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ABSTRACT

Energy storage devices have undergone development for decades. Much of the
research is focused on the improvement of energy density by developing existing
electrodes and investigating novel electrode materials. This has led to the overall
improvement of traditional lithium-ion batteries, but also the discovery of new energy
storage devices such sodium-ion batteries, redox flow batteries, solid electrolyte-based
batteries, and many more. As the field expands, fundamental research is necessary to
fully ascertain the validity of these novel systems for long term success. One of the most
important components to all electrochemical energy storage devices such as batteries and
supercapacitors is the electrolyte that allows for the conduction of ions. An ideal
electrolyte needs a high ionic conductivity, high chemical stability, low cost, and works
well in the desired operating conditions of the device its housed in. Developing an
electrolyte that has all these properties is rare, but through communitive research, many
electrolyte systems have found uses in niche and broad applications.

My dissertation research is focused on developing electrolyte for sodium-based
systems both batteries and supercapacitors. Though supercapacitors differ from batteries
in many ways, the fundamental properties of the electrolyte are important for both
applications. Thermal stability of the electrolyte has become a growing concern due to
the varied working environments of electronic devices. The work | present studied

additives for both high temperature stability and low temperature stability in non-faradaic

Vi



conditions to isolate the effects of temperature on the electrolytes during operation. The
second scope of my work is studying nonaqueous redox flow batteries and optimizing
their working conditions through electrolyte and system development. All this work was
accomplished using a combination of electrochemical techniques and characterization
techniques. The combination of these techniques has provided enough evidence to show
effects of additives on the electrolyte system for thermal stability and for overall device
improvement in the redox flow batteries. The work from this dissertation will progress
the communal knowledge of the benefits and limitations of the electrolyte systems in my

research.
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INTRODUCTION: SODIUM-BASED ELECTROLYTES

Energy storage in the form of batteries has been accepted into almost all forms of
modern life: vehicles, portable electric devices, on the electricity grid, and even in our
ears. The most common is the lithium-ion battery at around ~60% of all batteries sold as
of 20211, The battery market is also seeing a steady growth both in total value, but also in
the cost on world resources?. Common materials found in batteries are harvested in
countries all around the world and some have become more precious as our demands for
energy have increased. Alternatives to lithium-ion batteries (LIB) have become common
place especially the work towards enabling sodium-ion batteries (SIB). Sodium is ten
times more abundant on earth and more easily accessible than lithium. The issues with
using sodium are basically a knowledge gap between science and industry and a
nontrivial transition from LIBs to SIBs. Sodium ions are 30% larger than lithium ions and
have a different interaction with all parts of the battery than its lithium analogue. Simply
put, sodium-based electrodes and electrolytes operate much differently than their lithium
analogues®.

These differences have provided new opportunities for chemical and
electrochemical investigation for sodium-based materials that were not originally
possible in lithium-based materials. This has also made progress much slower than
expected as well. Although most studies focus solely on electrode development to

increase overall energy density within batteries, some also focus on the development of



sodium-based electrolytes*. Electrolytes in batteries act as the conductor of ions and
determine many different reactions that effect the overall cycling performance of the
battery: solid electrolyte interface (SEI) formation, thermal and voltage stability, side
reactions, metal dissolution, etc*. Determining a suitable electrolyte is non-trivial as the
electrolyte must be stable with all parts of the battery including the electrodes, separator
material, cell casing, and current collectors. Some electrolytes have been known to fully
decompose during cycling, dissolve current collectors, dissolve electrodes, and many
other failure mechanisms®®. Developing electrolytes for any energy storage device takes
precise and deliberate measurements that isolate specific properties of the electrolyte.
This thesis focuses on two different frameworks for studying sodium ion
electrolytes. The first is the use of chemical additives and cosolvents to improve the
thermal stability of sodium-based electrolytes. The second is formatting an electrolyte to
allow for the stable cycling of sodium metal anodes in nonagqueous redox flow batteries
and exploring new membrane materials for sodium-based redox flow batteries. Each
thrust requires its own explanation and will be thoroughly explained in order in the
following sections. Each approach uses a combination of electrochemical and
characterization techniques to fully explore the fundamental mechanisms of the

electrolyte systems.



1.1 How does energy storage work?

Secondary batteries are a class of energy storage that have reversible faradaic
redox reactions used to store electricity. A basic construction of battery is a cell casing,
current collectors that allow for fast electron conductivity, a separator to block each
electrode from physically contacting, the electrodes classified by anode or cathode
depending on the relative potentials of their oxidation reaction, and the electrolyte that
allows for the conduction of ions through the cell. A representation of a sodium ion
battery is shown in Figure 1. The faradaic redox reactions in the electrodes are typically
three distinct reaction processes caused by an applied current resulting in the intercalation
or storage of sodium between the layers of the electrode material, alloying reactions
typical in silicon electrodes where sodium alloys with the electrode material, or
conversion reactions where the material changes the structure of the redox active
compound?.

These faradaic redox reactions that are caused by an applied current and described

by Equation 1.
Equation 1: Q= fot idt = nN;F

Equation 1 is Faraday’s law of electrolysis where charge, Q, is equal to the amount of
faradaic current, i, applied over time, t, which is also equal the product of the number of
electrons transferred during the process, n, number of moles of a given species, N;, and

Faraday’s constant, F.
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Figure 1: A schematic of a typical sodium ion battery. The battery contains a carbon

anode coated on copper foil and sodium manganese oxide cathode coated on
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The storage of the ions caused by an applied current can be reversed allowing for
the reversible storage of electricity. The kinetics of these redox reactions are described in

the Butler-Volmer equation shown in Equation 2.

— —_EO - 0’
Equation 2: i = FAk, [[R]oexp (M#) — [O]oexp (— —aF(iTE )>]

The Butler-Volmer equation equates the net electrolyte current, i, with an
expression of the product of Faraday’s constant, F, the electrode surface area, A, the
standard electrochemical rate constant, ko, the species that is to be reduced, O, its reduced
form, R, the universal gas constant, R, the temperature of the system, T, the transfer
coefficient, a, and the overpotential (E-Eo). The Nernst equation is shown in Equation 3

and relates the OCV with the concentration of the ratio of oxidized and reduced species.

L _ RY pn (Lox  Yox
Equation 3: E=Eo+ nF in (Cred i Yred)

The Nernst equation equates the potential difference, E, to the sum of standard redox
potential for a give species, Eo, the universal gas constant, R, the temperature, T, the
number of equivalent electrons of the redox reaction, n, Faraday’s constant, F, the
concentration of oxidized and reduced species, Coxred, and the activity coefficient of the
reduced and oxidized species, yoxred. The Nernst equation can be used to predict the
concentration ratio as a function of measured potential of a given cell and vice versa.
Some additional variables may be necessary to give the most accurate prediction such as

the concentration of other species necessary for the redox reaction to occur.



The amount of energy stored in the battery is related to Eq 1 and is further

modified in Equation 4 for battery capacity as function or mass or area:
Equation 4: Qp = mycpor Qp = Apcy

The equation relates the amount of energy stored as a function of time or charge, Q, to
the mass of the redox active material, my, or area of the active material on the electrode,
Ab, by the specific energy capacity of the material that is determined by the faradaic
redox reaction, Co.

These faradaic redox reactions are not the only form of energy storage as non-
faradaic energy storage is possible with the use of electric double layer capacitors
(EDLCs). In EDLCs, the energy is stored on the surface of the electrode. The storage is
possible due to the formation of an electric double layer that forms when a current or
voltage is applied to an electrochemical device. This double layer has been described by
various scientists. Helmholtz described the layer The amount of energy stored in terms of
Farads is determined by a product of an applied current, I, and the ratio between the
change in time, 47, and the change in voltage during that time frame 47 as shown in

Equation 5:

Equation 5: c=1+=2
AV

Capacitance can then be equated to a specific gravimetric capacitance or areal

capacitance as shown in Equation 6:



. AT AT
Equation 6: Ca=]Ja* E‘"'Cm=]m* X

Equation 6 modifies Eq. 5 by applying a current density, Ja (A/cm?), or a gravimetric
current, Jm (A/g), and results in either an areal capacitance, Ca (F/cm?), or specific
capacitance, Cm (F/Q).

In an EDLC with two electrodes, the total capacitance is equated to the capacitance of

each electrode as is shown in Equation 7:

C1C2
C1+Cy

Equation 7: Ctotar =

The total capacitance, crotal, IS a ratio between the product of the capacitance of each
capacitor, c1, 2, over the sum of the capacitance of the same capacitors.

As mentioned before, electrolytes act as a conductor for ions in electrochemical
energy storage devices. Liquid electrolytes are a combination of solvents and salts. Most
classes of liquid electrolytes are either aqueous or nonaqueous depending on solvent
selection. Though aqueous electrolytes have been studied for decades, most modern SIBs
are based around organic electrolytes’. Organic electrolytes typically have large
operating voltage windows (>3V), access to alkali metals such as sodium, and other

benefits such as thermal and chemical stability®!!,

1.2 Intrinsic properties of electrolytes

As mentioned, electrolytes have an important role in the viability of batteries.
Electrolytes allow for the movement of ions from one electrode to another. The rate at

which ions can diffuse through the electrolyte when a potential or current is applied is



called ionic conductivity. In organic electrolytes, a typical and value is around 10 mS/cm,
but this number fluctuates depending on what kind of liquid electrolyte referred to*213,
lonic conductivity shares a distinct relationship with polarizability of the dielectric in
solution or dielectric constant and the resistance to change shape of a solution or
viscosity. Typically, decreases in viscosity lead to increases in ionic conductivity'4. Some
studies have shown additives that improve ionic conductivity by lowering the viscosity of
the solution or by coordination of solvent molecules through intermolecular interactions
between the solvent and additive'®. Predicting changes in ionic conductivity has proven
to be difficult. Measuring conductivity as a function of temperature, electrolyte
composition, concentration of salt, and various other conditions of electrolyte is relatively
straightforward and is covered later in the text.

Though ionic conductivity is an important focus, other intrinsic properties of
electrolytes have been improved using additives. Flammability of organic solvents is a
well understood issue and some additives have been used as flame retardants or to inhibit
thermal runaway caused by chemical reactions'®. Wettability, thermal stability, cost, and
safety have all been improved using additives and cosolvents over the last decade*1"~?°,
but each property typically requires a unique solution based on the solvent, salts, and the
electrochemical processes taking place within the system. This need for many different
combinations of solutions makes improving the intrinsic properties of electrolyte a

nontrivial process.



1.3 Electrochemical properties of electrolytes

Electrolytes also dictate many of the limitations of electrochemical processes
taken place in each system. Using a traditional lithium-ion battery as a frame of
reference, electrolytes interact with the electrodes, separator, and cell casing of the
battery. At each of these interfaces, electrolytes can react to form passivation layers either
chemically or electrochemically. Passivation layers are also expected in faradaic
processes?t. These interfaces are commonly referred to as solid electrolyte interfaces
(SEI)?2%. An SEI is composed of electrolyte degradation products on the surface an
electrode. In lithium-ion batteries, it common to see SEIs composed of lithium fluorides,
lithium oxides, lithium polycarbonates, organic polymers, and many more species
depending on the composition of electrolyte?*. There are many examples of unsuitable
SEls, but an ideal SEI is one that is ionic conductive to the cation of the system, but
electronically insulating so no further degradation of the electrolyte is possible. This is
also the case in sodium ion electrolytes and studies of SEls in sodium electrolytes are still
being conducted?.

Another important factor is the electrochemical stability window of your
electrolyte solution. This is dictated by all components within an electrolyte solution.
Organic solvents have a wide range of voltage windows. The limits of the voltage
window are dependent on the oxidative and reductive stability of each component.
Carbonates such as ethyl carbonate (EC), dimethyl carbonate (DMC), and diethyl

carbonate (DEC) are show high oxidative stability at around 4.5-4.8 V vs Li/Li* but



would be unusable with electrodes that operate at redox potentials greater than 4.8V vs
Li/Li*>?, Salts used in the solutions must also be stable across the desired voltage
window as well or irreversible degradation of the electrolyte is possible. This limitation is

also true for any additives or cosolvents used in the electrolyte solution.

1.4 Electrochemical and characterization methods commonly used in studying

electrolytes

As expected, the research of electrolytes is a difficult process, but there are many
techniques to elucidate the mechanisms, benefits, and drawbacks of electrolyte solutions.
Electrolyte studies are usually a combination of electrochemical techniques to gauge at
what potential do reactions take place, the stability of those reactions, the stability of the
electrolyte in different environments, and more. This is performed ex-situ or in-situ with
various characterization techniques that identify the products of redox reactions, the rate
at which those reactions take place, coordination of salt and solvent molecules, chemical
side reactions, etc?2°, Both approaches have their limitations and drawbacks, but the

combination of both leads to a deeper understanding of the electrolyte.

