Interphases Between Alkali Metals (Li, Na)
and Battery Electrolytes: Ion Transport and
Growth Behavior

Von der Fakultdt Chemie der Universitat Stuttgart
zur Erlangung der Wiirde eines
Doktors der Naturwissenschaften
(Dr. rer. nat.) genehmigte Abhandlung

Vorgelegt von
Kyungmi Lim

aus Seoul, Republik Korea

Hauptberichter: Prof. Dr. Joachim Maier
Mitberichter: Prof. Dr. Oliver Clemens

Prafungsvorsitzender: Prof. Dr. Rainer Niewa
Tag der miindlichen Prufung: 14.07.2022
Max-Planck-Institut fur Festkdrperforschung

Stuttgart

2022






You cannot connect the dots looking forward; you can only connect them looking backwards.

So you have to trust that the dots will somehow connect in your life.

-Steve Jobs



Abstract

Secondary batteries are of great importance in a variety of electrochemical energy storage
applications such as portable devices and electrical vehicles. One of the most important future
directions for the battery development is increasing the energy density. Li and Na metal batteries
hold great advantages in terms of energy density, but the high chemical reactivity of alkali metals
leads to the continuous formation of solid-electrolyte interphase (SEI) at the alkali
metal/electrolyte interface. SEI is critical for stable battery operation, as it is responsible for
capacity retention upon cycling and overpotential in the electrochemical cells. From the
fundamental point of view, these battery operation behaviors originate from the ion transport in
the SEI and the SEI growth.

In this work, ion transport and growth behavior of the SEIs on Li and Na are investigated by
a systematic combination of electrochemical and chemical characterizations. Two different types
of SEls are examined: i) SEIs formed spontaneously by the contact with liquid electrolyte in the
electrochemical cells and ii) SEIls synthesized prior to the cell assembly (i.e., artificial SEIS).
Studying of the former one provides understanding about the ion transport and growth behavior of
SEls occurring in next generation battery technologies (e.g. metal-sulfur, metal-oxygen). Using
artificial SEls has been suggested in the previous literature as a key method towards application
of alkali metal batteries. However, the ion transport mechanism in the artificial SEls, as well as
their chemical/mechanical stability over the storage under open-circuit have not been inspected in
detail.

The first part of this thesis deals with ion transport and growth behavior of SEls formed
spontaneously on contact with the liquid electrolytes. Prior to the main discussion, native films on
Li and Na are investigated. The chemical characterizations on bare Li and Na reveal that they are
partially covered with native films composed of oxides, hydroxides, carbonates and fluorides. Li
films synthesized with molecular beam epitaxy (MBE) are compared with freshly cut commercial
Li, as MBE-synthesized-Li is believed to have higher purity owing to the high-vacuum



environment (~10"! mbar) during its synthesis. The results show that MBE-synthesized-Li has
similar native films as the bulk commercial Li in terms of chemical composition, implying that the
native films stemmed from the storage environment (glovebox, airtight transfer tools, or
measurement chamber). Next, electrochemical impedance spectroscopy (EIS) was performed in
four different electrochemical cell systems, which are symmetric Li and Na cells with glyme- and
carbonate-based liquid electrolytes. The activation energies of ion transport in the SEIs (Ea(SEI)),
derived from the SEI resistances at different temperatures, are treated as a key factor to determine
the major ion transport pathways (either liquid in the pores or solid SEI constituents), as they are
independent to the SEI’s morphological structure which is difficult to be characterized in detail.
When the particular electrolytes (i.e. glyme- and carbonate-based liquid electrolytes) are used,
SEls on Na are revealed to have smaller Ea(SEI) compared to the one on Li, indicating the major
transport pathways on Na SEls are the liquid ones. This means that the solid part of SEIs on Na
are more porous compared to the SEIs on Li. The following morphological/chemical
characterizations with tools such as focused-ion beam-scanning electron microscopy (FIB-SEM),
X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass spectroscopy
(ToF-SIMS) support the higher porosity in the Na SEIs. The porosity of the SEIs on Na is believed
to originate from the smaller molar volumes of the reaction products (inorganic SEI components)
in comparison to the molar volume of Na metal.

Additionally, the ion transport properties of the bulk liquid electrolytes used in the previous
EIS measurements are investigated. Cation transference numbers and salt diffusion coefficients of
the liquid electrolytes are determined with a galvanostatic polarization method, and the difference
between Li and Na electrolytes are discussed. Finally, stripping-plating cyclic behavior was tested
on Li and Na symmetric cells with glyme- and carbonate-based liquid electrolytes. The results
indicate that the denser SElIs are not electrochemically beneficial in such processes, most possibly
owing to their high electrical resistivity and poor mechanical properties.

Based on the previous understanding about the ion transport and growth behavior on Li and

Na with the liquid electrolytes, a suitable equivalent circuit model for the porous SEI is developed.
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The model takes account of the channels (in reality pores in the SEI) where the liquid electrolyte
is infiltrated. As the electrolyte contacts with the metal, a thin SEI forms within the channels.
Depending on the molar volume change during the reaction, it either equally grows and closes the
channels, or breaks up and forms pores on a smaller scale. The latter phenomenon more applies to
the Na cases. On the basis of the Ea(SEI) values and the measured frequency ranges in EIS, it is
concluded that at early stage of storage, the SEI resistance is dominated by the liquid in the channel
while the SEI capacitance is dominated by the solid part in which the channel is embedded.

The second part of this thesis examines the ion transport and growth behavior of the two types
of the artificial SEls (sulfide-based SEIs and Al.O3) with liquid and solid electrolytes. The sulfide-
based artificial SEIs were synthesized by a chemical reaction between Li/Na and S vapor. The
chemical characterizations with FIB-SEM, X-ray diffraction (XRD), XPS and ToF-SIMS reveal
that in the sulfide-based SEls, the concentration gradients of Li/Na and S are established
throughout the layers (i.e. surface is covered with polysulfides while the bulk consists of sulfides),
and the one on Na (NaxSy) is more porous compared to the one on Li (LixSy). The EIS
measurements on the symmetric Li/Na cells with sulfide-based artificial SEls in combination with
the liquid and solid electrolytes under open-circuit show that the LixSy/NaxSy film surfaces are
composed of polysulfides, and imply that NaxSy is more porous than LixSy. The stripping-plating
behavior of all-solid-state symmetric Li/Na cells with the sulfide-based artificial SEIs is compared
to the ones without the artificial SEIs. The results demonstrate that the artificial SEls are more
resistive than the one formed spontaneously by the contact between the alkali metals and the solid
electrolytes, and they are not stable over the cyclic stripping-plating, especially for Na case. Finally,
Al>,O3 was synthesized by atomic layer deposition (ALD) on Li and Na and such electrodes were
assembled in the electrochemical cells with the glyme-based liquid electrolyte, and subsequently
measured with EIS. Theoretically, Al.Oz thin film is blocking for both electrons and ions, but the
EIS results show relatively small SEI resistances and Ea(SEI) values in comparison to the

completely-blocking interface. This strongly suggests that the synthesized Al;Os is also porous,



allowing for liquid electrolyte infiltration into the pores, and subsequent formation of another SEls
on the surface of the alkali metals.

In summary, the present thesis focuses on the ion transport and growth behavior of the
spontaneously-formed SElIs (by the contact with the electrolytes) and the artificial SEIs in contact
with the liquid and solid electrolytes in light of the SEI porosity. All the results together strongly
show that the porosity plays an essential role in the ion transport and the growth behavior of the
SEIl on Li and Na, as the SEI pores become either major transport pathways when the liquid
electrolyte is utilized, or the space allowing the metal to creep. Both phenomena result in a direct
contact between the alkali metals and the electrolyte, leading to continuous SEI formation.

Therefore, the porosity of the SEI should be carefully taken into account in battery applications.



Zusammenfassung

Sekundérbatterien sind in einer Vielzahl von elektrochemischen
Energiespeicheranwendungen, wie tragbaren Geraten und Elektrofahrzeugen, von grof3er
Bedeutung. Eine der wichtigsten zukinftigen Richtungen fur die Batterieentwicklung ist die
Erh6hung der Energiedichte. Li- und Na-Metallbatterien haben groRe Vorteile in Bezug auf die
Energiedichte, aber die hohe chemische Reaktivitat von Alkalimetallen flhrt zur kontinuierlichen
Bildung einer Festelektrolyt-Zwischenphase (solid-electrolyte interphase, SEI) an der
Alkalimetall/Elektrolyt-Grenzflache. Dieses SEI ist entscheidend fir einen stabilen Batteriebetrieb,
da es fur die Kapazitatserhaltung beim Zyklisieren sowie fiir die Uberspannung in der
elektrochemischen Zelle verantwortlich ist, aus fundamentaler Sicht ist das Betriebsverhalten der
Batterie auf den lonentransport in der SEI und das SEI-Wachstum zuriickzufiihren.

In dieser Arbeit werden lonentransport und Wachstumsverhalten der SEls auf Li und Na
durch eine systematische Kombination von elektrochemischen und chemischen
Charakterisierungen untersucht. Zwei verschiedene Arten von SEIs werden untersucht: i) SEIs,
die spontan durch den Kontakt mit fllissigem Elektrolyt in den elektrochemischen Zellen gebildet
werden, und ii) SEls, die vor dem Zellzusammenbau synthetisiert werden (kunstliche SEIs). Das
Studium der ersteren tragt zum Verstandnis des lonentransports und des Wachstumsverhaltens von
SEls bei, welche in den meisten Batterietechnologien der ndchsten Generation auftreten (z. B.
Metall-Schwefel, Metall-Sauerstoff). Kunstliche SEIs wurden in der friheren Literatur als
Schlisselverfahren  zur  Anwendung von  Alkalimetallbatterien  vorgeschlagen. Der
lonentransportmechanismus in den kinstlichen SEls sowie deren chemische/mechanische
Stabilitdt wahrend der Lagerung im Leerlauf wurden jedoch bislang noch nicht im Detail
untersucht.

Der erste Teil dieser Arbeit befasst sich mit dem lonentransport und dem Wachstumsverhalten
von SEls, welche spontan durch den Kontakt der Alkalimetalle mit flissigen Elektrolyten gebildet
werden. Vor der Hauptdiskussion werden die nativen Filme untersucht. Die chemischen
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Charakterisierungen des blanken Li und Na zeigen, dass diese teilweise mit nativen Filmen
bedeckt sind, die aus Oxiden, Hydroxiden, Carbonaten und Fluoriden bestehen. Der mit
Molekularstrahlepitaxie (MBE) synthetisierte Li-Film wird mit dem Verhalten von frisch
geschnittenem kommerziellem Li verglichen, da angenommen wird, dass MBE-synthetisiertes Li
aufgrund der Hochvakuumumgebung wahrend der Synthese (=101 mbar) eine hohere Reinheit
aufweist seine Synthese. Die Ergebnisse zeigen, dass MBE-synthetisiertes Li in Bezug auf die
chemische Zusammensetzung ahnliche native Filme aufweist wie kommerzielles Li, was darauf
hindeutet, dass die nativen Filme aus der Lagerumgebung stammen (Glovebox, luftdichte
Transferwerkzeuge oder Messkammer). Elektrochemische Impedanzspektroskopie (EIS) wurden
in vier verschiedenen elektrochemischen Zellsystemen durchgefiihrt, bei denen es sich um
symmetrische Li- und Na-Zellen mit Flussigelektrolyten auf Glyme- und Carbonatbasis
durchgefuhrt. Die Aktivierungsenergien des lonentransports in den SEIs (Ea(SEI)), lassen sich aus
den mithilfe der EIS gemessenen Widerstdénden der SEI bei verschiedenen Temperaturen
berechnen. Diese werden als Schlisselfaktor zur Bestimmung der wichtigsten lonentransportwege
(entweder Flussigkeit in den Poren oder feste SEI) behandelt, da die morphologische Struktur der
SEls im Detail schwer zu charakterisieren ist. Die auf Na gebildeten SEIs weisen ein kleineres
Ea(SEI) auf als SEls auf Li, was darauf hindeutet, dass bei Na-SEIs der lonentransport
hauptsachlich tber die Flussigkeit in der Poren geschieht und der feste Teil der SEIs auf Na pordser
ist als dieses bei den SEls auf Li der Fall ist. Zusétzliche morphologischen/chemischen
Untersuchungen mit Werkzeugen wie fokussierter lonenstrahl-Rasterelektronenmikroskopie
(FIB-SEM), Rontgen-Photoelektronenspektroskopie (XPS) und Flugzeit-Sekundarionen-
Massenspektroskopie (ToF-SIMS) unterstutzen die elektrochemische Beobachtung der Porositat
der Na SElIs. Es wird angenommen, dass die Porositat von SEI auf Na auf das kleinere Molvolumen
der Reaktionsprodukte (anorganische SEI-Komponenten) im Vergleich zum Molvolumen von Na-
Metall zuriickzufuhren ist.

Zusatzlich werden die lonentransporteigenschaften der in den vorherigen EIS-Messungen

verwendeten Bulk-Flussigelektrolyte untersucht. Kationenubertragungszahlen und
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Salzdiffusionskoeffizienten der verwendeten Flissigelektrolyte wurden mit galvanostatischer
Polarisation bestimmt und der Unterschied zwischen Li- und Na-Elektrolyten diskutiert. Zudem
wurde das zyklische Verhalten (z. B. Stripping-Plating) an Li- und Na-symmetrischen Zellen mit
flussigen Elektrolyten auf Glyme- und Carbonatbasis durchgefuhrt. Die Ergebnisse zeigen, dass
die dichteren SEIs in solchen Prozessen elektrochemisch nicht vorteilhaft sind, was
hochstwahrscheinlich auf ihren hohen spezifischen elektrischen Widerstand und ihre schlechten
mechanischen Eigenschaften zurtickzufihren ist.

Basierend auf dem bisherigen Verstandnis des lonentransports und des Wachstumsverhaltens
der SEls auf Li und Na mit flissigen Elektrolyten wird ein geeignetes Ersatzschaltbildmodell fir
pordse SEI entwickelt. Das Modell berticksichtigt die Kanale (in Wirklichkeit Poren der SEI), in
welche der flussige Elektrolyt eindringt. Zwei Extremfélle konnen unterschieden werden:
Entweder wachst die Kontaktschicht im Kanal schnell und verschlieRt diesen oder - im Falle
extremer Reaktionsvolumina, wie es bei Na haufig der Fall ist — er bricht auf und wird selber poros.
Aufgrund der Ea(SEI)-Werte und der mit EIS gemessenen Frequenzbereiche wird geschlussfolgert,
dass der SEI-Widerstand von der Flissigkeit im Kanal dominiert wird, wahrend die SEI-Kapazitat
von der bulk-SEI dominiert wird.

Der zweite Teil dieser Arbeit untersucht den lonentransport und das Wachstumsverhalten
zweier Arten kinstlicher SEls (sulfidbasierte SEls und Al2O3) mit flissigen und festen
Elektrolyten. Die kinstlichen SEls auf Sulfidbasis wurden durch Aufdampfen von Schwefel auf
Li und Na hergestellt. Die chemischen Charakterisierungen mit FIB-SEM, Rontgenbeugung
(XRD), XPS und ToF-SIMS zeigen einen zur Oberflache orthogonalen Konzentrationsgradienten:
Die Oberflache ist mit Polysulfiden bedeckt wéhrend tieferliegende Schichten aus Sulfiden
bestehen; die sulfidbasierte SEI auf Na (NaxSy) ist pordser als die SEI auf Li (LixSy). Die EIS-
Messungen an den symmetrischen Li/Na-Zellen mit kinstlichen SEls auf Sulfidbasis in
Kombination mit den flussigen und festen Elektrolyten im Leerlauf zeigen, dass die LixSy/ NaxSy-
Filmoberflachen aus Polysulfiden bestehen und dass NaxSy poroser ist als LixSy. Das Stripping-

Plating-Verhalten von symmetrischen Li/Na-Festkorperzellen mit kinstlichen SEls auf
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Sulfidbasis wird mit denen ohne kinstliche SEIs verglichen. Die Ergebnisse zeigen, dass die
kinstlichen SEIs widerstandsféhiger sind als die, die spontan durch den Kontakt zwischen den
Alkalimetallen und den Festelektrolyten gebildet werden, und dass sie (ber das zyklische
Stripping-Plating hinweg nicht stabil sind, insbesondere im Na-Fall. Zudem wurde Al,O3 durch
Atomlagenabscheidung (ALD) auf Li und Na synthetisiert aufgetragen, diese Elektroden wurden
in den elektrochemischen Zellen mit dem auf Glyme basierenden flussigen Elektrolyten
zusammengesetzt und anschlieBend mit EIS gemessen. Theoretisch blockiert der Al2Os-Dinnfilm
sowohl Elektronen als auch lonen, aber die EIS-Ergebnisse zeigen relativ kleine SEI-Widerstéande
und Ea(SEI)-Werte im Vergleich zu der vollstandig blockierenden Grenzflache. Dies deutet stark
darauf hin, dass das synthetisierte Al.O3z ebenfalls poros ist, was das Eindringen des fliissigen
Elektrolyten in die Poren und die anschlieBende Bildung weiterer SEIs auf der Oberflache der
Alkalimetalle ermdglicht.

