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ABSTRACT

Electrochemically driven metal redox has enabled advances in both academic and
industrial processes, including production of metals from their ores, storage of
renewable energy in batteries and fuel cells, and greener chemical synthesis condi-
tions. While many electrochemical reactions are performed in aqueous solutions,
applications in energy storage and organic synthesis often require extreme applied
potentials that lie outside the electrochemical stability window of water or ne-
cessitate water-free conditions to prevent undesirable side reactions. Herein, we
develop tailored non-aqueous electrolytes for applications in both energy storage
and organic electrosynthesis and analyze the effects of electrolyte composition on
interfacial and electrochemical reactions. First, a series of highly concentrated sol-
vate electrolytes is developed for Li-S batteries, and interfacial reactivity between
the solvate electrolytes and the Li anode is investigated in detail. The addition of a
fluoroether cosolvent limits electrolyte decomposition at the Li surface, improving
cycling stability and enabling new high-temperature applications. Next, samar-
um(I1II)/(IT) redox is investigated in a variety of non-aqueous electrolytes to support
an electrocatalytic cycle for samarium-mediated carbon-carbon bond formation.
The coordination environment of the samarium salt, which can be tuned through
anion exchange between the electrolyte and the samarium precursor, strongly af-
fects the reversibility and reducing power of the samarium redox couple. Third,
electrolyte additives are studied to increase the desolvation barrier of Zn?*. When
Zn sacrificial anodes are used in organic electrosynthesis, such additives may pre-
vent deleterious cross-plating of Zn?* at the cathode. Finally, a detailed guide to
troubleshooting metal sacrificial anodes is presented with special attention to issues

commonly encountered in reductive electrosynthesis.
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Chapter 1

INTRODUCTION

1.1 Background and Context

The twelve principles of green chemistry guide efforts to improve sustainability and
reduce the overall environmental impact of chemical reactions at both laboratory
and industrial scales.[1, 2] Broadly, green chemistry focuses on improving safety,
increasing energy efficiency, and reducing chemical waste. Electrochemistry, or
the use of electricity to drive chemical reactions, has the power to promote several
green chemistry principles in reaction design.[3—5] While the use of electricity to
drive chemical processes does not inherently make those reactions perfectly sustain-
able, electrochemistry can make reactions "greener" by allowing the replacement of
hazardous reagents with electrons, enabling the development of electrocatalytic sys-
tems, or permitting valuable products to be formed at each electrode. If the electrons
used are generated from a renewable source such as wind or solar, the environmental
impact of the electrochemical reaction is reduced even further. Renewable energy
can also be stored for later use in electrochemical devices, reducing dependence on

fossil fuels for energy.

Effectively incorporating electrochemistry into a chemical reaction almost always
requires the use of a supporting electrolyte. Supporting electrolytes typically take
the form of a freely dissociating salt dissolved in a liquid solvent, though other types
of electrolytes may be employed instead.[6-9] Supporting electrolytes are ionically
conductive but electronically insulating. The salt anions act as charge carriers
in solution, balancing the movement of electrons through the circuit (Figure 1.1).
The supporting electrolyte thus limits the Ohmic drop between the electrodes by
increasing the conductivity of the solution. It also ensures that the electric field
in solution is homogeneous and not dependent on the oxidation or reduction of the

analyte.

1.2 Nonaqueous Electrolytes in Energy Storage and Electrosynthesis

Many electrochemical reactions, like the chlor-alkali process and corrosion studies,
are conducted in aqueous supporting electrolytes.[10, 11] But electrochemical reac-
tions in the fields of energy storage and organic electrosynthesis are often sensitive

to water and must therefore be performed in dry organic solvents. The development



anode electrolyte cathode

Figure 1.1: The supporting electrolyte anions migrate through the liquid electrolyte
solution to charge-balance the movement of electrons through the circuit.

of nonaqueous supporting electrolytes is essential for upholding green chemistry

principles and developing effective and sustainable reactions in both fields.

Water limits the potential range in which electrochemical experiments can be per-
formed. The electrochemical stability window of water spans 1.23 V: The H;
evolution reaction occurs at 0 V vs. the standard hydrogen electrode (SHE), and
the O, evolution reaction occurs at 1.23 V vs. SHE. Any reactions that occur
at potentials outside this range are incompatible with aqueous electrolytes, since
water oxidation or reduction will be the more accessible reaction. Many impor-
tant synthetic transformations require strongly reducing or oxidizing potentials,[12]
so water-free electrolytes are necessary for expanding the chemical space of reac-
tions that can employ electrochemistry. Organic solvents tend to have much wider
electrochemical stability windows than water.[13, 14] Nonaqueous supporting elec-
trolytes therefore enable electrochemical transformations in a much greater range of

synthetic reactions.

Energy storage systems also require supporting electrolytes to maintain a wider
electrochemical stability window than that of water. High operational voltage in

a battery translates to greater power and longer battery life, which have major
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implications for grid-scale energy storage. State-of-the-art Li-ion batteries operate
at 3.8 V, and next-generation batteries are expected to have comparable or greater

voltage, well beyond that which is compatible with water-based electrolytes.[15, 16]

Electrodes commonly used in energy storage and electrosynthesis, including Li, Mg,
and Al are also known to chemically react with water. Li in particular reacts vio-
lently with water, producing flammable hydrogen gas. In addition to decomposing
the electrolyte solution itself, these reactions can form an insulating oxide film at
the electrode surface which prevents further oxidation or reduction reactions at the
electrode and halts the desired redox reaction early.[17] In batteries, this insulating
film formation can translate to low capacities and poor battery life. In electrosyn-
thesis, reactions between the electrolyte and the anode can cause low yields and
poor Faradaic efficiency. Nonaqueous electrolytes are required for developing elec-

trochemical reactions that are compatible with strongly reducing metals.

The need for nonaqueous supporting electrolytes in organic electrosynthesis is com-
pounded by the fact that synthetic reactions often require a specific solvent. The
solubility of reactants, side reactions between the solvent and another component of
the reaction, solvent cost and availability, safety, and literature precedent all dictate
which solvent will be most suitable for a given synthetic transformation. Support-
ing electrolytes must be available in a range of solvents to best suit the reaction of
interest. The electrochemical stability of the solvent at the required potential must

also be considered.

Despite the need for water-free electrochemical reactions in a wide range of sectors,
nonaqueous electrochemistry is generally less developed than its aqueous coun-
terpart. While aqueous electrochemistry has been studied in depth for over 200
years, nonaqueous electrolytes have seen an explosion of interest since the mid 20th
century.[18] Secondary (rechargable) batteries commercialized before the 1970s
used aqueous electrolytes almost exclusively. And while key reactions in organic
electrosynthesis were developed as early as 1830, organic electrochemistry has un-
dergone a major expansion in the last 20 years, with many more reactions being

electrified to access new reactivity and improve sustainability.[18]

The rapid expansion of nonaqueous electrochemistry has resulted in several ben-
eficial applications driven by advances in supporting electrolytes. For example,
reactions between energy storage electrodes and certain nonaqueous electrolytes do
not necessarily yield an insulating surface film. In fact, an understanding of the

reactions between nonaqueous electrolytes and graphite anodes has been critical to



4

the widespread adoption of Li-ion batteries: The surface film that forms from elec-
trolyte decomposition on graphite is self-terminating and conducts Li*, which allows
the battery to cycle multiple times without further electrolyte degradation.[19, 20]
Significant research is underway to develop similar surface films that can conduct
multivalent metal ions such as Mg?*, Zn>*, or AI** on other anodes, which would

enable less expensive batteries with higher capacities.[21-23]

Nonaqueous electrochemistry also presents fundamental scientific challenges. The
supporting electrolyte almost always cannot be assumed to be inert and innocent
relative to other components of the reaction of interest. Side reactions between
the supporting electrolytes, solvents, substrates, and electrodes must be investigated
in detail to ensure good electrochemical performance, as evidenced by the myriad
studies of solid-electrolyte interphase (SEI) formation on battery anodes and by
the extensive optimization required for organic electrosynthesis research. These
interactions affect the success and efficiency of the desired transformation and must
therefore be investigated to improve device performance, increase reaction yields,

and develop more reliable and sustainable reactions.

1.3 Thesis Overview

This thesis addresses the interactions between nonaqueous electrolytes, metal elec-
trodes, and species in solution for applications in electrochemical energy storage
and organic electrosynthesis. The electrolytes are tailored for each reaction to yield
beneficial electrode/electrolyte and analyte/electrolyte interactions which promote

effective and efficient electrochemically-driven redox reactions.

Chapter 2 focuses on highly concentrated solvate electrolytes comprised of ace-
tonitrile (MeCN) and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) for high-
temperature Li-S batteries. The neat solvate electrolyte is not stable against Li metal
at 90 °C, but addition of a fluoroether cosolvent increases the fluoride content in
the Li SEI and limits electrolyte decomposition. Adding an AlF3 coating on the Li

metal further stabilizes the SEI and improves cyclability and initial battery capacity.

Chapter 3 focuses on electrochemically driven Sm(III)/(II) redox to support catalytic
C-C bond formation. By tuning the properties of the supporting electrolyte, the
efficiency of Sm redox and the reducing power of the Sm complex can be modulated.
Sml; is electrochemically reduced to Sml, at bulk scale, and the electrogenerated
Sml, is shown to perform similarly to commercial Sml, in a proof-of-concept

organic reaction.
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Chapter 4 explores electrolyte additives for electrosynthetic processes using Zn
sacrificial anodes. Crown ethers slightly increase the Zn?>* deposition overpotential
but not by enough to prevent competitive Zn>* reduction at the cathode under
strongly reducing conditions. Alternative experimental designs and potential future

research directions for preventing Zn crossover are suggested.

Chapter 5 provides a detailed guide to troubleshooting sacrificial anodes in organic
electrosynthesis. Common challenges with sacrificial anodes are explored, and
experimental strategies for diagnosing and rectifying the issues are drawn from the

fields of electrochemistry, surface characterization, and organic synthesis.

Chapter 6 provides an outlook for the future of nonaqueous electrolyte development
in energy storage and electrosynthesis and a perspective on remaining questions in
the field.



Chapter 2

FLUORIDE IN THE SEI STABILIZES THE LI METAL
INTERFACE IN LI-S BATTERIES WITH SOLVATE
ELECTROLYTES

Adapted from: Ware, S. D., Hansen, C. J., Jones, J. P., Hennessy, J., Bugga, R. V.,
See, K. A. Fluoride in the SEI Stabilizes the Li Metal Interface in Li-S Batteries
with Solvate Electrolytes. ACS Appl. Mater. Interfaces 2021, 13, 18865-18875.
DOI: 10.1021/acsami.1c02629.

Abstract: Lithium-sulfur (Li-S) batteries offer high theoretical gravimetric capac-
ities at low cost relative to commercial lithium-ion batteries (LIBs). However, the
solubility of intermediate polysulfides in conventional electrolytes leads to irre-
versible capacity fade via the polysulfide shuttle effect. Highly concentrated solvate
electrolytes reduce polysulfide solubility and improve the reductive stability of the
electrolyte against Li metal anodes, but reactivity at the Li/solvate electrolyte inter-
face has not been studied in detail. Here, reactivity between the Li metal anode and
a solvate electrolyte (4.2 M LiTFSI in acetonitrile) is investigated as a function of
temperature. Though reactivity at the Li/electrolyte interface is minimal at room
temperature, we show that reactions between Li and the solvate electrolyte signifi-
cantly impact the SEI impedance, cyclability, and capacity retention in Li-S cells at
elevated temperatures. Addition of a fluoroether cosolvent to the solvate electrolyte
results in more fluoride in the SEI which minimizes electrolyte decomposition, re-
duces SEI impedance, and improves cyclability. A 6 nm AlF; surface coating is
employed at the Li anode to further improve interfacial stability at elevated tempera-
tures. The coating enables moderate cyclability in Li-S cells at elevated temperatures

but does not protect against capacity fade over time.
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2.1 Introduction

Insufficient energy storage capacity and poor specific energy in batteries have inhib-
ited electrification of the transportation sector.[24—27] While conventional Li-ion
batteries (LIBs) remain at the forefront of the electric vehicle market, high material
costs and low theoretical capacity limit their utility in the electrification of long-
range, large payload sectors such as aerospace exploration and commercial ground
or aerial transport.[28] Furthermore, electrification of commercial aerial transport
and aerospace exploration requires lightweight energy storage systems with high
specific energy. The high theoretical gravimetric capacity of Li-S batteries makes
them possible candidates to meet the energy storage requirements for aerospace
applications, thereby enabling new applications for batteries.[29] Li-S batteries are
composed of a Li metal anode and a cathode containing elemental Sg. Li metal
anodes offer high theoretical capacity (3862 mAh g~!) and low reduction potential
(-3.04 V vs. NHE). S cathodes are inexpensive and offer a theoretical capacity of
1672 mAh g~!, which is much higher than conventional intercalation cathodes that

are limited to < 250 mAh g~! for various metal oxides.[30, 31]

Major challenges at both the anode and cathode have precluded commercialization of
Li-S batteries. Li metal reacts with many organic solvents commonly used in LIBs,
thereby limiting the number of suitable electrolyte candidates.[32] Additionally, the
complex S reduction pathway causes the polysulfide shuttle effect, in which soluble
S reduction intermediates dissolve in the electrolyte, diffuse away from the cathode,
and are reduced at the anode.[31, 33, 34] Polysulfide shuttling leads to loss of active

material, poor Coulombic efficiency, and significant capacity fade over time.
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Highly concentrated electrolytes (>4 M) known as solvate electrolytes limit poly-
sulfide solubility in Li-S cells.[35] The decreased solubility is achieved by forcing
stoichiometric coordination of solvent molecules to Li*, thereby limiting their abil-
ity to solvate polysulfide compounds. Yamada ef al. used Raman spectroscopy
to demonstrate that sufficiently high lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) salt concentrations in acetonitrile (MeCN) result in coordination of most
solvent molecules to Li*.[36] The stoichiometry of the fully complexed solvate elec-
trolyte is proposed to be 2:1 MeCN:LiTFSI (4.2 M; hereafter referred to as neat
solvate electrolyte).[37] Uncoordinated, or free, MeCN is highly unstable against Li
metal and is known to reductively decompose at the anode, forming gaseous prod-
ucts. Yamada et al. demonstrated that the solvate electrolyte does not react strongly
with Li metal before cycling and suggested that the high salt concentrations result in
preferential TESI™ decomposition at the electrode surface to yield a solid-electrolyte
interphase (SEI) that prevents MeCN decomposition.[36] Even so, Nilsson et al.
observed visible electrolyte decomposition after cycling a graphite|Li pseudo-half

cell with the neat solvate electrolyte.[38]

The challenges with using the neat solvate electrolyte in electrochemical cells are as-
sociated with the high viscosity (138 cP) and low ionic conductivity (1.35 mS cm™)
of the neat solvate electrolyte, compared to 2.2 cP and 10.8 mS cm™! for the con-
ventional electrolyte 1 M LiTFSI in 1:1 DOL/DME.[35, 36] To address these issues,
Nazar and coworkers examined the neat solvate electrolyte with an added sec-
ondary solvent: 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether (TTE).[35]
Addition of TTE in a 2:1 solvate:TTE ratio (hereafter referred to as solvate + TTE
electrolyte) significantly decreases the solvate viscosity to 22 cP and improves the
ionic conductivity slightly to 1.6 mS cm™'.[35] The addition of TTE to the neat
solvate electrolyte may also alter the SEI formed at the Li metal electrode, po-
tentially improving cell performance during cycling. Polysulfides are insoluble in
TTE, leading to a suppressed polysulfide shuttle effect.[35, 39—41] However, TTE
competes with MeCN coordination at Li*, generating free MeCN that is able to

solubilize polysulfides and react at the Li metal anode.[42]

Despite the advances in solvate electrolyte chemistry, few studies have been pursued
on the reactivity between Li metal and solvate electrolytes, particularly at elevated
temperatures. Solvate electrolytes provide new opportunities to examine reactivity
at elevated temperatures owing to their high concentrations. The new tempera-

ture regime enabled by the solvate electrolytes is particularly useful for aerospace
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applications; as an example, electrolytes with high boiling points are required for
aerial missions to Venus, where temperatures of 90-120 °C are common just below
the planet’s middle cloud layer.[43] Li-S cells with glyme-LiTFSI solvate elec-
trolytes have been shown to cycle at 55 °C with improved electron transfer kinetics,
limited electrolyte decomposition on Li metal, and a quasi-solid state S reduction
pathway.[41] A similar study has yet to be performed with MeCN-LiTFSI solvate
electrolytes to determine the effect of elevated temperature on electrolyte stability
and the S reduction pathway. Examining Li-S cells with MeCN-based solvate elec-
trolytes at elevated temperatures provides valuable insight into interfacial reactivity

and informs new applications for liquid-phase electrolytes.

Herein we study the temperature-dependent reactivity between Li metal and the
solvate electrolyte with and without TTE. Electrochemical impedance spectroscopy
indicates that reactivity between Li metal and the neat solvate electrolyte is
accelerated at elevated temperatures, forming a high impedance surface film
on the Li anode, while the presence of TTE in the electrolyte limits electrolyte
decomposition at the Li anode. We demonstrate that reactivity between the solvate
electrolytes and the Li anode strongly influences cyclability and capacity retention
in Li-S cells. The Li anode is investigated by X-ray photoelectron spectroscopy
(XPS) after reaction with the solvate electrolytes at room temperature and 90 °C,
and the resulting surface films are characterized. The results indicate that TTE is
necessary to stabilize the electrode/electrolyte interface and mitigate Li degradation.
To further stabilize the interface, an AlF; coating is added to the Li anode to act as
a barrier to electrolyte decomposition. The AlF3 coating improves cell cyclability
in the neat solvate electrolyte but does not protect against electrolyte decomposition

over the full cell lifetime.

2.2 Methods

Materials Preparation

All electrolytes were prepared in an Ar-filled glovebox. Lithium
bis(trifluoromethanesulfonyl) imide (LiTFSI, 99.95%, Sigma-Aldrich) was dried
under vacuum at 120 °C overnight prior to use. Acetonitrile (MeCN, 99.9%,
Fisher Scientific) was dried on a solvent purification system and transferred to the
glovebox without exposure to air. The cosolvent 1,1,2,2-tetrafluoroethyl-2,2,3,3-

tetrafluoropropyl ether (TTE, Synquest Laboratories) was degassed by freeze-pump-
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thaw technique prior to introduction into the glovebox. The neat solvate electrolyte
was prepared by combining MeCN and LiTFSI in a 2:1 mole ratio and stirring
overnight to yield a colorless solution. Electrolytes with TTE were prepared by

combining the neat solvate and TTE in a 2:1 volume ratio and stirring overnight.

Sulfur electrodes were prepared on the benchtop using a conventional method of
electrode fabrication. Preparation of a typical electrode slurry involved mixing
40 mg polyvinylidene difluoride (PVDF, MTI) and 1 mL N-methyl-2-pyrrolidinone
(NMP, anhydrous, 99%, Sigma Aldrich) in a Thinky centrifugal mixer for 15 min.
Sulfur (200 mg, 99.998%, Sigma-Aldrich) and Super P conductive carbon (160 mg,
99+%, Alfa Aesar) were ground with a mortar and pestle and added to the PVDF
solution along with an additional 1.7 mL NMP. The components were mixed in the
centrifugal mixer for an additional 15 min. The slurry was cast on aluminum foil
with a doctor blade at a thickness of 35 um, dried in air at ambient temperature for
at least 48 hours, then dried at 55 °C for 8 hours to yield 50 wt. % S electrodes.

AlF3-coated Li was prepared by atomic layer deposition (ALD) in a nitrogen-filled
glovebox equipped with a forced air moisture remover as reported previously.[44] A

total of 100 ALD cycles were performed, yielding an average thickness of 6 nm.
Electrochemical Testing

All electrochemical cells were prepared in an Ar-filled glovebox. Galvanostatic
cycling experiments were performed in 2032 coin cells with a Li foil (99.9%,
Alfa Aesar) anode (either coated with AlF3 or mechanically cleaned immediately
prior to use), S cathode, Celgard 2400 separator, and 6 drops of electrolyte from a
glass pipett (approx. 80 mg). Celgard separators were dried in air at 80 °C, then
transferred to the glovebox before use. Electrochemical impedance spectroscopy
(EIS) experiments were performed in Li-Li symmetric coin cells with £ 10 mV
amplitude. Galvanostatic cycling experiments were conducted at a rate of C/10
(corresponding to an areal current density on the Li electrode ranging from 0.34—
0.52 mA cm™2). The cutoff discharge voltage was 1.2 V, and the cutoff charge
voltage was 3 V. Electrochemical experiments were conducted on either a BCS 805
battery cycler (Bio-Logic) or a VMP3 potentiostat (Bio-Logic). High temperature

cycling and EIS were performed in a Fisher Scientific gravity oven.
Sample Characterization

Raman spectra were collected using a Horiba Instruments XploRA PLUS Raman

spectrometer. Samples were measured in a glass tube sealed with epoxy to prevent
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reactions with air. All spectra were collected by averaging 40 acquisitions lasting
5 s each with an 1800 gr/mm grating, 50 um slit, and 500 um hole. The excitation
wavelength was 785 nm. Temperature dependent Raman spectra were obtained by

placing the glass tube in a custom copper heating mantle.

UV-Visible spectroscopy experiments were performed on a variable-temperature
spectrometer (Varian) in a screw-cap cuvette. Temperature-dependent studies were
performed with saturated solutions of Li polysulfides in neat solvate and in solvate
+ TTE electrolytes, prepared in an Ar-filled glovebox. Li polysulfide solutions were
synthesized by combining stoichiometric amounts of lithium sulfide (Li, S, Alfa Ae-
sar, 99.9%) and sulfur in 1:1 (v/v) dioxolane (Sigma Aldrich) and dimethoxyethane
(99.5 Y%, Sigma Aldrich) solvent under Ar atmosphere to target a nominal “Li;S¢”
stoichiometry. The solution was heated to 75 °C and reacted overnight under flowing
Ar. The solvent was removed under vacuum at room temperature on a Schlenk line,

yielding an orange residue.

'"H-NMR experiments were conducted on a Bruker 400 MHz spectrometer equipped
with a 5 mm Prodigy broadband cryoprobe. Samples were diluted by a factor of 20
in deuterated MeCN (>99.8%, Sigma Aldrich) in an Ar-filled glovebox and sealed

in screw-cap NMR tubes (Wilmad) to prevent exposure to air.

Samples for X-ray photoelectron spectroscopy (XPS) were prepared by assembling
Li-Li symmetric coin cells with either neat solvate electrolyte or solvate + TTE
electrolyte. The cells were held at either room temperature or 90 °C at open circuit
for 24 h. The cells were then disassembled inside an Ar-filled glovebox and the
Li was removed. Each Li sample was rinsed with 5-6 drops of dimethoxyethane
(Sigma Aldrich, 99.5%) and dried under ambient glovebox conditions for at least
48 hours before analysis. The samples were mounted on a vacuum stage under Ar

atmosphere, then transferred to the XPS with brief exposure to air.

XPS data were collected using a Surface Science Instruments M-Probe ESCA
controlled by Hawk Data Collection software. Low-resolution survey spectra were
acquired between binding energies of 1-1000 eV. Higher-resolution detailed scans,
with a resolution of 0.065 eV, were collected on individual XPS lines of interest. The
sample chamber was maintained at < 2 x 107 Torr. The XPS data were analyzed
using CasaXPS analysis software, and individual peaks were fit with Shirley
backgrounds. Peaks were deconvoluted using asymmetric Gaussian-Lorentzian

line shapes. Spectra were referenced to adventitious C at 285 eV.
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2.3 Results and Discussion

Li metal reactivity in solvate electrolyte with and without TTE

Interfacial reactivity between Li metal and the solvate electrolytes at room temper-
ature (RT) and at 90 °C was probed using electrochemical impedance spectroscopy
(EIS). Figure 2.1 shows EIS data for Li-Li symmetric cells prepared with neat sol-
vate and solvate + TTE electrolytes. Spectra were collected continuously over a47 h
monitoring window. Generally, the Nyquist plots show two semicircular features.
In all cases, the diameter of the high-frequency semicircle increases over time, sug-
gesting that the feature it describes evolves over time. The high frequency semicircle
is therefore ascribed to the surface film formed on the Li metal as the majority of
reactivity in the cell is expected to occur between the Li metal electrode and the
solvate electrolyte. A second semicircle is observed in the low frequency region of
Figure 2.1a, c, and d. The width and height of the semicircle do not change over
time, suggesting that the component does not evolve over the monitoring window.
The low frequency feature is therefore attributed to a stable interface within the cell
and is not considered further. A single semicircle is observed in the neat solvate
electrolyte at 90 °C because a limited frequency window was used for those spectra
(Figure 2.1b). To capture the low frequency feature, we would need to measure
down to 1 uHz, which would require over 5 h of data acquisition. The 5 h window is
much longer than the timescale of reactivity of the electrode at 90 °C and thus leads
to distorted Nyquist plots. Therefore, the cell was measured to 1 Hz to maintain

stability in the EIS measurements and the second semicircle is not observed.

