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Department of Physics
Chalmers University of Technology

Abstract

Batteries have relatively modest energy densities compared to fossil fuels. In the efforts to
make battery-driven transport solutions and technologies competitive with gasoline-
powered alternatives, it is important to develop batteries with higher energy densities. This
can be enabled by utilizing different electrode materials than what is currently done. For
instance, lithium metal is one of the electrode materials which can enable the highest
theoretical energy densities. Similarly, using metal anodes can pave way for more
sustainable materials solutions based on e.g. sodium, potassium or magnesium. During
charging in batteries with a metal anode, ions from the electrolyte are plated on the
electrode, and during discharge, the metal is stripped from the electrode. These processes
are associated with several problems hindering the practical application of metal anodes.
For instance, dendritic or uneven growth can cause short circuits and lead to loss of active
material. Further, side reactions can consume both electrolyte and active material. A
fundamental understanding of the stripping and plating process is needed to solve these
problems. In this thesis, electrochemical measurements are used to understand the
fundamental steps of the alkali metal plating and stripping process using Li and K metal
electrodes. Additionally, the impact of the electrolyte composition, particularly the salt
concentration, on alkali metal anodes is investigated. Cycling performance is evaluated and
interphase formation is probed with in situ neutron reflectometry.

Keywords: Metal anodes, Potassium, Lithium, Stripping, Plating, Nucleation, Highly
Concentrated Electrolytes
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Chapter 1 - Introduction

For the past centuries, fossil fuels have not only been one of the most important energy
sources for our society, but also one of the most important energy storage solutions. Fossil
fuels store energy in chemical form, which can be converted into useful work in a
combustion engine. As fossil fuels are replaced with renewable energy sources to reduce
greenhouse gas emissions, also new ways to store the energy are required.

Batteries can be used to store the energy from renewable energy production but suffer from
a much lower energy density than fossil fuels. The energy density of gasoline, 12 000
Wh/kg,[1] is almost two orders of magnitude higher than state-of-the-art (lithium-ion)
batteries, 260 Wh/kg (on cell level)[2]. This difference in energy density is a major
drawback for technological applications powered by electricity compared to fossil fuels. For
instance, around 25% of the weight of a battery electric vehicle is made up of the battery,
whereas the fuel makes up only around 3% of the weight in a gasoline car.[1] It is evident
that the gravimetric energy density of the battery can pose a serious hurdle in replacing
fossil fuels with renewables. This thesis will focus on electrode materials that can help
improve the energy density of batteries.

Due to its high specific capacity and low reduction potential, lithium (Li) metal is one of the
most interesting electrode materials for high energy density batteries. During discharge in a
lithium metal battery, Li-ions are stripped from the metal electrode and when the battery is
charged, they are plated back onto the electrode (see figure 1.1). Despite the high energy
densities theoretically attainable with this type of electrode, the practical application of
rechargeable Li metal batteries has so far been hindered by the tendency for Li to be
deposited unevenly on the electrode.[3] The uneven Li deposits can short-circuit the cell,
causing failure and potential safety issues, or lead to loss of active material which limits the
cycle life of the battery. These problems need to be addressed before Li metal electrodes
can be viable to use in commercial rechargeable batteries.
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Figure 1.1. Schematic of alkali metal deposition and stripping in liquid electrolytes, highlighting the aspects
studied in this thesis.

Due to the scarcity of Li resources, batteries based on other elements have also been heavily
researched. The alkali metals sodium (Na) and potassium (K), have abundances of 2.3%][4]
and 1.5%[5] in the earth’s crust, several orders of magnitude more than Li (0.0017%][4]).
These metals can also be used as electrode materials and store energy via reactions
analogous to those happening at lithium metal electrodes.[6,7] However, the higher weights
of the Na and K atoms compared to Li, make Na- and K-metal batteries unable to match the
energy densities of Li metal batteries. Still, Na and K metal are the highest energy electrode
(anode) materials than can be conceived for batteries based on Na* or K* transport. Further,
studying these chemically more reactive alkali metal electrodes could bring light to general
properties of alkali metal electrodes, which were not previously discerned when Li-metal
was studied.

Several strategies aiming to solve the problems faced by alkali metal electrodes focus on the
electrolyte composition. In its simplest form, an electrolyte for alkali metal anodes contains
a salt, where the cationic species is an alkali ion, and a solvent. Changing the salt and
solvent combinations or adding different additives, has been observed to greatly impact
both cell performance and electrode morphologies.[8,9] Moreover, the salt concentration in
the electrolyte can also alter the cell performance, in particular, electrolytes with high salt
concentrations have been shown to suppress dendrite formation and allow stable cycling for
many cycles.[10,11] Yet, the mechanism for this improvement is not fully understood. In
this thesis, one of the aims is to investigate how electrolyte salt concentration affects the
cycling and properties of alkali metal anodes.

The electrolyte composition will also affect the properties of the surface film, known in the
battery community as the solid electrolyte interphase (SEI), which forms on alkali metal



electrodes. Due to their high reactivity, alkali metal electrodes will spontaneously react with
the electrolyte, covering them in a thin surface film made from electrolyte decomposition
products.[12,13] This film is often attributed a deciding role in which type of morphology
the metal deposits exhibit and how reversible the stripping/plating process is.[14] In this
work, the solid electrolyte interphases in electrolytes with different salt concentrations have
been studied using in situ neutron reflectometry measurements.

Finally, besides electrolytes with high salt concentrations, numerous different strategies
have been attempted to solve the problems associated with alkali metal stripping and
plating. For instance, a wide range of different electrolyte modifications,[9] surface
engineering approaches[15] as well as electrode support structures [16](current collector)
have also been suggested to improve the electrochemical performance of alkali metal
electrodes. However, to improve the performance of alkali metal anodes, it is important to
also understand the mechanisms for performance enhancements with these different
strategies. To enable this, the electrochemical responses during cell testing need to be
accurately interpreted. The final part of the thesis is dedicated to investigating the voltage
profile arising from different steps in the stripping and plating process of alkali metals.

1.1. Aim

The aim of this thesis is to aid the development of batteries with high energy densities by
building a better understanding of the fundamental processes occurring at alkali metal
electrodes during cycling. Particularly, the effect of altering the salt concentration on the
cycling performance and the electrode interface is investigated. Further, the thesis aims to
help improve the interpretation of the electrochemical signatures arising during the plating
and stripping process.

Figure 1.1 schematically illustrates the different aspects of the alkali metal stripping and
plating which are discussed in this work. (A) Electrolyte composition. (B) Interphase
formation. (C) Electrochemical response of different parts of the stripping/plating process
(illustration shows the example of nucleation).






Chapter 2 - Batteries

This chapter describes what a battery is and how it stores energy. Further, a brief review of
the working principle for the Li-ion battery, the dominating (rechargeable) battery
technology today, is given. The working principle of the Li-ion battery is put in relation to
how batteries with alkali metal electrodes operate. Finally, the issues which need to be
overcome to allow realization of rechargeable batteries with alkali metal electrodes in
practice are discussed.

2.1. What is a battery?

A battery stores energy in chemical form, which can be converted to electricity through a
spontaneous reaction. By definition, a spontaneous reaction is associated with a net
reduction in Gibbs free energy of the involved chemical species. Neglecting any losses
inside the battery, this energy can be transformed into electrical work.[17] When the battery
is recharged, an external input of energy is instead needed to drive the reaction in the
reverse direction.

