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Zusammenfassung

Im Zuge der Dekarbonisierung moderner Gesellschaften steigt der Bedarf an Energiespeichern wie
Batterien rapide. Wahrend Lithiumionen-Batterien (LIB) bald ihre physikalisch-chemischen Grenzen
erreichen, gelten Festkorperbatterien (FKB) als vielversprechende Weiterentwicklung. Der Einsatz
cines Festelektrolyten (FE) statt eines fliissigen Elektrolyten ermdéglicht die Verwendung von
Metallelektroden, die eine hohere Energie- und Leistungsdichte bieten als kohlenstoffbasierte Anoden.
Zugleich gewinnen Nachhaltigkeit und Ressourcenverfiigbarkeit an Bedeutung, wodurch
natriumbasierte Batterien zunehmend in den Fokus der Forschung riicken. Vor diesem Hintergrund stellt
sich die Frage, ob natriumbasierte FKBs, insbesondere Reservoir-freie Zellen (RFZ), geeignete
Alternativen zur LIB sein kénnen. Die Implementierung von Metallelektroden aus Lithium oder
Natrium in FKB wird jedoch durch Herausforderungen wie chemische Degradation und morphologische
Verdnderungen an der Metallelektrode|FE-Grenzfliche (Me[FE) erschwert. Um diese Probleme zu
bewaltigen und eine reversible Natriummetallelektrode (NME) in FKBs zu realisieren, ist ein fundiertes
Verstiandnis der zugrundeliegenden Prozesse an der Na|FE-Grenzfliche erforderlich.

Diese Doktorarbeit konzentriert sich auf die Charakterisierung der Grenzflachenkinetik und die
Entwicklung der Grenzflichenmorphologie wihrend der anodischen Auflésung und kathodischen
Abscheidung einer Natriummetallelektrode (NME) in Kontakt mit einem Nas 4Z1:Si24Po6012 (NZSP)
Festelektrolyten. Die Untersuchungen zeigen, dass der Ladungstransfer an der Na|[NZSP-Grenzflache
von Natur aus schnell ist und chemische Degradation eine untergeordnete Rolle spielt. Als
geschwindigkeitsbestimmender Prozess wurde das Phidnomen der Stromeinschniirung festgestellt.
Untersuchungen mittels Impedanzspektroskopie und Elektronenmikroskopie identifizieren die
Porenbildung als Hauptursache fiir Kontaktverlust an der Na]NZSP-Grenzfldche und deren Polarisation
bei der anodischen Auflosung. Im Hinblick auf Reservoir-freie Zellkonzepte wurde die Formierung
einer NME an einer Stromableiter|FE-Grenzflache mittels kathodischer Abscheidung charakterisiert.
Unabhingig von den Abscheidungsparametern wurden dichte Natriumschichten im Mikrometerbereich
beobachtet, wobei keine Anzeichen von Dendritenbildung im Impedanzspektrum beobachtet wurden.
Eine hohere Abscheidestromdichte fiihrte zu einer gleichméBigeren Natriumverteilung auf dem
Stromableiter, wihrend hohere Stapeldriicke nur eine geringfiigige Verbesserung nach sich zog. Diese
Ergebnisse zeigen, dass RFZ mit Natrium aus physikalisch-chemischer Sicht realisierbar sind.

In einer weiteren Studie wurde der FEinfluss der Mikrostruktur von Alkalimetallen auf deren
elektrochemischen Eigenschaften betrachtet. Zunichst wurde die Elektronenriickstreubeugung (EBSD)
als Methode zur Visualisierung der Mikrostruktur von Alkalimetallen etabliert. Korngréfien im Bereich
mehrere hundert Mikrometer wurden fiir verschiedene Natriummetallfolien ermittelt, wobei kein
signifikantes Kornwachstum bei der Lagerung bei Raumtemperatur beobachtet wurde. Verglichen dazu
weist elektrochemisch abgeschiedenes Natrium an einer Fest|Fest-Grenzflache eine sédulenartige
Kornstruktur mit einer kleineren Korngrofle auf. Basierend auf In situ EBSD-Experimenten wurde ein
laterales Kornwachstum wihrend der elektrochemischen Abscheidung durch die Verschiebung von
Korngrenzen beobachtet. Eine Bildung von Poren bei der anodischen Auflosung der NME wurde
bevorzugt an der Na|]NZSP-Grenzfldche im Inneren der Kérner beobachtet.

Die Ergebnisse dieser Dissertation erweitern das Verstindnis der Grenzflichenkinetik und
morphologischen Entwicklung von NME|FE-Grenzflichen. Die vorstellte systematische Analyse der
Na|NZSP-Grenzflache bietet einen fundierten Ausgangspunkt fiir die Charakterisierung anderer FE in
Kontakt mit NME. Das etablierte EBSD-Arbeitsprotokoll ermoglicht die Charakterisierung der
elektrochemischen Eigenschaften von Metallelektroden unter Einbeziehung von deren Mikrostruktur.
Die gewonnenen Erkenntnisse konnen einen Beitrag zur Entwicklung geeigneter Losungsansétze zur
Optimierung von ME-Grenzflachen fiir die Implementierung von NMEs in FKB leisten.
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Abstract

In the pursuit of the decarbonization of modern societies, the demand for energy storage solutions such
as rechargeable batteries is rapidly increasing. Although conventional lithium-ion batteries are
approaching their physicochemical limits, solid-state batteries (SSBs) are emerging as a promising
alternative. Using a solid electrolyte (SE) instead of a liquid electrolyte, SSBs may enable the use of
metal electrodes, which offer higher energy and power densities than traditional carbon-based anode
materials. Concurrently, the importance of sustainability and the availability of resources is increasing,
which is why sodium-based batteries are becoming the focus of research. These considerations raise the
question of whether sodium-based SSBs, particularly reservoir-free battery designs, could be viable
alternatives compared to LIBs. However, the implementation of metal electrodes (MEs) such as lithium
or sodium in SSBs is complicated by challenges such as chemical degradation and morphological
changes at the Me|SE interface. To overcome these challenges requires a fundamental understanding of
the underlying processes that occur at the Me|SE interface during electrochemical reactions to enable
the use of a sodium metal electrode (SME) in sodium-based SSBs.

This doctoral thesis focuses on characterizing the interfacial kinetics and morphological changes upon
anodic dissolution and cathodic deposition of a SME in contact with a Nas 4Zr>Si»4Po6012 (NZSP) SE.
The results indicate that the fundamental charge transfer process is inherently fast and chemical
degradation has a minimal effect on the interfacial kinetics. Instead, the current constriction
phenomenon was identified as the rate-determining process at the Na|NZSP interface. Based on this
result, the evolution of interfacial morphology was investigated by impedance spectroscopy and electron
microscopy. During anodic dissolution, pore formation was found to be the primary cause of contact
loss and interfacial polarization. In view of reservoir-free cells (RFCs), the formation of an SME by
cathodic deposition of sodium at a current collector|SE interface was examined. Independent of
deposition parameters (current density and stack pressure), a dense sodium layer of micrometer
thickness was observed, with impedance analysis showing no evidence of dendrite formation.
Furthermore, increasing the current density during deposition improved sodium coverage across the
electrode area, while increased the stack pressure only had a minor effect. These findings suggest that
reservoir-free sodium SSBs are feasible from a physicochemical perspective.

In addition, the effect of metal microstructure on the electrochemical performance of SMEs was
investigated. A reliable workflow was developed to visualize the microstructure of alkali metals using
electron backscatter diffraction (EBSD). Sodium metal foils exhibit grain sizes on the order of several
hundred micrometers, while no significant grain growth was observed during storage at room
temperature. Electrochemically deposited sodium exhibits a columnar structure with a smaller grain size
compared to mechanically prepared foils. In situ EBSD experiments revealed lateral grain growth during
electrodeposition, attributed to the movement of grain boundaries. During anodic dissolution, pore
formation was preferentially observed at the Na]NZSP interface within the interior of grains.

In summary, the findings presented in this doctoral thesis improve the understanding of interfacial
kinetics and morphological evolution of SMEs in contact with SEs upon cycling. Furthermore, the
systematic analysis of the Na|NZSP interface provides a fundamental framework for evaluating
impedance data and offers guidance for the characterization of other SME|SE combinations.
Additionally, EBSD has been established as a technique to visualize the microstructure of electrode
materials, allowing the assessment of electrochemical properties from a microstructural perspective.
This approach may facilitate the development of tailored solutions to optimize the Na|SE interface for
the development of reservoir-free sodium SSBs.
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Introduction 1

1 Introduction

In accordance with the Kyoto Protocol and the Paris Climate Agreement, 196 countries have
collectively pledged to limit the global average temperature increase to 1.5 °C above the pre-
industrial levels. To mitigate the potential consequences of global warming, it is essential to
significantly reduce greenhouse gas emissions worldwide over the next decades.! In the context of
the imminent replacement of fossil fuels by renewable energy sources in the coming decades, it is
anticipated that electricity will become the dominating secondary energy form by 2050, with wind
and solar power playing a pivotal role in this transition.” Shifting towards renewable energy will
require efficient energy storage, e.g. to compensate for intermittent solar and wind power. In addition,
electrical energy storage is necessary for mobile applications such as electric vehicles, laptops, or
power tools.>*

Rechargeable batteries represent the most prevalent technology for energy storage for mobile
applications and gaining increased interest for stationary systems.>® In recent years, lithium-ion
batteries (LIBs) have emerged as the dominant technology in this field due to their high energy and
power densities, reliability, and excellent cyclability.”” However, the forecasted increase in the
number of LIBs in the near future carries the risk of a shortage of resources and particularly lithium
production bottlenecks increasing costs of LIBs.'“!! In addition, the requirements for batteries
regarding the energy density, safety and high power density (fast charge and discharge performance)
increases, while commercial LIBs are anticipated to reach their physicochemical limits soon.!? On
the one hand, this motivates the development of batteries based on abundant and non-critical
elements, while maintaining comparable properties to those of commercial LIBs.!* On the other hand,
it stimulates the development of new battery concepts aiming to enhance the performance.'

In this turn, sodium-ion batteries (SIBs) have re-experienced great interest in research and industry. !>
1% Although SIBs generally exhibit a lower energy density compared to LIBs (exact value depends
on cell chemistry), the high abundance and availability of raw materials reduce the risk of resources
shortages and production costs.'**° Furthermore, existing production technologies for manufacturing
LIBs can be transferred to SIBs, which is favorable for large-scale production.??? This makes SIBs
an attractive alternative to LIBs for stationary energy storage, home grids, or electric vehicles.?*

The energy and power density of batteries can in principle be enhanced by using metal electrodes
such as sodium. Sodium metal exhibits a high theoretical gravimetric capacity gmeo (1165 mAhg™)
and a low standard redox potential Ey of —2.71 V vs standard hydrogen electrode.?* In addition, the
use of a sodium metal electrode (SME) may improve cycling performance compared to current
carbon-based anodes.?>2” This is crucial for fast charging of batteries, which is required especially
for automotive applications.

However, the high reactivity of sodium complicates the implementation of SMEs in batteries.?® From
a practical point of view, the processing of sodium metal requires an inert atmosphere, which
complicates cell manufacturing on large scale and increases production costs. In principle, this issue
could be mitigated by developing “anode-free” concepts.”’ Here the SME is formed after cell
assembly by electrodeposition of enclosed sodium ions from the cathode active material on a current
collector (CC). Hence, a direct processing of sodium could be avoided and the total amount of sodium
metal is minimized economically. Nevertheless, independent of the cell configuration, the formation
of dendrites upon cycling of the SME in conjunction with flammable organic electrolytes has thus
far precluded the implementation of the SME in SIBs in general.*

Sodium solid-state batteries (SSBs) have emerged as a promising option to overcome these
problems.3!3? The benefits when the liquid electrolyte is replaced by a solid electrolyte (SE) can be
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summarized as follows:*3 First, the mechanical integrity of SEs prevents crosstalk between the
electrodes and is less susceptible to penetration by metal dendrites than liquid electrolytes. Second,
a transference number close to unity of SEs and sufficient ionic conductivity at room temperature
serves to prevent the electrolyte from undergoing strong polarization during fast charging. Third, the
replacement of flammable organic liquid electrolytes by SEs may enhance the safety of batteries.

Despite the advantages of SEs, issues associated with a high interface-related resistance between the
SME and the SE as well as morphological instabilities upon cycling have to be solved to enable a
reversible operation of an SME in SSBs.*® In view of large-scale production, “anode-free”, or more
fittingly, reservoir-free cell concepts are desirable to simplify cell processing and develop sodium-
based SSBs that are competitive with current LIBs in terms of cost and performance.’”*® To
overcome these issues and facilitate the development of reservoir-free cell configurations, a
fundamental understanding of the electrochemical dissolution and deposition of sodium at the Na|SE
interface is essential.

In this doctoral thesis, the interface between sodium and the inorganic SE Najz 4Z1,Si2 4P 6012 (NZSP)
under equilibrium and non-equilibrium conditions is investigated by means of electrochemical
impedance spectroscopy (EIS) and electron microscopy. The overall aim is to gain a fundamental
understanding of microscopic processes at the interface and their impact on the morphological
evolution upon electrochemical dissolution and deposition. In addition, electron backscatter
diffraction (EBSD) is employed as a characterization method for visualizing the microstructure of
sodium metal, aiming to assess the influence of microstructure on the performance of SME and
develop innovative concepts for their application in SSBs.

In the first publication, entitled: “Kinetics and Pore Formation of the Sodium Metal Anode on
NASICON-Type Nas 4Zr:Si2.4P0.6012 for Sodium Solid-State Batteries”, the interface between sodium
and NZSP is comprehensively explored and the dominating process leading to large interface-related
resistance is identified.** By a combined approach of EIS, photoelectron spectroscopy (XPS) and
transmission electron microscopy (TEM), the formation of a kinetically stabilized interphase is
revealed when contacting NZSP with sodium. Despite the interfacial degradation and the charge
transfer process, EIS analysis demonstrated that insufficient physical contact between SME and SE
is the underlying cause of the interface-related contribution observed in the impedance spectra.
During electrochemical dissolution of the SME, the formation of pores at the interface is visualized
by focused ion beam scanning electron microscopy (FIB-SEM) resulting in contact loss. Depending
on the applied stack pressure, different geometric shapes of the formed pores are observed
emphasizing the importance of the external load for operation of the SME. Importantly, time
dependent EIS analysis during anodic dissolution verified the correlation between the interfacial
morphology and the interface-related contribution in the impedance spectra. Consequently, changes
at the interfacial morphology can be monitored by analyzing the evolution of the interface-related
contribution in the impedance spectra. Based on this correlation, an equilibration of the interfacial
morphology is observed in a subsequent resting phase after anodic dissolution, even at low stack
pressures. This emphasizes a highly dynamic behavior of the interfacial morphology and reveals the
strong dependence of the total stripping capacity on the used dissolution protocol, which is crucial
for real-world battery applications. Moreover, this publication provides a guideline to systematically
characterize metal|SE interfaces and determine the dominating interfacial process.

In the second publication, entitled: “Deposition of Sodium Metal at the Copper-NaSICON Interface
for Reservoir-Free Solid-State Sodium Batteries”, the cathodic deposition of sodium at the Cu/NZSP
interface is explored at various current densities and stack pressures.*’ Based on the results from the
first publication, the electrode morphology is monitored by means of EIS and the tomography of the
CC after sodium deposition is visualized by 3D confocal microscopy. At higher current densities, a
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more uniform sodium layer over the entire copper electrode can be achieved. In contrast, only a
minor effect on the coverage is found when the stack pressure was increased. Independent of the
deposition parameters, a dense sodium layer with a proper contact to NZSP is proven by FIB-SEM
cross-sectioning. Although slight spallation of the NZSP is observed by FIB-SEM cross-sections, no
detrimental dendrites or filaments are identified by EIS. The nucleation and growth of sodium at the
Cu|NZSP interface only occurs at contact spots, as shown by in situ TEM experiments. Overall, the
presented results demonstrate the feasibility of electrodeposition of sodium between copper and
NZSP, which is essential for the realization of reservoir-free sodium SSBs. Furthermore, the screened
parameter window serves as an appropriate basis for subsequent optimization and enhancement of
the sodium coverage.

In the third publication, entitled: “/maging the Microstructure of Lithium and Sodium Metal in
“Anode-Free” Solid-State Batteries using EBSD”, the microstructure of highly reactive alkali metal
foils and electrodeposited metal layers are characterized by a combined approach of FIB-SEM and
EBSD.*! Grain sizes in the range of several hundreds of micrometers are revealed for sodium and
lithium metal foils. On the opposite, a smaller grain size is observed when the metals are
electrochemically deposited at a CC|SE interface, where the metal grain boundaries are orientated
mainly vertically to the interface. In view of reservoir-free SSBs, the evolution of the microstructure
during electrodeposition and its impact on interfacial morphology during dissolution is further
explored by an in situ EBSD experiment. During electrodeposition, the growth of grains in the
vertical direction is observed, accompanied by lateral grain growth by the movement of grain
boundaries. In contrast, during the dissolution of the metal electrode, the formation of pores is
preferentially observed at the metal|SE interface within the grain, rather than at metal grain
boundaries. This highlights the importance of the metal microstructure and its impact on the
electrochemical performance. Overall, the established EBSD workflow is a promising approach for
investigating microscopic processes in metal electrodes. It allows for the acquisition of additional
information, including grain boundary structures, orientation dependencies, and mechanical
deformation, which can be correlated with the electrochemical performance. Furthermore, the
experimental results provide a fundamental basis for optimization strategies to enhance the
electrochemical performance of metal electrodes in general.

In summary, the results of this doctoral thesis expand the knowledge on the SME and its interface
with NZSP SE, which can help to develop reservoir-free sodium SSBs operating at room
temperature. The fundamental characterization of the Na|NZSP interface provides a reliable
guideline to characterize metal|SE interfaces and avoid misinterpretation of impedance data in
general. Furthermore, this study demonstrates the feasibility of electrochemical deposition of sodium
at the CC|SE interface. Additionally, this work introduces EBSD as a valuable characterization
technique for metal and alloy electrodes enabling new possibilities to understand and analyze
microscopic processes, which can help developing new concepts for boosting the electrochemical
performance of Na|SE interfaces.
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2 Fundamentals

The following section provides an overview on the metal electrode (Me)|SE interface with the focus
on sodium and ceramic SEs to support the understanding of this doctoral thesis. Besides the
interfacial stability, the fundamentals of anodic dissolution and cathodic deposition as well as
reservoir-free cell concepts are briefly summarized. Furthermore, the role of microstructure and self-
diffusion of metals in relation to the electrochemical performance of SMEs are shortly elucidated.
This includes also the embedding of the obtained results and findings of this doctoral thesis into the
scientific context.

It should be noted that the key focus of this doctoral thesis lies on room temperature applications of
the SME. Although SMEs have already been successfully introduced in high temperature battery
types operating above the melting point of sodium, the interfacial properties, processes and
challenges at a liquid|solid interface differ strongly from a solid|solid interface. Therefore, these
battery types will not be discussed in the following section. For the current status, progress and
challenges of high- and intermediate-temperature sodium-sulfur and sodium-metal chloride batteries,
the interested reader is referred to review articles by Armand and Rojo.***

2.1 The Interface between a Metal Electrode and a Solid Electrolyte

The primary SE material employed in this doctoral thesis belongs to the NaSICON compound family.
The acronym NaSICON originates from Na Super lon Conductor and describes a solid solution with
the general formula Naj+,Zr:Si,P3-:O12 (0 <x < 3).*% NaSICONSs are known for several decades
and are intensively studied with respect to different synthesis methods, possibilities of doping and
structure-property-relationship.**-3° The combination of high ionic conductivity and thermal stability
make NaSICONSs a promising candidate as a separator in sodium SSBs.’! Despite extensive research
on the interface of NaSICONSs in contact with an SME, the interfacial kinetics is still a topic of
ongoing debate.””>* The following chapter provides an overview on the interfacial stability and
kinetics, with a focus on Na|NaSICON interfaces.

2.1.1 Classification of Interfacial Stability — Interfaces and Interphases

The interfacial stability between a metal and SE plays a central role for the properties of the interface
and thus its feasibility for battery applications.’> In order to classify the interfacial stability of a
specific Me|SE interface, it is necessary to evaluate the electrochemical stability window (ESW) of
the SE. Previously, an estimate of the ESW under reducing conditions at the anode side was given
based on the position of the conduction band minimum (CBM), which can be considered as lowest
unoccupied molecular orbital.’® Accordingly, the interface is thermodynamically stable when the
CBM is above the Fermi level of the metal erme. In contrast, the interface is unstable when &g e 1S
below the CBM, as electrons will be transferred from the metal to the SE resulting in the formation
of an interphase. However, this approach often results in an overestimation of the ESW, as the redox
potentials of the electrolyte are not taken into account. Consequently, the approach provides only an
upper limit for the ESW.%’

An accurate determination of the ESW given to a reference potential can be achieved by first-
principle density functional theory (DFT) calculations.”® The results of these DFT calculations
indicate that the majority of binary compounds, such as Na,S or NaCl, are thermodynamically stable
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in contact with sodium.>*® In contrast, common SEs exhibit a much smaller ESW and are mostly
unstable in contact with sodium.>*¢!

Me|SE interfaces in general can be classified as either thermodynamically stable or unstable, as
illustrated schematically in Figure 1. In the case of a thermodynamically stable interface, no
interfacial degradation takes place, as shown in Figure 1a. This type of interface would be suitable
to enable stable operation as no parasitic side reactions and additional resistance occurs on the long
term. For example, B’ "-alumina SE (BASE) is thermodynamically stable in contact with sodium as
shown by theoretical calculations and experimental results.’>®* This property makes BASE a
common separator for high-temperature battery applications.®

If the SE is thermodynamically unstable, an interphase will form by decomposition of the SE upon
contacting with the respective parent metal. Depending on the ionic and electronic transport
properties of the formed interphase, two types can be distinguished according to Wenzel et al.®> When
the formed interphase exhibit both a sufficient electronic and ionic conductivity, the interphase is
classified as mixed-conducting interphase (MCI). The mixed-conducting property facilitates a
transport of electrons and ions across the interphase, resulting in a continuous growth of the
interphase, as visualized in Figure 1b on the left side. The growth of an interphase results in the
continuous consumption of the metal and the SE, which ultimately leads to the failure of the battery.
This occurs either as a result of a complete loss of capacity at the anode side or as a consequence of
a short circuit caused by the complete degradation of the SE.
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Metal
Me? — Me* + e~
(¥ (4] Qo (4]
A

PR S
v v v v
O O O O

Axt &5 Ax-1)+

Solid electrolyte
o Me® QO Met @e [ 1Metal electrode [ Solid electrolyte [interphase

Figure 1: Classification of Me|SE interfaces and interphases. A thermodynamically stable interface is
schematically visualized in (a), while thermodynamically unstable interphases namely, mixed-conducting
interphase (MCI)) and solid-electrolyte interphase (SEI), are depicted in b). The transport of Me" ions across
the interface is indicated by dashed arrow lines. The growth of the interphase is indicated by solid lines. Figure
modified from S. Wenzel et al., Solid State Ionics 2015, 278, 98—105.1%

In contrast, when the electronic conductivity of the formed degradation products is negligibly small,
the sluggish electron transport trough the interphase reduces the growth rate with increasing thickness
of the interphase (see Figure 1b on the right side). Consequently, the interfacial degradation upon
contacting is self-limiting with progressing growth of the interphase and a kinetically stabilized
interphase, also named solid-electrolyte interphase (SEI), is formed.*> Despite an interfacial
degradation, an SEI could enable a stable operation of the Me|SE interface in SSBs as demonstrated
for lithium and a lithium phosphorus oxynitride (LiPON) SE.%¢-¢7
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Theoretically, a third case could occur when the partial electronic conductivity surpasses the partial
ionic conductivity. Similar to an SEI, the growth of the interphase would be self-limiting. However,
due to its ion blocking behavior this kind of interphase would not be suitable for battery applications.

Although the stability of NaSICONSs in contact with sodium has been addressed in several reports,
the interfacial kinetics and properties are not well understood.’*%"! Despite the consent that
NaSICONSs are thermodynamically unstable versus sodium, discrepancies emerge with respect to the
formed degradation products and the growth of the interphase.’®%® Furthermore, the reported
resistances, as a result of the interphase formation, exhibit a considerable degree of variation over
several orders of magnitue.>**-"! Considering other compounds from the NaSICON solid solution
series, the interfacial stability in contact with sodium may alter, as theoretical calculations reveal
different ESWs depending on the composition.” However, a clear classification of the interphase as
well as the quantification of the interphase-related resistance for the respective NaSICON compound
is of high relevance for the development of the SME in SSBs.

In view of the incomplete picture and discrepancies in the existing literature, the interfacial stability
between sodium and Nas4Zr,Siz4Po 6012 (hereafter referred to as NZSP) has been subjected to a
comprehensive characterization in the first publication of this doctoral thesis (see section 3.1). A
kinetically stabilized interphase with a negligible resistance was found.** The findings were
supported by an independent report from Quérel et al., which was published shortly after the first
publication of this doctoral thesis.”” In addition to the interphase formation, the following section
will examine further processes that influence the interfacial kinetics.

2.1.2  The Interfacial Kinetics at the Na|NaSICON Interface

A fundamental process occurring at an electrodelelectrolyte interface is the charge transfer. While
considerable research has been conducted on the charge transfer reactions at Me|liquid electrolyte
(LE) interfaces, the understanding of the underlying mechanisms of fundamental charge transfer
reactions at Me|SE interfaces remains limited.’® Experimentally, the interfacial kinetics at Me|SE
interfaces is mainly characterized by potentiostatic electrochemical impedance spectroscopy (PEIS).
The frequency-dependent technique enables the separation of microscopic transport processes based
on their characteristic time constant. Typically, the ion transport process in the SE (bulk and across
a grain boundary) has a small time constant (high frequency range), while interfacial processes are
observed at higher time constants (low frequency range).” Accordingly, an identified process in the
low frequency region of an impedance spectrum is often directly assigned to a “charge transfer

process”, without considering additional processes.”*”

For example, contaminations of the surface of the SE, like hydroxide or carbonate species, could
impede the transfer of charge, which results in an increased resistance.”® Depending on the degree of
surface contamination, the assigned charge transfer resistance determined by PEIS varies strongly,
as shown for NaSICON and BASE.">”7 Accordingly, the given values reflect a charge transfer
through a blocking layer rather than the fundamental charge transfer process. Contamination layers
at the interface could not only originate from the SE, but also from the metal electrode. Otto et al.
demonstrated that lithium forms a native passivation layer on the surface even it is stored and handled
under an inert atmosphere.”” Given its higher reactivity, the formation of a native passivation layer
is also reasonable for sodium, although a detailed analysis of possible surface passivation on sodium
is still lacking.®

For instance, a passivation-free Me|SE interface can be achieved through electrodeposition at
microelectrodes on an SE cross-section. Such microelectrode experiments demonstrated that the
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resistance for the charge transfer at the Li|Lig+LasZr>«M,O (with M = Al, Ta) (LLZO) interface is
in the order of 0.1 Q cm?®! Similar results were obtained in pellet-type cells, where no interface-
related resistance (and thus no charge transfer) could be resolved by PEIS, when lithium and LLZO
are contacted at high pressures.®” A comparably low interface-related resistance of around 2 Q cm?
has been reported for pellet-type symmetrical Na|NZSP|Na cells.**7!'#? For both material systems,
the activation energy of the interface-related contribution obtained from PEIS is similar to that of the
ion transport process in the SE.3%%? This observation leads to the conclusion that the fundamental
charge transfer process is not the rate-determining step at the Me|SE interface.

Apart from the charge transfer process and interfacial degradation another explanation for the
occurrence of an interface-related contribution in PEIS is often assigned to an inadequate
“wettability” (or more accurately, adhesion) between the metal anode and the SE.** Typically, this
issue is addressed phenomenologically by introducing a “sodiophilic” interlayer to improve the
“wettability” (adhesion) and thus the interfacial physical contact.®>% Although the electrochemical
performance is mostly improved by such interlayers, a deeper understanding of the interfacial contact
on the interfacial kinetics is lacking. A phenomenon which is mostly overlooked at Me|SE is the
geometric current constriction phenomenon.

The current constriction phenomenon results from insufficient contact at the Me|SE interface which
could be caused for example by a pore.®”-3® Although the phenomenon is a non-microscopic transport
process, its impedance signature is similar to that of a true migration process, such as the transport
of ions across a grain boundary.®”* Hence, a semicircle in a Nyquist diagram can also result from
the current constriction phenomenon. As illustrated in Figure 2a, the conduction behavior of a pore
depends on the excitation frequencies f. At high excitation frequencies, pores are actively involved
in charge transport through the system via a displacement current, while at lower frequencies the
pore becomes insulating. Therefore, depending on the excitation frequency f, the potential
distribution in the SE near the interface becomes non-uniform. The region needed to equilibrate the
potential distribution in the SE material increases as the excitation frequency f'decrease, as indicated
by the red arrow in Figure 2a.3%%° In other words, the SE volume actively involved in the transport
reduces with lowering the excitation frequency. Hence, the resistance of the systems increases which
is reflected by an additional semicircle in the impedance spectrum.