Zusammenfassend konzentriert sich die vorliegende Arbeit auf den lonentransport und das
Wachstumsverhalten der spontan durch Kontakt mit den Elektrolyten gebildeten SEIs und der
kiinstlichen SEIs in Kontakt mit den flissigen und festen Elektrolyten im Hinblick auf die Porositét
der SEI. Alle Ergebnisse zusammen zeigen deutlich, dass die Porositét eine wesentliche Rolle fir
den lonentransport und das Wachstumsverhalten der SEI auf Li und Na spielt, da die SEI-Poren
entweder zu Haupttransportwegen werden, wenn der flissige Elektrolyt verwendet wird, oder dem
Metall Raum zum Kriechen bieten. Beide Phdnomene flihren zu einem physikalischen Kontakt
zwischen den Alkalimetallen und den Elektrolyten, was zu einem kontinuierlichen SEI-Wachstum

fuhrt, daher sollte die Porositat des SEI sorgféltig berlicksichtigt werden.
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1. Introduction

1. Introduction

1.1. Motivation and goals

One undeniable fact is that the climate change crisis is now facing us. [2] One of ways to deal
with this issue is to replace the internal combustion engine-vehicles with electric vehicles and
increase the use of renewable energy, both of which require the development of energy storage
system with high energy density. [3-5] Li metal batteries and Na metal batteries, the batteries in
which metallic Li and Na are used as anode, have been in the spotlight of a next-generation
technologies due to their high gravimetric energy densities (3,860 mAh g and 1,166 mAh g™* for
Li and Na, respectively) when compared with cells using of graphite (372 mAh g*) as anode. [6,
7] Yet their commercialization remains hindered by the high chemical reactivity of Li/Na with
most liquid and solid electrolytes. [8] The chemical reaction between Li/Na and electrolytes results
in the formation of solid electrolyte interphase (SEI), an interfacial layer composed of a variety of
organic/inorganic phases with the thickness ranging from several nm to hundreds of nm or thicker,
depending on the type of the electrolyte/anode material. The SEI has been pinpointed as a key
factor for successful battery operation in terms of their power capability and cycle life, since SEI
becomes a bottleneck of ion transport in many cases. In addition, chemo-mechanically unstable
SEI leads to continuous electrolyte consumption, and eventually to cell failure. [9-11] In order to
have a desirable performance of batteries, SEI should be an ionic conductor (with no considerable
electronic conductivity) and chemo-mechanically stable during the storage under open-circuit
condition as well as upon electrochemical cycling. [12] Additionally, chemical and morphological

homogeneity is required, especially for Li/Na metal batteries, in order to prevent the preferable




1. Introduction

Li/Na deposition on the specific sites, as this can lead to dendrite formation. [13] Ever since the
concept of the SEI was first proposed by E. Peled in 1979 [14], SEI has been studied for decades
by a number of scientists. [8, 9, 15, 16] However, studies on SEI still have a long way to go, as its
growth behavior and ion transport mechanism has not been fully elucidated owing to a high level
of complexity as well as experimental issues related to air-sensitivity and nano-structure. [8, 17-
20]

The present thesis deals with fundamental questions related to ion transport in and the growth
of SEl on Liand Na. Two types of SEI are studied here: SEI formed spontaneously after the contact
of alkali metals with liquid electrolytes under open circuit, and artificial SEls (sulfide-based SEI
and Al>Os) formed ex situ, prior to electrochemical cell assembly. [21]

In the first part, the growth and transport mechanism of SEIs on Li and Na formed
spontaneously by the contact with glyme- and carbonate-based electrolytes are examined by
combining electrochemical measurements such as temperature- and time-dependent
electrochemical impedance spectroscopy (EIS), and chemical characterization (focused ion beam-
scanning electron microscopy, FIB-SEM); X-ray photoelectron spectroscopy, XPS; and time-of-
flight secondary ion mass spectroscopy, ToF-SIMS). The analysis of the activation energy of
transport (Ea) is shown to be the key information to understand the ion transport in the SEI. SEIs
on Li and Na are systematically compared in terms of their porosity, and the suitable equivalent
circuit model of EIS to account for the transport and growth of the porous SEI is developed. Finally,
the long-term (~600 hours) growth behavior of the SEIs on Li and Na under open-circuit condition
is observed and explained in terms of SEI densification and mechanical instability.

Second part of the thesis deals with two different artificial SEIs (sulfide-based SEls and Al,O3)

synthesized by chemical reaction between Li/Na and S vapor and atomic-layer deposition (ALD),




1. Introduction

respectively. Sulfide-based SEls are selected since both Li>S and Na.S are known to be pure ion
conductors [22, 23]. The AlOs-SEI was chosen as a model system to study SEI porosity, as it is a
material with negligible ionic/electronic conductivity. Chemical composition and morphology of
the artificial SEIs are investigated in detail by X-ray diffraction (XRD), XPS, ToF-SIMS, energy-
dispersive X-ray (EDX) and FIB-SEM in consideration of porosity. Electrochemical tests (EIS and
stripping-plating) in symmetric cells with liquid/solid electrolytes examine the role of artificial
SEls in battery systems in terms of the ion transport mechanism and interfacial changes.

In summary, this thesis contributes to the fundamental understanding of the SEI on Li/Na by
dealing with different types of SEI combining electrochemical/chemical/morphological inspection
tools. The consideration of the porosity of SEI is stressed for the first time in depth, not only for

the spontaneously-formed SEI but also for the artificial SEI.
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1.2. Survey of past solid-electrolyte interphase (SEI) research

1.2.1. Formation and growth of SEI

The high Li/Na chemical potential of metallic Li/Na triggers the chemical reaction with
liquid/solid electrolytes. The driving force of the reaction, which is the Gibbs free energy
difference between reactants (Li or Na and electrolyte) and products (SEI), can be described by

the equation of the chemical potential of each compound.

— E i i
AR G = Nreaction product:ureaction product — Nalkali metallalkali metal
i

(1.1)

i i
- Z Nelectrolyte#electrolyte
Jj

where ARG is a Gibbs free energy change over the reaction, iy, rion productr Malkali metar @Nd
Au(ialectrolyte are chemical potentials of each reaction product (includes SEI compounds and the

released gas), alkali metal, and each single electrolyte molecule, and N&;, Ngaikai metar @Nd

Neilecm,lyte are the stoichiometric coefficients of SEI compounds, alkali metal and electrolyte

molecules, according to the reaction equation. The same equation applies to Na. When [AzG| «
RT, the reaction rate and, if the rate is directly translated into transport (no storage), also the
particle flux (J) is proportional to the reaction driving force. [24]

J < —ARG (1.2)
The driving force of the SEI formation is often explained only by the disparity between the electric
potential of Li (or Na) and the level of the lowest unoccupied molecular orbital (LUMO) for liquid
electrolyte (or conduction band in case of solid electrolyte). [25, 26] However, since the actual
decomposition involves local free energy of forming neutral Li (or Na), electrolytes and SEI

compounds, all chemical components participating the chemical reaction should be considered.
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[27, 28] In reality, the defined kinetics is characterized by a complex interplay of local reactions
and transport processes.

The previous studies revealed that SEIs on carbons or alkali metals are generally thin films
(few nm to hundreds of nm, depending on the chemical environment) with a complex and
heterogeneous structure. [29-31] The SEI structure is considered to be composed of inorganic inner
layer in the vicinity of Li (or Na) (LiF, Li2COg, Li2O, LIOH, Li,S, etc) and the organic layer at the
inorganic layer/electrolyte interface (dilithium ethylene glycol dicarbonate, Li>EDC; ROL.I, where
R refers to functional group which depends on the used solvent). [11, 15, 32-34] Observing the
chemical composition and crystal structure of the SEI on alkali metals experimentally in a precise
way is a highly challenging task, owing to its air-sensitivity and inherently fragile SEI morphology.
[35] A number of novel experimental tools have been developed to investigate the chemo-
mechanical properties of SEI, including cryo-transmission electron microscopy (TEM) [36-39],
X-ray-based analytical tools [40-42], nuclear magnetic resonance (NMR) spectroscopy [39, 43-
47], X-ray photoelectron spectroscopy [16, 48, 49] and Fourier-transform infrared spectroscopy
(FT-IR) [16].

Capturing the chemical reaction between Li (or Na) and electrolyte is another challenging
work as the reactions accompany a variety of chemical compounds (Li or Na, salts, organic
solvents and impurities) and as they could occur at different timescales. [15] Therefore, based on
the observed chemistry of the SEI and the fact that gases (H2, CoHa4, CO and CO,) are produced
during the chemical reaction [50, 51], quantum chemistry and molecular dynamics simulations
have been employed to discover the reaction routes. As a characteristic example, the following
reaction scheme for the reaction of Li with carbonate-based liquid electrolytes suggested by theory

shall be given as follows. [52-55]
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EC-Li* + e — CoH:OCO + Li* (1.3)
2(EC-Li*) + 2e" — Li,EDC + CoHat (1.4)
EC + 2Li* + 2e” — Li;CO3 + CoH4T (1.5)

EC + 2" — OC2H40% + COT (1.6)
LiPFs — LiF + PFs (1.7)
LiPFs + H20 — LiF + POF3 + 2HF (1.8)

Note that the above reactions are only a small part of manifold reaction pathways that can be found
the literature. [56] The comprehensive and precise picture of the chemical reaction mechanism
remains to be elaborated for any of the SEI formation reactions.

Another factor that should be taken into account is that the electrochemical reaction (i.e.
reaction accompanying electron transfer) can be driven by the applied current or potential.
According to the transition state theory, the reaction rate of the electrochemical reaction with single
electron process can be described by a function of the applied potential and the concentration of
the reactants and products. [57] The present thesis, however, only deals with the situations where
such effects can be excluded, since rather small potential (~0.01 V) is applied to the
electrochemical cells only during the EIS measurements. The influence of the applied potential on
the SEI formation becomes critical in the actual battery operations.

The SEI growth mechanism under open-circuit is complex. Usually SEI growth has been
agreed to be a diffusion-controlled reaction which in the ideal case follows a parabolic law [58-
62], similar to the oxidation models developed by Wagner [63] Evans [64], Deal and Grove [65],
and Cabrera and Mott [66]. These theories have been developed for the formation of uniform and
dense layer of oxides on metals (or Si) where oxidation is driven only by the oxygen (or metal)
diffusion within the oxide layers. However, recent statistical analyses show that SEI growth does

not always scale with t®°, since SEI growth may not necessarily be diffusion-limited, or SEI is
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morphologically complex. [67] In a real situation, other factors such as space charge effects [68],
three-dimensional morphologies [11], electron tunneling [60], and a variety of chemical reactions
having different reaction orders make the growth behavior more complicated. One of the simplest
way to predict whether the formed oxide film is dense or porous is to examine the ratio between
the molar volume of the product and the one of initial material, which is called Pilling-Bedworth
ratio (Res).[69] When the molar volume of the products (e.g. SEI components) is smaller or much
greater than the molar volume of Li or Na metal (Rpe<1l or Rpg>>1), the reaction layer is non-
passivating as the formed layer will be porous or has cracked. This kind of passivating layer allows
the infiltration of the liquid electrolytes, finally resulting in quick and continuous chemical

reactions between alkali metals and electrolytes.

1.2.2. lon transport in SEI

The thermodynamics of ion transport is represented by ionic conductivity (o) which can be
described as

o = |z|Fcu (1.9)

where z is a charge number, F is the Faraday constant, ¢ is ion concentration and u is mobility.

The ionic conductivity follows the Arrhenius equation.

Eq
ol = Aexp(-kBT) (1.10)
where Ea is the activation energy for ion transport, A is the Arrhenius prefactor at infinite
temperature, and k5 is the Boltzmann constant. In the present thesis, Ea, rather than resistance, is

considered to be a critical indicator for the determination of the nature of ion transport. Only for

an extended laterally homogenous film, geometrical factor is simple (Rsg; = :—A, d is a thickness
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and A is the surface area). However, SEI has a complex geometry, which is experimentally
difficult to be identified.

The electrical conductivities as well as activation energies of ion transport of the Li/Na SEI
compounds measured experimentally in the literature are summarized in Table 1 and Table 2.
Generally, bulk organic/inorganic SEI compounds are poor ionic conductors with ionic
conductivities smaller than 10* S cm™. However, the observed SEI resistances with liquid/solid
electrolytes are only hundreds to thousands of Q. [70, 71] This means that they typically do not
block ion transport from Li/Na to electrolyte, and the SEI conductivities are higher than the values
for the respective bulk SEI compounds. Even though doping could vary the conductivities greatly
[22, 72-74], it is very likely that higher-dimensional defects and interfaces are involved. [75, 76]
This can offer passages due to higher mobility (e.g. dislocations) but also higher carrier
concentration (e.g. space charges). Pores play a particularly important role here. [77] If the pores
are filled by electrolyte, these particular channels may become the major transport pathways, since
ion conduction in liquid electrolyte is much more favorable due to its high ionic conductivities and

low activation energies of the liquid electrolyte. [77]
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Table 1. lonic conductivities (o;,,) and activation energies of ionic transport (Ea) of Li SEI compounds.

Oion ! Scm?
Compound (at room Ea/eV Reference Notes
temperature)
Extrapolated from
_ 13 250 °C,
LI 10 0.88 78] 333 nm-thick-thin
film
Li2S ~10H 0.90 [22]
Li,COs ~1013 1.09 [79] Extragglgltfg from
Li alkyl
carbonates ~1013 0.72 [80] EXtrap;(I)a}gd from
(C1Li-CgLi)
LiOH ~1013 0.90 [81] Extrarl)(;I(BaltP(c:j from
Li2O ~1072 0.86 [72]

Table 2. lonic conductivities (a;,,) and activat

ion energies of ionic transport (Ea) of Na SEI compounds.