In its most simple form, three essential components will be present in a battery (see figure
2.1), but often additional ones will also be needed. The battery has two electrodes, denoted
as a negative and positive electrode, respectively, which are separated by an ionically
conductive but electronically insulating electrolyte. This is often referred to as a cell. When
the battery is discharged, an oxidation reaction takes place at one of the electrodes: [18]

R— 0™ +ne”, Equation 2.1

where, R is a species donating n electrons, e~, to form an oxidized species 0™*. Because
the electrolyte separating the two electrodes is electronically insulating, the electrons
generated at the electrode are forced to pass through an external circuit before they can
reach the other electrode. Here, electrons are instead consumed through a reduction
reaction[ 18]

0™ +ne” - R Equation 2.2

For clarity, the prime denotes that the species in the reaction at the two electrodes
(equations 2.1 and 2.2) need not be the same. To distinguish the two different electrodes,
the naming convention in the battery field is to denote the electrode which is oxidized
during discharge as the anode and the electrode which is reduced during discharge as the
cathode.[19] When the battery is recharged, the reverse processes occur at each electrode.
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Figure 2.1. Schematic of the 3 fundamental components of a battery: The two electrodes, anode and cathode,
and the electrolyte. During discharge an oxidation reaction occurs at the anode and a reduction at the cathode,
producing a current in the external circuit.

2.1.2. Electrode potentials

During cell discharge, the electrons flow through the external circuit because the potential
energy of an electron in the anode is higher than the potential energy of an electron in the
cathode. To be able to predict in which direction a current will flow and how strong the
driving force will be, electrochemists assign redox potentials to electrodes. The redox
potential is set by the reaction taking place at the electrode surface and an electrode with a
lower redox potential will spontaneously donate electrons to an electrode with a higher
potential.

In practice, potentials always need to be measured as a difference with respect to another
electrode. The potential difference between the two electrodes in a cell is often termed the
cell voltage, E..;;, and can be determined as the difference between the redox potentials of
each electrode:

Ecen = Ecatnhoge — Eanode Equation 2.3

The potential across the electrodes of the battery, E.,;;, can be linked to the difference in
Gibbs free energy, AG, of the net chemical reaction produced in the cell:[17]

AG

E..,=——, Equation 2.4
cell nF q

where, n, is the stochiometric number of electrons exchanged during the reaction and F is
Faraday’s constant.



2.1.3. Energy stored

The power, P, delivered by a battery during discharge (or consumed when the battery is
charged) can be described by:

P=V-I, Equation 2.5

where V is the cell voltage, that is the difference in electric potential between the two
electrodes, and I is the current passed through the cell. The total energy delivered during
discharge (or that is needed to charge) can then be found by integrating this expression over
the time, t, needed for (dis)charge.

t
Energy = f V(t)-1(t)dt Equation 2.6
0

Equivalently, this expression can be written in terms of the amount of charge a battery (or
material) is able to store, i.e. the capacity, Q:

Energy =V - Q Equation 2.7

Where V denotes the average voltage. This expression highlights that high energy density
can be attained both by using materials with high specific capacities (amount of charge
stored per weight) or by using electrode materials that maximize the cell voltage.

2.2. Li-ion batteries

The rechargeable battery with the highest energy density on the commercial market today is
the Li-ion battery. It is common to compare the working principle of a Li-ion battery with a
rocking chair.[20] This alludes to the charge and discharge mechanism of the Li-ion host
materials used as anode and cathode materials in Li-ion batteries. When the battery is
charged and discharged, the Li-ions are shuttled between the anode and cathode, back and
forth, like the rocking chair. This is visualized in figure 2.2 for a typical combination of
electrode materials: graphite and LiCO>. When the battery is charged, Li-ions are extracted
from LiCO, at the cathode and inserted (intercalated) between the graphite layers at the
anode. During discharge, the Li-ions move in the opposite direction, getting extracted from
the graphite anode and inserted back into the lithium cobalt oxide cathode. The electrode
reactions are summarized in equation 2.8 below[21]:

Cathode: Li;_,CO, + xLi* & LiCO,

Equation 2.8
Anode: Li,Cy & xLi* + xe™ + C4 quation
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Figure 2.2. Rocking-chair mechanism of Li" in a Graphite-LiCO; lithium-ion battery. During charge, Li'-
ions (green) are extracted from LiCO: and intercalated into graphite. During discharge, the Li-ions
deintercalated from the graphite and are inserted back between the CO»-layers (blue) in LiCOs.

Since Li-extraction and insertion do not cause any major changes to the structure of the host
materials, excellent reversibility can be attained in Li-ion batteries [21]. For instance, the
intercalation of Li into graphite only causes a 10% increase in the interlayer distance.[22]
Further, electrolyte combinations that form stable passivation films (SEI-layers, detailed in
section 2.3.2) on the anode surface during the first cycle help limit the side reactions which
would consume active material and/or electrolyte.[23]



2.3. Alkali metal anodes

Stanley Whittingham pioneered the use of alkali metal anodes in batteries by designing a
cell with a lithium metal anode and a Ti.S cathode already in the 1970s.[24,25] Both Exxon
Mobile and Moli Energy had commercial prototypes of lithium metal batteries in the late
1970s, however, the interest in lithium metal anodes quickly dropped after severe safety
issues (described in section 2.4) were identified in these cells. [19] As Li-ion technology
has matured, battery scientists have once again directed attention to lithium metal anodes to
enable even higher energy densities. Especially after 2010, there has been a surge in the
number of publications on the topic of lithium metal anodes.[3]

Instead of ion-intercalation into a host material, the lithium metal anode stores energy by
plating lithium ions to form lithium metal and extracts energy by stripping metal from the
anode (this process will be discussed in more detail in chapter 3). Since the cell can operate
without a host material to hold the ions at the anode, lithium metal anodes store
significantly more lithium compared to a graphite anode of the same weight. Another way
to phrase this is that the theoretical specific capacity of lithium metal (3861 mAh/g) is much
higher than that of graphite (372 mAh/g).[26] Lithium intercalation (into graphite) also
happens at higher potentials than lithium plating,[2] which means that plating one lithium
ion on the anode stores more energy than intercalating it into graphite. The combination of
the lower reduction potential and the larger specific capacity give the cell a higher
(theoretical) energy density compared to intercalation anodes. The problems with
practically attaining this high energy density will be discussed in section 2.4.
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Figure 2.3. Working principle of a lithium metal battery with an insertion cathode (here illustrated with
LiCO,). During charge, Li'-ions (green) are extracted from the cathode and plated on the anode, forming
metallic Li. During discharge, the Li-ions are stripped from the anode and inserted back into the cathode.