1.4.1 Electrochemical measurements: CVs, GCs, and EIS

There are many electrochemical measurements possible, but the three most used
in this thesis are cyclic voltammetry (CV), galvanostatic cycling (GC), and
electrochemical impedance spectroscopy. Each of these are performed in one of three

distinct configurations in my studies: coin cells, EL-cells, and redox flow batteries. Coin
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cells or button cells are commonplace in electrochemical measurements. Coin cells are
small cylindrical cells that are quick to fabricate, and many can be cycled in tandem
given the equipment is available. They are comprised of a stainless-steel casing and
house in order, a stainless-steel spring, space, electrode, separator, and electrode. These
cells are then pressed and sealed with a polypropylene gasket. El-cells are like coin cells
in fabrication but are capable of being opened and resealed with ease. This allows for
accurate postmortem measurements and the introduction of electrolyte additives after
cycling. Redox flow batteries are the last are comprised of two tanks with a cell stack
where electrolytes meet allowing for the conduction ions through a membrane. The
specific redox flow batteries, but for my work will be explained in more detail later in the
text.

Cyclic voltammetry (CV) is used to determine the redox potential of both the
redox active species in cells and the electrochemical voltage window of an electrolyte
solution. Other redox potentials that are important to identify with CVs are possible side
reactions that may be electrochemically induced. This is also the extent of what CVs can
identify. It can measure if something is occurring, for how long that redox reaction is
occurring as function of time and estimate of how much energy is used in that reaction.
CVs are graphed as a function of current vs potential. The potential is swept at specific
scan rate in volts per second between two potential limits. Redox reactions are displayed
as peaks and are considered reversible if the same peak appears during the reverse sweep.

The other possible responses in batteries are quasi reversible and irreversible redox
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reactions. In all electrochemical devices, an electric double layer forms on the surface of
the electrode being measured. If no redox reaction is present, CV can measure the energy
stored on the surface of the electrode or capacitance. This is important for non-faradaic
devices such as capacitors. That CV is represented in Figure 2 where the shape is
typically similar to a square but has peaks towards the end of the range due to response
from the instability of the electrolyte at the given potential. Also, the area under the curve

can be equated to capacitance of both electrodes by using Equation 8:

i I
Equation 8: Crop = measured

Vrate

This equation equates total capacitance, Crot, to the ratio of the measured current over a
given range using an integral of the voltage range, Imeasured, t0 the scan rate used for the
CV, Vrate. The integral of the into CV can be performed as well, but the resulting
capacitance would need to be divided by two.

Galvanostatic cycling (GC) is a common technique that determines the amount of
capacity stored in or on a given electrode material by applying a constant current over a
specified period or voltage limit as show in Figure 3a. This measurement leads to several
different plots that reflect the electrochemical performance of the studied system. A few
typical examples are shown in Figure 3. Voltage profiles show at which potentials

reactions take place and for how long.
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They also show how distinct of a reaction is taking place as and commonly referred to as
voltage plateaus. These plateaus can be extremely distinct or can be sloppy depending on
the kinetics or the reaction and if other reactions are taking place at the same time.
Voltage profiles are also useful for identifying which reactions are fading with time.
Capacity loss can be tracked as a function of cycling with both a dQ/dV plot or capacity
retention plot. Both are used in literature with dQ/dV plots being popular amongst well
established electrode materials. Rate capability measurements show how well the system
can handle high cycling rates/ higher currents by changing the current during cycling and
gauging effective capacity. It is very typical that electrode materials lose usable capacity
as current rates increase. The difference between final capacity during the charge and
discharge of a cell during cycling can be translated to a coulombic efficiency (CE). CE is
the efficiency of each cycle and can be used to determine the cycle life of a given cell.
Another important result is the data can be plotted as a function of potential versus
capacity. This is commonly referred to as a voltage profile. The voltage profile of typical
battery can be seen in Figure 3. The plateaus in the voltage represent redox reactions
taking place as the current is being applied.

Electrochemical impedance spectroscopy (EIS) is a technique that measures the
resistance response of a cell across by applying an ac voltage perturbation and measuring
current. Using a small voltage perturbation result in a linear or pseudo-linear response.

This response to the sinusoidal voltage perturbation E will be a sinusoid current | at the
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same frequency but shifted in phase. The resulting impedance Z is a complex number in

Equation 9:

Equation 9: Z = ? =Zoexp(jo) = Zy(cose + j sing)
This complex number is plotted in a Nyquist plot where the imaginary part of the
impedance is plotted against the real impedance®. The shape and intercepts of this plot
can be fit against equivalent circuits to calculate the capacitance or equivalent series
resistance (ESR) within the cell.

The shape of the line can also be attributed to passivation layers, the movement of ions
through pores, the resistance and conductivity of the electrolyte, and more3*=4, This
technique also requires are deep understanding of the system being studied as the data
can be misinterpreted easily. As such, interpretation of battery EIS is non-trivial and is
usually used in combination with other electrochemical measurements. A typical LIB EIS
spectrum is shown in Figure 4. Each section of the plot represents a different process or
interface being measured and is explained in the figure caption. This plot is of an ideal
system. With each new electrode, electrolyte, or cell configuration, the EIS response can

change completely even in the most well-known of systems.

1.4.2 Spectroscopic characterization techniques: FTIR, Raman, NMR, and DSC

Fourier transform infrared spectroscopy (FTIR) is a technique that measures the

absorbance of infrared light by molecules. The absorbance results in the excitation of
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Figure 4: EIS spectra of a typical lithium-ion battery. Section 1 represent the

impedance of the metallic elements in the system (i.e., wires, cell components).
Section 2 represents the sum ohmic resistance of the current collectors, active
material, electrolytes, and separator. Section 3 is a semi-circle associated with SEI
on the surface of the active material. Section 4 is a semi-circle associated with
double layer capacitance and charge transfer resistance at the electrodes. Section 5

is associated with diffusion processes in the active material.®
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bonds in molecules which can be related to a specific wavenumber. This allows for the
identification of different species that are solid, liquid, or gas phase that have FTIR active
bonding?®%. Molecules that have permanent dipole moments typically have strong FTIR
active peaks. Some molecules and bonds are inherently difficult to measure because of
their total lack or weak dipole moment. In electrochemical research, FTIR is typically
employed to track changes in the structure of electrode materials after electrochemical
and/or chemical changes?. For electrolytes, FTIR can track into changes in the
electrolyte composition during cycling, new species forming as a function of time,
temperature or concentration of additives, and potential subtle shifts in the structure from
coordination effects or other intramolecular interactions between molecules?®27:283738,
Careful analysis is important for using FTIR because many bonds can overlap between
species especially in organic electrolytes where the solvent may have similar bonding to
the salt or additives present in the solution. Tracking the degradation of electrolyte is
uniquely at a disadvantage as decomposition products may be incredibly similar to the
reactants®.

Raman spectroscopy is typically used in tandem with FTIR. Raman spectroscopy
relies on the scattering of lasers by molecules. The scattered light has a specific
wavelength that can be related to excitation of bonds of a molecule. Molecules with a
high polarizability have strong Raman responses. Typically, FTIR weak signals are
strong in Raman and vice versa. Combining the two techniques can deliver a deeper

understanding of changes in the electrolyte solution and identifying unknown species.
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Raman measurements can elucidate specific qualities of electrolyte including
coordination of electrolyte solution species, and the products of electrochemical and
chemical processes?’4%42, Ex-situ measurements are the main form of electrolyte
characterization, but some studies have used in-situ and in-operando measurements, but
typically the issue of overlapping peaks remains common*. This is especially true for
looking at subtle changes in the electrolytes as the signals from the solvent and salt are
high in comparison and can go unnoticed by the Raman measurement.

Nuclear magnetic resonance (NMR) spectroscopy is a technique that observes the
local magnetic fields around different atomic nuclei. NMR has shown to be a powerful
tool in battery research for many electrolytes including organic, aqueous, ceramics, and
polymer electrolytes®#344, For liquid electrolytes, NMR can be used to identify the
formation of products from chemical and electrochemical reactions including from
degradation, electrochemical redox reactions, side reactions, etc'?2>#, Another use is
using diffusion NMR to track the coordination of different species within the electrolyte
solutions. This can give insight into the solvation sheath of cations, the complexation of
electrolyte species, and the transference number of the electrolyte. NMR works well
when deuterated solvents for NMR but many of the solvents used in organic electrolyte
systems can be difficult and expensive to fully deuterate.

Differential scanning calorimetry (DSC) measures the amount of heat necessary
to increase or decrease the temperature of a given sample in comparison to a reference

material. A typical DSC curve is shown in Figure 5. This technique is useful for
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measuring the freezing/ melting point of the liquid electrolytes. It can also detect the
presence of eutectic impurities and used to measure the eutectic point of electrolytes. This
has become a common technique for studying the effects of co-solvents and electrolyte
combination to either lower the freezing point of electrolyte to in improve low
temperature stability or increase the boiling point for high temperature stability*®4’. Also,
the heat of formation, which is important for understanding the intermolecular
interactions of liquid electrolytes, can be measured by integrating the DSC curve between

the onset and offset curves of a given freezing/ melting point as shown in Figure 5.

1.5 Why sodium chemistries for energy storage?

Lithium and lead-acid are two of the most popular battery chemistries industrially,
but the growth of the exploration of sodium ion chemistries have increased in the last few
decades. The main reasoning is looking for a more environmentally conscience
alternative to lithium-ion batteries. Sodium is naturally more abundant than lithium, and
from cost analysis much cheaper and easier to harvest than lithium?. The issue with
transition to sodium from lithium is the major difference in chemical and electrochemical
properties of sodium ions and compounds. One of the earliest studies was looking to
replace lithium cobalt oxide, one of the most common LIB cathodes, with sodium cobalt
oxide, but both materials do not have the same electrochemical pathways and results in a
lower capacity, less stable cathode material. The transition from lithium electrolyte to

sodium electrolyte has the same issues. The way that sodium electrolytes break down,
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conduct ions, and their chemical stability are all different enough to cause a non-one to
one transition from lithium ion3#34°, This means that the studies performed in lithium ion
may not produce the same or similar results in lithium ion. This also means that it will be
necessary to reexamine almost all materials already explored in LIB in SIBs.

Sodium ion electrolytes typically have a higher ionic conductivity than their
lithium analogues and some previous electrolyte additives thought to be useless in LIBs
could be extremely useful in SIBs**3. The most common electrolyte salts used in SIBs
are typically sodium hexafluorophosphate (NaPFs), sodium trifluoromethosulfonate
(NaOTf), sodium Bis(trifluoromethanesulfonyl)imide (NaTFSI), and sodium perchlorate

(NaClOg).
2. Thermal stability additives for sodium-based electrolytes

2.1 High temperature stability for NaPFs-based electrolytes

Lithium hexafluorophosphate (LiPFs) in carbonate solvents is the most common
electrolyte used in traditional lithium-ion batteries in industry. This electrolyte delivers a
decent >4V electrochemical voltage window, long term chemical stability, forms a good
SEI on both carbon and nickel manganese cobalt oxide (NMC), and has decent ionic
conductivity. The most common issues associated with it are its high flammability,
instability at higher temperatures and possible presence of hydrofluoric acid*®. Sodium
hexafluorophosphate has been used in many SIB studies and shows similar qualities to its

lithium analogue including its instability at higher temperatures (>40 °C)*°.The instability
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is based on PFs existing in an equilibrium with PFs in solution. At room temperature, the
presence of PFs does not lead to detrimental degradation of the electrolyte, but as the
temperature increases, the equilibrium is more favorable for PFs. PFs will then react with
almost all components of the electrolyte and form a variety of organic and inorganic
compounds which then react with PFs*°. This causes an autocatalytic degradation of the
electrolyte and ultimately device failure.

In LIB studies, it is known that PFs exists as a strong Lewis acid and can be
complexed with Lewis bases to stop further formation of PFs and satisfying the
equilibrium between PFs and PFe in solution. In the literature, each Lewis base used as an
additive also can affect the electrochemical voltage window, ionic conductivity, and SEI
formation of the batteries as well>*3, Each study also shows that each additive can
improve the thermal stability of the electrolyte to varying degrees. In one study, it was
shown that use of HMPA maintained the stability of LiPFs in carbonate solvents for over
a year after being stored at greater than 80 °C>3, Chapter one and two delved into two
studies that was conducted by me that explores increasing the high temperature stability
of NaPFe in monoglyme using strong Lewis bases.