Oion ! Scm?
Compound (at room EaleV Reference Notes
temperature)
NaF ~10-16 238 [82] EXtraE)lcg)E.tfg from
NaxS ~101° 0.59 [23]
Na;COs 10" to 1010 0.74 [83] EthagC;?tfg from
Na alkyl
carbonates <1014 > 1.40 [80] Extrapé)zla}éd from
(C1Na-CgNa)
Extrapolated from
~10715 144 °C, most
conduction
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1.2.3. Artificial SEI

SEI formed spontaneously by the contact between Li or Na with electrolytes can be
problematic for the battery application since it does not completely passivate the alkali metals and
the layer is chemo-mechanically inhomogeneous. The incomplete passivation leads to the
continuous chemical reaction between alkali metals and electrolytes, resulting in low coulombic
efficiency of the battery cells. [12] Inhomogeneity of the layer causes non-uniform Li* (or Na®)
flux and finally dendrite formation. [13] In order to produce chemo-mechanically uniform and
stable SEI, many efforts such as using fluorine-rich electrolytes [85], utilizing high salt
concentration electrolytes [86, 87], and application of self-healing electrostatic shield mechanism
with Cs* or Rb* [88, 89] have been introduced. Another promising and widely studied strategy is
to form SEI ex situ prior to the electrochemical cell assembly, namely, artificial SEI. [7, 21, 90-
95] Artificial SEls cover a wide range of materials, including inorganic compounds (e.g. hollow
carbon nanospheres [96], LisPO4 [97] and Al2O3 [98]), organic films (e.g. polydimethylsiloxane
[99]) and composite materials [100-102]. Although many materials have been developed so far,
very little fundamental understanding is given about the detailed chemical properties, stabilities
against Li/Na, transport mechanism, and the SEI growth behavior of such artificial SEls. These
fundamental studies must be performed in parallel with the development of the materials for the

artificial SEls.
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2. Experimental methods

2.1. Sample preparation

2.1.1. Li/Na metal electrode and liquid electrolyte preparation

Due to the high reactivity of metallic Li and Na, surface degradation is expected even in the
Ar-filled-glovebox. Thus, the alkali metals (Li rod with 99.9% trace metals basis, Na cubes
contains mineral oil with 99.9% trace metals basis, both purchased from Sigma Aldrich) were cut
freshly in the Ar-filled-glovebox (atmosphere: Oz <0.1 ppm, H20 <0.1 ppm) each time, right
before the electrodes were prepared. Li and Na were subsequently sandwiched between two
Celgard separators, roll-pressed to approximately the same thickness (0.15 mm), and then cut into
discs with a diameter of 10 mm. Triethylene glycol dimethyl ether (triglyme, 99%) and molecular
sieves (pore size of 3A, 1-2 mm) were purchased from Alfa Aesar. Ethylene carbonate (EC, 98%)
and dimethyl carbonate (DMC, 98%) were purchased from Sigma-Aldrich. In order to remove the
residual moisture, molecular sieves were firstly activated by heating to 180 °C under vacuum
overnight, and then added to the solvents. LiTf (LICF3SOs, 98%, Sigma-Aldrich) and NaTf
(NaCF3S03, 99.5%, Solvionic) salts were dried prior to use (at 120 °C under vacuum, overnight).
The moisture in the electrolytes was controlled to be under 20 ppm, as confirmed by Karl-Fischer

titration performed in an Ar-filled-glovebox
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2.1.2. Synthesis of sulfide-based solid electrolytes and artificial SEls

B-Li3sPS4 was synthesized via a solvent-mediated synthesis as reported in the literature. [103-
108] Li2S (99.9%, Sigma Aldrich) and P2Ss (98+%, Acros Organics) were mixed in a 3:1 molar
ratio and poured to tetrahydrofuran (Fischer Scientific, anhydrous, synthesis grade) with a volume
ratio of 1:20. The mixture was stirred for 24 hours at room temperature under Ar atmosphere.
Subsequently, the mixture was centrifuged at 9000 rpm for 10 minutes, and dried under vacuum
at 140 °C for 24 hours. NasPSs was synthesized via a mechanical ball-milling. [109, 110] Na.S
(nonhydrate, extra pure, Fischer Scientific) and P2Ss (anhydrous, synthesis grade, Fischer
Scientific) were mixed in a 3:1 molar ratio and put in a ZrO. jar with 5 ZrO> balls. The ball-to-
sample weight ratio was 7:1. The powder mixture was milled using a planetary mill apparatus
(Fritsch, planetary mill apparatus pulverisette 5) at 250 rpm for 48 hours. The samples were neither
heat-treated nor exposed to air during the synthesis and handling procedure.

For synthesizing sulfide-based artificial SEI, the prepared Li/Na electrodes in section 2.1.1.
were placed in the homemade glass ampoules with a length of 600 mm, together with the sulfur
powder. The glass ampoule was placed in an oven and heated at different temperatures (in the
temperature range from 298 to 433 K). All processes were performed in a glovebox (both O, and
H>0 level below 0.1 ppm). A schematic diagram of the LixSy (NaxSy) synthesis is shown in Figure
1. The temperature of the alkali metal (Twir nay) @and the temperature of S (Ts) are were controlled
in a separate way for distinguishing the temperature effect on the reaction kinetics and the
concentration of the S vapor. Tiier na) Was always higher than Ts to avoid the S condensation on

the alkali metals.

12



2. Experimental methods

Glovebox (Ar)

Freshly cut

Oven

2Li+S > Li,S Ts = 303 ~393 K
(2Na +S = Na,S) Ps = 107°~10"! mbar
T,; =298 ~433 K

N J

Figure 1. Schematic diagram of the synthetic method for sulfide-based artificial SEIs (LixSy and Na,Sy). Ts:
temperature of sulfur, Ps: vapor pressure of sulfur, Tyi: temperature of Li.

Al,O3 was synthesized by atomic layer deposition (ALD) method. ALD is a thin-film
deposition technique which exposes the substrate surface to the gaseous species and induces
subsequent chemical reaction under vacuum. The Li/Na metal electrodes on stainless steel as made
in section 2.1.1. were transferred to the Ar-filled glovebox connected to the Sentech PEALD
instrument with Real Time Monitor. The precursors used for ALD process were
trimethlyaluminium (TMA, from Sigma-Aldrich) and water. The reactor temperature was 100 °C
for Li and 90 °C for Na. The synthesis proceeds in four steps: TMA pulse for 150 ms, N2 purge
for 2 s (120 sccm), H20 pulse for 150 ms, and N2 purge for 2 s (120 sccm). The thickness of the
deposited layer was measured by Real Time Monitor (ellipsometer) on a blank Si wafer piece
which was placed in the vicinity of the sample during the ALD process. The Al,O3z growth rate is
approximately 0.6 A s*. ALD was performed by Marion Hagel from Nanostructuring Lab of Max

Planck Institute for Solid State Research.
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2.1.3. Li thin film synthesis with molecular beam epitaxy

Molecular beam epitaxy (MBE) is a thin film synthesis method which uses thermal
evaporation in an ultrahigh vacuum chamber (pressure <1072 mbar) in order to produce high purity
materials. The pressure in the growth chamber was kept being ~10* mbar by a combination of a
turbo-pump and cryo-pump. During the Li film synthesis, the temperature of the effusion cell
where the bulk Li piece is stored was increased to 560 °C with an increasing rate of 10 °C min™.
The synthesis was performed for 2 hours during which the substrate temperature was kept at room

temperature. The substrate used for the synthesis is single-crystal MgO purchased from Cryotec.

2.2. Characterization

2.2.1. Chemical and morphological characterization

Scanning electron microscopy (SEM) is a tool for observing the morphology of the materials
in a few hundreds of nm to pum scale, and it is often combined with focused-ion beam (FIB) to
prepare the cross-section cutting of the sample. For FIB-SEM analyses, electrochemical coin cells
were disassembled and electrodes were collected. Li/Na electrodes from the cells containing 1M
LiTf (NaTf) in triglyme and 1M LiTf (NaTf) in EC/DMC=50/50 (v/v) were washed with triglyme
and EC/DMC=50/50 (v/v), respectively to avoid salt precipitation in the SEI. Subsequently, they
were dried overnight under vacuum at room temperature and transferred from Ar-filled-glovebox
to the FIB-SEM measurement chamber with self-made airtight transfer tools. Cross-section images
of SEI on Li and Na metal electrodes were measured by Zeiss Crossheam SEM with FIB. FIB
cutting was performed using Ga* beam (acceleration voltage: 30 kV) with current ranging from

200 pA to 2 nA, depending on the sample and its reactivity. FIB-SEM is performed by Bernhard
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Fenk and Ulrike Waizmann from Nanostructuring Lab of Max Planck Institute for Solid State
Research.

XPS is an X-ray based technique used to identify the chemical compounds and the related
binding energies by measuring kinetic energies of the ejected electrons from the photoelectric
effect. XPS is a surface-sensitive tool (few nm depending on the material) since only the electrons
close to the surface can escape without the energy loss. XPS of Li samples was performed on a
Kratos Axis Ultra system with a monochromatic Al Ka X-ray source. High-resolution data were
acquired with a pass energy of 20 eV. Ar" sputtering was performed using a scanning Minibeam
[11 sputter gun (Kratos) with a beam energy of 4 kV and an emission current of 20 mA. XPS data
were analysed with the CasaXPS software (version 2.3.23PR1.0 by Casa Software Ltd). For
accurate phase identification, the peak shift due to charging was corrected based on the binding
energy of Li>S,[111] and the phase identification was confirmed again with the binding energy
separation between O 1s and Li 1s in Li20, as discussed in the literature. [112] For fitting the S 2p
peaks, the binding energy difference between the spin-orbit split components (S 2pz;z and S 2p1/2)
and their area ratio was constrained to 1.2 eV and 2:1, respectively.[113] Samples were transferred
to the XPS chamber under Ar atmosphere in an airtight transfer tool. XPS was performed by
Kathrin Kuster from Interface Analysis group in Max Planck Institute for Solid State Research.

ToF-SIMS is an additional surface-sensitive method which identifies the type of elements by
measuring the mass of molecules emitted from the surface by a high-energy (few keV) particle
beam. ToF-SIMS measurements were carried out using a ToF-SIMS V instrument (IONTOF),
version NCS. Dual beam depth profiles were acquired by a cyclic sputter-probe series. The sputter
gun and the analysis gun were operated in a non-interlaced mode with an additional flood gun in

order to avoid sample charging. For sputtering, a Cs* source was employed with 2 keV ion energy
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and 132 nA current on a 500 x 500 um? crater area. For probing, monoatomic Bii* ions were used,
accelerated by 30 keV, with a current of 1.7 pA on a 100 x 100 pm? analysis area. Negatively-
charged ions ejected from the sample were collected and measured. Data analysis was carried out
using the software Surfacelab 7.1. The ion intensities were normalized to the total ion count for
each sputter time data point. Samples were transferred under Ar atmosphere to the chamber using
a commercial (ION-TOF) airtight transfer vessel. ToF-SIMS was performed by Tolga Acartiirk
from Interface Analysis group of Max Planck Institute for Solid State Research.

X-ray diffraction (XRD) is typically used for determining the crystal structure of the
materials. XRD was measured using an X-ray diffractometer from PANalytical GmbH (Empyrean
Series 2) with a Cu Ka radiation energy of 40 kV and a current of 40 mA. The samples were
mounted in a domed airtight sample holder from Anton Paar. For phase determination, the
HighScore Plus software, Version 3.0e, was used. XRD was performed by Helga Hoier from
Department of Physical Chemistry of Solids in Max Planck Institute for Solid State Research.

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was done with Spectro
Ciros device. Liquid samples were diluted in water in a ratio of 1:1000. ICP-OES was performed

by Samir Hammoud from Max Planck Institute for Intelligent Systems.

2.2.2. Cell assembly and electrochemical measurements

Working principles of electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a technique to measure the impedance of a
system by applying alternating voltage (U) or alternating current (I) in a wide range of frequencies
(MHz to mHz). EIS is a powerful technique to understand the electrical transport mechanism of a

material, as it allows distinguishing different kinetic processes having different relaxation times.
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[114-118] In particular, EIS is an irreplaceable method for SEI investigation as it enables in situ
decoupling of different electrochemical transport processes in a non-destructive way. [116, 119-

121] The impedance (Z) can be written as

Z(w)

U |V(w)
CI(w) ‘f(w)

where U(w) is the voltage, I(w) is the current, w is the angular frequency (w = 2mf), ¢ is the

(cos p(w) + j sin ¢p(w)) = Zre — jZim (2.1)

phase angle between the input and output signals, and j is the imaginary number (v—1). As can
be seen in equation (2.1), impedance is a frequency-dependent complex number consisting of real
part (Zg., also be represented by Z) and imaginary part (Z,,,, or Z’’). In case of parallel connection
of resistance (R) and capacitance (C), impedance becomes

;- R . wR?*C
T 1+w?R2C? '1+ w?R2C?

(2.2)

which results in the semicircle in Nyquist plot as depicted in Figure 2.
AR

1

/ fpeak = ZTERC

> ZRe

«— R——

Figure 2. Schematic diagram of Nyquist plot of RC parallel circuit. foeax refers to the frequency in which |Zn|
becomes maximum in the semicircle.

In the real material system, the electrodes are not uniformly active and there is a distribution

of time constants, which can be modeled by a constant phase element (CPE). [122] CPE is given

by

1

Zcpp = G)*Q (2.3)
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where a and Q are the magnitude and the exponent of CPE. @ = 1 indicates completely
homogeneous material without distribution of time constant, while a # 1 accounts for the non-
ideal situation where the capacitive response is inhomogeneous. The effective capacitance of a
CPE is as follows [123]

C = Ql/aRl/a—ll (2.4)

Typical processes occurring in the symmetric Li/Na battery system involves charge transfer
at metal/SEI, SEl/liquid, metal/liquid interfaces, ion migration across SEI, and ion diffusion in the
liquid (in the pores or in the bulk). In the ideal case, when the disparity of these processes’
relaxations times are significant, EIS is capable of splitting the complex processes into elementary
constituents. However, in the real measurement, it is very often that the several semicircles
corresponding to different processes overlap to each other in the Nyquist plot, which makes the
evaluation more challenging. [116]

The cation transference number (t+ or tef) can be derived by another method, suggested by
Sgrensen and Jacobsen, which is a technique assuming that both the cation and anion transport
contributes to the bulk resistance (Rouik), and the final impedance from the bulk diffusion at lowest
frequency where Zin=0 (Z4(0)) is solely dependent on the cation transport. [124] Thereby, the cation

transference number is calculated from the following equation.
_ 1
T Z400) (2.5)

1+24=2
Rbulk

Working principles of galvanostatic polarization
Galvanostatic polarization, often called as direct current (DC) measurement, is an

electrochemical technique in which a constant current is applied, while the change of voltage in
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time is observed. This technique has been extensively used in solid-state electrochemistry to
determine the major charge carrier of the electrical materials, which is represented by transference

number (t).

to=
i = Zj o; (2.6)

where t; is a transference number of specific charge carrier (i) and o is conductivity. In case of
liquid electrolyte in which the electronic conductivity is negligible, main charge carriers are
cations and anions which originate from the salts. When the symmetric Li (or Na) electrodes are
adopted in the electrochemical cells, they act as selective blocking electrodes which are reversible
for Li* (or Na") and blocking for anions. Therefore, combining galvanostatic polarization and
impedance allows one to derive cation transference number (t+). When constant current (1) is
applied, initially both the cations and anions migrate to the opposite direction, and the anion-
blocking electrode stops the anion flux at the steady state (t=c), meaning that the steady-state
voltage solely depends on the cation transport. The initial total resistance (Riwto) can be described

as follows.

U
Rioto = Rspro + R = T (2.7)

where Rseio represents the initial SEI resistance and R is the resistance contributed by the migration
of both cations and anions, U, is the initial voltage. As time goes by and the steady state is reached,

the final total resistance (Riot,) Can be written as

U

- (2.8)

Riotw = Rspro + Ry =
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where Rgg; o is the final SEI resistance, R, is the resistance contributed by the migration and

diffusion of the cations only and U, is the final voltage at a steady state.

Voltage

@ 1 (b) %

Uoo

oo

> 1 Zpe
Time i RSE,, 0
RSE!,DG

Figure 3. Schematic diagram of (a) time vs. voltage profile and (b) Nyquist plot before and after
galvanostatic polarization during galvanostatic polarization.