2.3.1. Sodium and potassium metal anodes

The scarcity of Li has compelled battery researchers to look also for other high-energy
electrode materials. The US geological survey estimated that global Li reserves total 89
million tons.[27] To put this number in context, the International Energy Agency suggests
that carbon dioxide neutrality 2050 would require a fleet of 2 billion electric cars[28] and
estimate that a car battery today contains 8.9 kg of lithium[29]. Based on these numbers, the
global lithium reserves could be large enough to build roughly 10 billion cars. This suggests
that global lithium resources might not be a threat to battery-powered vehicle production in
the short term. Still, a heavy reliance of the transport sector on a scarce material with
resources concentrated in a few places,[6] can be both politically and economically
problematic. More than 50% of the Li produced globally today comes from Australia and
more than 50% of the global Li reserves are concentrated in Bolivia, Chile and
Argentina.[27]

The alkali metals Na and K have been explored as battery materials due to their high
abundance, 2.3%[4] and 1.5%][5] in the earth’s crust, several orders of magnitude more than
Li (0.0017%][4]). Na-ion and K-ion batteries can be built with the same working principle as
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the Li-ion battery.[30] lons are transported back and forth between two different host
materials with different intercalation/insertion potentials. However, since Na (23 u) and K
(39 u) are much heavier elements than Li (6.9 u), Na-ion and K-ion batteries cannot match
the energy densities of Li-ion batteries. However, the same case made for lithium metal
anodes previously can be made more generally also for the other alkali metals. If the anode
in an alkali-ion battery is exchanged for a metal anode, without changing the cathode, the
theoretical energy density is always increased. This is because both the operational voltage
of the cell and the capacity will be increased.[6,7] Theoretically, this type of change can
result in an energy density increase of around 50%.[31] In practice, the numbers might be
lower as excess anode material might be needed to prevent excessive capacity fading of the
cell.

The energy density of alkali metal batteries is of course also heavily dependent on the
cathode material used. If conversion cathodes are used instead of the insertion materials, the
energy density of alkali metal batteries can be improved even further. For instance, sulfur
cathodes have been extensively studied due to their very high theoretical capacities.[32—34]
However, cathode materials fall outside the scope of this work.

2.3.2. The Solid Electrolyte Interphase

The high reactivity of alkali metal as well as the very reductive potentials that need to be
applied to deposit alkali metal will cause electrolyte to break down at the surface of the
electrode.[35] These decomposition products form of a thin, passivating surface layer on the
electrode which is known as the solid electrolyte interphase (SEI)-layer.[12] The formation
of a stable SEI-layer is essential to avoid continuous electrolyte consumption during
cycling, which would inevitably lead to cell failure. Ideally, to enable stable and efficient
cycling of metal anodes, the SEI-layer should be:[36]

e Electronically insulating, to passivate the electrode and prevent further electrolyte
breakdown.

e Highly ionically conductive, to allow transport of the electrochemically active ions
to the electrode, preferably without too much resistance (energy loss).

e Chemically stable, to maintain its structure over the cycle life of the cell.

e Mechanically strong and flexible, to avoid fractures and exposing fresh metal,
aggravating side reactions and potentially creating hotspots for deposition.

e Spatially uniform, to avoid preferential deposition, resulting in dendritic deposition
morphologies.[37]

To this date, several different structural models have been proposed to describe the SEI.
However, the difficulty of investigating this very thin and sensitive film has not enabled
conclusive evidence to determine which one most accurately represents the structure of the
SEI. A mosaic model, describing the SEI layer as a mosaic of different electrolyte

11



decomposition products, has been proposed recognizing the importance of accounting for
grain boundaries in the description of the impedance spectra of SEI-layers.[38] Several
papers also suggest that the SEI has a bi- or multilayer structure, commonly described as an
inner inorganic and an outer (porous) organic layer.[39—41] Other models of the SEI
represent it as a double layer capacitor, wherein the charged components are held together
via electrostatic forces.[42] Lately, cryo-transmission electron microscopy has also made
direct imaging of the SEI-layer possible. Based on this type of experiments, the SEI-layer
has been suggested to constitute mostly of amorphous components.[43] Further, it has also
been suggested that SEI-layers are not compact films but swell in the presence of
electrolyte.[44]

2.4. Problems in Metal anodes

Cathode
(2) Short circuit

(3) Aggrevated  (5) Increased
side reactions polarization

(1) Dendrite \4 l /

~ e (7
D () soted
44\

Pristine metal

Figure 2.4. Schematic of problems in alkali metal anodes. Each type of problem is explained in the text.
Inspired by [26]

Figure 2.4 schematically illustrates the most important issues currently hindering the
application of alkali metal anodes. The electrochemical deposition of alkali metal tends to
be inhomogeneous.[45] Although different types of growth modes can be identified, it is
common to refer to all types of inhomogeneous deposits as dendrites (number 1 in figure
2.4).[14] The inhomogeneous deposition of alkali metals will be reviewed more thoroughly
in section 3.4. Dendritic structures can cause problems in several ways. If dendritic
structures are allowed to grow tall enough, they can penetrate through the separator to reach

12



the cathode, short-circuiting the cell (number 2 in figure 2.4).[46] This will inevitably lead
to cell failure but can also create serious safety problems.[47]

The inhomogeneous deposition will also expose larger surface areas of metal to the
electrolyte. Larger surface areas will lead to aggravated side reactions and invariably both
more electrolyte consumption and loss of active material (number 3 in figure 2.4).[26] The
active material can also be lost through the formation of electronically isolated, or ‘dead’
metal, during the plating/stripping process (number 5 in figure 2.4).[48] For instance, this
can occur if the base of a dendritic structure is stripped before the top, leaving the top part
electronically disconnected from the bulk electrode. A layer of ‘dead’ metal and/or
electrolyte decomposition products can also build up at the anode surface, giving lithium
ions a more tortuous pathway to the anode. This will increase the electrode polarization
during plating/stripping (number 5 in figure 2.4).[48] Finally, the large volume change that
the anode goes through during plating and stripping will strain and possibly crack the
surface film on the alkali metal surface, exposing unreacted metal to the electrolyte.[49]
This behavior can both increase electrolyte consumption through side reactions and drive
uneven metal deposition.[49]

2.4.1. Reversibility

Several of the problems discussed in the previous section limit the reversibility of the alkali
metal stripping/plating reaction. One way to quantify the reversibility of a cell is to
determine the Coulombic efficiency (CE). This is a measure of what fraction of the
electrons spent charging the cell can be recovered at discharge:

_ Discharge capacity

Equati .
Charge capacity quation 2.9

This parameter is crucial for determining how much excess electrode material needs to be
used to give the cell the desired cycle life. It is common to define the end of life for a
battery when it retains only 80% of its initial capacity.[3] Figure 2.5a shows the capacity
retention for cells with different CEs and no excess electrode material. Without excess
electrode material, cells with a CE of 99.9% would only have a cycle life of around 200
cycles. To improve the cycle life, excess electrode material can be used, see figure 2.5b.
With 100% excess electrode material, a cell 99.9% CE would instead survive for more than
1200 cycles. The excess material will, however, diminish the energy density of the cell.
This highlights the importance of attaining high reversibility for the metal stripping/plating
process to allow cells with metal anodes to have both high energy densities and acceptable
cycle lives.

13
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Figure 2.5. Capacity retention for different Coulombic efficiencies in a cell with a) no excess of active
material. b) 100% excess material. Dashed black lines mark the ‘end-of-life’ at 80% capacity retention.

Through extensive efforts to develop the electrolytes used for lithium metal batteries, the
reversibility of lithium metal anodes has improved from around CE=80% in 1974 to well
above 99% in several electrolytes today, with the highest reported CE around 99.9%.[50]
Also for Na-anodes, CEs of 99.9% have been reported,[51] while the CEs of potassium

metal stripping/plating are generally lower, to my knowledge, the highest reported CE value
is 99.6%][52]
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Chapter 3 - Metal stripping and

deposition

This chapter is dedicated to the fundamental physics and electrochemistry governing the
stripping and plating process of alkali metals from liquid electrolytes.