Studying instabilities in batteries is non-trivial as one large component to any
scientific study is isolating the effects of changes to your system. Any changes to
electrolytes for batteries can affect the electrochemical voltage window, cycling rate, SEI

formation, and many more chemical and electrochemical processes. In my work, | instead
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study these electrolytes in a supercapacitor framework. Supercapacitors offer an easier

approach to studying electrolytes from the lack of faradaic reactions®*>*,

2.1.1 The benefits of supercapacitors for temperature stability measurements for

electrolytes

Though different kinds of supercapacitors exist, this thesis work focuses on the
use of electric double layer capacitors (EDLC) using high surface area carbon electrode.
The electric double layer forms when a voltage or current is applied across a system. The
double layer is described by Helmholtz as a layer of cations and anions coordinated on
the surface an electrode. The use of high surface area carbons allows for the total energy
stored on the surface or capacitance to be approximately 10 F/g to 200 F/g depending on
the electrode and electrolyte®. This form of energy storage is considered non-faradaic as
no electrochemical redox reactions are taking place in the electrodes.

Non-faradaic energy storage is limited in energy density but allow for the
isolation of properties in electrolytes. Any change in electrolyte composition for a
faradaic cell can affect more than one process or property in the device. For example,
studying thermal stability of electrolyte in batteries can be difficult as faradaic redox
reactions cause some degradation of the electrolyte with each cycle making elucidating
electrolyte degradation from thermal stability or electrochemical stability can be difficult.
In supercapacitors, the thermal stability of the electrolyte can be gauged with relative
ease as all degradation occurring can be attributed to thermal instability of the electrolyte.

Determining stable cycling parameters for the supercapacitors is important as the voltage

24



stability of the electrolyte can cause degradation if cycled beyond the limits of the

electrolyte.

2.1.2 Tracking the degradation of electrolyte with electrochemical measurements

Measuring the thermal stability of the electrolyte through electrochemical
measurements is performed in a combination of EIS, galvanostatic cycling, and possibly
cyclic voltammetry. Ideal EIS supercapacitor Nyquist response of a supercapacitors with
two high surface area carbon electrodes and a porous separator gives a semicircle
followed by a 45° line then a vertical tail when measuring from low frequency to low
frequency®® and is shown in Figure 6. The semicircle can be attributed to resistance
through the interfaces between the electrode cast and current collector. The 45-degree
line is attributed to the diffusion of ions in the pores of the carbon electrode. The vertical
tail can be extrapolated to -Im(Z)=0 to measure the capacitance of the electrode at the
applied voltage by fitting against an equivalent circuit of one resistor and one capacitor in
series. If the electrolyte degrades from thermal degradation, a growth in the semicircle
due to the passivation of the electrode surface or a bend in the vertical tail can be
expected as shown in Figure 6. EIS can be complimented with galvanostatic cycling. GC
of supercapacitors as a function of temperature and time can track changes in total
capacitance. Loss in the total capacitance can be caused by electrolyte degradation and
the subsequent passivation of the electrode surface. As electrolyte breakdown continues,
irreversible loss in capacitance is expected and measurable. Combining these two

measurements can provide enough evidence to confirm the thermal instability of
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Figure 6: A Nyquist impedance plot for a supercapacitor both before thermal

degradation of the electrolyte (black) and after degradation of the electrolyte (red)
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electrolytes in supercapacitors. CVs measure the electrochemical voltage windows of
electrolytes. CVs as a function of temperature can measure changes in the voltage
stability. Typically, electrolytes have high ionic conductivities at higher temperatures but

can decrease the voltage window as well.

2.1.3 Tracking degradation of electrolyte with spectroscopic techniques

Electrochemical measurements are commonly paired with different
spectroscopies as stated previously. Thermal stability of electrolytes can also be gauged
by looking the products of degradation reactions. FTIR and Raman may potentially detect
the presence of newly formed species in solution but can be difficult due to the intensity
of solvent and salt compounds. Also overlap of peaks attributed to the solution and
degradation products is possible. FTIR performed on the gas phase of the electrolyte can
prove useful if known degradation species are gaseous such as PFs. In the case of PFs,
tracking changes in the gas phase of the electrolyte solution is invaluable as liquid phase
FTIR measurements result in almost indiscernible difference between PFs and PFs.

Raman of liquid electrolyte can also be difficult due to fluorescence. Fluorescence
in measurement is notoriously high in glyme electrolytes and in the presence of PFe-
based electrolytes. Other techniques can also be used to track changes in the electrolyte,
but the focus of this work is a mixture of applied research and the fundamentals in the

differences in performance.
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2.1.4 Determining complexation strength between additives and PFs

As mentioned previously, the inhibition of the degradation of PFs into PFs through
the Lewis bases has been studied in LIBs with varying degrees of success. One way to
study these complexations is performing NMR measurements on the electrolyte solution.
The measurements are typically electrolyte solutions that have been exposed to higher
temperatures and tracking the formation of new species or the addition of peaks that don’t
shift with time. These NMR experiments have been key in understanding both the
degradation pathway of PFs and the interactions that PFs has with additives and other
electrolyte components®®. The investigation of PFs with additives have shown that the
strength of the Lewis base is important for the long-term thermal stability of the
electrolyte and the stronger the base is the more stable the electrolyte will be in lithium-

ion battery electrolytes.

2.2 Low temperature performance of NaTFSI-based electrolytes

Low temperature environments for electrochemical storage devices have grown in
interest because of low temperature environments such as space exploration. The issue
with most liquid electrolytes is that organics freeze at low temperature (>40 °C) or
significant decrease in ionic conductivity can occur®’. To enable improved low
temperature performance, new electrolyte compositions are being explore. One of much
interest both in LIBs and SIBs is TFSI-based electrolytes. LiTFSI and NaTFSI is known
to have incredibly high solubility in water (28 moles of solvent/ kg of solvent) and these

high concentration electrolytes are commonly known as water-in-salt or solvent-in-salt
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electrolytes®. The high concentration causes unique solution properties such as extended
voltage windows, lower freezing points, and improvements in various other
electrochemical properties. Since this discovery, LiTFSI has become a common topic in
electrolyte literature. NaTFSI has also been explored for decades as alternative to NaPFs
but has issues with dissolving aluminum in traditional SIBs®°.

Such as with the high temperature measurements, non-faradaic approaches to
studying electrolytes at low temperature provide benefits. Batteries are limited for low
temperature applications as the faradaic redox reactions are detrimentally impacted by
low temperatures to the point of not being able proceed®. Supercapacitors are not as
severely affected in terms of energy storage by low temperatures as non-faradaic are less
affected kinetically by low temperatures. This allows for cycling at temperatures below -
20 °C where common battery electrodes are limited. Supercapacitor electrolytes are
commonly measured down to -40 °C but typically limited to this temperature due to
electrolyte freezing point. Also, high surface area carbon electrodes have recently been
studied at temperatures as low as -60 °C far below the freezing point of the electrolyte but
still capable of being cycled. This combination of benefits makes EDLC using high
surface area carbons an ideal framework for studying the limitations of NaTFSI

electrolytes at lower temperatures.
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2.2.1 Electrochemical and spectroscopic approach to gauging lower temperature

performance

Expected changes in the electrolyte at lower temperatures is lower ionic
conductivity, lower capacitance in the carbon electrodes over a specific cycling
parameter, and changes in the EIS response due to changes in the conductivity of the
electrolyte. Though these changes are predicted, the extent of these changes can be
difficult to predict because the electrodes and electrolyte dictate performance at low
temperatures. Measuring changes in ionic conductivity and capacitance can be done by
using a combination of EIS and galvanostatic cycling as function of temperature. As
mentioned before, ionic conductivity and capacitance are relatively straightforward
measurements using EIS. lonic conductivity is typically measured using two planar
electrode that allow for now redox reactions or “blocking” electrodes with a known

distance between each electrode. The ionic conductivity is calculated using Equation 10:
Equation 10: o = 1L
RA

The ionic conductivity of the electrolyte, o, is equal to the inverse of the measured
resistance, R, multiplied by the ratio of the distance between the two electrodes, L, and
the surface area of those electrodes, A. The resistance of the electrolyte is extrapolated to
the point at which Re(Z)=0 as shown in Figure 7a. This is the common way of measuring
bulk resistance, but in a device the ionic conductivity is affected by the separator and
electrodes. The effective ionic conductivity can be extrapolated in a similar way and an

example is shown in Figure 7b. The EIS response shown in Figure 7b highlights the
30



expected response in cells containing carbon electrodes and a separator found in the

capacitors built in the following chapters.
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Figure 7: (a) An example of an EIS measurement taken in a blocking electrode

configuration with the resistance of the electrolyte extrapolated from the measured

impedance of the cell. (b) The EIS measurement of cell containing carbon electrodes

and a Celgard separator used as an example for determining the effective

conductivity of the electrolyte.
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The impedance response is divided into the three sections: the bulk conductivity
which is affected by the conductivity of the electrolyte and the resistance of the separator,
Ro, the resistance of ions moving through the electrode, Re, and the capacitive linear tail,
Ceq. Using both the bulk conductivity and electrode resistance, Eq. 9 can be translated to

an effective ionic conductivity through the electrode and separator:

1 L

Equation 11: Oeff = RorRoa

Conductivity is typically plotted as a function of temperature and referred to as
Arrhenius plots. Arrhenius plots are commonplace in electrolyte studies as they provide
insight into major changes in conductivity and processes affected by temperature or
electrolyte composition. A typical Arrhenius plot is shown in Figure 8. The slope of an
Arrhenius plot can be used to calculate the activation energy, Ea, of chemical process or

reaction and is described the Arrhenius equation shown in Equation 12:

Eq
Equation 12: k = Ae rr

The equation relates the rate constant, k, with a pre-exponential factor, A, absolute
temperature, T, the gas constant, R, and activation energy, Ea. The Arrhenius equation as
mentioned is commonly used in ionic conductivity studies of many kinds of electrolyte
and have been modified to account for temperature dependent processes as well®*. The
activation energy calculated from these plots can be used to compare and discuss changes

in the overall chemical environment of the solvated ions
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such as lowering ion mobility barriers, promoting movement in ions through additives, or
other similar effects®,

The linearity of the slope also gives evidence of processes taking place as the temperature
is changed. As you approach lower temperatures, the slope of the line quickly skews from
linear to of an exponential approach to zero. This is typically due to freezing of the
electrolyte. This causes the diffusion of ions to become affected by something more than
temperature in this case a phase change that ultimately blocks the diffusion of ions.

Shifts in electrochemical performance can be complimented with DSC
measurements. DSC measurements of electrolytes to measure changes in the freezing
point/ melting point as a function of electrolyte composition. DSC is key in determining
the eutectic point of electrolytes or the point at which the composition of the electrolyte
reaches the lowest freezing point possible for the electrolyte. The combination of DSC
and electrochemical measurements allow for a better understanding of an electrolyte at

low temperatures.

3. Improving sodium-based nonaqueous redox flow batteries

3.1 What is and why a nonaqueous redox flow battery (NARFB)

Redox flow batteries are a unique architecture of battery design that rely on fully
dissolved redox couples stored in reservoirs to store energy. These redox couples replace
the conventional solid cathode and anode and are referred to as the catholyte and anolyte.

Redox flow batteries have been studied for decades ranging from aqueous to organic flow
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batteries and incorporating dozens of newly discovered redox couples, cell designs, and
issues®. The development of RFBs has been fueled by the need for an alternative for
lithium-ion batteries for large scale energy storage or grid-scale energy storage. RFBs
have many advantages of its LIB counterpart. Since the redox couples are dissolved in
electrolyte rather than cast onto a current collector, the energy density is determined by
the solubility of the redox couple. The overall energy density of a device can simply be
increased by increasing the reservoir size of the capacity where traditional LIBs are
capped due to space issues in terms of energy density within a single device54. Simply
put, a single RFB can replace the need of many LIBs for the same energy needs.

The most common and well developed RFB is vanadium redox flow batteries

(VRBs). VRBs are comprised of vanadium redox couples on either side and dissolved in

water. VRBs have already been built and used in industry but are marred by low power
density, low operating voltage windows (1.3V), and toxicity of redox couples®.

The move to organic based or nonaqueous redox flow batteries (NARFBS) has been
fueled by the potentially high energy density materials, larger voltage windows, and
possibly safer alternatives to VRB and other aqueous redox flow batteries®®.

NARFBs designs range from using alkali metal anodes in metal-redox flow
batteries, to sulfur containing catholytes, radical-based redox couples, and many more
organic and inorganic chemistry®’-%°. In my work, | explored the use of sodium
polysulfide as a catholyte for NARFBs paired with a radical anolyte, sodium biphenyl.

This work showed promising results of a redox couple with long term stability, high

35



theoretical capacity, and very low costs. This work was ultimately finished by my
collaborator, Dr. Ethan Self, but my contributions to the work are the long-term cycling
of full redox flow batteries containing both sodium polysulfide and sodium biphenyl
radical separated by a sodium beta alumina separator and showed a hundred cycles with
little fade in capacity’®. Moving forwards, the issues regarding NARFB development

shifted to looking for cheaper alternatives to sodium beta alumina.