Combining equation (2.7) and (2.8), t+ is derived as

R — I(Rtot,O - RSEI,O)

t,=—
" TRy Up—IRsge (2.9)

The time-dependent concentration profile within the liquid electrolyte in the symmetric Li (or Na)
cell during the polarization is depicted in Figure 4.
The time-voltage profile of the galvanostatic polarization (Figure 3a) exhibits an exponential

behavior for long times (¢t > t%) as follows. [24]

In(U(t) —U(x))=C+t/1° (2.10)

LZ

~— (D?: chemical diffusion coefficient, L: length of the sample where polarization
=D

where 7% =

occurs). Thereby, by fitting the time vs. In(U(t) — U()) curve with a linear function, chemical

diffusion coefficient can be obtained from the slope.
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0 X— L

Figure 4. Concentration profile in the liquid electrolyte during polarization experiments for electrochemical cells
with two symmetric selective blocking electrodes.[1]

Experimental

CR2032-type coin cells made of stainless steel were assembled with two Li (Na) symmetric
electrodes and liquid or solid electrolytes. Liquid electrolytes were prepared by dissolving 1M
LICF3SOs (LiTf, 98%, Sigma-Aldrich) and 1M NaCFsSOz (NaTf, 99.5%, Solvionic) into
triethylene glycol dimethyl ether (triglyme, 99%, Alfa Aesar). The H.O content in the liquid
electrolyte was controlled to be below 1 ppm (using Karl-Fischer titration technique). For the cells
with liquid electrolytes, two symmetric electrodes were separated by a 20 um-thick Celgard
separator (H2013) soaked with 20 pL of liquid electrolyte. Here, a spring was included in the cell
for achieving better contact between the different components. For the solid-state cells,
synthesized solid electrolyte powders (LisPSs and NasPSs) were pressed uniaxially (380 MPa, 10
mm diameter, between 70 to 80% of pellet density) in the glovebox, and sandwiched between two

Li (Na) electrodes in a coin cell. In solid-state cells, a spring was not used due to the limited space.
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In order to determine the ionic conductivity of the solid electrolytes, the pellets were produced in
the same way but were sputtered with Ru (400 nm thickness) on both flat sides in the glovebox.
EIS was performed in the frequency range from 10° to 0.01~1 Hz, depending on the specific
cells. The experiments were conducted in the potentiostatic mode, with an amplitude of 10~100
mV, using Solatron 1260 and Novocontrol Alpha-A devices. Temperature-dependent EIS
measurements (in the range between 5°C and 50°C) were performed using an external thermostat
(Lauda RC6CP). In this setup, two thermocouples were employed: one was placed in the vicinity
of the coin cell for the precise sample temperature measurement and the other was located inside
the water/oil bath for control purposes. Temperature-dependent EIS measurements were carried
out for 30 minutes for each temperature (25 minutes to reach the equilibrium and 5 minutes for
EIS measurement) to minimize the changes of the SEI changes during the experiment. Analysis of
the impedance spectra was performed with ZView software (Scribner Associates, version 3.5¢).
Galvanostatic polarization was performed using Keithley current source (model 220).
Galvanostatic stripping-plating tests were performed in Li/electrolyte/Li and Li/electrolyte/Cu
cells by a Neware Battery Testing system (BTS V.5.3 by Neware Technlogy Limited) with a
constant current of 0.1 mA cm™. Other parameters affecting the stripping-plating behavior such as
thickness of the electrode, amount of liquid electrolyte, and thickness of the separator were kept

constant in every cell.
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3. SEls on Li/Na formed by the contact with liquid electrolytes

3.1. Native films on Li and Na

Due to the high reactivity of Li and Na, alkali metals are already partially covered with native
films consisting of carbonates, hydroxides and oxides (e.g. Li2COgz, LiOH and Li20), even in the
glovebox or high-vacuum chamber. [125, 126] The composition of the native films depends on the
alkali metal storage condition (e.g. purity of Ar in the glovebox atmosphere) and aging time. First,
the surface of the pure commercial Li (Sigma Aldrich, 99.9%) used in this study was examined by
XPS and FIB-SEM. Li was cut freshly in the Ar-filled glovebox as the surface was assumed to be
covered by chemical compounds formed during the storage. Figure 5 shows XPS results of
commercial bulk Li. The Li is oxidized on the surface, with presence of the composition of Li.CO3
and carbon-based materials. As sputtering proceeds, LiO and LiF are found to be distributed
throughout the samples. This is consistent with our previous measurements. [127] The cross-
section image of the pure bulk Li measured by FIB-SEM in Figure 6 shows approximately a 200
nm-thick film on the surface. For comparison, a Li thin film (thickness of ~5 um) synthesized by
molecular beam epitaxy (MBE) is also examined. The MBE-grown-Li was synthesized under
highly airtight conditions (pressure~10"* mbar). The MBE-grown-Li sample exhibits a similar
behavior to commercial Li in terms of XPS results (Figure 7), and the thickness of the native

passivation film is approximately 250 nm (Figure 7).
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Figure 5. XPS results of commercial bulk Li freshly cut in the glovebox.

H2=228 nm

Figure 6. Cross section image of the native film on commercial bulk Li measured by FIB-SEM.
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Figure 8. Cross section image of the MBE-grown-Li. Li was deposited on MgO single crystal substrate.
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The fact that native films on commercial bulk Li and MBE-grown-Li share similarity in terms of
chemical composition and thickness suggests that the native films including impurities stemmed
from the storing environment (e.g. glovebox, transfer tools and XPS vacuum chamber).

Native films on Na were examined only by FIB-SEM, as XPS on Na was not performable
because of potential Na evaporation in the XPS chamber in view of its relatively high vapor
pressure of ~10® mbar at room temperature [128]. In addition, measurements of the native films
on pure Na were very challenging due to the high reactivity of Na. Storage of Na under Ar (purity
of >99.98%) appears to impact the native film formation as the Na surface becomes whitish and
less smooth after only few hours of exposure in the glovebox. During the transfer from the
glovebox to the FIB-SEM chamber, a color change (from silver-shining to white) was also
observed. In the cross-section SEM images of the pure Na (Figure 9), a porous film with a
thickness of 100~300 nm was identified. It is assumed that the films are composed of NaOH,

whose presence was confirmed by XRD (Figure 10).

H3=137 nm [

Na

Figure 9. Cross-section images of the films on Na.
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Figure 10. XRD pattern of bare Na after FIB-SEM measurements.
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3.2. lon transport in SEI

The results of this section are published in [77].
3.2.1. Impedance results of symmetric Li/Na cells with salt-free triglyme solvent

Liquid electrolytes consist of salts and solvents, where salts become dissociated and solvated
by the solvents. When Li/Na contacts the liquid electrolyte, both the salts and solvents react with
the alkali metals, forming SEIs. In order to rule out the influence of salts on the SEI formation and
ion transport behavior, contacts of Li/Na with pure triglyme solvent were first studied. Typical
impedance spectra (Figure 11) of symmetric Li/Na cells with pure triglyme solvent include three
distinct semicircles appearing at different frequency ranges. The first semicircle at highest
frequencies (hundreds of kHz) corresponds to the ion transport in the bulk electrolyte (Roui),
considering the fact that the capacitance is in the order of 102° F cm™. The second semicircle at
medium frequencies (tens of Hz) most likely represents the ion transport through the interfacial
region (Rinerface OF Rser) as the capacitance is in the range of 10® F cm™. [129] The final one
appearing at the lowest frequencies (lower than 1 Hz) is the concentration polarization (finite-

length diffusion) in the bulk of the liquid electrolyte, based on the peak frequencies (the frequency
where |Zim| becomes maximum, fpeak~% [130]) and also its Warburg-type behavior. Figure 12

shows how their impedance spectra change over storage under open-circuit potential. For both Li
and Na cases, the decrease of Ruuik Over time was observed which may be attributable to the i)
dissolution of the Li and Na (or Li/Na compounds) from the electrodes as the increase of Li/Na

concentration was measured by ICP-OES (Table 3), and ii) decrease of the distance of the two
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electrodes over time (possibly owing to the pressure on the spring within the cell) which is

confirmed by the decrease of Roui in @ symmetric stainless steel cell (Figure 13).
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Figure 11. Impedance analyses of symmetric Li/Na cells containing salt-free triglyme solvents stored for 150
hours. (a) Nyquist plots with characteristic frequencies and the inset shows equivalent circuit which corresponds to
the observed impedance results. Rpux and CPEpyik are the resistance and the capacitance from the bulk liquid electrolyte
(pure triglyme), Rinterface aNd CPEinertace are from the interface (possibly SEI) and Ws is a finite-length Warburg
response.

The clear distinction of the three different contributions (ion conduction in the bulk electrolyte,
interfacial transport, and diffusion in the bulk electrolyte) allows the determination of the
activation energy (Ea) of each contribution by varying the temperature of the electrochemical cells.

Figure 11b and ¢ show the Ea values of the three different processes. In the Li case, the Ea values
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for bulk ion conduction and diffusion are identical (0.15 eV) while the one related to the interfacial
transport is much higher (0.71 eV). In the Na case the Ea of interfacial process is much smaller
(0.19 eV) in comparison to the one of Li interface (0.71 eV), and this value is in-between the values
for the bulk (0.078 eV) and ion diffusion (0.23 eV) in the liquid electrolyte. This implies that the
interfacial transport behavior at Na-glyme interface is similar to the one in the liquid rather than
solid, considering the fact that the Ea values of ion conduction in inorganic/organic SEI compounds
are higher than ~0.6 eV (see Table 1 and Table 2). The same impedance measurements were
performed with salt-free carbonate-based solvent (mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC) with a volume ratio of 50:50), but a clear distinction of the three
different processes (bulk ion conduction in liquid electrolyte, interfacial transport and diffusion in
liquid electrolyte) was not performable owing to the high resistance in the order of MQ (Figure

14).

Table 3. Concentration of Li and Na measured by ICP-OES. Pure triglyme was contacted with Li/Na
metal for 150 hours. (Unit: mmol L™)

Sample Li Na
1) Pure triglyme -- 6.09x104
2) Pure triglyme contacted to Li metal 14.9 3.48x10*
3) Pure triglyme contacted to Na metal 2.88x104 16.8
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Figure 12. Nyquist plots of (a) Li and (b) Na symmetric cells in contact with pure triglyme solvent

and their evolution over time.
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Figure 13. (2) Nyquist plots of stainless steel | triglyme | stainless steel symmetric cell. (b) Resistance
and corresponding distance between two electrodes over time. The distance between two electrodes was
calculated from L = gRA (L: distance, a: ionic conductivity of triglyme, R: resistance measured in (a), A:
surface area of the electrode)
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Figure 14. EIS investigation of Li/Na symmetric cells containing salt-free carbonate solvent which is
EC/DMC=50/50 (v/v). (a, ¢) Nyquist plots with characteristic frequencies in Li and Na, respectively and (b, d)
Arrhenius plots and E; of Li and Na symmetric cells, respectively.
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3.2.2. Impedance results of symmetric Li/Na cells with glyme- and carbonate-based liquid

electrolytes

The next step is to observe the interfacial ion transport behavior with EIS of the
electrochemical cells using solvents to which the salts (LiTf and NaTf) have been added. For all
impedance spectra, the main semicircles appearing at tens of kHz to hundreds of Hz correspond to
the interfacial process based on their capacitance values (107 to 10 F), which as of now is called
SEI resistance (Rser). Figure 15 shows the evolution of Ea(SEI) of Li/Na symmetric cells
containing glyme-based electrolytes over storage under open-circuit potential after 2 hours and
600 hours. For Li case in Figure 15a, Ea(SEI) is initially 0.52 eV and increases to 0.77 eV after
600 hours. Considering that the Ea values of ion transport in the bulk solid inorganic/organic SEI
compounds (Table 1 and Table 2) are higher than 0.6 eV and the ones of bulk liquid electrolytes
are 0.15~0.16 eV (Figure 16), the increase of Ea(SEI) implies increased solid portion in the SElI,
which in other words can be expressed as SEI densification. In the case of Na in Figure 15c, Ea(SEI)
starts with a value of 0.15 eV and finally reaches 0.62 eV, indicating densification of SEI over
storage time. The noticeable fact about the Na case is that the initial Ea(SEI) value is identical to
the one of ion conduction in bulk liquid electrolyte (Figure 16, marked as light green color). This
strongly suggests that the major ion transport pathway in the Na SEI is via liquid electrolyte
pathways embedded in the bulk solid SEI part, implying that the Na SEI is initially more porous

compared to the Li SEI.
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Figure 15. Impedance analyses of symmetric Li/Na cells containing glyme-based electrolytes. (a, c) Arrhenius
plot with respect to the SEI resistance where E, of ion transport in SEI was derived from. E, was measured after 2

hours and 600 hours of storage under open-circuit. (b, d) Impedance spectra corresponding to (a, ¢) measured at room
temperature.
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Figure 16. Temperature dependence of bulk electrolyte resistances and activation energies in Li/Na glyme- and
carbonate-based electrolytes.

The same measurements were performed with carbonate-based liquid electrolytes (1M LiTf
in EC/DMC and 1M NaTf in EC/DMC, Figure 17). SEI on Li formed by the contact with
carbonate-based liquid electrolyte exhibits a similar ion transport behavior compared to the one
formed by glyme-based electrolyte in terms of Eo(SEI) values and their changes over time. Ea(SEI)
values are initially 0.55 eV and finally reach 0.80 eV, indicating densification of the SEI over time.
In the Na case, the Ea(SEI) values also show increasing behavior over time (0.30 eV to 0.59 eV),
but the values are lower compared to the one of Li. To summarize the results from the impedance
experiments, the Ea(SEI) increases over time in all cases of Li/Na with glyme- and carbonate-
based electrolytes, most likely owing to the fact that the porous SEIs at the initial storage allow for
the liquid electrolyte infiltration in the SEIs. This results in a chemical reaction between the liquid

electrolyte and alkali metal, subsequently forming denser SEI. Additionally, SEIs on Na are
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suspected to be more porous compared to the one on Li, as their Ea(SEI) values are lower not only

at the initial storage but also after 600 hours. The porosity of the Na SEI will be further discussed

in the following chapters.
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Figure 17. Impedance analyses of symmetric Li/Na cells containing carbonate-based electrolytes. (a, c)
Arrhenius plot with respect to the SEI resistance where E, of ion transport in SEI was derived from. E, was measured

after 2 hours and 600 hours of storage under open-circuit. (b, d) Impedance spectra corresponding to (a, ¢) measured
at room temperature.
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3.2.3. Morphology of SEI on Li/Na: FIB-SEM results

The porosity of the SEIs on Na is confirmed by the morphology observation with FIB-SEM.
Figure 18 and Figure 19 show the cross-section images of the SEIs on Li/Na after contacting with
glyme- and carbonate-based electrolytes for 2 hours and 600 hours under open-circuit potential,
respectively, which are the same samples shown in the Figure 15 and Figure 17. Note that the
cutting process with focused-ion beam was challenging due to the high reactivity and low melting
points of Li and Na (180.5 °C and 97.8 °C for Li and Na, respectively). The Ga* ion beam power

was optimized for each sample in order to obtain the best possible cut.

500 nm
600 hours

2 hours 600 hours

Figure 18. FIB-SEM Cross-section images of SEls on (a, b) Li and (c, d) Na after contacting with glyme-based
liquid electrolytes (1M LiTf/NaTf in triglyme) for (a, ¢) 2 hours and (b, d) 600 hours under open-circuit potential.
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500 nm
600 hours

2 hours 600 hours

Figure 19. FIB-SEM Cross-section images of SEIs on (a, b) Li and (c, d) Na after contacting with carbonate-
based liquid electrolytes (1M LiTf/NaTf in EC/DMC) for (a, ¢) 2 hours and (b, d) 600 hours under open-circuit
potential.

SEI thicknesses are observed to be in the range of from tens of nm to 1 pum. The most
noticeable difference between Li and Na is that the SEIs on Na appear to be more porous compared
to the one of Li at the initial storage (Figure 18c and Figure 19c). Also, it is clearly seen that SEls
on Na become denser over time (Figure 18c - d, Figure 19c - d) while for the Li case, the
densification cannot be confirmed by the cross-section images. These morphological observations
are consistent with the measured low Ea(SEI) of Na which increases over the storing time.
Although FIB-SEM has resolution limitation for observing nanopores, the densification can be
confirmed again taking into account the SEI conductivities with the observed SEI thicknesses.