3.1. Overpotential

The potential, E, which is required for some electrochemical reaction to occur will always
deviate from the equilibrium potential, Eg,, predicted from the change in Gibb’s free energy
(equation 2.4).[53] This difference is known as the overpotential, n:

n=E—Eg Equation 3.1

and can be associated with energy barriers and processes involved in the electrochemical
reaction.[18] By changing the applied (over)potential, the reaction rate can be altered. [54]
Equivalently, if the reaction rate (current) is instead fixed, changes in the overpotential can
help us learn about the energy barriers associated with different steps of the reaction(s).

3.2. Deposition

For metal deposition, several key steps need to occur, all associated with an overpotential.
These steps are schematically illustrated in figure 3.1. (1) Mass transport. The reactants
need to diffuse through the electrolyte and the SEI-layer to reach the electrode. [55,56] (2)
Charge transfer. The reduction of metal ions on the surface of the electrode is associated
with an energy barrier that needs to be overcome for the reaction to take place.[57] (3)
Nucleation. Metal atoms adsorbed on the electrode surface need to nucleate to form a new
phase.[57] In the following subsections, these different processes occurring during the metal
electrodeposition will be described in more detail.
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Figure 3.1. Key steps for metal deposition from a liquid electrolyte.
3.2.1. Mass transport

Mass transport can occur through 3 different mechanisms, convection/stirring, electrical
migration or diffusion.[18] This can be summarized using the Nernst-Planck equation,
describing the flux, J, of an arbitrary species j in solution:[54]

— ']
Jj=—DiVG —2r D

CVo + Cv, Equation 3.2
where, D, C and z, are the diffusion coefficient, concentration, and dimensionless charge of
an ionic species. ¢ and v are the potential and the convection velocity. The first term in
equation 3.2 represents the diffusion due to a concentration gradient, the second one the
migration current and the last term the mass transport due to convection. In battery science,
the contribution of convection is frequently neglected.[57,58] However, for large currents, it
may play an important role.[59]

In equilibrium, the net current through an electrochemical cell will be 0. According to the
Nernst Einstein equation (having neglected convection), this means that the concentration of
ions has been distributed in the cell to compensate for any gradient in the electric potential.
Now, when a current is applied, ions will be consumed at one electrode and produced at the
other, creating a concentration imbalance, which will drive mass transport through

diffusion. In most batteries, this diffusion process is the main mode of mass transport
although migration also plays a part.[18] The use of a supporting electrolyte, with a large
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concentration of a salt that does not participate in the electrode reactions, can eliminate the
contribution of migration to the mass transport.[60]

3.2.2. Charge transfer

The redox reaction occurring at the electrode in this work is a one electron transfer process
described by the general reaction

Mt+e 2 M, Equation 3.3

where some ion, M*, in solution, is oxidized to form a metal, M, atom on the electrode. This
metal atom can of course also be oxidized again and return a metal ion to the electrolyte
solution. In equilibrium, when no net current is produced, the forward and backward
reactions are happening at the same rate. However, by applying a potential, the direction
and rate of this reaction can be controlled. This is described by the Butler-Volmer equation,
which links the overpotential to the net current. Here, the equation is adapted to describe the
reduction of alkali metal-ions (M ™) at the electrode-electrolyte interface to form alkali
atoms (adsorbed on the electrode):[57]

. . CS+ aF CI\'S/‘I BF :
j=j° lﬁ exp (ﬁ”) — @exp <_ﬁn)l Equation 3.4

where j° is the exchange current density, C 1\§1+ and C 13+ are the concentrations of metal ions

at the surface and in the bulk electrolyte, respectively. Similarly, Ci; and C% are the surface
and bulk concentrations of metal atoms. a and f are the anodic and cathodic transfer
coefficients. The first term in equation 3.4 describes the reaction progressing in one
direction (reduction of metal ions), and the second term describe the reaction progressing in
the other direction.[54] Neglecting the concentration effects, this equation is plotted in
figure 3.2.
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Figure 3.2. Charge transfer overpotential for different currents, illustrated by the Butler-Volmer equation
(equation 3.4), neglecting any concentration effects, with transfer coefficients @« = § = 0.5.

3.2.2. Nucleation

Finally, the adsorbed atoms on the surface of the electrode will need to nucleate to form a
new phase. The Gibbs free energy change during nucleation on a substrate, AGy,,,
(heterogeneous nucleation) has three different contributions:

AGyye = AGpyx + AGS,Base + AG.S‘,Elr Equation 3.5

the energy reduction for atoms in the bulk crystal, AGg,,;x, and the surface energies of the
base of the nuclei, AGs gqse, (interface between nuclei and substrate) and the part of the
nuclei in contact with the electrolyte AGs ;. More explicitly, these terms can be expressed
as:[61]

AGyye = VAGy + A1y, + A2 (2 — Vo) Equation 3.6

where AGy is the Gibbs free energy of supersaturation, A; and A, are the areas of the nuclei
in contact with the electrolyte and substrate, respectively. y; and y, are the corresponding
surface energies, and y, the surface energy between electrolyte and substrate. It is possible
to show that for a spherical cap shaped nuclei (see inset of figure 3.3a) with some contact

angle, 8, with the substrate, the Gibbs free energy change during nucleation can be written
as:[62]

2—3cos8 + cos30
4

4
Mve = (373G, + 41y, )( ) Equation 3.7

This expression is plotted for an arbitrary contact angle in figure 3.3a. The graph illustrates
that for small nuclei, there is an energy cost associated with the growth of the nuclei, until it
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reaches a certain, critical radius (r*) after which further growth is energetically favorable.
The energy needed to form a nucleus of the critical radius will constitute an energy barrier
for nucleation. This energy barrier arises due to the competition between the cost of the
surface energy of the nucleus, and the lower energy of atoms in the bulk crystal lattice.
Since the bulk energy term has an r3-dependence, while the surface energy term grows with
the square of the crystal radius, the bulk energy gain eventually dominates for large enough
radii. To overcome the energy barrier associated with the nucleation and form a new phase,
it is necessary to apply an overvoltage, [63,64] illustrated in figure 3.3b.

&0
-’

Change in Gibbs free energy
o

r*

Radius of nucleus, r

b)

Gibbs free energy

M*+e” > M
Increasing n
\ AGnyc*
Metal (M)
AG

MYt + e~

Reaction coordinate

Figure 3.3. Energy barriers in electrodeposition. a) Gibbs free energy change during nucleation of a spherical
cap nucleus (with a fixed contact angle) on a substrate. b) Energy barrier associated with nucleation and the

influence of overpotential. Redrawn from.[65]
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3.3. Stripping

Pristine alkali metal After stripping

b) v

Figure 3.4. Stripping from an alkali metal electrode. a) Void formation during stripping. Inspired by [66]. b)
Different parts of the metal anode, typically associated with different stripping resistances, illustrated with
different colors. Redrawn from [67]

In principle, during the stripping process, the same steps which were described for
plating/deposition in section 3.2 need to occur, but in the reverse order. However, during
stripping no nucleation takes place. First, charge transfer needs to occur, metal ions in the
bulk electrode need to be oxidized to produce metal ions. Then, the metal atoms need to
diffuse through the electrode and the SEI to reach the electrolyte (mass transport).

