
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2022

2021 - 2023

2017 - 2024

Alternate Chair, Advanced Reactors, Fuels, & Fuel Cycles, Winter
Expo

International High-Level Radioactive Waste Management Conference
student chair.

Student/Young Member Liaison, Fuel Cycle & Waste Management
Division

Connect and engage students with the FCWM Division's professional
members and the division with the Student Sections Committee and
Young Members Group. Help organize events and outreach for the
division, including webinars about the fuel cycle.

Member, UNLV Student Section

Discussion of general topics related to the sphere of nuclear
technology and sciences. Provide events for local youth to learn about
nuclear sciences.

Nuclear Engineering Student Delegation

2023

2022

Co-Vice Chair

Logistics, planning, and organizing for the 2023 delegation. Full
participation in the delegation.

Nevada Representative

First representative from Nevada to serve on NESD. Week-long
lobbying trip in Washington, D.C., with nuclear science and
engineering students from around the United States. Development of
policy statements and in-person meetings with NV Senators and
Congresspeople.

LEADERSHIP & SERVICE

Los Alamos Public Schools Science & Engineering Fair

2024

Junior Chemistry Judge Captain
Science fair judge for middle school chemistry projects.

Women Scientists: Force for Change

2022

Graduate Student Mentor

Leadership program for women enrolled in the UNLV College of
Sciences. Mentoring, leadership training, and network building to
support women in STEM.
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Special Committees

2020 - 2021
2019 - 2020
2019 - 2020
2019 - 2020

UNLV Graduate Student Advisory Board

Advisory board to discuss the state of graduate student affairs within
the Graduate College with the Dean and other University
Administrators.

NSHE Chancellor Search Committee

Undergraduate student representative to advise the Nevada System
of Higher Education Board of Regents on the Chancellor selection.
UNLYV President Search Committee

Undergraduate student representative to advise the NSHE Board of
Regents on the University President selection.

UNLYV President’s Advisory Council

Undergraduate student representative on issues affecting the
campus. Advise the University President on matters related to
undergraduate students.

Mentorship Co-Op, UNLV

2020 - 2021

Graduate Student Mentor

Mentored five students from pre-professional to engineering majors
providing tips, tricks, referrals, guidance, and general support to help
them reach their goals.

Consolidated Students of the University of Nevada

2019 - 2020

2017 - 2019

Student Body President, Nevada Student Alliance

Represented the 27,000+ undergraduate students at UNLV and legal
head of CSUN. Constructed and managed the $1.2m annual
operating budget. Managed and supervised the CSUN Executive
Branch, including Executive Board, Cabinet, and Executive
Departments (20+ students). Liaison between students and
administration for both UNLV and NSHE. Established and secured
communication with the student body. Established the CSUN
President’s Advisory Council.

Senator, College of Sciences

Represented 3,000+ students in the College of Sciences at UNLV.
Assisted in managing the 1.2 million-dollar CSUN budget, assisted
science organizations in securing resources, and general outreach to
science constituents for feedback regarding safety, student resources,
or any other concern. Participated in the College of Sciences
administrative business.
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2018 -2019 Senate President Pro Tempore
Served as the head of the Legislative Branch of CSUN. Led and
oversaw the Legislative Committee Chairs and the Legislative
Internship Program. Parliamentarian of the Senate.

2017 -2018 Committee Chair, Ways & Means
Chair of the finance committee, advised CSUN President in fiscal
endeavors, including funding for student organizations, and crafting
the annual operating budget.

Leadership Las Vegas: Education Day, Leadership Foundation of Greater Las Vegas

Jan 2019 Invited Speaker
Presentation to Las Vegas Community leaders about the UNLV
student experience.

STEMpowerment Workshop, 500 Women Scientists

Apr 2019 Mentor
Provided “speed mentoring” to women of all ages in five-minute
intervals. Discussed the education, research, and infinite possibilities
of STEM and careers to consider.
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