Assuming that the surface area does not change over storage, as the observed roughness does not
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seem to cause great changes in the surface area, the effective ionic conductivity of SEI (ogg;) can

be derived with the following equation.

where d is the thickness measured by FIB-SEM, Rsg is the SEI resistance measured by EIS, and

A is the surface area of the electrodes. The values of d and agg; in four different cases (Li/Na

d

o] =
SEI RSEIA

(3.1)

symmetric cells with glyme- and carbonate-based electrolytes) are listed in Table 4.

Table 4. Summary of the SEI thicknesses and effective SEI conductivities of four different systems. Li-glyme
refers to the symmetric cell of Li|IM LiTf in triglyme|Li and Li-carbonate represents for the symmetric cell with

Li|IM LiTf in EC/DMCJLi, and the same applies to Na.

SEI thickness measured by

Effective SEI conductivity

System FIB-SEM (d) / nm (Osg1) | S cmt
2 hours ~300 3.08x1077
Li-glyme
600 hours ~150 1.06x107’
2 hours ~200 2.87x107
Li-carbonate
600 hours ~150 1.04x107’
2 hours ~760 5.91x10°
Na-glyme
600 hours ~50 4.10x10°
2 hours ~425 4.67x107
Na-carbonate
600 hours ~50 2.41x1010
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In all cases, the decrease of agg; in time is observed, which is again a confirmation of the SEI
densification. In the Li case, the changes of oz, values are not significant, as the values are still
in the same order of magnitude. On the contrary, the Na cases undergo substantial changes in ogg;,
corresponding to the approximately 3~4 orders of magnitude decrease (10° = 10° S cm™ for Na-
glyme and 107 = 10 S cm™ for Na-carbonate). The degree of densification (the degree of the
change in the proportion of the liquid/solid materials constituting the SEI) is higher for the Na SEI
in comparison to the Li SEI, which may have been caused by the mechanical pressure built up in

the electrochemical cells.
3.2.4. Chemical composition of the SEIs over depth: XPS and ToF-SIMS results

The chemical compositions of the SEIs are investigated with XPS and ToF-SIMS. Figure 20
and Figure 21 show the XPS results of the Li SEIs formed by the contact with glyme-based liquid
electrolyte. The outer-most surface is oxidized (Li*) and composed of residual salts (-CFs), organic
Li compounds (ROCO-Li), Li,COs and sulfide compounds (C-S, SO+%). As the Ar* etching
progresses, Li becomes reduced (Li* = Li%. Li>COs, LiF, sulfide compounds (C-S, SO+%, SOs?,
Li polysulifdes), organic Li compounds (ROCO:Li) and Li>O are present throughout the whole
layer. Since LiCOs, LiF and Li-O have already been observed for pure Li (see chapter 3.1), the
XPS peaks are most likely from the SEI formed by the chemical reactions as well as from the
native films of Li.

No difference in chemical composition is observed in the SEIs aged for 2 hours and 600 hours.
SEls on Li formed by the contact with carbonate-based electrolyte have similar chemical
compositions as shown in Figure 22 and Figure 23. Note that the peaks are identified based on the

binding energy values from the literature. [112, 113, 131] However, it is important to mention that
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the etching time is not directly proportional to the SEI depth, and thus the same etching time for
different samples does not necessarily indicate the same depth. This is due to the sample roughness
and porosity. In such case, the sample surface is not uniformly etched when the Ar* beam is
injected in a specific spatial direction.

Additionally, ToF-SIMS measurements were carried out to examine the relative salt
concentration over depth. If the SEI is porous, electrolytes will infiltrate the pores and upon drying
the electrode for XPS and ToF-SIMS sample preparations, only the solvent in the pores will
evaporate, leaving the salts precipitated in the pores. Thereby, the existence of the salt in depth of
the SEI becomes an indication of the porous SEI. Figure 24 shows ToF-SIMS depth profiles for
four different systems (Li-glyme, Li-carbonate, Na-glyme and Na-carbonate). In the case of Li,
the CF3SOs intensity decreases significantly over sputtering time (~1% at the beginning and
~0.001% after 800 hours of sputtering, normalized intensity). On the contrary, Na systems show
much higher intensities of CF3SO3™ (~1% throughout the entire sputtering time), which implies the
existence of the salt in the SEI bulk. The results support the claim that SEIs on Na are more porous
compared to the ones on Li. However, it should be noted that the ToF-SIMS data should be
analyzed only qualitatively, not quantitatively. Here, the sputtering time is again not proportional
to the sample depth due to the same roughness issue, and the intensity is also not directly
proportional to the concentration of CF3SOs’, since the intensity is a complex function of the

element type and the surrounding materials.
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Figure 20. XPS spectra of SEI on Li formed by the contact with glyme-based liquid electrolyte (1M LiTf in triglyme)
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Figure 22. XPS spectra of SEI on Li formed by the contact with carbonate-based liquid electrolyte (1M LiTf in
EC/DMC) for 2 hours
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Figure 23. XPS spectra of SEI on Li formed by the contact with carbonate-based liquid electrolyte (1M LiTf in
EC/DMC) for 600 hours.

43



3. SEls on Li/Na formed by the contact with liquid electrolytes

a) 100 b) 1004 .
- Li-glyme —Li ° I Li-carbonate — L
-~ 10 4 —— CF,S0; - 104 ——CF;S0;
= = E
2 '3 g 9
£ £ ]
ke) 0,14 o] 0,14
(0] (0]
N N 1
T 0,014 T 001
g E , E :l .
o [) NI D T .
Z 0,001 Z 0,001 LR S TR 4 i
1E-4 T ‘ ‘ ‘ 1E-4 ‘ ‘ ‘ ‘
0 200 400 600 800 1000 0 200 400 600 800 1000
Sputtering time (s) Sputtering time (s)
C) 100 d) 100
° Na-glyme Na- ) Na-carbonate Na’
- 10 4 —— CF,S0y ~ 10 — CF:S0y
= =
R s "
£ £
o 0,14 3 0,14
I I
T 0,01 T 0,01
£ " £ "
o e}
Z 0,001 Z 0,001
1E-4 T ‘ ‘ T 1E-4 ‘ ‘ ‘ T
0 200 400 600 800 1000 0 200 400 600 800 1000
Sputtering time (s) Sputtering time (s)

Figure 24. ToF-SIMS depth profiles of SEIs on Li/Na formed by the contact with liquid glyme- and carbonate-
based electrolytes for 600 hours. (a) Li contacted with 1M LiTf in triglyme, (b) Li contacted with 1M LiTf in
EC/DMC, (c) Na contacted with 1M NaTf in triglyme and (d) Na contacted with 1M NaTf in EC/DMC. The ion
intensities were normalized to the total ion count for each sputtering time data point.

3.2.5. Origin of the porosity of Na SEls

Activation energies of ion transport in the SEIs, cross-section images measured by FIB-SEM
and ToF-SIMS measurements show that the SEIs on Na are more porous compared to the ones on
Li. The fundamental origin of the porosity is not completely clear yet, but we attribute it to the

molar volume difference between the formed SEI compounds and metallic Na. As introduced in
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part 1.2.1, the ratio of these two molar volumes is termed Pilling-Bedworth ratio (Reg). [69] As an

example, the chemical reaction between Liand S is expressed as

2L (s) + 1/8Sg (s) — Li2S (s). (3.2)
In this case, Rps is
_ Viiys
Rpp = 2V, (3.3)

where V;; and V,;, s are the molar volumes of Li and Li>S. The Res values for Li/Na inorganic

compounds are listed in Table 5.

Table 5. List of Rpg of Li SEI compounds vs. Na SEI compounds

Li SEI compounds Na SEI compounds
Compound Res Compound Res
LiF 0.76 NaF 0.69
Li2O 0.57 Na.O 0.58
Li2O- 0.76 Na202 0.59
Li2CO3 1.35 Na.COs 0.88
LiOH 1.26 NaOH 0.79
LiH 0.75 NaH 0.72
Li2S 1.06 Na2S 0.89
NaxS2 1.16
NaxSs4 1.79
NazSs 2.17

The noticeable difference between Li and Na is that Rps values of Na SEI compounds are smaller
than 1, except for the Na polysulfides. Since polysulfides are a series of many SEI compounds
stemming from the salt decomposition (as the salt contains S), the proportion of the Na polysulfides

is expected to be very low. The fact that the molar volumes of most inorganic Na SEI compound

45



3. SEls on Li/Na formed by the contact with liquid electrolytes

are smaller than the molar volumes of reacted metallic Na may be a reason behind the SEI porosity.
However, this cannot be the complete explanation for the porosity as the molar volumes of organic
SEI compounds should be taken into account, and the SEI could also be densified by the external
mechanical stress applied in the electrochemical cells. [132] The detailed investigation of the

molar volumes of organic SEI compounds and the mechanical properties is required in the future.
3.2.6. Cation transference number and salt diffusion coefficient of the liquid electrolytes

In the previous parts, it has been concluded that liquid electrolytes significantly contribute to
the ion transport in SEIs owing to the SEI porosity. In this part, the ion transport behavior in the
liquid electrolytes used for this study is examined in detail. One of critical electrolyte parameters
for battery application is the effective transference number of cations (Li* or Na*) (terr). The cation
transference number is defined as the ratio of the electric current stemming from the cations in the
electrolyte to the total electric current. If tert is smaller than 1, a concentration gradient in the liquid
electrolyte forms when a constant current is applied. [133] The salt diffusion coefficient (Dsai) is
directly proportional to the ionic conductivity according to the Nernst-Einstein equation.
Furthermore, both ter and Dsar are related to Sand’s time (i.e. characteristic time at which the salt
concentration on the surface becomes zero at the electrode), which is the time needed for a dendrite
to be formed. Note that Sand’s time presumes a chemically and mechanically uniform electrode.

[134] Sand’s time (tsand) iS expressed as [135]

2

z.CoF

tsana = TDgque <2](1C_0t ff)) (3-4)
e

where C, is the bulk electrolyte concentration, F is the Faraday constant and J is the current

density. Thereby, ter and Dsai are two crucial factors for describing the ion transport in the
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electrolyte which are responsible for the concentration polarization, ionic conductivity and
dendrite formation. These two parameters are determined by combining EIS and galvanostatic
polarization (see part 2.2.2 for detailed information about the working principles). Table 6 provides
the summary of cation transference numbers and salt diffusion coefficients. The polarization
profiles are given in Figure 25. Compared to Li, ter of Na in glyme-based electrolyte is
considerably higher, possibly correlated to the less-solvated Na* compared to Li*, owing to the
size effect. [136] Determining a transference number of 1M NaTf in EC/DMC was challenging
due to the high reactivity of Na with the electrolyte, making it difficult to reach a steady-state. In
addition, the Rsg; quickly changes within the period of changing the electrochemical devices
(galvanostatic polarization—>EIS) necessary for the measurements. For the Na-glyme case, small
Rsei allows the impedance signal from diffusion process in the bulk liquid electrolyte to be visible,
so cation transference number can be derived from the EIS (teis) with low frequency (~1 mHz)
using the Sgrensen-Jacobsen method (Figure 26). A small disparity between the ter value derived
from the galvanostatic polarization and the one from the Sgrensen-Jacobsen method is observed
(0.42 vs. 0.36). Both methods assume an identical geometry of the electrodes before and after the
polarization, but the geometry could change over the current density applied. [137] This different

experimental condition might have led to the different transference number values.
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Table 6. Summary of the effective cation transference numbers (terr) and salt diffusion coefficients derived from
the galvanostatic polarization methods. tgs refers to the transference number measured by the method using only EIS
suggested by Sgrensen and Jacobsen. [124]

Electrolytes tert (polarization) Dsait / cm? st
1M LiTf in triglyme 0.24 1.0x10°7
1M LiTf in EC/DMC 0.12 2.8x10°
1M NaTf in triglyme 0.42 (teis=0.36) 1.7x10®
1M NaTf in EC/DMC N/A 5.8x10°
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Figure 25. Galvanostatic polarization profiles to determined the cation transference number (ter) and salt diffusion
coefficient (Dsar). (a-c) 1M LiTf in triglyme, (d-f) LM NaTf in triglyme, (g-i) 1M LiTfin EC/DMC, and (j-I) 1M NaTf
in EC/DMC. For the time vs. In|U-U.| profiles, red line shows the linear fit with which the equation (2.10) is applied
to derive salt diffusion coefficients.
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Figure 26. Impedance spectrum of Na-glyme system measured in the frequency range of 105~10-3 Hz. The inset
shows equivalent circuit model for fitting the spectrum and the fitted result is marked as red color.

3.2.7. Stripping-plating results of symmetric Li/Na cells

Cyclic stripping-plating experiments were performed by applying constant current density
(0.1 mA cm™), as such electrode performance is of great importance for the battery application.
Figure 27 shows the time vs. voltage profiles of stripping-plating behaviors in four different Li/Na
symmetric cells with glyme- and carbonate-based electrolytes. In general, the cells aged for 600
hours (red) show higher overpotential compared to the one without aging (black), and even cell
failures due to the high overpotential are observed (Figure 27a, b and d). Since the only difference
between those two (0 hour vs. 600 hours of aging) is the density of the SEIs, the stripping-plating
results suggest that the densified SEls are not beneficial for the cell operation, possibly due to the

detrimental mechanical properties of the dense SEI. [9] Alkali metal electrodes undergo volume
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expansion during the deposition process, and the electrodeposition occurs in a spatially non-

uniform way, which causes the local stress. A porous SEI provides room to relieve the stress, while

a dense SEI does not. Figure 28 shows the surface of the Li/Na electrodes after stripping-plating

in Figure 27. The SEM images provide the clue for explaining the stripping-plating behaviors. In

case of Li contacted with glyme-based electrolyte (Figure 28a), cracks in the SEI are clearly

observable in the Li stored for 600 hours followed by stripping-plating, indicating that the SEI

most likely has broken mechanically during the electrochemical cycling process. A similar

behavior was observed in the case of Na with carbonate-based electrolyte (Figure 28d). For the

Na-glyme case, an unstable stripping-plating behavior was detected (Figure 27b) but the surface

is observed to be smooth (Figure 28b). The reason remains unclear, but it is suspected that the

dissolution of Na SEI compounds in the electrolyte plays a significant role. [138, 139]
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Figure 27. Stripping-plating behaviors of symmetric Li/Na cells with glyme- and carbonate-based electrolytes. The cells
were measured right after assembly (black) and after 600 hours of storage under open-circuit. The applied current is 0.1 mA

cm™.
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Figure 28. Top-view SEM images of the Li/Na electrodes after stripping-plating with glyme-and carbonate-based
electrolytes right after cell assembly (left) and after 600 hours of storage under open-circuit (right). (a) Li with 1M
LiTf in triglyme, (b) Na with 1M NaTf in triglyme, (c) Li with 1M LiTf in EC/DMC and (d) Na with 1M NaTf in
EC/DMC.
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3.3. Equivalent circuit models for the ion transport in the porous SEI

Understanding impedance response requires a suitable equivalent circuit model which reflects
the physical/chemical properties of the system. Studies providing such equivalent circuit models
for SEls, especially for porous SEls, are very rare owing to their complexity. [140-142] Figure 29
is the schematic diagram of the physical SEI structure consisting of dense bulk SEI and a channel
(in reality a pore) infiltrated by liquid electrolyte. Since the liquid electrolytes are not
thermodynamically stable against Li/Na, it is expected at least a thin solid film on the surface of
the alkali metals (noted as solid in channel in Figure 29) is present. The solid in channel could be
the reaction product or native films which already had existed on the alkali metal surface, or it can
also be established by the charge transfer across the double layer. In the following, we will not
distinguish between these phenomena and describe them by a single series impedance. This film

provides a serial resistance to the liquid in the channel, and such channels are in parallel to the

Bulk
$SEI

Bulk liquid
electrolyte

.”Liquid in
channel

Figure 29. Schematic diagram of the physical structure of the SEls on Li/Na. The orange bricks represent the
different chemical compounds composing the SEI. Note that a number of complex pores rather than a single channel
exist in the real system.
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surrounding dense bulk SEI. At any rate, the major transport pathway determines the activation
energy of the overall resistance. The analysis of the activation energy has the advantage that it is
independent of the SEI geometry. Table 7 summarizes the Ea of transport through the SEls and
SEI capacitances derived by impedance measurements. The significance of the liquid in a channel
follows from the fact that ionic conductivities of the liquid electrolytes (~10° S cm™) are at least
7 orders of magnitude higher than the ones of solid SEI compounds (<10 S cm?, see Table 1
and Table 2). Thereby, the major ion transport pathways are most likely be the channel where the
thin solid layer and the liquid are connected in series. The blocking influence of the solid in a

channel will become dominant only if its thickness is perceptible.