The current constriction phenomenon is a purely geometric effect and occurs as soon as local
microcontacts are present at the Me|SE interface. Microcontacts can be caused, for example, by a
partial coverage of pores (or voids) as well as by the presence of insulating contamination or
passivation layers or non-uniform metal deposition.®® In principle, the current constriction
phenomenon can also arise from a low concentration of active sites.”” The metal surface and the SE
exhibit distinct sites where electrodissolution (deposition) might be energetically favored. For
instance, an adsorbed atom on the surface could be preferably dissolved (deposited) compared to a
terrace atom which would also result in a current focusing.>

The occurrence of the geometric current constriction phenomenon has been observed for several
parent metal|SE interfaces.”””* In particular, for the Li|[LLZO and Na|NZSP interface it has been
demonstrated that the interfacial kinetics is dominated by this geometric phenomenon (compare
section 3.1).%%2 Thus, variations of the interface-related contribution in the impedance can directly
be assigned to changes of the interfacial morphology. For instance, it has been shown that the
polarization occurring during electrodissolution has its origin in the current constriction
phenomenon, as a consequence of alternations in the interface morphology due to pore formation.>**
Motivated by the observed correlation, Eckhardt et al. systematically investigated the influence of
different interfacial morphologies on the resulting constriction contribution in the impedance using
a microstructure-resolved electric network model.?”*'~3 Based on this network model, the evolution
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of the constriction resistance Rcsir, constriction capacity Ccsr, and the corresponding time constant
Tcsr when altering the contact area, electrode position, contact area distribution, and pore height is
summarized in Figure 2b.*” It should be noted that the trends presented in Figure 2b are valid under
the condition that the time constant for the SE bulk and grain boundary transport process is smaller
than that of the constriction signal. Additionally, the charge transfer and the interphase formation
processes are assumed to be negligible, as is the case for the Na|NZSP interface.®’

a) Potential distribution at various excitation frequencies f
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Figure 2: a) Schematic illustration of the potential distribution equipotential line distribution (black lines) in
an SE at various excitation frequencies. Equipotential lines are indicated by black lines. At high excitation
frequencies, the potential distribution in the SE is homogeneous, as indicated by the equipotential lines. With
decreasing excitation frequencies, the potential distribution becomes inhomogeneous, as shown by the bended
equipotential lines in the scheme. Accordingly, the SE volume required for equilibration increases at lower
frequencies, as indicated by the red arrow. The larger the volume necessary to balance the potential
distribution, the larger the measured constriction contribution in the Nyquist representation of the EIS
spectrum. The scheme is based on the results of reference [87-89]. b) Summary of the trends for constriction
resistance Rcsy, constriction capacity Ccsr and the corresponding time constant tcse when the interfacial
morphology is systematically altered. The evolution of the respective constriction parameters when the
electrode area Axi. decreases is visualized in the upper left graph, while an increase in the number of contact
spots at constant contact area is shown in the upper right graph. The graph on the bottom left shows the
evolution of the parameters when the center of the electrode (cgie) shifts away from the center of the SE (csg).
The effect of an increasing pore depth on on the constriction parameters is illustrated in the graph on the
bottom right. The trends are schematically illustrated based on the results presented in reference [87].

The fundamental understanding and correlation between the interfacial geometry and the constriction
contribution in EIS enables a monitoring of the evolution of the interfacial morphology. Hence, EIS
is a powerful tool to characterize the interfacial morphology “in situ” of otherwise buried Me|SE
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interfaces, such as Na|[NZSP. For example, the morphological evolution during electrodeposition or
electrodissolution has been analyzed by EIS as part of this doctoral thesis (c.f. section 3.1 and
3.2).3%%% Similar studies have been conducted to analyze the pore formation or equilibration of
stripped lithium metal anodes at the Li|LLZO interface.®** Despite the valuable three-dimensional
information provided by the constriction contribution, the interfacial morphology cannot be
unambiguously extracted from the EIS data. Different interfacial morphologies can result in identical
constriction signatures in the impedance spectrum, as variations in different geometric parameters
exhibit opposing trends (c.f. Figure 2b). Therefore, to characterize the evolution of the interfacial
morphology in real systems using EIS, an additional analytical technique is necessary to validate the
interpretation.*
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2.2 The Me|SE Interface during Anodic Dissolution

The dissolution of a metal anode alters the interfacial morphology and thus strongly affects the cell
operation. To guarantee optimal cell functionality, it is essential to maintain a stable and predictable
interface morphology. This is of particular significance for M¢|SE interfaces, as the rigidity of SE
precludes the possibility of compensating for morphological alterations at the interface. In the
following, the interfacial kinetics at planar Me|SE interfaces is elaborated, and different concepts are
transferred to the Na|SE interfaces. This includes also processes that affect the evolution of the
interface morphology, which are briefly summarized. Finally, different possibilities to maintain a
stable interface morphology during cell operation are discussed.

2.2.1 The Anodic Dissolution in View of the Vacancy Relaxation Model

The oxidation of a parent metal at a solid|solid interface has been studied intensively in the past
decades, especially for Ag|AgX interface (X = Cl, Br).”>*® In addition to the experimental
characterization, Schmalzried and Janek developed a model to describe the kinetics of silver
dissolution at the phase boundary.”” Krauskopf et al. subsequently employed this model, with certain
limitations, to describe lithium metal oxidation at a Li|SE interface.’®%? The similar chemical nature
of alkali metals makes the concept also relevant for the kinetics of Na|SE interfaces.

In general, the oxidation reaction at a metal anode at a Me|SE interface can be denoted in the Kroger-
Vink notation as follows:

Meye(Me) = [Meg +(SE) — Vyjo+ (SE)] + €' (Me) + Vi (Me) (1)

A metal atom is oxidized and passes through the Me|SE interface, subsequently occupying either a
vacant lattice site Vy;+(SE) or an interstitial site within the SE. The specific site occupied by the
metal ion depends on the ion conduction mechanism of the specific SE. The oxidized metal atom
leaves an electron e’(Me) and vacant site Vi, (Me) in the metal close to the surface. The metal
vacancy Vy.(Me) can either diffuse into the bulk of the metal electrode or annihilate at a grain
boundary or dislocation (site of repeatable growth).

a) | b) Lithium Sodium
|+
Metal Electrode Solid Electrolyte 0 =
Stable
! 24
Je | b
!
IVhe . E 04 4 Yicer,,.
Ve < 7 Upy,
' £ v
CVme | ' ~ -0.6
: : A § Unstable -6  Unstable
e .08
. _ . -
' ' CMef Li 81 Na
. -1 T T r T T T T T
fMe fSE ,f_’ 0 3 6 9 12 15 0 3 6 9 12 15
cy(§=0)

o
Figure 3: a) Schematic illustration of the vacancy relaxation model under steady state condition with a stable
interfacial morphology developed by Schmalzried and Janek.”” The relaxation zone of vacancy in the metal is
marked by M. The supersaturation of vacancies at the interface generates a vacancy concentration gradient
Vey,,, which results in a vacancy flux jy into the bulk of the metal electrode. & SE marks the relaxation zone of
defects in the SE. Due to the high ionic conductivity, the concentration gradient of injected metal interstitials
or depleted metal vacancies within the SE is significantly smaller. Therefore, the relaxation process in the SE
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has no significant effect on the interfacial morphology. b) Critical current density i..; as function of the
supersaturation ratio for lithium (red lines) on the left side and sodium (black lines) on the right side.
Representation for lithium bases on the data provided in reference [82]. The green highlighted area represents
a parameter region where the interface remains morphologically unchanged (stable) during anodic
dissolution, while in the brown highlighted region the morphology alternations would take place (unstable).
The grey area indicates the uncertainty due to the vacancy relaxation time, degree of supersaturation and the
determination of the equilibrium vacancy concentration. Figure modified from T. Krauskopf et al., ACS Appl.
Mater. Interfaces 2019, 11, 15, 14463—14477.18

The interfacial kinetics can theoretically be determined by two different processes, which is either
the relaxation of the point defects in the SE or the vacancy diffusion in the metal. Given the high
ionic conductivity of SEs and assuming that the annihilation of vacancies is negligible, the interfacial
kinetics will be mainly controlled by the vacancy diffusion in the metal. If the vacancy diffusion in
the metal is in a local equilibrium with the vacancy injection rate, the interface will be
morphologically stable during anodic dissolution. Based on the kinetic model by Schmalzried and
Janek shown in Figure 3a, the flux of metal vacancies jy across the interface that is exclusively
driven by the vacancy concentration gradient Vcy,, can be estimated by

jiv = (1 Sl hnl O)> i [ e

CV Ty

with Dy is the diffusion coefficient of vacancies in the metal, Ty is the relaxation time for the vacancy
equilibrium concentration, csq is the equilibrium bulk concentration of vacancies and cy (& = 0) is
the vacancy concentration at the interface. Dy, can derived from the self-diffusion coefficient of the
metal Dgp according to the following relation:

DSD = DV ’ x\iq (3)

Here xsq is the molar equilibrium fraction of vacancies in the metal. The self-diffusion (of a metal
atom) in a metal is mediated by vacancies. On the opposite, given the high molar fraction of metal
atoms in a metal, the diffusion of a vacancy is not constrained by its mediation partner (metal atoms).
Thus, Dy is much faster compared to Dgp, which is expressed in equation (3).

9 can be obtained from the molar equilibrium

The equilibrium bulk concentration of vacancies cf}'
vacancy fraction xsq, which is given in equation (4) with G{; is the Gibbs energy of vacancy

formation, kg the Boltzmann constant and T the absolute temperature:*®

xo9 = eXp( Gy ) @
ed = _v
iaT

The critical current density i..; for the anodic dissolution, at which a stable interfacial morphology
is maintained, can be calculated according to equation (5), where jy max is the maximum vacancy
flux originating from the vacancy concentration gradient Vcy,, , z is the charge number of the ion
and F is the Faraday constant:
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lerit =2 F 'jV,maX (5)

Based on this model, Krauskopf et al. estimated the critical current density i for lithium as function
of the supersaturation to be in the range of 10 — 100 pA-cm 2.8 A similar estimation for i, can also
be stated for sodium, using the assumption of similar supersaturation ratio factors and the same 1y
of 5 s, as for lithium. By using the self-diffusion coefficient Dgp N, and the Gibbs free energy for the
vacancy formation G&Na, derived from first-principle calculations, the critical current density for
sodium icpi¢ Na lies in the range of 1 — 8 mA-cm 2% Consequently, the critical current density for
sodium at room temperature is approximately two orders of magnitude higher than that of lithium at
similar supersaturation ratios when no stack pressure is applied. This is attributed to the higher
concentration and mobility of vacancies in sodium compared to lithium. However, it should be noted
that due to the higher equilibrium bulk concentration of vacancies in the sodium, the supersaturation
ratio for sodium is probably smaller compared lithium, and thus iy N, might be overestimated.

In both cases, the high uncertainty of i..j; in Figure 3b is due to the unknown relaxation time of
vacancies and the degree of supersaturation at the interface. In addition, the determination of the
equilibrium bulk concentration of vacancies is also difficult. Moreover, the model does not consider
the microstructure of the metal and therefore neglects different diffusion mechanisms, as will be
elaborated in more detail in section 2.4. Also the model does not take into account interfacial effects
and accumulation of vacancies at the interface, as a direct vacancy injection into the bulk metal is
assumed.*

Seymour et. al. described the injection of a vacancy at a Me|SE interface from an energetically point
of view by using a simplified bond-breaking model.'°! For a coherent Me|SE interface, the authors
found a simple relation between the work of adhesion W.q and the metal surface energy ome on the
tendency of a vacancy to be detached from a Me|SE interface, which are in line with first-principle
calculations. Given the condition, Wa4 > 20me., a vacancy at the Me|SE interface will migrate into the
metal electrode, while it will remain at the interface when Wa < 20me.'”' According to this relation,
the lower surface energy of sodium (on. = 0.230 J m™2) compared to lithium (ou = 0.368 J m2)
suggests that less adhesion is required to energetically favor the migration of a vacancy from the
interface into the bulk for sodium.?

When experimentally determined critical current densities (CCDs) are compared for sodium and
lithium, a higher CCD is observed for sodium on average.!°>!% This is in line with the presented
estimation based on the model from Schmalzried and Janek and the simplified model by Seymour
et. al.. However, it should be noted that experimentally reported CCDs show a large variance, as the
CCD strongly depends on the experimental parameters such as temperature, pressure, or the
electrochemical test protocol.!® Also the most reported CCDs are determine based on cell failure
(short circuiting) and thus does not probe exclusively the anodic dissolution.

In contrast, morphological instabilities during anodic dissolution of lithium and sodium electrodes
were observed already at lower current densities as estimated according to the vacancy relaxation
model.**!% The occurrence and evolution of a morphological unstable Me|SE interface during anodic
dissolution will be elaborated in the following section 2.2.2.
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2.2.2  Formation of Pores and Evolution of the Interfacial Morphology

The following section elucidates the interfacial morphology between a parent metal and a SE as well
as its evolution under an anodic current load. As described in the previous section 2.2.1, each
oxidized metal atom at the Me|SE interface injects a vacancy in the near surface region, which can
either migrate into the bulk metal or be annihilated at a place of repeatable growth. Especially for the
migration of vacancies, calculations have shown that the detachment from the Me|SE interface has a
considerable larger activation energy compared to vacancy migration in the bulk.!°! Thus, the
adhesion at the Me|SE interface and the surface energy of the metal drastically influence the
migration of vacancies. Nevertheless, if the applied external current i, exceeds the vacancy flux,

as indicated in equation (6),
lapp > Z* F-jy (6)

vacancies will accumulate, which result in the formation of pores at the Me|SE interface. The
formation of pores was experimentally confirmed for Li|SE and Na|SE interfaces and identified as
the root cause for the interfacial deterioration.*#*!% With pores (which is, in essence, an “empty
space”) being present at the interface, the number of active sites is reduced and the current density
locally increases at the remaining contact spots. The current focusing at these contact spots results in
complete contact loss with the progression of dissolution. In principle, a proportional relation
between the number of contact spots and the resulting potential response during a galvanostatic
experiment is expected. Typically, an anodic dissolution experiment starts with a modest potential
increase, which subsequently transitions into a plateau. The potential plateau is maintained for the
major part of the dissolution time. Shortly before a state of complete contact loss is reached, a steep
increase in the potential is observed.?>!?7

The course of the potential profile can be explained by the following process. As pores are formed
at the Me|SE interface, they facilitate the diffusion of adsorbed metal atoms (further denoted as ad-
atoms) along the surface of the pore walls. Hence, metal atoms can also be transported to the
remaining contact area by ad-atom diffusion, which is much faster compared to the self-diffusion
process (c.f. section 2.4.2). The ad-atom diffusion counteracts the contact loss at the interface leading
to a potential plateau. However, if the transport of metal atoms is not fast enough, the contact area
will further decrease until full contact loss.>

The resulting size, distribution and geometric shape of the pores cannot be predicted based on
vacancy migration and surface diffusion processes. For instance, dissolution experiments at single
crystalline copper electrodes indicated a relation between the pore structure and the dislocation
density in the electrode.” Furthermore, a recent report characterized the pore structure at different
current density and dissolved amount of lithium. The authors of this study have demonstrated that
anodic dissolution at low current density results in the formation of a limited number of small pores
during the initial dissolution stage, which subsequently evolve into a few larger pores. In contrast, at
higher current density, the initial number of pores was significantly higher, while a porous interfacial
morphology was observed following the attainment of full contact loss.'®® The resulting pore
structure is of high relevance as it determines and affects the cycling behavior of the metal electrodes
and thus the battery performance.

Although the interface between two solids seems to be rigid, different equilibration processes can
result in an alternation of the interfacial morphology, which in turn affects the overall interfacial
kinetics. For instance, the pore geometry can be smoothened due to the previously described ad-atom
diffusion driven by the equilibration of the surface energies.® Also effects like electrochemical
“Oswald ripening” can lead to a rearrangement of the pore structure at the interface.!® The formation
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of pores is accomplished with a mechanical “weakening” of the interfacial structure. Hence, the local
mechanical stress of the remaining “pillars” increases until a critical limit is reached at which plastic
deformation may occur. Thus, the contact area is enlarged and the electrode can further be dissolved.
Such phenomena lead to an oscillation in the potential profile and have been reported for Agl|AgX
systems.”®!'? Despite the rarity of investigations of such phenomena in the field of battery research,
oscillations have been observed at Na|SE interfaces within a pressure range of 0.1 to approximately
1 MPa.''! Also time-resolved EIS revealed a dynamic behavior of the interface morphology of a
dissolved SME pointing towards an equilibration phenomenon.** A reliable prediction of pore
formation, its geometry as well as its evolution is thus of paramount importance to ensure a stable
cell operation. While this section addresses the processes occurring at the Me|SE interface that alter
its morphological structure, the following section (2.2.3) focuses on possibilities to reduce or
suppress pore formation.

2.2.3  Strategies to Mitigate the Pore Formation during Anodic Dissolution

In this section, possibilities to reduce or suppress the formation of pores at a Me|SE interface are
described. As elaborated in section 2.2.2, pores are formed by the aggregation of vacancies. In
principle, the aggregation of vacancies can be avoided by increasing the transport rate of vacancies
towards the bulk of the electrode (or the transport of matter towards the interface). According to
equations (2) and (3), an increase of the vacancy flux can be achieved by tuning the diffusion rate in
the electrode material. As the diffusion in matter is typically an activated process, the diffusion rate
can be increased by elevating the temperature. However, higher operation temperatures are not
always possible for battery applications, especially for small and mobile devices.

Another prominent possibility to enhance the diffusivity in the metal electrode can be achieved
through alloying. For instance, a higher diffusion rate of lithium in lithium-magnesium alloys has
been reported.!® A comparable relation has been observed in the case sodium-tin alloys, which
shows an improved dissolution performance.''? The enhanced diffusivity originates from different
lattice parameters and binding energies in the alloy which lowers the migration barrier.!'® However,
the exact explanation why alloys shows an improved diffusivity is not yet investigated in detail. An
aspect which is often not considered is the influence of the microstructure on the diffusion process.!!*
As will be discussed in section 2.4.2, different diffusion processes determine the overall diffusion

rate in a metal.

In addition to modify the diffusion rate, the formation of pores can be prevented by promoting mass
transport to the interface. The high homologous temperature of sodium (7wna = 0.8) facilitates the
climb of dislocations.!’> Hence sodium shows a pronounced creep behavior at room temperature,
where the strain rate & is predominantly given by the power-law creep relation by:!!

&é=A.0™exp (— %) ()

with A, is a material specific creep parameter, o is the external stress (applied stack pressure), m is
the power-law creep exponent, Q.. is the activation energy for dislocation climb, and R is the molar
gas constant. Accordingly, an increase of the stack pressure elevates the strain rate and hence the
mass transport to the interface.!'” The positive effect of stack pressure on maintaining interfacial
contact was also confirmed experimentally. By increasing stack pressure, higher current densities at
the Me|SE interface were achieved, as pore formation was suppressed through the mechanical
deformation of the metal electrode.!””-!'®* However, the influence of the applied stack pressure on the

interfacial contact is complex. For instance, surface roughness leads to changes in pressure
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distribution at the interface, which subsequently gives rise to localized discrepancies in mechanical
deformation. Consequently, modifications in the local contact area influence the mechanical
deformation and is thus time-dependent.!'”” Moreover, the mechanical properties depends on the
aspect ratio, as adhesive forces (hydrostatic stress) at the CC|Me and Me|SE interfaces increase the
yield strength of the metal.!'>!2* While stack pressure represents an effective strategy for maintaining
interfacial contact, it is not without limitations. For example, at exceedingly high stack pressures (in
the range of several tens of MPa), the malleable nature of alkali metals can cause them to penetrate
the SE, resulting in short-circuiting.'!
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2.3 Reservoir-free Sodium Solid-State Batteries

In the following chapter, the concept of reservoir-free solid-state batteries is elaborated. Besides their
working principle, their advantages and current challenges of the cell concept are discussed. While
the dissolution process at the Me|SE interface is described in the previous chapter, the
electrodeposition of an alkali metal at a solid|solid interface is set into focus in this chapter, as it is
central for the reservoir-free cell concepts. Since the knowledge about the electrodeposition at
solid|solid interfaces is scarce for sodium, the results and concepts for lithium electrodeposition are
summarized and discussed with respect to their applicability to sodium.

2.3.1 The Working Principle of Reservoir-free Solid-State Batteries

The implementation of a sodium metal electrode in solid-state batteries requires the preparation of a
sodium electrode.?’ Different techniques are conceivable in order to process a sodium metal electrode
that interfaces an SE or a separator. Besides the processing of a sodium foil by mechanical extrusion
of an ingot, a sodium electrode could also prepared by vapor deposition or by melt processing e.g.
dip coating.'”? However, these processing techniques requires the handling of the highly reactive
sodium metal during cell manufacturing. Another possibility to generate a SME in SSBs is by
electrodeposition.'?*!24 Instead of assembling the SME during cell production, only a CC is attached
to the SE on the negative electrode side, as shown on the left side in Figure 4. During the first charge,
the SME is formed in situ by extracting enclosed sodium ions from the positive electrode (cathode
active material) and electrodepositing them at the CC|SE interface (see Figure 4 right side).'?* This
approach works for most cathode active materials (CAM) such as layered oxides, polyanion
compounds or Prussian white analogs, as they are synthesized in a discharged, meaning sodiated,
state.'?® This concept is often referred to as “anode-free” in literature, as the cell is assembled without
an “anode active material”.!** However, the term "reservoir-free cells" (RFCs) is more accurate, as
it highlights the absence of a sodium reservoir and prevents the misinterpretation of the absence of
an "anode" in a battery. The feasibility of this cell concept was first demonstrated in a thin film
battery based on a Cu|Li|LiPON|LixCoO, stack by Neudecker and co-workers.'”” The first
electrodeposition of sodium metal at a CC|SE interface has been shown in the second publication of
this doctoral thesis, while the first reservoir-free sodium SSB has been recently reported,
demonstrating the feasibility of the cell concept.*’!?® The advantages and challenges of RFCs are
shortly summarized in the following section 2.3.2.
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Figure 4: Schematic illustration of the reservoir-free cell concept. Instead of introducing an SME during cell
assembly, the SME is formed in situ through electrodeposition of sodium ions stored in the CAMs at the CC|SE
interface during the first charge.
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2.3.2  Advantages and Challenges of RFCs

This section provides a concise overview of the advantages and challenges associated with RFCs. In
addition to the economic perspective, the cell concept is also examined from the physicochemical
point of view.

I.  Advantages

As described in the previous section 2.3.1, the SME in RFCs is formed by electrodeposition of
sodium extracted from the CAM on a CC during the first charge. Hence, no additional sodium metal
reservoir is required at the negative electrode during cell assembly and the energy density can be
further improved compared conventional SIBs.!”® Accordingly, the volumetric and gravimetric
energy densities on the cell level (excluding the cell casing) are improved by roughly 17 % and 6 %,
respectively, when the SME is formed through electrodeposition instead of added during cell
fabrication (see section 6.1 for details on the calculation). Theoretically, the energy density can be
further enhanced when the density of the SE is reduced, for example by replacing NZSP, e.g., with
a closo-borate Na,Bi,Hi,.2°

The primary benefit of RFCs is to circumvent the handling and processing of sodium metal during
cell manufacturing, as the following issues are avoided. First of all, the energetically intensive
production of sodium metal can be prevented.'** Sodium metal is normally produced by electrolysis
of molten sodium chloride. However, to obtain a high-purity grade, additional distillation processes
of the raw sodium metal are requried.'” Secondly, the processing of a sodium foil by shaping an
ingot is not necessary. Typically, an areal capacity of 5 mAh cm? is targeted for commercial battery
applications which equals an electrode thickness of roughly 45 um for sodium. The soft nature and
viscosity of sodium pose a challenge for the rolling and cutting process.*® Thirdly, the high reactivity
of sodium towards moisture and oxygen requires processing in an inert atmosphere to minimize
degradation or formation of a passivation layer. In contrast to lithium, an inert nitrogen atmosphere
would be sufficient for sodium.*® Nevertheless, the necessary infrastructure for the production under
inert atmospheres (e.g., dry rooms or gloveboxes) in large-scale production lines is both complex
and costly.

The circumvention of sodium metal during the fabrication of cells not only rationalizes the
production process but also substantially reduces the associated material consumption and thus the
costs. In addition, the synthesis of the cathode active materials often requires only cheap raw
materials such as sodium carbonate.*® Also, a high-purity of the electrodeposited sodium metal
electrode can be expected due to the single ion conduction of the SE.!*° This makes RFCs an
attractive cell concept to realize sodium SSBs.

II.  Challenges

Besides the advantages of RFCs, the concept possesses also challenges. Given that RFCs operate
without an excess of alkali ions, any parasitic reactions such as SEI formation on the Me|SE interface,
ultimately result in a reduction in capacity.'?* This encompasses the formation of "dead" alkali metal,
which arises from filament or dendrite growth that detach from the negative electrode upon cycling.
But also contact loss due to volume expansion during cycling causes a decay in the capacity,
particularly in the cathode composite.!*! To counteract the capacity fading, two ways are possible.
First, an excess of alkali ions could be added to the cells by using a P/N ratio above unity. Second,
the columbic efficiency of each cycle could be improved by suppressing side reactions and contact
loss. While the first attempt would be efficient to compensate a capacity fading in the first hundred
cycles, it also decreases the energy density of the cell.'** The second attempt would be more
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reasonable, however, to compete with current battery technologies in terms of cycle numbers and

energy density, a Coulomb efficiency close to 100 % would be necessary for RFCs.'**

Another challenge arises from the necessity of stack pressure during operation to maintain the
physical contact within SSBs and in particular in RFCs.!* Controlling the pressure in SSBs is not
trivial, as the thickness of the cell stack varies in the range of several tens of micrometers upon
cycling. This is particularly important for RFCs, where the relative thickness variations are even
more pronounced. While on the laboratory-level different cell casings exist, which compensate the
volume change of the cell, suitable cell designs and pressure management systems on an application-
orientated level are still pending.

The initial formation of the alkali metal electrode through electrodeposition is one of the key steps
for the feasibility of RFCs. Ideally, a dense and uniform metal electrode is required, as illustrated in
Figure 4. Various processes take place during the electrodeposition at a CC|Me interface, which
affect the resulting electrode morphology and hence their electrochemical performance. Given this
central role for the working principle of RFCs, the cathodic deposition of a parent metal at a
solid|solid interface is discussed in the following section.

2.3.3 Cathodic Deposition of Alkali Metals at a Solid|Solid Interface

The process of nucleation and subsequent growth of a metal on a foreign or native substrate driven
by an external electric field is denoted as electrocrystallization, electrodeposition or cathodic metal
deposition.'* The cathodic deposition of a metal at an electrode in an LE has been the subject of
extensive and different nucleation and growth mechanism have been proposed.!*? In contrast, the
knowledge about cathodic deposition at CC|SE interfaces is rare, as the buried nature of the interfaces
complicates the characterization.’® The analysis of the nucleation process is particularly difficult to
carry out using analytical microscopy techniques due to the nanoscale dimensions of the nuclei and
the brief time span of the process. As a result, often only the early growth process and the
morphological evolution is captured by microscopic techniques.

Depending on the material system and deposition conditions various morphological phenomena of
as-deposited metals at a CC|SE interface have been reported so far.*® One of the most prominent
morphologies observed during the cathodic deposition is the growth of whiskers which have been
first reported for silver ion conductors. For example, the growth of whisker arrays has been observed
for planar silver electrodes,'** while at microelectrodes the morphology depends strongly on the
applied current.'*135 The growth of whiskers has also been observed at other SE substrates, such as
LLZO"™® or NZSP"7 by using microelectrode setups but also at CC|SE interfaces, such as stainless

steel|Li2S-P,Ss,3 Cu|LLZO,'*° Cu|LiPON,'* or Cu|[NZSP.4

Besides the growth of whiskers, also lateral dendritic growth along the surface of an SE has been
observed on LLZO or silver bromide.?!!3* The phenomenon is rarely investigated and only occurs at
very high local current densities. However, in a joint collaboration between Justus-Liebig University
and Research Center Jiilich, the lateral growth of sodium on NZSP was analyzed, revealing that this
phenomenon can cause short circuiting in symmetrical NaNZSP|Na cells.”*” Additional
micromanipulator experiments demonstrated that the tendency of lateral growth on NZSP is higher
compared to LLZO at comparable experimental conditions.®""!3” Hence, the occurrence of lateral
dendritic growth is more severe for sodium, especially when high charging rates are required.

Apart from cathodic metal deposition along the surface and out of the SE substrate, the metal can
also grow into the SE, which is referred to as dendrites. Dendrite growth into the SE can be caused
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by current focusing and a non-uniform ion flux at the interface, originating, for example, from
insufficient contact between the electrode/CC and the SE, surface contaminations or surface defects.
In polycrystalline SEs, also the different conductivity behavior of grain boundaries (GBs) could
promote an inhomogeneous ion flux and thus preferential spots for cathodic deposition.'*! However,
the formation and propagation of dendrites is quite complex and different mechanisms and reasons
are proposed in literature.'** The interested reader is therefore referred to the review article from
Krauskopf et al. about the degradation mode 1.°° In short, the local deposition of the metal, e.g., at a
surface flaw causes mechanical stress, which could initiate the formation of cracks. Once a crack is
formed, preferential deposition at the metal tip results in a Poiseuille pressure and propagates the
crack. Hence, with proceeding deposition the crack propagates through the SE, resulting ultimately
in cell failure.'*> However, surface defects do not automatically result in dendrite formation. When
the redistribution of the deposited metal through creep and vacancy transport is faster compared to
the metal deposition rate, a morphologically stable interface can be maintained. On the opposite, a
faster deposition rate results in a pile up of deposited metal and unstable growth which could initiate
cracks in the SE.'*

The formation of dendrites can also originate from metal nucleation inside the SE during cathodic
deposition which is referred to as the degradation mode II in literature. This degradation mode was
reported in high temperature Na/S-batteries using a BASE as separator.'* The root cause for internal
sodium nucleation was attributed to a partial electronic conductivity in the BASE where GBs and
intergranular phases are probably involved. A similar correlation was observed when comparing the
partial electronic conductivity and the critical current density of various lithium ion conductors. 43146
Nevertheless, the underlying mechanism is still under debate. In a collaboration between Justus-
Liebig University and Karlsruhe Institute of Technology, the sodium nucleation inside BASE was
confirmed by in situ TEM. By analyzing the microstructure of the BASE and correlating the electrical
field distribution, a simplified model is proposed to identify preferred nucleation spots. Accordingly,
the formation of sodium filaments was preferentially observed at spots where the ion migration
across the GB is blocked.!*” At such ionic bottlenecks, the chemical potential of sodium un. can
exceed the standard chemical potential of sodium u’x, and initiate nucleation.'*® Further research is
necessary to gain a fundamental understanding of the degradation mode II.