The electrode morphology is of course dictated not only by the plating process, but also by
the stripping process. For instance, when metal atoms are stripped from the electrode,
vacancies in the bulk metal will be created (figure 3.4a). If enough vacancies are formed,
voids will be created inside the electrode.[66] For high enough stripping-rates, this void
formation process can trigger a local breakdown of the SEI-layer, resulting in the formation
of a pit in the electrode. [66] Further, the resistances associated with different diffusion
pathways for the stripped ions will influence where on the electrode metal is stripped from.
For instance, lithium diffusion in bulk metal is usually much lower than the diffusion
through the SEI layer, which leads to pits being more likely to form close to grain
boundaries where the ions can diffuse faster.[66] The different types of metal morphologies
are prone to exhibit different resistances during the stripping process, as illustrated in figure
3.4b. Since the alkali metal is very reactive, there will already be a native oxide layer on its
surface before the cell cycling starts,[12] and mass transport through this layer will be
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associated with some resistance. Electrochemically deposited structures on the other hand
will form a surface layer only from the decomposition of electrolyte, typically giving
another resistance for stripping from the deposit compared to the bulk metal. Finally, the
pitted electrode surfaces can have yet another type of interfacial layer/SEI.

3.4. Explanations for dendrite growth

The electrochemical formation of a metal from ions in a solution is not unique to the battery
field. Different types of electroplating have been studied for more than 200 years.[68]
Several different metals like copper, tin, lead and various different alloys, have been plated
this way, often from aqueous electrolytes.[69] This process carries many similarities with
the plating of alkali metal in a battery. For instance, also in conventional electroplating,
dendrite growth is a known problem. Therefore, models for understanding dendrite growth
in conventional electroplating have often been applied to understand the uneven deposition
morphology of alkali metals. It is important to stress, however, that there are several key
differences between alkali metal stripping and plating in batteries and the electrodeposition
of for instance Cu. Alkali metals require nonaqueous electrolytes to be used and
spontaneously form SEI-layers on their surfaces.[68] This needs to be considered to
understand the alkali metal plating process. Further, for metal batteries, the deposition and
stripping of metal are repeated over several cycles.

3.4.1. Diffusion limited current and Sand’s time

Metal electrodeposition can be seen as a mass transport problem. Metal ions will be
generated at one electrode, and consumed at the other electrode by a reduction process
depositing them as metal atoms.[3] To sustain a certain current over time, the ions need to
be transported sufficiently fast from the electrode where they are generated to the electrode
where they are consumed. Neglecting the effect of convection, the maximum current
density which can be sustained based on the effect of ion diffusion can be estimated from
[3,70]

. o ZecD Equation 3.8
J' = tL quation 3.

where, e is the elementary charge, ¢, the bulk salt concentration, D the ambipolar
diffusivity for the ions in solution!, t, the anionic transport number and L the inter-
electrode separation. This current limit is usually denoted as the diffusion-limited current

density, J*, above which the surface concentration of metal ions at the anode will fall to
0.[71]

1 p = DakctDekta
Hctla
and cationic mobilities.

, where D, and D, are the anionic and cationic diffusion constants. p, and p, are the anionic
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Fractal growth can be induced when the surface concentration of metal ions reaches 0.
Above the diffusion limiting current density, the ions at the surface of the anode are
consumed faster than they can be transported there. The time it takes for the surface
concentration of metal ions to reach 0 is referred to as the Sand’s time.[72,73] For an
electrolyte containing only one cationic and one anionic species, which will be the case
throughout this thesis, the Sand’s time can be calculated from:

(ZCCOF)2

—4(/ta)2 Equation 3.9

tsana = D

where z, is the dimensionless charge of the cation (1 for alkali ion deposition) and ] is the
applied current density. After the Sand’s time, electroneutrality will be broken close to the
surface of the electrode and locally charged regions created. This will preferentially drive
deposition to protrusions in the surface or dendrites,[6] a mechanism commonly used to
explain dendrite growth for copper deposition from an aqueous solution. [72,74] However,
with the electrode separations and current densities reported for most experiments on alkali
metal deposition in batteries, the diffusion limited current suggests that the surface
concentration will never fall to 0.[75] This limits the utility of Sand’s time as an explanation
for dendrite growth in alkali metal anodes, which can be illustrated by plotting the limiting
current density (equation 3.11) for different electrode separations for a common lithium
electrolyte, see figure 3.5. It is possible, however, that the diffusion limited current above is
a too idealized way to estimate the magnitude of the current density that can be sustained by
diffusion. Mistry and coworkers argue that uneven lithium deposits will trap electrolyte at
the electrode surface, which can lead to ion depletion even at currents below the estimated
limiting current density for the cell.[75] Additionally, already ion concentration gradients

at the electrode surface can still impact the deposition morphology.[58]

10 T T

Current density (mA/cm2)

0 1 1
10" 102 10° 10*
Electrode separation, L (um)

Figure 3.5. Conditions under which dendrite growth is predicted due to ion depletion at the surface of the
electrode (red area). Plot based on equation 3.8 for a typical lithium electrolyte (1M LiPF¢ in EC:DMC). A
diffusion coefficient, D = 1 - 10~® cm?*/s and the anionic transference number t, = 0.62 was used.[72]
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3.4.2. Mechanically weak separators

It has been suggested by Monroe and Newman[76] that a mechanically strong separator can
prevent uneven deposition. This idea has inspired the use of solid-state electrolyte or
separators to stabilize alkali metal deposition.[8] For instance, the company QuantumScape,
currently attempting to design lithium metal batteries for commercial use utilize this
strategy by using a ceramic separator.[77] Further, with a similar argument, a mechanically
strong interfacial layer at the electrode surface (artificial SEI) can reduce the dendritic
growth.[78]

3.4.3. Nonuniform interphase

A non-uniform interphase at the electrode has also been suggested as the precursor for
nonuniform deposition.[8] The SEI that forms on lithium metal has been confirmed to be
chemically non-uniform, which will tend to induce a non-uniform current density.[49] The
uneven deposition can also induce stress on the SEI-layer, possibly causing cracks to further
aggravate the uneven deposition.[49]
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Chapter 4 - Theory & Experimental

This chapter will explain the working principles of the experimental methods used within
the thesis. These include different types of electrochemical cycling as well as Raman
spectroscopy and neutron reflectometry.

4.1. Electrochemical methods

The electrochemical methods can be divided into two different categories. Either, the
current passed through the cell is controlled and the voltage response of the cell is measured
(see section 4.1.1) or the other way around (see section 4.1.2).

4.1.1. Galvanostatic cycling

In a constant current experiment, a potentiostat or galvanostat is used to maintain a fixed
current flowing between the electrodes of the cell and the potential that needs to be applied
to maintain the set current is measured.[54] This kind of experiment is frequently used for
evaluating battery materials and full cells, to ascertain e.g. their cycle life or rate capability.

Two different categories of cell configurations are used to test the stability and reversibility
of the metal anodes, see figure 4.1. The first type of cell, a symmetric cell where both
electrodes are alkali metal foils, is often used to analyze the compatibility between an
electrolyte and a metal anode (figure 4.1a). For instance, the tendency for a cell to short
circuit or the evolution of the interfacial resistance of the electrodes during cycling can be
studied. [13,14,48,67] In an asymmetric cell, an alkali metal foil acts as an ion reservoir and
counter electrode (CE) while the working electrode (WE) is a non-reacting metal, typically
copper (figure 4.1b). The efficiency of the metal stripping/plating in an electrolyte can be
assessed by repeatedly plating alkali metal on the copper surface and stripping it
again.[79,80]

a) b)
Alkali metal / E|ectro|yte Alkali metal / EleCtrOlyte
Separator(s) Separator(s)
Alkali metal

Figure 4.1. Cell configurations used for the analysis of metal anodes. a) Symmetric cell, using two alkali
metal electrodes. b) Asymmetric cell with one copper electrode and one alkali metal electrode.