3.2 Membranes are a large bottleneck for NARFB development

As stated, sodium beta alumina was used in our study and many other sodium
based NARFB studies. This is due to its high chemical stability, high ionic conductivity
at room temperature, and ease of use. The issue is that this membrane and many other
common RFB membranes are expensive and can constitute above 20% of the total cell
fabrication costs.

Membranes for RFBs are typically divided into porous membranes or ion
selective membranes. Porous membranes separate by size and allow for high ionic
conductivity through the membrane and are typically cheaper. Many porous membranes
are polymer-based but ceramics such as glass fiber mats are common in battery literature.
The alternative is using ion selective membranes that separate based on relative charge
difference between the membrane and species trying to pass through it. This typically
lowers ionic conductivity but improves selectivity of the membrane. Selectivity is
extremely important in RFBs. It is well known that the crossover of redox couples during

cycling typically leads to irreversible loss in capacity and other forms of cell degradation.
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Due to this, the use of ionic selective membranes in common place, but they also have
issues.

lonic selective membranes can come in many forms but are typically in either a
ceramic or polymer film. Composites of ceramics and polymers exist as well. Ceramic
films typically have higher chemical and mechanical stability but can suffer from
extremely low ionic conductivity®. Polymer membranes have high ionic conductivity but
suffer from swelling issues that lead to mechanical degradation and some polymer will
react with the redox couples or organic solvent. Finding a good membrane can prove
troublesome and studies have cited that fact that to fully gauge the usefulness of a redox
couple and membrane must deny the crossover with the redox couple and allow high
ionic conductivity. In Chapter Four, I explore using a Nafion membrane as a separator for

sodium polysulfide based NARFBs and more detail will provide there.

3.3 Using NaPFs in 2EGDME as a possible alternative to membranes

Membrane-free approaches in RFBs are not unheard of but each rely on novel
approaches to the issue of mitigating crossover. These novel methods have included
unique cell geometries, and immiscible solvents for each redox couple’. One possible
method is not mitigating crossover but inhibiting the reactions that occur due to
crossover. NaPFs in 2EGDME has been shown in SIBs to form a stable SEI on the
surface of sodium metal® 2, This stable SEI allows for hundreds of cycles without the

loss of capacity or formation of dendrites. SEIs are known to block furth electrolyte
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breakdown in LIBs and SIBs when properly formed. Using this knowledge, a stable

electrolyte may be able to block reactions with redox couples as well.
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Abstract

Electrolyte stability can be improved by incorporating complexing agents that
bind key decomposition intermediates and slow down decomposition. We show that
hexamethylphosphoramide (HMPA) extends both the thermal stability threshold of
sodium hexafluorophosphate (NaPFs) in dimethoxyethane (DME) electrolyte and the
cycle life of double-layer capacitors. HMPA forms a stable complex with PFs, an
intermediate in PFs anion thermal degradation. Unbound, this intermediate leads to

autocatalytic degradation of the electrolyte solution. The results of electrochemical

in
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impedance spectroscopy (EIS) and galvanostatic cycling measurements show large
changes in the cell without the presence of HMPA at higher temperatures (=60 C).
Fourier transform infrared spectroscopy (FTIR) on the liquid and gas phase of the
electrolyte shows without HMPA the formation of measurable amounts of PFs and HF.
The complimentary results of these measurements proved the usefulness of using Lewis
bases such as HMPA to inhibit the degradation of the electrolyte solution at elevated
temperatures and potentially lead to improve cycle life of a nonaqueous capacitor. The
results showed a large increase in capacitance retention during cycling (72% retention
after 750,000 cycles). The results also provide evidence of major decomposition
processes (0% capacitance retention after 100,000 cycles) that take place at higher

temperatures without the additive of a thermal stability additive such as HMPA.

1. Introduction

Energy storage devices have taken on a monotony of various forms (fuel cells,
capacitors, batteries, etc.) to satisfy numerous operating conditions: energy density,
voltage windows, cycle rate, power density, high temperature ranges, et cetra®17473.74,
Commercial supercapacitors or electric double-layer capacitors (EDLC) generally have
lower energy densities but higher power densities compared to Li-ion batteries, 10 vs.
200 Wh kg™!, and 104 vs. 102 W kg ! 4%>75-7 respectively. Unlike batteries,
supercapacitors do not utilize the Faradaic redox process to store charge in the bulk of the

materials; rather, they store charge along the electric double layer (surface) of pores
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within high surface area electrode materials. Double-layer charging is fast, which enables
supercapacitors to have excellent power (rate) performance and long cycle life (>106
cycles) at the cost of poor energy density. As such, EDLCs are used for cold start assists
for generators and memory back-up, as well as to deliver high power for smart grids,
transport, and aerospace applications’®®, Aqueous-based EDLC are limited to 1.2 \V due
to the electrochemical window of water. The maximum energy stored (W) within
capacitors is directly related to the specific capacitance (C) and the voltage window of the
system (V) as follows:

w=>cv? (1)

Equation (1) suggests that increasing the working voltage of the electrolyte will

dramatically improve the amount of stored energy. Nonaqueous EDLC electrolytes have
been developed based on acetonitrile and propylene carbonate as solvent systems. These
electrolytes were shown to increase energy stored, at the expense, however, of the
power>>""8182 Clearly, successful development of new electrolyte compositions needs
optimization of a number of materials, as well as electrochemical properties such as
working potential window, cycling rate, compatible carbon and binder systems, and other
factors. Operating temperature is also an important factor as some electrolytes are
unstable at temperatures above 60 °C. This instability leads to the creation of byproducts
that inevitably increase the effective series resistance (ESR), reduce the operating voltage
and power, and may cause cell pressure build-up. Another major issue is the corrosion of

the current collector (aluminum) at higher oxidation potential and instability of the binder
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material, Teflon, at voltages 60 °C). Based on these observations, we propose a simplistic
pathway on how the HMPA-PFs complex inhibits the autocatalytic decomposition

reaction as reported in other systems*>3 and improves cycle life and performance.

2. Materials and Methods

Electrolyte preparation: Electrolytes were prepared in an argon-filled glovebox.
Before mixing, DME and HMPA were dried over a 4A molecular sieve. NaPFg (98%,
Sigma Aldrich) was dissolved into DME (battery grade, Mitsubishi Chemical Company)
to give a 1 molal solution (1 mol NaPFe/1 kg of DME). The electrolyte was stored over
sodium to remove impurities for at least one week. HMPA (Sigma Aldrich) was added to
the electrolyte solution prior to testing in specified amounts—typically 20% by weight of
the solution. It is important to note that HMPA cannot be in the presence of sodium metal
as it will violently react.

Electrode preparation: The carbon electrodes were prepared from ultrasonicated
aqueous slurries containing Black Pearls 2000 (BP2000, Cabot Corporation, Boston, MA,
USA, BET surface area: around 1460 m?/g) with carboxymethy! cellulose (CMC, Sigma
Aldrich, St. Louis, MO, USA, molecular weight 700,000) as a binder. The electrode
slurry was made by tape casting 85% BP2000 and 15% CMC onto an aluminum current
collector. The electrodes were dried at 120°C under vacuum. The weight balance between
the two electrodes is 1 to 1. Electrochemical measurements: Two electrode button cells
(316 L stainless steel, CR2032, Hohsen Corp., Osaka, Japan) containing two carbon

electrodes and a Celgard separator (2325) were used for all measurements. All impedance
43



measurements were made in the frequency range of 20 kHz to 10 mHz and acquired
using Bio-Logic instruments (VSP3). The tests were performed at elevated temperatures
and were controlled in a Cincinnati Sub Zero temperature chamber. Galvanic cycling
measurements were performed between 0 and 1 V or 3 V at 5 mA using Bio-Logic
instruments (VSP3). Cyclic voltammetry was performed at 10 mV/s.

Characterization: The infrared spectroscopy spectra of the solution was measured
using a diamond attenuated total reflection accessory (ATR) attached to a Bruker
ALPHA FTIR spectrometer within an argon-filled glovebox. Gas-phase FTIR (Cary 680
FTIR, Agilent Technologies, Santa Clara, CA, USA) spectra were measured every 3 min
over 15 h inside a gas cell specifically made for studying gaseous products without
interference from the ambient atmosphere. The cell was purged with helium and then
sealed from the environment using Viton gaskets and KBr windows. The cell was sealed

with KBr windows and wrapped in a heating coil and heated to 85 °C.

3. Results and Discussion

Cyclic voltammetry was performed to establish the electrochemical stability
window of the electrolyte. Figure 9a,b shows that the voltage window is much smaller in
the presence of HMPA of around 2.5 V (green curve, Figure 9b) versus the 3 V of the
HMPA free electrolyte 2.8 V (purple curve, Figure 9a). Though the voltage window is
lower, cycling at 80 °C at both 1V and 3V show a remarkable difference in cycling
performance. Without HMPA, the capacitance of the cell quickly drops from around 50

to ~0 F/g, which can be corroborated by the EIS measurements taken after 5000 cycles,
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Figure 9: The cyclic voltammetry of 1m NaPF6 without HMPA (a) and with HMPA

(b). The galvanostatic cycling measurements of 1m NaPF6 in DME without HMPA

(c) and with HMPA (d) at 5 mA at 80 oC. The spike in capacitance is an artifact

from performing EIS at OCV before every 5000 cycles and normalizes after 500

cycles. The Nyquist plots of cells were taken every 5000 cycles without HMPA (e)

and with HMPA (f).
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An increase of around 40 F/g of stable cycling can be observed with the addition of
HMPA at 80 °C and cycling at 3 V. Which show significant increase in cell resistance (7
to 150 Q at the end of the semicircle). We attribute these changes to electrolyte
breakdown and the passivation of the carbon surface. A similar effect on high-voltage,
high-temperature cycling is seen in the HMPA-bearing electrolyte— specifically, the
capacitance decays from around 50 to 35 F/g after 25,000 cycles. This shows that in
addition to impeding electrolyte decomposition at 80 «C, HMPA limits the destructive
effect of high-voltage cycling. The impedance measurements in Figure 9e,f suggest that
HMPA prevents surface passivation as the cell impedance (the semicircle in the Nyquist
plots) growth is much slower (50 Q) than without HMPA (150 Q). Given that cycling at
3V induces electrochemical degradation, all measurements beyond this point were

performed at 1 V and focus solely on the thermal chemical degradation of the electrolyte.

EIS measurements were performed to verify ideal capacitive behavior in the cells
for this study. The low frequency region shown in Nyquist plots should be parallel with
the imaginary axis for an ideal capacitor®®®®. Deviation from this ideality can be
attributed to surface roughness, adsorption processes, and side reactions with the
electrolyte®. With that said, near-ideal capacitive behavior in the EIS measurements was
found when the cell voltage was kept between 0 and 1 V with and without HMPA—
Figure 10a,b. The figures also show that the addition of HMPA did not affect the room

temperature impedance except in small deviation of capacitance, though ideal capacitive
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behavior was observed. Room temperature galvanostatic cycling was performed
to measure the cycling performance of cells containing 0% and 20% HMPA by weight.

During cycling, the EIS measurements performed every 1000 cycles show no
change in capacitive behavior at well over 200,000 cycles—see Figure 10c,d. The
specific capacitance is retained with a 99% retention over 200,000 cycles as shown in
Figure 10e,f. This provided evidence that the addition of HMPA does not cause a
detrimental effect on the cycling performance of the electrolyte.

The impedance of the cells was measured periodically during cycling (every 1000
cycles) to track changes in the capacitive behavior of the cell. The cells underwent testing
at 80 °C after being equilibrated for at least 1 h. The cells were then cycled between 0 and
1V, while an impedance measurement was taken every 5000 cycles. Without HMPA, a
noticeable growth in a semicircle in the high-frequency domain indicates a possible
passivation of the electrode surface. This would lead to a decrease in capacitance while
cycling, which can be observed in Figure 11b. The cell is essentially dead after 60,000
cycles after a quick decrease in capacitance. The cell continued cycling for 1,000,000
cycles without any change in capacitance, but a larger growth in passivation on the
surface. The addition of HMPA lead to stable cycling over 739,000 cycles at 80 °C—see
Figure 11c,d. The EIS measurements also showed no significant change in impedance
during cycling. There was slight fading with each cycle, but this electrode and electrolyte

composition was not optimized, as it falls outside the focus of this study.
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artifact of how the data is taken. They occur after every EIS measurement). Note

also that the initial capacitance of cells without HMPA at 80 °C vary due to

unaccounted for degradation while equilibrating at 80 °C.
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These results provided evidence that the addition of HMPA led to longer cycle life at
elevated temperatures.

Visual evidence to the improved thermal stability brought on by HMPA. Here, the
addition of 5% and 10% of HMPA keeps the electrolyte from turning dark brown after 40
h of heating at 85 °C. The mechanism for increasing the thermal stability of PFe-based
electrolytes includes scavenging PFs or acidic byproducts. An equilibrium is suspected to
develop between PFs — and PFs in the solution phase®.