The high frequency semicircle of each spectrum is fit with an equivalent circuit
composed of a resistor (R}) in series with an R»/Q, circuit (where Q, is a constant
phase element). R; describes the cell’s series resistance, which is primarily elec-
trolyte resistance. The R,/Q); circuit represents resistance of the surface film formed
on the Li anode. The constant phase element is employed to describe non-ideal
capacitance, often attributed to interfacial surface roughness in battery systems.[45]
The reactivity of the Li electrode with the neat solvate electrolyte can be inferred
from the change in R, over time (Figure 2.2a). In the neat solvate electrolyte at RT,
R, increases from 167.0 + 68.4 Q to 269.6 = 95.7 Q over 47 h (2.2 Q/h), where the
errors are determined by the standard deviation of three replicate measurements. In
the neat solvate electrolyte at 90 °C, R, increases much faster from 2.4 + 0.8 Q to
727.9 + 230.9 Q over 47 h (15.5 Q/h). The rapid increase of R, at 90 °C suggests

faster reaction of the Li surface over time, resulting in an unstable, high impedance
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Figure 2.1: Nyquist plots of Li-Li symmetric cells prepared with (a) neat solvate
electrolyte at room temperature (RT), (b) neat solvate electrolyte at 90 °C (inset: EIS
spectrum collected at t = 0), (c) solvate + TTE electrolyte at RT, and (d) solvate +
TTE electrolyte at 90 °C. The insets in (b) and (d) show the EIS spectrum collected
at t = 0. EIS data was collected from (a,c,d) 10°~107° Hz and (b) 10°~1 Hz with
a 10 mV sinus amplitude continuously for 47 h. Addition of TTE to the solvate
electrolyte yields lower surface film resistance over the full monitoring window at
both temperatures.

surface film. Initially, R; is lower at 90 °C compared to RT due to reduced kinetic

barriers at elevated temperatures.

Adding TTE to the solvate electrolyte affects R, at both RT and 90 °C. R; is
plotted as a function of time for cells with solvate + TTE electrolyte in Figure 2.2b.
In general, cells prepared with solvate + TTE electrolyte exhibit lower R, at all
temperatures than cells with neat solvate electrolyte, likely due to improved wetting
of the Celgard separator concomitant with the reduction in solvate viscosity after
addition of TTE.[35] At RT, surface film resistance increases from 39.2 + 3.7 Q to
88.8 £ 10.4 Q over 47 h (1.1 €/h) - a slightly smaller increase than that observed in
cells prepared with neat solvate electrolyte. At 90 °C, the difference between the two
electrolytes becomes more apparent. Cells prepared with solvate + TTE electrolyte
maintain lower R at 90 °C than at RT for the full 47 h duration, increasing from
0.8+ 0.6 Q2t020.7 £ 11.9 Q (0.4 ©/h). The lower R, suggests formation of a lower
impedance surface film on the Li electrode and decreased reactivity between Li and

the electrolyte over time.
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Figure 2.2: Surface film resistance, R, extracted from the Nyquist plots of Li-
Li symmetric cells at RT and 90 °C with (a) the neat solvate electrolyte and (b)
the solvate + TTE electrolyte. Data from three replicate cells are shown in each
electrolyte at each temperature. Rj; increases rapidly in cells with neat solvate
electrolyte at 90 °C, suggesting relatively fast reactivity between the electrolyte and
the Li electrode. When TTE is added to the electrolyte, R, remains small and
increases slowly over time, suggesting formation of a low impedance and more
protective surface film on the Li electrode.

When TTE is added to the electrolyte, R, is lower at both RT and 90 °C over the
full 47 h monitoring window, indicating that TTE stabilizes the electrode/electrolyte
interface. Without TTE, R, increases substantially, suggesting formation of a high
impedance surface film at the Li electrode. MeCN is known to decompose on Li,
forming products that include LiCN, CH,, and C,H,.[36, 46, 47] In solvate elec-
trolytes, however, MeCN is coordinated to Li* centers, reducing its reactivity with
Li metal before cycling.[36] Although reactivity is reduced in highly concentrated
electrolytes relative to conventional dilute systems, some concentration of MeCN
in the solvate remains uncoordinated, or free,[36] and would likely react at the
Li surface, leading to electrolyte depletion and formation of an insulating surface
film. We expect that elevated temperatures will also shift the equilibrium towards
free MeCN following LeChatelier’s Principle, causing greater reactivity at the Li
electrode at high temperatures. Addition of TTE has also been shown to increase
the concentration of free MeCN,[42] but the high impedance surface film likely

associated with increased MeCN decomposition (vide infra) is not observed in cells
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containing the solvate + TTE electrolyte suggesting a secondary effect in the TTE-
containing electrolytes. Addition of TTE to the electrolyte could simply limit the
activity of MeCN at the Li electrode by reducing its concentration or TTE could

change the SEI on Li to yield a lower impedance surface film.

To investigate the effects of temperature and TTE presence on free MeCN concen-
tration, the C=N stretching mode of MeCN was examined via Raman spectroscopy.
Figure 2.3a-b shows the Raman spectra of the solvate electrolyte with and with-
out TTE in the region containing solvent-related modes. Four modes are observed
between 2225 and 2325 cm™! (Figure 2.3a-b), and the spectra are normalized to
the most intense mode, labeled mode . Mode a (2257 cm™!) is ascribed to the
C=N stretch in free MeCN, and mode b (2279 cm™) is assigned to the C=N stretch
in MeCN coordinated to Li*.[48] Modes ¢ and d (2295 cm™! and 2310 cm™!,
respectively) are assigned to C-H stretching in free and coordinated MeCN, respec-
tively.[48] Since the C-H stretching modes are less sensitive to Li* coordination
than the C=N modes, the C=N modes are examined to probe Li* coordination and
modes ¢ and d are not considered further. The relative intensity of mode a increases
with respect to b with increasing temperature in both electrolytes, indicating a shift
in equilibrium toward free MeCN. To quantify the relative ratio of free MeCN to
coordinated MeCN, the ratio of the peak areas was determined by fitting the Raman
spectra with component Gaussian functions. The area ratio is plotted as a function
of temperature for both electrolytes in Figure 2.3c. The relative concentration of
free MeCN trends similarly with temperature in both electrolytes, suggesting that
temperature is the dominant driving force affecting free MeCN concentration. The
solvate + TTE electrolyte exhibits larger free MeCN concentrations at all temper-
ature points (previously explored at RT[42]), indicating that the higher impedance
surface film measured in the absence of TTE cannot be explained in terms of in-
creased free MeCN in the neat solvate electrolyte. The results suggest that TTE
acts to stabilize the Li surface and prevent the reactions that would otherwise occur

between Li and free MeCN in the neat solvate electrolyte.

The decrease in surface film resistance as shown by EIS and the trends in free MeCN
concentration as indicated by Raman spectroscopy suggest that TTE significantly
impacts the surface film formed on Li. To further characterize the surface film
resulting from reactivity at the Li-electrolyte interface, XPS was employed to ex-
amine Li metal after reaction with the neat solvate electrolyte. The surface film is

generated by chemical reactivity between Li metal and the solvate electrolytes rather
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Figure 2.3: Raman spectra of MeCN-related modes in (a) neat solvate electrolyte and
(b) solvate + TTE electrolyte. (c) Relative ratios of free MeCN to coordinated MeCN
trend similarly with temperature in both electrolytes and indicate that temperature,
rather than TTE content, is the driving force affecting free MeCN content.

than through electrochemical cycling but will be referred to as an SEI hereafter. Li
metal was reacted for 24 h with the neat solvate electrolyte at both RT and 90 °C.
Figure 2.4a-c shows the XPS spectra measured on the surface of the Li metal follow-
ing 24 h reaction with the neat solvate electrolyte at RT. In the O region of the XPS
spectrum (Figure 2.4a), two major peaks are observed. The lower binding energy
(BE) peak at 532.5 eV is in the region of sulfate species and is assigned to Li;SOy,
likely a decomposition product derived from the TFSI anion.[49] The higher BE
peak at 533.7 €V is assigned to LipO.[50] A single peak is present at 400.1 eV in
the N region of the spectrum (Figure 2.4b) and is assigned to adsorbed MeCN.[51]
The XPS signal from F (Figure 2.4c) is dominated by an intense peak at 689.4 eV
which is likely related to the -CF3 group in the adsorbed TFSI anion. A smaller peak
appears at 685.7 eV and is assigned to LiF.[52] The low intensity of the LiF peak as
compared to the TFSI-derived peak suggests minimal decomposition of LiTFSI on
Li metal at RT.

Figure 2.4d-f shows the XPS spectra of the Li metal surface following 24 h reaction
with the neat solvate electrolyte at 90 °C. At elevated temperatures, the surface
speciation after reaction is different than that observed after reaction at RT. In

the O region of the spectrum (Figure 2.4d), a new, lower BE peak appears at
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Figure 2.4: The (a) O, (b) N, and (c) F regions of the XPS spectra of Li metal
reacted with neat solvate electrolyte at RT. The (d) O, (e) N, and (f) F regions of the
XPS spectra of Li metal reacted with neat solvate electrolyte at 90 °C. Formation
of carbonate species and a shift of the -CN group to lower BE at 90 °C suggest
decomposition of the neat solvate electrolyte at high temperatures. Dotted lines
indicate positions of the LiSO4 and MeCN-related peaks and are guides for the eye.

531.5 eV and is in the region of Li,CO,.[49] The Li;O peak observed after reaction
at RT is not present after reaction at 90 °C. The presence of Li,CO; in the Li
SEI has been linked to interfacial instability and the continuous consumption of
organic electrolytes following SEI breakdown and repair during cycling with Li
metal anodes.[53, 54] The single peak in the N region of the spectrum (Figure 2.4¢)
is observed at 399.4 eV, a lower BE than after reaction at RT. The peak appears in
the BE range of an organic -CN group but is too low to be assigned to adsorbed
MeCN, suggesting some reduction of the MeCN at the surface. The appearance
of the carbonate peak and the shift of the N peak to lower BE, coupled with the
increase in free MeCN content at elevated temperatures, suggest decomposition of
MeCN on the Li surface at 90 °C. Interestingly, the F region of the XPS spectrum
shown in Figure 2.4f yields the same two peaks as in the case of the RT reaction.
As LiTFSI is the only F-containing compound present, the consistent F speciation
suggests that the stability of LiTFSI against Li metal does not change significantly
at 90 °C.

The decomposition of MeCN at the Li surface would result in small changes to

the bulk electrolyte speciation. MeCN decomposition was probed by 'H-NMR
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spectroscopy, which revealed the evolution of new peaks after reaction between the

neat solvate electrolyte and Li at 90 °C. No new peaks appeared after reaction at RT.

To determine if the SEI formed after reaction between Li and the solvate + TTE
electrolyte is different from that of the neat solvate electrolyte, leading to the lower
impedance interface observed by EIS, the SEI generated from reaction between the
solvate + TTE electrolyte and the Li anode was also studied by XPS. Figure 2.5a-
¢ shows the XPS spectra of Li metal following 24 h reaction with the solvate +
TTE electrolyte at RT. The O region of the spectrum (Figure 2.5a) yields peaks very
similar to those observed after reaction with the neat solvate electrolyte (Figure 2.4a).
The lower BE peak at 532.2 €V is assigned to Li,S0,,[49] and the higher BE peak
at 533.4 eV is assigned to Li,O.[50] A third, new peak at 534.6 eV appears with
low intensity, which is in the range of primarily organic O-containing species and
could be due to contamination.[55] The N region of the spectrum (Figure 2.5b)
again yields a single peak at 400.0 eV which is assigned to adsorbed MeCN.[51]
In the F region (Figure 5c), two major peaks are observed. The lower BE peak at
685.4 eV is assigned as LiF and may be shifted to slightly lower binding energy
due to the formation of a thicker or less conductive SEI.[52] The higher BE peak
occurs at 689.1 eV and is most likely derived from either the TFSI anion or TTE.
The similarity between the Li surfaces after reaction with the neat solvate and with
the solvate + TTE electrolytes indicates that TTE does not significantly alter the
surface speciation on Li after chemical reaction at RT. The EIS data in Figure 2.2
also suggests that the SEI is not significantly impacted by TTE at RT; though cells
with neat solvate exhibit higher R, over the full monitoring window due to poor

wetting of the electrodes,[35] the rate of increase in R; is similar.

Figure 2.5d-f shows the XPS spectra of Li metal after 24 h reaction with the
solvate + TTE electrolyte at 90 °C. The surface speciation again changes at elevated
temperatures. In the O region (Figure 2.5d), the peak at 533.1 eV is assigned to a
sulfate species but appears at too high of a BE to be Li,SO, (532.2 ¢V).[49] A lower
BE peak again appears at 531.5 €V and is assigned to Li,CO,.[49] The Li,CO3 peak
is small compared to the Li;SO,4 peak, unlike in the 90 °C reaction with the neat
solvate electrolyte (Figure 2.4d). The N region of the XPS spectrum (Figure 2.5¢)
exhibits one major peak at 399.9 eV, at a slightly lower BE than the MeCN peak
observed at RT. The peak observed at 90 °C lies in the range of a -CN group in
an organic molecule but is too low to be definitively assigned as adsorbed MeCN.

The observed reduction in N-species BE may indicate MeCN decomposition at the
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Figure 2.5: The (a) O, (b) N, and (c) F regions of the XPS spectra of Li metal reacted
with solvate + TTE electrolyte at RT. The (d) O, (e) N, and (f) F regions of the XPS
spectra of Li metal reacted with solvate + TTE electrolyte at 90 °C. Reduced signal
from Li,CO, and additional F species after reaction at 90 °C likely contribute to the
formation of a low-impedance surface film. Dotted lines indicate the positions of
the MeCN peaks and are guides for the eye.

Li surface, similarly to the neat solvate electrolyte at 90 °C (Figure 2.4e). The
decreased intensity of the Li,CO; peak in the O region of the XPS spectrum and
the smaller shift in N-species BE (0.2 eV) indicate reduced MeCN decomposition at
the Li surface at 90 °C in the presence of TTE relative to the case of the neat solvate

electrolyte.

Additional peaks appear in the F region of the XPS spectrum (Figure 2.5f) following
reaction with the solvate + TTE electrolyte at 90 °C. The lowest BE peak appears
at 685.6 eV and is assigned to LiF.[56] Three additional peaks appear at higher
binding energies of 686.9, 688.9, and 690.4 eV and are likely from the TFSI anion
or from TTE. Since the F speciation did not significantly change between RT and
90 °C reaction with the neat solvate electrolyte as shown in Figure 2.4f, it is likely
that the new peaks are related to the interaction between Li and TTE at elevated

temperatures.

Bulk stability of the solvate + TTE electrolyte was probed by "H-NMR. No new peaks
were observed at RT or at 90 °C, indicating suppressed electrolyte decomposition

when TTE is present.
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The appearance of new fluorinated species on the Li surface and the reduction in
relative intensity of the Li,CO, peak after reaction at 90 °C in the presence of
TTE suggest that TTE affects the speciation at the Li/electrolyte interface. The
EIS and XPS results suggest that TTE enables the growth of a low impedance SEI
and precludes formation of the resistive surface film that would otherwise develop

following high-temperature reactions between Li and MeCN.
Cycling behavior of Li-S cells

The surface layer generated on Li by reaction with TTE may act as a barrier to
prevent further reactions between the Li anode and the electrolyte. To evaluate the
capabilities of the solvate electrolyte and assess the extent of Li stabilization by TTE,
we evaluated Li-S cells at RT and 90 °C using the neat solvate and solvate + TTE
electrolytes. Figure 2.6a shows discharge and charge curves for cycle 1 of a Li-S cell
prepared with neat solvate electrolyte. At RT, the cell immediately polarized to the
cutoff voltages (1.2 V and 3 V, data not shown), which we attribute to poor wetting of
the Li surface due to the high viscosity of the electrolyte and to the low conductivity
of the solvate electrolyte.[35] At 90 °C, however, substantial discharge capacity is
achieved on the first reduction. The profile is very different from that observed
in conventional 1 M electrolyte, in which two discernible discharge plateaus are
observed due to the multistep reduction processes.[57, 58] Here, however, because
Li polysulfide solubility is reduced,[35, 41] the discharge profile appears similar to
that studied at 55 °C, in which a quasi-solid state reduction mechanism is invoked
with various nucleation events that cause inflections in the profile.[41, 59] At 90 °C,
the cell exhibits an initial discharge capacity of 1004 + 261 mAh g~!. Interestingly,
the subsequent charging profile is reproducibly unstable, which could be an effect

of the reactivity of the Li anode with the electrolyte at elevated temperatures.

Figure 2.6b shows discharge and charge curves for the first and twentieth cycles of
Li-S cells prepared with the solvate + TTE electrolyte. As previously observed, at
RT addition of TTE enables cell cycling but at comparatively low capacities.[59]
We observe a sloping discharge profile, which has been attributed to poor kinetics
of the Li,S conversion reaction.[59] At 90 °C, a single plateau is observed in the
discharge, and much higher capacities (1187 + 57 mAh g~!) are obtained compared
to the RT data. The shape of the profiles is similar to that reported previously at
55 °C.[59] Unlike the cells prepared with neat solvate electrolyte, cells with solvate
+ TTE electrolyte can be reversibly cycled with high Coulombic efficiency and

stable voltage profiles. We note that the Li metal electrode is more stable at elevated
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Figure 2.6: Charge and discharge profiles at various temperatures of Li-S cells
prepared with (a) neat solvate electrolyte and (b) solvate + TTE electrolyte. Cells
prepared with neat solvate electrolyte do not cycle at RT due to the high viscosity
and low ionic conductivity of the neat solvate electrolyte. (c¢) Capacity fade in Li-S
cells prepared with solvate + TTE electrolyte. Cells cycled at high temperatures
yield higher initial capacity but more rapid capacity fade than cells cycled at RT.
All cells were cycled at C/10 rate.

temperatures with TTE in the electrolyte, which could contribute to more stable

charge curves.

Capacity retention changes dramatically at elevated temperature. The average dis-
charge and charge capacity of the Li-S cells prepared with solvate + TTE electrolyte
is plotted in Figure 2.6c. Li-S cells containing the neat solvate electrolyte are not
shown because they do not cycle. The average capacity of three replicate cells
is shown with error bars indicating the standard deviation between the replicates.
Cells cycled at RT exhibit low initial discharge capacity but slow capacity fade from
320 + 122 mAh g~! to 207 + 35 mAh g~! over 50 cycles (59% capacity retention).
By contrast, cells cycled at 90 °C exhibit high initial discharge capacity but rapid
capacity fade to less than 10% of the average initial discharge capacity within the

first eight cycles.

Several phenomena could explain the observed capacity fade at elevated tempera-
tures. The surface film generated by reaction of TTE with the Li anode may break

down upon cycling or continuously consume TTE as new Li is stripped and plated,
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propagating electrolyte decomposition at the Li anode. Alternatively, the capacity
fade may be due to the polysulfide shuttle effect and the loss of active material from
the cathode by dissolution of soluble S reduction products. The highly concentrated
solvate electrolytes (with and without TTE) are suggested to act as nonsolvents for
polysulfide species at RT,[35, 41, 59] but the shift in free MeCN content at elevated
temperatures may enable some polysulfide solubility. To probe polysulfide solubil-
ity at temperature, Li polysulfides dissolved in the neat solvate and solvate + TTE
electrolytes were examined using UV-Visible spectroscopy (UV-Vis). The UV-Vis
spectra of the electrolytes saturated with "Li,S." as a function of temperature are
shown in Figure 2.7a-b. The absorption peak at 261 nm is assigned to Sg and is
used for quantification of S/polysulfide solubility.[40, 41] At RT, the spectra of the
neat solvate and the solvate + TTE electrolytes are very similar, suggesting similar
polysulfide solubility. Upon heating, the absorption peak at 261 nm increases in
the neat solvate electrolyte, whereas the solvate + TTE electrolyte shows minimal
absorption at 261 nm even at 90 °C. Therefore, polysulfide solubility is higher in the
neat solvate electrolyte than in solvate + TTE electrolyte at elevated temperatures.
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Figure 2.7: UV-Visible spectra of Li polysulfides in (a) neat solvate electrolyte and
(b) solvate + TTE electrolyte as a function of temperature. (c) Polysulfide solubility
remains low in the solvate + TTE electrolyte but increases with temperature, sug-
gesting that the polysulfide shuttle may contribute to capacity fade in Li-S cells with
solvate + TTE electrolyte at 90 °C.
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A Beer’s law standard curve was measured to quantify the concentration of Li
polysulfides from the UV-Vis data. A known quantity of "Li,S." was dissolved in
MeCN, and spectra were collected following sequential additions of MeCN to the
original solution. UV-vis spectra of the standard solutions are shown in Figure 2.8.
Only the absorption peak at 261 nm appears in the spectra of polysulfides dissolved
in the solvate electrolytes, but an additional peak at 612 nm was observed when Li
polysulfides were dissolved in MeCN. The new absorption peak is attributed to the
S5 radical mode and is observed in high dielectric solvents.[40] The initial "Li,S,"
and the resulting dissolved polysulfides are not one discrete molecule due to several
disproportionation reactions that are affected by concentration and stoichiometry,
so quantification using one absorption feature in the spectrum is not accurate.
However, absorption at 261 nm is linear with the known S concentration in the
standards. Polysulfide solubility is therefore measured from the 261 nm band and is
reported here as the maximum possible concentration since the 261 nm band does

not account for all Li polysulfides in the standard solutions.

3 - ; . .
=) (@)
<
[0]
e
(3]
£
(@]
(%2}
Q0
©
200 400 600 800
A (nm)
- 002 T T T
E (b)
02 - y=0.0166x-0.0048
Sc 2 -
S.2 0.015F R™ =0.9879 i
_Q\S ’,o’ -
8-GCJ /‘/ .
o
& 0.01F .- i
o d " Il Il 1
0.8 1 1.2 14

absorbance (AU)

Figure 2.8: Quantification of Li polysulfides in MeCN. (a) UV-Visible spectra of
Li polysulfides in MeCN at RT, with the arrow indicating increasing polysulfide
concentration. Peaks corresponding to Sg (261 nm) and Sz~ (612 nm) are observed
due to several disproportionation reactions during polysulfide dissolution. (b) The
intensity of the 261 nm peak is plotted against the Li polysulfide concentration in
each standard solution to derive a Beer’s Law relationship.