4.1.2. Cyclic Voltammetry

Cyclic voltammetry (CV) is used to investigate the reduction and oxidation potentials of
different reactions.[81] The potential of the working electrode is increased/decreased at a
constant rate, while the current flowing between the counter and the working electrodes in
response to the applied potential is monitored. Usually, the potential is scanned in a cyclic
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fashion between two values. An illustration of a CV-curve is given in figure 4.2, where a
CV-experiment has been simulated for a reversible redox reaction. In this experiment, a
negative scan from a starting potential to a lower cutoff potential is first performed and then
a positive scan returns the potential back to the initial value. As the electrode potential
approaches the equilibrium potential of the redox reaction, a current starts to flow.
However, the reaction giving rise to the current eventually depletes the interface between
electrode and electrolyte of reactants, leading to a decay of the current to some lower value
set by the rate at which reactants can be transported to the electrode. This gives rise to a
characteristic peak in the current vs potential plot, with some offset from the reduction
potential.[54] In the positive scan, the reverse redox reaction takes place and gives rise to a
peak, which is shifted to higher potentials. The standard reduction potential can be
determined as the average between the peak values seen in the positive and negative scans,
marked by a dashed line in figure 4.2.

A CV-scan can also shed light on the nature of the transitions. For instance, the reversibility
of a reaction can be determined as a peak should be obtained in both the negative and
positive potential scans. If a peak is found only in one scan direction the process is
irreversible.

Current

0
Electrode potential

Figure 4.2. Schematic CV-curve for a reversible redox reaction with standard potential Eo. The potential of
the working electrode is linearly decreased from a starting value (green point) to a cutoff potential (orange
point) and then increased again to return to the initial potential.
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4.1.3. Three-electrode and two-electrode configurations

For battery testing, it is common to use a two-electrode cell (figure 4.3a) and in this case,
the current will flow between a counter electrode (CE) and a working electrode (WE). Since
it is only possible to measure electrode potentials relative to another electrode,[82] this
configuration only allows the potential difference between WE and CE to be determined.
This can be problematic as currents will polarize both electrodes, and no independent
measure of the potential of either WE or CE can be obtained. [83]

To separate voltage changes arising from processes occurring at the working and counter
electrodes, a reference electrode (RE) can be introduced in the cell (figure 4.3b). This
electrode will only carry a very small current necessary to measure the potential,
minimizing its polarization. If the RE has a stable potential, the potentials of the WE and
CE can be determined independently in this configuration, denoted as a three-electrode cell.

a) b)
® O,

CE/RE CE

s
Power CV) Power RE
supply supply

WE WE CV)

Figure 4.3. Measurement configurations. a) Two-electrode measurements. b) Three-electrode
measurements. Redrawn from [82].

4.2. Raman Spectroscopy

When light impinges on a material, most photons that are scattered from an ion/molecule
will have the same energy before and after the scattering event, which is called elastic
scattering. However, roughly 1 in 100 000 photons will be scattered inelastically and
instead exchange energy with the molecule/ion. This type of scattering is called Raman
scattering and constitutes the basis for the technique Raman spectroscopy. In a Raman
spectrometer, a sample is illuminated with monochromatic radiation and the energies of
inelastically scatted photons are analyzed. Each photon energy shift, AE, corresponds to the
energy difference between two quantized energy states in the molecule/ion.[84]

Typically, in Raman spectroscopy, the photon energy shifts are associated with the
excitation or deexcitation of vibrational states of different ions or molecules. [84] As an
example, consider the molecule CCls. The atoms in this molecule can vibrate in several
different ways, one has been exemplified in figure 4.4a. In what is known as a symmetric
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stretching vibration, the CI atoms (green) alternate between moving away from and towards
the C atom at the center of the molecule (black). The vibrational energy can be described by
the formula

E = hv,, Equation 4.1

where h is Planck’s constant and v,,, the characteristic vibrational frequency of the motion.
The different scattering events that are possible when a photon hits a molecule/ion are
shown in figure 4.4b. An incident photon hitting a molecule in its ground state, E, will be
excited to a virtual state (dashed line), before the virtual state is de-excited, sending out a
scattered photon. When incident and scattered photons have the same energy, the event is
called elastic or Rayleigh scattering. The scattered photon can also have lower energy than
the incident photon, leaving the molecule in an excited vibrational state, known as Stokes
scattering. Finally, some molecules are already in an excited vibrational state before the
scattering event. In this case, the vibration can be deexcited, giving rise to a scattered
photon with higher energy than the incident photon, known as anti-stokes scattering. The
energy shift involved in the stokes and anti-stokes scattering is characteristic of the
vibration that has been (de)excited.

Different chemical bonds or functional groups vibrate with different frequencies, which can
be explained by using a spring, with a spring constant K, to describe the bond between two
atoms of mass m; and m,. Solving the equations of motion for this system, the atoms can
be seen to vibrate with a frequency

Equation 4.2

As different chemical bonds have different strengths and masses of the involved species,
already this very simple model predicts that different functional groups will result in
different Raman shifts. In this thesis, Raman spectroscopy is used to understand the
solvation structures in different electrolytes. Solvation of an ion will delocalize electrons
participating in the covalent bonds of solvent molecules.[85] This will modify the strength
of the covalent bond, which based on the model above will change the vibrational frequency
and thus also the position of the Raman band.
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Figure 4.4. Principles of Raman spectroscopy. a) Example of a symmetric stretch vibrational mode in CCly.
b) Schematic energy diagram describing the difference between elastic (Rayleigh) scattering and inelastic
(Raman) scattering.

4.3. Neutron Reflectometry

Reflectometry is a common tool for the characterization of films with thicknesses varying
from fractions of a nanometer to hundreds of nanometers.[86] The technique has frequently
been used for depth profiling of samples ranging from biological membranes or surfactants
to thin film depositions, but can also be used to characterize electrochemical interfaces like
the SEI-layer.[87,88] During a measurement, the reflectivity is measured, that is the
intensity ratio between the beam incident on a surface and the reflected beam. Specifically,
specular, or mirror-like reflection is used in this thesis, where the incidence angle and
reflection angle are the same (schematically illustrated in figure 4.5). In an experiment, the
specular reflectivity is monitored as a function of the momentum transfer vector, Q:

29



2 .

Q= - sin 6, Equation 4.3
where A is the wavelength and 6 is the incidence angle. In practice, Q is varied either by
rotating the sample to change the incidence angle or by letting the wavelength of the beam
vary.

|

6 — Eout'

in Detector

Figure 4.5. Schematic of a reflectometry measurement. An incident beam is specularly reflected from a
surface and the intensity of the reflected beam is detected.