This equilibrium is disrupted, and the reaction shifts towards the formation of PFs
at higher temperatures and begins the process of continual electrolyte degradation. In a
typical lithium-ion battery electrolyte, PFs reacts with impurities found within the cell,
including trace water in the electrolyte solution, surface impurities of the electrode, and
the solvent of the electrolyte®. The plausible decomposition pathway for NaPFs in DME
is shown in Figure 12. The reaction products are primarily a combination of hydrofluoric
acid, POFs3, fluorine containing organic compounds, and carbon dioxide. The reaction is
considered autocatalytic since PFs will also react with products from its own
decomposition pathway as shown in Figure 12. The decomposition pathway shows a
large combination of possible products that can be consumed to further the
decomposition of the electrolyte. The decomposition products could also act as reactants
for surface passivation of the carbon electrodes leading to the loss of capacitance. This
phenomenon was measured in Figure 11a, which shows a large increase in resistance

with continuous exposure to elevated temperatures.

50



PFs + HOH

HF CH5F
RF or FR
POF;
POF,R
PF,OR
POF »CHj
/ NaPF6
NaF Complex
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complexing agents
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The reaction pathway also highlights that all components of the electrolyte
solution are affected by the presence of PFs. The more important factor is that as PFs
reacts, it disrupts the equilibrium and results in more PFs forming and further degradation
of the electrolyte solution in the cell.

On the contrary, HMPA binds with PFs, as shown in Figure 13, and forms a
highly stable complex. The kinetics of this complexation are thought to be rapid, as PFs is
unable to induce the autocatalytic decomposition of PFs~ and other electrolyte species. As
with many sacrificial additives, there is a limit to the amount or quantity of HMPA in the
electrolyte that can suppress the formation of PFs. When all the HMPA in the system is
utilized, NaPFs thermal degradation resumes®. The scope of the paper is not to optimize
the necessary amount of HMPA for sodium supercapacitors, but to prove the concept of
using a Lewis base such as HMPA as an additive for inhibiting the thermal degradation
of NaPFe.

FTIR was used to track the decomposition reactions within the electrolytes with
and without HMPA added—see Figure 14. The peak at 807 cm™! corresponds to the
asymmetric P-F stretching band of the PFs~ anion, and the peaks centered at about 1087
and 1110 cm™' correspond with the C-O stretching of DME?®. Signals from HMPA are at
740, 985, 1200, and 1295 cm™'. The relative intensity between 807 and 1087 cm™!
drastically decreases after 24 h at 85 °C without HMPA—see Figure 14a. This decrease

indicates a decomposition of PF6. The same bands show little change when 20% HMPA
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is present—see Figure 14b. This could be because PFs exists as a gas at room
temperature.

To discern the formation of PFs, FTIR was performed on the gases evolving from
the electrolyte solution at 85 °C—see Figure 15. After 7 h of exposure, new peaks at 480
and 735 cm™! appear, which are attributed to the PF stretching bonds of PFs4. Another
notable feature is the generation and consumption of HF corresponding to the peaks
between 3600-4000 cm™'—see Figure 15b. After 7 h, these peaks begin to diminish
which is representative of consumption due to the previously discussed decomposition
pathway. Both HF and PFs are typical decomposition products of LiPFs in organic
solvents®8,

Neither of these compounds are observed in the FTIR spectra for electrolyte
solutions containing HMPA—see Figure 15c. The gas-phase FTIR provides evidence that
without HMPA, the electrolyte solution degraded and formed PFs gas. The correlation of
the lack of degradation of NaPF in the liquid phase and the absence of the formation of
PFs in the gas phase means that HMPA complexed with PFs. This complexation led to
inhibition of the degradation reaction and stability of the electrolyte at higher

temperatures.

4. Conclusions

Electrochemical and infrared spectroscopy provided evidence that without HMPA,

fluorophosphate-based electrolytes undergo rapid thermal degradation.

54



arbitrary units

0.2

0.1

0.0

—— 0 Hours
—— 1 Hours
—— 7 Hours

" 0.015-
= =
<
——0OHrs 0.010-
—— 1 Hrs -g
—7Hrs >
g 0.005-
g
-:& ©
— ﬁ’ 0.000-
500 600 700 800 3400
Wavenumber, cm”
[
0.15-
v 0.104
£ 0% HMPA
= 20% HMPA
S
= 0.054
2
@
0.00

3600 3800 4000 4200

-1
Wavenumber, cm

500

600

700

-1
Wavenumber, cm

800

Figure 15. FTIR spectra of gas phase of 1 M NaPFs in DME at 85 °C. Top spectra
are without HMPA, with (a) highlighting the HF region, (b) highlighting the PFs
region during degradation, and (c) comparing the effect of HMPA addition after 7

h. NaPFs will degrade into PFs and HMPA suppresses PFs formation in the gas

55



FTIR results indicate that PFe” undergoes thermal breakdown into PFs and HF. With the
addition of HMPA, EDLC cells retained their capacitive behavior and showed stable
cycling performance at elevated temperatures. Here, no major changes in the FTIR
spectra were observed. Our results support the notion that HMPA complexes with PFs in
a similar manner as that previously hypothesized in Li-ion systems. Similar research
could be performed pairing Lewis bases with other PFs-based or Lewis acid anion salts
for a myriad of applications and working temperatures. This provides one possible
avenue for the development of PFe-based supercapacitors for high-temperature

applications.
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Abstract

Thermal electrolyte stability is a known issue for PFs-based electrolytes for LIBs.
Lewis bases have been used in LIBs as additives to inhibit the thermal degradation
pathway of PFe forming PFs. NaPFs is a common electrolyte in SIBs and suffers from the
same thermal instability issues as its lithium analogue. In this work, we explore using
Lewis bases used in LIBs as thermal stability additives for NaPFs in DME. The long term
cycling stability was increased with the addition of Lewis bases (TTFP, PPP, and THA)
and was measured with galvanostatic cycling and EIS 80 °C. The additives were also
studied using NMR to track changes in the complexation and identify any new species

forming as a result of additive addition.
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1. Introduction

Lithium-ion batteries (L1B) are one of the most popular forms of energy storage
for mobile applications such as electric vehicles and portable devices. Unfortunately, the
rapid development and implementation of LIBs has resulted in resource scarcity for
materials commonly used in these batteries®’. A transition to a more abundant cation like
sodium is necessary for the progression of the next generation of energy storage devices.
The transition to sodium ion batteries (SIB) is not trivial as sodium ion battery material
differ from their lithium analogue signficantly®. The cation difference leads to differences
in solid electrolyte interface (SEI) formation, redox reactions of electrode materials,
solvent interactions, and more®. This is also true for sodium ion electrolytes as additives
commonly used to improve LIBs do not improve or are detrimental to SIBs. One example
is the use of vinyl carbonate (VC) as an SEI promoter in LIBs. The use of VC in SIBs
lead to unstable SEI formation and quick capacity fade*3. Examples like these have
become common place in the literature and has promoted the research of additives for
SIB electrolytes.

The most common electrolyte for LIBs is lithium hexafluorophosphate (LiPFg) in
carbonate solvents®®. The benefits of this electrolyte have also been adopted by SIBs
which shows similar electrolyte and chemical properties as its lithium analogue. One
common issue faced by PFs-based electrolytes is the lack of thermal stability of the anion
at higher temperatures (>60 °C). With the ever-growing demands of batteries, devices
can be placed on conditions that are less than ideal for LIBs. Electrolyte additives have
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been studied to halt the thermal degradation of PFe in LIBs. These additives are typically
strong Lewis bases that complex with the decomposition product of PFs, PFswhich is a
strong Lewis acid. The complex formed with PFs is considered a Lewis adduct and the
stability of this adduct varies with each additive. This has been thoroughly explored in
LIBs and in our previous work, we showed that hexamethylphosphoramide (HMPA) acts
a thermal stability additive for NaPFe in dimethyl glycol ether (DME). Further
exploration of the other additives from LIBs is necessary for the quick development of
SIBs using NaPFs as an electrolyte. In this body of work, we will examine three different
additives used in LIBs as possible thermal stability additives in SIBs using NaPFe in
DME.

The three additives explored in this work are (pentafluorophenyl)-
diphenylphosphine (PPP)®?, tris(2,2,2-trifluoroethyl)phosphite (TTFP)®°, and
trihexylamine (THA)®. All three are Lewis bases of varying strength and have all been
shown to increase the thermal stability of LiPFe-based electrolytes in lithium-ion
batteries. The addition of any of these additives improves the electrochemical
performance of the electrolyte at elevated temperatures but to varying degrees of
improvement. The degree of variation is discussed as each of these additives have
different chemical properties that can affect the Lewis adduct that form in the electrolyte.
To isolate the effects on thermal stability of this electrolyte, the electrochemical

experiments are performed in a carbon electric double-layer supercapacitor framework.
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This elevates the effects of sodium-based electrodes which introduce extra-complexity

that can affect the overall performance and stability of the electrolyte itself.

2. Materials and methods

Electrochemical measurements: All electrochemical measurements were performed on
symmetric coin cells (316 L stainless steel, CR2032, Hohsen Corp., Osaka, Japan) on
VMP3 Biologic Potentiostats (#). The electrode slurries for the coin cells were 85% by
wt BP2000 (#) and 15% carboxymethylcellulose (#) dispersed in water by probe
ultrasonication for 10 minutes. The electrodes were sprayed coated on to aluminum
current collectors to a loading of 1.1 mg/cm2then dried at 90°C. The electrodes were then
punched and stored in an argon-filled glovebox. The electrolyte solution was 1 molal
NaPF6(#) in DME (#) and stored under 4A molecular sieve (#) and sodium metal inside
an argon-filled glovebox. The coin cells were fabricated in the same argon-filled
glovebox. The galvanostatic cycling was performed at 5SmA/cm2from 0 to 1V unless
otherwise mentioned. For the elevated temperature experiments, coin cells were exposed
to the elevated temperature one hour prior to measurement and maintain in a Cincinnati
Sub-Zero temperature chamber (#). Electrochemical impedance spectroscopy (EIS) was
performed at both room temperature and elevated temperatures from 20kHz to 100 mHz.
NMR characterization technique: All NMR was collected on Avance 111 400 MHz NMR
spectrometer using a single pulse sequence with 1H decoupling in the heteronuclear
cases. 19F was collected with 8 scans and a 10s recycle delay, 31P was collected with 8

scans and a 4s recycle delay, and 1H was collected with 16 scans and a 40s recycle delay.
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The samples were placed in NMR tubes and allowed to degrade at 50 °C for seven days.
The samples consist of 1m NaPFs in deuterated tetrahydrofuran (d-THF) with 10%

TTFP, PPP, or THA.

3. Results and Discussion

Galvanostatic cycling was performed at 80 °C to gauge the effectiveness of each
thermal stability additive. The cycling performance for 1m NaPFe in DME without
additives is shown in Figure 16a. The capacitance quickly begins to fade during cycling
and reaches zero capacitance after 100k cycles. The same measurement was taken at
room temperature to isolate the effects of elevated temperatures during cycling as shown
in Figure 16b. The capacitance is retained over the course of 100k cycles at room
temperature at ~ 99% retention. EIS was taken periodically during cycling and shows a
rapid growth in equivalent series resistance (ESR) of ~100 Ohms at 80 °C shown in
Figure 16c. As compared the same measurements taken at room temperature, little
change in ESR was measured. The loss in capacitance and growth in ESR can attributed
to degradation of electrolyte that is expected 80 °C. Electrolyte decomposition is known
to increase ESR and decrease capacitance from passivation of the electrode surface
caused by the decomposition products. These measurements confirm that 1m NaPFe in
DME is not stable at elevated temperatures. Next, three additives were implemented as
possible thermal stability additives for 1m NaPFs in DME. Galvanostatic cycling and EIS

were used to gauge the effectiveness of each additive at improving thermal stability as
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show in Figure 17. TTFP shows the greatest cycling stability with as high as 99%
capacitance retention after 100k cycles at 80 °C. THA shows the second best with 90%
capacitance retention and PPP with only 70% retention. All three improve the 0%
capacitance retention after 100k cycles of pure 1m NaPFs in DME. The increase in ESR
for TTFP and THA are negligible while the PPP seen a shift in 25 Ohms over the course
of 100k cycles. The difference in capacitance retention can be attributed to the Lewis
basicity of each additive. PPP is known to be a weak Lewis base while TTFP and THA
are strong Lewis bases. In similar studies performed in LIBs, the strength of the Lewis
base affects the strength of the complexation with weaker complexes typically leading to
larger losses in capacity over time. TTFP could also have the largest capacitance
retention due to it being a softer Lewis base than THA. As PFs is a soft Lewis acid, it is
expected that interactions with a strong soft Lewis base such as TTFP would give the
most stable Lewis adduct. Gauging the strength of these complexations can be performed
in several ways. Gutmann donor number can be measured using calorimetry which can be
used a reference for comparing Lewis basicity. Though, this method has its limitations as
Lewis acid-base interactions are difficult to predict and rely heavily on the two

substances being studied.
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Comparison of additives in 1m NaPFg in DME at 80 °C
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NMR has commonly been employed to both identify degradation products in the
electrolyte and identify chemical complexes that form in the electrolyte. NMR
measurements was performed on electrolyte containing 1m NaPFs in deuterated
tetrahydrofuran containing either no additive, 10% wt TTFP, 10% wt PPP, or 10% THA.
The resulting identification of peaks are found in Table 1. The electrolytes were both
measured pristine with no exposure to elevated temperatures and after being exposed to
50 °C for seven days. NaPFs shows distinct NMR features in *F and 3P NMR as a
doublet at -80 ppm for 1°F NMR and a septet at -142 ppm for 3P NMR in Figure 18 and
20. After exposure, new peaks are measured that can be attributed to electrolyte
degradation products namely POFs, a common decomposition product of PFs in
carbonate-based electrolytes shown in Figure 18b,d. Theses degradation products are
difficult to predict and are different for each solvent used, but degradation products
containing a fluorine and/or phosphorous bond can be expected. The peaks typically
occur at lower chemical shifts than the peaks for NaPFe. After seven days of being
exposed to 50°C, a new doublet at a lower chemical shift (-89 ppm) than NaPFs was
measured were measured. These can be attributed to either POF3 or OPF2(OH). In this
work, it will be described as POF(R) as the specific product is not the focus of this work.