Besides the different growth phenomena during cathodic deposition also the lateral distribution of
the deposited alkali metal is important, as a dense and uniform metal layer is desired for RFCs. The
distribution and number of the formed lithium “nuclei” at a Cu|LiPON interface was indirectly
examined by visualizing the morphological alternations of the thin film copper CC caused by the
grown lithium underneath.'**!'* An increase of the current density results in a significant increase in
the number of formed lithium particles, whereas the nuclei number decreases at elevated
temperatures. In addition, the particle size and shape also changed.!* At low current densities and
temperatures, the formation of needle-like structures and large particles is observed. At high current
densities and elevated temperatures, the formed particles have a spherical shape and are smaller in
size. Similar results and trends were observed for polycrystalline LLZO.!* Furthermore, for both
systems, the nucleation overpotential #nuw, Which is given by the difference between the initial
potential drop and the potential plateau during the growth stage, increases with applied current
density. This fits well with the observed size and number of the formed lithium particles, as #uc is
inverse proportional to the critical nucleation radius according to the classical theory for
homogeneous nucleation.'>® In view of achieving a uniform coverage during cathodic deposition,
higher current densities are beneficial. Practically, also pulsed deposition protocols might be
applicable, as prolonged high current densities could trigger dendritic growth as described above.!*
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The early growth stadium of sodium at a solid|solid interface was analyzed on a nanoscale-level by
in situ TEM, revealing particles with a polyhedral shape and oriented growth behavior.'*!!52 Similar
results were observed for the cathodic deposition at a Cu[NZSP interface, where sodium was
deposited only at a contact spot between CC and SE (c.f. section 3.2), highlighting the importance

of the initial CC|SE interface preparation.*-1?

Ideally, the initial CC|SE interface should ensure an intimate physical contact with a low adhesion
energy between CC and SE, as the nucleation process requires the separation of the interface.!>* A
high adhesion energy would impede the nucleation process by increasing the critical nucleation
radius. The nucleation and separation of the CC|SE interface causes mechanical stress which could
trigger different scenarios. First, the SE might be damaged by crack formation or spallation close to
the interface as reported for the Cu[NZSP interface.*’ On the opposite, whisker growth can penetrate
the CC, as often reported when using thin film CCs.!3¢13%140 Second, vertical whisker growth can
separate the CC|SE interface, resulting in gap formation and decrease of the electrochemically active
contact area, as observed at CuNZSP or Cu|LisPSsCl interfaces.!>* Third, the mechanical stress
plastically deforms the deposited metal, which expands laterally and delaminates the CC from the
SE.!3? The latter scenario would be most beneficial for RFCs, as it facilitates lateral growth. Another
possibility to enhance the lateral distribution is by applying a stack pressure, as demonstrated by
Kazyak et al. for lithium deposition at a Cu[LLZO interface.'*® In contrast, no substantial enlargement
of the contact areca was observed for sodium deposition at a Cu[NZSP interface at elevated stack
pressures, which might be due to different mechanical or frictional behavior (c.f. section 3.2).%’ The
different phenomena and possibilities of metal growth at a CC|SE interface are summarized in Figure
5.

Growth

Deposition
Phenomena

Parameters

Figure 5: Schematic illustration of cathodic deposition of an alkali metal at a Me|SE interface. An optimal
deposition of a dense and uniform SME is depicted in the center of the figure. Different growth phenomena are
illustrated such as (A) island growth, delamination and gap formation, (B) dendrite formation starting from
the electrode, (C) whisker growth and penetration of CC, and (D) sodium nucleation inside the SE are shown
on the right side of the illustration. Parameters that affect the cathodic metal deposition are illustrated on the
left side, including (E) stack pressure p, (F) temperature T, (G) applied current density I, and (H) thickness of
the current collector. Figure modified from T. Fuchs, Morphological Challenges at the Interface of Lithium
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Metal and Electrolytes in Garnet-type Solid-State Batteries. Dissertation, Justus Liebig University, Gieflen,
2022.11361

In recent years, various interlayer and seed layer concepts have been proposed as potential means of
improving the lateral distribution and achieving uniform coverage of an electrodeposited lithium
metal electrode in RFCs. In particular, by introducing a (amorphous) carbon-based interlayer with
embedded silver nanoparticles, a dense and uniform lithium metal electrode between the interlayer
and the CC is formed."”’ Although a remarkable cycling stability is achieved, the underlying
mechanism is still under debate. Bruce and co-workers found that the graphite material is first
lithiated electrochemically, followed by lithium deposition and chemical reaction with silver forming
an Ag-Li alloy. Accordingly, the graphite is the electrochemically active species and not the silver.!>®
By comparing graphite with an amorphous carbon interlayer, a more homogeneous and selective
deposition of lithium between the interlayer and the CC was obtained for the latter one. This is
explained by the isotropic lithium transport in an amorphous carbon compared to graphite.!® In
contrast, Ceder and co-workers suggest that enhanced deposition performance is derived from the
formation of a Li-Ag alloy.'® The huge volume expansion during alloy formation extrudes the
lithium metal out of the interlayer towards the CC, due to a stronger adhesion between interlayer and
SE. The volume expansion during alloy formation might also play a role in the working principle of
seed layer concepts. Here, alloy nanoparticles are placed in-between the CC and SE to enhance the
nucleation and growth of the metal electrode.!®! Nevertheless, the impact of interlayer and seed layer
concepts on sodium systems have not yet been extensively studied, providing an opportunity for
further characterization.'®
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2.4 The Role of Microstructure in Metal Electrodes

The previous chapters discussed the importance of a morphological stable Me|SE interface to ensure
a reversible operation of an alkali metal electrode upon cycling. In particular, in section 2.2.4,
different possibilities to suppress pore formation during anodic dissolution are elaborated, which are
mainly based on optimization of the mobility of vacancies in the metal or by increasing the mass
transport towards the electrode, e.g., by increasing the stack pressure. Both properties also play a
crucial role during cathodic metal deposition, as outlined in section 2.3.3. As is generally known in
the field of metallurgy, the microstructure of a material has a significant impact on its mechanical
properties and transport processes within the material itself.>® Therefore, this chapter focuses on the
relationship between the microstructure of an alkali metal electrode and the electrochemical
performance in SSBs. Starting with a brief definition of the term microstructure, the current state of
research in the battery community is briefly summarized in section 2.4.1. Furthermore, the
relationship between the microstructure and transport by diffusion as well as the mechanical
properties are elaborated in section 2.4.2 and 2.4.3, respectively.

2.4.1 The Microstructure of Alkali Metal Electrodes

Most materials such as metals, minerals, or ceramics are polycrystalline. The grains in a material are
rarely randomly orientated according to the crystallographic orientation and distribution. This means
that a pattern of certain grain orientation or tendency of preferred grain orientation is often found,
which is referred to as fexture.'® However, texture only describes an average fraction of preferred
grain ordination in a given volume. In contrast, the term microstructure includes additionally the
spatial location of grains. Hence, the microstructure is the collection of crystallinity features in a
material, such as, grain size, grain orientation, grain boundaries, phases, dislocations, strain and
interfaces, which determine the material properties.'**!®> Besides TEM and synchrotron-based
techniques, EBSD is the most common technique to analyze the microstructure of different materials.
For a detailed description of the working principle of the mentioned techniques, the reader is referred
to Ref [164]. In short, for EBSD analysis, a primary electron beam is focused on a crystalline sample
at an incident angle of 70°. First, the electron beam is quasi-elastically scattered over a wide angle
within the sample and diverges from a point source below the sample surface. The diverged electrons
impinge on different crystal planes in all directions and form paired large-angle cones (also known
as Kikuchi cones) whenever the Bragg condition is satisfied.'®>!®® The Kikuchi cones represent a
single lattice plane, which is detected by a phosphorous screen. By scanning the electron beam along
a sample surface, crystallographic information is obtained in a lateral dimension, which allows the
analysis of the material microstructure.

The microstructure of alkali metals has been rarely investigated in the literature and is often not
considered in the field of battery research, despite the fact that a potential influence of the
microstructure on electrochemical performance has been postulated.'’-'* The work by Singh and
Fuchs and co-workers on the electrochemical dissolution behavior of different heat-treated lithium
metal foils demonstrated the significant influence of different metal grain sizes on the battery
performance, and motivated a detailed characterization of the electrode microstructure.”*!7
However, the sample preparation and characterization of the alkali metal microstructure is extremely
challenging. The high reactivity of the alkali metal towards residual moisture or oxygen causes a
surface passivation layer that drastically complicates the microstructural analysis by EBSD or
TEM.'! Therefore, only few reports exists that visualize the microstructure of lithium metal
foils.!”"17? The third publication of this doctoral thesis provides a reliable protocol to characterize
not only the microstructure of foils, but also to visualize the microstructure of electrodeposited alkali
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metals at solid|solid interfaces.*! In particular, for the first time, the microstructure of sodium has
been analyzed and the microstructural evolution during cathodic deposition as well as anodic
dissolution has been investigated for both, sodium and lithium metal electrodes (c.f. section 3.3).

2.4.2  Effect of Microstructure on Self-Diffusion in Metals

At thermal equilibrium, vacant lattice sites are the dominating atomic defects in metals. Accordingly,
the dominating mechanism for self-diffusion in a metal matrix is mediated by vacancies. An atom
diffuses by transition into a neighboring vacant site. Consequently, atoms traverse a crystal by
engaging in a series of site exchanges with vacancies that are intermittently present in their vicinity.
The exchange jump rate /" of vacancy-mediated jumps of an atom into a vacant site lattice is given
by the molar equilibrium vacancy fraction xsq and the exchange rate wy:'"

ea _ o Gy GV’
I'=wy xy =v° -exp _kB_T - exp _kB_T (®)

Considering equation (4) and replacing the exchange rate wy by equation (9), it becomes evident that
the exchange jump rate of a vacancy depends upon on the free enthalpy of vacancy formation G and
the free enthalpy of vacancy migration Gy multiplied by the attempt frequency v°.
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B

The self-diffusion coefficient Dsp for a monovacancy mechanism in an elemental crystal is a product
of the exchange jump rate I, a correlation factor £, a geometric factor g and the lattice parameter a.

Dsp=f-g-a*-T (10)

According to equations (8) and (10), Dsp depends on the temperature and often follows an Arrhenius-
type behavior. Typically, Dsp is strongly affected by the temperature and varies by several orders of
magnitude. Often an upward curvature in the Arrhenius plot is observed, when the temperature
approaches the melting point 7r, of the metal. Although monovacancies are the most prevalent defect
in metals, the probability of divacancy formation increases with elevating the temperature. As a rule
of thumb, when approaching a temperature 7~ 0.66 T, diffusion mediated by divacancies also
contributes substantially to the overall diffusion in the metal. Hence, the total diffusivity is then given
by the sum of monovacancy and divacancy diffusion contribution. For example, in the case of silver,
the divacancy concentration at 7~ 0.66 T, is roughly 10 %, while it is negligible below
T=0.5 T In particular, in face-centered cubic metals, divacancies exhibit higher mobility
compared to monovacancies, rendering them a more effective diffusion vehicle. An upward
curvature in the Arrhenius plot is also observed for sodium and the formation of divacancies at room
temperature is also likely, as the homologous temperature of sodium Ty n. = 0.8.1%°

Apart from the temperature, the self-diffusion in a metal also depends on the pressure according to
the pressure-dependency of the free enthalpy of vacancy formation and migration (see equation (8)).
Compared to the temperature, the effect of pressure is less pronounced, and usually the diffusivity
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decreases by less than a factor of ten when the external pressure is altered by about 1 GPa.!” At such
pressure region, sodium would already be plastically deformed. It can thus be concluded that the
effect of stack pressure on the self-diffusion of sodium is negligible, given the fact that the expected
stack pressure for battery applications falls within the range of a few MPa.!”*17>

In the previous paragraphs, only atomic point defects, such as vacancies, have been considered as
diffusion vehicles for self-diffusivity in metals. However, metals are mostly polycrystalline and
consist of structural features where the jump rate is enhanced along dislocations, grain boundaries,
or along free surfaces.!” While atomic migration through the lattice is characterized by a diffusion
length of vDt, the migration along fast diffusion pathways is much faster, as schematically illustrated
in Figure 6a.
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Figure 6: a) Sketch of fast diffusion pathways in a polycrystalline metal, including dislocations, grain
boundaries and free surface. b) Schematic illustration of the temperature dependence of various high diffusivity
pathways in a metal. The diffusivity in the lattice is denoted by Dy, while Dpis, DG and Dsy- denote the diffusivity
along dislocations, grain boundaries, and free surfaces, respectively. The data presented represent an average
of different metals according to reference [173]. Figure modified from H. Mehrer, Diffusion in Solids:
Fundamentals, Methods, Materials, Diffusion-Controlled Processes, Springer, Springer Series in Solid-State
Sciences, Volume 155, 2007.'73 Copyright © Springer-Verlag Berlin Heidelberg. Reproduced with permission
from Springer Nature.

Figure 6b illustrates the diffusivity of various diffusion pathways in an average polycrystalline metal
across different temperatures. The atomic migration through the lattice has the lowest diffusion
coefficient D, as the atomic migration is subject to the most significant constraints and exhibits the
largest activation enthalpy AH. By increasing the disorder in a dislocation core and having a less
packed structure in GBs, the atomic motion is further enhanced. Free surfaces exhibit the fastest
diffusivity, as atomic motion is mediated not only by vacancies but also by ad-atoms. The respective
hierarchy for high diffusivity pathways in comparison to lattice diffusion, as well as the
corresponding activation enthalpies, are presented in equations (11) and (12).!73

Dy, < Dpis = Dgg = Dsur (11
AHL > AHDiS = AHGB > AHSur (12)

In general, the atomic motion along dislocations and GBs is several orders of magnitude faster
compared to lattice diffusion (see Figure 6b). This difference is even more pronounced at lower
temperatures, due to the different activation enthalpies. Additionally, the diffusivity along GBs also
depends on their type, e.g., twisted or rotated GBs as well as high-angle or low-angle GBs.
Theoretical calculations for different GBs in lithium metal revealed a difference of a factor of ten for
various GB types. Accordingly, the overall (self)-diffusivity in a polycrystalline material depends
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strongly on the dislocation and GB density and their different types.'’®> Hence, the microstructure of
metal electrodes is of great interest for their practical application in SSBs. For example, theoretical
calculations for lithium metal have shown that a grain size in the order of 1 um (and thus a high
fraction of GBs) is required to meet the current performance goals for SSBs.!”” In contrast, a typical
grain size for a lithium foil is roughly 150 pm.** To meet the given performance goals, an optimized
metal microstructure is required. Although sodium has a higher overall diffusivity, its grain size is
even larger than that of lithium.*' Thus, the necessity of a tailored microstructure to achieve the
performance goals is likely for SMEs.

2.4.3  Effect of Microstructure on Mechanical Properties

A major challenge for the reversible operation of an SME arises from contact loss at the Me|SE
interface upon cycling, e.g., by the formation of pores during anodic dissolution. One strategy to
maintain interfacial contact is to deform the metal electrode mechanically by applying a stack
pressure (c.f. section 2.2.3). Consequently, the mechanical properties of the metal electrode are
crucial because they determine at which external stress (stack pressure) mechanical deformation
occurs.

In principle, the deformation of a material can be classified as either elastic or plastic.!'® If the applied
external stress exceeds the yield strength of a material, it will undergo plastic deformation by the
movement of dislocations. Besides defect concentration, stress rate, and impurity concentration, the
yield strength also depends on the microstructure, e.g., the grain size.’®!”* If the grain size decreases,
the density of GBs in a given volume increases. However, GBs act as a barrier to dislocation
movement. High stresses are required for a dislocation to cross a GB due to the random orientation
of the slip planes of adjacent grains.!”® Therefore, dislocations will accumulate at GBs. The higher
the density of GBs (or, the smaller the grain size), the greater the restraint on dislocation movement
and hence the strength of the material. This phenomenon is empirically described by the Hall-Petch
relationship.!™

Plastic deformation of a material can also occur due to creep, where in principle two different creep
mechanisms are present in a metal, namely power-law creep (see equation (7) in section 2.2.3) or
diffusional creep.''® Depending on the microstructure, temperature and applied external stress,
different creep mechanisms dominate the plastic deformation. In general, at low stresses, diffusional
creep is rate determining, while at high stresses, power-law creep via dislocation climb is the
dominant mechanism.!”® In particular, the strain rates of diffusional creep depend on the grain size
as well as on the diffusivity in the material. At low temperatures (and stresses), the motion of atoms
is mainly mediated by the lattice, which is referred to as Nabarro-Herring creep.!”® At elevated
temperatures, the net flux of atoms is predominantly mediated by diffusion along GBs, which is
referred to as Coble creep.!”%!”® Accordingly, the types of GBs as well as the grain size and defect
density in the material affect the plastic deformation. In contrast, the strain rate for power-law creep
is independent of the grain size but depends on the mobility of dislocations.

Apart from plastic deformation, the microstructure affects the elastic properties of alkali metals. For
instance, the orientation-dependent characterization of the elastic response of lithium revealed a
strongly anisotropic elastic behavior.!”? As sodium metal exhibits the same space group, an
anisotropic elastic behavior is likely.!7%!80

Sodium exhibits a yield strength of around 0.2 — 0.3 MPa and power-law creep through dislocation
climb via lattice diffusion is the predominately creep mechanism for time-dependent plastic
deformation at room temperature.!'>18:182 Accordingly, the effect of grain size and microstructure
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on the plastic deformation of sodium would be negligible in view of much higher applicable stack
pressures in SSBs. However, the mechanical properties of sodium are often investigated by using
ingots with dimensions in the mm or cm range, while properties such as the yield strength can
drastically increase at smaller lengths and geometries.'”®® In view of metal films and lower
temperatures, diffusional creep might play a role for the plastic deformation of the SME and thus
also its microstructure.'®® Another aspect which has not yet been addressed in literature is, that the
microstructure of a metal electrode alters during electrodeposition by the motion of GBs (see section

3.3).%! Thus, the mechanical properties of the metal electrode would alter during cycling.

The application of stack pressure is a viable strategy to maintain the interfacial contact at the Me|SE
interfaces in SSBs also for practical battery applications.'* Accordingly, the mechanical properties
of the metal electrode as well as possible changes are of central interest to ensure a stable battery
operation in practice.
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3 Results

At the beginning of this doctoral thesis in 2019, a fundamental understanding of the kinetics at the
Na|NZSP interface was very limited. While the interface as such had been addressed in several
reports, there was a lack of analysis regarding degradation phenomena, morphological evolution
during metal dissolution and deposition, and charge transfer processes. Additionally, the
microstructure and texture of the SME and their influence on the microscopy processes and interface
morphology had not been considered. Therefore, the objective of this doctoral thesis was to study
the Na|NZSP interface systematically by characterizing the SME during cycling in terms of the
interfacial kinetics, morphological evolution, and microstructure.

The first publication of this doctoral thesis contributes to a better understanding of the Na|NZSP
interface and provides a systematic approach to separate and quantitatively compare different
microscopic processes regarding the performance limit. Moreover, the morphological evolution of
the SME was characterized under anodic current load. Publication II deals with the electrodeposition
of sodium at a Cu|NZSP interface and the effect of current density and stack pressure on the resulting
morphological evolution of the sodium metal. Publication III targets the microstructural analysis of
alkali metals by developing a reliable workflow for sample and cross-section preparation.
Accordingly, the microstructure of electrodeposited and dissolved alkali metals at solid|solid
interfaces were explored and visualized in this publication.

3.1 Publication I: “Kinetics and Pore Formation of the Sodium Metal Anode on
NASICON-Type Na3.4Zr28i2.4P.6012 for Sodium Solid-State Batteries”

In the first publication of this doctoral thesis, a systematic approach was developed to characterize
the interfacial kinetics of the alkali metal|SE interface. Therefore, sodium metal in contact with NZSP
was characterized under equilibrium and non-equilibrium conditions by EIS, in situ XPS, TEM, and
SEM.

By combining the results from time-dependent EIS with in situ XPS and TEM characterization, the
formation of a kinetically stabilized interphase was observed when NZSP is contacted with sodium.
Moreover, pressure and temperature-dependent EIS analysis revealed that insufficient physical
contact causes an interface-related impedance, due the current constriction phenomenon. From an
electrochemical perspective, the Na|NZSP interface is dominated by the current constriction
phenomenon caused by insufficient contact, which is much more significant than the interphase
formation and charge transfer process. This phenomenon was also observed during anodic
dissolution experiments. Gradual EIS characterization indicated contact loss due to the formation of
pores as the dissolution progressed, which has been confirmed by FIB-SEM cross-sectioning.
Additionally, different geometric shapes of the pores were observed at the interface, when the stack
pressure was altered. Finally, the evolution of the interfacial pore morphology after anodic
dissolution in a subsequent resting phase was monitored by EIS, revealing a dynamic reorganization
of the interfacial morphology.

Overall, the first publication demonstrates the compatibility of sodium and NZSP and identifies
contact loss due to pore formation by anodic dissolution as the rate-limiting process of the SME.
Consequently, concepts to suppress or prevent the formation of pores are necessary to improve the
performance of the SME. The detailed impedance analysis provides a fundamental basis for the
interpretation of the impedance spectra of the Na|[NZSP interface and enables the characterization of
the interfacial morphology even during electrochemical dissolution and deposition — as demonstrated
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in publication II. Moreover, the morphology of interfacial pores varies at different stack pressures
and exhibits dynamic behavior after anodic dissolution due to creep. Accordingly, resting periods
and the cycling protocol can significantly impact the performance of the SME and should be
considered for battery applications.
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Kinetics and Pore Formation of the Sodium Metal
Anode on NASICON-Type Na; 4Zr,Si, 4Py ¢O,, for Sodium

Solid-State Batteries

Till Ortmann, Simon Burkhardt, Janis Kevin Eckhardt, Till Fuchs, Ziming Ding,

Joachim Sann, Marcus Rohnke, Qianli Ma, Frank Tietz, Dina Fattakhova-Rohlfing,

Christian Kiibel, Olivier Guillon, Christian Heiliger, and Jiirgen Janek*

1. Introduction

In recent years, many efforts have been made to introduce reversible alkali

metal anodes using solid electrolytes in order to increase the energy density
of next-generation batteries. In this respect, Nas 4Zr,Si; 4P 6O, is a promising
solid electrolyte for solid-state sodium batteries, due to its high ionic conduc-
tivity and apparent stability versus sodium metal. The formation of a kinetically
stable interphase in contact with sodium metal is revealed by time-resolved
impedance analysis, in situ X-ray photoelectron spectroscopy, and transmis-
sion electron microscopy. Based on pressure- and temperature-dependent
impedance analyses, it is concluded that the Na|Na; 4Zr,Si, 4P Oy, interface
kinetics is dominated by current constriction rather than by charge transfer.
Cross-sections of the interface after anodic dissolution at various mechanical
loads visualize the formed pore structure due to the accumulation of vacancies
near the interface. The temporal evolution of the pore morphology after anodic
dissolution is monitored by time-resolved impedance analysis. Equilibration of
the interface is observed even under extremely low external mechanical load,
which is attributed to fast vacancy diffusion in sodium metal, while equilibra-
tion is faster and mainly caused by creep at increased external load. The pre-
sented information provides useful insights into a more profound evaluation

of the sodium metal anode in solid-state batteries.

In view of the worldwide increasing
demand for storage and supply of elec-
trical energy, the development of pow-
erful rechargeable postlithium-ion energy
storage concepts is intensifying.! Sodium-
based battery concepts are gaining more
attention in research due to the high abun-
dance, feasible accessibility, and low revers-
ible standard potential (Ey(Na) =—-2.71V vs
standard hydrogen electrode) of sodium. In
particular, to increase the energy density of
current sodium-ion batteries huge efforts
are made to replace hard carbon (roughly
530 mAh g2 with the sodium metal
anode (1165 mAh g7).3* However, side
reactions and the formation of dendrites
leading to capacity loss, short circuits, and
cell failure have so far prevented the use of
sodium metal anodes in room temperature
liquid electrolyte-based batteries.!’!
Inorganic ceramic solid electrolytes
(SE) like Na-f’-alumina (BASE)  or
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Na3Zr,Si,PO;, (NZSPO) are often discussed as a possible
solution to overcome this issue since their high mechanical
strength may prevent the growth of dendrites through the sepa-
rator.l) Additionally, replacing potentially toxic and flammable
liquid electrolytes by inorganic solid electrolytes may enhance
safety and environmental compatibility.”!

NZSPO belongs to a solid solution with the general composi-
tion Nay,Z1,Si,P3 O, (0 < x < 3) and was first synthesized in
1976.8% Compared to BASE with its highly anisotropic layered
structure, advantages of NZSPO are its 3D conduction pathways
and lower sintering temperature for achieving a comparable
ionic conductivity of 0.7 mS em™ at 25 °C.% In recent years, lots
of efforts have been made to improve the ionic conductivity of
NZSPO up to 4 mS cm™ (25 °C) through a wide variety of doping
and synthesis protocols.'"l An optimum ionic conductivity is
obtained at a Na* content of x = 3.3 per formula unit, which can
be explained by an enhanced correlated migration process.Ml
This compositional optimization was already reported in 1979,]
but did not find attention in the scientific community. However,
it recently motivated the re-investigation of the above solid solu-
tion and resulted in the ionic conductivity of 5.5 mS cm™ (25 °C)
for the composition Naj 4Zr,Si; 4Py 4015 (NZSP0.4).11

Unfortunately, contact of sodium metal with SEs often
results in a large interfacial resistance Ry, due to impeded
ion transport across the interface, which degrades the cell
performance. To reduce Ry, various approaches such as the
introduction of artificial interlayers and coatings or surface
treatments have been applied. In the case of BASE and NZSPO,
the interfacial resistance Ry, was reduced from a few kQ c¢m?
to a several tens or hundreds Q cm? using various interlayers
based on polymers,[”18! titanium dioxide,” graphene,?”! cotton
fibers,?! AlF;/22 or tin coatings.?>?4 A similar reduction of
Ry is achieved by improving the interfacial contact due to
high external stack pressures or a reduced surface tension of
Na by employing Na/SiO, composite anodes.?>?%] Removing
surface contaminations like carbonates and hydroxyl groups
by heat treatments decreases the interfacial resistance Ry, <
15 ©Q cm?.#28] In recent reports, Ma et al. reduced the interfa-
cial resistance of NZSP0.4 below 1.0 Q cm?, which is attributed
to a self-forming thin Na;PO, layer formed on the surface of the
ceramic during sintering.12°3% However, a detailed analysis
and interpretation of the Na|NZSPO0.4 interface is still missing.

The term “interfacial resistance” Ry, is often used in the lit-
erature as a general term assigned to an impedance contribu-
tion in the medium- and low-frequency range of the spectrum,
describing the interfacial behavior of a metal|SE interface. Unfor-
tunately, mostly it is not properly considered that the “interfacial
resistance” is composed of different processes including charge
transfer (CT) processes, formation of a solid electrolyte inter-
phase (SEI) and current constriction (CC). Especially, the CC
phenomenon is not well established in the field of all-solid-state
batteries and therefore often neglected. For the Na|BASE and Lj|
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Lig 55Al 55La321,01, (LLZO) interface, it has been shown that an
increase in resistance/overvoltage occurs primarily due to pore
formation near the interface.??? As insufficient contact at the
“parent” metal|SE interface leads to the CC phenomenon, it is
likely that the measured interfacial contribution estimated by
impedance spectroscopy is dominated by CC.12833]

In contrast to the charge transfer process or the ion transport
within the SE, the CC effect is not an independent microscopic
electric migration process, but rather a mere geometric effect.
CC occurs at spatially distributed microcontacts between the
metal anode and the solid electrolyte separator, where dissolution
and deposition of the metal take place. It strongly depends on
the interfacial morphology as recently systematically studied by
Eckhardt et al.?#%] According to their work, CC should be dis-
tinguished in “dynamic” and “static” constriction: The impact
of dynamic constriction depends on the excitation frequency of
an applied electric AC field, while the static constriction effect
is independent of external influences, e.g., when the electrode
area is smaller than that of the SEP**] Especially dynamic
CC is strongly affected by the interfacial morphology of pores
formed during anodic dissolution. The presence of microcon-
tacts, however, does not require anodic dissolution to occur, since
it can also originate from insufficient physical contact upon cell
assembly or incomplete insulating interlayers like surface con-
taminations.?*¥] Evidence for CC can arise from a similar acti-
vation energy for the apparent interface resistance and the ion
transport within the SE, as this indicates transport limitation
by the SE in the constriction zone.*® For the Na|NZSPO inter-
face, significantly different activation energies E, |, have been
reported (0.6 eV?% and 0.39 eV*) which were not assessed with
respect to the corresponding bulk properties. Activation energies
can vary significantly depending on the manufacturing process
of the SE (microstructure) as well as on electrode preparation.!