Figure 2.7¢ shows the concentration of dissolved Li polysulfides in each solvate elec-

trolyte as a function of temperature. While the maximum polysulfide concentration
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in the neat solvate electrolyte steadily increases with temperature (from 6 mg/mL at
RT to 32 mg/mL at 90 °C), solubility in the solvate + TTE electrolyte increases only
slightly from 8 mg/mL at RT to 14 mg/mL at 90 °C. The moderate increase in Li
polysulfide solubility at elevated temperatures suggests that the polysulfide shuttle
effect may contribute to capacity fade in Li-S cells, in addition to capacity fade due

to reactivity at the Li anode.
Effects of AlF; surface film on Li anode stability

To investigate the effect of the Li metal anode reactivity, we prepared a 6 nm film of
AlF3 on the Li metal surface by ALD as described previously.[44] AlF3 may prevent
Li surface reactivity by acting as a barrier to reactions between the electrolyte and
Li electrode. AlF3 surface coatings have been studied on transition metal oxide
cathodes such as LiCoO; and Li[Ni;;3Mn;;3Co0;,3]O, and have been shown to
deposit as uniform thin films.[60-62] AlF3 coatings have yielded improved cycling
performance on such cathode materials, particularly at high voltages, by acting
as a protective coating and preventing excessive electrolyte decomposition on the
electrode surface.[60, 62] AlF; coatings have recently been investigated on Li metal
and have been shown to significantly limit MeCN decomposition at the Li/electrolyte

interface and improve the cyclability of Li-S cells at RT.[44]

Figure 2.9 shows EIS spectra collected on AlF3-coated Li | electrolyte | AlF3-coated
Li symmetric cells prepared with neat solvate and solvate + TTE electrolytes. The
spectra are fit to an equivalent circuit consisting of a resistor (R;) ascribed to the
series resistance of the cells in series with RQ circuits. The spectra of cells prepared
with the neat solvate electrolyte at RT are fit with two RQ circuits, similar to the
EIS spectra of uncoated Li symmetric cells. The spectra of cells prepared with the
neat solvate electrolyte at 90 °C are fit with one RQ circuit, since the timescale of
reactivity between the electrode and electrolyte at 90 °C requires a higher cutoff
frequency (vide infra) and the low frequency feature is not observed. The spectra of
all cells prepared with solvate + TTE electrolyte are fit with three RQ circuits. The
high-frequency (R»/Q>) and mid-frequency (R3/Q3) semicircles both change with
time at approximately the same rate. For the sake of discussion clarity, we assign
the high frequency semi-circle as the SEI. The addition of AlF3 coincides with the
appearance of a new semicircle (R3/Q3) that does not appear with bare Li, so R3/Q3
may correspond to charge transfer at the Li/AlF3 interface. The third semicircle
observed at frequencies down to 1 uHz yields constant resistance over time and

is thus not considered further. The time required to measure to 1 yHz is much
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longer than the timescale of reactivity between the electrode and the neat solvate
electrolyte at 90 °C (vide supra), thus, EIS data under such conditions (Figure 2.9b)

was obtained to 1 Hz and the low frequency feature(s) are not observed.
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Figure 2.9: Nyquist plots of AlF3-coated Li symmetric cells with neat solvate
electrolyte at (a) room temperature (RT) and (b) 90 °C. Nyquist plots of AlF3-
coated Li symmetric cells with solvate + TTE electrolyte measured at (c) RT and
(d) 90 °C. EIS data was collected from 10°~107° Hz (a,c,d) or 10°~1 Hz (b) at 10
points per decade, with a 10 mV amplitude, continuously for 47 h. Addition of AlF3
coating increases overall resistance in all cases. Cells with solvate + TTE electrolyte
yield lower resistances than those with neat solvate electrolyte.

Figure 2.10a shows evolution of R, over time in cells prepared with the neat solvate
electrolyte. Three replicate cells are shown at RT and at 90 °C. Cells without TTE
show significant increases in R, at elevated temperatures, but at RT, R, decreases
over time. Although the exact cause for the decrease in R is unknown, we hy-
pothesize that it may be due to improved wetting of the electrode with the viscous
neat solvate electrolyte over time, with possible contributions from reaction between
the electrolyte and the AlF3 coating to improve contact. Cells prepared with the
neat solvate electrolyte at 90 °C yield high R, values that increase from 558.3 +
342.9 Q to 4913.3 + 2311.8 Q over 47 h. The high initial R; and increase suggest
high resistivity of the AlF3 layer and reaction of the coated Li with the neat solvate

electrolyte to form a high impedance surface film.
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Figure 2.10: SEI resistance, R,, extracted from the Nyquist plots of three replicate
AlF3-coated Li symmetric cells with (a) neat solvate electrolyte and (b) solvate +
TTE electrolyte at room temperature (RT) and 90 °C. R; increases rapidly in cells
with neat solvate electrolyte at 90 °C, suggesting reactivity between the electrolyte
and the Li electrode. When TTE is added to the electrolyte, R, remains small and
increases slowly over time, suggesting formation of a low impedance surface film
on the Li electrode.

R, vs. time data for three replicate cells prepared with solvate + TTE electrolyte
are shown in Figure 2.10b. Similarly to the cells prepared with uncoated Li (Fig-
ure 2.2b), cells prepared with solvate + TTE electrolyte exhibit lower R, values
than those prepared with neat solvate electrolyte at all temperatures, likely due to
improved wetting of the Celgard separator following the reduction in electrolyte
viscosity upon adding TTE. Cells studied at RT exhibit a slight increase in R, from
209.4 + 33.4 Q to 358.2 + 20.5 Q over 47 h. The R; observed here is larger than
that for cells prepared with uncoated Li under the same conditions (Figure 2.2b),
which may be due to low ionic conductivity of the AlF3 surface film. At 90 °C, R,
increases from 8.0 +£ 0.9 Q to 37.6 + 10.4 Q. Again, the cells studied at 90 °C exhibit
lower R; for the full 47 h duration, and the lower R, suggests that the presence of
TTE prevents the formation of the high impedance surface film that would otherwise
be generated by reaction of Li and free MeCN. The R, values observed at 90 °C
are comparable to those in cells with uncoated Li, suggesting minimal additional
stabilization of the Li/electrolyte interface from the AlF3 layer. We therefore hy-
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pothesize that the presence of TTE is the primary factor controlling the stability of

the electrode/electrolyte interface.

Reactivity of the AlF3 layer may be indicated by changes in R3. R3 vs. time data
for three replicate cells prepared with solvate + TTE electrolyte at RT and 90 °C
are shown in Figure 2.11. Rj increases in both cases similarly to R,. Since Rz is
only present when the AlF3 coating is present, we assign R3 to the AlFs/electrolyte

interface.

700

Figure 2.11: Charge transfer resistance, Rz, from the mid-frequency EIS feature
of three replicate AlF3-coated Li symmetric cells with solvate + TTE electrolyte at
room temperature and 90 °C. Rz increases at both temperatures similarly to R,. An
increase in R3 may indicate reactivity at the Li/AlF; interface.

AlF;-coated Li was assembled into Li-S cells to further evaluate the effects of AlF;
on interfacial reactivity. The cells were first evaluated at RT and 90 °C with the neat
solvate electrolyte. Figure 2.12a shows discharge and charge curves for cycles 1 and
20 of an AlF3-coated Li-S cell prepared with neat solvate electrolyte at 90 °C. As with
cells with uncoated Li, the cell at RT immediately polarized to the cutoff voltages
(3 V and 1.2 V, data not shown) due to poor kinetics for interfacial charge transfer
as described above. Interestingly, the AlF; coating enables cells prepared with the
neat solvate to cycle at 90 °C beyond the first charge. Cells prepared under similar
conditions with uncoated Li reproducibly failed during the first charge, as shown

in Figure 2.6a. A single plateau is again observed in the discharge profile, which
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may indicate a quasi-solid state S reduction mechanism rather than a conventional

solvent-mediated pathway.[41, 59]
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Figure 2.12: Charge and discharge profiles at various temperatures of AlF3-coated
Li-S cells prepared with (a) neat solvate electrolyte and (b) solvate + TTE electrolyte.
Cells prepared with neat solvate electrolyte do not cycle at RT due to the poor kinetics
of interfacial charge transfer. (c) Capacity fade in AlF3-coated Li-S cells prepared
with the neat solvate electrolyte and the solvate + TTE electrolyte. Cells cycled at
high temperatures yield higher initial capacity but more rapid capacity fade than
cells cycled at RT. All cells were cycled at C/10 rate.

Figure 2.12b shows discharge and charge curves for cells prepared with the solvate +
TTE electrolyte. As previously demonstrated, cells cycled at RT exhibit low initial
discharge capacity and sloping voltage profiles. The voltage profiles at RT are
qualitatively similar to those in cells with uncoated Li but with greater polarization,
which is attributed to poor kinetics imposed by the AlF; coating. Much greater
initial discharge capacities are observed at 90 °C (1278 + 150 mAh g~!) than at RT
(194 + 9 mAh g~!). Similar to the cells with uncoated Li, a single reduction plateau
1s observed at 90 °C, consistent with data previously reported at 55 °C.[41, 59]

The average discharge and charge capacities of the AlF3;-coated Li-S cells prepared
with neat solvate electrolyte at 90 °C and with solvate + TTE electrolyte at RT and at
90 °C are shown in Figure 2.12c. The average capacities for three replicate cells are
shown, with error bars indicating the standard deviation. Cells cycled at RT exhibit

low initial capacity and somewhat more rapid capacity fade (to less than 10% of
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the initial discharge capacity within the first twenty cycles) than cells prepared with
uncoated Li (Figure 2.6¢). Cells cycled at 90 °C exhibit high initial capacities with
both electrolytes of 818 + 177 mAh g~! and 1278 + 150 mAh g~! for cells with neat
solvate and solvate + TTE electrolyte, respectively. The capacity still fades rapidly
in both cases, however, which may indicate reactivity between the AlFs3-coated Li
and the solvate electrolytes as well as potential contributions from the polysulfide
shuttle.

XPS was conducted on the AlFs-coated Li before and after reaction with each
solvate electrolyte at RT and 90 °C to investigate the utility of the AlF3-coated
Li at limiting decomposition reactions of the solvate electrolytes. Figure 2.13a-
¢ shows the XPS spectra of the AlF3-coated Li following reaction with the neat
solvate electrolyte at RT. In the O region of the spectrum (Figure 2.13a), the lower
BE peak at 532.3 €V is assigned to Li,SO, and is likely derived from LiTFSI,
similarly to the case of the uncoated Li in Figure 2.4.[49] The higher BE peak
appears at 533.6 €V and is assigned to Li;O.[50] The single peak in the N region
(Figure 2.13b) appears at 400.1 eV, is assigned to adsorbed MeCN, and indicates
minimal decomposition of free MeCN at RT.[51] Two peaks appear in the F region
of the spectrum (Figure 2.13c). The higher BE peak at 689.2 €V is likely derived
from the TFSI anion. The lower BE peak appears at 685.4 eV and is assigned to
LiF.[52, 63]

Figure 2.13d shows the O region of the XPS spectrum after reaction between AlF;-
coated Li and the neat solvate electrolyte at 90 °C. A new, low BE peak appears
at 531.4 eV and is assigned to Li,CO;,, similar to the case of the uncoated Li.[49]
The peaks at 532.3 eV (Li,SO,) and 533.6 €V (Li,O) appear at the same BE after
reaction at 90 °C as after reaction at RT.[49, 50] The presence of Li,CO; suggests
the formation of an insulating surface film as has been shown previously and trends
similarly with the reactivity on uncoated Li shown above.[53, 54] The XPS in the
N region shown in Figure 2.13e yields one peak at 399.4 eV and indicates MeCN
decomposition as described for uncoated Li reacted with neat solvate at 90 °C. The F
region of the spectrum in Figure 2.13f again yields two major peaks at 689.2 eV and
685.4 eV related to the TFSI anion and LiF, respectively.[52, 63] The similarities
between the speciation on the surface of the uncoated and AlFs3-coated Li after
reaction with the neat solvate electrolyte suggest that the AlF3 coating provides
little additional stabilization against reactions between Li metal and the neat solvate

electrolyte at elevated temperature.
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Figure 2.13: The (a) O, (b) N, and (c) F regions of the XPS spectrum of AlF3-
coated Li after exposure to neat solvate electrolyte at RT. The (d) O, (e) N, and (f)
F regions of the XPS spectrum of AlF3-coated Li metal after exposure to the neat
solvate electrolyte at 90 °C. Dotted lines indicate the positions of the Li,SO4 and
MeCN peaks and are guides for the eye. Formation of carbonate species and a shift
of the CN group to lower BE at 90 °C suggests decomposition of the neat solvate
electrolyte at high temperatures.

Figure 2.14a-c shows the XPS spectra of AlF3-coated Li after reaction with the
solvate + TTE electrolyte at RT. Similar to the reactions without AlF; coating, the
O region of the spectrum yields a peak at 532.5 eV that is assigned to Li;SO4. The
N region of the XPS spectrum yields one peak at 400.1 eV which is assigned to
adsorbed MeCN.[49] The F region yields two major peaks at 689.2 €V and 685.4 eV,
which are assigned to the TFSI anion and LiF, respectively, as well as a smaller peak
at 685.9 eV assigned to LiF.[52, 63] The similarity to all other reactions between the
solvate electrolytes and Li indicates that the AlF3 layer does not significantly alter

interactions between Li and the electrolyte at RT.

Figure 2.14d-f shows XPS of AlF3;-coated Li after reaction with the solvate + TTE
electrolyte at 90 °C. The O signal still contains a peak at 532.5 €V that is assigned
to LioSOy4. Interestingly, no new peaks appear in the O region of the spectrum at
lower binding energies. Instead, a single peak appears at 533.7 eV and is assigned
as LiO.[50] Additionally, the N region shows a single peak at 400.1 eV which is
ascribed to adsorbed MeCN.[49] In all other high-temperature reactions between Li

and the solvate electrolytes, the N peak shifts to lower binding energies, suggesting
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Figure 2.14: The (a) O, (b) N, and (c) F regions of the XPS spectrum of AlF3-coated
Li metal reacted with solvate + TTE electrolyte at RT. The (d) O, (e) N, and (f) F
regions of the XPS spectrum of AlF3-coated Li metal reacted with solvate + TTE
electrolyte at 90 °C. Dotted lines indicate the positions of the Li»SO4 and MeCN
peaks and are guides for the eye. The lack of carbonate species and the negligible
shift in N-species BE after reaction at 90 °C suggests enhanced stability of the
generated Li surface film.

some decomposition of MeCN. The lack of evidence for carbonate species and
the lack of shift in N species BE signal decreased MeCN decomposition, which
would lead to lower SEI resistance as shown by EIS (vide supra). The lack of
decomposition could explain the slight increase in the initial discharge capacity
in Li-S cells prepared with AlFs3-coated Li vs. with uncoated Li. Interestingly,
the F region of the spectrum yields the same two peaks at 689.2 eV and 685.4 eV
as in the spectrum of AlF3-coated Li reacted with the neat solvate electrolyte at
90 °C (Figure 2.13f). In the F region of the spectrum of uncoated Li reacted with
the solvate + TTE electrolyte at 90 °C (Figure 2.4f), two additional peaks appear
related to TTE. The lack of such peaks in the case of AlF3-coated Li may indicate a
lesser contribution from F-containing species to the high initial discharge capacity

observed in Li-S cells prepared with AlFs-coated Li.
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2.4 Conclusions

Reactivity between Li metal and the solvate electrolytes changes dramatically as a
function of temperature and TTE content. Addition of TTE to the solvate electrolyte
reduces polysulfide solubility even at elevated temperatures, prevents formation
of a high-impedance surface film on Li metal, and leads to lower SEI resistance
and greater cyclability of Li-S cells at elevated temperatures. The interfacial im-
provements result from reduced formation of carbonate species on the Li surface
at elevated temperatures, formation of additional F-containing species on the Li
surface, and decreased MeCN decomposition. The addition of 6 nm AlF5; surface
coating increases SEI resistance in all cases but enables cycling at elevated temper-
atures in the neat solvate electrolyte and inhibits formation of carbonate species on
the Li surface in cells with solvate + TTE electrolyte. Capacity fade at elevated
temperatures can likely be ascribed both to reactivity at the Li/electrolyte interface
and to the polysulfide shuttle effect, enabled by higher concentrations of free MeCN
at 90 °C, and remains a challenge to be addressed. The work described herein
provides insight into the stability of solvate electrolytes against Li metal at elevated
temperatures and highlights the need for studies examining reactivity with new elec-
trolyte systems at both the anode and the cathode to fully understand and address

failure mechanisms in Li-S batteries.
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Chapter 3

ELECTROCHEMICAL PREPARATION OF SM(II) REAGENT
FACILITATED BY WEAKLY COORDINATING ANIONS

Adapted from: Ware, S. D., Zhang, W., Charboneau, D. J., Klein, C. K., Reis-
man, S. E., See, K. A. Electrochemical Preparation of Sm(II) Reagent Facilitated
by Weakly Coordinating Anions. Chem. — Eur. J. 2023, 29, €¢202301045. DOI:
10.1002/ chem.202301045.

Abstract: Samarium diiodide (Sml;) is widely used as a strong one-electron reduc-
ing agent and is often employed to form C—C bonds in complex systems. Despite
their utility, Sml, and related salts suffer from several drawbacks that render the use
of Sm reducing agents in large-scale synthesis impractical. Here, we report factors
influencing the electrochemical reduction of Sm(III) to Sm(II), towards the goal of
electrocatalytic Sm(III) reduction. We probe the effect of supporting electrolyte,
electrode material, and Sm precursor on Sm(II)/(III) redox and on the reducing
power of the Sm species. We find that the coordination strength of the counteranion
of the Sm salt affects the reversibility and redox potential of the Sm(IT)/(III) couple
and establish that the counteranion primarily determines the reducibility of Sm(III).
Electrochemically generated Sml, performs similarly to commercial Sml, solutions
in a proof-of-concept reaction. The results will provide fundamental insight to

facilitate the development of Sm-electrocatalytic reactions.
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3.1 Introduction

Since its introduction to the synthetic community by Kagan and coworkers, samar-
ium diiodide (Sml,) has been widely used as a strong one-electron reducing agent
in a broad range of synthetic organic reactions, including in the synthesis of antivi-
ral, antibacterial, and anticancer natural products.[64—73] Despite their versatility,
solutions of Sml, must contend with several disadvantages that limit their utility
on large scale.[74] Many reactions that employ Sml; as a reducing agent require,
at minimum, stoichiometric quantities of Sml, to achieve high yields. In addition
to becoming prohibitively expensive at large scales, the limited solubility of Sml,
in tetrahydrofuran (THF) requires the use of significant solvent volumes, rendering
industrial-scale reactions impractical. The terminal Sm(III) byproduct is also poorly
soluble in most reaction solvents, making Sm recovery or recycling efforts challeng-
ing. Furthermore, solutions of Sml, are unstable and have been known to precipitate
Sml, complexes over time.[74] For many applications, solutions of Sml, must be
prepared fresh before use, adding reagent-intensive, costly, and time-consuming

steps to synthetic reactions.

Many of these challenges could be addressed by developing a reaction system that
is catalytic in Sm. A chemically catalytic Sm(IT)/(IIT) system was developed for
aldehyde reduction and pinacol coupling reactions by Aspinall et al. in 2005.[75]
Though the chemically catalytic system permits a significant reduction in the quanti-
ties of Sml; and solvent required to achieve high yields, the additives and sacrificial

reductant required to turn over Sm(IIl) may interfere with the primary chemistry
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and limit the scope of Sm-mediated reactions. Additionally, the need for a sacrifical
reductant increases the amount of chemical waste generated and results in poor atom

economy for the catalytic process.

An electrocatalytic system in which the Sm(III) generated during the synthetic
reaction is reduced to Sm(II) via electrolysis rather than by a sacrificial reductant
would address many of the above challenges. An electrocatalytic process would
permit low solvent volumes and catalyst loading while removing the requirement for
a sacrificial reductant, which can improve the scope of the reaction and reduce the
amount of chemical waste generated as compared to the chemically catalytic system.
Electrochemically reducing the Sm(III) complex back to Sm(II) also provides a
mechanistic handle to interrogate the mechanism of the synthetic reaction. However,
the fundamental properties of electrochemical systems that enable effective and

efficient Sm(III) reduction are poorly understood.

The electrochemistry of Sm complexes in solution was initially probed at elevated
temperatures for Sm separation from nuclear waste[76—78] and was later studied
at room temperature for organic electrosynthesis. Initial Sm-electrocatalytic sys-
tems for the bulk-scale reduction of ketones and organohalides were developed by
Périchon and coworkers, but those systems relied on a sacrificial anode to support
Sm(III) reduction, generating additional byproducts that can limit the scope of sub-
sequent reactions.[67, 79-83] Sml, was electrochemically oxidized and reduced
through cyclic voltammetry with Lil supporting electrolyte in THF by Flowers and
coworkers in 2000, but the Sm redox properties were only studied from previously
synthesized Sml, starting material and were not scaled up to synthetically rele-
vant proportions.[84] Inspired by these initial results suggesting that Sm(II) can be
electrochemically accessed from Sm(III), we aim to propose design rules for the

development of Sm-electrocatalytic systems.

Previous work demonstrates that multiple factors affect the redox behavior of Sm
salts in solution. Several supporting electrolytes, including ionic liquids as well
as tetraalkylammonium salts in acetonitrile or THF, have been shown to support
Sm(III) reduction to Sm(II). The choice of supporting electrolyte leads to shifts in the
measured Sm(II)/(III) redox potential, as does the presence of strongly coordinating
additives, though few general trends have been established regarding the influence of
other supporting electrolyte properties on electrochemical generation of Sm(II).[76,
85—88] In addition to the supporting electrolyte, the working electrode for Sm redox

also plays a role in electrochemically driven systems. In a supporting electrolyte of
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0.04 M TBAPF¢ in THF, Mellah and coworkers found that electrochemical Sm redox

was only observed at a Sm metal working electrode.[86] Other electrolyte systems
permit Sm redox at a glassy C, Pt, or Hg pool electrode, but the underlying factors

influencing the observed Sm redox behavior (or lack thereof) remain unclear.[76,
84, 85]

Here, we investigate the effect of the supporting electrolyte, electrode material, and
Sm reagent on the efficacy and reversibility of Sm(II)/(III) redox and on the reducing
power of the active Sm species. We find that the relative coordination strength of
the counteranion of the Sm salt strongly affects the reversibility and potential of the
Sm(IT)/(IIT) redox couple. The coordination environment of the Sm complex can be
controlled to an extent through anion exchange with the supporting electrolyte. We
identify electrochemical conditions that allow for electrolytic preparation of Sm(II)
from Smls, highlighting the ability to continuously reduce Sm(III) in solution. The
electrochemically prepared Sm(II) is used in a proof-of-concept organic reaction
and gives similar yields and product distributions to commercially available solu-
tions of Sml,, suggesting that the nature of the catalyst is not significantly altered
following electrochemical generation. The results will inform efforts to develop
new electrocatalytic Sm redox reactions, which have been previously limited by

poor fundamental understanding of electrochemical Sm(III) reduction.

3.2 Methods

Materials Preparation

All chemicals were handled and stored in an Ar-filled glovebox unless
stated otherwise. Lithium iodide (Lil, 99.9%, Sigma-Aldrich), lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI, 99.95%, Sigma-Aldrich), lithium chlo-
ride (LiCl, 99%, Sigma-Aldrich), and lithium bromide (LiBr, >99%, Sigma-Aldrich)
were dried at 110°C under vacuum overnight before use. Tetrahydrofuran (THF,
>99.9%, Fisher Scientific) was dried on a solvent purification system (Pure Process
Technologies) and transferred to the glovebox without exposure to air. Tetrabuty-
lammonium hexafluorophosphate (TBAPFg, >99%, Sigma-Aldrich) was recrystal-
lized from ethyl acetate (99.8%, Sigma-Aldrich) in air before transferring to the
glovebox. Benzylacetone (98%, Combiblocks) and triethylamine (99+%, Fisher
Scientific) were distilled prior to use. All other chemicals were used without further

purification.
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All electrolytes were prepared in an Ar-filled glovebox. Solutions containing Sml,
were prepared by diluting a commercial solution of Sml; in THF (Thermo Scien-
tific), adding the chosen supporting electrolyte salt, and stirring until fully dissolved
to yield a dark blue solution. All electrolytes containing Sml, or Lil were prepared
in the dark and the vials wrapped in Al foil to minimize light-induced degradation.
Sml3 was synthesized in situ for cyclic voltammetry (CV) experiments by combining
samarium(III) triflate (Sm(OTY)3, 98%, Sigma Aldrich) and Lil in THF. Sml3 was
synthesized in situ for bulk electrolysis experiments by combining Sml, solution
and 0.5 equivalents of solid I, (>99.99%, Alfa Aesar).

Electrochemical Testing

All electrochemical experiments were conducted on a VMP3 potentiostat (Bio-
Logic) in an Ar-filled glovebox. All CV experiments were conducted in a 10 mL
glass three-electrode cell (Pine Research Instrumentation) with a gas-tight PEEK
cap. Unless otherwise stated, a polished glassy carbon disk (3.0 mm O.D., Pine) was
used as the working electrode, Pt wire (Pine) was used as the counter electrode, and
Ag wire (Pine) was used as a pseudo-reference electrode. Sm(II)/(III) redox couples
studied with Lil supporting electrolyte were referenced to ferrocene/ferrocenium
(Fc/Fc™) by first referencing to bis(benzene)chromium (97%, Sigma Aldrich) via
CV, then calculating the potential difference from Fc/Fc*[89]. Sm(II)/(IIT) redox
couoples studied with all other supporting electrolytes were referenced to Fc/Fc* via
CV. All peaks were analyzed and baseline subtracted using EC-Lab fitting software
(Bio-Logic). All bulk electrolysis experiments were conducted in a 20 mL divided
cell (Pine) equipped with a fritted glass separator. The counter electrode was
separated from the working and reference electrodes to prevent consumption of the
reduced Sm product. A polished glassy carbon plate (Sigma-Aldrich) was used as
the working electrode, Pt mesh (BASi) was used as the counter electrode, and Ag
wire (Pine) was used as the reference electrode. The electrolyte was stirred in both

compartments to facilitate transport of the active species to the electrode surface.
Sample Characterization

UV-Visible (UV-Vis) spectra were collected on a Cary 500 UV-Vis-NIR spectrome-
ter in a screw-cap cuvette. All samples were prepared in a glovebox and transferred
to the instrument without exposure to air. A THF background was subtracted from

all spectra.
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Titration of commercial and electrogenerated solutions of Sml, was performed as
reported previously.[90] Briefly, I mL Sml; solution in THF (1 equiv.), 7.2 uL H,O
(4 equiv.), and 41.8 uL triethylamine (3 equiv.) were combined to yield a dark green
solution. A separate solution of 0.05 M 2-heptanone in THF was added dropwise

to the Sml; solution until the dark green solution turned colorless.