The material parameter that governs the reflection of x-rays or neutrons is the scattering
length density (SLD), p. The SLD is determined by the composition and density of a
material through the following equation: [89]

p= Z be,iN; Equation 4.4
i

where b, ; is the scattering length and N; the number density of element i. At an interface
where the SLD changes, part of the beam will be reflected, and part of the beam will be
transmitted. How strong the reflection is will depend on incidence angle, SLD-contrast at
the interface as well as the wavelength. [90]

Consider a layer in a sample (figure 4.6a) with a different SLD compared to its
surroundings. Both at the interfaces above and below this layer, part of the beam will be
reflected. The parts of the beam reflected at the top and bottom interfaces will have
different path lengths to reach the detector, set by the layer thickness, d, and incidence
angle, 6, of the beam. These reflections will interfere constructively or destructively with
each other at the detector, depending on the resulting phase difference. This gives rise to an
interference pattern when reflectivity is plotted against Q (figure 4.6b), which will encode
information about the layer, such as layer thickness, SLD and interfacial roughnesses. At
small @, there is a plateau due to the total reflection of the incident beam when the
incidence angle is below the critical angle, whereas a fringe pattern emerges for higher Q.
The valleys of the fringe pattern arise due to destructive interference and the peaks due to
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constructive interference between parts of the beam reflected at the different interfaces. The
width of the fringe is proportional to the thickness of the layer and the height reflects the
SLD contrast at the interfaces.[90] Similarly, the roughness of the interfaces will also
impact the reflectivity curves. A rougher interface will lead to a steeper falloff of the
reflectivity vs @, and dampen the fringe amplitude at higher Q.[86]
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Figure 4.6. a) Two parts of a beam, reflected at the interfaces on each side of a layer. The path length
difference is marked in green. b) Characteristic reflectivity curve.

4.3.1. Modeling

The reflectivity curve cannot be directly inverted to infer how the SLD varies at the
interface which was measured. In principle, samples with very different SLD-profiles can
give rise to identical reflectivity curves, and therefore, information must be extracted from
reflectivity curves by fitting a model to the data,[86] as illustrated in figure 4.7. Reflectivity
data (figure 4.7a) is used to fit a model which typically represents the SLD-profile of a
sample using a set of “slabs”, each corresponding to a material with a certain SLD,
thickness and interfacial roughnesses towards the neighboring layers (figure 4.7b).
Depending on prior knowledge about the sample, a selection of the parameter in the model
is varied to fit the reflectivity data. Consequently, appropriate model selection is key to
obtaining meaningful and accurate information from a reflectivity experiment.
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Figure 4.7. NR-data and the corresponding model. a) Reflectivity curve and the model which was fitted to
this data. b) SLD profile of the model fitted in a), and materials assigned for each slab.
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Chapter 5 - Results and Discussion

5.1. Highly concentrated electrolytes

The standard salt concentration around 1 mol/dm?® frequently used for battery electrolytes
typically maximizes the ionic conductivity of the electrolyte.[91] For a long time, the
viscosity increase and resulting conductivity decrease for electrolytes with higher salt
concentrations deterred researchers from investigating them more carefully, and only a few
publications on the topic can be found before Yamada pioneered the field in the 2010s.
[10,91-93] The reported benefits of highly concentrated electrolytes include improved rate
capabilities in lithium-ion batteries, suppressed corrosion and extended the electrochemical
stability window.[10,91] Moreover, HCEs have been shown to suppress dendrite growth on
metal anodes and allow high-rate cycling with long cycle life and high Coulombic
efficiencies.[11,94,95] Still, the mechanism(s) through which the highly concentrated
electrolytes improve the performance of metal anodes is not well understood. Below, in our
work, we have tried to address this.

5.1.1. Solvation structure

The solvation structure of liquid electrolytes can be probed using Raman spectroscopy, as
an example, in figure 5.1a the Raman bands associated with CH> rocking and COC-
stretching of the solvent 1,2-Dimethoxyethane (DME) are shown. When the salt potassium
bis(fluorosulfonyl)imide (KFSI) is added to this solvent, spectral components at larger
wavenumbers start to appear, which correspond to DME-molecules that are participating in
the solvation of cations from the salt. By comparing the areas of the peaks related to free
and solvating DME, the fraction of free solvent molecules in the electrolyte can be
estimated (figure 5.1b).[96,97] In a 1 mol/kg electrolyte, roughly 10% of the DME
molecules participate in the solvation of cations, whereas the corresponding number is 60%
in a 4.34 mol/kg electrolyte (corresponding to a molar ratio of 1:2.5). Other DME-based
electrolytes show similar behaviors. For NaTFSI/DME at the same molar ratio (1:2.5) as the
4.34 mol/kg KFSI/DME electrolyte, 68% of the DME molecules participate in the
solvation.[96] Similarly, LiIFSI/DME at the slightly more concentrated molar ratio 1:1.9
has been reported to have no or very little free solvent molecules.[98] The limited fraction
of free solvent molecules (those that are not participating in the solvation shell of any ion) is
characteristic for HCEs.[91,99] This electrolyte property also carries an important role for
metal anodes, which is underlined by the observation that when HCEs are diluted with a
non-interacting solvent that maintains their solvation structure, several of their benefits are
retained.[100,101] Among other things, the electrolyte's solvation structure can be linked to
the SEI formation process as solvent molecules' reductive stability change when they
participate in the solvation of different ions.[85]
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Figure 5.1. Solvation structures of KFSI/DME electrolytes with different salt concentrations. a) Raman
spectra showing the CH»-rocking and COC-stretching modes of DME. b) Relative peak areas for the peaks
in a), indicating the fraction of solvating/free solvent molecules.

5.1.2. The SEI

The SEI-formation is often studied on a non-reacting substrate like Cu.[36] For alkali metal
anodes, both electrochemical and chemical reactions will contribute to the SEI formation in
a complex manner, while a non-reacting substrate provides a model system allowing a
clearer separation of different processes. The different reactions contributing to the
electrochemical SEI-formation can be probed using cyclic voltammetry. For a Cu electrode
in a highly concentrated LiITFSI/DME electrolyte (figure 5.2a), a set of peaks are visible
during the first anodic scan, corresponding to various electrolyte breakdown reactions.
These reactions contribute to the formation of a passivating surface film, which is consistent
with a significantly lower current observed in the anodic scan during the second cycle.
Similarly, during the initial anodic scan on Cu in a highly concentrated KFSI/DME
electrolyte, a broad peak around 0.8V and a sharper one at 0.1V appear (figure 5.2b). In the
second cycle these peaks are absent or less pronounced. Apart from the different reference
used to measure potentials, the differences between the CV curves in figure 5.2a and b can
be attributed to the effect of electrolyte composition on the SEI-formation process. For
instance, in the KFSI/DME electrolyte, metal deposition and SEI-formation reactions occur
at potentials closer to each other than in the LiTFSI/DME system, evidenced by the peak at
0.1V during the anodic scan in figure 5.2b.
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Figure 5.2. CV scans for Cu working electrodes in metal-Cu cells with a 1mV/s scan rate. a) Li-Cu two-
electrode coin cell, using a highly concentrated LiTFSI/DME (1:2.2 molar ratio) electrolyte. b) K-Cu three
electrode cell, using KFSI/DME (1:2.5 molar ratio).