With respect to the formation of microcontacts at the metal|SE
interface under an external current load, it is worth noting that
kinetic studies of the anodic dissolution of metals at a solid|solid
phase boundary have been part of research decades ago. For
instance, processes taking place during the anodic dissolution of
the “parent” metals (Me) Ag and Cu at the Me|SE phase boundary
and the resulting changes at the interface have been investigated
in detail " Anodic dissolution of metals at the phase boundary
leads to the formation of metal vacancies at the interface between
both solids. Without an external load the regeneration of the
original interface can be achieved by the diffusion of vacancies
into the bulk or diffusion-based creep mechanisms like Coble
and Nabarro-Hering creep.* In case of faster dissolution com-
pared to the regeneration of the interface, the contact area will be
reduced and no stationary state is reached. Despite the decrease
of the contact area, metal dissolution can occur by anodic dissolu-
tion of ad-atoms, which are transported to the interface by surface
diffusion along the pore walls. By dissolving these metal atoms,
extended pores are formed, which in turn affect the current dis-
tribution at the interface.*”l Additionally, surface diffusion allows
size equilibration of formed pores driven by the minimization of
the surface energy, which is similar to the Ostwald ripening of
particles (“electrochemical Ostwald ripening”).*!

The mechanical stability of the interface is affected by the pores
formed during anodic dissolution. Movement and relaxation of
dislocations in the metal may breakdown the pore morphology
even causing oscillatory effects at the interface.*l These effects

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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are even more pronounced when external load is applied since
higher strain rates are achieved by different creep mechanisms.*l
Especially for sodium, creep is enhanced due to low yield strength
and high homologous temperature (T, = 0.8) at ambient tem-
peratures.*#] Additionally, the grain size and dislocation density
affect the mechanical properties such as yield strength and there-
fore influences the interfacial kinetic behavior.[*®]

Superposition of different phenomena like interfacial degra-
dation, charge transfer, current constriction, as well as regen-
eration under current load may take place simultaneously at
the Na|NZSP0.4 interface. However, a systematic study to dis-
tinguish these processes is still missing in literature. It is worth
to add that the formation of a highly heterogeneous interface
during anodic dissolution (discharge of the cell) will cause
highly inhomogeneous current distributions during subse-
quent cathodic deposition (plating, during charge of the cell),
and therefore, will inevitably cause cell failure.

To answer the open questions and get deeper insight into the
sodium anode kinetics on NZSP0.4, we performed a series of
experiments under various conditions. First, we consider the
thermodynamic stability of NZSP0.4 against sodium metal and
analyzed the interface using time-resolved impedance analysis
combined with in situ X-ray photoelectron spectroscopy (XPS)
and transmission electron microscopy (TEM).

Second, we studied the kinetics of the anodic sodium dissolu-
tion by pressure- and temperature-dependent impedance analysis.
Clearly, the interface contribution observed by impedance spec-
troscopy is mainly caused by insufficient mechanical contact.?+3]
Based on these results, CC is identified as dominated process at
the interface rather than SEI formation and CT process.

Third, anodic dissolution is examined electrochemically
under different external (mechanical) loads, and the interface
is visualized on the basis of cross sections using focused ion
beam scanning electron microscopy (FIB-SEM) and prepared
under cryogenic conditions. In vacuum with low external
loads (p = 1073 Pa), lens-shaped pores were observed, whereas
at higher loads (p = 0.3 MPa), no regular structures can be
identified. Finally, the temporal development of the dissolved
interface is analyzed electrochemically and equilibration of the
interface is observed at open-circuit voltage (OCV).
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2. Results and Discussion
2.1. Stability of Naj 4Zr,Si, 4Py 01, Versus Na

From a theoretical point of view, the electrochemical stability
window of Na;,Zr,Si,P;_,O;, with x = 2 extends from =1 to
3.4 V versus Na*/Na*0 Increasing the Si/P ratio decreases
the thermodynamic driving force of the decomposition in con-
tact with sodium.?U A similar shift for the stability window is
obtained by density functional theory calculation.’” To date,
only Na;Zr,Si,PO;, has been investigated experimentally for
its stability. Although apparently the same compound was used
in various studies, the resistances obtained for the formed
interphase range from tens of Q cm? to several hundred
Q cm?3%5253 Likewise, the temporal development of the inter-
phases differs significantly in the studies, too. Due to these var-
iations, NZSP0.4 in contact with sodium is analyzed in detail. A
detailed characterization of the used solid electrolyte material is
given in Figure S1 (Supporting Information).

2.1.1. Time-Dependent Impedance Analysis of the Na|NZSPO0.4
Interface

For time-dependent impedance analyses, symmetrical
Na|NZSP0.4|Na cells were assembled in a specially designed
pressure setup (see the Experimental Section for a more
detailed description). Experiments were conducted in an Ar-
filled glovebox to ensure immediate impedance recording after
assembly (time delay <1 min). In Figure 1a, the development
of the total impedance over time is depicted. After assembly
one semicircle with an apex frequency of 1.57 MHz and a cor-
responding capacity of 4.5 nF cm™ can be identified in the
Nyquist plot. The observed contribution is attributed to grain
boundary transport (GB) within the solid electrolyte, as the bulk
transport process is beyond the measured frequency range (see
Figure S2, Supporting Information). During data acquisition,
only slight changes in the apex frequency (1.4 MHz) and the
capacitance (4.3 nF cm™2) were observed, while the real part of
the impedance increases by 6 2 cm? No additional and clearly
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Figure 1. a) Time evolution of the impedance of a symmetrical Na|NZSP0.4|Na cell. Time delay between assembly and recording was <1 min. b) Temporal
development of the temperature-corrected resistance of the interface (gray) and the corresponding values determined from the impedance spectra
depicted in a) (green). Elimination of temperature fluctuations relies on the temperature dependence of the bulk and grain boundary impedance of the

SE. A detailed description can be found in the Supporting Information.
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separated contribution in the impedance data—which could
indicate the formation of an interphase—was observed. How-
ever, it might be possible that the time constants of the GB and
the interphase impedance are too close or that the impact of
the interphase is below the detection limit given by the experi-
mental setup used.

We like to note (see the Experimental Section) that the
impedance measurements were conducted in a glovebox,
as transfer to a climate chamber would have taken too long.
While this helped to quickly observe the impedance after cell
assembly, the glovebox was not perfectly temperature-con-
trolled. A temperature-correction for the measured imped-
ance data was carried out to verify that the observed resist-
ance increase is not caused by the temperature-dependence
of the ionic conductivity of NZSP0.4. A detailed descrip-
tion of the procedure is given in Figure S3 (Supporting
Information).

The temperature-corrected impedance spectra measured
under equilibrium conditions show that any interphase resist-
ance Ryperphase 18 negligibly small as can be seen in Figure 1b.
Additionally, the time dependence of Ryyerphase indicates a self-
limiting behavior. When the measurement was repeated three
times, a mean resistance increase of about 1.3 Q cm? was
observed due to interphase growth (for details see Figure S3b,c,
Supporting Information).

However, as a high uncertainty is obtained for Rjpierphase from
a formal error analysis, the same experiments were also carried
out in a controlled temperature environment. Sealing and tem-
perature stabilization of the cell to 25 °C led to a time delay
of 18 min between assembly and start of data acquisition. A
similar increase of the total impedance as well as a similar time
course support the previous results, as shown in Figure S3d
(Supporting Information). We assume that this small change in
resistance is indeed caused by degradation at the Na|NZSP0.4
interface, i.e., by SEI formation.

2.1.2. In Situ XPS and TEM Characterization of the Na|NZSP0.4
Interface

To investigate the degradation processes at the Na|NZSP0.4
interface, chemical and structural analyses were carried out by
in situ XPS and TEM. First, the surface of the pristine NZSP0.4
was characterized by XPS. Detail spectra of the elements in the
SE as well as the C 1s signal are depicted in Figure S4 (Sup-
porting Information). The binding energies (BE) obtained are
in good agreement with those of NZSPO.265253] Since the sub-
stitution of (PO,)*" by tetrahedral (SiO,)* in the crystal struc-
ture does not affect the chemical environment of phosphorous
and silicon, no shifts in binding energy were expected and
this is confirmed by the experimental data. When NZSPO is
exposed to ambient atmosphere a contamination layer con-
taining carbonates and hydroxyl groups is formed.”’>¥ Along
the C 1s spectrum, mainly C-C bonds and a small fraction of
C-0 bonds were found, probably originating from the residual
atmosphere inside the XPS chamber. As no further signal
(e.g., carbonate) is identified in the C 1s spectra, the presence
of a surface contamination layer is excluded for the material
investigated.
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Chemical changes of the interface by successive deposition
of sodium on NZSP0.4 via sputter deposition inside the XPS
chamber were monitored by intermittent XPS. Figure 2a—c
depicts the development of the Zr 3d, Na 1s, and O 1s signals
with increasing amount of deposited sodium. The evolution
of a shoulder at lower binding energies in the Zr 3d signal
indicates the reduction of Zr* to Zr suboxides by deposited
sodium (Figure 2a). Figure 2d shows the corresponding fit of
the last XP spectrum, where the shoulder at lower binding
energies is described using two suboxides compounds with
binding energies of E,(Zr 3d) = 180.9 eV and E,(Zr 3d)
= 180.0 eV. Similar binding energies have been reported for
the Zr signal in the case of Na;Zr,Si,PO,, after contacting
with sodium metal.’52 Accordingly, the signal at Fy(Zr
3d) = 180.0 eV would indicate a species with an oxidation
state between Zr'* and Zr*, whereas the signal at E,(Zr 3d)
= 180.9 eV indicates species with an oxidation state between
Zr** and Zr3+.>>°% A reliable identification of reduced Zr spe-
cies is challenging as more suboxides could be present or
phases with varying oxygen content formed leading to broad-
ening of the signal. However, to analyze the development of
the reduced Zr species during sodium deposition, we assume
to have only two suboxides.

As shown in Figure 2e, after 15 min of sodium deposition,
no change in the relative atomic fractions of Zr 3d(SE) and Zr
3d(sub-oxides) was observed. Based on the signal attenuation of
the Zr 3d region, roughly 1 nm of Na had been deposited after
15 min, indicating a very thin interfacial layer.

XP spectra of the Si 2p and P 2p regions are shown in
Figure S5 (Supporting Information). Only in the first Si 2p spec-
trum a slightly asymmetric peak shape was observed, which is
probably caused by a cleaning step of the surface using an argon
sputter gun. Due to the similar binding energy (E,(Si 2p) =
101.0 eV) compared to an untreated surface (Ey,(Si 2p) = 101.2 eV,
see Figure S4c, Supporting Information) the effect can be
neglected. However, apart from attenuation, no changes in the
XP spectra were detected in the Si 2p region during sodium dep-
osition, as well as in the P 2p region. Consequently, Si and P are
either not reduced or they form volatile and unstable decompo-
sition products that cannot be detected by XPS.55?

Before deposition, only one signal at E,(Na 1s) = 1071.1 eV
was observed in the Na 1s region, which is assigned to
sodium ions (Na* signal) in the SE (Figure 2b). After the first
deposition cycles, a shoulder appears at lower BE of the Na
1s line, which develops into a separated line with a binding
energy E,(Na 1s) = 1069.1 eV. This is evidence for the forma-
tion of metallic sodium on the SE, which can be confirmed
by the observation of plasmon patterns at binding energies
of Ey(Na 1s) = 1074.9 eV and E,(Na 1s) = 1080.8 eV.’”l The
area below the sodium signal increases after the first depo-
sition of sodium metal. Since differences in BE between
different Na* ion-containing compounds are very small
(<0.5 eV), a differentiation is challenging. However, an oxi-
dation of freshly deposited sodium can be inferred from the
increase in area.

The evaluation of the O 1s signal, shown in Figure 2c, is
complicated due to superposition with sodium Auger electrons.
In addition, depending on the chemical environment, sodium
Auger electrons have different energies.”® Therefore, refer-
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Figure 2. a—c) XP spectra of Zr 3d, Na 1s, and O 1s after different sodium deposition times. Binding energies of the SE, metallic sodium, and reduced
spices are highlighted in orange, gray, and green, respectively. The color coding is maintained in d) and e). d) Detail spectra of Zr 3d after a sodium
deposition time of 60 min. Beside the main peak of the SE two further suboxide signals at 180.9 and 180.0 eV are used for fitting of Zr 3d signal.
€) Relative atomic concentrations in the Zr 3d region with increasing deposition time of sodium. After 15 min, no further change in the composition

of the Zr 3d signal was detected indicating a self-limiting reaction.

ences of sodium Auger emissions are necessary to assess their
influence in the O 1s region and to interpret the O 1s spectrum
properly. Assuming that Auger electrons of Na* have a similar
kinetic energy, Na,O can be used as a reference material to
distinguish between Na’- and Na*-KLL emissions. Hence, the
signal at E, 535.6 eV (Egin(photoelectron(PE)) = 951.0 eV)
can be ascribed to the Auger process Na*-KLL, ;.°) The main
signal at E, = 530.5 eV originates from the oxygen lattice of the

Adv. Energy Mater. 2022, 2202712 2202712 (5 of 17)

SE and attenuates with increasing deposition time. This signal
includes Na* Auger electrons, which is obvious from the emis-
sion pattern, making reliable fitting challenging.>! Therefore,
the formation of Na,O postulated by Gao et al. cannot be con-
firmed based on the results obtained.® Finally, the formation
of metallic sodium was observed by the Na’KL;L,; emission
at Eiu(PE) = 9576 eV with an associated plasmon at Ey;,(PE) =
951.9 eV.
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By comparing the sodium signals (PE and Auger electrons)
obtained from metallic sodium with a reference sample (freshly
prepared sodium foil) calibrated to the Fermi level, a shift of
roughly 2.5 eV to lower energies was found as can be seen in
Figure S6 (green curves) as well as Tables S1and S2 (Supporting
Information). For Na|NZSPO interface a band bending of
0.1-0.6 eV due to the formation of a degradation layer at the
interface has already been reported.’*®l However, a band
bending of 2.5 eV in the case of NZSP0.4 is rather unlikely,
which is why we suspect an additional effect. When sodium
is placed on an electronically insulating tape a similar shift
of about 2.3 eV for the metallic sodium signals, including the
Fermi level, to lower BE is observed (Figure S6 light orange
curves, Supporting Information). Therefore, we suspect that
the observed shift is mainly a sodium-specific effect in com-
bination with electronically insulating measurement setups.
We assume that an equilibration of Fermi levels of sodium in
contact with electronically insulating material does not occur.
The shift of 2.2-2.3 eV is close to the open circuit voltage of a
sodium-oxygen cell (2.27-2.33 V).0 As residual oxygen is pre-
sent inside the XPS chamber, the formation of Na,O in contact
with sodium is likely. As Na,O is a poorly conducting solid
electrolyte and if thin enough, it can separate sodium metal
from residual oxygen, thus forming a sodium-oxygen cell.
During XPS measurements the surface potential is set to zero
by the applied neutralization. Referencing to the cathode active
material (which might be Na,0,, NaO,, or O,) leads to a low-
ering of the Fermi level in the sodium electrode, resulting in
a lower binding energy. Despite a very low oxygen partial pres-
sure inside the XPS chamber, a potential difference of roughly
1.95-2 V can be expected for a local sodium-oxygen galvanic
cell.l®?l A superposition of both effects might be a possible
explanation for the observed shift.

The newly formed Na|NZSP0.4 interface was characterized
8 h after the last step of sodium deposition. As shown in Figure
S7 (Supporting Information), no further changes in the Zr 3d,
Si 2p, and P 2p signals were observed. Only a decrease of the
metallic sodium signals in the Na 1s and O 1s region is found,
which is due to the reaction with residual atmosphere (espe-
cially oxygen). This is shown by quantifying the absolute signal
areas in Table S3 (Supporting Information), since the amount
of oxygen increases while all other areas remain unchanged.

To analyze and visualize the morphology and thickness
of the interfacial degradation layer, TEM characterization
was conducted. For the sample preparation a symmetric
Na|NZSP0.4|Na cell was assembled and stored until the forma-
tion of the interphase has been finished. To excavate the inter-
face by removing one electrode without damaging the formed
interphase, one sodium electrode was anodically dissolved.
Immediately after removal, a copper layer (120 nm) was depos-
ited thermally on the exposed interface as protection layer to
avoid changes. In addition, a Pt layer was deposited for the
preparation of the electron transparent lamella by FIB milling
technique. A detailed description of the preparation is given in
Section S5 and Figure S8, Supporting Information).

The lamella was tilted until the surface of the NZSP0.4 was
aligned parallel to the electron beam and high-angle annular
dark-field (HAADF) scanning transmission electron micros-
copy (STEM) images were recorded. Besides the NZSP0.4
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(Figure 3a, right side) and the deposited protection layer
(Figure 3a, left side), an additional layer on the surface of the
SE with an increased signal intensity can be observed in the
HAADF image. However, clear identification of the formed
interphase is not possible as no clear morphology change com-
pared to the SE is found. Therefore, energy-dispersive X-ray
spectroscopy (EDX) analysis was performed to characterize
the elemental distribution of the layered system. The meas-
ured region is highlighted in Figure 3b and the corresponding
spectra are shown in Figure 3c.

A similar elemental composition is obtained for the protec-
tion layer (region A) as well as the bright layer on the surface
of the NZSP0.4 (region B) which mainly consist of sodium,
oxygen, copper and platinum. As no zirconium (Zr-K, line,
Zr-L, overlap with Pt-M,, line) and only slight amounts of sil-
icon are observed in region B, we do not suspect that this inter-
phase originate from the degradation of NZSP0.4 in contact
with sodium, since a formed interphase should contain all the
elements of the participating reactants.

The presence of sodium and oxygen in the region A and
B originates from the preparation process of the specimen
as residual sodium will be left at the surface after removing
the sodium electrode. Despite a copper protection layer, the
residual sodium degrades even in inert atmosphere during fur-
ther preparation of the lamella. Additionally, the preparation
process also explains the presence of platinum directly on the
surface of NZSP0.4 as the copper layer does not have a proper
contact to the SE and deposition of platinum into the gap is
likely to occur during preparation of the lamella.

Finally, the regions near the surface (C) and the bulk (D) of
the NZSP0.4 sample were analyzed. Comparing both spectra,
a similar elemental composition is observed indicating that no
changes in the near-surface region of the SE occurred. A reli-
able quantification of the SE is not possible as the P signal
cannot be clearly separated from the Zr-L, signal. All other
elements of the NZSP0.4 can be identified in the spectra. The
presence of a Cu signal in regions C and D is probably due to
the copper background of the cryo transfer holder. The experi-
ment was repeated for a second specimen showing similar
results as can be seen in Figure S9 (Supporting Information).

In summary, when contacting NZSP0.4 with sodium a
kinetically stabilized interphase is formed, which appears
to prevent further degradation of NZSP0.4. This interphase
causes a minor increase of Rpgerphase Dy about 1.3 Q cm? and
could not be identified well via TEM. We therefore assume that
NZSP0.4 forms a very thin kinetically stable interface with a
low charge transfer resistance.

2.2. Charge Transfer and Current Constriction at the
Na|NZSP0.4 Interface

Different processes take place at the interface influencing the
interfacial kinetics such as charge transfer, space charge layer
formation, defect relaxation, crystallization phenomena, dif-
fusion, or current constriction.¥ Usually, any low-frequency
impedance of the Na|NZSPO interface is considered as an
interface-related impedance and assigned to charge transfer,
however, without clear proof.?%2#> As discussed in the
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Figure 3. a) High-angle annular dark-field (HAADF) scanning transmission electron microscopy (STEM) image of the prepared electron transparent
lamella from the Na|NZSP0.4 interface. Based on different morphologies, the NZSP0.4 solid electrolyte separates clearly from the deposited protection
layer. b) HAADF-STEM image of the red marked region in a) at higher magnification. c) Energy-dispersive X-ray spectroscopy (EDX) spectra of selected
regions which are highlighted in green and orange in (b). The measured spectra are shown in light gray, while the model spectra are presented in the
respective color (orange and green). No changes in the elemental composition are observed in the near-surface region of the NZSP0.4 compared to

the bulk.

Introduction, contact loss and the rise of current constriction
at a few remaining contact points lead to an additional imped-
ance contribution in the low-frequency region. Pressure- and
temperature-dependent potentiostatic electrochemical imped-
ance spectroscopy (PEIS) analysis allows to estimate whether
the effect of current constriction or charge transfer is domi-
nating the overall interfacial resistance, as has been shown for
the Li|LLZO interface.’3’]

2.2.1. Pressure-Dependent PEIS Analysis of Na|NZSP0.4 Interface

The physical contact area between parent metal and the SE
can be adjusted by applying external force (pressure). Since
the interfacial contact area between parent metal and SE is
proportional to the number of microcontacts, Ry, should
decrease upon increasing the contact area, density, and size of
microcontacts. To investigate the role of these microcontacts,
a Nap,|NZSP0.4|Nay; cell was assembled whereby one elec-
trode has a low load-bearing contact area denoted as Nay, in
the following. The other sodium electrode, called Nay (ideally
reversible), can be seen as a quasi-reference electrode (QRE), as
described in detail in the Experimental Section.
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The contact at the Nayp|NZSP0.4 interface was adjusted
by applying external load to the Na,NZSP0.4|Najq cell. The
external force was gradually increased, and each force was
applied for 30 s. After each step, the force was released so that
the interfacial contact area does not change during the imped-
ance analysis. The obtained impedance spectra are shown
in Figure 4a. With an initial force of roughly 1 N, clearly two
semicircles are observed at an apex frequency of 1.08 MHz and
88 kHz and with capacitances of 4 and 34 nF cm™2, respectively.
The contribution in the high-frequency range can be assigned
to the GBs in NZSP0.4 and the one in the lower-frequency
range to the interface (see Section S2 for details, Supporting
Information).

The impedance data were fitted with the equivalent cir-
cuit shown in Figure 4a. The results for the interfacial resist-
ance Ry, and capacitance Cy, at different loads are shown in
Figure 4b. Starting from Ry, = 53 Q cm?, the interfacial resist-
ance declines with increasing force and becomes 7 Q cm? at an
applied force of 215 N (details for normalization are given in
Section S6, Supporting Information). The changes in resistance
with increasing external load are significantly larger compared
to the small resistance of the electrode interphase (as deter-
mined in Section 2.1.1), and thus, we can neglect the latter. The
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Figure 4. a) Impedance data of a sodium WE attached to a NZSP0.4|Naj4 half-cell. The external force was gradually increased. At each step a uniaxial
force was applied for 30 s. The impedance spectrum labeled with “isostatic” was obtained with an isostatic pressure of 100 MPa applied for 15 min. All
impedance spectra were recorded at a base external force of 1 N to avoid changes of the contact area during the measurement. The equivalent circuit
depicted in (a) was used for fitting of the impedance data, which is visualized as lines. b) Resistances and capacitances of the interface contribution
as a function of the external force. Shown uncertainties originate from the fitting process and were given by the software used. With increasing force,
the capacitance rises, whereas the resistance falls. The given pressure is estimated by the applied force and the geometric electrode area after the

experiment.

local pressure on the scale of the microcontacts is unknown
as the electrode and contact area of the sodium foil increases
during force application due to plastic flow, and therefore, we
prefer to report force rather than pressure. The pressure given
in Figure 4b is related to the geometric electrode area after the
experiment to give an estimate of the pressure.

At high isostatic pressures of 100 MPa, Ry, is significantly
reduced to less than 1 Q cm?. However, an interfacial resist-
ance can still be identified in the impedance spectrum, as can
be seen from the asymmetric impedance shape in Figure 4a
and is even more evident in the distribution of relaxation times
(DRT) analysis (see Figure S10a and the Experimental Section
for details, Supporting Information). The observed Ry, might
be caused by degradation of the sodium electrode due to long
exposure to glovebox atmosphere rather than to Rpperphage-

The interfacial capacitance shows an opposite trend com-
pared to the resistance and rises with increasing force. This
also indicates that the contact area between the sodium elec-
trode and NZSP0.4 is increasing, i.e., the interfacial contact
is improving, increasing the double layer capacitance at the
interface.l4

In addition to the external (mechanical) load during the con-
tacting of sodium and SE, the time period and the directional
anisotropy of the load (uniaxial vs isostatic) are also decisive
for the interfacial contact. Three Na,NZSP0.4|Nay4 cells were
assembled whereby different external loads at defined time
periods were applied to prepare the working electrode (WE).
The corresponding impedances are shown in Figure 5a.

Even at a uniaxial pressure of 1.7 MPa, no interfacial contri-
bution was detected in the Nyquist plot, which is verified by
DRT analysis (Figure S10b, Supporting Information). When
the external load was increased to 11 MPa (uniaxial) or 100 MPa
(isostatic), there was only a slight decrease in the total imped-
ance of 2.5 Q cm?, which clearly shows that the interfacial con-
tact is nearly optimal, even at low loads. A reason for this might
be the surface roughness of the SE, as a rough surface leads to

Adv. Energy Mater. 2022, 2202712 2202712 (8 of 17)

higher local stress and plastic flow even at minor external loads.
When an ideal interfacial contact is already achieved at minor
loads, further increase of pressure does not significantly reduce
the total impedance.

The influence of the specific processing to establish the
Na|NZSP0.4 interfacial contact gets even clearer when com-
paring a gradual load increase (Figure 4a) and a one-step load
preparation protocol (Figure 5a). While a stepwise increase of
the load yields an interfacial contribution of about 25 Q cm?
when reaching 1.7 MPa, no contribution was observed by a one-
step load preparation. We interpret this apparent discrepancy
as follows:

When sodium is pressed onto the SE, point contacts are ini-
tially present at the interface. Due to a significantly higher con-
tact stress at these contact points compared to the bulk mate-
rial, the dislocation density is locally increased. A higher dislo-
cation density leads to strain hardening, which in turn requires
higher pressures for the deformation of sodium. However, the
locally increased dislocation density will decrease by recovery
and recrystallization processes, which in turn proceeds with
time. Therefore, strain hardening is normally not observed
for sodium due to the high homologous temperature (T}, =
0.8) at ambient temperature, which enhances recovery. How-
ever, as high strain rates and short relaxation times (1 min)
were used for the stepwise pressing, complete recovery is
unlikely, resulting in strain hardening at the interface. Addi-
tionally, sodium gets harder by increasing the strain rate.l*
The recovery (annihilation of dislocations) and recrystallization
is a function of time.l®}l Second, the longer handling inside
the glovebox of the previous experiment led to a formation of
surface contaminations like sodium oxide. Such contamina-
tion may enhance the effective yield strength.* The formed
contaminations may also explain the small but present inter-
facial contribution after applying a pressure of 100 MPa in the
previous experiment compared to the impedance data shown
in Figure 5a.
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Figure 5. a) Impedance spectra of three different Na|[NZSP0.4|Naj4 cells with the WE pressed on the SE at 1.7 MPa for 60 s, 11 MPa for 60 s, and 100 MPa
for 900 s. The abbreviations “iso.” and “uni.” represent isostatic and uniaxial pressure. For each pressure, cross-sections of the Na|NZSP0.4 interface
are shown at low magnification b), d), and f) and at high magnification in (c), (e), and (g). Images described with BSE indicate a back-scattered electron
image, whereas SE2 describes a secondary electron image. The arrows indicate pores at the Na|[NZSP0.4 interface.

Cross-sections of Na|NZSP0.4 interfaces are shown in
Figure 5b-g for differently applied pressures. For all pres-
sures, full interfacial contact is seen in the backscattered elec-
tron images at low magnification level. However, by increasing
the magnification, pores with a size of a few hundred nanom-
eters are visible at the interface assembled with a pressure of
1.7 MPa. The number of pores as well as their size decreased
after applying 11 MPa, but pores were still present. Only at
an isostatic pressure of 100 MPa an apparently fully contacted
interface was achieved without pores at the interface.

From a geometrical point of view, if an electrically insulating
pore is present between the sodium and the SE, there should be
a (dynamic) constriction-induced contribution in the resulting
impedance spectra.3*! Surprisingly, despite the presence of
pores at the interface at 1.7 and 11 MPa, the constriction con-
tribution cannot be clearly identified in the associated imped-
ances. One possible explanation for this could be the similar
time constant of the pore-induced current constriction and that
of the SE grain boundary transport process.

Current constriction is also affected by distribution of the
contact area at the interface as a finer distribution leads to a less
pronounced constriction effect in the impedances, i.e., the con-
striction resistance decreases.}¥ A finer distribution minimizes
the distance between the center of the contact spots and the
centers of the pores. As can be seen in Figure 5c—e, pores are
only formed in “valleys” due to the higher surface roughness of
the SE (R, = 0.19 um). Thereto, smaller pores with a finer dis-
tribution are observed which may result in difficult separation
of the CC signal and the GB transport contribution. Similar
behavior has been observed at the Li|LLZO interface, where the
CC signal vanishes almost completely despite a native passiva-
tion layer between metal electrode and the SE.”) Accordingly,
the surface roughness of the SE plays an important role for the
impedance behavior of the metal|SE interface.
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2.2.2. Temperature-Dependence of the Impedance

To gain a deeper understanding of the interfacial kinetics
between sodium and NZSP0.4, temperature-dependent imped-
ance analyses were performed. Three types of cells with dif-
ferent interfacial contact were analyzed and the activation
energies E, for each transport process including bulk, GB, and
interface were determined based on the brick layer model.l®]
The respective impedance spectra and Arrhenius plots are
shown and discussed in Figure S11 (Supporting Information).
The values for the activation energies determined are summa-
rized in Table S4 (Supporting Information). Independent of
the cell type (electrode material and interfacial contact) similar
values of E, ;. = 0.26 eV and E, g3 = 0.36 eV are obtained. Only
for Nay,[NZSP0.4|Nay cells an additional interfacial contribu-
tion is observed in the low-frequency range with an activation
energy E, 1, = 0.37 eV, which is quite similar to E, cp

As mentioned above, non-ideal electrode contacts give rise
to a constriction impedance, as recently discussed by Eckhardt
et al.’%] In the following, we will discuss whether the concept
of current constriction applies to the Na, [NZSP0.4 interface.