Table 7. Summary of the activation energies of the ion transport through SEI (Ea (SEI)) and SEI capacitances
(Cr) obtained in the symmetric Li/Na cells with glyme- and carbonate-based electrolytes stored under open-circuit

condition for 2 hours. Cy, was calculated from C,,, = PRy, where f is the peak frequency where the |Zim| value
EI

becomes maximum for the semicircle corresponding to the SEI.

System Ea (SEI) / eV Cm/F
Li| 1M LiTf in triglyme | Li 0.52 8.33x107
Li| 1M LiTf in EC/DMC | Li 0.55 8.79x107
Na | 1M NaTf in triglyme | Na 0.15 5.52x10°
Na | 1M NaTf in EC/DMC | Na 0.30 1.25x10®
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Figure 30. (a) Schematic diagram of the major ion transport pathway (liquid channel) of the SEI. (b, c) Equivalent
circuit models of the SEI’s ion transport in the liquid channel. (b) for the case of Na-glyme system where the E, (SEI) is
identical to the E, of transport in bulk liquid electrolyte, (c) for other cases (Li-glyme, Li-carbonate and Na-glyme) in
which the E, is in between the ones of liquid electrolytes and solid SEI compounds. (d, e) for the situation where the
capacitances from the bulk SEI are taken into account and the ones from solid/liquid in channel are neglected.

Figure 30a depicts the liquid channel of the SEIs, in which the major ion transport occurs.
The resistances and capacitances of the each component are noted as Rsgeipuik, Cseipuk (for bulk
SEI), Rsotid,channel, Csolid,channet (for the solids in channel), and Riiquid,channel, Ciquid.channel (fOr the liquids
in channel). Solids and liquids in the channel are connected in series and they are linked with the
bulk SEI in parallel. Figure 30b and ¢ show the equivalent circuit models corresponding to the ion
transport in the liquid channel. Depending on the Ea(SEI) values, the models are categorized into
two cases: Case 1 (Figure 30b, d) is the situation in which Ea(SEI) is close to the Ea of ion transport
in the liquid electrolytes and Case 2 (Figure 30c, €) represents the case where Ea(SEI) in between

the ones of liquid electrolytes and solid SEI compounds. Case 1 includes the Na-glyme system and
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Case 2 covers Li-glyme, Li-carbonate and Na-carbonate systems for the initial storage. For Case
1, Rsotid,channel and Csolid,channel may be neglected according to the impedance spectra simulation by
the ZView software as shown in Figure 31. The RC parallel circuits of thin SEI and liquid in the
channel are simplified into R1||C1 and R||C2 (|| represents the parallel connection). Based on the
fact that the dominant ion transport mechanism in the SEI of Na-glyme system occurs in the liquid
electrolyte, it was assumed that R1<<R: is valid. The C; and C values are unknown, thus three
different cases (C1>>C,, C1~C; and C1<<Cy) are examined. All simulations in Figure 31 suggests
that no matter how large the capacitance values are, the impedance spectra, as well as effective
capacitance,e are always dominated by the R, and C> parallel circuit. Thereby, R: and C; are

neglected.

Ri<<R;
For the assumption: R;=0.037 Q, R,=3.66 Q

"F

R; R,
| | | |
11 11
G G

i) C,>> C,

C,=10*F, C,=106F

44.7 kHz

Z(-lm)/Q

Z(Re)/Q

i) €, ~ G,
C,=10°F, C,=10°F

ol
0

4571 Hz

Z(Re)/ Q

i) €, << C,
C,=10°F C,= 104F

Z(Re)/ Q

Figure 31. Justification for neglecting the Rsolid,channet and Csotid channet Or the Case 1 (Ea(SEI~Ea(liquid)) in Figure
31b. Three impedance spectra for two RC parallel circuits connected in series are simulated. Since Rsgi for Na-glyme
system is measured to be 3.67 Q, R1=0.037 Q and R,=3.66 Q was assumed.
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Now the validity of the equivalent circuit models in Figure 30b and c are examined. lonic
conductivities of the liquid electrolyte in the channel (0yiquia channer) are estimated based on the
following equations.

€o gliquid,channel _ 1

(3.5)

Rliquid,channel Cliquid,channel = - 2
Oliquid,channel T[fpeak

where &, is the vacuum permittivity, &;qyiqcnanner 1S the dielectric constant of the liquid
electrolyte in the channel and f,.. is the peak frequency where the |Zim| of the semicircle
corresponding to the Riiquid,channet and Ciiguid.channel has & maximum value. According to equation

(3.5),

Uliquid,channel = 271-50 Eliquid,channelfpeak (36)

Given by the measured EIS frequency range in Figure 33, the 6}iyia,channer Values are calculated
to be smaller than 1.7x10% S cm™. Note that Eliquid,channer <30 Was assumed, based on the
dielectric constant values of the liquid organic electrolytes in the literature. [143, 144] The obtained
Oliquid,channer Values are at least 3 orders of magnitude smaller than the ionic conductivities of
bulk liquid electrolytes (~103 S cm™), which is improbable, meaning that the equivalent circuit
models need to be modified.

The so far neglected RC elements corresponding to the bulk solid SEI (Rseibuik and Csei,bulk)
connected in parallel with the liquid pathways are now considered. If a parallel resistance (Rsei,bulk)
is added, Riiquid,channel has to increase as the total SEI resistance is fixed. Then, o;5yiq,channer Values
would be even lower according to the equation (3.5) Also, addition of Rsgipuik Would make the
Ea(SEI) even more solid-like. Now, the parallel capacitance (Cseipui) is considered (shown in
Figure 30d and e). In this case, Ciiquid,channel has to decrease, in order to adjust the values of the total

SEI capacitance, resulting in an increase of 0y;4yi4 channer- Taking the capacitance of the bulk SEI
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into account is anyway reasonable in view of the small area fraction of the channels and the similar
dielectric constants of the solid/liquid phases. [143, 145] It is important to have this before, in
order not to make the argument circular. Therefore, the parallel SEI bulk capacitance must be
included in the equivalent circuit models. The Csgipuik Should be 2~3 orders of magnitude higher
than the Ciiquid,channer, in Order to obtain the reasonable 04,4 channer Values. In addition to the
higher area fraction of bulk SEI, the high capacitance of bulk SEI could also be due to resistive
grain boundaries therein. To conclude, for porous SEI, the overall SEI resistance is dominated by
the channel (Rcnanner = Rsotia,channet T Riiquia,cnanner) While the SEI capacitance is dominated
by the bulk solid SEI (which exists in parallel with the liquid channels). Therefore, the relaxation

time (7) may be expressed as

T = Renanner * CSEI,bulk- (37)

For the Case 2 where Ea (SEI) is in between the ones of liquid electrolyte and solid SEI
compounds, the thickness of the thin SEI layer (dsiq channer) Can be derived as a function of
Ea(solid,channel) and o5,:4 channer, Dased on the activation energies. Firstly, Rsei can be described
as

RSEI = Rsolid,channel + Rliquid,channel- (3-8)

Since E; = —R% (where R is the gas constant, T is the temperature) and dln) y; =

Z(Ey;,_ dlny;) [146], equation (3.8) transforms into

R ;:
E,(SEI) = solid channel E (solid, channel)
solid,channel + Rliquid,channel (3 9)

+

Rliquid,channel

E (liquid, channel)
Rsolid,channel + Rliquid,channel
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where Ea(solid,channel) and Ea(liquid,channel) correspond to the activation energies of ionic
transport through thin SEI layer and liquid in the channels, respectively. Finally, Eq. (3.9) can be
rearranged in respect of the thin SEI thickness as

do _ Gsolid,channeldSEl (Ea (SEI) B Ea (liquid' Channel))
sotid.channel (Ea (SOlid, Channel) - Ea (SEI))(Uliquid,channel - Usolid,channel).

(3.10)

The dgg; values can be taken from the FIB-SEM cross-section images in Figure 18 and Figure 19.
The values of 6};4i4,cnanner @and Ea(liquid,channel) may be taken from temperature-dependent EIS
measurements in Figure 16. Now the unknown two parameters in the equation for ds,iq channer I
(3.10) remain ionic conductivity and activation energy of ion transport through thin solid SEI
(Osotia,channer @nd Ea(solid,channel), respectively). First, these values are estimated to be in the
physically probable range, based on the o;,,, and Ea values of the Li/Na inorganic SEI compounds
(Table 1 and Table 2, 10™ S cm™ < 054110 channer < 10° S cm™ and 0.3 eV < Ea(solid,channel) <
1.1 eV). Figure 32 shows the obtained 3-dimensional plots of the relationship between
Asotid channel s Osolid,channer @Nd Ea(solid,channel). In order for the dg,iiq channer t0 b€ in the
realistic range (several nanometers to tens of nanometers), the o544 channer NEEAS to be higher
than 107 S cm™ and Ea(solid,channel) is required to be lower than 0.7 eV (shaded as light blue-
green-yellow area in Figure 32). This implies that the thin SEI layer has to be at least 3~4 orders
or magnitude more conductive, and to have lower activation energy compared to the bulk SEI
layer. This could be probable in nano-sized materials with space-charge effects being relevant,

which may be true to a different chemical nature of the solid in a channel. [147] High-dimensional
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defects such as grain boundary, dislocation or partially amorphous regions may play significant

roles as transport pathways [148].

O
—
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d solid,channel ( nm )
d solid, channel (nm)

ED (SOIid'ChannEI) (EV) Gsalid,channel (S Cmrl) Ea (SOIidlChannel) (EV) Usolid,r,hannel (S Cmrl) Ea (SOIidJChannEI) (EV) O-solid,channel (S Cmrl)

Figure 32. Dependence of the thin SEI layer thickness (dsoiig.channel) ON the activation energy of ion transport in thin SEI (Ea
(solid,channel)) and ionic conductivity of thin SEI (osolig.channet) for (a) Li-glyme, (b) Li-carbonate and (c) Na-carbonate. The
relationship between three parameters is given in the Equation (3.10).
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3. SEls on Li/Na formed by the contact with liquid electrolytes

3.4. Long-term SEI growth behavior under open-circuit potential

Based on the ion transport mechanism discussed previously, the growth behavior of the SEIs
on Li/Na with glyme- and carbonate-based electrolytes is observed under open-circuit for 600
hours. Figure 34 shows the SEI resistances (Rsei), SEI capacitances (Cser) and relaxation times (7=
Rseir Cser) change over time for four different systems. Note that the SEI capacitances were derived

from the single semicircle corresponding to the SEI in the impedance spectra by

1

Cser = 2mRsE1f peat (3.11)

Significant differences between Li and Na are observable in their SEI growth behaviors. In
the case of Li, changes of Rsei, Csei and 7 over aging are relatively mild (Figure 34a~f, at least the
values maintain to be in the same orders), which implies that the SEI grows in a coherent way
when the solid-state diffusion dominates the growth. On the contrary, SEIs on Na undergo drastic
changes of Rsei, Cser and t (Figure 34g~k). This distinguishable SEI growth behavior on Na is
most probably attributable to its porosity. The porous SEI allows the infiltration of the liquid
electrolyte into the channels that allows for the Na contact to liquid electrolyte, inducing
subsequent chemical reactions. Such chemical reactions lead to the growth of SEI with the increase
of both Rsg; and Ea(SEI) over time, as shown in Figure 34g and i.

The SEI growth behavior in Na-glyme system appears to be unique compared to other
systems, as the abrupt increase of Rsg is observed after approximately 280 hours of storage (Figure
34g). Additional Na-glyme electrochemical cells (six in total) assembled in a same experimental
condition were measured to examine the reproducibility of this extraordinary Rsgi increase

behavior, and the results in Figure 35 show that such abrupt increase of Rsgi happens in all six Na

symmetric cells. The origin of this rapid Rsgi increase is not clear yet, since at this moment it is
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experimentally difficult to perform an in situ or ex situ characterization of such phenomenon. The
probable scenario is either that the liquid channels (in reality pores) become blocked by solid SEI
compounds caused by the external pressure built up in the electrochemical cells, or the lateral SEI
growth. The intermittent Rsg) drop after 280 hours of storage (Figure 34g) might be attributable to
the SEI dissolution into the liquid electrolyte, which was already shown by the literature dealing
with Na metal battery with carbonate-based liquid electrolytes. [139, 149, 150] Another possibility
is the mechanical instability originating from the continuous pore formation owing to the non-ideal
values of Rpg (<1) for the Na inorganic compounds (explained in 3.2.5). In the same way as the
low Rpg values causes channel formation of the macroscopic SEI, the solid in a channel is expected
to break up and form tiny pores or channels. If so, in principle this leads to a formation of a self-
similar SEI structure, meaning that the porous SEI structure is created continuously on a smaller
scale. The schematic diagram of such SEI-growth in Na-glyme system is depicted in Figure 36.
The self-similar behavior is corroborated by the irregular behavior shown in Figure 34g, where the
time intervals between the SEI resistance breakdowns become continuously smaller. SEI on Na is
initially porous, where the ion transport mainly occurs through the liquid channels (A in Figure
36), followed by the densification or pore blocking, resulting in the increase of the resistance (B).
The SEI formation reaction continues in the liquid channels with mechanical instabilities (C), and
this process repeats in a self-similar manner (D).

The observation of Rsgi growth in a Na-glyme system is noteworthy, since the previous
reports claim that Na forms relatively stable and ionically conductive SEIs in combination with
glyme-based electrolytes compared to the carbonate-based electrolytes. [151-153] Contrary to this
argument, here the presented results reveal that the low Rsgl in Na-glyme system does not stem

from intrinsic SEI properties, but rather from the liquid electrolyte in the channels of the SEls. The
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transport through liquid channels appears to be linked with the small SEI resistance but finally
induces SEI growth and densification. In contrast to the Rsg; growth behavior in Na-glyme system,
the Csei does not change as much as the Rsgi does (Figure 34e). This most likely indicates that the
capacitance is majorly contributed by the bulk SEI capacitance (Csgeipuik) and is in agreement with
the equivalent circuit model suggested in the previous chapter. The SEI growth behavior in Na-
carbonate system is comparatively more monotonic (Figure 34i). The origin of these different
behaviors of Na SEI growth in glyme-based electrolyte vs. carbonate-based electrolyte needs to be
studied in the future. Obviously, this has to do with the different polymeric/organic SEI products

from the solvent decomposition, as similar salts were used in these systems.
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Figure 34. SEI resistances (Rsei), SEI capacitances (Csgi), and relaxation times (7= Rsgir Csei) changes over time in (a-c) Li-glyme,
(d-f) Li-carbonate, (g-h) Na-glyme, and (i-k) Na-carbonate systems stored under open-circuit condition. The activation energies of ion
transport in SEI (Ea (SEI)) measured at the initial storage and after the 600 hours of storage are marked with blue and purple,
respectively.
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Figure 35. Rsgi changes over time under open-circuit in six Na-glyme systems (all six cells were assembled under the same
experimental condition as in Figure 34g) for reproducibility check.
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Figure 36. Schematic diagram of the time-dependent SEI resistance growth behavior shown in Figure 34g (above)
and the corresponding sketches of SEI’s morphological evolutions (below).
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3.5. Conclusion

This chapter deals with the native films on Li/Na as well as the SEIs on Li/Na formed by the
contact with glyme- and carbonate-based electrolytes.