Since the SEI forms from electrolyte breakdown reactions, we should expect that changing
the electrolyte composition will affect the properties of the SEI layer. However, several
other factors are also at play. To reiterate, the solvation structure will affect the reductive
stability of solvent molecules.[85] Additionally, the concentration change of the reactants in
themselves can have an effect and the shift of the equilibrium potential for metal deposition
due to an increase of metal ions in the electrolyte can play a role.[91,102—104] Several
reported benefits of HCEs can also be connected to their SEIs, like high rate capabilities in
Li-ion batteries[10] and stabilization of Li-metal in highly concentrated LiTFSI/Acetonitrile
solutions.[93]

Based on a couple of different arguments and observations, thin and compact SEIs have
been suggested to form in HCEs. For instance, high CEs using HCEs have been used to
argue that less SEI-growth takes place during cycling, resulting in a thin SEI. [91,94] The
sputtering time necessary before metallic lithium can be detected on cycled lithium metal
anodes using x-ray photoelectron spectroscopy has also been used to argue that thinner SEIs
form in HCEs compared to electrolytes with lower salt concentrations.[105] However, there
are several other mechanisms that can explain these phenomena, such as the formation of
dead lithium. Instead, to support these observations and draw conclusions about SEI-layer
thickness, we use in situ neutron reflectometry measurements to study Cu interfaces in
LiTFSI/DME electrolytes with different LiTFSI concentrations. The reflectivity curves in
figure 5.3a clearly change (compared to OCV) after a potentiostatic hold at 50 mV vs Li/Li*
has been applied to form the SEI. To aid the interpretation of these changes, a slab model is
created for the sample (figure 5.3b) and the layer thickness, SLD, as well as interfacial
roughnesses, are fitted to account for the changes in the reflectivity. Our model explains
differences between reflectivity curves at OCV and after the potentiostatic hold, through the
formation of an SEI-layer with a low SLD (figure 5.3¢). This is supported by the excellent
agreement between model and experimental data (figure 5.3a). The fitted SEI-layer
thickness is 13 nm for the LCE compared to 5 nm for the HCE, suggests that a HCE can aid
the formation of a thin SEI-layer, in agreement with previous reports. TEM measurements
have shown similar results for dilute and concentrated lithium
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bis(pentafluoroethanesulfonyl)imide (LiBETI) in propylene carbonate solutions. The
determined SEI layer thicknesses on lithium metal were 35 and 20 nm for electrolytes with
1.28 mol/kg or 3.27 mol/kg salt (molar ratios 1:7.7 and 1:3) after 30 cycles.[11]

a) —— HCE: OCV 3 b) I
— ] —— HCE: 50mV vs Li/Li* | Sig Cu Cu lectrolyte
£ 3 LCE: OCV
5 4 LCE: 50mV vs LiLi* [ - <
o ] 8 LCE
i_i L \\V_ vevensnannnn |HCE
> ] |
27 3 —— HCE: ocv /
B i —— HCE: 50mV vs Li/Li+
T M LCE: OCV
x [ LCE: 50mV vs Li/Li*

I I I 3 T T T T T
0.025 0.075 0.125 0 200 400 600 800

QA Depth profile (A)

Figure 5.3. SEl-formation in LiTFSI/DME electrolytes with low (1:13.7 molar ratio, LCE) and high salt
concentration (1:2.2 molar ratio, HCE). a) Reflectivity curves on a copper electrode in a Li-Cu cell before
and after applying a potentiostatic hold to form the SEI. Markers represent the data and solid lines the fitted
models. b) Schematic of the electrode surface models used to fit the data in a. ¢) SLD profile corresponding
to the fitted models.

5.2. Plating and stripping

The impact of the electrode interface on the plating/stripping process can be illustrated by
studying the voltage profiles of the K electrode in a K-Cu cell during galvanostatic cycling
(figure 5.4). A large overpotential peak is observed at the onset of the first stripping from
the K CE. This can be related to stripping from beneath a native oxide layer on the metal,
which is associated with a large resistance. When “fresh” K is revealed, the stripping can
proceed at a lower overpotential. In the second cycle, when K has been freshly deposited on
the electrode, the stripping starts at a lower overpotential. Again, this can be linked to the
lower interfacial resistance associated with stripping freshly deposited K. Once the deposits
have been removed and K needs to be stripped from the bulk electrode, the overpotential
increases. This gives rise to a step in the voltage profile of the CE (as well as the cell
voltage). The appearance of these features in the voltage profile illustrate that the native
oxide can drive non-uniform stripping.
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Figure 5.4. Electrode potential of the K electrode in a three-electrode K-Cu cell, cycled at 0.5 mA/cm? with
a highly concentrated KFSI/DME electrolyte (1:2.5 molar ratio).

The deposition (stripping) on (from) a non-interacting substrate like Cu will also be affected
by the SEI formation. At the onset of galvanostatic deposition on a non-interacting
substrate, it is common to observe a peak in the voltage profile, which has been associated
with the energy barrier for nucleation.[55] However, when K is deposited on a fresh Cu
surface in a highly concentrated (1:2.5 molar ratio) KFSI/DME electrolyte (figure 5.5), this
peak does not appear. On the other hand, the peak will appear if the SEI is formed already
before the deposition, either through precycling or a potentiostatic hold. If the SEI is
already formed, the K deposition (nucleation) will be the only faradic process that can
produce significant amounts of current at the very beginning of the deposition. Since
nucleation is associated with an energy barrier, a large overpotential is needed to drive the
current until the deposition mechanism can transition to the growth of nuclei. On the other
hand, during deposition on a fresh Cu surface, both SEI-formation and nucleation will
happen simultaneously. Since this changes the rate at which nucleation occurs, and the
overpotential needed for the nucleation to drive the nucleation is rate-dependent,[65] a
nucleation peak no longer necessarily needs to appear. The nucleation peak is often used in
the literature on metal anodes as a measure of the energy barrier for nucleation on a
substrate,[55,56,65,106] which our results highlight is only accurate if there are no
competing faradic processes.
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Figure 5.5. Galvanostatic deposition (0.5 mA/cm?) in a K-Cu three-electrode cell after different SEI-
formation steps: no formation-step, a potentiostatic hold at 50 mV vs K/K" and after a pre-cycling scheme
described in [107]. Potentials are measured versus a K reference electrode, and the electrolyte is a highly
concentrated KFSI/DME (1:2.5 molar ratio) electrolyte.
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Chapter 6 - Conclusions and Outlook

Alkali metal stripping and plating processes are complex and can be affected by a wide
range of different parameters and conditions. In this thesis, several connected issues are
investigated. The electrolyte salt concentration changes the solvation structure, which will
affect the SEI formation. In turn, the alkali metal plating and stripping can be connected to
all these parameters. However, the results presented in this thesis point especially toward
the importance of electrode interfaces and the SEI layer for controlling the stripping and
deposition processes and solving the problems faced by metal anodes. This is illustrated, for
instance, by the clear features in the voltage profiles of K-Cu cells, emanating from the
different interfacial resistances at different parts of the electrode (paper 3). Clearly,
characterizing and understanding the electrode interface is important, but the sensitivity of
the SEI-layer makes experimental characterization challenging. In paper 2, we show that
differences between SEI-layers formed in electrolytes with different compositions can be
analyzed using in situ NR. However, the contrast in our experiment restricted us to quite
simple models of the SEI while the measurement time was quite long (3h) and electrode
areas rather large (225c¢m?). To improve the utility of NR measurements for SEI layer
characterization, it will be important to develop smaller measurement cells, more closely
resembling standardized test cells like coin cells, enable faster measurements and find
experiment designs with better contrast for the SEI layer. Developing better methods to
characterize the SEI can also be a key to understanding why different electrolytes perform
the way they do.

Additionally, a host of information about the stripping/plating processes can be gathered,
simply by carefully analyzing the electrochemical data, as exemplified in paper 3. Still, by
complementing the electrochemical data with operando characterization techniques, an
even deeper understanding of the processes occurring at alkali metal anodes can be enabled.
For instance, X-ray tomography can help to correlate electrochemical data with the
electrode microstructures.[108]
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