Pressure-dependent experiments demonstrate that poor
interfacial contact is the major issue for a high interface-
related resistance, which vanishes completely after increasing
the external load. Additionally, no further contributions can be
resolved by impedance analysis at near-ideal contact situations,
and the bulk and GB activation barriers are similar to those of
symmetrical AulNZSP0.4|Au cells. This implies that the charge
transfer between electrode, interlayer and solid electrolyte is
not the rate-determining step. As shown in Section 2.1.1, any
charge transfer step, even involving the thin SEI interlayer, cor-
responds to a resistance contribution of only about 1.3 Q cm?.

Due to current constriction, an inhomogeneous poten-
tial distribution is caused near the interface in the SE which
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homogenizes when going into the bulk of the SE. Hence,
the volume of the SE near the interface is influenced by the
inhomogeneous potential, ie., by current constriction.34
The microstructure (grains and grain boundaries) within this
volume strongly affects the activation energy of the constric-
tion resistance, as the CC effect does not reflect an independent
microscopic electric migration process. For the limiting case
of a Najsingle crystal SE interface a similar activation energy
of bulk E,p, and constriction E, ¢ is expected since the ion
transport in the SE is the limiting step.l’®®’l In the case of a
Nalpolycrystalline SE, grain boundaries affect the total con-
ductivity. Depending on the grain boundary arrangement
(number of grain boundaries at the interface and grain size)
near the Na|SE interface and on the relaxation time of dif-
ferent charge transport processes, the activation energy of the
constriction resistance E,cc may approach that of the grain
boundaries E, ¢p.?>%® Therefore an activation energy between
E, puic and E, cp is expected for E, cc. Such a behavior has been
observed for the Na|BASE interface as well as for the LiLLZO
interface.?#33 In the case of the Nay[NZSPO0.4 interface, E, 1y
(0.37 eV) is equal to E,gp and significantly larger than E, pu
(0.26 eV). The higher activation energy of the interface E,
can be explained by two effects. Given the small grain size
(see Figure S1, Supporting Information), the high GB density
should result in an E, ¢ close to E, gp.**) Second, LLZO as well
as BASE are stable in contact with their alkali metal, while this
is not the case for NZSP0.4. Hence, the formed interphase will
also influence the overall ion transport across the interface.
Depending on the activation energy of the Na* ion transport
through the formed interphase, E, meerphaser the determined
Ea,Int will be hlgher (Ea,Imerphase > Ea,CC) or lower (Ea,lnterphase <
Eycc)- If Eymterphase > Eace, this would lead to a higher E
even when the total increase in resistance is comparably small.

Based on these results, we conclude that charge transfer
at the Na|NZSP0.4 interface is not the rate-determining step,
but current constriction. The vanishing interface impedance at

a) 130
120 4
110 4
100
90 A
80
70 A
60
50
40 4
30
20 +
10 4

Nay

Anodic
NZSP0.4  S—

Najy

@ Spectra
— Fit

NZSP0.4

Najy

Bulk GB Interface

=0T

=Im(2)/ Q -cm?

L T L T . |
0 20 40 60 80 100 120 140 160

Re(2) / Q -cm?

b)

c) 75 -

www.advenergymat.de

increased external loads as well as the similar values of E, 1,
and E, ¢p give evidence for this interpretation.

2.3. Na|NZSP0.4 Interface During Anodic Dissolution

Recent studies have shown that the overpotential at alkali
metal|SE interfaces increases during anodic dissolution of the
metal, while it remains unchanged during deposition."
The rising overpotential is explained by local loss of contact
and the formation of pores at the interface. Hence, the pore
formation during anodic dissolution is the limiting phenom-
enon during the cycling of metal|SE interfaces as inverting the
current direction leads to dendrite formation due to current
focusing. To monitor the evolution of the Na|NZSP0.4 interface
during anodic dissolution, an alternating approach comprising
chronopotentiometry (CP) and PEIS has been used as a dis-
solution protocol. During dissolution, the current density was
incrementally increased from 67 to 340 pA cm™2.

With proceeding dissolution, an additional contribution
in the mid-/low-frequency range (<100 kHz) of the measured
impedance spectra was observed in the Nyquist plots depicted
in Figure 6a. This additional impedance contribution is attrib-
uted to the CC effect at the interface. The equivalent circuit
depicted in Figure 6a was used for fitting the impedance data.
The series resistance describing bulk transport in the solid elec-
trolyte was assumed to be constant. The results are summarized
in Figure 6b. Within the first 200 min, all resistances remain
unchanged (see Figure 6b), which is in accordance with the
constant potential curve depicted in Figure 6¢. After 350 min,
Ry rises strongly until the experiment was finished, while
Rpui and Rgp do not change significantly. Clearly, Ry, is mainly
responsible for the increasing overpotential (see Figure 6¢)
during anodic dissolution. Cp,; decreases with increasing dis-
solution time highlighting the contact loss at the interface and
is consistent with the described CC effect.>*35] After reaching
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Figure 6. Anodic dissolution of sodium at the Na|NZSP0.4 interface with an applied uniaxial pressure of 11 MPa to gain an ideally reversible electrode
(Nayg). The dissolution was conducted at 25 °C without external load, despite a small pressure required for contacting the current collectors. The
sodium electrode was dissolved in intervals of 60 s by chronopotentiometry (CP) and then characterized by PEIS. a) Selected impedance spectra during
anodic dissolution. With increasing dissolution time, an interface-related contribution forms at low frequencies. b) Temporal evolution of determined
resistances for bulk, grain boundary, and interface as well as the capacitance of the interface. c) Voltage profile of the anodic dissolution at current

densities of 67, 240, and 340 pA cm™2 up to a cut-off voltage of 60 mV.
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Figure 7. a) Voltage profile of a symmetric Na;y|[NZSP0.4|Naj4 cell in which one electrode was anodically dissolved in vacuum (orange) and at an external
pressure of 0.3 MPa (green). The marked points A, B, and C show after which dissolution times cross-sections of the interface have been prepared and
investigated. Cross-section of the Na|[NZSP0.4 interface after a dissolution time of T h in vacuum at b) low and c) high magnification. Cross-section of
the interface after a dissolution time of 1.5 h in vacuum at d) low and e) high magnification. The red circle indicates an insulating gap at the interface.
Cross-section after a dissolution time of 2.5 h with external load of 0.3 MPa at f) low and g) high magnification.

the cut-off voltage of 60 mV after 700 min a total amount of
28 pmol sodium was dissolved, which corresponds to a thick-
ness of about 16 pm normalized to the geometric electrode area.
Following the anodic dissolution steps, the activation ener-
gies of the different resistance contribution were determined.
The activation energies for bulk, grain boundary, and interface
(see Table S4, Supporting Information) agree with the results of
the previous section and give a consistent picture. Regardless of
whether contact loss results from insufficient pressure during
preparation or from anodic dissolution, the rate-limiting step
is not affected. It is current constriction, which originates from
the pores at the interface, thereby increasing the overvoltage.
The interface morphology formed during anodic dissolution
was visualized by FIB-SEM cross-section. For preparation of the
cross-section, the dissolution was paused and cells were trans-
ferred to the FIB-SEM system. After imaging the dissolution
experiment with the same cell was continued. A strong depend-
ence of the pore morphology on the applied external load is
observed. Two symmetrical Na;y[NZSP0.4|Na;q cells were assem-
bled and anodic dissolution was carried out at different external
loads. To minimize the influence of creep and plastic deforma-
tion driven by an external load on the formed pore morphology,
dissolution of one cell was performed inside the vacuum of an
SEM at a pressure of p = 1073 Pa. Detailed information on the

Adv. Energy Mater. 2022, 2202712 2202712 (11 0f17)

experimental set up is given in the Experimental Section. The
obtained potential profile is given in Figure 7a. Starting with a
potential of about 8 mV, a constant voltage plateau at Eyg =
10 mV was observed within the first hour. In the subsequently
recorded cross-sections at the interface in Figure 7b,c, indi-
vidual and separate lens-shaped pores can be seen. However, a
larger part of the sodium electrode is still in contact with the SE.
Upon further dissolution, a potential step from 10 to 20 mV is
observed, which is due to different temperatures during indi-
vidual dissolution steps. Since the experiments were conducted
inside an SEM, exact temperature control was not possible.
After a total dissolution time of 80 min, the initially flat poten-
tial profile develops into a steep increase. To visualize the pore
morphology before complete contact loss is approached, the dis-
solution was stopped at a cut-of voltage of 36 mV. An increase
in pore size after the second dissolution step is obvious, while
maintaining a lens-shaped form (Figure 7d.e). Besides the
growth of pores, very shallow pores are also observed leading
to a large insulating gap at the interface (Figure 6d red circle).
Therefore, the interfacial contact area between sodium and
NZSP0.4 is drastically reduced to a few contact points explaining
the steep increase in overpotential.

In the second case, an external load of 0.3 MPa was applied,
while a current density comparable to the previous cell was
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used for anodic dissolution. At a comparable initial potential
of 9 mV, no constant plateau was observed with an external
pressure, but rather a linear increase until a cut-off voltage of
20 mV was reached (Figure 7a, green curve). Even after a dis-
solution time of 2.5 h, no steep increase of the potential was
observed. The amount of sodium dissolved under low-potential
conditions can be significantly increased with external pressure.

Compared to the previous cross-sections, no lens-shaped
pores were obtained when dissolving anodically with external
pressure. Still, large regions with interfacial contact are present
at the interface (Figure 7f), while small pores were found only
at some spots (Figure 7g). In these regions of contact loss, only
“pillars” of the SE were still in contact with the electrode, while
“valleys” were no longer in contact. Especially, small grains
located in “valleys” were not contacted to the sodium electrode,
introducing and enhancing the CC at this interface.

When comparing the result of the experiments conducted
at different pressures, it must be noted that the time delay
between the preparation of cross-sections and the end of anodic
dissolution differed significantly. While a cross-section was
prepared immediately after anodic dissolution in the SEM (at
p = 107 Pa), the external pressure of 0.3 MPa acted signifi-
cantly longer in the corresponding experiment (10 h after end
of anodic dissolution). A direct comparison between the two
series of measurements is therefore challenging. Nevertheless,
with an external pressure and a subsequent resting phase, a
significantly higher amount of sodium can be dissolved without
deteriorating the interfacial contact significantly.

2.4. Temporal Evolution of the Interface after Anodic Dissolution

Finally, the temporal evolution of the Na|NZSP0.4 interface
after anodic dissolution was examined by impedance spec-
troscopy. For this purpose, a sodium anode in a symmetrical
Na;g[NZSP0.4|Nayy cell was dissolved at a current density of
350 pA cm™2 under atmospheric pressure. Immediately after
completion of the anodic dissolution, impedance spectra were
recorded in intervals of 5 min to monitor the development
of the interface behavior. To record changes of the interface
during dissolution, galvanostatic electrochemical impedance
spectroscopy (GEIS) was used.

Similar potential curves (Figure 8a) and a comparable imped-
ance evolution (Figure 8b,c) were observed for continuous
anodic dissolution, analogous to the successive dissolution in
Figure 5a,c. After the dissolution had been finished, a strong
decrease of the total resistance by several hundred Q cm? is
seen in Figure 8d,e. Within the first 20 min of this relaxation
period the drop of resistance is pronounced. After 13 h of rest,
the total resistance is only 7 Q ¢m? higher than in the initial
state indicating recovery of the interface. During the transition
of the dissolution to the relaxation phase, a “swerving” as well
as a “rolling in” of the impedance shape in the low-frequency
range is monitored. The reason for this is the nonstationary
interface state since significant changes of the interface take
place during the impedance recording. This shows that strong
relaxation effects occur at the interface directly after dissolution.

Following the resting phase, a second anodic dissolution of
the same electrode was performed, whereby a potential curve
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similar to the first dissolution was obtained. In Figure 8f,g, the
Nyquist plot of the pristine cells, after the dissolution and com-
pletion of the relaxation are shown. A decrease of impedance
is also observed after a second dissolution step, which reached
nearly the initial state indicating repeated equilibration at the
Na|NZSP0.4 interface after continuous dissolution. Comparing
the dissolved amounts of sodium, only one sixth (1.2 pm)
could be dissolved during the second dissolution compared to
the first dissolution step (7 pm). Thus, despite nearly identical
impedances after resting, irreversible changes to the pristine
interface are caused.

To check whether the observed and described equilibration
is caused by the external load even when only atmospheric
pressure was applied, the experiment was repeated at a pres-
sure of 107 Pa. Figure S12 (Supporting Information) shows the
potential curves and the impedances recorded during relaxa-
tion. Abrupt changes of the potential curve toward the end of
the dissolution are probably due to the electronic contacting
of the cell inside the vacuum chamber. The results obtained
during the first dissolution step are identical to those obtained
with atmospheric pressure. In the subsequent resting phase,
also a decrease in total resistance is monitored, which indi-
cates dynamic processes at the Na|NZSP0.4 interface even at
extremely low external loads. Compared to the previous experi-
ment, the equilibration of the interface after anodic dissolu-
tion is clearly less pronounced as the total resistance tends to
a higher value (120 Q cm?) compared to the initial resistance
of the pristine cell (42 Q cm?). Furthermore, only 73 nm of
sodium can be dissolved in a following dissolution step.

We like to note that the quantity used to assess the equi-
libration of the interface is the current constriction contribu-
tion in the measured impedance. The impedance contribution
of current constriction is affected by the properties character-
izing an interface, e.g., contact area, pore size, and distribution
of contact points.3*3% Thus, the observed equilibration and
the measured impedance contribution result from a change
of the interfacial properties after dissolution and cannot be
assigned only to an improvement of the contact area. Reduc-
tion of the pore size can occur through diffusion of vacancies
into the bulk of the metal. Also, ad-atom diffusion can change
the pore structure so that the surface energy is minimized
(Ostwald ripening). Both processes show a pronounced time
dependence with respect to changes in the pore morphology
at the interface. Besides diffusion and energy minimization,
mechanical properties of the metal electrode, especially creep,
affect the interfacial pore morphology, too. Depending on
temperature, microstructure (grain size and shape), disloca-
tion density and applied stress, different mechanisms of creep
dominate the deformation of polycrystalline materials. Due to
the high homologous temperature and the low yield strength
(0.2-0.3 MPa), deformation of sodium at room temperature
and atmospheric pressure is mainly dominated by dislocation
climbing, rate-limited by lattice diffusion.l*6#] At low external
stress, the deformation of sodium is dominated by lattice
diffusion, known as Nabarro-Herring creep.’” Compared to
diffusion-based creep mechanisms such as Nabarro-Herring
and Coble creep, higher strain rates are obtained with dislo-
cation creep, which explains the larger amount of dissolved
sodium at higher external load.l*Y
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Figure 8. a) Voltage curve of a symmetric Nag NZSP0.4|Nay cell dissolved anodically by galvanostatic electrochemical impedance spectroscopy at a
current density of 350 LA cm™2. After reaching the cut-off voltage of 1V, the electrode was analyzed by PEIS in intervals of 5 min until the change of the
real part of the impedance is <1 Q. The described procedure was repeated with the same electrode. b) Development of impedance (GEIS measurement)
during anodic dissolution of the WE with an enlarged section in (c). Analogous to the previous measurements, impedance increases with increasing
dissolution time. d) Obtained impedance data during equilibration period are shown in (d) and (e). A clear drop of the total resistance can be seen
in (d), which is close to the original impedance. Representation of selected impedance spectra (marked as colored points in (a)) before and after a
dissolution step as well as after completion of the relaxation of the entire measurement protocol are given in (f) and (g).

We assume that the observed interface equilibration is mainly
due to creep of sodium, in addition to the minimization of sur-
face energies and the annihilation of vacancies. When lowering
the external stress to a minimum (10~ Pa) equilibration is still
observed, which is attributed to vacancy diffusion, meaning dif-
fusion due to a concentration gradient. Since creep is pressure-
and time-dependent, the amount of sodium that can be dissolved
after equilibration is also determined by the dissolution protocol.
For instance, a stepwise dissolution could dissolve significantly
more sodium (16 um) compared to a continuous dissolution
(7 um), similarly to the effect of a discontinuous charging and
discharging protocols known from rechargeable lithium metall!
or lithium-ion-batteries.”? This is especially crucial for real bat-
tery applications, in which significantly different dissolution pro-
tocols would be needed depending on the required application.

3. Conclusions

In this study, a detailed electrochemical analysis of the interfa-
cial behavior of NZSP0.4 in contact with sodium is presented.

Adv. Energy Mater. 2022, 2202712 2202712 (13 of 17)

Exploring its thermodynamic stability, the formation of a
kinetically stabilized interlayer (SEI) within 4 h after contacting
through the reduction of zirconium monitored by in situ XPS
was observed. The influence of the formed interphase resist-
ance Riperphase is below 2 Q cm? and could not be fully resolved
by impedance spectroscopy, but clearly identified by TEM. We
conclude that the SEI formation of NZSP0.4 allows stable oper-
ation of the sodium anode.

In the next step, we measured the interfacial impedance at
different pressures and temperatures under equilibrium con-
ditions. We found that the interface contribution to the imped-
ance spectrum at low frequencies is caused by current con-
striction, i.e., by non-ideal physical contact between sodium
and NZSP0.4 due to insufficient mechanical pressure. Based
on the similarity of the determined activation energies for
E,m: and E, gp, as well as a completely vanishing interfacial
resistance at high mechanical pressures, neither the formed
SEI nor the charge transfer limit the ion transport across the
Na|NZSP0.4 interface.

Third, we studied the formed interfacial morphology at the
Na|NZSP0.4 interface during anodic dissolution of the metal
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electrode at different external loads. Impedances recorded
during anodic dissolution support the conclusion of current
constriction being the origin of the interfacial resistance Ry
Visualization of the interfacial morphology by FIB-SEM after
anodic dissolution reveals the formation of lens-shaped pores
when no external pressure was applied during dissolution,
whereas with external load, smaller, shallower insulating gaps
were observed.

Finally, the temporal evolution of the interfacial morphology
after anodic dissolution was analyzed by means of time-
resolved impedance spectroscopy. Independent of an external
pressure, a decrease of the interfacial contribution with time
was observed in the impedance spectra after anodic dissolution,
which we interpret as dynamic change of the interfacial pore
structure. The cause of equilibration without external pressure
is attributed to diffusion of vacancies (like Nabarro-Herring
creep) as well as ad-atoms. Applying an external pressure leads
to a pronounced equilibration which is attributed to a more
enhanced dislocation creep of sodium. Accordingly, for real bat-
tery applications, resting periods for equilibration of interfaces
play a central role to maintain interfacial contact in addition to
external load.

To gain a better understanding of the equilibration, further
studies are necessary regarding the influence of current density
and temperature. Based on the results, the sodium metal anode
could show less degradation due to pore formation during cell
discharge compared to the lithium metal anode especially in
low temperature regions—which may also reduce the dendrite
risk during charging.

4. Experimental Section

Synthesis of Solid Electrolyte: NZSP0.4 powder was synthesized on
a 1 kg scale using a solution-assisted solid-state reaction method
(SA-SSR).6l NaNO; (VWR), ZrO(NOs), (Aldrich), Si(OCH,CH;)s
(Merck), and NH4H,PO, (Merck) were used as starting materials
with a purity of >99%. Stoichiometric amounts of NaNO; and
ZrO(NO3), were dissolved in deionized water. A stoichiometric
amount of Si(OCH,CHj), was also added to the solution while
stirring. When Si(OCH,CHj;), was hydrolyzed, the stoichiometric
amount of NH,H,PO, was added to the system during stirring. The
whole mixture was dried at 85 °C. The dried powder was calcined
at 800 °C for 3 h. After calcination, a white powder was obtained.
The calcined powder was then milled in ethanol with zirconia balls
on a milling bench for 48 h, and dried at 70 °C for 12 h. NZSP0.4
powder was put into a cylindrical pressing mold (diameter of 13 mm)
and pressed with a uniaxial pressure of about 100 MPa at room
temperature. The pressed pellets were sintered at 1280 °C for 5 h.
The obtained pellets were white in color and had a thickness of about
2 mm and a diameter of 10 mm. The relative density of the sintered
pellets was >95%.

Materials Characterization: The synthesized NZSP0.4 SE was
characterized using a PANalytical Empyrean powder diffractometer in
Bragg—Brentano ©—0 geometry. A Cu Koy , radiation (A(c1) =1.540 596 A,
A(0) = 1.544 410 A) X-ray source was used and operated at 40 kV and
40 mA. Measurements were recorded in the 20 range of 10°-90° with a
step size of 0.026° using a PIXcel3D 1x1 detector. For the measurement,
the sample was manually ground and placed on a (911) orienting silicon
zero background holder. Examinations of the microstructure of the
surface were carried out using a Carl Zeiss Ultra field emission SEM
instrument (Merlin). Surface roughness of the SE was determined using
a profilometer (Alpha-Step D-600 Stylus, KLA Tencor). The R, value was
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averaged from three measurements with a scan length of 0.5 mm and a
force of 1 mg.

Cell Assembling/Preparation: For electrochemical characterization of
bulk and grain boundary properties, symmetrical AuNZSP0.4/Au cells
with blocking electrodes were analyzed. Gold electrodes with thicknesses
of 200 nm were prepared by thermal evaporation. The electrode area
was determined by evaluating optical images of the electrodes utilizing
the software package Image).”’l NZSP0.4 was used without any further
surface treatment or polishing step. Afterward the cells were sealed in
pouch bags to ensure inert atmosphere during measurements.

All impedance measurements for the study of the interfaces were
performed on symmetrical Na|NZSP0.4|Na cells. A straightforward
analysis of both interfaces by impedance spectroscopy is only possible
in the case of identical interfaces in equilibrium. If this condition is
not fulfilled, the introduction of a reference electrode is necessary to
distinguish both interfaces. Since establishing a reference electrode for
ceramic solid electrolytes is challenging, a QRE was used to monitor
changes in an interface as has been shown for the Li|LLZO interface.¥]
Using a two-electrode setup, one electrode has to be a resistance-
free quasireversible interface, as demonstrated by Krauskopf et al.’%]
By applying high external pressure, a virtually resistance-free interface
Na|NZSPO0.4 has also been obtained (see results). If a “normal” sodium
electrode (working electrode, WE) with a higher interfacial resistance is
combined with a QRE Na|NZSP0.4 half-cell, the contribution of the CE is
minimized, and quasi only the WE is monitored.

For preparation of QRE Na|NZSP0.4 half-cells sodium foils were
freshly prepared in an Ar-filled glovebox. Surface impurities were
mechanically removed from a sodium ingot. The resulting clean
sodium was pressed gradually to a foil with a thickness of =150 um
using a hand press. Electrodes with a diameter of 6 mm were
then punched out and attached to a copper foil (10 mm in size).
Before placing the sodium foil on the SE, the sodium surface was
mechanically cleaned again. The other side of the SE was covered
with a thin copper foil to protect the surface during the pressing
process. Subsequently, the sodium foil was pressed onto the SE with
a uniaxial load of 11 MPa for 1 min. For pressure control, an in-house
built pressure setup equipped with a compression load cell FC22
(TE Connectivity) was used. Afterward, the cells were vacuum-sealed
four times in plastic envelopes (CPR GmbH, Sonodome) and pressed
isostatic at 100 MPa for 15 min at room temperature. To ensure that
the formation of the interlayer was complete, the QRE half-cells were
stored for 24 h in Ar atmosphere. The preparation of the sodium
WEs varied and will be described for each experiment individually.
A schematic illustration of the preparation process is shown in
Figures S13 (Supporting Information).

To study the influence of pressure on the Na|NZSP0.4 interface,
a sodium foil was pressed onto a QRE half-cell. Thereto, the cell was
sandwiched between two Ni current collectors in a home-made pressure
setup. The targeted pressure was maintained for 20 s and released
afterward to a base load corresponding to 1 N (about 20 kPa). Reaching
the base pressure, impedance spectra were recorded in the frequency
range between 7 MHz and 10 Hz with a voltage amplitude of 10 mV using
an SP-300 potentiostat (BiolLogic Sciences Instruments). Afterward,
the force was increased to a higher value than before, maintained for
20 s and released to the base pressure, followed by an impedance
measurement. The procedure was repeated several times until a force of
215 N (about 4.2 MPa) was reached. The experiment was conducted in
an Ar-filled glove box at room temperature.

For time-dependent impedance measurements, sodium WE was
attached on a NZSP0.4|Na;y QRE half-cell using a uniaxial pressure of
11 MPa for 1 min. Directly after assembly, impedances were measured
at intervals of 5 min with the previously described SP-300 potentiostat
in the frequency range between 7 MHz and 100 Hz. To account for
temperature fluctuations inside the glovebox, a thermocouple 306
(VOLTCRAFT) was placed next to the cell, tracking the temperature every
minute.

Temperature dependence of symmetrical Na|NZSP0.4|Na and
Au|NZSP0.4/Au cells was studied inside a climate chamber LabEvent
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(Weisstechnik) between —40 and 40 °C. Impedance spectra were
recorded in the frequency range from 7 MHz to 1 Hz with a voltage
amplitude of 10 mV using a VMP-300 (BioLogic Sciences Instruments)
potentiostat. Cells were sealed in pouch bags to ensure inert atmosphere
during measurement.

GEIS measurements were performed in the frequency range between
7 MHz and 100 Hz with an applied direct current of about 300 LA cm™
and a current amplitude of 30 A cm=2 using SP-150 or VMP-300
potentiostats (BioLogic Sciences Instruments). Experiments under
vacuum conditions were carried out inside an SEM chamber. The cells
were contacted via a micromanipulator. A detailed explanation of the
set-up and methodology is given in literature.”475 After the anodic
dissolution was completed, PEIS measurements were performed in
intervals of 7 min to monitor relaxation of the interface using the same
instrumental parameters as described above.

Impedance data were analyzed by using Relaxis3 software (rhd
instruments). Data points in the higher and lower frequency range with a
relative error greater than 5% in Kramers—Kronig tests were not included
in the data evaluation. Impedance spectra recorded above —30 °C were
fitted with an additional RQ-element as the SE bulk contribution shifts
into the measured frequency range. In impedance spectra below —30 °C
the bulk contribution is described by a simple resistor. To eliminate the
temperature variation of the time-dependent measurement series in the
glovebox, the real part of the impedance was corrected as described in the
Supporting Information. All impedance spectra were normalized to the
geometric electrode area unless otherwise stated. The thickness of
the SE has to be considered additionally when bulk and grain boundary
(GB) properties are examined, which is roughly 2 mm for the samples
investigated.

DRT analyses were carried out with the software package Relaxis3
(rhd instruments). The real and imaginary parts were considered
for the analysis and 200 points were used for interpolation. The
second derivative of the distribution function ¢(7) was used in the
Tikhonov regularization problem. Calculations were performed using a
regularization parameter 1 =107,

In Situ X-Ray Photoelectron Spectroscopy: All XPS analyses were
performed with a PHI5000 Versa Probe Il system (Physical Electronics
GmbH). A home-built sample holder was used for sputtering sodium
metal on top of the electrolyte. Detailed information about the sample
holder and the procedure of the in situ XPS sputtering can be found in
previous reports.”®l In short, sodium is attached to a sail with an 85°
angle of inclination by using copper tape and aligned to an Ar*-ion gun.
The SE is attached underneath the sail with nonconductive adhesive
tape. By sputtering the sodium foil, a plasma is generated through which
sodium is deposited on the SE. The reaction layer (i.e., the interphase)
obtained is subsequently characterized by XPS. Spectra were monitored
as a function of deposition time on top of the electrolyte. Sputtering of
sodium was carried out with 4 kV Ar*-ion gun in intervals of 3 min with a
total sputtering time of 60 min.

For analysis, monochromatic Al K, radiation (1486.6 eV) was used.
The X-ray source was operated at 50 W with a voltage of 17 kV and a
beam diameter of 200 um. Spectra were recorded with a step size and
dwell time per step of 0.1 eV and 50 ms, respectively. A pass energy
for the analyzer of 46.95 eV was used to record XP spectra between
the sodium deposition steps. Additionally, for XP spectra before,
directly after and 8 h after the sodium deposition were recorded
with an analyzer pass energy of 23.5 eV. For charge neutralization a
combination of ion and low-energy electron beam was applied during
the measurements.

Data evaluation was carried out with the software CasaXPS (Version
2.3.22, Casa Software Ltd.). XP spectra were calibrated to 284.8 eV
using the aliphatic carbon C 1s signal. A Shirley-type background with
a Gaussian—Lorentzian function (GL(30)) line shape was utilized for the
signal evaluation. Additionally, fitting constraints were used, such as the
FWHM constraint, energy splitting values known in the literature due to
spin—orbit coupling and the resulting area ratios.