In the samples containing, TTFP one new features in the *°F NMR at -62.5 ppm
after 7 days of exposure to 50 °C. One feature is also measured at 5.98 ppm in the 3!P

NMR as shown in Figure 19c. These features do not appear in the solutions containing
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Table 1: °F and 3P NMR values for NaPFs in d-THF solutions containing additives

Species 19F ppm, 31P ppm
PFs -80, d -142, sept,
POF(R) -89, d -18.8,d,-8.3,d
TTFP -80.5,s,-82.2, s -3.8,s,-7.7,d
pPP -145,d -24.9,s
THA - -
TTFP Complex -62.5,d 5.98, d
PPP Complex -133, d, -167, s -

THA Complex
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Figure 18: 3F NMR of 1m NaPFs in d-THF containing no additive, 10% wt TTFP,
10% PPP, or 10% wt THA (a,c) pristine and (b,d) after seven days of exposure at 50

°C.

68



19
F MR of Solutions containing 10% TTFP D F NMR of Solutions containing 10% PPP

TT!:P
Fu | L
R i L
F/'I\F PPP

}‘ ‘{ F ’l\'F
J J A lg_ l l 50 OC |
Pristine 1, f‘k 50 °Ct
.'I I“.' I‘“ I“. I'“.i ”I'. . kil ot ik L L Pristine
-50 -55 -80 -65 -70 -75 -80 -85 -90 -95 -100 ; ; e ‘ e .
-130 -135 -140 -145 -150

Chemical Shift, PPM . .
Chemical Shift, PPM

3P NMR of solutions containing 10% TTFP 3P NMR of solutions containing 10% TTFP
| L L L | . L . L . L . | 1 1 1 1 1 1 1 1 1
POF(R) POF(R) TTEFP
R T
| L i F/IL\F L
10% TTFP 50 °C o o
e .JL,,-,A s ul‘«wmnw.jk patl ; e 4 JO/" o (-:-...- L
10% TTFP Pristine 10% TTFP Pristine _1 J l
Y AR AV ey af i 5 A Y i
NaPFg 50 °C NaPF_ 50 °C
T T T T T T T T T T T T T T T T
6 -5 -10 -15 -20 -25 -30 -35 -40 50 45 40 35 30 25 20 15 10 5 O
Chemical Shift, PPM Chemical Shift, PPM

Figure 19: The °F or 3P NMR spectras of solutions containing 10% TTFP in 1m
NaPFs in d-THF (a, ¢, and d) or 10% PPP (b). a, ¢, and d highlight peaks that can be
attributed to possible complexes of TTFP with PFs. b highlights newly formed peaks

that can be attributed to possible complexation with PFs.
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only 1m NaPFs in DME and are not attributed to the measured peaks of TTFP. These
new peaks then can be attributed to a complex between PFs and TTFP. For samples
containing, PPP many new features form between -120 and -160ppm, but the most
prominent features being the doublet at -133 ppm and the singlet at -167 ppm as shown in
Figure 19b. Neither of these features are present in the 1m NaPFs in DME solutions and
are attributed to complexes between PFs and PPP. THA interestingly shows no new
features in either the *°F or 3'P NMR. Proton NMR was also performed in Figure 21, but
no useful information for the formation of complexes was ascertained.

The strength of these complexes is difficult to gauge in a two-point comparison
and in similar studies, it is necessary to take NMR measurements over the course of
months to truly gauge the effectiveness of the complexation. Other studies focus on the
formation of hydrofluoric acid. No measurable amount of HF was detected in any of the
samples measured. A more accurate way to gauge the Lewis basicity of these different
additives would be to measure the donor number through calorimetry or a more in-depth
NMR approach. A matrix of Lewis bases with different donor number, donor atoms,
hardness, and functional groups would be useful for measuring the deciding factor for

PFs complexation and the highest thermal stability possible for PFe-based electrolytes.

4. Conclusion

In this work, the addition of Lewis bases, TTFP, PPP, and THA, increased the

thermal stability of NaPFe in DME at elevated temperatures. Without the addition of a
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Lewis base, the electrolyte decomposes, and the capacitance retention is 0% after 100k
cycles. The use of TTFP shows the greatest increase in capacitance retention of the
solvents, but the larger conclusion is that like lithium-ion electrolytes, Lewis bases can be
used with NaPFg-based electrolytes to increase thermal stability of the electrolyte. NMR
of the solutions after exposure to elevated temperatures provide evidence of
complexations with PFs with both TTFP and PPP. 1°F and 3P NMR spectrums include
peaks that indicate the presence of complexations with electrolytes containing TTFP and
PPP. Following up this work with a more rigorous NMR approach could provide

evidence of complexation in solutions containing THA as well.
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CHAPTER IlI

COSOLVENTS ENABLE USE OF NATFSI IN ACN AT BELOW

FREEZING TEMPERATURES
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A version of this chapter is planned to be published by J. Landon Tyler, Robert L. Sacci,

Xiamon and Jagjit Nanda:

This work was primarily performed by me. All electrochemical techniques were
performed by me. This includes experimental design and analysis work. Robert Sacci
assisted in the analysis of the electrochemical results. Xiamon performed DSC

measurements and analysis. Jagjit Nanda was the primary investigator of this work.

Abstract

Low temperature applications are uniquely suited to supercapacitors due to a lack
of kinetic limits typically found in batteries. In this work, we screen cosolvent with lower
freezing points than acetonitrile to promote low temperature performance and lower the
freezing point of the electrolyte. Through a combination of galvanostatic cycling, DSC,
and EIS, NaTFSI in acetonitrile is shown to have a higher capacitance retention, lower

ESR growth, and lower freezing point with the addition of acetone and chloroform.

1. Introduction

Modern batteries are rated to -20 °C due to the physical and kinetic constraints of
the chemistries used to store energy within those cells. Supercapacitors are commonly
studied to temperatures as low as -40 °C. With the development of spacecrafts, avionics,
and even submersibles, the want for energy storage devices that can operate at extremely

low temperatures has grown. Supercapacitors are uniquely suited to this endeavor as their
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electrochemical process is not limited to the kinetics of faradaic redox reactions, but
rather the movement of ions through the electrolyte and reorganization of those ions®®. As
mentioned, supercapacitors are commonly studied to temperatures far below batteries
while maintaining high currents and quick cycling.

Acetonitrile has a known freezing point of around -40 °C, but studies have shown
that cosolvents with lower freezing points such as ethyl acetate can lower the freezing
point of the electrolyte solution to -55 °C°*. Lower the freezing point alone is not enough.
Maintaining a reasonable amount of capacitance at lower temperatures is also necessary
for low temperature operations. Electrochemical performance of supercapacitors is
gauged with a combination of DC cycling and EIS measurement as a function of
temperature. Previous studies have shown that screening multiple solvents is an ideal way
of determining which cosolvent prove useful for enabling low temperature operation in
supercapacitors.

In this work, three cosolvents were screened to gauge improvements to low
temperature performance of NaTFSI in ACN solution below — 40 °C: acetone,
chloroform, and dimethyl ether (DME). Acetone has been studied in both aqueous and
organic systems as cosolvents. In aqueous electrolytes, the presence of acetone lowers the
freezing and melting point of electrolytes. Also, in a similar LiTFSI in ACN electrolyte,
the addition of acetone affected the conductivity by causing changes in the solvation
structure. In a previous study performed by Martins et al, the addition of chloroform into

LiTFSI in ACN promoted chemical diffusivity higher than that of the bulk electrolyte
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without chloroform. An increase in the mobility of chemical species in solution could
possibly promote a lower freezing point in the solution. DME is a common solvent for
organic electrolytes. It is also commonly used a cosolvent as it promotes ionic
conductivity and typically increases ionic conductivity of electrolytes. Through a
combination of EIS and galvanostatic cycling, the low temperature performance of each

of these cosolvents was measured.

2. Materials and methods

Electrochemical measurements: All measurements were performed in coin cells (316 L
stainless steel, CR2032, Hohsen Corp., Osaka, Japan) containing two stainless steel
spacers, wave spring, two symmetric carbon electrodes, and Celgard 2325 separator. The
carbon electrodes were made by spray coating a slurry containing 85% BP2000 carbon
(X) and 15% CMC (X) dispersed ultrasonically in distilled water. The slurry was cast
onto an aluminum foil. The electrodes were then punched and dried at 90 °C under
vacuum. The electrolyte solutions were prepared in an argon filled glovebox. The
electrolytes were made by dissolving NaTFSI (X) in acetonitrile (ACN, X). The
cosolvents: DME (99%, Mitsubishi), acetone (99%, Thermoscientific), and chloroform
(99%, Thermoscientific) were added to a mole ratio of 1:10:1 of
NaTFSI:ACN:Cosolvent. The coin cells were fabricated in an argon filled glovebox. The
galvanostatic cycling was performed at 5SmA from 0 to 1V using a VMP3 Biologic
potentiostat. The EIS was performed from 20 kHz to 10 mHz on the same potentiostat.

Temperature was maintained within a Tennie Temperature chamber.
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Cyclic voltammetry was performed at 1, 2, 10, 20, 50, 100, 200, 500, and 1000 mV/s
from -1 to 1V three times.

DSC measurements: All DSC samples were sealed in aluminum DSC pans. The samples
were cool at a rate of -20 °C/min to -85 °C from room temperature. The DSC

measurements were performed using a Q100 DSC.

3. Results and Discussion

Freezing point of the various electrolyte solutions was measured using DSC. The
DSC thermogram of each electrolyte is in Figure 22. NaTFSI shows eutectic features
with two peaks at -43 °C and -50 °C. This is not unexpected as LiTFSI and NaTFSI are
known to form eutectic solutions with various solvents both in agqueous and organics®®.
The chloroform containing electrolyte shows a similar eutectic feature but at -50 °C and -
62 °C. The acetone containing electrolyte has a freezing point of -62 °C. The DME
containing electrolyte has a freezing point of -59 °C. The addition of any of these
cosolvents lowered the freezing point of the NaTFSI ACN solution by at least 10 °C. The
findings from the DSC for the freezing points and the heat release of each sample is in
Table 2.

EIS and GC cycling were used to measure changes in capacitance and ESR. The
cells were cycled a thousand times at each temperature step at 5mA/cm? from 0 to 1V and
EIS was measured before and after each measurement. The resulting cycling performance

was shown in Figure 23. NaTFSI:ACN and in the presence of any cosolvent
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Table 2: Freezing points and heat release for electrolyte solutions containing

NaTFSI in ACN with acetone, DME, or chloroform as a cosolvent.

Composition of

Freezing point of

Freezing point of  Heat release (J/g)

electrolyte co-solvent (°C) solution (°C)
NaTFSL:ACN | NA -50.67 65.08
NaTFSI:ACN:acetone | -95 -61.13 65.58
NaTFSI:ACN:DME | -65 -59.42 27.05
NaTFSI:ACN:CF | -63.5 -50.35 35.26

79



Heat Flow, W/g
)
o1

- NaTFS| ACN
- Acetone
— DME

== Chloroform

'10 T I T I T I T I T I T T T T

-100 -80 -60 -40 -20 O 20 40
Temperature, °C

Figure 22: The DSC thermogram of electrolyte solutions of NaTFSI in ACN with or

without acetone, DME, or chloroform.
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shows a steady decline in capacitance as the temperature decreases to -60 °C. The most
pronounced decreases occurred after the expected freezing point of the NaTFSI:ACN and
NaTFSI:ACN:CF as shown in Figure 23a and d. NaTFSI:ACN:DME and
NaTFSI:ACN:Acetone have the largest capacitance retention below -50 °C as shown in
Figure 15b and c. On closer inspection, the amount of capacitance follows this order:
acetone>DME>no cosolvent>chloroform as shown in Figure 24.