First, the FIB-SEM and XPS investigations on the commercial Li and the MBE-grown-Li
reveals that the pure Li is covered with native films composed of oxides, fluorides and carbonates.
The detailed examination on the native films on Na is challenging owing to its high chemical
reactivity, but similar chemical composition as observed for Li is expected.

Second, the Ea(SEI) measurements with EIS show that ion transport in the SEI on Na is
dominated by the transport in liquid electrolyte in the pores, when both the pure glyme solvent and
salt-included glyme- and carbonate-based liquid electrolyte are used. Higher values of Ea(SEI) for
Li SEIs suggest that SEIs on Li are denser, which is also supported by FIB-SEM images and ToF-
SIMS measurements. The porosity of the SEI on Na is most likely attributable to the Rpg values of
the inorganic Na SEI compounds which are smaller than one. In the course of aging of the Li/Na
electrochemical cells under open-circuit, the SEls become densified, as confirmed with the
increased values of Ea(SEI). Stripping-plating behaviors of symmetric cells with the liquid
electrolytes are compared in Li vs. Na and the cells without aging vs. after aging for 600 hours,
and it is concluded that the dense SElIs are not beneficial for the galvanostatic cycling.

Lastly, a suitable equivalent circuit model for porous SEI is suggested based on the measured
Ea(SEI) values and the measured frequency ranges. The model implies that for porous SEI, liquid
channels connected to the thin solid SEI layer are the major transport pathway, while the SEI

capacitance is dominated by the bulk SEI, in which the channels are embedded. The pores allow
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the infiltration of the liquid electrolyte, which finally induces irregular continuous growth of the

SEls. This is noticeable in all Na cases, where the continuous SEI growth is observed.
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4. Artificially-formed SEIs on Li/Na

4.1. Sulfide-based SEIs formed by solid-vapor chemical reaction

The results of this section is published in [154].
4.1.1. Morphological and chemical characterization of sulfide-based SEIs on Li/Na

The synthetic method for sulfide-based SEI (LixSy and NaxSy) is explained in detail in part
2.1.2. The following equations (along with literature data of the formation free enthalpy) are the
expected chemical reactions between the alkali metals and the S vapor.

2Li(s) + é Ss(g) — LizS (8) AG’ = -466 KJ mol™ [155] (4.1)

2 Na (s) += Ss (g) — NazS () AG’ = -398 KJ mol [156] (4.2)
It should be noted that Li>S is the only thermodynamically stable solid phase in the Li-S system
[157],while in Na case other Na polysulfides such as Na>S,, Na»S4 and Na>Ss can be formed [158].

Figure 37 shows the morphological/chemical characterization results of the LixSy and NaxSy
synthesized under specific condition (Ti=140 °C, Ts=25 °C for 2 hours for Li and Tna=Ts=80 "C
for 2 hours for Na, where T is a synthesis temperature). First, cross-section images measured by
FIB-SEM (Figure 37a and d) show different morphology between Li and Na. LixSy appears to be
more continuous and uniform in comparison to NaxSy, which is observed to be rough and porous.
Note that the existence of the S in the synthesized layer is confirmed with energy dispersive X-ray
(EDX) characterization which is shown in Figure 40. The underlying reason for the morphological
difference is most likely owing to the Rps of Li2S (1.06) and NazS (0.89). The thickness of the

sulfide film can be controlled by changing the synthesis temperature as shown in Figure 38 and
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Figure 39. The general trend of the film thickness dependence on the temperature is that the film
becomes thicker as the synthesis temperature (TLi or Nnay and Ts) increases. However, it should be
noted that the film thicknesses are not always identical in every part of the sample, most likely
owing to the native films on the surface of Li and Na, which hinders the chemical reaction with S
vapor. The artificial SEI films (LixSy and NaxSy) having thicknesses of ~490 nm and ~150 nm for
Li and Na, respectively, are investigated with a variety of chemical characterization tools and the
results are shown in Figure 37. XRD results (Figure 37b and e) clearly show the crystalline phase
of Na.S on Na, but for Li, only the metallic phase (substrate) is detected. The investigation with
XPS in Figure 37c suggests that the Li>S phase is formed on the surface of Li, along with other
sulfur-related phases such as sulfate (SO4%), sulfite (SOs%) and polysulfide (Li2Sy, y>1), while in
the bulk part only the Li.S is present. The peak positions and the corresponding references for
identifying the phases are listed in Table 8. Polysulfide species are known to be thermodynamically
unstable as solids [157], so they must be present as metastable phases, similarly as in the previously
reported sputter-deposited thin films [159]. Based on the XRD and XPS results of LixSy, it is
believed that the Li>S phase is either amorphous or present as crystalline phase but in amounts too
small to be detected with XRD. Considering the fact that the intensity of the diffracted X-ray beam
is a function of the atomic number, Li compounds in general have smaller XRD intensity compared
to Na compounds, which might result in no significant signals in XRD in Figure 37b. In Na case,
ToF-SIMS was performed on the NaxSy film and the results are shown in Figure 37f. As the
sputtering progresses (meaning that as it goes into depth), the concentration of Na decreases while
the one of S increases, implying the concentration gradient forms within the NaxSy film throughout
the depth. The common observation in LixSy and NaxSy films is that the surface is more oxidized

(in terms of S) in comparison to the bulk part, which is analogous to the oxidation of metals (e.g.
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oxides on Fe). [160, 161] A more detailed investigation with cryo-TEM would be helpful to clarify

the porosity, crystal structure and compositional distribution of the films.
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Figure 37. Morphological and chemical characterization results of sulfide-based artificial SEls on Li (a-c) and Na (d-f). (a, d)
Cross-section images from FIB-SEM, (b, €) XRD patterns, (c) XPS spectra (black) collected on the surface of the LixSy (below) and
after Ar* sputtering for 60 minutes. The red, brown, green and blue spectra correspond to Li,S, Li,S;, SO3? and SO4%, respectively,
and they were fitted to the spectra as described in the experimental section. (f) ToF-SIMS depth profile on NaySy. LixSy was synthesized
at T=140 °C, Ts=25 °C for 2 hours and NaxSy was synthesized at Tna=Ts=80 °C for 2 hours.
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Table 8. Binding energies and full width at half maximum (FWHM) values of different sulfide species of XPS.
References for the identification of the species are listed.

Species Binding energy (eV) FWHM (eV) References
Li2S (S?) 162.1 0.86 [111]
Li2S2 (S) 163.5 1.31 [113]

SOsz* (S*) 167.6 0.80 [156]
SO4* (S 168.9 1.07 [162]
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Figure 38. FIB-SEM cross-section images of LixSy on Li synthesized under different temperatures. (a)
TL=Ts=60 °C, (b) TLi=Ts=100 °C, (c) TLi=Ts=120 °C, (d) TLi=120 °C, Ts=25 °C. The synthesis proceeded for 2
hours. In (b-d), films were coated with Pt or Ru prior to the measurements, to avoid the potential risk of the exposure
to the air. Note that cracks (or pores) in (a) and (c) are formed during milling with focused ion beam.
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Figure 39. FIB-SEM cross-section images of NaxSy on Na synthesized under different temperatures. (a)
Tna=60 °C, Ts=25 °C (b) Tna=Ts=60 °C, (c) Tna=Ts=70 °C. The synthesis proceeded for 2 hours.
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Figure 40. Energy dispersive X-ray spectra of (a) LixSy on Li and (b) NaxSy on Na. Note that C, O, F, Ca and K are the

common contaminants.
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4.1.2. SEI growth behavior in contact with liquid/solid electrolytes under open-circuit

condition

The role of the synthesized sulfide-based films (LixSy and NaxSy) as artificial SEIs was first
tested with EIS in symmetric Li and Na cells with organic liquid electrolytes. Figure 41 shows the
electrochemical symmetric cell configuration and the impedance spectra of the cells measured
right after the cell assembly and after 24 hours of storage under open-circuit condition. The glyme-
based liquid electrolytes are used since they are the commonly employed electrolytes for Li-S and
Na-S batteries [163, 164], and triflate salts are chosen as they are reported to be responsible for
the SEI resistances, especially for Na [151, 152]. The impedance spectra shows that the SEI
resistances decrease over time both for Li and Na, most likely indicating the dissolution of the
polysulfide species into the organic liquid electrolyte which have already been observed in Li-S
and Na-S batteries. [165, 166] The decrease of SEI resistance with liquid electrolyte in time was
also observed for Li>S synthesized on Li as an artificial SEI. [167] The decrease of SEI resistance
appears to be much more significant for Na (650 Q to 5 Q), rather than Li (11,000 Q to 8,500 Q).
This is probably due to that the molar proportion of Na polysulfides in NaxSy film is higher than
the one of Li polysulfides in LixSy, or because of the simply smaller amount of Na polysulfides
compared to Li polysulfides. Another realistic scenario is that the liquid electrolyte infiltrated into
the pores (or cracks) of LixSy /NaxSy films reacts with the fresh Li/Na metals, forming another SEI,
leading to mechanical detachment of the already-existing artificial SEI. If the latter is true, the
higher degree of the decrease of SEI resistance in case of Na would indicate that NaxSy is more
porous than LixSy. This might be realistic, based on the cross-section images measured by FIB-

SEM in Figure 37a and d. The highly-concentrated liquid electrolytes (5M LiTFSI in DOL/DME
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and 5M NaFSI in DME) were employed to minimize the film dissolution issue and the results are
shown in Figure 42. However, the increase of the SEI resistances in all cases implies that the
highly-concentrated liquid electrolytes are reactive with Li and Na, rendering a fair comparison

between LixSy and NaxSy still difficult.
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Figure 41. (a) Schematics of the electrochemical measurement cell configuration. (b) Electrochemical impedance result of
Li|LixSy|liquid electrolyte|LixSy|Li. (c) Impedance result of Na|NaxSy|liquid electrolyte|Na,Sy|Na. The inset shows the impedance
spectrum of the same cell after 24 hours of storage under open-circuit condition.
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Figure 42. EIS results of (a, b) symmetric Li and (c, d) symmetric Na cells with concentrated organic liquid
electrolytes (5M LiTFSI in DOL/DME (1:1 wvol) and 5M NaFSI in DME, LIiTFSI: Lithium
bis(trifluoromethanesulfonyl)imide, DOL: 1,2-dioxolane, DME: dimethoxyethane, NaFSIl: Sodium
bis(fluorosulfonyl)imide). All electrochemical cells were measured right after the cell assembly (black) and after 24
hours of storage under open-circuit.
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In order to avoid the dissolution of polysulfides into the liquid electrolyte, sulfide-based solid
electrolytes (LisPS4 and NasPSs4) were introduced. Figure 43 shows XRD patterns of the powders
and impedance spectra of the pellets of the synthesized solid electrolytes to confirm their crystal
structures and ionic conductivities. LisPSs and NasPSs have orthorhombic and cubic structures,

respectively. Their ionic conductivities are calculated from

L

= (4.3)

o
where ¢ is the ionic conductivity, L is the pellet thickness, R is the resistance of the bulk
electrolyte measured by EIS and A is the area of the flat surface of the pellet sample. The pellet
was coated with Ru with a thickness of 400 nm on the both sides in the glovebox. The ionic
conductivities of the B-LisPS4 and cubic-NasPS4 are measured to be 1.47x10* S cm™ and 1.55%10°
®S cm?, respectively. The solid electrolytes are assembled in the electrochemical cells with Li/Na
electrodes and the impedance was measured over time for 400 hours under the open-circuit
conditions (Figure 44 and Figure 45). In case of Li, three distinctive semicircles are observed
(Figure 44a and d) while only two semicircles are visible in the Na case (Figure 45a and d). The
first semicircles appearing at the highest frequency (>20 kHz) correspond to the ionic transport in
the bulk solid electrolytes as confirmed from the previous EIS measurements with the blocking Ru
electrode in Figure 43b and d. The second semicircles at the medium frequency (10~20 kHz for Li
and 0.01 ~3 kHz for Na) are from the interfaces between the alkali metals and solid electrolytes,
as their values continuously change over time. The interfacial change is most likely attributable to
the continuous chemical reactions between the alkali metals and the solid electrolytes as follows.

[168, 169]

8Li + LisPS, — LisP + 4Li,S AG <0 (4.4)
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8Na + NasPS, —» NasP + 4Na,S AG <0 (4.5

The origin of the smallest semicircle for the Li case at lowest frequency (<10 Hz) is not proven
yet, but it is believed to originate from either imperfect solid contacts or concentration polarization
within the mix-conducting phase. Figure 46 shows the equivalent circuit models for fitting the
impedance spectra in the Figure 44 and Figure 45. The interfacial resistances (Rinterface) and
interfacial capacitances (Cinterface) derived by fitting with the equivalent circuit models and their
evolutions over time are shown in Figure 44 and Figure 45. In the case of Li, the Rinterface trend of
the two Li systems with and without LixSy is opposite; Rinerface decreases over time in the cell
without LixSy, while it increases in the cell with LixSy. The decrease of Rinterface IS Unexpected since
the reaction products are predominantly resistive (molar ratio of LisP and Li.S=1:4, o(Li.S)~10"
1Sem?[22], o(LisP)~10*S cm™ [170]). This may attributable to the i) Li creep through the SEI,
or ii) rearrangement of the phases such a way to that the contact to each other is improved. Both
might have been caused by the mechanical pressure built up in the electrochemical cell or by

capillary pressure. [171] The former seems to be likely since the reaction products have smaller

molar volumes compared to the reactants (Rpp = M/& = 0.72), meaning that the formed
Li Li3PS4

SEI is porous which then provides the space for Li penetration. The latter is also realistic
considering the fact that LisP is suspected to have partial electronic conductivity [172], which
would drive the chemical diffusion of Li, resulting in the continuous chemical reaction. Another
Li symmetric cell with LixSy Shows Rintertace inCrease over time. This may have been caused by the
i) formation of resistive phases (Li>S and LiOH) from the chemical reaction between protruded Li
and polysulfides/residual water on the surface of LixSy, or ii) further SEI formation reaction. In
any case, the increase of Rinterface Clearly suggests that the artificial SEI is not completely protective.