Focused lon Beam Scanning Electron Microscopy: Cross-sections
of the electrode|SE interface were carried out with a XEIA3 system
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(TESCAN GmbH). Samples were attached to a Leica stub with adhesive
copper tape and transferred using the Leica EM VCT500 system (Leica
Microsystems GmbH). Before milling, the samples were cooled to
—133 °C by liquid nitrogen and cooling was maintained during the
analysis. Xe" ions with an energy of 30 kV were used in all experiments.
Beam currents for milling and polishing were set to 2 UA and 30 nA.
For preparation of the electron transparent specimen an Auriga system
(Carl Zeiss NTS GmbH) with a liquid nitrogen stage (GATAN GmbH;
operation temperature: —185 °C) has been used. Thinning process of
the TEM lamella was performed using Ga* ions with 30 kV high tension
energy and beam current of 240 pA.

Transmission Electron Microscopy: TEM analysis was performed at
the aberration corrected (STEM) Themis 300 system (Thermo Fischer
Scientific) using a beam energy of 300 kV and a screen current of
100 pA. EDX analysis was conducted with a Super-X EDX detector.
Characterization was carried out under cryogenic conditions (-185 °C)
using a liquid nitrogen cooled 915 cryo transfer holder (GATAN GmbH).
Data evaluation was conducted using Velox software package (Thermo
Fischer Scientific).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgements

This work contributes to the research performed at CELEST (Center
for Electrochemical Energy Storage Ulm-Karlsruhe) and was funded by
the German Research Foundation (DFG) under Project ID 390874152
(POLIS Cluster of Excellence). Financial support by the BMBF Cluster
of Competence FESTBATT (S.B., Project No. 03XP0180) is also
acknowledged. J.K.E. acknowledges financial support by the DFG
via the GRK (Research Training Group) 2204 “Substitute Materials
for sustainable Energy Technologies.” The authors acknowledge the
Karlsruhe Nano Micro Facility (KNMFi) at KIT for providing TEM access.
Experimental support by Dr. Klaus Peppler and Dr. Boris Mogwitz (JLU
Giessen) is acknowledged.
Open access funding enabled and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Author Contributions

T.O., T.F, and S.B. designed the experiments. Q.M. prepared the solid
electrolyte. T.O. performed all XPS experiments, impedance analysis and
cross sections experiments. T.F. supported in situ SEM studies. T.O. and
J.S. interpreted the XPS. T.O., S.B., ].K.E., and T.F. interpreted impedance
analysis. Z.D. performed TEM sample preparation and characterization.
T.O., Z.D., and C.K. interpreted TEM analysis. T.O., S.B., M.R., Q.M,,
and J.J. wrote the manuscript. All authors discussed the results and
contributed to the preparation of the manuscript. C.K.,, O.G., and C.H.
reviewed and edited the manuscript.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH



Results

44

ADVANCED
SCIENCE NEWS

ENERGY

www.advancedsciencenews.com

Keywords

current constriction, impedance spectroscopy, interphase growth,
NASICON electrolytes, SEI formation, sodium metal anodes

Received: August 8, 2022
Revised: September 28, 2022
Published online:

1 ). Janek, W. G. Zeier, Nat. Energy 2016, 1, 1167.

[2] B. Xiao, T. Rojo, X. Li, ChemSusChem 2019, 12, 133.

[3] J. Cui, A. Wang, G. Li, D. Wang, D. Shu, A. Dong, G. Zhu, J. Luo,
B. Sun, J. Mater. Chem. A 2020, 8, 15399.

[4] X. Xia, C.-F. Du, S. Zhong, Y. Jiang, H. Yu, W. Sun, H. Pan, X. Rui,
Y. Yu, Adv. Funct. Mater. 2022, 32, 2110280.

[5] M. D. Slater, D. Kim, E. Lee, C. S. Johnson, Adv. Funct. Mater. 2013,
23,947.

[6] C. Monroe, ). Newman, J. Electrochem. Soc. 2004, 157, A880.

[71 Z. Zhang, Y. Shao, B. Lotsch, Y.-S. Hu, H. Li, ). Janek, L. F. Nazar,
C.-W. Nan, J. Maier, M. Armand, L. Chen, Energy Environ. Sci. 2018,
11, 1945.

[8] U. von Alpen, M. Bell, H. Hofer, Solid State lonics 1981, 3—4, 215.

[9] J. B. Goodenough, H. Y.-P. Hong, ]. A. Kafalas, Mater. Res. Bull.
1976, 11, 203.

[10] Y. B. Rao, K. K. Bharathi, L. N. Patro, Solid State lonics 2021, 366—
367,115671.

[11] Z. Yang, B. Tang, Z. Xie, Z. Zhou, ChemElectroChem 2021, 8, 1035.

[12] A. G. Jolley, G. Cohn, G. T. Hitz, E. D. Wachsman, lonics 2015, 21,
3031.

[13] Q. Ma, M. Guin, S. Naqash, C.-L. Tsai, F. Tietz, O. Guillon, Chem.
Mater. 2016, 28, 4821.

[14] Z. Zhang, Z. Zou, K. Kaup, R. Xiao, S. Shi, M. Avdeey, Y.-S. Hu,
D. Wang, B. He, H. Li, X. Huang, L. F. Nazar, L. Chen, Adv. Energy
Mater. 2019, 9, 1902373.

[15] J. A. Kafalas, J. R. Cava, in Proc. Int. Conference on Fast lon Trans-
port in Solids, Electrodes, and Electrolytes (Eds: P. Vashishta, J. N.
Mundy, G. K. Shenoy), Elsevier North Holland, Amsterdam 1979,
pp. 419-422.

[16] Q. Ma, C.-L. Tsai, X.-K. Wei, M. Heggen, F. Tietz, . T. S. Irvine,
J. Mater. Chem. A 2019, 7, 7766.

[17] W. Zhou, Y. Li, S. Xin, J. B. Goodenough, ACS Cent. Sci. 2017, 3, 52.

[18] X. Yu, A. Manthiram, Matter 2019, 1, 439.

[19] ). Yang, Z. Gao, T. Ferber, H. Zhang, C. Guhl, L. Yang, Y. Li, Z. Deng,
P. Liu, C. Cheng, R. Che, W. Jagermann, R. Hausbrand, Y. Huang, J.
Mater. Chem. A 2020, 8, 7828.

[20] E. Matios, H. Wang, C. Wang, X. Hu, X. Lu, J. Luo, W. Li, ACS Appl.
Mater. Interfaces 2019, 11, 5064.

[21] T. Wu, Z. Wen, C. Sun, X. Wu, S. Zhang, ). Yang, J. Mater. Chem. A
2018, 6, 12623.

[22] X. Miao, H. Di, X. Ge, D. Zhao, P. Wang, R. Wang, C. Wang, L. Yin,
Energy Storage Mater. 2020, 30, 170.

[23] X. Chi, F. Hao, ). Zhang, X. Wu, Y. Zhang, S. Gheytani, Z. Wen,
Y. Yao, Nano Energy 2019, 62, 718.

[24] M. M. Gross, L. ). Small, A. S. Peretti, S. J. Percival, M. A. Rodriguez,
E. D. Spoerke, J. Mater. Chem. A 2020, 8, 17012.

[25] H. Fu, Q. Yin, Y. Huang, H. Sun, Y. Chen, R. Zhang, Q. Yu, L. Gu,
). Duan, W. Luo, ACS Mater. Lett. 2020, 2, 127.

[26] Y. Uchida, G. Hasegawa, K. Shima, M. Inada, N. Enomoto,
H. Akamatsu, K. Hayashi, ACS Appl. Energy Mater. 2019, 2, 2913.

[27] ). A. S. Oh, Y. Wang, Q. Zeng, J. Sun, Q. Sun, M. Goh, B. Chua,
K. Zeng, L. Lu, J. Colloid Interface Sci. 2021, 601, 418.

[28] M.-C. Bay, M. Wang, R. Grissa, M. V. F. Heinz, ]. Sakamoto,
C. Battaglia, Adv. Energy Mater. 2020, 10, 1902899.

Adv. Energy Mater. 2022, 2202712 2202712 (16 of 17)

www.advenergymat.de

[29] E. Quérel, I. D. Seymour, A. Cavallaro, Q. Ma, F. Tietz, A. Aguadero,
J- Phys. Energy 2021, 3, 44007.

[30] C.-L. Tsai, T. Lan, C. Dellen, Y. Ling, Q. Ma, D. Fattakhova-Rohlfing,
O. Guillon, F. Tietz, J. Power Sources 2020, 476, 228666.

[31] D. S. Jolly, Z. Ning, ). E. Darnbrough, J. Kasemchainan,
G. O. Hartley, P. Adamson, D. E. |. Armstrong, |. Marrow,
P. G. Bruce, ACS Appl. Mater. Interfaces 2020, 12, 678.

[32] H. Koshikawa, S. Matsuda, K. Kamiya, M. Miyayama, Y. Kubo,
K. Uosaki, K. Hashimoto, S. Nakanishi, J. Power Sources 2018, 376,
147.

[33] T. Krauskopf, H. Hartmann, W. G. Zeier, |. Janek, ACS Appl. Mater.
Interfaces 2019, 11, 14463.

[34] ). K. Eckhardt, P. J. Klar, J. Janek, C. Heiliger, ACS Appl. Mater. Inter-
faces 2022, 14, 35545.

[35] J. K. Eckhardt, T. Fuchs, S. Burkhardt, P. J. Klar, . Janek, C. Heiliger,
ACS Appl. Mater. Interfaces 2022, 14, 42757.

36] ). Fleig, Solid State lonics 1998, 113115, 739.

[37] S.-K. Otto, T. Fuchs, Y. Moryson, C. Lerch, B. Mogwitz, . Sann,
J. Janek, A. Henss, ACS Appl. Energy Mater. 2021, 4, 12798.

[38] T. Krauskopf, F. H. Richter, W. G. Zeier, ). Janek, Chem. Rev. 2020,
120, 7745.

[39] C. Wang, H. Jin, Y. Zhao, Small 2021, 17, €2100974.

[40] S. Ohno, T. Bernges, ). Buchheim, M. Duchardt, A.-K. Hatz,
M. A. Kraft, H. Kwak, A. L. Santhosha, Z. Liu, N. Minafra, F. Tsuji,
A. Sakuda, R. Schelm, S. Xiong, Z. Zhang, P. Adelhelm, H. Chen,
A. Hayashi, Y. S. Jung, B. V. Lotsch, B. Roling, N. M. Vargas-
Barbosa, W. G. Zeier, ACS Energy Lett. 2020, 5, 910.

[41] J. Janek, Solid State lonics 1997, 101, 721.

[42] S. Majoni, ). Janek, Ber. Bunsengesellschaft phys. Chem. 1998, 102,
756.

[43] M. Rohnke, C. Rosenkranz, |. Janek, Solid State lonics 2006, 177, 447.

[44] P. M. Sargent, M. F. Ashby, Scr. Metall. 1984, 18, 145.

[45] A. Schréder, |. Fleig, D. Gryaznov, ). Maier, W. Sitte, J. Phys. Chem.
B 2006, 170, 12274.

[46] M. ). Wang, J.-Y. Chang, |. B. Wolfenstine, ). Sakamoto, Materialia
2020, 72, 100792.

[47] C. D. Fincher, Y. Zhang, G. M. Pharr, M. Pharr, ACS Appl. Energy
Mater. 2020, 3, 1759.

[48] D. K. Singh, T. Fuchs, C. Krempaszky, P. Schweitzer, C. Lerch,
F. H. Richter, ). Janek, Adv. Funct. Mater., https://doi.org/10.1002/
adfm.202211067.

[49] H. Tang, Z. Deng, Z. Lin, Z. Wang, |.-H. Chu, C. Chen, Z. Zhu,
C. Zheng, S. P. Ong, Chem. Mater. 2018, 30, 163.

[50] V. Lacivita, Y. Wang, S.-H. Bo, G. Ceder, J. Mater. Chem. A 2019, 7,
8144.

[51] J. Maier, U. Warhus, E. Gmelin, Solid State lonics 1986, 18—19, 969.

[52] Z. Zhang, S. Wenzel, Y. Zhu, J. Sann, L. Shen, ). Yang, X. Yao,
Y.-S. Hu, C. Wolverton, H. Li, L. Chen, ]. Janek, ACS Appl. Energy
Mater. 2020, 3, 7427.

[53] S. Wang, H. Xu, W. Li, A. Dolocan, A. Manthiram, J. Am. Chem. Soc.
2018, 140, 250.

[54] Z. Gao, J. Yang, H. Yuan, H. Fu, Y. Li, Y. Li, T. Ferber, C. Guhl,
H. Sun, W. Jagermann, R. Hausbrand, Y. Huang, Chem. Mater.
2020, 32, 3970.

[55] Z. Bastl, A. I. Senkevich, I. Spirovova, V. Vrtilkovd, Surf Interface
Anal. 2002, 34, 477.

[56] C. Morant, ). M. Sanz, L. Galdn, L. Soriano, F. Rueda, Surf. Sci.
1989, 218, 331.

[57] S. P. Kowalczyk, L. Ley, F. R. McFeely, R. A. Pollak, D. A. Shirley,
Phys. Rev. B 1973, 8, 3583.

[58] Q. Wu, Solid State lonics 2004, 167, 155.

[59] A. Barrie, F. ). Street, J. Electron Spectrosc. Relat. Phenom. 1975,
7,1

[60] Z. Gao, J. Yang, G. Li, T. Ferber, ). Feng, Y. Li, H. Fu, W. Jagermann,
C. W. Monroe, Y. Huang, Adv. Energy Mater. 2022, 12, 2103607.

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH



Results 45
ADVANCED ENERGY
SCIENCE NEWS
www.advancedsciencenews.com www.advenergymat.de

[61] K. Song, D. A. Agyeman, M. Park, . Yang, Y.-M. Kang, Adv. Mater.
2017, 29, 1606572.

[62] B. Lee, D.-H. Seo, H.-D. Lim, I. Park, K.-Y. Park, J. Kim, K. Kang,
Chem. Mater. 2014, 26, 1048.

[63] B. Verlinden, Thermo-Mechanical Processing of Metallic Materials,
Elsevier, Amsterdam 2010.

[64] X. Zhang, Q. ). Wang, K. L. Harrison, S. A. Roberts, S. J. Harris, Cell
Rep. Phys. Sci. 2020, 1, 100012,

[65] J. T. S. Irvine, D. C. Sinclair, A. R. West, Adv. Mater. 1990, 2, 132.

[66] ). Fleig, J. Maier, J. Electroceram. 1997, 1, 73.

[67] ). Fleig, ). Maier, Electrochim. Acta 1996, 41, 1003.

[68] ). K. Eckhardt, S. Burkhardt, J. Zahnow, M. T. Elm, J. Janek, P. J. Klar,
C. Heiliger, J. Electrochem. Soc. 2021, 168, 090516.

Adv. Energy Mater. 2022, 2202712 2202712 (17 of 17)

[69] ). Kasemchainan, S. Zekoll, D. S. Jolly, Z. Ning, G. O. Hartley,
J. Marrow, P. G. Bruce, Nat. Mater. 2019, 18, 1105.

[70] ). Fiala, L. Kloc, ). Cadek, Mater. Sci. Eng., A 1991, 137, 163.

[71] M. Z. Mayers, ). W. Kaminski, T. F. Miller, J. Phys. Chem. C 2012, 116, 26214.

[72] S. Zhu, C. Hu, Y. Xu, Y. Jin, J. Shui, J. Energy Chem. 2020, 46, 208.

[73] C. A. Schneider, W. S. Rasband, K. W. Eliceiri, Nat. Methods 2012,
9, 671.

[74] T. Krauskopf, R. Dippel, H. Hartmann, K. Peppler, B. Mogwitz,
F. H. Richter, W. G. Zeier, ). Janek, Joule 2019, 3, 2030.

[75] T. Krauskopf, B. Mogwitz, H. Hartmann, D. K. Singh, W. G. Zeier,
J. Janek, Adv. Energy Mater. 2020, 10, 2000945.

[76] S. Wenzel, T. Leichtweiss, D. Kriiger, J. Sann, |. Janek, Solid State
lonics 2015, 278, 98.

© 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH



Results

46




Results 47

3.2 Publication 2: “Deposition of Sodium Metal at the Copper-NaSICON
Interface for Reservoir-Free Solid-State Sodium Batteries”

The second publication of this doctoral thesis reports the formation of a SME at the CC|SE interface
for reservoir-free sodium SSBs. For this purpose, the nucleation and growth of electrodeposited
sodium at a Cu|[NZSP interface was investigated at various current densities and stack pressures.

Based on the results presented in publication I, the morphological evolution of the electrodeposited
sodium was monitored by EIS in combination with light and electron microscopy. Irrespective of the
chosen deposition parameters, only minor changes in the impedance data after the first deposition
step indicated that the lateral distribution of sodium is mainly influenced by the nucleation process.
It was found that an increase of the current density improved the lateral distribution of the
electrodeposited sodium. In contrast, only a slight improvement in the coverage of sodium by plastic
deformation was observed when the applied stack pressure exceeded the yield strength of the
electrodeposited sodium. Cross-sections of the interface revealed dense and uniform sodium layers
between copper and NZSP, ideal for reservoir-free batteries. However, besides layer formation,
islands and whiskers were observed, which caused gaps by separating the copper CC from the NZSP
SE. Despite the observation of local spallation and cracks in the NZSP after electrodeposition by
cross-sectioning and in situ TEM analysis, there was no evidence of detrimental dendrite formation
causing short circuits according to the impedance analysis. The early growth of electrodeposited
sodium was visualized by in situ TEM. It was found that faceted sodium whiskers appeared solely at
contact spots between the copper CC and NZSP SE. This highlights the significance of the cell
preparation process in terms of combining the SE and the CC and provides a first insight into the
microstructure of electrodeposited SMEs. On the macroscopic scale, no mechanical failure, e.g.,
penetration by sodium whisker, was observed for the copper CC with a thickness of several
micrometers. Deformation and expansion were found for thin copper CCs by TEM. Consequently,
CC with a minimum thickness and mechanical stability are required for RFCs.

Overall, the second publication demonstrates the electrodeposition of dense and uniform sodium
layers/islands at a CC|SE interface. This knowledge is essential for the initial formation step of an
SME to realize reservoir-free solid-state battery concepts. Moreover, the study expands the
knowledge about the influence of the current density and stack pressure on the lateral distribution
and morphological interface evolution, providing a basis to further optimize electrodeposited SMEs.

The experiments were designed and planned by the first author, assisted by Dr. T. Fuchs under the
supervision of Prof. M. Rohnke and Prof. J. Janek. The solid electrolyte was synthesized by Dr. Q.
Ma and Dr. F. Tietz. Electrochemical experiments and postmortem optical and electron microscopy
were performed by T. Ortmann. The in situ TEM characterization was carried out by Z. Ding. The
corresponding data were interpreted by Z. Ding, Prof. C. Kiibel, and T. Ortmann. The
electrochemical impedance spectroscopy data were interpreted by Dr. J. K. Eckhardt and T. Ortmann.
The manuscript was written by the first author and revised by eight co-authors.

This study was part of the research within the Cluster of Excellence for Post Lithium-Ion Storage.

Reprinted without modification according to the creative commons license CC BY-NC 4.0 DEED
(https://creativecommons.org/licenses/by-nc/4.0/) from Ortmann, T.; Fuchs, T.; Eckhardt J. K.; Ding
Z.; Ma, Q.; Tietz F.; Kiibel C.; Rohnke M.; Janek J. Deposition of Sodium Metal at the Copper-
NaSICON Interface for Reservoir-Free Solid-State Sodium Batteries. Adv. Energy Mater. 2023,
2302729. https://doi.org/10.1002/aenm.202302729. Advanced Energy Materials published by
Wiley-VCH GmbH.
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Deposition of Sodium Metal at the Copper-NaSICON
Interface for Reservoir-Free Solid-State Sodium Batteries

Till Ortmann, Till Fuchs, Janis K. Eckhardt, Ziming Ding, Qianli Ma, Frank Tietz,
Christian Kiibel, Marcus Rohnke,* and Jiirgen Janek*

“Anode-free” solid-state battery concepts are explored extensively as they
promise a higher energy density with less material consumption and simple
anode processing. Here, the homogeneous and uniform electrochemical
deposition of alkali metal at the interface between current collector and solid
electrolyte plays the central role to form a metal anode within the first cycle.
While the cathodic deposition of lithium has been studied intensively,
knowledge on sodium deposition is scarce. In this work, dense and uniform
sodium layers of several microns thickness are deposited at the

Cu|Na; 4Zr,Si, 4Py ¢O;, interface with high reproducibility. At current densities
of #1 mAecm~2, relatively uniform coverage is achieved underneath the
current collector, as shown by electrochemical impedance spectroscopy and
3D confocal microscopy. In contrast, only slight variations of the coverage are
observed at different stack pressures. Early stages of the sodium metal growth
are analyzed by in situ transmission electron microscopy revealing oriented
growth of sodium. The results demonstrate that reservoir-free (“anode-free”)
sodium-based batteries are feasible and may stimulate further research efforts

in sodium-based solid-state batteries.

1. Introduction

Sodium solid-state batteries gain increasing research interest fol-
lowing the fast rise of sodium-ion batteries because of the po-
tential use of sodium metal as anode material in combination

with a solid electrolyte (SE) separator.'™4]
Sodium metal has a high specific capac-
ity (g, = 1165 mAheg™!) and low stan-
dard potential (E; = —2.71 V vs standard
hydrogen electrode), which can signifi-
cantly increase energy and power density
compared to carbon-based anodes.[>¢]
Achieving a reversible sodium metal an-
ode, however, poses several challenges
— including a clean interface with suffi-
cient interfacial contact, and an electro-
chemically stable interface with a solid
electrolyte.l”] In addition, the high re-
activity of sodium metal requires in-
ert atmosphere conditions during pro-
cessing, which increases the production
costs of sodium solid-state batteries.[®]

“Zero-excess” or “reservoir-free” cell
concepts, also often called “anode-free”,
could be a possible solution to these
challenges and are encountering a
rapidly growing research activity.>12)
Most cathode active materials are
synthesized in the discharged (sodiated or pre-sodiated) state.['’]
During the first charge of a cell, sodium ions are extracted from
the cathode active material and electrodeposited on a current
collector (CC) (e.g., aluminum or copper), forming the sodium
metal anode in situ.l'*15] This further increases the volumetric
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and gravimetric energy density of reservoir-free cells compared
to conventional Na|SE|Cathode battery architectures including a
sodium foil. It also reduces production costs and energy con-
sumption during cell manufacture by avoiding the need to pro-
duce and process sodium metal foils or layers.”!

However, the successful operation of reservoir-free cells also
poses a number of challenges. For instance, the uniform and re-
versible metal deposition on the CC plays a key role.l’! While the
influence of (modified) CC material,['*'8 deposition protocol,'*!
external stack pressure, '3l and electrolyte composition!?*?!l on
the cathodic deposition of sodium at a CC|liquid electrolyte in-
terface have been studied, less is known about the deposition at
CC|SE interface.l??]

The cathodic deposition of a parent metal on a SE has early
been studied by silver deposition on AgX (X = Cl, Br) re-
vealing a preferential nucleation at surface defects like sur-
face scratches.>2°] As shown by microelectrode experiments,
the silver morphology strongly depends on the applied cur-
rent density?*l Later, the cathodic deposition of lithium at
a CC|LiPON interface was systematically investigated by Mo-
toyama et al***] By increasing the current density j,,,, a grow-
ing number of lithium nuclei N;; are formed per interface area,
leading to more uniform deposition, while increasing the temper-
ature decreases Ny; and affects the lithium morphology.?” Since
LiPON is an amorphous SE, lithium deposition was also studied
at CC|Li4,,La; Zr, M, 0;, (with M = Al, Ta) (LLZO) interfaces to
evaluate the influence of grain boundaries and surface defects.
As with LiPON, Nj; increases with higher j, , with preferential
nucleation observed at surface defects, 1255 Recently, lithium
deposition under a CC has been investigated in bulk solid-state
batteries, showing the importance of the interfacial adhesion be-
tween CC and SE on the nucleation and growth behavior.’!]
Moreover, the stack pressure was shown to affect the lateral
growth behavior of lithium at the Cu|LLZO interface.’”) The
operating principle of solid-state reservoir-free cells has already
been demonstrated for lithium by electrodeposition of reason-
able capacities of 5 mAhecm™2 that corresponds to a layer thick-
ness d;; ~ 24 ym.13133-31 For the same capacity, the layer thick-
ness would nearly double in the case of sodium (d, = 44 um),
due to the higher molar volume of sodium metal.

Based on the low interface-related resistance and the forma-
tion of a kinetically stabilized interphase in contact with sodium,
Na, 471,51, ,Py 4Oy, (NZSP) is an ideal SE to study the deposition
of sodium at a CC|SE interface.’*% Copper was chosen as the
current collector material because of its ease of processing on a
laboratory scale and to avoid alloying effects with sodium. The
nucleation and growth of sodium at the interface between cop-
per and NZSP has not yet been studied and a detailed analysis
of the evolution of the interfacial morphology at different depo-
sition conditions is lacking in the literature.

In this study, we investigate the deposition of sodium at a
Cu|NZSP interface at different current densities and stack pres-
sures. Time-dependent impedance spectroscopy is used to an-
alyze the morphological evolution during deposition, followed
by 3D profiling of the copper current collector by confocal mi-
croscopy. An increase in current density results in more uni-
form sodium deposition. In contrast, no significant change in
the sodium coverage is observed with increasing stack pressure.
The growth of dense and uniform sodium layers between copper
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and NZSP is shown by cross-sections prepared via focused ion
beam-scanning electron microscopy (FIB-SEM). In addition, is-
land and whisker growth are observed, leading to the formation
of gaps between copper and NZSP. In situ transmission electron
microscopy (TEM) further reveals the growth of sodium whiskers
with a faceted microstructure.

2. Results and Discussion

For the characterization of sodium deposition, Cu|NZSP|Nay
cells with a copper layer thickness of 5 um were assembled. An
ideal sodium counter electrode (Na,4) acts as a sodium reservoir
and quasi-reference electrode. A quasi-reference electrode is an
electrode that shows no significant interfacial polarization and
has a stable potential despite low current load, as demonstrated
by Krauskopf et al.*¢4%l Two series of measurements were per-
formed to investigate the influence of current density j,,, and ex-
ternal pressure p on sodium deposition. While a constant pres-
sure of 2 MPa was used for the current density series, a constant
current of 200 pAecm ™ was used for the stack pressure series.
An overview of the cell preparation and the selected j,,, and p is
shown in Figure S1 (Supporting Information).

2.1. Potential Profiles

Figure 1a,b shows the potential profiles of the performed current
density and stack pressure series. The parameters (j,,, and p) of
the two measurement series were chosen such that the measure-
ment at 200 pAecm ™ and 2 MPa (light green curve) is included
in both series (see Figure S1b, Supporting Information). Start-
ing from an open circuit voltage of 1.0-2.1V, all voltage profiles
show a strong initial drop below the standard potential of sodium
E,(Na*/Na) at the beginning of the deposition. Afterward, the
voltage generally increases and turns into a plateau, which re-
mains always below Ej;(Na*/Na). The initial potential drop can
be attributed to the nucleation of sodium at the current collector
and the subsequent plateau at higher potentials to the growth of
the formed nuclei 2641421

The onsets of sodium deposition for the current density and
stack pressure series are shown magnified in Figure 1c,d. The
voltage profiles are slightly shifted along the x-axis to give a better
overview of the individual curves. With increasing j, .., less fluctu-
ations are observed in the potential curves during the first depo-
sition step. While at atmospheric pressure (labeled with “ATM”) a
“smoother” potential profile is observed during the initial growth,
slight fluctuations are present when a stack pressure is applied.

Fluctuations were also reported during the initial growth of
lithium at a Cu|LLZO interface, while none are observed during
electrodeposition from liquid electrolytes or thin film current col-
lectors in contact with a SE.[122627:3242] A relationship between the
fluctuations and the interfacial morphology, including the delam-
ination of the copper current collector, is therefore likely.*? Thus,
for the Cu|NZSP interface the fluctuations may be due to changes
in the interfacial morphology, including possible damage of the
SE near the Na|NZSP interface. However, it is unclear why this
phenomenon preferentially occurs at low current densities and
stack pressures.

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 1. Potential profile of cathodic deposition of sodium at a Cu|[NZSP interface at various a) current densities and b) stack pressures. A pressure
of 2 MPa was applied for measurements at different current densities. Depositions at atmospheric pressures (ATM) and different stack pressures were
performed at a current density of j,,, =200 pAscm=2. The pictogram insert in (a) and (b) indicates theindividual measurement series. Measurements
were conducted at 25 °C and a sodium amount corresponding to an areal charge qge, of 0.5 mAhecm™ was deposited at the Cu[NZSP interface in all
cells. Impedance spectra were recorded after each 0.05 mAhecm=2 deposition step to characterize the evolution of the Cu|NZSP interface. The impedance
measurements result in the small and regular dips in the potential profile for each cell. The initial drop in the potential profile for both series is depicted
at higher magnification for c) current density and d) stack pressure series to visualize the nucleation overpotential 5,,,,.. The potential curves were slightly
shifted along the x-axis to give a better overview of their individual course. The corresponding scale is given by the black bar. The determined #,,,,. for the
current densities (green and brown points) and stack pressure series are shown in e). For the determination of n,,, the difference between the voltage
drop and the average voltage plateau in the range between 0.05 and 0.25 mAhecm ™2 was extracted from the graphs.

The nucleation overpotential #,,,. was calculated for all mea-
surements by the difference between the initial potential drop
and the potential plateau (see Figure 1c,d).l*!) The values of 1,
are summarized in Figure le. For both series of measurements,
only small changes in the range of a few mV were observed for
Nyue» Which does not allow an identification of a clear trend. In
the case of the nucleation of lithium at the Cu|LiPON interface,
a significant increase in 7, was observed at higher j,,,, espe-
cially at elevated temperatures (60 to 100°C).1’] In the case of
sodium nucleation, it might be possible to identify a trend of #,,,,
by expanding the parameter window, which will be part of future
studies.