EIS measurements were also taken as a function of temperature and before and after
cycling. The EIS measurements show no change in the EIS response as a function of
cycling, but the ohmic resistance of each electrolyte grows as the temperature is
decreased is shown in Figure 25. The effective conductivity of the electrolyte measured
from extrapolating the ESR of the semicircle before the vertical tail (100 Hz) to -Im(Z)=0
is shown in Figure 26. As expected, the conductivity of the electrolyte decreases as the
temperature decreases. The Arrhenius plot shown in Figure 26 also provides evidence
that the electrolyte containing acetone is not affected by a temperature dependent process
and retains linearity as low as — 60 °C. The ESR before the vertical tail of NaTFSI:ACN
and NaTFSI:ACN:CF increase ESR by 50 and 75 Ohms respectively.
NaTFSI:ACN:Acetone and NaTFSI:ACN:DME ESR increased by 35 Ohms. The EIS
also shows a capacitance decrease like the capacitance measured during galvanostatic

cycling.
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Figure 26: The effective ionic conductivity of the electrolyte equated from the EIS

measurements taken in Figure 25.
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Also, NaTFSI:ACN and NaTFSI:ACN:CF have a larger semicircle in the high
frequency region of the EIS measurements that is absent in the other two electrolyte
solutions. Elucidating these features could be possible with studying the interface of the
electrode as a function of temperature in the presence of these electrolytes but falls out of
the scope of this work.

Cyclic voltammetry was also performed as both a function of temperature and
scan rate. The results from those measurements are presented in Figure 27. The CVs
show that as you go lower in scan rate, much lower capacitance is capable of being
obtained than at lower scan rates. Also, as you go to lower temperatures the overall
capacitance at each scan rate is lower than at how higher temperatures. Comparing the
different electrolyte combinations at 1 mV/s which produced the CVs with the highest
capacitance shows a similar effect measured with the galvanostatic cycling mentioned
earlier. The results are shown in Figure 28. As before, acetone and DME both show an
improvement on capacitance retention as a function of temperature. Chloroform also
decreases the capacitance retention similar to that of the cycling measurements. The
combination of these results provided that these cosolvents play an important role in the

low temperature performance of the electrolyte.
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Figure 27: Total capacitance calculated from CV’s taken from 1 mV/s to 1000 mV/s

at 10 °C to -60 °C for cells containing (top left) NaTFSI in ACN and (top right)
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Figure 28: Total percent capacitance versus temperature for cells containing

NaTFSI with acetone, DME, or chloroform. The capacitance is calculated from CVs

taken at 1 mV/s.

88



Conclusion

These results provide evidence that NaTFSI in ACN with the addition of acetone
or DME lowers the freezing point, increases the capacitance retention of the electrodes,
and lowers the increase in ESR as a function of temperature. On the other hand, the
addition of chloroform to this electrolyte results in detrimental side effects that cause no
change in freezing point but lowers the capacitance retention and increases ESR as a
function of temperature. Further screening of cosolvents is necessary to build a
framework of chemicals that show benefits for low temperature applications. Also,
exploration into the fundamental mechanisms resulting in these benefits would be key

into understanding how to develop this field of research.
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CHAPTER IV
NAFION AS AN EFFECTIVE INHIBITOR OF CROSSOVER OF
SODIUM POLYSULFIDE IN NONAQUEOUS SODIUM REDOX

FLOW BATTERIES.
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techniques were performed by me with assistance from Ethan Self. This includes
experimental design and analysis work. Robert Sacci assisted in the analysis of the UV-
Vis measurements and in the experimental design for those measurements. Jagjit Nanda

was the primary investigator for this work.

Abstract

We used a sodiated-Nafion membrane as separator in a sodium-sulfur nonaqueous redox
flow battery to inhibit the crossover of sodium polysulfide. The capacity retention (75%
after 50 cycles) and coulombic efficiency (99%) were significantly improved using a
porous membrane that allowed for significant crossover (20% capacity retention after 45

cycles, 70% CE).

1. Introduction

Redox flow batteries (RFB) have been studied for decades as a possible solution to
large scale energy storage®®%29, RFBs offer a unique advantage, having their energy
density decoupled from physical constraints, such as found in traditional batteries like
lithium-ion®8, In short, to increase the energy stored in a single RFB, the tanks storing

redox active materials can be scaled up to meet specific energy demands. Furthermore,
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nonaqueous redox flow batteries (NARFBs) offer key advantages to improve energy
density: high specific capacity materials, large operating voltage windows (>3V), and
flexible designs®>. One NARFB of interest is metal redox flow batteries that utilize high
energy density alkali metals like sodium and lithium as shown in Figure 29%. However,
the realization of large scale NARFB requires solving key technological problems, such as
developing membranes that inhibit crossover of active species while having high ionic
conductivities and remaining stable against a myriad of chemicals and pressures®%>%,
Having all these metrics is difficult to implement into a single membrane. This fact is
especially true for nonaqueous systems where organic solvents, and organic redox couples
can be highly reactive towards polymeric membranes. In addition, detrimental effects such
as passivation of current collectors, runaway side reactions, irreversible capacity loss, and
short cycle life due to the crossover of neutral and charged electro-active species through
the membrane being more pronounced and irreversible than in aqueous systems®’.
Membrane selection for NARFBs typically falls into two categories: ceramics and
polymers. Low porosity ceramics offer zero crossover of active species, high
conductivity (1.67x102 S/cm at room temperature)® for Sodium Beta Alumina), and high
chemical and mechanical stability but have difficult scalability and relatively high cost.
For example, Na-B-Al203 has a current market price of $ 4,750 per kg vs that of a typical
polymer membrane ($50 per kg of Nafion 117). Polymer membranes offer low cost, more

easily produced, but typically allow for crossover of active species and degrade quickly

in the presence of organic compounds®1%,
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Figure 29: Schematic of a metal redox flow battery comprised of a sodium metal

anode and sodium polysulfide catholyte separated by a Celgard or Nafion separator.
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Polymer membranes are typically separated into porous membranes or single ion
conductors. Porous membranes allow for high ionic conductivity and high permeability,
but low selectivity which results in issues related to crossover of active species by
separating molecules based on relative size to the pores’:. lon selective membranes allow
for high selectivity through separating molecules based on relative charge compared to the
membrane, but are marred by low ionic conductivity'+1%, In this work, we will explore
using a sodium conducting Nafion 117 versus a porous membrane, Celgard.

Nafion’s success is based mainly in fuel cells and aqueous redox flow batteries for its
high ionic conductivity, long cycle life, and its ability to mitigate crossover of active
speciesi®®. Nafion has been explored for various applications for organic based batteries
with vary levels of success®®1%41% Specifically, Nafion has been shown to mitigate the
polysulfide shuttle effect which is similar to polysulfide crossover in NARFBs®#1%, Taking
inspiration from this previous work, we propose using Nafion as a polymer membrane in a
sulfur-based metal NARFB. An effective membrane will allow for long duration cycling
by mitigating crossover of the active species and provide a step towards realizing NARFBs
as a transformative grid scale energy storage technology. With the model system of sodium
polysulfides and sodium metal utilized, the detrimental effect of active species crossover
is greatly enhanced due to the high reactivity of sodium metal with polysulfide species?’.
Sodium polysulfide also represents one of the highest specific capacity materials for

NARFBs (1648 mAh/gsuisur) though is limited by low order phase insolubility (NazSs =
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Na2S)®2. For this purpose, cycling in this work was limited to a soluble regime with an

expected capacity of (300-200 mAh/g), similar to other studies.

2. Materials and Methods

Materials: All electrochemical measurements, diffusion measurements, UV-Vis
measurements, cell fabrication, and solution fabrication was performed in an INERT
glovebox under an argon environment. The diglyme (2EGDME, 99%, Sigma Aldrich)
and 1 molal sodium triflate (NaOTF, 98% Sigma Aldrich) solution were stored over 4A
molecular sieve prior to electrochemical experiments. The Nafion 117 (Fuel Cell Store)
membrane and Celgard 2325 were dried under vacuum prior to use. The Nafion 117 was
sodium exchanged by soaking a Nafion membrane in 1M sodium hydroxide (NaOH,
Thermoscientific) aqueous solution for 24 hours, with solution being replaced three times
with fresh 1M NaOH solution. The membranes were then rinsed well with deionized
water and dried under vacuum at 65 C for 24 hours. The carbon current collectors (Fuel
Cell Store, Graphite Felt) were dried under vacuum overnight prior to use.

Electrolyte chemical experiments: The electrochemical cells used in this
experiment were built from two stainless steel blocks with serpentine flow channels on
the inner walls. The two compartments of the cell are separated by butyl rubber gaskets
and either a Celgard or Nafion separator. The electrolyte was then added to reservoirs
connected to the cell with polypropylene tubbing and using a peristatic pump for flow.

The electrochemical experiments were performed on a VMP3 Biologic potientiostat.
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Galvanostatic measurements were performed at a constant current of 0.427 mA from 1.75
to 3V vs Na/Na*. Sodium metal was used as anode. Sodium polysulfide solutions made
from a combination of sodium sulfide (NazS, Sigma Aldrich) and sulfur in 2EGDME
(98%, Sigma Aldrich) were made at 1 molal concentrations.

UV-Vis spectroscopy: All measurements were performed on a JAZZ
(Oceanoptics) spectrometer. The cuvette used was a flowthrough quartz cuvette with a
pathlength of Imm. The flowthrough cuvette was attach to a H-style diffusion cell which
was constructed of two glass compartments separated by Celgard or Nafion using butyl

rubber gaskets.

3. Results and Discussion

Crossover of sodium polysulfide was tracked using an H-cell configuration as
shown in Figure 30a. Each compartment of the cell is filled with 1m sodium triflate
(NaOTf) in diglyme (2EGDME) and the cell compartments are separated by either Celgard
or Nafion, as shown in Figure 30a. One side is charged with a gram of 1m NaxSg in
2EGDME. To note all references to polysulfide in this manuscript are to Na>Sg and not the
derivates of this species. The blank compartment is connected to a flow through cuvette
that allows for ultraviolet-visible (UV-Vis) spectroscopy. In these measurements, the
change in concentration of the polysulfide has a linear relationship at peaks 297nm (99%
R?) and 426 nm (96% R?) with the spectra used for the calibration curve shown in Figure
30b. The concentration can then be accurately equated to the absorbance of the band at 297

nm by using Beer’s Law shown in Equation 13:
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Figure 30: (a) Schematic of UV-Vis crossover setup using a glass diffusion cell with
either Nafion or Celgard connected to a flow-through cuvette, (b) UV-vis spectra of
Na2Ss in 2EGDME as a function of concentration, (c) concentration over time of the
of NazSs that has crossed through Celgard 2325 or Nafion 117 and (d) Raman

spectra of permeate from diffusion measurement after 7 days versus pristine

diglyme.
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Equation 13: A =¢ebC

Beer’s Law equates absorbance of light, A, with a constant molar absorption coefficient, ¢,
the path length, b, and the concentration of the species in solution, C. The slow of the
calibration curve gives the constants for the equation and allows for the accurate
measurement of concentration as a function of absorbance. The time derivate of the
detected polysulfide was taken as a function of concentration versus time by tracking
changes in intensity of the absorbance peak at 297 nm The resulting translation of that
measurement is shown in Figure 30c. Celgard shows a high rate of polysulfide crossover
(3.9x10* mol/kg hr or 6.74x10°" mol/cm? sec). This can be expected due to the high porosity
of Celgard, 39%. The crossover rate begins to slow after the first two hours, but this can
be attributed to an expected shift in the concentration gradient between the compartments
of the diffusion cell. Nafion showed no polysulfide crossover over the course of three
weeks.

We measured the Raman spectra of the permeate from the diffusion experiment
after seven days showed no discernable amount of sodium polysulfide which has a strong
Raman signal between 400-500 cm™ from S-S bonding® as shown in Figure 30d. The
fluorescence in the Raman spectra can be attributed to being exposed to Nafion as shown
in Figure 31%%. Similar results have been reported by Bauer et al that used Nafion as a
blocker for polysulfide shuttling, an effect prominent in traditional sodium sulfur
batteries®®. Compared to the high crossover rate found in Celgard for Na,Ss, Nafion
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showed promising results as an inhibitor of active species crossover as the
crossover rate was reduced to zero and confirmed with UV-Vis and Raman.