Nuclear magnetic resonance (NMR) spectra were recorded on a Varian Inova
500 MHz spectrometer. 'H-NMR data is referenced to the phenyl proton of the
internal standard 1,3,5-trimethoxybenzene (1H, 6 = 6.08 ppm).[91] The reduction
of benzylacetone by Sml, was performed as follows: to an oven-dried opaque 20 mL
vial equipped with a stir bar were added benzylacetone (0.05 mmol, 1 eq.) and Sml,
solution in THF (0.10 mmol Sml,, 2 eq., either commercial or eletrogenerated).
Some reaction conditions tested included water (0.4 mmol, 8 eq.) and triethylamine
(0.3 mmol, 6 eq.). The reaction was allowed to stir at room temperature under
N, overnight. The resulting reaction mixture was quenched with 1 M aqueous
HCI and extracted thrice with dichloromethane (DCM, 99.9%, Fisher Scientific).
The internal standard was added to the combined organic layers. The resulting
solution was dried over magnesium sulfate (MgSO,4, >99%, Fisher Scientific),
filtered through a cotton plug, concentrated under vacuum, and diluted in deuterated
chloroform (CDCls, 99.8%, Cambridge Isotope Labs). The solution was analyzed
with 'H-NMR, and the spectral data matched those reported in the literature.[92—94]

3.3 Results and Discussion

Effect of supporting electrolyte and working electrode on Sm redox

To gain a baseline understanding of the properties that influence electrochemically
driven Sm redox, we first investigate the redox behavior of Sml, in a supporting
electrolyte of 0.5 M Lil in THF using cyclic voltammetry (CV). This electrolyte
was first demonstrated to support Sm redox by the Flowers group in 2000.[84] CVs
of 5 mM Sml, at varying scan rates are shown in Figure 3.1a. The CVs of Sml,
with Lil supporting electrolyte show coupled oxidative and reductive waves that
scale directly with scan rate. The Sm redox couple exhibits wide peak splitting
that increases as the scan rate is increased. The peak splitting cannot be attributed
solely to the supporting electrolyte resistance. CVs collected with IR compensation
(Figure 3.2) still exhibit peak splitting larger than the approx. 60 mV that would
be expected for a reversible one-electron redox couple. Therefore, we attribute the
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peak splitting to irreversible electron transfer kinetics. The slow electron transfer
kinetics are likely attributable to the large reorganization energy about the Sm center
following reduction or oxidation, induced by changes in the Sm-I bond length and

the Sm coordination geometry.[95-97]

L@ul A Lo)LTFSI

OF — /
| A‘ecreasing v |

_ . 1 ; 1 R | . I . 1 ;
1-3 -2 -1 0 -3 -2 -1 0

—_

j(mA cm™®)

Vvs. Fe/Fc* -~
T T T T T —T . |
(c) TBAPF, (d) - LiTFSI
o 09T 192 2r TBAPF,
§ 18 = fits
T ot /,,/”'N"” 1 E 1t .
SN 7 I IS
05 . 1 . 1 . 0 e e H B
3 =2 1 0 0 02 04 06 08
Vvs. Fe/Fc* vZ (v s

Figure 3.1: CVs of 5 mM Sml, with (a) 0.5 M Lil, (b) 0.5 M LiTFSI, and (c¢) 0.5 M
TBAPFg supporting electrolytes in THF. Scan rates (v) of 500, 200, 100, 50, 20,
and 10 mV s~! are shown. (d) Plot of peak current density, j, 4, Vs. v1/2 for each
supporting electrolyte. High Sml, diffusion coeflicients with Lil and LiTFSI sup-
porting electrolytes mitigate diffusion limitations in long-term experiments, leading
to more facile reduction of Sm(III).

The supporting electrolyte influences the redox properties of Sml, in solution.
Supporting electrolytes with larger ions have been suggested to prevent aggregation
of Sml, in solution and enable more facile Sm redox.[98] Previous studies of the
redox behavior of lanthanide complexes at room temperature employed ionic liquids
containing the bistriflimide anion (TFSI™) due to their wide electrochemical stability
window.[76] A solution of 0.5 M LiTFSI in THF is used here to assess the effect
of a large supporting electrolyte anion on the redox behavior of Sml;. CVs of
5 mM Sml, with LiTFSI supporting electrolyte are shown in Figure 3.1b. Coupled
features attributable to Sm redox are observed, with similar peak current densities
to the voltammograms collected with Lil supporting electrolyte. The peak splitting
is slightly smaller than that from Sml, with Lil supporting electrolyte, suggesting

a lower kinetic barrier to redox and possibly indicating that the larger supporting
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Figure 3.2: CVs of 5 mM Sml, with (a) 0.5 M Lil, (b) 0.1 M LiTFSI, and (c) 0.1 M
TBAPF¢ supporting electrolytes with IR compensation. While the peak splitting in
each case decreases relative to CVs collected without IR compensation, the peak
splitting is still much larger than the 57 mV that would be expected for a reversible
one-electron redox couple. Therefore, the electrochemical irreversibility and slow
electron transfer kinetics are not attributable solely to the electrolyte resistance.

electrolyte anion may prevent some aggregation of Sml, in solution. The peak
splitting is still larger than that expected for an electrochemically reversible redox

couple.

To determine whether an additional benefit can be gained from employing both a
large anion and a large cation, tetrabutylammonium hexafluorophosphate (TBAPF)
is also tested as a supporting electrolyte. TBAPFg is often used as a support-
ing electrolyte for electrochemical reactions in organic synthesis due to its wide
electrochemical stability window and low reactivity against common organic com-
pounds.[86, 99, 100] CVs of 5 mM Sml, with 0.5 M TBAPFg supporting electrolyte
in THF are shown in Figure 3.1c. A clear oxidative wave is observed at high scan
rates, but the corresponding reductive wave is poorly resolved. The peak current den-
sities are additionally smaller than those in Lil or LiTFSI supporting electrolytes,
indicating less favorable redox activity. At low scan rates, the redox couple be-
comes fully irreversible, indicating decomposition or side reactions between Sml,
and TBAPF¢. A solution of 5 mM Sml, + 0.1 M TBAPFg in THF bleaches over

approximately three hours even when kept in the dark, suggesting that the reaction
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is neither related to I”-derived photodecomposition nor induced by direct electro-
chemical transformation. Images of the SmI,/TBAPFg electrolyte at various time
points are shown in Figure 3.3. Possible side reactions include F~-abstraction by
Sml, or hydrolysis of the PF, anion by trace water to form free F~ and subsequent

generation of electrochemically inert SmF3.

A

Figure 3.3: Images of a solution of 5 mM Sml, + 0.1 M TBAPFg in THF (a)
immediately after Sml, addition, (b) 1 h after Sml, addition, (c¢) 2 h after Sml,
addition, and (d) 3 h after Sml, addition. The solution bleaches over the course of
3 h, possibly due to formation of SmF, species following hydrolysis of the PFg™
anion after reaction with trace water.

The diffusion coefficient of the Sm complex in each supporting electrolyte can be
estimated from the CVs following the equation j, = (2.99 x 10%)a!/ 2D10/ 2Co”‘vl/ 2,
where j, is the peak current density, « is the transfer coefficient, Do is the diffusion
coefficient, Cp* is the starting Sm concentration, and v is the scan rate. Calculations
of the transfer coefficient for Lil and LiTFSI supporting electrolytes are shown in
Figure 3.4 and for TBAPFg in Table 3.1). The peak oxidative current is plotted
vs. the square root of scan rate for each supporting electrolyte in Figure 3.1d.
The Lil supporting electrolyte yields the highest Sm diffusion coefficient of 8.5
x 1076 cm?s~!, followed by LiTFSI and TBAPFg (1.3 x 107 cm?s™! and 1.8
x 1077 cm?s™!, respectively). The high diffusion coefficients provided by the
Lil and LiTFSI supporting electrolytes mitigate diffusion limitations in long-term

experiments, leading to more facile reduction of Sm(III).
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Figure 3.4: Plot of In(i,, 4) vs. Ep,a—EUI from CVs of 5 mM Sml, with Lil or LiTFSI
supporting electrolytes at scan rates of 500, 200, 100, 50, 20, and 10 mV/s. The
transfer coefficient  can be calculated from the equation j, = 0.227FCp *kOexpl[-
aF(Ep-EO')/RT], where j, is the peak current density, Cp* is the starting Sm con-
centration, k¥ is the heterogeneous rate constant, « is the transfer coefficient, F is
the Faraday constant, R is the ideal gas constant, T is temperature, E,, is the peak
potential, and E" is the formal potential of the Sm(II)/(III) redox couple.

scan rate (mV/s) Ep-Epz (V) o
500 0.151 0.317
200 0.157 0.304
100 0.121 0.395
50 0.136 0.351
20 0.125 0.381
10 0.126 0.379

Table 3.1: Estimation of @ from CVs of 5 mM Sml, with TBAPFg supporting
electrolyte at various scan rates. Since E° cannot be determined with TBAPFg sup-
porting electrolyte, @ can be estimated from the equation |E,-E, »| = 1.857RT/aF,
where E, ; is the potential where the current is half the peak value and all other
variables are as defined above. An average « value of 0.35 was used for D¢ calcu-
lations.

The peak current also scales with Sml, concentration for all supporting electrolytes.
CVs of Sml; at various concentrations (10, 5, 2, and 1 mM) with 0.5 M Lil support-

ing electrolyte are shown in Figure 3.5a. The peak oxidative and reductive current
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both decrease as concentration decreases, with no change in the reversibility of the
redox couple. CVs of Sml; at the above concentrations with 0.5 M LiTFSI support-
ing electrolyte are shown in Figure 3.5b. Similar behavior is observed in LiTFSI
supporting electrolyte, but the redox couple is poorly resolved at low concentrations
(1 mM Sml,). CVs of Sml, at the above concentrations with 0.5 M TBAPFg sup-
porting electrolyte are shown in Figure 3.5¢c. While both the oxidative and reductive
wave are observed for the 10 mM Sml; electrolyte, the irreversibility of the Sml;
redox couple is preserved at all concentrations below 10 mM, and the reductive peak
current disappears with decreasing Sml, concentration. A plot of peak oxidative
current density vs. Sml, concentration in all three supporting electrolytes is pre-
sented in Figure 3.5d. The peak current density increases monotonically in all three
supporting electrolytes, but the oxidative and reductive peak currents are higher
when using the Lil or LiTFSI supporting electrolyte as compared to the TBAPFq
supporting electrolyte, and the Lil supporting electrolyte supports the greatest Sm
redox current at low concentrations. Based on the high diffusion coeflicients and the
linear and monotonic concentration profiles, we conclude that both Lil and LiTFSI
supporting electrolytes promote Sm redox. The Sm redox performance is best with

Lil supporting electrolyte, particularly at low concentrations.
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Figure 3.5: CVs of Sml, at various concentrations (10, 5, 2, and 1 mM) with (a)
0.5 M Lil, (b) 0.5 M LiTFSI, and (c) 0.5 M TBAPFg supporting electrolyte. All
voltammograms are collected at a scan rate of 100 mV s~!. (d) Plot of peak current
density, j, 4, vs. Sml, concentration for each supporting electrolyte.



44

Several working electrodes are examined in the three supporting electrolytes dis-
cussed above. The results of the working electrode studies are shown in Figure 3.6.
While a glassy carbon working electrode enables Sm redox with all three supporting
electrolytes, Sm redox at a Au working electrode is only observed with the LiTFSI
supporting electrolyte, and Sm redox at a Pt working electrode is only observed
with the TBAPFg supporting electrolyte. Because glassy carbon permits Sm redox
in multiple supporting electrolytes, a glassy carbon working electrode is used for all
further experiments. Although the exact reason for the greater efficacy of the glassy
carbon working electrode is difficult to ascertain directly, we hypothesize that the
presence of C=0 groups on the glassy carbon surface may promote Sm redox, as
previously shown for Eu(I1)/(I11).[101]

2
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Figure 3.6: CVs of Sml, with (a) 0.5 M Lil, (b) 0.1 M LiTFSI, and (c) 0.1 M
TBAPFg supporting electrolytes on glassy C, Au, and Pt working electrodes. While
Sm redox behavior is observed on Au electrodes with LiTFSI supporting electrolyte
and on Pt electrodes with TBAPFg supporting electrolyte, glassy carbon electrodes
yield the best performance in all supporting electrolytes.

Effect of counteranion on Sm redox

The counteranion of the Sm species strongly influences the potential of the Sm redox
couple. For instance, SmCl; and SmBr, are known to be stronger reducing agents
than Sml, and can therefore chemically reduce different species in solution.[102]
To probe the effect of the counteranion on the electrochemical reversibility of the
Sm redox couple, SmCl; is generated from Sml, and excess LiCl. Sml, and LiCl
are known to undergo anion exchange to form SmCl; in solution.[102] Figure 3.7a
shows the CV of Sml, with 0.5 M LiCl supporting electrolytes. Contrary to CVs with
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Lil supporting electrolyte, no redox peaks are observed with the LiCl supporting
electrolyte. UV-Visible (UV-Vis) spectroscopy confirms anion exchange between
the Sml, starting material and the LiCl supporting electrolyte (Figure 3.7b). Some
reactivity is apparent after 5 minutes, as seen from the blue-shift in absorbance
values of the two peaks between 500 nm and 700 nm. After two hours, the Sml; is

fully converted to SmCl; and the peak at 550 nm disappears entirely.
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Figure 3.7: Sm redox activity in the presence of CI™— anions. (a) CV of Sml, with
0.5 M LiCl supporting electrolyte. No Sm redox activity is observed in the LiCl
supporting electrolyte. (b) UV-Vis spectra of Sml, with Lil and LiCl supporting
electrolytes collected at various times after Li salt addition. A distinct change in
the spectrum after addition of LiCl indicates anion exchange between Sml, and
LiCl. (c) CVs of Sml, with mixed Lil/LiCl supporting electrolyte. The electrolyte
ionic strength was kept constant at 0.5 M. Addition of any LiCl to the supporting
electrolyte precludes Sm redox. All voltammograms in panels a-c were collected
at 100 mV s~!. (d) CVs of SmCl; with 0.5 M LiTFSI supporting electrolyte. Scan
rates (v) of 500, 200, 100, 50, 20, and 10 mV s~! are shown.

The supporting electrolyte composition is varied to further probe whether the loss of
redox activity is due to inherent challenges with the LiCl supporting electrolyte or to
the difficulty of electrochemically reducing SmCl,. Figure 3.7¢ shows CVs of Sml,
with mixed Lil/LiCl supporting electrolyte. The ionic strength of the supporting
electrolyte is kept constant at 0.5 M, but the ratio of Lil to LiCl is varied to assess the
effect of the LiCl supporting electrolyte. Even at a Lil:LiCl ratio of 10:1, minimal
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redox activity is observed, indicating that the loss of redox activity in LiCl supporting
electrolyte is primarily due to the difficulty of oxidizing and reducing SmCl, rather
than to challenges with the LiCl supporting electrolyte, such as low conductivity. To
further confirm this hypothesis, CVs of commercially available SmCls are collected
with 0.5 M Lil in THF as the supporting electrolyte (Figure 3.8). No Sm redox is
observed within the electrochemical stability window of the electrolyte, confirming
that SmCl, species are much more difficult to reduce than Sml, species. Redox
features attributable to SmCl3 are only observed when the supporting electrolyte
is changed to 0.5 M LiTFSI, suggesting that more facile electrochemical redox is
enabled by larger supporting electrolyte anions (Figure 3.7d). The SmCls redox
potential lies at —1.9 V vs. Fc/Fc*.

SmCl, + Lil

B e

Vvs. Fe/Fe*

Figure 3.8: CV of 10 mM SmClI3; with 0.5 M Lil supporting electrolyte. No Sm
redox behavior is observed in the Lil supporting electrolyte. Redox from SmCl3
is only observed with LiTFSI supporting electrolyte, suggesting more facile redox
enabled by the larger supporting electrolyte anions.

In addition to SmCl3, samarium(III) acetylacetonate (Sm(acac)s) is studied to verify
the hypothesis that Sm complexes with more strongly coordinating anions are more
difficult to reduce. Redox on Sm(acac)s is attempted with Lil, LiTFSI, and TBAPFq
supporting electrolytes. The CVs are shown in Figure 3.9. No redox features
are observed within the electrochemical stability window of any of the supporting
electrolytes tested, suggesting that the strong anion coordination limits Sm redox in

solution.
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Figure 3.9: CVs of 10 mM Sm(acac); with 0.5 M Lil, 0.1 M LiTFSI, and
0.1 M TBAPFg supporting electrolytes. No Sm redox behavior is observed in
any of the supporting electrolytes, likely due to the strong coordination of the acety-
lacetonate ligand.

Sm(III) salts with more weakly coordinating anions than C1~ are examined to probe
the effect of the counteranion properties on the Sm redox potential. The more weakly
coordinating anions may, to some extent, remain within the primary coordination
sphere of the Sm cation, but they can be displaced more easily upon reaction
with more strongly coordinating anions or reduction of the Sm cation.[103-108]
Figure 3.10a shows CVs of commercially available Sm(OTf)3 with 0.5 M LiTFSI
supporting electrolyte. Coupled oxidative and reductive features are observed,
indicating that Sm(OTf)3 can be electrochemically oxidized and reduced at mild
potentials. Coordinative stabilization by the OTf™ anion may contribute to the more
mild reduction potential of Sm(OTf)3.[103] The Sm redox couple exhibits large
peak splitting of > 1 V and low peak currents, and the ratio of 1, .:1, , is greater
than 1, suggesting that this Sm(OTf)3/LiTFSI redox system is not electrochemically

reversible.

Figure 3.10b shows CVs of 10 mM SmBr3 with 0.5 M LiTFSI supporting electrolyte.
The Sm redox couple is subject to a high kinetic barrier, as shown by the large peak
splitting and the change in peak splitting as a function of scan rate. The peak splitting

is much smaller for SmBr3 than for Sm(OTf)3, suggesting a more reversible redox
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Figure 3.10: CVs of (a) 10 mM Sm(OT¥)3 with 0.5 M LiTFSI supporting electrolyte,
(b) 10 mM SmBr; with 0.5 M LiTFSI supporting electrolyte, and (c) 10 mM
Smls, formed in situ from anion exchange between Sm(OTf); and Lil, with 0.5 M
Lil supporting electrolyte. Scan rates (v) of 500, 200, 100, 50, 20, and 10 mV
s~! are shown. (d) UV-Vis spectra confirming formation of Sml; from anion
exchange between Sm(OTf); and Lil. SmBr3 and Sml; redox exhibit the smallest
peak splitting, suggesting more electrochemically reversible redox couples.

couple. The ratio of i, .:i,, , 1s again greater than 1, however, suggesting that redox

on SmBr3 is not entirely reversible.

A 10 mM solution of Smlj is generated via anion exchange between Sm(OTf)3
and excess Lil, as the more strongly coordinating I can replace the more weakly
coordinating OTf™ similarly to the preparation of SmCl, described above. Formation
of Sml3 is confirmed by UV-Vis spectroscopy and by an immediate color change
from colorless to yellow upon addition of Lil (Figure 3.10d). Figure 3.10c shows
CVs of this in situ-prepared 10 mM Smlz with 0.5 M Lil supporting electrolyte.
Coupled redox features are observed, indicating that the Sml3 starting material can be
electrochemically reduced to Sml, in Lil supporting electrolyte. The peak splitting
is again smaller for Smls than for Sm(OTf)3, suggesting a more reversible redox
couple. The ratio of i, .:i, 4 is approximately 1, indicating a more electrochemically

reversible redox couple than either SmBr3 or Sm(OTf);.

The equilibrium potentials of each Sm redox couple are summarized in Table 3.2.

The equilibrium potential of Sm redox shifts as a function of the coordination
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strength of the anion. When referenced to a ferrocene/ferrocenium (Fc/Fc*) internal
reference couple, the Sm redox potential becomes increasingly negative as the
relative anion coordination strength increases. The E° of the Sm(II)/Sm(III) redox
couple shifts from —1.5 V vs. Fc/Fc* when measured using a Sm(OTf); salt to
—-1.6 V vs. Fc/Fc*, —1.7 V vs. Fc/Fc*, and finally —1.9 V vs. Fc/Fc* using Smls,
SmBr3, and SmCls, respectively. We find that the coordination strength of the
counteranion in the Sm salt thus provides a handle to tune the reducing power of the
Sm electrocatalyst, which is consistent with prior work investigating the influence
of halide salts on Sml, reduction.[84, 102, 109]

Sm salt Supp. electrolyte E° (V vs. Fc/Fc*)
Sml, 0.5 M Lil -15V

Sml, 0.5 M LIiTFSI -15V

Sml, 0.5 M TBAPFg -15V

Sml, 0.5 M LiCl -

SmCls 0.5 M Lil -

Sm(OTH)3 0.5 M LIiTFSI -15V

Smls 0.5 M Lil -16V

SmBrg 0.5 M LIiTFSI 1.7V

SmClj 0.5 M LIiTFSI -19V

Table 3.2: Potentials of Sm(II)/(III) redox measured by CV using various Sm salts
and supporting electrolytes.

Bulk synthesis of Sml, and application to organic synthesis

Using our knowledge of the effect of electrolyte composition on Sm redox behavior,
we next aim to assess our ability to continuously reduce Sm(III) to Sm(II). The
electrochemical reduction of Sm(III) to Sm(II) is studied at bulk scale using Smls.
Smlj3 is initially selected for investigation due to the superior performance of the Lil
supporting electrolyte with both Sm(II) and Sm(III) starting reagents. To investigate
the feasibility of bulk electrochemical Smls reduction, we initially synthesize Sml3
by combining commercial 0.09 M Sml; solution in THF with 0.5 equivalents of solid
I, to eliminate confounding effects arising from the presence of the triflate anion.
Bulk electrolysis is conducted on a saturated solution of this Sml3 ("0.09 M") in a
divided cell to prevent consumption of the Sml, product at the counter electrode.
After 48 hours at an applied potential of —0.4 V vs. Ag wire pseudo-reference
electrode, the orange Smls solution turns dark blue in the working electrode com-

partment of the divided cell (Figure 3.11a), indicating electrochemical formation of
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Sml,. No visible precipitate remains in the working electrode compartment, further
suggesting reduction of Sm(III) to the more soluble Sml,. The chronoamperometry
trace shown in Figure 3.11b reveals that Sml3 reduction primarily occurs over the
first 30 hours of the electrolysis. UV-Vis spectra of the electrolyte solutions before
electrolysis and from each compartment of the divided cell after electrolysis (Figure
3.11c¢) indicate formation of Sml, in the working electrode compartment, as evi-
denced by the absorption peaks at 550 and 615 nm.[86] No crossover of the Sml,
product is observed as shown by the absence of the absorption peaks in the UV-Vis

spectrum of the counter electrode compartment.
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Figure 3.11: Bulk electrolysis of 0.09 M Smls. (a) Photograph of the Sml, solu-
tions in the divided cell after 48 h bulk electrolysis. The electrolyte in the working
electrode compartment is dark blue, indicating formation of Sml,. (b) Chronoam-
perometry trace collected during bulk electrolysis of the saturated Sml3 solution.
(c) UV-Vis spectra of the electrolyte before electrolysis and from each side of the
divided cell after electrolysis. The two characteristic absorption bands associated
with Sml, are observed in the working electrode (WE) compartment and are absent
in the counter electrode (CE) compartment.

Titration of the resulting Sml, solution by the method of Hilmersson[90] indicates
that a solution of 0.09 M Sml, was electrochemically generated, which equates to
full conversion of the Sml3 precipitate to Sml, at approximately 100% Faradaic effi-

ciency. The results exceed yields of electrogenerated Sml, reported by Nishibayashi
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and coworkers[87, 110] and highlight the ability to continuously electrochemically

reduce Sm(III), an important consideration for electrocatalytic experiments.