After nucleation and early growth (44, > 0.05 pAhecm™), a
constant potential for all measurements is observed, indicating
a stable growth of sodium at the Cu|NZSP interface. However,
considering the current density series (green to brown curves),
doubling of the deposition potential is usually expected by dou-

Adv. Energy Mater. 2023, 2302729 2302729 (3 of 14)

bling j,,,, which is not observed. This is due to the dependence
of the potential on the total resistance of the cell. This resistance
varies depending on the interfacial contact between sodium and
NZSP and volume of the SE actively involved in transport. This
also explains why different growth overpotentials #,,,q, are ob-
tained for the same j,,,. The non-linear behavior shows that the
nucleation and growth is influenced by the deposition conditions.
A more detailed analysis of the individual changes is possible by
electrochemical impedance spectroscopy and is discussed in the
following section.

2.2. Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy enables the identifica-

tion and quantification of individual processes such as ionic
transport, interface-related processes or chemical degradation in

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. Development of the impedance spectra during cathodic deposition of sodium at the Cu|[NZSP interface at various current densities. All
impedance data are normalized with respect to the cell constant instead of the electrode area. The grain boundary transport contribution is high-
lighted by a gray area while the interface-related contribution is indicated by an orange background. The inserted equivalent circuit diagram was

used to fit the impedance data except for the pristine cells (red dots).

Here, the blocking behavior of the copper electrode was fitted by a Q-

instead of an RQ-element. The evolution of the extracted fitting parameters Rsg, Ry, and Cp,, with progressing sodium deposition is shown in

Figure 3.

electrochemical cells.[*}] Apart from microscopic transport pro-
cesses such as transport across grain boundaries or charge trans-
fer at phase boundaries, additional non-microscopic transport
contributions can occur in impedance spectra such as geomet-
ric current constriction. The latter results from insufficient phys-
ical contact at the alkali metal|SE interface and shows the same
signature in the impedance spectrum as a true migration pro-
cess, l.e., a semicircle in the Nyquist diagram.[**) This is due to
the dynamic nature of the conduction behavior of pores at the
interface in the measured frequency range. At low excitation fre-
quencies, ionic charge transport is blocked by an insulating gap
at the metal|SE interface, while at higher frequencies, charge
transport can occur across the gap by a dielectric displacement
current.[*l As a result, the SE volume actively involved in trans-
portis reduced in the direct current range, leading to the increase
in the impedance. In particular, for the Li|LLZO and Na|[NZSP
interfaces, it has been demonstrated that the interface-related
impedance contribution R, is dominated by this geometric
phenomenon.[3640:45]

Note that current constriction is a purely geometric effect and
is given by the morphology of the interface. A systematic investi-
gation of the influence of contact area, contact area distribution,
electrode area, and gap height on the current constriction phe-
nomenon was reported in detail by Eckhardt et al.[**~*¢] For exam-
ple, a decrease of the contact area leads to an increase of the cur-
rent constriction resistance R, while a finer spatial distribution
of contact at constant contact area would decrease R_,. Further-
more, the constriction capacity C., is strongly affected by the in-
terfacial morphology, meaning the shape of gaps (height and con-
tact area). Thus, time-resolved electrochemical impedance spec-
troscopy is a suitable tool to qualitatively monitor the evolution
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of the interfacial morphology during sodium deposition at the
Cu|NZSP interface.

However, to unambiguously monitor changes at the Cu|NZSP
interface, changes at the counter electrode|SE interface must
be avoided. As shown in a previous work, an ideal sodium
electrode Nay does not show any interfacial polarization in
contact with NZSP and thus no interface-related contribu-
tion in the impedance spectrum.*®) Moreover, a Nay elec-
trode can still serve as a quasi-reference electrode even
when small amounts (<0.5 mAhecm™) of sodium are an-
odically dissolved at a Na;y|NZSP interface.?®) Thus, changes
of the interface-related impedance in the performed mea-
surement series can be assigned to the Cu|NZSP interface,
whereby R, & R ;.

For both measurement series, cells were characterized in in-
tervals of 0.05 mAhecm™2, as can be seen by the short breaks
in the potential profiles (Figure 1a,b). A detailed explanation of
the impedance data is given based on the current density series
shown in Figure 2. This is followed by a discussion of the stack
pressure series. For better comparison, the impedances of the
different samples were normalized to the cell constant instead of
the working electrode area. This is necessary because the cells
have slightly different thicknesses due to the polishing process.
Thus, all resistances are given in Qecm instead of Qecm?, while

capacities are given in nFecm ™! instead of nFecm 2.

2.2.1. Current Density Series
For pristine cells (red data points), only one semicircle in

the high-frequency range is observed in the Nyquist plot with
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Figure 3. a) Evolution of the solid electrolyte resistance Rgg (sum of Rg, and Rgg) during cathodic deposition of sodium at the Cu|NZSP interface
for various current densities. Deposition was carried out at p = 2 MPa and T = 25 °C. Impedance data were fitted using the equivalent circuit models
depicted in Figure 2 and normalized with respect to the cell constant. Due to the normalization to the cell constant, all pristine cells have the same
Rsg. For a better overview, the R of the pristine cells were slightly shifted and highlighted in gray. b) Scheme illustrating the influence of delaminating
copper from NZSP (upper part) and dendrite formation (bottom part) on Rge during cathodic deposition. The formation of an interfacial gap leads
to a reduction in the electrode area A, actively involved in transport in the frequency range of the grain boundary transport process, and thus to an
increase of Rgg. In contrast, the distance between opposing electrodes decreases on average when sodium penetrates the SE. This is similar to reducing
the effective thickness of the SE, resulting in a decrease of Rgg. c) Evolution of interface-related resistance Ry, and d) capacity C;,; at various j,,. The

respective errors resulting from the fitting are shown in Figure S3 (Supporting Information).

a strong polarization in the low-frequency range. The high-
frequency impedance contribution corresponds to the transport
across grain boundaries (GB) and the low-frequency polarization
originates from the ion blocking behavior of the copper electrode.
The bulk impedance of NZSP is not captured in the measured
frequency range and no contribution is observed with respect to
the charge transfer at the NZSP|Na,, interface.*’]

Independent of the current density, after the first sodium de-
position interval at the working electrode (copper electrode), the
interface polarization turns into a non-blocking behavior with a
small tail in the low-frequency range. The non-blocking behav-
ior indicates the formation of a sodium electrode. The small tail
in the low-frequency range is frequently observed at metal|SE in-
terfaces and is probably due to diffusion processes of the metal
at the interface.] However, the real origin is not yet clarified
so far. A second semicircle in the mid-frequency range in the
Nyquist plot appears at low j,,, (100 and 200 pAscm™?), while
no contributions can be resolved at higher j, .. According to the
distribution of relaxation times analysis, very weak signals are
observed for long relaxation times at 500 pAecm=2, whereas no
signals are present at 1000 uAecm~2, as shown in Figure S2 (Sup-
porting Information). The second semicircle in the Nyquist plot
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can be assigned to the Cu|NZSP interface and arises due to the
current constriction phenomenon. As no additional interface-
related impedance contribution is present at high j,,,, such elec-
trodes can be considered as a quasi-reference electrode, since
charge transfer and SEI formation are negligible at the Na|NZSP
interface.l*!

With progressing sodium deposition changes in the high- and
mid-frequency range are observed, which are more pronounced
at lower j,,. To analyze the evolution of the individual contri-
butions in more detail, the impedance data were fitted using
the equivalent circuit inserted in Figure 2. First, the evolution
of the SE impedance contribution (high-frequency region) dur-
ing sodium deposition is analyzed in more detail, that is, the to-
tal resistance Rgp, which is the sum of Ry, and Rgg, shown in
Figure 3a. It should be noted that the direct comparison of Ry
of the pristine cell (qy,, = 0 mAhecm™) and after the first de-
position interval (qq., = 0.05 mAhecm™?) is hampered because
different equivalent circuits are used for fitting to account for the
transition from blocking to non-blocking behavior of the working
electrode. Small deviations in determining Ry occur if the fitting
model is altered, resulting in a small offset. We could compensate
this difference numerically, as Ry, should of course not depend
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on the fit model, but we prefer not to modify the data analysis in
this way.

As sodium deposition progresses, a slight increase of Ry, es-
pecially at lower j,,,, is observed for the measurement series
indicating an increase of the cell constant. A similar trend is
also deduced from the distribution of relaxation times analysis
shown in Figure S2 (Supporting Information). The increase of
Rgy; can be attributed to delamination of the copper electrode and
the NZSP due to vertical growth of sodium, resulting in gaps at
the interface.3!] Above a certain gap height and width, they are
no longer dielectrically shorted even in the frequency range of the
grain boundary transport process.*8] As shown schematically in
Figure 3Db, this reduces the electrode area that is actively involved
in transport and thus increases the cell constant. At higher j,,
the impact of gap formation on Rg; is less pronounced, indicat-
ing more uniform deposition of sodium.

Based on the evolution of Ry, detrimental dendrite growth
during deposition is unlikely. As shown in Figure 3b, metal in-
filtration into the SE would lead on average to a reduction in cell
thickness and thus to a reduction of the cell constant. This would
lead to a decrease of Rg; as it was observed in the case of the
lithium plating at a Cu|LLZO interface.[”?) However, it cannot be
completely ruled out that dendrites are formed in this work, since
dendrite growth and gap formation have an opposing effect on
the evolution of Rg. Therefore, it is possible that dendrites form
but they cannot be identified from Rg; because the evolution of
Rgp; seems to be dominated by the gap formation.

Figure 3c shows the evolution of R, at 100 and 200 pAscm™
determined based on the given equivalent circuit depicted in
Figure 2. No clearly separated interface-related contribution can
be identified in the Nyquist plots and distribution of relaxation
time analysis (Figure S2, Supporting Information) for 500 and
1000 pAecm=2. To properly fit the impedance data, the equivalent
circuit has been changed from R-RQ-RQ to R-RQ for these cur-

ront doncitioe Arcnrdingly nainterfaco valated coantrihiition (R
rent Gensities. ACCoraing.y, no mieriace-reiated Contrioution (nyy,,

and C;,,) is gained from the fitting and shown in the Figure 3.
At low current densities, only slight changes of R, are ob-
served, limited to the first two deposition cycles. This suggests
that the interfacial contact area between sodium and NZSP is al-
ready defined after the first sodium deposition cycles and does
not change significantly with longer deposition time. As system-
atically investigated by Fleig et al. and Eckhardt et al., the con-
striction resistance depends strongly on the contact area as well
as its spatial distribution at the interface.*>*491 Accordingly, Ry,
decreases with increasing contact area or with finer distribution
of the contact spots. Thus, it is challenging to derive the con-
tact area directly from Ry,,. A finer spatial distribution of contact
could be achieved, for example, by the formation of new sodium
nuclei at the Cu|NZSP interface during the deposition. However,
after the initial nucleation, the formation of new sodium nuclei
at the Cu|NZSP interface is unlikely because 77y, is usually
smaller than #,,.. In contrast, an increase in the contact area can
be achieved, for example, by sodium deposition on the surface of
existing sodium nuclei or by plastic flow of the already deposited
sodium. As the applied stack pressure (2 MPa) is higher than the
yield strength of polycrystalline bulk sodium (o, = 0.2-0.3 MPa),
plastic flow of sodium is likely.l>"*%] If the contact area is enlarged
by plastic flow of sodium, no change of R, would be expected
when the stack pressure is below its yield strength. As can be
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Rpuik
and Rgg), interface-related resistance Ry, and interface-related capac-
ity Cjqt at different stack pressures. Deposition was carried out at j,,, =
200 pAscm~2 and T = 25 °C. Impedance data were fitted using the equiva-
lent circuit given in Figure S4 (Supporting Information) and normalized to
the cell constants. Due to the normalization to the cell constant, all pris-
tine cells have the same Rgg. For a better overview, the Rs; of the pristine
cells were slightly shifted and highlighted in gray. Independent of the stack
pressure, Rgg increases slightly as deposition progresses. R, initially de-
creases when stack pressure is applied, while it remains unchanged at
atmospheric pressure. C,,, decreases slightly during the deposition of all
measurements. The errors bars of the fitting are presented in Figure S5
(Supporting Information).

seen in Figure 4, R,,, remains constant during deposition when
no stack pressure is applied. This supports our conclusion that
the decrease of R, and thus an increase of the contact area is
due to plastic flow of sodium. A more detailed discussion of the
influence of stack pressure on the evolution of Ry, is given in
Section 2.2.2.

The direct current resistances Ry (sum of Ry and R;,) of the
cells provide further information about the interface morphol-
ogy. In a first approximation Ry is inversely proportional to the
contact area. This relationship suggests that the lower the Ry
the larger the contact area. Consequently, a larger contact area
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between sodium and NZSP is achieved at higher current densi-
ties (see Figure 2).

The interfacial capacity C,, depends on the morphology of
the interface, i.e., the contact area and the height of the formed
gap.[*Y Figure 3d shows the evolution of C,,,, which decreases
for both current densities. The reduction of C;,, would mean
an increase of the gap height if the contact area remains al-
most unchanged. This is consistent with the observed trend of
Rgg, which indicates a decrease in the electrode area actively in-
volved in transport due to gap formation. An increase in the
gap distance between copper and NZSP may be caused by ver-
tical sodium growth. According to the trend in Figure 3d, vertical
growth would be more pronounced at lower j,,,,. We like to em-
phasize that only the trend of the individual contributions (R,
Ry Ci) Was considered and analyzed qualitatively. A quanti-
tate evaluation is not meaningful as the changes of the individ-
ual contributions are very small. With respect to a formal error
analysis, shown in Figure S3 (Supporting Information), a quan-
titative change of a contribution is in the range of the fitting
error.

2.2.2. Stack Pressure Series

Analogous to impedance analysis for the current density series,
the influence of stack pressure on sodium deposition is discussed
based on the evolution of the impedance. Figure 4 shows the evo-
lution of Ry, Ry, and Cy,, during sodium deposition at differ-
ent stack pressures. The corresponding impedance spectra and
underlying distribution functions are shown in Figure S4 (Sup-
porting Information). Starting with the evolution of Rgy, a sharp
decrease is observed after the first deposition step for all stack
pressures that is probably due to the different equivalent circuit
models used. With progressing sodium deposition, a significant
increase of Rgy is only observed at 2 MPa within the range of un-
certainty, as shown in Figure S5 (Supporting Information). How-
ever, according to the results of the previous and also the follow-
ing section, an increase of Ry and thus gap formation is also
likely at other stack pressures.

The evolution of R, for the stack pressure series is shown
in Figure 4b. The corresponding formal errors for R, are given
in Figure S5 (Supporting Information). Starting with the evo-
lution of Ry, at atmospheric pressure, R, remains unchanged
throughout the sodium deposition process. This indicates that
the interfacial contact area as well as its distribution does not
change significantly during deposition. In contrast, R;, de-
creases within the first deposition intervals and flattens after-
ward, when a stack pressure above 1 MPa is applied. The re-
duction of R, results from a rise in the contact area due to
plastic flow of sodium, caused by the stack pressure, which ex-
ceeds the yield strength of polycrystalline bulk sodium (6, ~
0.2-0.3 MPa).[>%

However, this raises the question of why no continuous flow
and thus no continuous decrease of Ry, is observed during de-
position, especially when the stack pressure is elevated up to
4 MPa. This can be explained by the following reasons: First, the
yield strength and flow stress strongly depends on the temper-
ature, strain-rate, and aspect ratio.[**>!] Especially, at low aspect
ratios (height/length), like metal films, the flow stress is dras-
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tically increased under compression.>!) Second, frictional and
adhesive forces at the interfaces additionally result in a hydro-
static pressure and thus reduce the plastic deformation of alkali
metals.5%52]

With the initial lateral deformation of sodium, the contact area
between Na|CC and Na|SE increases and thus also frictional and
adhesive forces. Furthermore, the aspect ratio decreases with lat-
eral deformation, reinforcing the trend and resulting in a signif-
icant increase in flow stress. Consequently, the lateral deforma-
tion slows down and does not continue to increase the electrode
area even though the applied stack pressure exceeds the yield
strength of the polycrystalline bulk sodium.*%] Therefore, we at-
tribute the initial decrease of R, to an increase of the contact
area by plastic flow of sodium. With increasing contact area the
plastic flow is reduced by additional frictional and adhesive forces
and thus R, remains unchanged.

The direct current resistance Rp. (shown in Figure
S4Supporting Information) slightly decreases with decreas-
ing the stack pressure as the lowest interface contribution is
obtained at atmospheric pressure. Similar to the current density
series, only slight changes of the direct current resistance, and
thus the contact area, can be observed after the first sodium
deposition intervals. This suggest that the interfacial contact area
is mainly determined by the nucleation process. Hence, the stack
pressure might affect the nucleation process. However, whether
the stack pressure influences the lateral distribution of nuclei or
the nucleation process itself requires further characterization,
which will be investigated in future studies.

Finally, the evolution the interface-related capacity C,, is
shown in Figure 4c. Independent of the stack pressure, C,,, con-
tinues to decrease with progressing electrodeposition, indicating
that the gap height is increasing, and thus supporting the trend
and interpretation of the evolution of Rgp.

Based on the impedance analysis, the current density appears
to have a stronger impact on interfacial morphology and the cov-
erage of sodium than the stack pressure. According to the clas-
sical nucleation theory for electrodeposition from liquid elec-
trolytes, the critical nucleation radius decreases with increas-
ing 7,,. and the areal nucleation density increases.*!l In the
case of a solid|solid interface, the mechanical work during nu-
cleation needs to be considered additionally.?! For Li deposi-
tion at Cu|LiPON and Cu|LLZO interfaces, an increase in areal
nuclei density was observed with increasing current density, al-
though there were no large changes in #,,..1'*?"! For verification
of the trend obtained from the electrochemical characterization,
the samples were examined by light and electron microscopy to
visualize the sodium deposition.

2.3. Characterization of Copper Electrodes after Cathodic
Deposition

2.3.1. Light Microscopy

In addition to electrochemical characterization, copper electrodes
were imaged from the top by light microscopy after deposition
of g4ep = 0.5 mAhecm™ (corresponding to a sodium layer thick-
ness of 4.4 ym assuming homogeneous deposition over the en-
tire copper electrode). Figure 5 shows the optical images (upper
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Figure 5. Optical microscopy images of copper electrode after cathodic deposition of gge, = 0.5 mAhecm™=2 (upper row) at different current densities.
The specimens were slightly tilted to improve the visibility of the topography in the optical images. In addition, the copper electrodes were imaged by
confocal microscopy to generate a 3D representation (bottom row). Based on the optical and 3D confocal profiles, a more uniform coverage of the

electrode is observed with increasing j,p.-

row) and the corresponding 3D confocal microscopy profiles (bot-
tom row) for the current density series. Starting from a smooth
and flat pri:

stine copper electrode, the optical images clearly show
that the topography changes significantly, indicating inhomoge-
neous sodium growth underneath. It is also worth noting that
no sodium whiskers grew through the copper electrode. The
topographic changes of the copper electrode at different j, ,, are
consistent with the trend of the impedance analysis. The 3D pro-
files reveal that the elevated areas of the copper electrode quan-
titatively increase as j,,, increases, as shown in Figure 5 and
Figure S6a (Supporting Information). Since the same amount
of sodium was deposited in all measurements, stronger verti-
cal growth must occur at smaller contact areas and vice versa.
For instance, the absolute height difference at 100 pAecm ™2 is
larger than for 1000 pAscm™2. Accordingly, the electrode area ac-
tively involved in transport is smaller at 100 pAscm2 than at
1000 pAecm~2, which supports our conclusion of better coverage
at higher j, ..

For the stack pressure series, the elevated area of the cop-
per electrode is smaller at atmospheric and low stack pressure
(1 MPa) compared to high stack pressures (2 and 4 MPa), as can
be seen in Figures S7 and S6b (Supporting Information). On the
contrary, according to the direct current resistances Ry, an op-
posite trend of the contact area is observed and thus is inconsis-
tent with the 3D confocal microscopy profiles. This discrepancy
is probably due to the mismatch between the elevated area and
the actual contact area in the optical data, as described in Sec-
tion 2.3.2. In general, the absolute height difference is higher at
atmospheric pressure than with additional stack pressure. This
is consistent with the trend of R, since no plastic deforma-
tion and thus no lateral expansion of the sodium whiskers due
to plastic flow is expected. Consequently, the height of an aver-
age whisker is higher for lower contact areas as the amount of
sodium deposited remains constant. Similar behavior was also
observed for the lithium deposition at the Cu|LLZO interface,
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where vertical growth was less pronounced when a stack pres-
sure was applied.3?]

2.3.2. Cross Sections of the Cu[Na[NZSP Interface

Since light microscopy only gives an overview of the surface of the
copper electrode, additional cross-sections were prepared by FIB-
SEM to visualize the deposited sodium in more detail. Multiple
cross-sections per sample were prepared and linked to the posi-
tion on the copper electrode in the 3D confocal microscopy pro-
files. Figure 6 shows the cross-sections for the sample deposited
at 200 pAecm 2 and 2 MPa.

Starting with cross-section C1, a dense and uniform sodium
layer with good contact to the NZSP and a thickness of 8.8 ym
is found. The thickness is very well in line with the height differ-
ence obtained from the 3D profile at position C1. The thickness
of ~9 um already indicates that there is no uniform sodium de-
position over the entire copper electrode as the expected mean
film thickness is 4.4 um. Surprisingly, a discrepancy between the
elevated area in the 3D profile and the sodium underneath is ob-
served in the other cross-sections (C2-C4), revealing that the el-
evated area is not equal to the contact area between sodium and
NZSP. For instance, a mismatch can result from the formation
of gaps, as shown at positions C3 and C4. This can be caused by
island or whisker growth. When sodium grows, the copper elec-
trode near the island/whisker can be raised if the electrode is lo-
cally not bonded properly to the NZSP.I332] Although the lifted
area in the 3D profiles does not correspond to the real contact
area, it can provide information on the distribution of deposited
sodium underneath the copper electrode.

The observation of large gaps supports the results of our
impedance analysis given in Section 2.2. The increase in Rg dur-
ing deposition is associated with a reduction of the electrode area
actively involved in transport, even at high frequencies, leading to
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Figure 6. FIB-SEM cross-sections of selected spots on the copper electrode to visualize the sodium growth underneath. The positions are correlated
with the corresponding 3D confocal microscopy profile as indicated by the labels C1-C4. The topography of the electrode in the 3D profile is indicated
by the color bar shown on the bottom side. A total amount of sodium corresponding to gge, = 0.5 mAhecm=2 was deposited at jpp = 200 pAecm 2, p =
2 MPa, and T = 25 °C. Homogeneous deposition of a dense sodium layer with a homogeneous interfacial contact can be observed at position C1 and
C2. Position C3 visualizes a region near the edge of a sodium island while at position C4 copper and NZSP is separated by a gap. The thickness of the

deposited sodium varies between 1.4 and 13.3 um.

a change in the cell constant. The formation of such gaps may be
due to the preparation of the copper electrode, as they are less pro-
nounced when a copper foil is laminated on a SE.['23132] Lamina-
tion at elevated temperatures (<800 °C) and pressures (=3 MPa)
may improve the bonding between copper and SE.

Compared to the Cu|[NZSP interface prepared by thermal evap-
oration, a small gap of ~#100 nm can be observed already in the
pristine sample by Xet FIB-SEM cross sections, as shown in
Figure S8a—g (Supporting Information). When a TEM lamella
of the stack prepared via Ga* FIB is prepared, an almost cover-
ing copper layer with small voids in the layer is obtained, as can
be seen in Figure S8h,i (Supporting Information). It is unclear
whether these voids were created by the FIB preparation or dur-
ing the evaporation process. Therefore, it must be assumed that
the copper electrode is not directly bonded to the solid electrolyte
in some areas. Without direct bonding to the SE, there is no coun-
terforce to push the copper electrode toward the SE when nearby
vertical sodium growth lifts the electrode. Larger gaps have also
been observed when the current collector is pressed only on a
lithium SE, as in the case of Cu]LizPS;CL]

Further cross-sections with the corresponding assignment to
the respective 3D profile are shown in Figures S9-S11 (Sup-
porting Information). Despite several cross-sections per sam-
ple, it is not possible to correlate the frequency of occurrence
of growth features with the respective deposition parameters.
This is because the cross sections provide only a local view.
Therefore, only the generally observed phenomena of sodium
deposition at the Cu|NZSP interface are described and summa-
rized in Figure 7. Besides the formation of gaps, which occurs
in all samples, mostly dense and uniform sodium layers with
a conformal contact between sodium and NZSP are observed
(Figure 7a,b). It is noteworthy that voids in the SE near the in-
terface are not filled with sodium and no spallation of the SE
is observed. The deposited sodium can adapt to the geometrical
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conditions, even if the sodium layers are very thin (Figure 7c)
or located in edge regions of the layer (Figure 7d). As shown
in Figure 7ef, besides a homogeneous deposition, the growth
of small islands and whiskers can be observed leading to gap
formation as discussed previously. Additionally, in the case of
whisker growth no fracturing of the SE near the interface takes
place.

Nevertheless, it cannot be ruled out that damage occurs near
the Na|NZSP interface. As can clearly be seen in Figure 7gh,
parts of the SE are pulled out of the surface and voids in the SE
are filled with sodium. Despite this spallation, a uniform sodium
layer is obtained between the pulled-out SE and the remaining
SE, which can be unambiguously concluded from the negative
imprint in the remaining SE. The reason for the fracture has not
been fully clarified. It cannot be excluded that sodium does nu-
cleate inside the SE causing a high mechanical stress thatleads to
the formation of cracks. It is suggested that the root cause of the
nucleation is related to the partial electronic conductivity of the
SE.[335% In addition, the driving force for metal nucleation inside
the SE needs to be considered.l”] Hence, nucleation can occur
when the chemical potential of sodium inside the SE uy, exceeds
the chemical potential of sodium metal 1%y,.>*! Such an “over-
shoot” of uy, can be caused by local ionic transport limitations
or differences in transference number.>°¢] Moreover, to initiate
sodium nucleation an overpotential has to be overcome that de-
pends on the mechanical back stress of the respective SE.I”7} For
example, nucleation of sodium within the solid electrolyte has
been observed for the sodium beta-alumina solid electrolyte.>%>%]

As the NZSP was polished prior to copper deposition, minor
damages may have been induced, which led to local predeter-
mined breaking points and further defects. These may act as
preferred sites for nucleation and locally reduced fracture tough-
ness of NZSP. However, the spallation of the SE appears to be
very local, as can be seen in Figure 7g,d. Despite the presence of
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Figure 7. Compilation of FIB-SEM cross sections of differently observed phenomena during cathodic deposition of sodium at the Cu|NZSP interface.
The formation of thick and uniform sodium layers with an optimal physical contact to the solid electrolyte are shown in (a) and (b). In addition, thin and
wedge-shaped layers are observed in (c) and (d) with a proper contact to the copper electrode and the NZSP solid electrolyte. In contrast, island and
whisker growth lead to gap formation between copper and NZSP as shown in (e) and (f). Moreover, NZSP grains near the interface break out and pores
near the interface can be filled with sodium as identified in (g) and (h). The different morphologies and contrasts of NZSP result from the fact that both

the crater wall (upper part) and the crater floor (lower part) are shown.

fractures, uniform deposition is again observed only a few mi-
crometers next to it.

The cross sections generally show dense and uniform sodium
deposition, which is required for sodium solid-state reservoir-
free cells. Whisker growth, that s, out-of-plane or vertical growth,
is not beneficial for the cycling of reservoir-free cells, as it leads
to a reduction in the electrode area. However, it is not critical as
no damage to the SE is observed in general. Clearly, spallation of
the SE would lead to a degradation of the interface during cycling
and may develop into a critical microstructural defect.