Ea(interface) provides hints of major ionic transport pathways, and the values are 0.54~0.58 eV.
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Considering the activation energy values of electrical transport in LisP (0.44 eV [170]) and Li>S
(0.90 eV [22]), it is most probable that the electrical conduction is contributed by both phases. The
interfacial capacitance values could provide a clue about the morphology of the interfaces. The
Cinterface Of the Li cell with LixSy is on the order of 10° F (Figure 44f), which is in good agreement
with the calculated capacitance when the thickness of LixSy is taken from the FIB-SEM cross-
section image (Figure 37a) and dielectric constant is assumed to be 10. [22] The cell with bare Li
without LixSy exhibits Cintertace Values of ~108 F, implying that the formed SEI in this case is much
thinner than the one with LixSy. This can be supported by the previous literature where a very thin
SEI with FIB-SEM has been observed at the interface between Li and LisPSa4. [173]

In the Na cases severe changes of Rinterface are observed compared to Li cases as shown in
Figure 45. The general trends of Rinterface Changes in Na symmetric cells are similar in both cases
(i.e. with and without NaxSy), which also suggests that the NaxSy is not a protective layer. The

increase Of Rinterface (Na|NasPS4) has already been observed in the literature [171, 174], which is

most likely attributable to the fact that i) Reg smaller than 1 (Rpz = MM = 0.76) allows
Na Na3PS4

Na creep into the pores, leading to another chemical reaction, or ii) NasP is a partially electron-
conducting materials. [174-176] Here, the possibility of metal creep is considered in both Li and
Na cases, but whether the metal creep results in the Rinterface iNnCrease or decrease needs to be
carefully investigated in the future by taking into account the mechanical properties and reactivity
of Li/Na. The interfacial capacitance evolution behavior is different for Na with and without NaxSy
films. Cinterface in @ symmetric Na without Na,Sy is on the order of 10*° F and remains constant
over time. On the contrary, in the case with NaxSy, Cinterface gradually increases to ~10® F and
converges. The increase of capacitance implies that either the contact area increased or the

thickness decreased. The interfacial thickness decrease is very unlikely, as the chemical reaction
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proceeds continuously. The area increase could have achieved by filling the pores in NaxSy by the
reaction products, which contributes to the capacitance in a parallel way. The activation energy
values are different in those two cases (with and without NaxSy); the one with NaxSy has higher Ea
(0.87 eV) compared to the one without NaxSy (0.65 eV). This may be attributable to the fact that
the i) Na polysulfide species have inherently higher Ea compared to Na.S, or ii) porous NaxSy layer

makes the electrical conduction more difficult compared to the SEI formed on bare Na.
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Figure 43. (a, ¢) X-ray diffraction patterns and (b, d) impedance results of synthesized B-LisPS and cubic-NasPSa. For
the ion conductivity measurements, Ru was sputtered on both sides of the dense solid electrolyte pellets. All procedure of
synthesis, sputtering and measurements were performed under Ar.
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Figure 44. (a, d) Impedance spectra of Li|LisPSa|Li and Li|LixSy|LisPSa|LixSy|Li over aging under open-circuit condition. (b, €) Rinterface and
(c, T) Cintertace €vOlution over time corresponding to (a, d).
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Figure 45. (a, d) Impedance spectra of Na|NasPS:|Na and Na|NaxSy|NasPSa|NaxSy|Na over aging under open-circuit condition. (b, €)
Rinterface @nd (C, T) Cinterface €VOlution over time corresponding to (a, d).
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Figure 46. Equivalent circuit models for fitting impedance spectra of (a) Li symmetric cells with LisPSa4 (in Figure
44) and (b) Na symmetric cells with NasPS4(in Figure 45). CPE: constant phase element. Rpuix and CPEpui correspond
to bulk solid electrolyte appearing at high frequency (>20 kHz), and Rinterface @Nd CPEintertace COrrespond to interface
(SEI). Riow ¢ and CPEj ¢ are resistance and constant phase element appearing at low frequency (< 10 Hz) in Li

symmetric cells with LisPSa.
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4.1.3. Performance in all-solid-state batteries: Stripping-plating results

The practical feasibility of the synthesized artificial SEIs (LixSy and NaxSy) for the battery
application is assessed by galvanostatic stripping-plating where the constant current (0.01 mA cm’
2) is applied. Four different systems are compared: two Li symmetric cells with and without LixSy
and two Na symmetric cells with and without NaxSy. The results are shown in Figure 47. For Li
case, LixSy induces higher overpotential compared to the bare Li, which is consistent with the
impedance measurements in Figure 44. Such overpotential appears to be higher at the very first
stage of stripping-plating (~0.05 V), and decreases afterwards to ~0.04 V, implying that the
nucleation energy barrier is increased. A remarkable fact is that both Li cells with and without
LixSy exhibit stable galvanostatic cycling without significant increase of overpotential upon
cycling, and this indicates that both the spontaneously formed SEI and artificial SEI act as
protective layers in a chemo-mechanical sense for a given current density (0.01 mA cm). In case
of Na, two Na cells show similar galvanostatic cycling behavior in terms of the overpotential and
its increase degree upon the cycling, which is also in agreement with the impedance analysis in
Figure 45. Additionally, the similar SEI growth behavior in two systems implies that the artificial
SEI does not play any role on the acceleration or hindrance of the SEI growth. The closer look at
the stripping-plating behavior shows the gradual increase of overpotential in each cycle, implying

that the Na diffusion is a rate-limiting step, rather than Na nucleation. [177-179]
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Figure 47. Stripping-plating behavior of (a) symmetric Li cells and (b) symmetric Na cells with (red) and without (black)
artificial sulfide-based SElIs (i.e. LixSy and NaySy). The applied current is 0.01 mA cm™. Below each graph, the stripping-plating

behavior of the first 20 hours and the last 20 hours are displayed.
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4.2. Al,O3 SEls formed by atomic layer deposition

4.2.1. Electrochemical impedance spectroscopy of symmetric Al>Oz-Li/Na cells with liquid

electrolytes

Synthetic procedure of Al2Os is described in detail in the experimental section. It has already
been reported that Al,Oz was synthesized with atomic layer deposition on Li [98] and Na [180],
but neither the SEI resistance evolution over time nor the ion transport in the Al,Os has not been
investigated in detail.

Al>,O3 was synthesized on Li and Na with different nominal thicknesses (1, 2.5, 5 and 10 nm)
and symmetric Li/Na cells were assembled with glyme-based liquid electrolytes (1M LiTf in
triglyme and 1M NaTf in triglyme). The electrochemical cells were measured with EIS under
open-circuit potential and then the activation energy of transport in the SEI (Ea(SEI)) was
measured by varying the temperature. Figure 48 shows the SEI resistance change over 12 hours
where the increase of SEI resistances are observed in all cases of Li symmetric cells with different
Al>Os thicknesses. In case of 1 nm-thick-Al.O3z, the SEI growth behavior may be driven by electron
tunneling [181], but this is less likely to happen in thicker Al>Oz films. Furthermore, the SEI
resistance values are in the order of several thousand 2, even though Al>Oz is known to be blocking
for both electrons and ions. [182, 183] These facts strongly suggest that either Al,O3 does not
completely cover the Li surface (i.e. is porous), or the Al,O3z layer is partially broken in the course
of the cell assembly. Figure 49 shows the Ea(SEI) values measured after 12 hours of cell storage
under open-circuit potential, and the values are in the range of 0.8~0.9 eV. This indicates that the
SEls formed in the cracks (or pores) of the Al>Os is densified more quickly compared to the one

formed by the contact between bare Li and the liquid electrolyte (Figure 15). This is most likely
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due to the fact that a space for SEI formation is constrained by the surrounding Al.Os layer. Thus,
the equivalent circuit model for the porous SEI in part 3.3 is not applicable to this system. The
general trend among the different Al,O3 thicknesses is that the SEI resistance becomes bigger
when AlbOs gets thicker. This implies that the more pores (or cracks) are formed as the Al2Os
becomes thinner.

The same procedure (Al2Oz synthesis and EIS measurements) was performed on Na and the
results are shown in Figure 50 and Figure 51. However, since the Na metal itself is much more
reactive than Li, Na oxides and hydroxides form before inserting the Na metals into the ALD
reaction chamber for the Al,O3 synthesis. Given by the previous observation that the Na oxides
and hydroxides are porous (Figure 9), it is likely that the Al>Os layer is not deposited on the whole
surface (including pores) of Na. This results in the continuous chemical reaction between the non-
covered parts of Na and the liquid electrolytes, leading to the increase of SEI resistances (Figure
50) and Ea(SEI) values being between liquid electrolytes and solid SEI compounds (Figure 51).

Therefore, Al,03 on Na is not investigated further.
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Figure 48. Impedance spectra of symmetric Li cells containing glyme-based liquid electrolyte (1M LiTf in triglyme) with
(@) 1 nm, (b) 2.5 nm, (c) 5nmand (d) 10 nm of Al,Os.
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Figure 49. Arrhenius plots of Li symmetric cells containing glyme-based liquid electrolyte (LM LiTf in triglyme)
with (a) 1 nm, (b) 2.5 nm, (c) 5 nm and (d) 10 nm of Al,QOs. Activation energy of transport in SEI is stated.
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Figure 50. Impedance spectra of symmetric Na cells containing glyme-based liquid electrolyte (LM NaTf in
triglyme) with (a) 1 nm, (b) 2.5 nm, (c) 5 nm and (d) 10 nm of Al,QOs.
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Figure 51. Arrhenius plots of Na symmetric cells containing glyme-based liquid electrolyte (1M NaTf in
triglyme) with (2) 1 nm, (b) 2.5 nm, (c) 5 nm and (d) 10 nm of Al,Os. Activation energy of transport in SEI is stated.
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4.2.2. Morphological and chemical characterization of Al.Os on Li

Figure 52 shows cross-section images of Al,Oz-deposited-Li before and after contacting
liquid electrolyte (1M LiTf in triglyme). The film thicknesses appear to increase after contacting
the AlOs-deposited-Li with liquid electrolyte. Also, EDX mapping results in Figure 53 and Figure
54 show that the signals from O, F, C and S become stronger when it was contacted to liquid
electrolyte, implying the chemical reaction occurred between Li and the liquid electrolyte. These
signals appear to be stronger in grain boundaries, meaning that the grain boundary region is not
completely covered by Al,Oz layer.

Figure 55 and Figure 56 show XPS results on 10 nm-Al>Os-coated Li before and after
contacting the liquid electrolyte. In the case of bare 10 nm-Al,Os-coated Li, the surface of the
Al>O3 is covered with small amounts of Li carbonates and compounds with O-C=0 bonding. As
the sample is sputtered, the Li peaks (both oxidized and metallic Li) appear along with small
amount of oxides, carbonates and carbon contaminants (C-C, C-H). The origin of the peaks at
approximately 72 eV and 75 eV (Al 2p) are not fully clear yet, but they may originate from the
metallic Al or ternary phase of Al-O-Li. [184] If the latter is true, the pores (or cracks) of Al,O3
would have been caused by the formation of the new phase. XPS results of 10 nm-Al>Oz-coated
Li after contacting the liquid electrolyte in Figure 56 shows the presence of Al-O bonding and
other peaks are similar with the ones observed in the SEI on Li formed by the contact with the
same liquid electrolyte used here (Figure 20 and Figure 21). The morphological/chemical
characterization strongly support the claim that Al.Os layer is porous (or has cracks), which allows

the liquid infiltration into the layer, forming additional SEls in the pores.
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Figure 52. FIB-SEM cross-section images of Li with AlO3z on top (a, ¢, e, g) before contacting liquid

electrolyte (1M LiTf in triglyme) and (b, d, f, h) after contacting liquid electrolyte for 12 hours. (a, b) 1nm (c,
d) 2.5 nm, (e, f) 5nmand (g, h) 10 nm of Al;Os.
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Figure 53. EDX mapping results of Li with 10 nm-Al,O; before contacting to the liquid electrolyte.
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Figure 54. EDX mapping results of Li with 10 nm-Al.Os after contacting to the liquid electrolyte for 12 hours.
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Figure 55. XPS results of 10 nm-Al,Os-coated L.i.
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4.3. Conclusion

In this chapter, SEIs formed artificially on Li and Na before the electrochemical cell assembly
are investigated with electrochemical measurements and morphological/chemical characterization
tools. Two types of artificial SEIs are tested, namely the sulfide-based SEls and Al>Oa.

First, sulfide-based SEls are synthesized on the surface of Li and Na by chemical reaction
between Li/Na and S vapor. The artificial sulfide-based SEls are found to be composed of
LioS/Na;S in the bulk and polysulfides/sulfites/sulfates near the surface, indicating the
concentration gradient formed over the depth. NaxSy is observed to be more porous and rough
compared to LixSy, which is most likely attributable to the difference of Pilling-Bedworth ratios in
two Li/Na sulfide phases (Rrs(Li2S) = 1.06, Rpa(Na2S) = 0.89, Rpa(Na2S2) = 1.16, Rpa(Na2Ss) =
1.79, and Res(Na2Ss) = 2.17). The electrochemical measurements with liquid electrolytes show
dissolution of sulfide-based SEls, thus sulfide solid electrolytes (LisPSs and NasPSs) are
synthesized and tested with Li and Na as all-solid-state electrochemical cells. The results suggest
that sulfide-based SEIs do not provide advantages in terms of the stability over time and
overpotential during stripping-plating, which is most likely owing to the porosity of the sulfide-
based artificial SEIs.

Second, Al,Os are deposited on the surface of Li and Na with atomic layer deposition. Al,O3
itself is blocking for both ion and electron, but the electrochemical measurement show that Al,O3
is also porous which induces liquid electrolyte infiltration into the pores and forming additional
SEls in the pores. The morphological and chemical characterization proves the formation of
additional SEIs, supporting the fact that Al,Oz is porous. A successful application of Al.Oz as an

artificial SEI would imply a variety of SEI phases formed in the pores.
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5. Summary, conclusion and outlook

The present thesis deals with the ionic transport and growth behavior of the Li and Na SEIs,
the ones which are spontaneously formed by the chemical reaction between alkali metals and the
other ones that are artificially formed before assembling the electrochemical cells, with the liquid
and solid electrolytes. The investigation of SEIs on Li and Na are challenging due to their fragility
and reactivity. Thus, the ion transport in the SEIs is carefully studied by measuring activation
energies at temperature below the room temperature. Impedance modeling is conducted in parallel
based on the activation energies in order to have more insights into the transport and growth
mechanism of SEIs. The morphological/chemical characterization was carried out with vacuum
transfer tools to avoid sample exposure to the ambient air, and the results are interpreted along
with the electrochemical results.

In the first part, Li and Na symmetric cells with glyme- and carbonate-based liquid
electrolytes are assembled to examine the spontaneously-formed SEls on Li and Na. Activation
energies of ion transport in the SEI suggest that the SEIs are partially porous and become densified
over storage under open-circuit potential. The SEIs on Na are proved to be more porous compared
to the ones on Li, which is most likely attributable to the fact that the Na SEI compounds have
lower molar volumes than Na. Additionally, equivalent circuit model is provided based on the
activation energies and the measured frequency range of the EIS, where the resistance is majorly
contributed by the liquid channel (in reality pores) and the capacitance mostly stems from the bulk
part of the SElIs.

The second part introduces two different types of artificial SEls: sulfide-based SEIs made by

chemical vapor reaction and Al.Oz synthesized by the atomic layer deposition. These systems can
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be the two different model systems of the SEI, since Li>S and NaxS are ionic conductors and
electronic insulators, and Al>Oz is blocking for both ions and electrons. Sulfide-based SEls are
shown to be composed of not only Li>S and Na.S, but also polysulfides and other sulfur-related
compounds such as sulfates and sulfites. Electrochemical tests on symmetric Li/Na cells with
artificial SEls in combination with liquid/solid electrolytes show that the artificial SEls are not
beneficial in terms of stability over time and SEI resistance. This is ascribed to the pores of the
SEls, which act as channels for liquid electrolyte infiltration, a space for Li/Na metal creep, or just
completely blocking part for ion/electron conduction. Al,Os-coated-L.i is assessed by assembling
symmetric cells with the liquid electrolytes, and the electrochemical/morphological/chemical
results confirm the porosity of the Al,Os layer. The liquid electrolyte infiltrates into the pores and
SEls are formed in the pores, but in this case SEls become densified more quickly compared to
the SEIs formed on the bare Li.

To summarize, the porosity of the SEIs is discussed not only for the ones spontaneously
formed but also for the ones artificially prepared. In all cases, pores in the SEls play critical roles
in the ionic transport as well as in the SEI growth behavior, especially with liquid electrolytes that
can infiltrate into the pores. The SEI pores were not discussed frequently in the literature, but in
the present thesis, the porosity is emphasized for investigating the ion transport and growth of the
SEls. The pores are considered to be nano-sized as they are not clearly observable with SEM, so
further examination with cryo-TEM would achieve the better understanding about the

morphology, chemical composition and crystallinity of the SEIs.
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List of symbols and abbreviations

ALD
CPE

DC

DMC

EC

EDX

EIS
FIB-SEM
FT-IR
ICP-OES
LiTf
LUMO
MBE
NaTf
NMR
SEI
ToF-SIMS
Triglyme
XPS

XRD

Atomic layer deposition

Constant phase element

Direct current

Dimethyl carbonate

Ethylene carbonate

Energy-dispersive X-ray

Electrochemical impedance spectroscopy
Focused ion beam-scanning electron microscopy
Fourier-transform infrared spectroscopy
Inductively coupled plasma optical emission spectroscopy
Lithium triflouromethanesulfonate

Lowest unoccupied molecular orbital

Molecular beam epitaxy

Sodium triflouromethanesulfonate

Nuclear magnetic resonance

Solid-electrolyte interphase

Time-of-flight secondary ion mass spectroscopy
Triethylene glycol dimethyl ether

X-ray photoelectron spectroscopy

X-ray diffraction
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SEI resistance
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