To determine whether conventional reactivity of Sml, is preserved using the elec-
trogenerated Sml,, 0.05 mmol benzylacetone (1) is added to an aliquot of the
electrogenerated Sml, solution containing 0.10 mmol Sml; (2 eq., approx. 1.1 mL).
Scheme 3.12 shows the expected reduction reaction of benzylacetone by Sml,, in-
cluding the corresponding alcohol (2) and pinacol (3) products. Similar reactions
are prepared using a commercially available solution of Sml, in THF (0.09 M as
determined by titration) as a control, either as purchased or with 5 eq. added Lil to
mimic the presence of supporting electrolyte. Reactions with both the commercial
and the electrogenerated Sml, solutions favor 3 (entries 1-3). The reaction with
commercial Sml, solution affords 3 in 38% yield and 2 in 24% yield, the reaction
with commercial Sml; solution with 5 eq. Lil affords 3 in 72% yield and 2 in 13%
yield, and the reaction with electrogenerated Sml, affords 3 in 58% yield and 2
in 38% yield. Both the yield and selectivity toward 3 are comparable when using
the electrogenerated Sml, vs. the commercial Sml,, with similar diastereomeric
ratio across experimental conditions. While the cause of the slightly lower yield of
3 when using electrogenerated Sml, (entry 3) vs. commercial Sml, + 5 eq. Lil
(entry 2) is unknown, it is possible that the presence of trace Ag* ions generated

from the Ag wire pseudo-reference electrode may contribute to the shift in product

distribution.
] Sml, (2 eq.) OH HO Me
e —— Ph
o™~ THF, AT o™~ Ph/\)S(\/
Me OH
1 2 3
Entry Sml, source Deviation from std. conditions conv. 1 (%) vyield 2 (%) vyield 3 (%)
1 commercial none 98 24 38 (1.24:1 dr)
2 commercial +5 eq. Lil 99 13 72 (1.25:1 dr)
3 electrogenerated from Smis none 96 38 58 (1.23:1 dr)
4 commercial + 8 eq. HxO, 6 eq. Et3N 64 52 <1
5 commercial + 8 eqg. Hy0, 6 eq. Et3N, 5 eq. Lil 74 62 <1
6 electrogenerated from Smls +8eq. HxO, 6 eq. Et3N 85 77 <1

Figure 3.12: Reduction of benzylacetone by Sml,.

Additives, including various amines and water, have been shown to shift product spe-
ciation from pinacol to alcohol products in similar reactions.[111, 112] To determine

whether the product distribution could be similarly modulated using electrogener-
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ated Sml,, the reduction of benzylacetone by Sml, is carried out in the presence
of triethylamine (Et3N) and water (entries 4-6). Reagent 1 (0.05 mmol) is added to
an aliquot of the electrogenerated Sml, solution containing 0.10 mmol Sml; (2 eq.,
approx. 1.1 mL), along with 8 eq. H,O and 6 eq. Et;N. Similar reactions are pre-
pared using commercially available Sml, in THF, with and without Lil as described
above. All three reactions afford only product 2. The reaction with commercial
Sml, solution affords 2 in 52% yield, the reaction with commercial Sml, solution
with 5 eq. Lil affords 2 in 62% yield, and the reaction with electrogenerated Sml,
affords 2 in 77% yield. The results indicate that the electrogenerated Sml, performs

comparably compared to commercial Sml, in the reduction of 1 to 2.

Ideally, a more practical procedure for electrochemical generation of Sml, under
electrocatalytic conditions should begin directly from a commercially available
Sm(III) salt. Sml; can be prepared by combining Sm(OTf)3 and Lil as described
above. Bulk electrolysis of this Sml3 is conducted at lower concentrations with Lil
(Figure 3.13) and LiTFSI (Figure 3.14) supporting electrolytes. In the electrolyte
with LiTFSI, a slight excess of Lil (3.3 eq.) is added to Sm(OTf)3 to yield a yellow
solution. After 24 h electrolysis at —1.5 V vs. Ag wire, the electrolyte in each of
the working electrode compartments is dark blue, similar to the highly concentrated
reaction with the Lil supporting electrolyte. These practical conditions for Sml,
formation from stable, commercially available Sm(OTf)s highlight the synthetic

utility of the electrochemical reduction as a means toward Sm-catalytic reactions.

3.4 Conclusions

Here, we show that the relative coordination strength of the anion of the Sm salt is
the primary factor determining the electrochemical reducibility of Sm(III) species.
The coordination environment of Sm can be controlled to an extent through anion
exchange with the supporting electrolyte. A larger supporting electrolyte anion may
prevent aggregation of Sm species, leading to more facile Sm(II)/(IIT) redox. Several
Sm(III) reagents can be electrochemically reduced to Sm(II) in a suite of supporting
electrolytes, and electrochemical reduction of Sml; to Sml, has been demonstrated
at bulk scale with 0.5 M Lil supporting electrolyte in THF, highlighting the ability
to continuously reduce Sm(III) over time. The electrochemically prepared Sml; is
used in the reduction of benzylacetone to the corresponding pinacol and alcohol

products, yielding similar performance to commercially available Sml, solutions.
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Figure 3.13: Bulk electrolysis of 5 mM Smlz with Lil supporting electrolyte. (a)
Image of the 5 mM Smlsz + 0.5 M Lil electrolyte after 24 h bulk electrolysis. (b)
Chronoamperometry trace collected during bulk electrolysis. (c) UV-Vis spectra of
the electrolyte from each compartment of the divided cell after electrolysis. Sml3
was electrochemically reduced to Sml, at the working electrode.

In future work, the electrochemical reduction of Sm(III) may be used to close
the catalytic cycle of Sm-mediated reductive reactions, significantly reducing
the quantity of Sm required to achieve high product yields and removing the
requirement for a sacrificial reductant to recycle the Sm catalyst. However, the
strongly coordinating oxyanion intermediates formed during the reduction of
carbonyl species may displace weakly coordinating ions, such as I"7, in the Sm
coordination sphere. Cleavage of the Sm(III)-O bond typically requires harsh
reactants such as silyl halides, from which the halide can also undergo anion
exchange with more weakly coordinating anions coordinated to Sm. Developing
new reagents or pathways to cleave the Sm(III)-O bond without significantly
altering the nature of the Sm catalyst is of great interest for the development of new

electrocatalytic Sm-driven reactions.
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Figure 3.14: Bulk electrolysis of 5 mM Smlsz with LiTFSI supporting electrolyte.
(a) Image of the 5 mM Smls + 0.1 M LiTFSI electrolyte after 24 h bulk electrolysis.
(b) Chronoamperometry trace collected during bulk electrolysis. (c) UV-Vis spectra

of the electrolyte from each compartment of the divided cell after electrolysis. Sml3
was electrochemically reduced to Sml, at the working electrode.
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Chapter 4

INCREASING THE ZN?* DEPOSITION OVERPOTENTIAL TO
LIMIT CROSS-PLATING FROM ZN SACRIFICIAL ANODES

Abstract: In organic electrochemistry, reductive electrosynthesis often requires a
sacrificial anode to charge-balance the cathodic reaction of interest. Zn sacrificial
anodes circumvent issues of side reactions and anode passivation that are com-
mon with more reducing metals, but the mild Zn>* reduction potential can lead
to unwanted crossover and Zn metal deposition at the cathode in undivided cells.
Increasing the Zn>* desolvation barrier by employing strongly coordinating addi-
tives and supporting electrolyte anions may lead to an increase in the Zn deposition
overpotential and may limit or prevent competitive Zn reduction. Research on non-
aqueous Zn batteries has demonstrated that the desolvation barrier can be tuned
by changing the electrolyte composition. Here, we report the effects of various
electrolytes and additives on the Zn deposition overpotential. Crown ethers slightly
increase the deposition overpotential but do not prevent Zn deposition at strongly

reducing cathodic potentials, while glyme additives decrease the desolvation barrier.

Qo;(:}*
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4.1 Introduction

The recent revival of organic electrosynthesis has resulted in less hazardous syn-
thetic conditions and new reactivity that is not accessible with traditional synthetic
techniques.[3, 113-118] In reductive electrosynthesis, organic transformations are
performed at the cathode, and these reactions are charge-balanced by the oxidation
of a metal sacrificial anode. Commonly used sacrificial anodes include Mg, Al, and
Zn.[116] Sacrificial anodes enable optimization of the reductive reaction, which
can later be combined with a nonsacrificial anodic process in paired electrosynthe-
sis.[119-122]

Though the reaction at the sacrificial anode is often not directly connected to the
synthetic reaction occurring at the cathode, the choice of anode material can impact
the success of the reductive reaction. For instance, strongly reducing metals such as
Mg or Al can chemically react with organic substrates or products, limiting yields of
the desired product. Reducing metals are also more likely to be passivated by a high-
impedance surface film, either before the reaction via the formation of an insulating
native oxide layer or during the reaction when the anodically generated cations
form nonconductive salts which nucleate at the anode surface. These processes are

discussed in more detail in Chapter 5.

Using a less reducing metal as the sacrificial anode can circumvent anode passiva-
tion reactions in most cases, leading to higher yields from the reductive reaction.
However, the more mild reduction potential of a sacrificial anode like Zn can induce
its own challenges. The Zn* cations generated during oxidation of the anode are
easily reducible. In an undivided cell, these cations can migrate from the anode to
the cathode, where they can be reduced to Zn metal. This competitive reduction low-
ers the Faradaic efficiency of substrate reduction, decreases yields of the synthetic
product, and can cause hazardous short circuits if left unchecked. Furthermore, the
mild reduction potential precludes the use of Zn sacrificial anodes in deep reductive

electroysnthesis, which requires extreme reducing potentials at the cathode.[123]

Switching to a divided cell would prevent crossover and eliminate the risk of short
circuits, but divided cells present additional operational challenges in organic elec-
trosynthesis. Few effective separators have been developed for use in divided cells
employing organic electrolytes, and these must be carefully chosen to prevent side
reactions or mixing of the catholyte and anolyte.[124] The separator also introduces
a large junction potential in two-electrode cells, which are commonly used to screen

reaction conditions in synthetic laboratories.
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Alternatives to the divided cell would enable a greater range of synthetic conditions
and allow for more effective organosynthetic transformations. For example, tun-
ing the desolvation barrier of Zn>* to disfavor Zn plating at the cathode could limit
competitive Zn reduction in an undivided cell and improve the yield and Faradaic ef-
ficiency of the synthetic reaction. Research in the battery community has probed the
Zn?* desolvation barrier in a variety of organic solvents and with several supporting
electrolytes. Strongly coordinating solvents as well as Zn salts with less dispersed
charge on the anion have been shown to raise the Zn?* desolvation barrier.[125] In
batteries, the desolvation barrier and corresponding deposition overpotential should
be minimized to promote efficient cycling and rapid charge transfer. However, in
organic electrosynthesis, the Zn>* desolvation barrier and deposition overpotential
should be maximized to limit cross-plating and promote reduction of the substrate.
Therefore, nonaqueous electrolytes that are least effective in Zn metal batteries due
to poor desolvation kinetics are expected to be more effective in preventing Zn

plating during reductive electrosynthesis.

Herein, we pursue two strategies to increase the Zn>* desolvation barrier in or-
ganic electrolytes (Figure 4.1). We initially focus our studies on electrolytes using
tetrahyrdofuran (THF) as the solvent. THF coordinates Zn>* more strongly than
acetonitrile (MeCN) but less strongly than N,N-dimethylformamide (DMF); how-
ever, the proposed restrictions on DMF use in the European Union necessitate
further development of reactions in solvents other than DMF.[126] We first attempt
to modulate the anion coordination strength to keep Zn>* in solution. Next, we
vary the coordination environment of Zn** by employing coordinating additives
such as glymes and crown ethers. The crown ether additives slightly increase the
Zn?* deposition overpotential but not to the extent necessary to enable the use of Zn
sacrificial anodes in deep reductive electrosynthesis. The results described herein
lay important groundwork for future electrolyte design in organic electrosynthesis

and suggest possible directions for further study in this area.

4.2 Methods

All chemicals were handled and stored in an Ar-filled glovebox unless stated oth-
erwise. Tetrahydrofuran (THF, >99.9%, Fisher Scientific) was dried on a solvent
purification system (Pure Process Technologies) and transferred to the glovebox
without exposure to air. All chemicals were purchased from Sigma-Aldrich and

used without further purification unless otherwise noted. Tetrabutylammonium
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Figure 4.1: The Zn?>* desolvation barrier and deposition overpotential can be in-
creased slightly by employing anions with minimal charge dispersion and additives
that coordinate strongly to Zn>*. By tuning these barriers, competitive Zn>* reduc-
tion at the cathode may be prevented in certain conditions.

bis(trifluoromethanesulfonyl)imide (>99%) was dried under vacuum at 120 °C

overnight prior to use.

All electrolytes were prepared in an Ar-filled glovebox by combining the chosen
zinc salt, additive (if used), and supporting electrolyte in 2 mL. THF and stirring to

yield a cloudy or colorless solution.

All electrochemical experiments were conducted on a VMP3 potentiostat (Bio-
Logic) in a Nj-filled glovebox. All experiments were performed in a 10 mL glass
three-electrode cell (Pine Research Instrumentation) with a gas-tight PEEK cap.
Unless otherwise stated, a graphite plate (IKA) was used as the working electrode and
a Zn plate (IKA) was used as the counter and reference electrode. All experiments
were conducted with 85% iR compensation to deconvolute the effects of electrolyte
resistance from properties that affect the Zn deposition potential. During bulk
electrolysis experiments, the electrolyte was stirred to facilitate transport of the

active species to the electrode surface.

The graphite and Zn electrodes were polished prior to use. Graphite electrodes were

ablated with sandpaper, sonicated for 5 min in water, and dried 30 min before being
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transferred to the glovebox. Zn electrodes were ablated with sandpaper; polished
with 9, 3, and 1 um diamond suspensions in succession; and sonicated for 30 min

in equal parts acetone and isopropanol.

For experiments that used a separate reference electrode, a Pt|Fc/Fc* reference
electrode was prepared following literature precedent from a Pt wire, ferrocene
(Fc, 98%), ferrocenium hexafluorophosphate (FcPFg, 95%, Combi-Blocks), and
tetrabutylammonium hexafluorophosphate (TBAPFg, >99%).[127] Fc and TBAPFq
were recrystallized prior to use. The Pt wire was cleaned in concentrated nitric acid
and dried with a Hp flame. The wire was sealed in a glass tube with a ceramic
frit, and the tube was filled with a solution of 4 mM Fc, 4 mM FcPFg¢, and 0.1 M
TBAPFg in THF.

4.3 Results and Discussion

Battery research has demonstrated that the Zn”>* desolvation barrier increases with
increasing coordination strength of nearby anions.[125] We therefore begin by at-
tempting to tune the desolvation barrier for anodically generated Zn”* by introducing
Zn salts and supporting electrolytes with anions of different sizes and coordinating
ability. Smaller anions have less dispersed charge and coordinate to Zn>* more
strongly than large anions. For the purposes of overcoming diffusion limitations
in cyclic voltammetry (CV) and capturing Zn plating and stripping behavior, we
use supporting electrolytes containing Zn>* salts, even though during synthetic re-
actions Zn”* is only generated at the anode and is not present at the start of the
reaction. Zn>* salts are poorly soluble in THF, so TBA* co-supporting electrolytes

are employed here to improve ionic conductivity.

Supporting electrolytes of 0.1 M Zn(TFSI), + 0.1 M TBATFESI (TFSI™ electrolyte)
and 0.1 M Zn(OTf), + 0.1 M TBAOTT (OTf" electrolyte) are examined initially
(Figure 4.2). Several CVs are collected in succession, and the second and tenth
scans are shown. In both supporting electrolytes, the Zn plating potential is ini-
tially near —0.2 V vs. Zn/Zn>*. No major differences between the electrolytes are
observed in early scans, despite the greater charge dispersion on TFSI™ than on
OTf™. After ten scans, the Zn plating potential drops to <0.05 V in the TFSI™
supporting electrolyte (Figure 4.2a). The decrease in plating potential suggests a
change in the electrode/electrolyte interface that permits more facile plating after
several formation cycles. By contrast, no change in plating potential is observed

in the OTf™ supporting electrolyte over the first ten CV scans (Figure 4.2b). The
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consistent plating potential suggests that Zn deposition is not gated by interphase
formation in the same way as in the TFSI™ electrolyte and that the desolvation barrier
for Zn?* is higher in the OTf~ electrolyte than in the TFSI™ electrolyte. However,
the differences in plating potential between the supporting electrolytes containing
TFSI™ and OTf™ are not large enough to significantly expand the range of potentials

which will avoid Zn cross-plating in organic electrosynthesis.
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Figure 4.2: CVs of (a) 0.1 M Zn(TFSI), + 0.1 M TBATFSI and (b) 0.1 M Zn(OTf),
+ 0.1 M TBAOTT supporting electrolytes in THF. CVs were collected continuously
to observe changes in the Zn plating potential over time; scans 2 and 10 are shown.
Both Zn plating potentials start around —0.2 V, but in the electrolyte containing TFSI™
the plating potential shifts to less negative values over time, while in the electrolyte
with OTf™, the plating potential remains roughly constant. All voltammograms are
collected at a scan rate of 5 mV s!.

In an attempt to increase the Zn plating potential further, we add glymes of various
chain lengths to the OTf™ supporting electrolyte. Linear ethers with multiple O donor
sites can wrap around the Zn cation, yielding stronger solvation than that provided
by cyclic ethers such as THF and a consequently higher desolvation barrier.[125]
CVs of the OTf™ supporting electrolyte with various concentrations of mono-, di-,
and tetraglyme are shown in Figure 4.3. Addition of glymes of any chain length and
at any concentration resulted in a less negative Zn plating potential. The decrease in
plating potential may be due to competition between the glyme additives and OTf™

in the Zn solvation shell. Such behavior has been demonstrated previously: Anions
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coordinate to Zn>* more readily in cyclic ethers such as THF than in linear ethers like
glymes, and Zn”*-solvent interactions are correspondingly stronger in glymes than
in THF.[128] The results observed here suggest that linear ethers are not sufficiently
strongly coordinating to Zn>* to merit their inclusion as an electrolyte additive for

preventing competitive Zn reduction in organic electrosynthesis.
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Figure 4.3: CVs of 0.1 M Zn(OTf), + 0.1 M TBAOTT with added (a) monoglyme
(G1), (b) diglyme (G2), and (c) tetraglyme (G4). Glyme concentrations of 0, 0.1,
and 0.2 M are shown. In all cases, addition of glymes shifts the Zn plating potential
to more positive values. All voltammograms are collected at a scan rate of 5mV s,

Macrocyclic ethers may be more likely than linear ethers to fully coordinate Zn>* in
solution and raise the desolvation barrier. The structure of crown ethers places all
of the O donor atoms close to the cation, unlike glymes which need not coordinate
to Zn®* through every O atom. The calculated and experimental coordination
geometries of Zn>*-crown ether complexes suggest that 15-crown-5 and 18-crown-6
both adopt a tightly-folded geometry about Zn?*, meaning these complexes are stable
in mildly polar solvents like THF.[129] To determine whether coordination to crown
ethers increases the Zn?* desolvation barrier and deposition overpotential, 15-crown-
5 and 18-crown-6 were added to the OTf™ electrolyte in various concentrations. CVs
of the electrolytes with crown ethers are shown in Figure 4.4. Unlike the glyme
additives, the crown ethers increase the Zn plating potential in all cases. When

15-crown-5 is used as the additive, the increase in plating potential trends with
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increasing crown ether concentration (Figure 4.4a). At 0.3 M 15-crown-5, the Zn
plating potential is approximately 300 mV greater than that in the OTf™ electrolyte
with no additives. The increase in Zn plating potential is more mild when 18-
crown-6 is used as the electrolyte additive (Figure 4.3b), reaching up to 250 mV
more negative than the additive-free electrolyte when using 0.1 M 18-crown-6. The
results suggest that coordination by a crown ether is more effective at increasing the
Zn** desolvation barrier than using strongly coordinating anions or glymes in the

supporting electrolyte.
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Figure 4.4: CVs of 0.1 M Zn(OTf), + 0.1 M TBAOT( with added (a) 15-crown-5
and (b) 18-crown-6 in THF. Crown ether concentrations of 0, 0.1, 0.2, and 0.3 M are
shown. Addition of 15-crown-5 leads to a negative shift in the Zn plating potential
that increases with increasing ether concentration, while addition of 18-crown-6
yields more modest negative shifts. All voltammograms are collected at a scan rate
of SmV sl

To assess the applicability of crown ether additives under reductive electrosynthetic
conditions, the crown ethers are first added to a solution of 0.05 M Zn(OT¥), +
0.2 M TBAOTT in THF. A lower Zn(OTf), concentration is chosen to more closely
mimic synthetic conditions, which will not include Zn?* species other than those
generated at the anode. The Zn(OTf), used here serves as a sacrificial reductant
which will enable continuous replacement of Zn species via anodic oxidation of
the Zn sacrificial anode. Potentiostatic electrolysis is conducted on the 0.05 M
Zn(OTf), + 0.2 M TBAOTT supporting electrolyte with no additives, with 0.2 M
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18-crown-6, and with 0.2 M 15-crown-5 (Figure 4.5). Electrolysis is first performed
at —0.05 V vs. Zn/Zn** for 1 h, and then the voltage is stepped 0.05 V more
negative every subsequent hour until Zn plating is observed. In the electrolytes
with no additive and with 0.2 M 18-crown-6 (Figure 4.5a-b), reductive current
is observed when the electrolysis is conducted at —0.1 V, and visible Zn deposits
appear on the graphite electrode after 1 hat—0.1 V. Such early evidence of Zn plating
suggests that 18-crown-6 is not an effective additive for increasing the Zn deposition
overpotential. In the electrolyte with 0.2 M 15-crown-5, reductive current is not
observed until electrolysis is conducted at -0.15 V vs. Zn/Zn>*, and Zn deposits at
the cathode are only observed when the electrolysis potential is —0.2 V. The results
suggest that 15-crown-5 is more effective than 18-crown-6 at increasing the Zn
deposition overpotential. However, the mild increase in overpotential (~100 mV) is
insufficient to prevent Zn plating under strongly reducing potentials such as those
used in organic electrosynthesis and will likely not expand the range of reactions in

which a Zn sacrificial anode can be employed.
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Figure 4.5: Potentiostatic electrolysis of 0.05 M Zn(OTf), + 0.2 M TBAOTT{ with
(a) no additive, (b) 0.2 M 18-crown-6, and (c) 0.2 M 15-crown-5 in THF. In all
cases, electrolysis is performed at —0.05 V vs. Zn/Zn>* for 1 h. The potential is
then stepped 0.05 V more negative every hour until Zn deposition is observed at
the cathode. Visible Zn deposition is observed at —0.1 V when either no additive or
18-crown-6 is used and at —0.2 V when 15-crown-5 is used.
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4.4 Conclusions

Here, we demonstrate that adding crown ethers to an electrolyte containing anions
that coordinate relatively strongly to Zn>* slightly increases the Zn deposition over-
potential. However, the increase in overpotential is likely not large enough to prevent
competitive Zn reduction in electrosynthesis or to enable the use of Zn sacrificial
anodes under strongly reducing conditions in an undivided cell. As such, the use
of Zn sacrificial anodes for electrosynthesis in undivided cells remains restricted to
cases where a substrate or catalyst in solution has a less negative reduction potential
or significantly faster reduction kinetics than Zn?*. Crown ether additives can be
leveraged when the reduction potential of a substrate is very similar to that of Zn and
when the moderate increase in deposition overpotential would enable electrolysis
at a potential which distinguishes between the two reduction reactions. Compet-
itive reduction of Zn can also be managed by employing a divided cell when the

experimental design permits.