Crossover rate of polysulfide relates directly to cell performance as sodium
polysulfide chemically reacts with sodium metal causing a passive film of sodium sulfide
to form on its surface. This is typically represented as irreversible capacity loss as a
function of time. The electrochemical cells utilized here consist of a stainless-steel cell
stack with serpentine flow channels on each side. The cell stack is separated by Celgard or
Nafion and contains a sodium metal anode and sodium polysulfide catholyte in 1m NaOTf
in 2EGDME.

Both were cycled from 1.75 to 3V vs Na/Na* at C/10. With a Celgard membrane,
huge losses in coulombic efficiency (as low as 74%) and quick capacity loss (20% capacity
retention after 45 cycles) were measured. With a Nafion membrane, both the coulombic
efficiency and capacity retention are higher than the Celgard counterpart (98% CE, 70%
after 50 cycles). This improvement in cycling performance can attributed to the lack of
crossover present in the system using a Nafion separator.

The voltage profiles for each in Figure 32c and 32d show that the large difference
in charge and discharge capacity is during reduction of the NaSs but no new
electrochemical redox reaction has occurred. This provides evidence that a chemical
reaction is taking place between Na»Sg with another chemical most likely the sodium metal

as that loss is reductive species is not present in the Nafion cell. It is also worth mentioning
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that capacity losses of Na>Sg can also be contributed to side reactions with the carbon felt
or by higher cycling rates as compared to literature (C/20)%. After disassembly, cells
containing Nafion showed no visible sign of reaction of the sodium metal anode with the

polysulfide, which is typically a deep yellow coloration on the surface of the sodium metal.

4. Conclusion

We used Nafion as an ion selective membrane for a sodium polysulfide NARFB.
Its use showed significant improvement over porous polyethylene membranes in terms of
cycle stability and high coulombic efficiency. For example, the Nafion-containing cell had
a capacity retention of 75% after 50 cycles compared 25% after 45 cycles for cells using
Celgard. The UV-Vis and electrochemical measurements suggests that the driver of these
improvements is rooted in Nafion inhibition of polysulfide crossover. Further exploration
of Nafion as an effective inhibitor of sodium polysulfide crossover in RFB could produce

results that could improve the scalability of NARFB technology.
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CHAPTER V

STABLE SODIUM METAL SEI ENABLES “MEMBRANE-LESS”

NARFBS
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Abstract

Nonaqueous redox flow batteries are bottlenecked by current membrane
selections. Membranes for NARFBs act as an inhibitor of the crossover of redox couples
during cycling while allowing the conduction of ions. In this work, we explore forming a
stable SEI on the surface of sodium metal to protect against redox couple reactions.
Using a combination of EIS and galvanostatic cycling, we demonstrate the possibility of
using this stable SEI in NARFBs as an alternative to a crossover inhibiting membrane.
Results from this work indicate that the passive is stable for hundreds of hours and its

stability versus a selection of common redox couples used commonly in literature.

1. Introduction

Redox flow batteries have been in the development for the last few decades. RFBs
offer the potential for high energy density per battery and long duration storage which are

ideal for grid-scale storage. Even with decades of research, RFBs are still bottlenecked by
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fundamental issues related to the crossover of active species within the electrolyte.
Nonaqueous redox flow batteries (NARFBSs) have a greater potential at higher energy and
power density than its aqueous analogue, but crossover is even more pronounced.
Crossover of active species during cycling typically leads to irreversible capacity loss,
quick fading of capacity, and ultimately device failure. Crossover can be solved with the
use of suitable membranes, but current membranes are expensive, not scalable for grid-
scale storage, or not suitable for long duration storage.

Clever solutions have been studied by using various novel cell designs to mitigate
crossover. In this study, we propose forming a stable SEI on the surface of sodium metal
to mitigate the effects of crossover rather than the crossover itself. In previous studies, it
has been shown that sodium metal in the presence of NaPFs in 2EGDME and other
glymes forms a stable SEI that can withstand hundreds of cycles with no loss in
coulombic efficiency. Redox couples in NARFBs are known to be chemically reactive
and a thorough investigation of the SEI both as a function of time, in the flow cell
configuration, and in the presence of various redox couples is necessary for a full

understanding of the SEI’s viability in NARFBs.

2. Materials and methods

Electrochemical measurements: coin cells (316 L stainless steel, CR2032, Hohsen Corp.,
Osaka, Japan) were fabricated in an argon-filled glovebox. The cells contained either two
sodium metal electrodes or a sodium anode and copper foil working electrode. The

electrolyte solution was either NaPFs (98%, Sigma Aldrich), NaTFSI (98%, Sigma
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Aldrich), NaFSI (98%, Sigma Aldrich), or NaClO4 (98%, Sigma Aldrich) in DME (99%,
Mitsubishi), 2EGDME (98%, Sigma Aldrich), or TEGMDE (98%, Sigma Aldrich). The
electrolyte solution was stored in an argon filled glovebox. Redox flow batteries were
fabricated using a stainless-steel cell stack with serpentine flow channels, butyl rubber
gaskets, and a Celgard 2325 separator. The flow was maintained with a peristaltic pump.
The current collector for the flowing redox couple was copper foil/ mesh or graphite felt.
All electrochemical measurements were performed with a VMP3 or SP Biologic
potentiostat. The cycling rates are detailed in the manuscript. EIS measurements were

performed from 20 kHz to 10 mHz.

3. Results and discussions

Long duration energy storage requires periods of time that last months and years.
To gauge the durability of the SEI formed on sodium metal, EIS measurements were
performed as a function of time in various electrolyte solutions is shown in Figure 33. To
gauge the effectiveness and stability of the passive film formed on sodium metal in the
presence of 1m NaPFe in 2EGDME. Figure 33a shows that after an initial pulse, the EIS
response shows a large decrease in the ESR of the first semicircle which attributed to the
passive film on sodium metal. This decrease in ESR continues even after 144 hours.
Comparing these results to the other glymes, DME and TEGDME, in Figure 33b. The
ESR for both DME and TEGDME are larger than that of 2EGDME on average over the
course of 100 hours. This matches well with the cycling performance presented in a

previous studying this specific sodium passivation. NaClOs, NaTFSI, and NaOTf were
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also investigated to confirm that inability to form a stable passive film. Figure 33c
shows EIS measurements of the passive film formed in each of these electrolytes. NaPFs
is the only electrolyte solution that forms a stable passive film.

The cycle performance of sodium also matches well with Figure 34 shows stable
cycling up to 50 cycles with 99% CE. The rate capability of the sodium metal was also
gauged to measure the limiting current density for this electrochemical process. Figure
34c demonstrate the rate capability measurements and that the limiting current density is
approximately 2 mA/cm?.

For these passive films to be useful for NARFBs, the passive films must be stable
against presence of the redox chemicals. EL-cells were implemented for measuring
changes in the passive film in the presence of dissolved redox couples. EL-cells can be
easily opened and reassembled. Figure 35a shows that the addition of sodium polysulfide
causes a large increase in the ESR over the period of 24 hours but decreases after 10
days. This decrease in ESR could be caused by the reactions of the polysulfide with the
sodium metal SEI which in a recent study. The study shows that new SEI formed from
the reaction between the SEI and polysulfide results in a new, stable SEI that allows for
long term, efficient sodium plating and stripping. The key difference is that polysulfide is
used in an extremely small amount as an additive rather than in large excess that would
be present in a flow cell. TEMPO shows a slight increase in ohmic resistance which

could be due to opening of the EL-cell, but after an hour, the ohmic resistance returns to

108



Q
(o

12 —
05 —=— Plating
e —=— Cycle 1 g e —s— Stripping
e
S 04 Cycle 25 < 44 Average: 09%=176 CE |
£ —a— Cycle 50 Z
E 03 £
= P
= £ 10
T 02+ -
@ o
2 ©
m
S 01 S e
3 S
£ 007 z
o g
0.0 05 10 15 20 0 0 10 20 30 40 50 60 70 &0
Time, hr Cycle Number
C 20
a‘?‘ -
<2004 ymaen?  2mAcm?SmAvent | 10mAkem? r
2
o
G 150 . L
h: L]
% 3 = N
9100  semmmmnimttl i Rl 1[5,
E o ‘.
o
3
3 501 L
(@]
0 : . . . .
0 10 20 30 40 50
Cycle Number

Figure 34: (a) The voltage profile of stripping and plating of sodium metal in a
Na//Celgard//Cu coin cell containing 1m NaPFsin 2EGDME. (b) The coulombic
efficiency of the plating and stripping cycling. (c) The rate capability of sodium
plating and stripping of sodium metal in the coin cells containing 1m NaPFs in

2EGDME.

109



25 —=—Cycle1 1.01 —=— Cycle 1
‘o 20 —+—Cycle 10 i 0.8] = Cycle 10
Z < .
® 2 6]
Z 15 | =06
g 04
=10 L z
) £ 024
g 05 .
g 0.0
0.0 = 024
051 — . — 140 1 2 3 4 5 6 71 8
1 2 3 4 5 6 7 8 d Capacity. ma&h
Capacity, mAh
C
12 . . .
700 A —=— Native Passive Film —=— 1 Hour
—s— After Static Cycling | |
600 4 —a— Afler Flow Started | 10 =— 2 Weeks
—v— After Flow cycliing
£ 500 - £ 84
- =
O 400 | o 6.
u300 3
E E 4]
2004
100 4 2, e e
0 . : . . . . . 0 . . , . ‘
0 100 200 300 400 500 600 700 0 2 4 6 8 10 12
Re(Z), Ohm Re(Z), Ohm

Figure 35: The cycling performance of a redox flow battery containing a sodium
metal anode and copper foil working electrode (a) static and (b) with electrolyte

flowing. (c) The EIS of different states of the flow battery including the native

passivation layer on sodium, the passivation layer on sodium after static cycling and

flowing cycling, and immediately after starting the flow. (d) The EIS of the flow
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normal. The passive film also does not increase in ESR as a function of time as shown in
Figure 35c. This result shows a promising result of being a potential redox couple that is
stable against sodium metal. Benzoquinone has the largest increase in ESR and also
visibly reacts on contact with sodium metal.

It is also important to see how the passive film and stripping and plating of
sodium are affected in a flow battery. A flow battery containing a sodium metal anode
and copper foil working electrode was constructed using 1m NaPFg in 2EGDME as the
electrolyte. The cell was cycled without flow showing that the formation step used for the
coin cells is not long enough, but after 10 cycles a coulombic efficiency of 99% was
reached as shown in Figure 36a. This same measurement performed while the electrolyte
is flowing showed spikes in voltage during stripping as shown in Figure 36b. EIS
measurements were performed during different stages of operation shown in Figure 36c.
After cycling with no flow of electrolyte, the ESR of the cell attributed to the passive film
decreased drastically (1000 Ohms to 65 Ohms). The flow of the electrolyte was started
after static cycling. The frequency region attributed to diffusion shows a large change and
becomes uninterpretable. After 10 cycles while flowing the electrolyte, the EIS response
returns to a similar response to that after 10 cycles of static cycling. EIS was also taken
periodically after plating sodium on to the copper foil. After two weeks of no further
electrochemical influences, the passive film shows little growth in ESR. These results
indicate that the plating and stripping of sodium in the redox flow battery geometry is

possible but can be affected by the flow of electrolyte. Also, the passive film on the
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sodium is not as stable and shows a growth in ESR as time passes which was not

observed in the static coin cells.

4. Conclusion

This work provides evidence of stable sodium metal SEI in a flow cell geometry
and potential framework for studying the effect of redox couples against sodium metal.
The SEI on sodium metal shows stability greater than 100 hours, but only for electrolyte
containing both NaPFe and 2EGDME. Further measurements in a flow cell geometry
show that the passive film is affected by the flowing electrolyte and causes a small
growth in resistance over time. The EIS measurements of the passive film in contact with
Na>Ss, TEMPO, and BQ prove that passive film can potentially be stable against some
redox couples, but more research is necessary to learn the extent of the protection of this

passive film.
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CONCLUSION

In conclusion, the addition of Lewis bases can improve the thermal stability of
NaPFe in DME at temperatures as high as 80 °C as confirmed with EIS, GC, and FTIR.
Acetone and DME can improve the low temperature performance of NaTFSI in
acetonitrile at temperatures as low as -60 °C as confirmed with EIS, DSC, and GC.
Nafion can be used as an effective inhibitor of sodium polysulfide crossover and increase
capacity retention up to 70% after 50 cycles as confirmed with UV-Vis, Raman, EIS, and
GC. Passive films on sodium metal can enable possible membrane-less approach for
nonaqueous redox flow batteries and are stable for hundreds of hours with no increase in

ESR when using 1m NaPFs in 2EGMDE as an electrolyte as confirmed with EIS and GC.
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