4.5 Potential Future Directions

Future work in this area will require electrolyte species that coordinate very strongly
to Zn>*. These species could be solvents such as DMF, supporting electrolyte anions
(including those which are insoluble in THF but may be more soluble in other
solvents), or additives such as cryptands or amines. Additives in particular may
react or interfere with certain classes of substrates, so the increase in coordination
strength afforded by the new species must be weighed against the changes in the
available set of compatible reaction conditions for the reductive chemistry. Crown
ethers may be worthy of further investigation in other solvent systems, and the crown
ether that coordinates most strongly to Zn?* will vary with solvent polarity; smaller
crowns that leave the Zn?* ion exposed to solvent will be most effective in polar
solvents, and larger crowns that fully wrap around the cation will be most effective

in low-polarity solvents.[129]

To show that changes to the electrolyte composition have the desired effect of
increasing the Zn>* desolvation barrier, a significant increase in the deposition
overpotential must be observed. Ideally, an increase of at least 1 V should be
demonstrated in both CV scans and the electrolysis onset potential, and the lack
of Zn deposition should be confirmed with imaging techniques such as scanning
electron microscopy, energy-dispersive X-ray spectroscopy, or X-ray photoelectron
spectroscopy. This increase would place Zn on par with Al in terms of the likelihood

of competitive reduction, but the more mild reducing power of Zn metal would limit
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the chemical decomposition of substrates or the surface passivation often observed
with Al sacrificial anodes. Finally, the new electrolyte should be tested in a proof-of-
concept electrosynthetic reaction to demonstrate its compatibility with at least one
common class of organic reagents and to show that the Zn deposition overpotential

is maintained in the presence of the organic substrate(s).
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Chapter 5

A GUIDE TO TROUBLESHOOTING METAL SACRIFICIAL
ANODES FOR ORGANIC ELECTROSYNTHESIS

Abstract: The development of reductive electrosynthetic reactions is often enabled
by the oxidation of a sacrificial metal anode, which charge-balances the reductive
reaction of interest occurring at the cathode. The metal oxidation is frequently
assumed to be straightforward and innocent relative to the chemistry of interest, but
several processes can interfere with ideal sacrificial anode behavior, thereby limiting
the success of reductive electrosynthetic reactions. These issues are compounded
by a lack of reported observations and characterization of the anodes themselves,
even when a failure at the anode is observed. Here, we weave lessons from elec-
trochemistry, interfacial characterization, and organic synthesis to share strategies
for overcoming issues related to sacrificial anodes in electrosynthesis. We highlight
common but underexplored challenges with sacrificial anodes that cause reactions
to fail, including detrimental side reactions between the anode or its cations and the
components of the organic reaction, passivation of the anode surface by an insulat-
ing native surface film, accumulation of insulating byproducts at the anode surface
during the reaction, and competitive reduction of sacrificial metal cations at the
cathode. For each case, we propose experiments to diagnose issues and character-
ize the anode, and we explore troubleshooting strategies to overcome experimental
challenges. We conclude by highlighting open questions in the field of sacrificial-
anode-driven electrosynthesis and by indicating alternatives to traditional sacrificial

anodes that could streamline reaction optimization.
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sacrificial anode

5.1 Introduction

Organic electrosynthesis has undergone a major revival in the past several years.[3,
113,115,117, 118, 130-135] The rapidly growing field enables new reactivity that
is not achievable with traditional synthetic methods.[18, 136] Furthermore, the use
of electrons as reagents offers routes to greener and safer synthetic conditions, poten-
tially eliminating the need for harsh or hazardous chemicals.[3] Electrosynthesis also
enables greater selectivity in synthetic reactions via the ability to fine-tune either the
applied potential to promote specific reduction or oxidation reactions, or the applied
current to select for the most kinetically labile reactions.[137] Electrochemical ex-
periments offer a handle by which to probe the reaction mechanism, enabling greater

mechanistic insight than would be achievable with chemical reductants.[138—140]

Though the eventual goal of organic electrosynthesis is to develop paired electrolyses
in which reactions at both the anode and the cathode contribute to value-added
products,[114, 119-122, 130, 131] individual half reactions must be well understood
if they are to be combined into a larger process. In reductive electrosynthesis, these
half reactions frequently rely on charge balancing via the oxidation of a sacrificial
anode, typically Mg, Al, Zn, or Fe.[116] Sacrificial anodes have enabled the use
of electrochemistry in a variety of organic reactions.[113-118, 141, 142] During
electrolysis, the metal electrode is oxidized, releasing metal cations into solution
as shown in Figure 5.1. The cations are often thought to be inert to the reductive
chemistry of interest. In some situations, the cations do participate in the reaction of
interest; in these cases the anode is not truly sacrificial and plays a more substantial
role.[143-145]
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anode electrolyte cathode

Figure 5.1: Sacrificial metal anodes enable reductive electrosynthesis by charge-
balancing reductive reactions at the cathode. During a reductive reaction, the metal
sacrificial anode is oxidized, releasing metal cations into solution.

In an ideal case, electrolysis with sacrificial anodes offers several benefits during
early stages of reaction development. First, the oxidation reaction itself is typically
straightforward and occurs at a known, constant potential. The oxidation of the
metal anode is sufficient to charge balance the reductive reaction of interest, thereby
preventing unwanted oxidation of substrates or additives in the solution. The addition
of metal cations into solution over the course of the reaction is less likely to limit
the scope of the reductive reaction than the use of other chemicals as sacrificial
reductants.[121] Furthermore, metal electrodes are generally inexpensive and easy
to store, and they provide a less hazardous alternative to commonly used sacrificial
reductants.[146]

The ideal sacrificial anode should not limit or interfere with the reductive reaction
of interest, either through direct interactions with reaction components or through
its electrochemical performance. In particular, four major criteria must be satisfied

to ensure that the reaction is not limited by the sacrificial anode:
1. Both the metal anode and the cations generated during electrolysis should not
degrade any electrolyte components or reagents used in the reductive reaction.

2. Any inherent reactivity between the metal and the electrolyte solution should

not form an insulating surface film or prohibit oxidation of the anode.
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3. The anode should permit metal stripping throughout the reaction, meaning
that it must not be passivated by products or byproducts formed over the course

of the electrolysis.

4. Metal cations generated from anodic oxidation should not undergo competitive

reduction at the cathode.

These four criteria are outlined in Figure 5.2 and serve as a basis for the outline of

our discussion.

Before electrolysis

substrate degradation

During electrolysis

passivating side products

competitive reduction

insulating surface film

Figure 5.2: Sacrificial anodes can deviate from ideal behavior and limit the reductive
reaction of interest, even under conditions that would normally be compatible with
said reaction. Chemical reactions between the electrode and substrate, formation of
an insulating surface film on the anode, anode passivation by side products formed
during the reductive reaction, and competitive plating of anodically generated cations
at the cathode can all prevent ideal anode performance.

Though many reductive electrosynthetic reactions assume that each of these sac-
rificial anode criteria are met, in reality several processes can interfere with these
assumptions and prevent ideal sacrificial anode behavior. The surface chemistry
at metal electrodes is extremely sensitive to the chemicals present in the reaction
solution, a fact that has been well studied in the analytical electrochemistry com-

munity. In addition to the electrode materials, the success of an electrosynthetic
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reaction depends on a host of factors that must be optimized, including chemical
parameters such as the solvent, reactants, and additives, as well as electrochemical
parameters including the supporting electrolyte and the magnitude of the applied
potential or current.[142, 143, 147-152] Changes to any of these parameters can
induce nonideal behavior at the sacrificial anode, leading to failed reactions, low
yields, hazardous short-circuits, and/or extreme voltages that exceed the compliance
limits of the potentiostat and stop the reaction early. Thus, the performance of the
anode can impose limits on the available reaction conditions, eliminating chemical

space that would otherwise be compatible with the reaction of interest.

The issues associated with sacrificial anode performance are compounded by a lack
of reported observations of the anodes themselves.[153, 154] Many electrosynthetic
works simply select the sacrificial anode that provides the highest yield in optimiza-
tion experiments without investigating the anodic chemistry, even when a failure at
the anode is observed. Not only does this strategy limit the range of compatible
conditions for the reductive reaction, it also ignores potential mechanistic contri-
butions from the cations generated during sacrificial anode oxidation. Fortunately,
problems at the anode can often be diagnosed and rectified with a few brief experi-
ments, leading to higher product yields and an expanded set of compatible reaction

conditions.

Understanding and characterizing processes at the anode requires knowledge of
both electrochemical and surface characterization techniques that can interrogate
the chemistry at the electrode. Here, we integrate lessons from electrochem-
istry, interface characterization, and organic synthesis to elucidate strategies
for overcoming issues related to sacrificial anodes. We highlight four common
but underexplored challenges that cause reactions to fail. For each, we suggest
electrochemical and surface characterization experiments to diagnose the problem,
and we present experiment design strategies for troubleshooting sacrificial anodes.
The fundamentals of electrochemical techniques in organic synthesis have been
reviewed extensively elsewhere and will not be covered here.[137-139, 155-158]
We conclude with an outlook for the future of this multidisciplinary field,
including open challenges related to sacrificial anode optimization and potential
new directions for developing reductive half reactions with minimal interference
from anodic processes. We hope that the strategies presented here will improve
the process of screening and optimizing electrosynthetic reactions, expand the

chemical space in which reductive reactions can occur, enable more robust yields
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from reductive electrosynthesis, and encourage collaborations at the intersection of

electrochemistry, organic synthesis, and interface chemistry.

5.2 Side Reactions

As in all synthetic procedures, side reactions between reagents must be considered
when optimizing a reaction. In the case of electrosynthesis, care must be taken to
avoid side reactions between components of the electrochemical system as well as
between the substrates and additives common to traditional organic synthesis. In
particular, reactions between any combination of the electrodes, solvent, supporting
electrolyte, and substrates must be considered. Even if not directly related to the
reductive chemistry, chemical reactions between the sacrificial anode and any other

component of the electrolyte solution can lead to low yields of the desired product.

Examples of side reactions with the anode

In many cases, reactions that occur at the sacrificial anode are chemical reductions
of a reactant by a strongly electropositive anode, such as Mg. The canonical
example of such a detrimental side reaction is the reaction between Mg metal and
organic halides (R-X) to form Grignard reagents, RMgX, and related compounds
in solution.[159, 160] Given that organic halides are frequently used as substrates
for reductive electrosynthesis, such side reactions are likely problematic during the
optimization stage of many methodologies. It should be noted that most Grignard
reactions with non-activated Mg require an induction period, in which the native
MgO surface layer is removed from the Mg source to expose reactive Mg, but
the length of this induction period depends on the other compounds in solution as
well as any pretreatment steps, such as polishing the Mg metal. In electrochemical
systems, the anode is usually chemically or mechanically polished to ensure effective
Mg stripping, but the solution composition will be reaction-dependent. In addition
to affecting the substrates and mechanistic pathway, the formation of Grignard
reagents can contribute to the growth of a high-impedance passivation layer at the
Mg anode,[161, 162] which will be discussed in more detail in Section 5.4. In all
cases, the electrolyte should be checked for potential Grignard-forming conditions

before a Mg sacrificial anode is employed.

The formation of Grignard reagents is not the only undesired side reaction that
can occur at sacrificial anodes. In addition to alkyl halides, Mg can also react

with esters and ketones. Condon et al. observed that in an attempted alkylation



72

of decyl trichloroacetate with triethylborane, the ester group was reduced when a
Mg sacrificial anode was used, leading to the formation of decanol as an undesired
side product. The researchers noted that when a Mg or Zn sacrificial anode was
employed, the electrolysis time was shortened from the expected 1 h to 30 min,
suggesting that some chemical reduction of the substrate occurred at the anode. No
chemical reduction was observed when an Al or Fe anode was employed.[163] In the
electrochemical allylation of carbonyl compounds, Durandetti ef al. observed side
reactions between carbonyl species and a Mg sacrificial anode resulting from eno-
lization of the ketone substrate. The authors attribute this reactivity to the reducing
power of Mg; similar side reactions were not observed when a Zn anode was used
in place of Mg.[164] Mg can chemically reduce a variety of substrates, including
activated alkenes, pyridine derivatives, and cyanoarenes (Figure 5.3), which could
lead to undesired byproducts in an electrochemically driven reaction.[165—-168] Zn
can chemically reduce carbonyl halides, potentially causing similar issues.[169]
Substrates that can be chemically reduced by a mildly reducing metal can often also
be reduced by more strongly reducing metals, necessitating the careful choice of
sacrificial anodes in an electroreductive reaction. The choice of solvent can intro-
duce potential side reactions as well. Saboureau ef al. observed overconsumption of
a Mg sacrificial anode during electrolyses carried out in dimethylformamide (DMF)
solvent, which was traced back to chemical corrosion of the Mg anode via reductive
decomposition of the solvent. Zn and Al sacrificial anodes were not subject to the
same corrosion reaction.[170] Furthermore, Zn sacrificial anodes can chemically
reduce Ni and Pd catalysts for reductive coupling reactions, possibly complicating

reaction optimization and mechanistic studies.[171, 172]
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Figure 5.3: Examples of substrates and catalysts that can be chemically reduced by
various metal sacrificial anodes.
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Examples of side reactions with anodically generated cations

In addition to side reactions between the metal anode and reaction components in
solution, the cations generated during oxidation of the anode can also interfere with
the reductive reaction. Nedelec ef al. demonstrated that the nature of the cation
generated from the sacrificial anode dictates the extent of electrochemically driven
cross-coupling products of alkyl halides.[151] Introduction of metal cations and salts
via oxidation of the anode can also lead to diminished yields. For example, Peters et
al. observed that anode-derived Mg salts limited the success of an electrochemical
Birch reaction. Addition of Mg salts directly to the electrolyte reduced yields of the
desired diene from 74% to 30%. In cases when the solution was not stirred during
electrolysis, smaller anode-cathode distances were correlated with lower yields,

suggesting that metal salts generated at the anode negatively impacted yields.[173]

Symptoms of side reactions with the anode

As detailed above, there are several indicators of side reactions between the sacrificial
anode and another component of the system. Similarly to traditional chemical
reactions, high conversion of the starting material but low yields of the desired
product serve as key markers of background reactivity. Side products may appear in
'H-NMR spectra of the post-electrolysis solution, either as discrete and identifiable
species or as an intractable mixture formed from decomposition of the substrate,
additives, or solvent. In certain cases, degradation of the electrolyte solution may

be visible through a color change or the formation of precipitates.

Diagnosing the problem

A few experiments can be undertaken to determine whether the formation of an
undesired side product is related to the sacrificial anode. Perhaps the simplest is to
exchange the anode for a different metal. A less reducing metal, such as Zn, is less
likely to undergo detrimental side reactions with electrolyte components, but the na-
ture of any observed side reactions will be solution-dependent and must be optimized
as such. However, if a specific sacrificial anode must be used, or if an understanding
of the side reaction is important to mechanistic development, further electrochemical
characterization can be carried out. A divided cell is an excellent tool that can be em-
ployed to decouple any observed reductive decomposition from reactions occurring
at the cathode. Saboureau et al. adopted this approach when determining the nature
of the Mg corrosion reaction in DMF during the electrosynthesis of carboxylic acids

from organic halides. A Mg anode was fitted to the anodic compartment, which was
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then charged with an organic halide (4-chloro-trifluoromethylbenzene) and several
supporting electrolytes in succession. The cathodic reaction was the straightfor-
ward electrochemical reduction of 1,2-dibromoethane, an easily reducible species
that serves as an efficient counter reaction. Analysis of the anodic compartment after
electrolysis indicated that the aromatic halide was not consumed at the anode and
that only DMF had degraded.[170] This set of divided cell experiments conclusively
demonstrated the nature of the side reaction between anodically polarized Mg and
DMF.

Troubleshooting the problem

First, we discuss solutions to the anode chemically reducing components in the elec-
trolyte. A simple solution would be to use a less reducing metal; however, another
metal could introduce new side reactions or different challenges. Alternatively, a
divided cell can be used to carry out the electrolysis itself, not just in a diagnostic
role, to prevent crossover from the cathodic chamber into the anodic chamber. A
more complicated but exciting solution would be to generate a surface film on the
anode metal that conducts the corresponding metal cation but is electronically in-
sulating. The film would be akin to the solid-electrolyte interphase (SEI) formed
on anodes in Li ion batteries, however, such a strategy has not been pursued in the

context of sacrificial anodes and will thus be discussed in the Outlook section.

Next, we discuss issues of reactivity between the metal cation generated at the anode
and components in the solution. A divided cell can again be used to prevent the
generated cation from reacting with anything in the reaction mixture. If an undivided
cell is required, a strongly coordinating binding agent could sequester the generated
cation, provided that the bound complex does not react further with the electrolyte

or passivate the anode.

It is important to acknowledge that not all reactions between the sacrificial anodes
and the electrolyte solution are deleterious. The cations and salts produced by
oxidation of the anode can participate in the reductive reaction, stabilize products
formed at the cathode, or function as products in their own right. For example,
Mellah and coworkers have explored the use of a samarium sacrificial anode to
directly generate Sm(II) reagents for C—C bond formation in solution.[99, 174, 175]
The Sm metal anode is oxidized to Sm?*, and various Sm?* salts including SmCly,
SmBr;, Smly, and Sm(OTY), (OTT = triflate, CF3S05) were formed in situ through
the addition of "BusX salts.[99] Cations or salts formed from oxidation of the
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anode can also function as in situ-generated reactants participating in the reduction
reaction. Lu er al. demonstrated low product yields from an electroreductive
radical silylation reaction when a divided cell was used, in part because anodically
generated Mg?" is proposed to participate in the overall reaction mechanism.[176]
Manabe et al. also demonstrated such reactivity in the electrochemical reduction
of triphenylphosphine oxide to triphenylphosphine. AICls, generated via oxidation
of an Al sacrificial anode, facilitated selective cleavage of the P-O bond.[177]
Even if the generated cations do not participate directly in the reaction, they can
stabilize products or species of interest formed during the reductive reaction.
For example, Mg?* and AI** cations coordinate to carboxylate anions formed as
the products of electrocarboxylation reactions.[141, 178, 179] This coordination
stabilizes the carboxylate and forms a precipitate, which can easily be extracted
from the organic solution. Similarly, Zn>* cations can stabilize intermediated
formed during the reduction of quinolines.[180] Furthermore, metal anodes can
chemically reduce species in solution to form reagents that are otherwise difficult
to access. For example, Hilt and Smolko observed the chemical reduction of
In(IIT) to In(0) at an Al anode. The In(0) was then oxidized at the anode to
form In(I), a catalyst for the allylation of aldehydes, ketones, and esters.[181]
The metal anode can also influence the selectivity of the reaction. In an elec-
trochemical thiolation reaction via cross-electrophile coupling of alkyl bromides
with functionalized thiosulfonates, Ang efr al. determined that the cross-coupling
reaction only proceeds when a Mg sacrificial anode is used. Attempts to
run the reaction with a Zn, Fe, or Cu anode resulted in homocoupling of the

thiosulfonate to form diphenyldisulfide as the sole product after 3 h electrolysis.[182]

5.3 Anode Passivation by Inherent Metal Reactivity

Reactions between the sacrificial anode and reaction components can affect the
electrochemical behavior of the anode itself, in addition to altering the electrolyte
solution. Decomposition of certain electrolyte components can form ionically in-
sulating surface layers on the sacrificial anode, prohibiting further contact between
the electrolyte and the metal and preventing oxidation of the anode. Many anode
materials — particularly electropositive metals such as Mg and Al — contain native

oxide layers that similarly limit efficient metal oxidation.
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Examples of passivation by native oxides

The native surface oxide layers that form on Mg and Al develop before exposure
to the electrolyte solution. While the oxide layer can be beneficial in preventing
undesired chemical reactivity between the anode and substrate before electrolysis, in
many cases the surface film is ionically insulating and does not permit oxidation or
dissolution of the anode material.[183—188] Solid-state conductivity of multivalent
cations is very difficult due to their high charge density and large size.[189] Once
the oxides are formed, they are very thermodynamically stable, which is obvious
from their position on the Ellingham Diagram. In fact, MgO and Al,O3 are two of
the most thermodynamically stable oxides relative to the corresponding metal.[190]
Mg is so oxophilic that even if it is sputtered in ultra-high vacuum, the surface is
still covered by MgO.[191] The surface film thus limits the electrochemical reaction
by preventing the anodic stripping from charge-balancing the cathodic reaction at
low overpotentials. The oxide layer forms whenever Mg or Al is in contact with
air or moisture.[183, 192] As such, a rigorous electrode polishing procedure is
required to remove the passivating oxide film. Polishing the anode has the added
benefit of removing any impurities or oxidized products remaining on the anode
from previous reactions. If the anode has been used in prior reactions, macroscale
deposits of oxidized product can be removed via sonication, electropolishing, or
an acid rinse.[173, 193] The electrode should then be mechanically polished under
an inert atmosphere using a razor blade, fine-grit sandpaper, or a rotary tool to

minimize growth of the oxide surface film.

Even if the sacrificial anode is rigorously polished, electropositive metals can still
form an insulating surface film when placed in contact with organic electrolytes.
Even with rigorous drying procedures, electrolytes can still contain ppb to ppm
amounts of trace water that will react with the metal. Additionally, solvent decom-
position or reactions between the anode and the supporting electrolyte can form
insulating surface films that prevent oxidation of the anode.[176, 177, 193, 194] Im-
portantly, these insulating surface films may not be immediately apparent or visible
to the naked eye. Even an electrode that appears shiny and metallic with no obvious
corrosion could experience difficulties with anodic oxidation, preventing the ca-
thodic reaction from proceeding to completion and limiting reaction scale-up.[177,
195]
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Examples of passivation by supporting electrolyte

Reactions between the anode material and the supporting electrolyte are particularly
insidious as these are two components that are optimized independently but are in
fact codependent. Selecting either an anode material or a supporting electrolyte too
early in the optimization process can lead to inadvertent exclusion of compatible
reaction conditions if the only factor limiting the cathodic reaction is the non-obvious
evolution of an insulating surface film on the anode. Fortunately, the formation of
such surface films has been studied extensively in the battery community. Several
supporting electrolytes commonly used in organic electrosynthesis have already been
screened for metal deposition and stripping for use in battery applications, and many
are found to be incompatible with Mg and Al stripping.[177, 196—-198] In particular,
fluoride-containing electrolytes — including those containing BF, PF_, AsF, or
others with anions that can hydrolyze in the presence of trace water to form HF
— have been shown to form ionically insulating MF,-rich surface films on Mg and
AL[177, 196] Other electrolytes, including those containing CF3S05, (CF3S02),N~
(bistriflimide or TFSI), or Cl1O,, are also incompatible with Mg anodes.[196-198]
Using supporting electrolytes containing any of the aforementioned anions with a Mg
or Al sacrificial anode is likely to lead to passivation of the anode and unsatisfactory

electrochemical performance.

Symptoms of passivation by inherent reactivity

Several physical and electrochemical signatures could indicate formation of an
insulating surface film on the anode. During an electrolysis experiment, a sharp
increase in the overall cell voltage might be observed, especially at the start of the
reaction. Depending on the instrument used, the voltage may increase until the
compliance limit of the device is reached, causing the reaction to stop prematurely.
In many cases, the insulating surface film is not readily apparent and no visible

electrode fouling is observed because the surface films can be very thin.

Diagnosing the problem

The first step in determining if a reaction fails due to the formation of an insulating
surface film on the anode is to search the literature for prior reports of reactivity
between the anode and the solvent or supporting electrolyte. For Mg anodes in
particular, research on SEIs in Mg metal batteries is a good starting point for
exploring inherent reactivity between the anode and electrolyte.[21, 196, 198] If

no prior reports of passivation exist, several electrochemical experiments can point
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to the existence of an ionically insulating surface film. Linear sweep voltammetry
(LSV), in which the sacrificial anode is the working electrode and the potential is
swept anodically, can indicate whether metal stripping is observed at the expected
potential. Figure 5.4a shows an example of an LSV experiment designed to assess
metal stripping at an Al electrode.[199] When a TBABF, supporting electrolyte in
tetrahydrofuran (THF) is used, the oxidative current density is extremely low and no
Al oxidation is observed due to the formation of a passivating film resulting from a
chemical reaction between Al and the electrolyte. The current density also decreases
upon subsequent scans, indicating that Al stripping becomes more difficult due to
the growth of the passivating film. It should be noted that a separate reference
electrode is required for such experiments to eliminate confounding effects that
may arise from the possible passivation of the counter electrode in a two-electrode
cell. Several reference electrodes suitable for use in nonaqueous systems have been
developed.[127, 200-202]
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Figure 5.4: Voltammetry of Al sacrificial anode passivation with TBABF, support-
ing electrolyte. (a) Linear sweep voltammograms of an Al sacrificial anode in THF
with 0.1 M TBABF, supporting electrolyte. The voltammograms were collected
at 5 mV s~! scan rate with 85% iR compensation. (b) Voltage profiles of Al and
graphite electrodes during galvanostatic Al stripping in THF with 0.5 M TBABF,
supporting electrolyte. The Al stripping experiment was conducted with ‘BuBr
as a sacrificial reductant. Adapted from ref.[199] with permission from the Royal
Society of Chemistry.

The potential at the anode during a constant current electrolysis can also be mon-
itored to confirm that the high voltage observed in an electrolysis experiment is
related to processes at the anode and not the cathode. Figure 5.4b shows the poten-
tials of an Al anode and a graphite cathode during reduction of tert-butyl bromide
(‘BuBr). The potential at the cathode is steady and constant, suggesting that the
reduction proceeds as expected. However, the voltage at the Al anode increases to

>10 V within a few seconds and quickly reaches the compliance limit of the po-
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tentiostat. This sharp polarization and extreme overpotential at the anode indicate
that the oxidation reaction does not proceed smoothly, likely due to the presence
of a passivating surface film.[199] Monitoring both the cathode and anode voltage
during electrolysis requires the use of a nonaqueous reference electrode and a poten-
tiostat equipped with the hardware necessary to record both the working and counter

electrode potentials.

Electrochemical impedance spectroscopy (EIS) may indicate changes in the anode
surface resistance over the course of a reaction. To diagnose an ionically insulating
surface film, an EIS experiment in a two-electrode cell using the electrolyte of
interest and with both electrodes made from the sacrificial anode metal will provide
the resistance associated with oxidizing the anode; a notably high resistance (more
than a few k€) suggests that an insulating surface film has formed, preventing metal
stripping and limiting the anode’s performance in the reductive reaction.[203] Note,
however, that a low resistance does not necessarily mean that no surface film has
formed, as an electronically conductive but ionically insulating surface film can

exhibit low impedance.

If the nature of the reaction that causes surface passivation is not known, various
surface characterization techniques can pinpoint the electrolyte component that
reacts with the anode. Scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDS) provide information about the morphology of the anode
after reaction and a spatially resolved elemental distribution map, respectively.
These techniques require high vacuum and thus will only probe solid products at the
surface. Therefore, if elements exclusively present in the electrolyte are observed,
then we can assume the electrolyte has reacted with the metal.[204] For a more
in-depth understanding of the surface reaction, X-ray photoelectron spectroscopy
(XPS) provides information about the chemical environment of each element within
the top 5-10 nm of the surface film.[199, 205] XPS is useful for determining the
identity of the surface species and for characterizing extremely thin surface films,

such as the oxide layers formed when Mg and Al are exposed to air.

Troubleshooting the problem

Research in the fields of corrosion science and energy storage have demonstrated
that passivating metal oxide layers on Mg or Al can be removed by adding halide
salts to the electrolyte solution. On pure Al metal, chloride ions migrate through the

oxide film, breaking down the oxide layer and forming "pits" in the metal; corrosion
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by such pitting reactions has been well studied and is not limited to chlorides.[206—
211] Chloride ions have also been shown to break down non-oxide insulating surface
films on Al. Manabe et al. demonstrated that an insulating AlF3 surface film which
formed when Al was in contact with PF, -containing electrolyte could be removed
by introducing TBACI as a co-supporting electrolyte, along with the chelating amine

tetramethylethylenediamine (TMEDA) to promote Al stripping.[177]

Bromide additives can also break down the insulating surface film on Al anodes.
Zhang et al. observed that adding TBABr as a co-supporting electrolyte enabled
Al oxidation in electrolytes that would otherwise passivate the metal (Figure 5.5a).
The current densities observed in the LSV with TBABr co-supporting electrolyte
are much higher than those observed without TBABr (shown in Figure 5.4a). The
current density also steadily increases upon subsequent scans, suggesting that surface
passivation does not limit Al stripping. In a follow-up electrolysis experiment, the
Al anode potential remained low and constant for several hours (Figure 5.5b),
suggesting that Br~ contributes to the formation of an ionically conductive surface
film on Al. The beneficial effect of additives is not limited to bromides in this case;
CI™-, Br™-, and I"-containing additives all enabled Al oxidation.[199]

0.4 T T T T (b) T T T 2
a
(a) _ Al m
q'g 0ok tscan number | - 1o ;
< >
E «
= [ [ =
-~ - _LJ__L_LJ =
0 i graphite 2L
41 05 0 0 5 10 15
E (V vs. Fc/Fch t(h)

Figure 5.5: Voltammetry of Al sacrificial anode with TBABF, + TBABr supporting
electrolyte. (a) Linear sweep voltammograms of an Al sacrificial anode in THF with
0.05 M TBABF, + 0.05 M TBABTr supporting electrolyte. The voltammograms were
collected at 5 mV s~! scan rate with 85% iR compensation. (b) Voltage profiles of
Al and graphite electrodes during galvanostatic Al stripping in THF with 0.25 M
TBABF,4 + 0.25 M TBABr supporting electrolyte. The Al stripping experiment
was conducted with ‘BuBr as a sacrificial reductant. Adapted from ref.[199] with
permission from the Royal Society of Chemistry.

Similar strategies can be applied in systems with Mg sacrificial anodes. Addition of
MgCl, to a solution of Mg(TFSI); in dimethoxyethane (DME) resulted in significant
improvements in Mg oxidation compared to the solution without MgCl,, likely due to
destabilization of the surface oxide film.[188] MgCl, was later shown to suppress the



81

passivation of Mg metal by PF, ions.[194] Li e al. showed that, as an alternative to
Cl-containing salts, small amounts of I; could be added to an electrolyte consisting
of Mg(TFSI); and DME to form an ionically conductive Mgl, surface film that
mitigated the Mg oxidation overpotential.[212]

If no satisfactory means of suppressing the formation of an insulating surface film
on Mg or Al can be found, less oxophilic anodes such as Zn may be more applicable
to the system at hand. Zn anodes are chemically compatible with a wide range of
solvents and supporting electrolytes and are less likely to exhibit high stripping

overpotentials due to passivation via inherent reactivity.[125, 213, 214]

5.4 Passivation by Products Formed During Anodic Stripping

Insulating surface films can also form due to processes that occur during the elec-
trolysis in addition to or in lieu of the films that form immediately upon contact
with the electrolyte, as described in the previous section. During stripping, fresh
metal surface is exposed to the electrolyte and the corresponding metal cation is
generated, ideally in solution. The fresh metal surface can react with the electrolyte
components differently than the original metal surface because the surface layers
described in the previous section can be anodically destroyed. The newly exposed
metal can react with the electrolyte to form a new surface film composed of decom-
position products from the supporting electrolyte, solvent, or organic substrate.[215,
216] Further, though stripping produces metal cations that ideally dissolve into the
electrolyte, the metal cations can react at the anode/electrolyte interface to form

insulating deposits.

Examples of passivation by insulating salt nucleation

Passivation of the sacrificial anode during electrolysis has been observed in several
synthetic reactions. Here we define passivation as the evolution of a high impedance
surface film that shuts down electrochemistry at that electrode. In many cases, this

passivation is linked to the use of strongly reducing anodes like Mg or Al.

First we focus on examples using Mg anodes. While attempting to scale up reac-
tions involving electrochemical cross-electrophile coupling of alkyl halides, Zhang
et al. initially observed high cell voltage accompanied by visible formation of
a thick passivating film during the first few hours of electrolysis.[205] Lu et al.
observed similar passivation of the Mg sacrificial anode in an electrochemically

driven three-component cross-electrophile coupling reaction; though conversion of
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the starting material exceeded 95%, the desired product was obtained in low yields
due to the growth of a thick passivating film at the anode and accompanying high
cell voltage.[217] Anode passivation can also be influenced by seemingly unrelated
components. In the electroreduction of epoxides, Huang et al. employed tripyrro-
lidinophosphoric acid triamide (TPPA) as a cosolvent to improve the solubility of
the LiCl suppprting electrolyte in THF and to prevent cathodic reduction of the sac-
rificial metal cations. When the electroreduction was run in the absence of TPPA,
the Mg sacrificial anode was coated in insulating salts, which passivated the anode

and caused extreme cell voltages that stopped the reaction early.[218]

Mg is not the only sacrificial anode that can be passivated during electrolysis.
In a Ni-catalyzed cross-electrophile coupling reaction, Perkins er al. observed
significant precipitation of metal halide salts when either a Mg or Al sacrificial
anode was used. Incomplete conversion of the starting material was observed when
an Al anode was used, and no reaction was observed when using a Mg anode.[219]
Walker et al. observed high cell voltage and passivation of a Zn sacrificial anode
during electrolysis in an electrochemical Ni-catalyzed Mizoroki-Heck reaction. Due
to the low yields and incomplete conversion of starting material, the authors posit
that the Ni catalyst is incompatible with the high cell voltage that arises from the

anodic passivation.[171]

Several of the passivation reactions described above can be attributed to salt nu-
cleation at the anode surface. As metal cations are stripped into solution, they
coordinate to anions in solution and form a surface layer of insoluble salts that pre-
vents further metal stripping. Salt deposition is common with multivalent cations
like Mg?* and AI** since multivalent cations are difficult to solvate due to their
high charge density.[128, 220] A rough or uneven anode surface can exacerbate
nucleation of these salts at the anode/electrolyte interface.[204, 221] The surface
roughness may arise from either insufficient electrode polishing or corrosion/pitting
reactions with other species in solution, such as organic halides or halide com-
plexes.[204, 221, 222] When an anodic potential is applied, the rough electrode
surface generates an uneven electric field, which leads to non-uniform metal strip-
ping and makes the surface even rougher (Figure 5.6). The roughness increases
the surface area of the electrode, leaving more space for salt nucleation. Further,
the nanoscale heterogeneities can change the contact angle between a salt crystal
and the electrode, which can reduce the energetic barrier for nucleation.[223] An

insulating salt layer thus forms and will grow over the anode surface during the
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reaction. While anode corrosion will need to be managed through reaction design,
surface roughness can be mitigated by employing appropriate electrode polishing

procedures (vide supra).
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Figure 5.6: Metal stripping behavior as a function of surface roughness. (a) An
even electric field leads to smooth metal stripping, while (b) an uneven electric field
caused by surface heterogeneities leads to nucleation of metal salts as the anode is
oxidized.

Symptoms of passivation by products formed during anodic stripping

Anode passivation by insulating salts or by corrosion during the reaction is usually
readily apparent. Extreme anode fouling is common in such reactions and marked
by the growth of a thick, visible surface coating. The coatings typically look black
in color due to their rough nature and can appear as crystalline deposits, a tacky
surface layer, or a conformal film. In a constant current experiment, the cell voltage
typically increases over the first few minutes to hours of the electrolysis as the
insulating surface blocks cation transport. Depending on the nature of the surface
reactions, the anode fouling may result in low product yields, incomplete conversion
of starting materials, and/or extreme cell voltages that reach the compliance limits

of the instrument before the reaction is complete.
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Diagnosing the problem

The appearance of a thick coating on the anode is usually enough to suggest that high
cell voltages are related to processes happening at the anode. The growth of this
film is often unrelated to the cathodic reaction and can thus unnecessarily limit the
range of applicable conditions for the reductive reaction of interest. To verify that
the anodic surface coating is insulating and prevents Mg stripping (and that the high
cell voltage is not caused by some concurrent cathodic process), the voltage of both
electrodes can be monitored during the electrolysis. This experiment requires the
use of a reference electrode.[127, 200-202] Large fluctuations or a sharp increase
in anode voltage suggest that anode passivation may be limiting conversion.[204,
205, 218]

A sharp increase in anode voltage is usually related to a mechanically stable surface
coating. However, not all surface coatings are tightly bound to the anode, and
mechanical stirring or inadvertent scraping of the anode during the reaction can
dislodge salt deposits at the anode surface, exposing fresh metal. Figure 5.7a
shows an example of a fluctuating anodic voltage profile that is characteristic of
salts dislodging from the Mg anode. As the surface deposits grow, the anode
voltage increases. When part of the insulating salt coating is dislodged from the
anode surface by contact with the stir bar, for instance, fresh Mg metal is exposed,
and Mg stripping can again occur at lower overpotentials. The anode potential
then decreases, and the Mg anode is oxidized as in the beginning of the reaction.
However, any salt remaining on the anode contributes to surface roughening, which
exacerbates further salt nucleation when the Mg is oxidized. The salt layer regrows
over the exposed Mg, and the anode voltage increases once again. This process
repeats until the end of the reaction.[204]

If anode passivation is determined to be the cause of a failed electrolysis reaction, the
next step is to determine the reaction that causes passivation. Characterization of the
surface film by XPS, SEM, EDS, X-ray fluorescence, X-ray diffraction, or infrared or
Raman spectroscopy can indicate the nature of species present at the anode surface.
XPS gives the most detailed chemical information about the surface film and has
been used to characterize surface reactions at sacrificial anodes previously,[204,
205] but depending on the nature of the reaction, other techniques may also provide

sufficient information to understand the surface reaction.
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Figure 5.7: Mg sacrificial anode passivation is prevented by Br additives. (a)
Voltage profiles of a Mg anode during Mg oxidation in the presence of 0.5 M "‘BuBr
using either 0.5 M TBACIO4 or 0.25 M TBACIO4 + 0.25 M TBABTr supporting
electrolyte in THF. (b) Photo of the Mg anode with insulating salt nucleation after
electrolysis with the TBAClO;4 electrolyte. (c) SEM/EDS images of the Mg anode
after removal of the insulating salt coating. (d) Photo and (¢) SEM/EDS images
of the Mg anode with minimal salt buildup after electrolysis with the TBACIO4 +
TBABTr electrolyte. Reprinted with permission from ref.[204], licensed under CC
BY-NC-ND 4.0. Copyright (2023) The Authors.

Troubleshooting the problem

Once the nature of the surface reaction has been determined, several strategies can
be used to troubleshoot the issue. If the surface reaction is due to passivation by
salt nucleation, proper polishing procedures as described above can minimize the
initial sites available for salt nucleation. Nucleation sites can form from corrosion
reactions even if the anode is well polished, though, so chemical strategies for re-
moving the salt layer may need to be employed. Coordinating solvents can be added
to improve the solubility of metal salts. Zhang et al. added DME as a cosolvent
to dissolve Mg(ClOy4), and MgBr, which deposited at the Mg surface during cross-
electrophile coupling of alkyl halides.[205] Lu et al. employed the same strategy
in a three-component cross-electrophile coupling reaction.[217] Both Mg(ClO4);
and MgBr; are poorly soluble in THF, which was used as the reaction medium, but
linear ethers chelate more strongly to the Mg?* ions and solubilize Mg salts.[224,
225] As described above, TPPA plays a similar role in supporting Mg sacrificial
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anode oxidation in THF; a passivating salt layer forms on the anode in the absence
of TPPA but does not prevent Mg oxidation when TPPA is present.[218] Peters et
al. observed that TPPA could prevent passivation of a galvanized steel wire elec-
trode following Mg deposition during an electrochemical Birch reaction.[173] The
cosolvent/additive strategy is not limited to reactions in THF: During an electrocat-
alytic sulfination of aryl halides, Lou et al. demonstrated that passivation of a Zn
sacrificial anode by a solution of SO; in acetonitrile could be mitigated by running
the reaction in 9:1 acetonitrile:dimethylacetamide.[226] In pure dimethylacetamide,
the black passivating deposits that formed on the electrode peeled off, suggesting

that dimethylacetamide solvates the deposits better than acetonitrile.

Reactions between the anode and a substrate can be mitigated by including halide
salts as additives or co-supporting electrolytes, similarly to managing anode
passivation by reactions prior to electrolysis. Halide-containing salts can react at
the metal surface to form an ionically conductive surface film, preventing nucleation
of insulating species during the reaction. Zhang et al. demonstrated the utility of
this strategy with a Mg electrode during the reduction of organohalides. During
the reduction of ‘BuBr using a supporting electrolyte of 0.5 M TBACIO,4 in THF,
the anode voltage fluctuates as described above (Figure 5.7a), and a thick surface
film consisting of Mg(ClO4), and MgBr; forms at the anode. Figure 5.7 shows
the anode after electrolysis (b) and after removal of the salt layer (c); the rough
and insulating surface coating prevents effective Mg oxidation, and cracks in the
Mg surface provide ample sites for additional salt nucleation. By contrast, when a
supporting electrolyte consisting of 0.25 M TBACIO4 and 0.25 M TBAB- is used,
the anodic voltage remains stable for the full reaction (Figure 5.7a) and the Mg
surface is smooth and crack-free (Figure 5.7d-e). The Br-containing supporting
electrolyte is thought to form an ionically conductive surface film on the Mg anode
that prevents contact between the corrosive organohalide and the anode.[204] This
passivation-preventing behavior has also been observed with a LiBr co-supporting

electrolyte in Mg battery chemistry.[227]

5.5 Reduction of Anodically Generated Cations at the Cathode

Once effective metal stripping has been enabled, metal cations will be introduced
to the electrolyte throughout the electrolysis reaction. When using an undivided
cell, it is possible to reduce the newly generated metal cations at the cathode.

Competitive reduction of the metal cations and the substrate leads to low Faradaic
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efficiencies for electrochemical reactions. In some cases, the metal deposits can
passivate the cathode, preventing further reduction of the substrate. Both situations
can produce low product yields. Product distribution can also change if the kinetics
of the reduction reaction at the plated metal are different from those of the original
cathode material; sometimes this leads to new reactivity.[132] If reduction of the
cation is significantly easier than reduction of the substrate, metal deposits at the
cathode can build up and eventually reach the anode, leading to extremely hazardous
short circuits.[228] In all cases, the plated metal is thus no longer innocent in the
reaction, even if the anode metal and the cations in solution do not otherwise interact
with components of the reductive reaction. Figure 5.8 shows the possible outcomes

of competitive reduction of the organic substrate and anodically generated cations.

short circuit

low efficiency new reactivity

Figure 5.8: Reduction of anodically generated cations can outcompete reduction of
the organic substrate at the cathode, leading to (a) low product yields, (b) hazardous
short circuits, and (c) low Faradaic efficiency. (d) In certain cases, metal deposition
from the anode can lead to new or better controlled reactivity at the cathode.

Special attention must be given to systems in which cross-plating of the metal cations
is likely to occur. In a constant current electrolysis experiment, the applied current
and reaction time are often chosen assuming that 100% of the electrons passed
will go towards conversion of the reactants, i.e., the Faradaic efficiency approaches
100%. However, when metal cations are reduced at the cathode at the same time

as the substrate, some of the electrons passed at the cathode will go toward metal
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plating rather than substrate reduction, and product yields will be correspondingly
lower. While competitive reduction of cations from the sacrificial anode is often
an undesired side reaction that must be mitigated to improve reaction efficiency,
reduction of the cations is not necessarily chemically incompatible with reduction
of the substrate, and employing strategies to prevent metal plating can lead to higher
product yields under otherwise similar conditions. Thus, care must be taken not to
mistake low Faradaic efficiency for bad or incompatible reaction conditions, even

though both result in lower-than-expected yields of the product.

Examples of competitive reduction
The competitive reduction of metal cations makes certain anodes, particularly those
metals with mild reduction potentials, inapplicable in electrochemical reactions that

require strongly reducing potentials at the cathode.[123] Zinc cations are particularly

prone to cross-plating in undivided cells (EOZn /Zn2+=—0.76 V vs. SHE, compared
to EY, / 4p+=—1.660 V and E;’Wg / Mg2+=—2.36 V), and the competitive reduction of

the metal cations competes with the reductive reaction of interest. Yuan et al.
noted that the competitive reduction of Zn cations and CO; or styrene substrates
at a Ni cathode leads to low yields for styrene carboxylation. Such low yields
were not observed when the sacrificial anode was switched to Al or Mg, which
are thermodynamically more difficult to reduce.[229] Zhang et al. reported that
reduction of Zn?* generated at a Zn sacrificial anode competes with reduction of
4-tert-butylstyrene in an electrochemical carbofunctionalization reaction with alkyl
bromides; a Mg sacrificial anode did not result in similar challenges.[230] In a
Ni-catalyzed electrochemical cyclization of alkynyl aryl iodides, Déjardin et al.
observed incomplete reduction of the substrate by the Ni catalyst, likely because
reduction of anodically generated Zn>* competes with reduction of the Ni catalyst.

Switching to an Al sacrificial anode significantly increased product yields.[231]

While the mild reduction potential of Zn makes it particularly prone to competitive
reduction and cross-plating, other anodically generated cations can also be reduced
at the cathode under strongly reducing potentials. Lu ef al. observed cathodic
deposition of Mg metal from the sacrificial anode at the end of an electrolysis reaction
involving electroreductive disilylation of alkenes. In dry, nonacidic solutions, the
Mg plating does not pose any experimental hazards, but in wet solvent or in the
presence of acid, the plated Mg is combustible in air and the reaction workup must
be handled with caution.[176] Durandetti ef al. observed cross-plating of Fe from

a Fe sacrificial anode during a electroassisted zinc-free Reformatsky-type reaction
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catalyzed by Fe species generated in situ. Fe deposition did not interfere with the
reaction and high product yields could be obtained, but excess charge was passed to
account for the low Faradaic efficiency.[232] Ishifune et al. observed competitive
reduction of several anodically generated cations during the electroreduction of

p-methoxyisopropylbenzene.[233]

Symptoms of competitive reduction

Competitive reduction of anodically generated cations is most often evidenced by
lower-than-expected product yields and low Faradaic efficiency, especially in con-
stant current electrolysis. Depending on the possibility and nature of substrate
reduction (chemical or electrochemical) at the plated metal, competitive reduction
may result in low substrate conversion, full conversion but an unexpected product
distribution, or degradation of the substrate and/or products as described in previous
sections. Cathode fouling may also be observed, though whether or not the metal
deposition is visible by eye will depend on the size of the deposits and extent of

deposition.

Diagnosing the problem

Depending on the extent of metal deposition, microscopy techniques may be re-
quired to confirm that competitive cation reduction is occurring. SEM and EDS
can easily identify micron-sized metal deposits and spatially map the elemental
composition of the surface, which will indicate whether the reduced cations cover
the entire cathode surface or whether the original cathode material is still accessi-
ble.[234] Once cross-plating is confirmed, electrochemical techniques can be used
to determine if the cross-plating limits yields by any mechanism other than competi-
tion for electrons. Cyclic voltammetry (CV) experiments will indicate the reduction
potentials of individual components in the system, including the substrate(s) and
anodically generated cations. A reference electrode or non-interfering reference
couple is required to accurately determine the relative reduction potentials of each
component. Conducting CV experiments before electrolysis can hint at whether
competitive reduction will occur during electrolysis — if the metal cation is reduced
at a potential that is similar to or more positive than the substrate or catalyst to be

reduced during electrolysis, competitive reduction is likely to occur.
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Troubleshooting the problem

Competitive reduction can be prevented most easily by switching to a sacrificial
anode with a more negative reduction potential. However, in many cases, using
a more reducing metal introduces additional complications as described in the
previous three sections. If an anode with a mild reduction potential must be used
to prevent substrate degradation or anodic passivation, a divided cell can physically

separate the anode and cathode, preventing cross-plating and short circuits.[228]

If the reduction potential of the anodically generated cations is more negative than
that of the substrate but competitive reduction still occurs during constant current
electrolysis, then reduction of the cation is kinetically faster than reduction of the
substrate. In this situation, instead of performing constant current electrolysis,
electrolysis can be conducted at a constant potential which is more negative than
the reduction potential of the substrate but less negative than that of the anodically
generated cation. Constant potential electrolysis can thus improve selectivity for
substrate reduction over cation reduction.[137] Conducting electrolysis at a constant
potential prevents reduction reactions that are less thermodynamically accessible
(i.e., the reduction of species with more negative reduction potentials,) but longer
electrolysis times may be required to fully reduce the substrate. In a constant
potential reductive electrolysis, the anode/counter electrode should only be used as
the reference electrode (i.e., in a two-electrode cell) in cases where no electrode
passivation or undesired reactivity is observed. Otherwise, the potential will drift at
the counter/reference electrode, which will cause the working electrode to experience

more oxidizing conditions than initially expected.

As in the case of side reactions between the anode and the substrate, it is important
to acknowledge that cross-plating of anodically generated cations can be beneficial
in some reactions. In certain cases, plating at the cathode generates active sites
for important chemical and electrochemical transformations (Figure 5.8d). For
example, Huang er al. found that Zn particles deposited at the cathode from
sacrificial anode cations mediate the allylation of aldehydes in aqueous ammonia
solutions by forming nucleophilic allylzinc species at the electrode surface.[234]
Similarly, reduction of anodically generated Zn>* can form nanostructured Zn
at the cathode, which can mediate the electroreduction of epoxides to alkenes
and of imines and alkyl halides to amines.[235, 236] Reduction of cations from
the sacrificial anode can also pin the cathodic potential at such a level as to

avoid over-reducing the substrate to undesired products. In a constant current
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experiment, the electrode potentials are controlled by the potentials of the fastest
oxidation and reduction events. Deposition of an easily reducible metal can thus
prevent extreme reducing potentials that would degrade products at the cathode,
albeit while reducing Faradaic efficiency. Gosmini ef al. observed that reducing
anodically generated Zn at the cathode kept the cathode potential high enough
to prevent direct reduction of an aryl halide species and instead promoted the
desired cross-coupling of aryl halides with 2-halopyridine.[237] Similarly, in
the electrochemical carboxylation of benzal diacetates, Senboku ef al. found
that reduction of anodically generated Zn>* at the cathode prevented extreme
cathodic potentials that would lead to over-reduction of the desired metal acetate
product.[238] Cross-plated cations generated at the sacrificial anode can play a role
in the reductive synthetic reaction; this synergy can be considered a form of paired

electrolysis.

5.6 Summary and Outlook

Although the oxidation of a sacrificial metal anode is assumed to be a straightforward
and simple counter reaction, processes involving the anode are integral to the overall
reaction and can dictate the success or failure of an electrosynthetic transformation.
To develop robust electrochemically-driven reactions, the chemistry at the anode
must be understood and optimized alongside the cathodic reaction. The chemical
and electrochemical effects of the sacrificial anode processes affect every aspect of
the synthetic reaction, from the Faradaic efficiency to the scalability to the stability
of the substrate and reactants. Sacrificial anode chemistry cannot be ignored in

reaction optimization.

A major roadblock to the development of effective half reactions using sacrificial
anodes is the relative lack of data on the anodes. It is not sufficient to report only the
best-performing sacrificial anode in an optimization table, even if a reaction fails
exclusively because of an anodic process and not because of anything related to the
reductive reaction of interest. At minimum, several of the most common sacrificial
anodes should be screened, and a description of the behavior of each anode under a
given set of reaction conditions should be reported in the supporting information. In
particular, visible fouling of either electrode and changes in the product distribution
that are directly tied to the anode chemistry should be highlighted. Only by reporting
both successes and failures with different sacrificial anodes can the process of

optimizing the anode chemistry be streamlined in future reactions.
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Though visual observations are useful to begin troubleshooting issues at the anode,
more detailed analytical data are necessary to develop a fundamental understanding
of the anodic processes and how they influence the cathodic reaction. Though
some instruments have been optimized to enable inexpensive and rapid screening
of synthetic conditions, they are often insufficient for analytical characterization of
electrochemical processes at either electrode, especially when screening multiple
sacrificial anodes. Control over potential or current across multiple cells with
reference electrodes and the ability to analyze the electrochemical data are required

for exploring and understanding sacrificial anode processes in more detail.

To date, most of the analysis of sacrificial anode behavior has been conducted for
reactions run in THF as the solvent. Moving forward, more attention should be paid
to anode processes in other commonly used solvents, such as acetonitrile and N,N-
dimethylformamide. The higher donor number and coordinating ability of these
solvents may affect the solubility of the sacrificial cations and their corresponding
salts, as well as the nature of the surface film formed at the anode. New electrolyte
design strategies may be required to enable effective metal oxidation in solvents
other than THF.

In addition to electrolyte design strategies, altering the chemistry of the anode
itself may enable new reactivity. Ionically conductive but electronically insulating
surface coatings, similar to SEIs on battery anodes, could permit efficient metal
stripping while minimizing chemical or electrochemical degradation of electrolyte
components at the anode surface.[220] Such surface layers can be generated in
situ from reactions between the metal and the electrolyte or ex sifu through solid
state synthesis or reaction in a different solution than the one used for reductive
electrosynthesis. Native SEIs, i.e., those formed in contact with electrolyte, and
artificial SEIs on metals commonly used as sacrificial anodes (Mg, Zn, Al) are
being studied in the battery literature; this research can provide a starting point for

the development of surface coatings for use in electrosynthesis.

Alternatively, new nonmetallic anodes can be designed to mitigate or prevent the
common failure mechanisms detailed here. Materials that undergo oxidative dein-
tercalation mechanisms, for instance, exhibit a wide range of chemical potentials
allowing the potential at the anode to be tuned. Further, the deintercalation reactions
can generate a variety of different cations in solution depending on the application.

Our group is currently working toward these goals.
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Many strategies for improving sacrificial anode performance involve introducing
new species or tunable parameters, adding to the already long list of variables that
must be optimized in each reaction. In the future, machine learning may assist in
predicting the performance of a particular sacrificial anode under a given set of reac-
tion conditions.[239] Such predictive technology presents an attractive complement
to traditional synthetic screening experiments. However, to effectively train a model
to predict sacrificial anode behavior, both successful and failed reactions must be
reported in the literature. A balanced training set requires high-quality data on the
anode chemistry for each reaction conducted in the optimization of the sacrificial

anode, even if the reaction results in low product yields.

Although sacrificial anodes will continue to be necessary for optimizing individual
half reactions, the long-term goal of electrosynthesis is to move towards a paired
electrolysis setup to maximize atom economy by taking advantage of desirable
reactions at both electrodes. The processes at each electrode can be related if
targeting a convergent electrosynthesis procedure, but the two half reactions are not
required to contribute to the same overall transformation as long as neither reaction
is deleterious to the other.[121] Before incorporating a reductive reaction into a
paired electrolysis setup, detailed mechanistic studies must first be undertaken to
ensure that the sacrificial anode and its byproducts are not required for the reductive
reaction to proceed. Divided cell studies which separate the sacrificial anode cations

from the reductive reaction are particularly instructive in these cases.

Ultimately, a deep understanding of sacrificial anode behavior in electrosynthetic
conditions and the development of experimental guidelines for sacrificial anode
choice will require cross-disciplinary collaborations between synthetic chemists,
electrochemists, and surface scientists. A thorough understanding of sacrificial
anode chemistry will streamline reaction optimization and expand the chemical
space compatible with electrosynthetic reactions. We hope that by addressing the
major pitfalls described herein, sacrificial anodes will not limit the development of

new and interesting reductive electrochemistry.
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Chapter 6

PERSPECTIVE AND OUTLOOK

This thesis probes the effect of supporting electrolyte design and composition on
electrochemical performance in both energy storage and electrosynthesis applica-
tions. Several electrolytes and additives have been explored to control interfacial
reactivity, tailor the composition of the surface film at a metal electrode, promote
reduction of an analyte, or prevent unwanted metal deposition. In Chapter 2, we find
that a highly concentrated supporting electrolyte limits electrolyte decomposition
and polysulfide shuttling in Li-S batteries, promoting new high-temperature cycling
applications. In Chapter 3, the size and coordination strength of the supporting
electrolyte anion is shown to affect the redox potential of Sm complexes for use in
electrocatalytic systems. In Chapter 4, crown ethers are shown to slightly increase
the Zn>* deposition overpotential, laying groundwork for the use of Zn sacrificial
anodes in deep reductive electrosynthesis. Finally, Chapter 5 integrates lessons from
electrochemistry, surface characterization, and organic synthesis to present a guide
to troubleshooting sacrificial anodes in electrosynthetic reactions, providing several

strategies to ensure that reductive reactions are not limited by anodic processes.

The current state of research on the solid-electrolyte interphase (SEI) that forms
between battery anodes and the supporting electrolyte suggests that further inves-
tigation of surface film formation on multivalent metal anodes would expand the
range of electrolytes that can be used in multivalent batteries. The exact structure
and composition of an individual SEI is difficult to ascertain conclusively due to
its often heterogeneous structure and to the changes that occur when the electrode
is removed from the cell. For most metal anode batteries that exist today, certain
components of the SEI have been linked to favorable or poor electrochemical per-
formance. The SEIs that form on Li metal have been fairly well studied over the
past several years, but the SEIs that develop on multivalent metal anodes are less
well understood because multivalent ion conduction through the SEI is difficult due

to the ion’s higher charge density and larger size.

Multivalent ion conduction through the SEI or surface film also limits the use of
metal sacrificial anodes in organic electrosynthesis. The chemistry of the sacrificial

anode itself has only recently come under intense study, and electrolyte composi-
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tion plays a significant role in the formation of a non-insulating surface film. To
date, reactions at a sacrificial anode have only been studied in detail for syntheses
conducted in THF. The electrolyte design strategies that prevent anode passivation
may not be applicable in other solvents or under certain synthetic conditions, and

new strategies must be developed as these challenges arise.

A deeper understanding of metal deposition and dissolution in multiple solvents, in
the presence of various supporting electrolytes, and under different synthetic condi-
tions will enable the development of new electrosynthetic reactions and new battery
chemistries. Several approaches can expand our understanding of interfacial reac-
tions between the electrode and electrolyte and the electrolyte’s effect on reductive

electrosynthetic reactions.

First, the chemical composition of the interfaces and interphases that form at various
metal anodes in different solvents can be investigated to develop a batter understand-
ing of chemical reactivity between the metals, solvents, and supporting electrolyte
salts. Metals such as Mg, Al, and Zn are commonly used as sacrificial anodes in
electrosynthesis and as battery anodes, but other metals like Cu, Fe, and Ni are
also frequently employed in electrosynthesis and are worthy of further investigation.
The surface composition can be probed by imaging, elemental analysis, and spec-
troscopic techniques, and computational studies offer an opportunity to investigate
multivalent ion conduction in various components of the surface film. In situ or
operando characterization of the surface film and its evolution during electrosyn-
thesis or battery cycling is particularly interesting as this characterization would
elucidate the film’s formation pathways and composition inside the cell, without

confounding factors that arise during transfer and analysis.

Electrolyte tailoring strategies can be adopted to promote ionic conductivity in the
interphase or to limit deleterious electrolyte decomposition. Various additives can
modulate the deposition and dissolution overpotentials at the metal anode. These
additives can promote the oxidation of metal sacrificial anodes, form ionically
conductive interphases at the metal-electrolyte interface, and prevent unwanted
cation reduction at the cathode. However, the additives themselves should be inert
to the reductive chemistry of interest. Ideally, the electrolyte could be tailored to
target a specific surface composition that permits clean metal plating and stripping

without affecting other reactions in the cell.

One strategy for targeting specific surface films is to generate the surface film ex

situ. This strategy has been previously employed in Li metal batteries — and to
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a lesser extent in Mg, Na, and K batteries — to create artificial SEIs that permit
efficient metal stripping and plating while limiting electrolyte decomposition.[22,
240-242] A similar approach can tailor the electrode-electrolyte interface on other
metal anodes for use in batteries or in electrosynthesis. Artificial surface films are
especially interesting because the additives, solvents, and electrolyte salts used to
generate the surface film do not need to be compatible with the reaction conditions
in which the newly coated anode will be used. The anode electrochemistry can
thus be optimized independently of the synthetic reaction of interest. Artificial
surface coatings may therefore enable the use of electrodes that would otherwise be
chemically incompatible with the electrolyte itself. For example, a surface film that
conducts Li* but blocks contact between Li metal and the electrolyte solution could

enable Li sacrificial anodes in electrosynthesis.

Combining knowledge from battery chemistry and SEI design with strategies for
electrolyte tailoring in organic electrosynthesis could accelerate and improve re-
search outcomes in both fields. Thorough investigation of reactivity between com-
monly used metal anodes and various solvents, salts, and additives will promote
greater understanding of metal-electrolyte interface chemistry and enable a broad

range of applications for nonaqueous electrochemistry.
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Appendix A

SUPPLEMENTARY INFORMATION FOR FLUORIDE IN THE
SEI STABILIZES THE LI METAL INTERFACE IN LI-S
BATTERIES WITH SOLVATE ELECTROLYTES

Appendix A contains supplementary information for Chapter 2: Fluoride in the SEI
Stabilizes the Li Metal Interface in Li-S Batteries with Solvate Electrolytes. Included
in the appendix are fits to EIS and Raman data, C 1s XPS data for all conditions
analyzed in the chapter, tabulated XPS peak locations and assignments for all XPS
spectra reported in the chapter, 'H-NMR spectra of the solvate electrolytes after
reaction with Li metal, and capacity fade data for Li-S cells employing AlF3-coated

Li as the anode.
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Figure A.1: Fits to the high frequency feature of the final collected EIS spectra of Li-
Li symmetric cells prepared with (a) neat solvate electrolyte at room temperature, (b)
neat solvate electrolyte at 90 °C, (c) solvate + TTE electrolyte at room temperature,
and (d) solvate + TTE electrolyte at 90 °C. EIS data was collected from 10°-10° Hz
(a,c,d)or 10°-1 Hz (b) at 10 points per decade, with a 10 mV amplitude, continuously
for 47 h.
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Figure A.2: Fits to the high frequency feature of the final collected EIS spectra of
AlF3-coated Li symmetric cells prepared with (a) neat solvate electrolyte at room
temperature, (b) neat solvate electrolyte at 90 °C, (c) solvate + TTE electrolyte at
room temperature, and (d) solvate + TTE electrolyte at 90 °C. EIS data was collected
from 10%-107® Hz (a,c,d) or 10°-1 Hz (b) at 10 points per decade, with a 10 mV
amplitude, continuously for 47 h.

Figure Peak binding energy (eV)

Assignment

4a

4b
4c

4d

4de
Af

532.5
533.7
400.1
685.7
689.4
531.5
532.5
399.4
685.7
689.4

SOy4

Li,O

adsorbed MeCN
LiF

TFSI

Li,CO3

SOy

CN group

LiF

TFSI

Table A.1: Peak assignments of the X-ray photoelectron spectra of Li metal reacted
with the neat solvate electrolyte at RT and 90 °C
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Figure A.3: Fits to the room temperature Raman spectrum of MeCN modes in the
neat solvate electrolyte.

normalized Raman intensity
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Figure A.4: Fits to the room temperature Raman spectrum of MeCN modes in the
solvate + TTE electrolyte.
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Figure A.5: The C 1s spectra of Li metal with reacted with (a) neat solvate electrolyte

at RT, (b) solvate + TTE electrolyte at RT, (c) neat solvate electrolyte at 90 °C, and

(d) solvate + TTE electrolyte at 90 °C. The lowest binding energy peak in each

spectrum was calibrated to 285 eV.

Figure Peak binding energy (eV) Assignment

Sa 532.2 Li;SO4
5334 Li;O
534.6 impurity
5b 400 adsorbed MeCN
Sc 685.4 LiF
689.1 TTE or TFSI
5d 533.1 SO4
531.5 Li,CO3
Se 399.9 CN group
St 685.6 LiF
686.9 TTE or TFSI
688.9 TFSI
690.4 TTE

Table A.2: Peak assignments of the X-ray photoelectron spectra of Li metal reacted
with the solvate + TTE electrolyte at RT and 90 °C
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Figure A.6: 'H-NMR spectra of (a) the neat solvate electrolyte and (b)-(d) the solvate
+ TTE electrolyte before and after reaction with Li metal at room temperature and
90 °C. New peaks appear after reaction between the neat solvate electrolyte and
Li at 90 °C, indicating electrolyte decomposition. No decomposition is observed
after reaction between the solvate + TTE electrolyte at either temperature. The
minor shifts in (b) at 1.75 ppm and 2.01 ppm are likely related to negligible changes
in coordination structure after heating rather than electrolyte decomposition. The
excess deuterated MeCN added as a lock may also affect electrolyte speciation but
does not contribute to decomposition.

Figure Peak binding energy (eV) Assignment
11a 532.3 Li;SOy4
533.6 Li;O
11b 400.1 adsorbed MeCN
I1c 689.2 TFSI
685.4 LiF
11d 5314 Li,CO;3
5323 Li;SOy4
533.6 Li,O
lle 399.4 CN group
11f 689.2 TFSI
685.4 LiF

Table A.3: Peak assignments of the X-ray photoelectron spectra of AlFz-coated Li

metal reacted with the neat solvate electrolyte at RT and 90 °C
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Figure A.7: Capacity fade over 50 cycles in AlF3-coated Li-S cells prepared with
both the neat solvate electrolyte and the solvate + TTE electrolyte. Cells cycled at
high temperatures yield higher initial capacity but more rapid capacity fade than
cells cycled at room temperature. All cells were cycled at C/10 rate.

neat solvate solvate + TTE

T T T T T T T T T T T T

counts (a.u.)

90°C

300 295 290 285 300 295 290 285 280
binding energy (eV)

1

Figure A.8: The C 1s spectra of AlF3-coated Li metal with reacted with (a) neat
solvate electrolyte at RT, (b) solvate + TTE electrolyte at RT, (c) neat solvate
electrolyte at 90 °C, and (d) solvate + TTE electrolyte at 90 °C. The lowest binding
energy peak in each spectrum was calibrated to 285 eV.



Figure Peak binding energy (eV) Assignment

12a

12b

12¢

12d

12e
12f

532.5
533.6
534.6
400.1
689.2
685.4
685.9
5325
533.7
400.1
689.2
685.4

SOy

Li,O

impurity
adsorbed MeCN
TFSI

LiF

LiF

SOy

Li,O

adsorbed MeCN
TFSI

LiF
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Table A.4: Peak assignments of the X-ray photoelectron spectra of AlF3-coated Li

metal reacted with the solvate + TTE electrolyte at RT and 90 °C
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Appendix B

SUPPLEMENTARY INFORMATION FOR
ELECTROCHEMICAL PREPARATION OF SM(II) REAGENT
FACILITATED BY WEAKLY COORDINATING ANIONS

Appendix B contains supplementary information for Chapter 3: Electrochemical
Preparation of Sm(II) Reagent Facilitated by Weakly Coordinating Anions. Included
in the appendix are background CVs for each supporting electrolyte studied, CVs of
Sm salts in various supporting electrolytes, peak current densities and peak splitting
for all CVs reported in Chapter 3, and '"H-NMR data for all reported compounds.

3 T T T T T T T T T T T T
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——o 0.1 M TBAPF6
o 1r 7
e
(&)
<
E
— 0 - .
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Figure B.1: Background CVs collected at 100 mV/s with 0.5 M Lil, 0.1 M LiTFSI,
and 0.1 M TBAPFg supporting electrolytes.
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Figure B.2: CVs of 10 mM Sm(OTf)3 with (a) 0.2 M LiBr supporting electrolyte
and (b) 0.2 M tetraoctylammonium bromide supporting electrolyte. Sm(OTf)3
undergoes anion exchange with both species to form SmBr; in situ. Both CVs
exhibit large peak splittings and i, ->i, 4, indicating electrochemically irreversible

reactions.
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Figure B.3: CVs of 10 mM Sm(OTf)3; + 33 mM Lil with (a) 0.1 M LiTFSI, (b)
0.1 M Mg(TFSI),, and (c) 0.2 M TBAOTT supporting electrolyte. Sm(OTf); under-
goes anion exchange with Lil to form Sml;3 in situ. While LiTFSI and Mg(TFSI),
supporting electrolytes permit Sml; redox comparable to that with Lil supporting
electrolyte, multiple irreversible reductive features are observed with TBAOTT sup-
porting electrolyte. The additional reductive wave at -1.6 V vs. Ag wire may be
related to the I"/I3~ redox couple.

O

Figure B.4: Structure of benzylacetone. Reported 'H-NMR: (500 MHz, CDCl3) 6
7.32-7.16 (m, 5H), 2.76 (m, 4H), 2.15 (s, 3H)."

OH
Me

Figure B.5: Structure of 4-phenyl-2-butanol (1). Reported 'H-NMR: (500 MHz,
CDCls) 6 7.32-7.18 (m, 5H), 3.87-3.78 (m, 1H), 2.84-2.63 (m, 2H), 1.85-1.72 (m,
2H), 1.23 (d, J = 7.2 Hz, 3H).*®



Sm source Supporting electrolyte jp,a (MA cm?) jp,c (MA cm?) AE, (V)
10 mM Smls 0.5 M Lil 0.96 0.75 0.80
5 mM Sml, 0.5 M Lil 0.61 0.54 0.52
2 mM Sml, 0.5 M Lil 0.26 0.26 0.31
1 mM Sml, 0.5 M Lil 0.13 0.15 0.20
10 mM Smlj 0.5 M LiTFSI 1.02 0.98 0.25
5 mM Sml, 0.5 M LiTFSI 0.44 0.44 0.20
2 mM Sml, 0.5MLIiTFSI 0.11 0.12 0.16
1 mM Sml, 0.5 M LiTFSI 0.02

10 mM Sml, 0.5 M TBAPFg 0.55 0.84 0.39
5 mM Smly 0.5 M TBAPFg 0.12

2 mM Sml, 0.5 M TBAPFg 0.08

1 mM Sml 0.5 M TBAPFg 0.03 - -

5 mM Sml; 0.5 M LiCl -

5 mM Sml, 0.25 M Lil + 0.25 M LiCl 0.05 0.10 0.86
5 mM Sml; 0.45MLil + 0.05 M Licl ~ 0.05 0.02 0.56
10 mM SmCls 0.5 M LiTFSI 0.28 0.59 0.39
10 MM Sm(OTf)3 0.5 M LiTFSI 0.11 0.36 112
10 mM SmBr 0.5 M LiTFSI 0.65 0.89 0.40
10 mM Smls 0.5 M Lil 0.94 0.97 0.58
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Table B.1: Peak current densities and peak splitting at scan rates of 100 mV s~! for
all CVs reported in Chapter 3.

HO Me

Me OH

Figure B.6: Structure of the pinacol product (2). Reported 'H-NMR: (500 MHz,
CDCl3) 6 7.30-7.16 (m, 10H), 3.85 (m, 2H), 2.61-1.78 (m, 8H), 1.28-1.25 (d,
J =6 Hz, 3H, CH; diast.).”
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Figure B.7: 'H-NMR of the crude mixture of benzylacetone reduction by commer-
cial Sml,. Spectrum was referenced to 1,3,5-trimethoxybenzene (8.9 mg, 6.08 ppm,

s, 3H) as internal standard.
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Figure B.8: "H-NMR of the crude mixture of benzylacetone reduction by commer-
cial Sml, with 5 eq. added Lil. Spectra were referenced to 1,3,5-trimethoxybenzene
(10.3 mg, 6.08 ppm, s, 3H) as internal standard.
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Figure B.9: '"H-NMR of the crude mixture of benzylacetone reduction by elec-
trogenerated Sml,. Spectra were referenced to 1,3,5-trimethoxybenzene (8.7 mg,
6.08 ppm, s, 3H) as internal standard.
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Figure B.10: '"H-NMR of the crude mixture of benzylacetone reduction by com-
mercial Sml, with 8 eq. added H,O and 6 eq. added Et3N. Spectra were referenced
to 1,3,5-trimethoxybenzene (10.0 mg, 6.08 ppm, s, 3H) as internal standard.
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Figure B.11: 'H-NMR of the crude mixture of benzylacetone reduction by commer-
cial Sml, with 8 eq. added H,O, 6 eq. added Et3N, and 5 eq. added Lil. Spectra
were referenced to 1,3,5-trimethoxybenzene (8.7 mg, 6.08 ppm, s, 3H) as internal

standard.
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Figure B.12: "H-NMR of the crude mixture of benzylacetone reduction by elec-
trogenerated Sml, with 8 eq. added H,O and 6 eq. added EtzN. Spectra were
referenced to 1,3,5-trimethoxybenzene (12.4 mg, 6.08 ppm, s, 3H) as internal stan-
dard.



	Acknowledgements
	Abstract
	Published Content and Contributions
	Table of Contents
	List of Illustrations
	List of Tables
	Nomenclature
	Introduction
	Background and Context
	Nonaqueous Electrolytes in Energy Storage and Electrosynthesis
	Thesis Overview

	Fluoride in the SEI Stabilizes the Li Metal Interface in Li-S Batteries with Solvate Electrolytes
	Introduction
	Methods
	Results and Discussion
	Conclusions

	Electrochemical Preparation of Sm(II) Reagent Facilitated by Weakly Coordinating Anions
	Introduction
	Methods
	Results and Discussion
	Conclusions

	Increasing the Zn2+ Deposition Overpotential to Limit Cross-Plating from Zn Sacrificial Anodes
	Introduction
	Methods
	Results and Discussion
	Conclusions
	Potential Future Directions

	A Guide to Troubleshooting Metal Sacrificial Anodes for Organic Electrosynthesis
	Introduction
	Side Reactions
	Anode Passivation by Inherent Metal Reactivity
	Passivation by Products Formed During Anodic Stripping
	Reduction of Anodically Generated Cations at the Cathode
	Summary and Outlook

	Perspective and Outlook
	Bibliography
	Supplementary Information for Fluoride in the SEI Stabilizes the Li Metal Interface in Li-S Batteries with Solvate Electrolytes
	Supplementary Information for Electrochemical Preparation of Sm(II) Reagent Facilitated by Weakly Coordinating Anions