2.4. Characterization of Early Stages of Sodium Growth by In Situ
Transmission Electron Microscopy (TEM)

For better understanding of the processes during early growth
at the nanoscopic level, the sodium deposition at the Cu|[NZSP
interface was characterized by in situ TEM. A schematic repre-
sentation of the experimental setup is depicted in Figure S12
(Supporting Information). Sodium growth at the interface was

Adv. Energy Mater. 2023, 2302729 2302729 (10 of 14)

induced by applying a bias of 6.3 V and the morphological evolu-
tion has been recorded through time-series of high-angle annular
dark-field scanning transmission electron microscopy images.
Starting from the pristine sample, besides a few close contact
spots between copper and NZSP, several voids are present within
the copper layer, as can be seen in Figure 8a. Moreover, a small
crack in the SE is present near the interface, which is outlined
with a green arrow in Figure 8b. The crack might be due to the
polishing procedure of the SE or introduced by the ion milling.
During biasing, sodium nucleates at a close contact point
shown in Figure 8c, highlighting the importance of physical
contact between the copper and NZSP. With further biasing, a
sodium whisker grows, which is highlighted by a brown dotted
frame in Figure 8d. A polyhedral shape can be recognized. This
might indicate a faceted single whisker, which is also observed in
a second in situ TEM experiment, shown in FigureS13a,b (Sup-
porting Information). We would like to note that the sample his-
tory of the second electron-transparent lamella differs from that
of the first lamella, which is described in more detail in Section
S5 (Supporting Information). However, such an oriented sodium
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Figure 8. Time-resolved high-angle annular dark-field scanning transmission electron microscopy images of a Cu|[NZSP interface during biasing. To
initiate sodium deposition, the voltage was gradually increased and image acquisition was started when a voltage of 6.3 V was reached. This time is
referred to as ty. The pristine lamella is shown in (a) and (b). For processing of the lamella, a platinum protection layer was deposited via electron-beam
(denoted as e-Pt(C)) followed by an ion-beam deposition referred to i-Pt(C). An initial crack near the Cu|NZSP interface is marked by a green arrow.
c) After 78 s of polarization a sodium particle nucleates at a close contact spot highlighted with a light green arrow. During further polarization, the
sodium particle grows into a polyhedral-shaped whisker. d) With progressing biasing, the formed whisker grows maintaining its shape (e). Furthermore,
gap formation between the NZSP and copper layer (yellow arrows) as well as between the copper and platinum protection layer (orange arrow) is
observed. Surprisingly, some gaps are also compressed as highlighted by a red arrow in (e).

growth has been observed previously in other TEM studies at
(multiwall) carbon nanotube matrix.[>%¢]

Moreover, the initial crack in Figure 8b (highlighted by the
green arrow) does not further propagate during sodium nucle-
ation and growth (Figure 8d). Therefore, existing cracks are not
necessarily the starting point for further damage to the SE. On
the contrary, damage to the SE due to the deposition cannot
be completely ruled out. As shown in Figure Si3c (Supporting
Information), a crack forms in the SE near the interface. The
formation of the crack may arise from mechanical stress gen-
erated by the deposition of sodium within the SE (see explana-
tion in Section 2.3.2) or at the Cu|NZSP interface. Furthermore,
the resulting crack can also serve as nucleation point. As can be
seen in Figure S13d (Supporting Information), a second whisker
is formed at the location of the previous crack. It is not clear
whether the second whisker forms independently by plating in-
side the SE or whether a junction of the first whisker creates an
electrical connection to the copper electrode and causes the for-
mation.

The formation and growth of the sodium whisker also influ-
ences the copper current collector. In Figure 8e and Video S1
(Supporting information), gaps between copper and NZSP be-
come enlarged or formed (indicated by yellow arrows), and com-
pressed (indicated by red arrow). Itis unclear if these phenomena

Adv. Energy Mater. 2023, 2302729 2302729 (11 of 14)

are solely a result of the mechanical stress caused by the deposi-
tion of sodium as enlargement and compression are two opposite
effects. Moreover, a minor expansion of the copper layer and de-
tachment from the platinum protective layer (orange arrow) in-
dicate additional factors that contribute to the observed changes
in the electrode, beyond mechanical stress. However, small voids
are also observed at the Cu|NZSP interface after sodium deposi-
tion, suggesting that sodium deposition bears the risk of delam-
inating copper from NZSP and agrees with the previous results
(cf. Figure S13b, Supporting Information).

Note that we cannot exclude an influence of the specificlamella
geometry in the operando experiments on the observed whisker
growth. However, we assume that the faceted whisker growth of
sodium is a general phenomenon that would also be observed in
extended 3D samples.

3. Conclusions

In this work, we demonstrate the deposition of dense sodium lay-
ers with several microns thickness at the Cu|NZSP interface that
are of comparable quality to reported electrodeposited lithium
films.[31:323561] To the best of our knowledge, there have not been
reports on “anode-free” sodium deposition published yet. The
electrodeposition and growth of sodium was studied at different
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current densities and stack pressures. Based on impedance anal-
ysis and optical microscopy, we conclude that a more homoge-
neous sodium distribution underneath the copper electrode can
be achieved at higher current densities, whereas the stack pres-
sure has a minor impact on the sodium distribution within the
examined parameter window. We conclude that this interesting
difference to lithium plating is due to the higher plasticity of
sodium, which operates at room temperature quite close to its
melting point.

FIB-SEM cross-sections show the deposition of dense and uni-
form sodium layers ideal for reservoir-free cells. Beside the lay-
ers, island, and whisker growth of sodium is also observed at the
Cu|NZSP interface, leading to the formation of larger gaps due to
incomplete physical contact between the copper electrode and the
SE. The relevance of the initial physical contact is demonstrated
by in situ TEM studies, as electrochemical sodium deposition
only occurs at contact sites showing orientated growth of sodium
whiskers. In addition, FIB-SEM cross-sections and in situ TEM
characterizations reveal that sodium deposition can lead to crack
formation and spallation of grains from the SE near the interface.
However, based on the electrochemical impedance analysis, no
detrimental dendrite formation is observed, even at higher cur-
rent densities.

In order to obtain dense and homogeneous sodium layers, at-
tention should be paid to the physical contact between the cur-
rent collector and the SE, as well as to an adequate electrochemi-
cal deposition protocol. For example, ion beam sputtering of the
copper layer could improve the interfacial contact between cop-
per and NZSP compared to thermal evaporation technique due to
the higher energy input of particles during deposition.[®?! More-
over, pulse techniques with high current densities could be used
to promote a homogeneous lateral sodium metal distribution
but minimize damage to the solid electrolyte. We conclude that
“reservoir-free” cell concepts can be realized for sodium solid-

T nd +0 motivate furth rch in this feld
T t 10,

O mouvaie iuriney réseardil i wiis e

4. Experimental Section

Preparation of Reservoir-Free Cells:  The NZSP solid electrolyte was syn-
thesized via solution-assisted solid-state reaction (SA-SSR) as described
elsewhere.[53] After sintering the NZSP pellets have a relative density of
> 95%. For cell preparation, an ideally reversible sodium electrode was at-
tached on one side of a NZSP pellet using a uniaxial load of 11 MPa for
1 min followed by additional isostatically pressing at 100 MPa for 15 min,
as described previously.[3] The opposite side of the pellets was gradually
polished with SiC grinding paper (Buehler Ltd., USA) starting from P400
up to P4000. A 5 um copper layer was deposited on the polished surface
by thermal evaporation in a home-built evaporation chamber.[?’] During
evaporation of copper the pressure inside the chamber was below 1072 Pa.
Before sealing of the Cu|NZSP|Na;y assembly in an Ar-filled pouch bag,
the copper electrode was covered by a nickel disc (thickness 1 mm) to
ensure a homogeneous pressure distribution during electrochemical ex-
periments. For measurements carried out at atmosphere pressures, the
pouch bags were sealed under vacuum. The nickel disc was polished with
an AutoMet 300 polishing machine (Buehler Ltd. USA) using a 1 um poly-
crystalline diamond suspension (MetaDi Supreme, Buehler Ltd., USA).
Preparation and assembling were conducted in an Ar-filled glovebox. A
schematic illustration of the cell preparation, including the cell dimen-
sions, is shown in Figure S1a (Supporting Information).

Electrochemical ~ Characterization: Electrochemical measurements
were conducted using a VMP-300 potentiostat (BiolLogic, France) in
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a controlled temperature environment (LabEvent climate chamber,
Weisstechnik, Germany) at 25 °C. The external load during cathodic
deposition was maintained by an in-house build pressure frame equipped
with an FC22 (TE Connectivity) force sensor.l#0l For the characterization
of the evolution of the Cu|NZSP interface, an alternating approach of
chronopotentiometry and potentiostatic electrochemical impedance
spectroscopy was used for cathodic deposition. A total amount of sodium
corresponding to 0.5 mAhecm™2 was cathodically deposited at the
Cu|NZSP interface for all cells. Assuming an ideally uniform deposition
of sodium across the entire copper electrode, a theoretical mean layer
thickness of 4.4 um would be expected. Impedance spectra were recorded
after each deposition step of 0.05 mAhecm™=2 in a frequency range from
7 MHz to 100 Hz with a voltage amplitude of 10 mV.

Impedance data were analyzed using the Relaxis3 software package
(rhd Instruments, Germany). The Kramers-Kronig test was used to check
the spectra before fitting. Frequencies with relative residuals > 2% were
not considered for fitting. The ionic blocking (polarization) behavior of
the copper electrode in the pristine cells was fitted by a Q-element. The
model used to fit the impedance data during cathodic sodium deposition
is shown in the respective figures. All impedance data were normalized
to the total conduction volume of NZSP using the fitted bulk and grain
boundary resistance of the pristine cell. The specified errors of the deter-
mined resistances and capacitances were estimated by a formal error es-
timation based on the mathematical errors of the fit.

Distribution of relaxation times were analyzed by the software package
Relaxis3 (rhd Instruments, Germany). The real and imaginary parts of the
data set were considered for the evaluation. For solving the Tikhonov reg-
ularization problem, the second derivative of the distribution function y(r)
was used. Calculations were performed with a shape factor of 0.5, a regu-
larization parameter A = 10~°, and Gaussian basic functions.

3D Confocal Microscopy: After cathodic deposition, the copper elec-
trodes were imaged by digital microscopy (Emspira 3, Leica Microsystems
GmbH, Germany). The samples were slightly tilted to better visualize the
topography of the copper electrodes. In addition, 3D confocal microscopy
profiles of the copper electrodes were generated with an optical 3D pro-
filer (S Neox confocal microscope, Sensofar, Spain) using the SensoSCAN
6.7 software package. The 3D profiles were processed and evaluated us-
ing the SensoVIEW 1.9.2 software package. The recorded 3D profiles were
leveled by the other part of the copper electrode. Missing or unmeasured
data points were reconstructed by interpolation (bicubic). Determination
of the elevated area was conducted by the same software package.

Focused lon Beam Scanning Electron Microscopy: ~ Cross-sections of the
Cu|Na|NZSP interface were prepared by FIB-SEM using a XEIA3 system
(TESCAN GmbH, Czech Republic). The samples were transferred from
a glovebox to a XEIA3 system under inert gas conditions using a Leica
EM VCT500 transfer shuttle (Leica Microsystems GmbH, Germany). Prior
to milling, the samples were cooled to a temperature of —143 K by lig-
uid nitrogen, which was maintained during analysis. The cross-sections
were milled with Xet ions with an energy of 30 kV. Beam currents of
100-300 nA and 3-30 nA were used for milling and polishing. The cross
sections were imaged by SEM using a low-energy back scattered electron
detector (LE-BSE).

In Situ Transmission Electron Microscopy: ~ For in situ TEM experiments,
first a 120 nm thick copper film was deposited on a NZSP pellet by ther-
mal evaporation. From this sample, a thick lamella with the Cu|[NZSP in-
terface was prepared using a Strata 400 S FIB microscope (FEI Company,
USA) and attached to a copper TEM grid.[®*] To protect the copper layer,
a platinum protection layer was deposited by the electron and ion beam
on the surface before milling. The final TEM lamella was obtained by thin-
ning with a Ga™ ion beam using an Auriga 60 CrossBeam FIB (Carl Zeiss
NTS GmbH, Germany) following the cryogenic FIB processing routine for
SE.164]

TEM characterization was carried out using a probe-corrected Themis
300 system (Thermo Fisher Scientific, USA) operated at 300 kV and
the in situ biasing was conducted using the scanning tunneling mi-
croscopy holder (ZEPtools Technology Company, PicoFemto double-tilt
holder, China) inside the TEM. After establishing contact of the grounded
tungsten tip with the piatinum iayer of the TEM iameiia, a biasing voitage
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of 4 and 6.3 V was applied between the copper TEM grid and the tungsten
tip, respectively. The experimental setup is illustrated in Figure S12 (Sup-
porting Information). Meanwhile, time-dependent series of high-angle an-
nular dark-field scanning transmission electron microscopy images were
acquired to record the morphological changes during biasing. The elec-
tron beam diameter was nominally 170 pm with nominal screen current
of 100 pA.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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3.3 Publication 3: “Imaging the Microstructure of Lithium and Sodium Metal
in “Anode-Free” Solid-State Batteries using EBSD”

In the third publication of this doctoral thesis, the microstructure of electrodeposited lithium and
sodium metal at solid|solid interfaces is analyzed by electron backscatter diffraction. For this
purpose, lithium and sodium metal foils with different grain sizes were characterized by EBSD to
study potential grain growth during characterization. Additionally, a workflow for the
microstructural characterization of buried interfaces by ion beam milling was established. The
microstructure of electrodeposited lithium and sodium metal at three relevant interfaces for reservoir-
free cell concepts, namely Cu|LLZO, StS|LPSCI, and AI[NZSP, was imaged based on the established
workflow. Besides the reservoir-free configuration, electrodeposition at the Li|LLZO and Na|[NZSP
interfaces of the respective alkali metals was also examined. An in situ EBSD experiment was
designed to characterize the evolution of the microstructure during cathodic deposition and anodic
dissolution of the respective metal anode.

For the first time, the microstructure of sodium metal foils has here been visualized by EBSD
revealing a grain size of several hundred micrometers, which is larger compared to lithium metal.
The grain size of sodium and lithium can be altered by quenching molten alkali metal using liquid
N». For both metals, no substantial grain growth was observed within a period of two weeks.
Furthermore, the microstructure remained unchanged when the samples were processed by a plasma-
focused ion beam under cryogenic conditions. Large angle grain boundaries perpendicular to the SE
surface were observed in both electrodeposited sodium and lithium. Furthermore, there was no
correlation between the grain size of the deposited alkali metal and the electrode material or the SE.
In situ EBSD experiments revealed a lateral motion of the grain boundaries in addition to the vertical
growth of the metal grains. This results in the merging of neighboring grains and a reduction in the
total grain number as electrodeposition progresses. The formation of pores was observed during the
anodic dissolution of the metal anode. Pore formation occurred preferentially in the interior of a grain
localized at the interface.

Overall, the third publication establishes a workflow and demonstrates the characterization of the
microstructure of highly reactive alkali metals as well as its evolution during cathodic deposition and
anodic dissolution using EBSD. The study highlights the importance of the metal electrode
microstructure and reveals its correlation with electrochemical performance. The established method
and knowledge open a new perspective on metal anodes in general and help to design and evaluate
new concepts to improve the cycling performance of metal anodes in SSBs.

Dr. T. Fuchs and T. Ortmann contributed equally to this work by designing and conducting the
experiments, which were supported by J. Becker. T. Ortmann mainly conducted the experiments for
sodium, while T. Fuchs carried out the experiments for lithium. The preparation of the solid
electrolyte and the cells including the electrochemical cycling was supported by C. G. Haslam, V.
K. Singh, M. Ziegler and J. Becker. The EBSD experiments were supported by Dr. B. Mogwitz and
Dr. K. Peppler. The first draft of the manuscript was written by Dr. T. Fuchs and T. Ortmann and
revised by twelve co-authors. The work was supervised by Prof. M. Rohnke, Prof. L. Nazar, Prof. J.
Sakamoto and Prof. J. Janek.

This study was part of the research within the Cluster of Excellence for Post Lithium-Ion Storage.

Reprinted without modification according to the creative commons license CC BY-NC 4.0
(https://creativecommons.org/licenses/by-nc/4.0/) from Fuchs, T., Ortmann, T., Becker, J., Haslam,
G. C,, Ziegler, M., Singh, V. K., Rohnke, M., Mogwitz, B., Peppler, K., Nazar, L. F., Sakamoto, J.,
Janek, J. Imaging the microstructure of lithium and sodium metal in anode-free solid-state batteries
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‘Anode-free’ or, more fittingly, metal reservoir-free cells could drastically

improve current solid-state battery technology by achieving higher energy
density, improving safety and simplifying manufacturing. Various strategies
have been reported so far to control the morphology of electrodeposited alkali
metal films to be homogeneous and dense, but until now, the microstructure
of electrodeposited alkali metal is unknown, and a suitable characterization
route is yet to beidentified. Here we establish a reproducible protocol for
characterizing the size and orientation of metal grains in differently processed
lithium and sodium samples by acombination of focused ion beam and
electronbackscatter diffraction. Electrodeposited films at Cu|Li, s Ta, sLa;Zr; sO;,,
steel|Li,PS;Cland Al|Na, ,Zr,Si, ,P, ,O;, interfaces were characterized. The
analyses show large grain sizes (>100 pm) within these films and a preferential
orientation of grainboundaries. Furthermore, metal growth and dissolution
were investigated using in situ electron backscatter diffraction, showinga
dynamic grain coarsening during electrodeposition and pore formation within
grains during dissolution. Our methodology and results deepen the research
field for theimprovement of solid-state battery performance through a
characterization of the alkali metal microstructure.

Solid-state batteries (SSBs) have gained substantial attention for their
potential to surpass lithium-ion batteries as advanced energy storage
devices' . Majoradvancement is expected by the successfulimplementa-
tion of lithium metal anodes in SSBs, enabled by chemically stable solid
electrolytes (SEs)**,and owing to lithium’s high theoretical specific capac-
ity of 3,861 mAh g™ and low redox potential of -3.04 V.Similar advantages
areexpected by the use of sodium metal anodes in sodium-based SSBs“ .

‘Anode-free’ or, morefittingly, reservoir-free cells (RFCs) emerged
as an alternative to using alkali metal foils for cell fabrication®™.

Instead, the metal is deposited onto a specially designed current col-
lector (CC) in the first charging step, eliminating the need for costly
handling of reactive alkali metal foils. This approachincreases energy
density by reducing unnecessary weight while also simplifying fabrica-
tion and enhancing safety during storage.

The main challenge of RFCs is controlling the morphology and
microstructure of plated alkali metal at the CC|SE interface. Strategies
to control the alkali metal layer include specialized plating protocols,
engineered CC materials, seed layers and applying pressure during
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sodium (b) as well as small grains for lithium (c) and sodium (d). e,f, After await
time of several calendar days, two new foils were prepared from the quenched
metal, for lithium (e) and sodium (f).

plating"™". Despite intense investigation of the morphology of the
metal deposited in RFCs" '8, its microstructure, including the grain
size and orientation, is yet completely unknown'**°. Based on previous
work, we expect that the microstructure willimpact the anode perfor-
mance by influencing, for example, the pore formation and spatially
inhomogeneous plating'**?,

Another unknown effect concerns alkali metal grain growth during
storage at room temperature. Typically, metals show microstructural
changes athomologous temperatures (7;,) of around 0.4-0.6 (ref.23).
As T,,(Li) = 0.61and T,,(Na) = 0.80 at room temperature exceed this, itis
reasonable to assume that the microstructure of alkali metals is always
close to equilibrium, given enough time to anneal. Recent investiga-
tions of lithium suggest that its microstructure is actually tunable by
a different thermal processing, suggesting slow grain coarsening? .
Interestingly, electrodeposited silver is initially nanocrystalline but
anneals during the first hours until graingrowth stops ataround 40 pm,
even at a much lower T,,(Ag) of 0.23 at room temperature*?, It is
possible that the initially stated rule of thumb about recrystallization
at T, > 0.4 may not hold for lithium and sodium.

The mostsuitable technique to analyse the microstructure of met-
als and its evolution is electron backscatter diffraction (EBSD). EBSD
offers quantitative information onthe grain size and orientation, grain
boundaries and possibly evendislocations and strain within large single
grains® . However, a very well-defined sample surface with regard to
its flatness, crystallinity and chemical composition is required. Thin
(<50 nm) degradation layers typically found on lithium***° mask the
electron diffraction pattern due to the very low probe depth of EBSD
(~20 nm). Very few EBSD analyses of lithium foils?**'~* exist so far, and
to the best of our knowledge, no data have been reported for sodium
or electrodeposited alkali metals.

To solve this issue, this work presents a protocol to analyse the
microstructure of lithium and sodium foils as well as deposited films

inRFCs using EBSD. The success relies on operationininert gas or high
vacuuminallsteps, a delicate focused ion beam (FIB) cutting/polishing
under cryogenic conditions, and an EBSD system with high sensitivity.
First, theresults presented here indicate that substantial graingrowth
of lithiumand sodium occurs neither during room temperature storage
despite the high T, nor during cryogenic FIB preparation. Second, we
analyse the microstructure of lithium electrodeposited at Cu|LigsTag s
La;Zr,s0,, (Cu|LLZO) and stainless-steel|LisPSsCl (SSILPSCI) inter-
faces as well as sodium plated at a carbon-coated Al|Na,,Zr,Si, ,
Py601, (AIINZSP) interface, showing distinctly columnar growth of large
grains. These observations offer the first views into the electrochemi-
cal growth of unexpected large metal grains and open up a multitude
of options for follow-up work on the correlation of electrochemical
performance and microstructure of alkali metal anodes.

The major goal of this work was to analyse the grain size and ori-
entation of electrodeposited alkali metal films in RFCs as well as to
image pore formation after electrodissolution—in representative
cross-sections—to advance the understanding of microstructure—
property relations. However, before the results could be interpreted
reliably, a protocolis required that does not alter the metal grain size,
including artefacts created by heating during preparation and sub-
sequent annealing. Furthermore, it was necessary to determine if
and to what extent lithium and sodium anneal/recrystallize at room
temperature. The following section answers these questions, while
the subsequent section showcases the first results obtained from
electrodeposited films within RFCs.

Protocol for alkali metal microstructure analysis
by EBSD

Lithium foils with varying microstructures were already prepared by
Singh et al.”*. However, while electrodeposited silver and copper films
show microstructural changes during room temperature storage**,
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Fig. 2| IPF maps of alkali metal foils with different thermal processing histories. a-d, Top-view IPF maps of freshly cut samples of R-Li (a), R-Na (b), Q-Li (c) and
Q-Na (d). e-h, IPF maps of cross-sections prepared via cryogenic FIB of R-Li (e), R-Na (f), Q-Li (g) and Q-Na (h). Scale bars, 200 pm.

itis unclear if this can be applied to (electrodeposited) lithium and
sodium. Therefore, four different metal foils were prepared for analysis
asdescribed in Methods.

Top-view scanning electron microscopy (SEM) images of each foil
obtained directly after preparation are shown in Fig. 1a-d. Figure le,f
shows top-view images of quenched lithium and sodium referred to
as Q-Li and Q-Na after several days of room temperature storage, to
reveal information about possible grain growth. First, lines and mul-
tiple triple junctions are found on the freshly prepared metal foils.
These are assumed to be grain boundaries made visible by preferential
degradation or morphological changes induced during pressing?-*%
Interestingly, sodium foils show less pronounced lines, possibly due
to differences in mechanical properties, impurity level and surface
chemistry.

With apparent grain sizes of -100-300 pm for the reference lith-
iumfoil (R-Li) and 10-50 pm for Q-Li, we confirm that thermal process-
ing strongly influences the lithium microstructure?*. Furthermore,
novisible grain growth occurred during room temperature storage of
Q-Lidespiteits high T},. With less pronounced white lines, the reference
sodium foil (R-Na) shows larger grains close to the millimetre range and
Q-Nagrainsizes of about 200-600 pum. Note that the grains were some-
times larger than the SEM field of view, which makes statistical grain
size analysis difficult. However, upon comparison, itis also striking that
the microstructure of sodium could be altered by thermal processing.
Furthermore, Q-Nastored for 2 days does not show grain growth caused
by room temperature annealing, which is confirmed below.

The apparent lack of grain growth despite the high 7, may be
explained considering two stages. Small grains are expected to grow
rapidly driven by the reduction of interfacial grain boundary energies,
as, for example, in the case of electrodeposited silver”. However, with
increasing grain size, the driving force to mitigate interfacial grain
boundary energies decreases, slowing down further growth.

To validate these initial findings, we used EBSD to analyse freshly
prepared surfaces of eachfoil as depicted in Fig. 2a-d. Exemplary Kikuchi
patternsare depicted in Supplementary Figs.1and 2, proving that crys-
talline, sufficiently passivation-free surfaces were obtained. Theinverse
pole figure (IPF) maps confirm that the grains identified in Fig. 1 are
body-centered cubic metal grains with different orientations. Due to
the large grain size of R- and Q-Na, several spots were characterized by
EBSD as presented in Supplementary Figs. 3 and 4. Similar grain sizes

are observed for R-Li and R-Na with EBSD characterization compared
with the initial SEM analysis as well as for their quenched counterparts.
This controlled grain size change fits well to what was observed for
lithium?+** and has not been previously shown for sodium. As the time
between quenching the metal and cooling for analysis was minimized
(thatis,20 minfor Q-Na), substantial graingrowthis notexpected to have
occurred. Moreover, no substantial grain growth of Q-Na at room tem-
perature was observed after approximately 2 weeks, as demonstrated
by the IPF in Supplementary Fig. 4. Therefore, grain growth of lithium
at room temperature is also unlikely due to its lower T,,. Interestingly,
thelithiumgrains do not follow atypical Voronoi shape. A more regular
grainshapeis expected, as seen for sodium. We assume that these shape
distortions wereinduced by the high ductility of the metal during prepa-
ration, where a blade was run across the sample surface.

These results for thermally prepared alkali metals are consistent
and demonstrate the efficacy of our protocol. However, electrodepos-
ited metal films in RFCs are buried between a CC and an SE separa-
tor, and surface EBSD analysis is not suitable for these films. Here,
cross-section preparation by cryogenic FIB is required to enable the
analysis of electrodeposited metal layers perpendicular to the inter-
face. Therefore, a second step was necessary to exclude local altera-
tions of the microstructure by the cryogenic FIB preparation. Hence,
cross-sections of samples shown in Fig. 2a-d were analysed using EBSD
(Fig.2e-h).Asecond IPF mapin the x direction of the samplein Fig. 2g is
showninSupplementary Fig. 5, to showcase that the large green grain
actually consists of multiple, coincidentally oriented similarly in the
ydirection. IPF maps of aged sodium cross-sections are depicted in
Supplementary Fig. 6.

Although the analysis area of a cross-section is smaller than asur-
face view, substantial differences between thermally processed metal
foils and reference foils are observed for both lithium and sodium,
consistent with previous results. Furthermore, all cross-sectional
maps predominantly show vertical grain boundaries. This prob-
ably occurs due to the high aspect ratio of the analysed foils and the
grain size being larger than the foil thickness or potentially during
texturing when pressing ingots to a foil. This also explains why more
curved grain boundaries are observed for thicker sodium foils in
Fig. 2f,h with alower aspect ratio.

Local grain growth during cryogenic FIB preparation is thereby
excluded, and the alkali metal microstructure remains unaltered.
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and Cu|LLZO (c) interface. d, A cross-sectional IPF map of sodium plated at the
AIINZSP interface. IPF maps are given parallel to the y direction as indicated
by the sketchin the upper right of the figure. Scale bars, 100 pm. e, The
corresponding voltage profiles during electrodeposition for every layer.

These findings are supported by the lack of microstructural changes
after a second milling step of a cross-section (Supplementary Fig. 7).
Overall, this confirms that our cryogenic FIB protocol is suitable to
analyse the microstructure of alkali metal cross-sections, including
electrodeposited films at CC|SE interfaces. We could further confirm
that the white lines on the surfaces as seen by SEM in Fig. 1 indicate
grainboundariesin most cases, as elaborated in Supplementary Fig. 8.

The microstructure of electrodeposited alkali
metal films

Next, the EBSD analysis is focused on the microstructure of alkali metal
films electrodeposited within RFCs. Different RFCs were prepared,
namely, SS|LPSCI|Li, Cu|LLZO|Li and AI[NZSP|Na cells, representing
today’s mostinvestigated SEs paired with alkali metal anodes. The metal
was deposited within each cell on the respective CC. Figure 3ashows the
protocol needed to obtain cross-sectional EBSD images thereof, with
the three respective IPF maps shown in Fig. 3b-d. The corresponding
voltage profiles during plating are shown in Fig. 3e.

Both lithium films were deposited with 100 pA cm™, at the
SS|LPSCl interface with 15 MPa and at the Cu|LLZO interface with
5 MPa. Sodium was electrodeposited at the carbon-coated Al|[NZSP
interface with 300 pA cm™ at 3 MPa. These parameters were chosen
onthebasis of experience to yield ahomogeneously deposited film'*,
Impedance spectra before and after electrodeposition of each cell are
depicted in Supplementary Fig. 9, showing a characteristic change
from ablockingimpedance of the working electrode to the signature
ofareversible alkali metal electrode, confirming nucleation and sub-
sequent growth of ametal layer*>*°. All three voltage profiles display
acharacteristic nucleation overpotential in line with previous results,
followed by astable plateau, during which layer growth occurs'*., The
magnitude of the overvoltage is also similar to what was previously
reported with 10-20 mV for lithium deposition and around 80 mV
for sodium deposition®~°. For lithium plated at the SS|LPSCl inter-
face, a sudden voltage drop indicates a short circuit from dendrite

formation, confirmed by impedance datashowing substantially lowered
resistance (Supplementary Fig. 9). However, the resulting film could
still be analysed.

Subsequently, each sample was prepared for EBSD analysis accord-
ing to the description given in Methods. It is striking that the average
grainsize of each electrodeposited metal filmis quite large, especially
compared with other electrodeposited metals*******’. The grain width
for deposited lithium at the SS|LPSClinterface and CC|LLZO interface
isaround 20-100 pmand 10-100 pm, respectively. Sodium deposited
at the carbon-coated AIINZSP interface shows a grain width around
10-150 um. A second cross-section of the sodium film in Supplemen-
tary Fig. 10 confirms the given grain size. However, compared with
the alkali metal foils analysed in Figs. 1and 2, the grain size is smaller,
furtherindicating the absence of substantial room temperature storage
graingrowthinelectrodeposited films, although the impurity content
isexpected to be lower.

Another observationis that all grain boundaries are perpendicular
to the CC|SE interface, which marks a major difference between the
Li/Na|SE interface of an electrodeposited metal compared with an
as-built Li/Na|SE interface using foils. In the latter case, grains are
larger and grain boundaries are randomly oriented. This has implica-
tions for the subsequent discharge performance of the anode, as the
microstructure will probably affect the pore formation®*, Addition-
ally, for the lithium film plated at the Cu|LLZO interface, two small
grains are observed that do not span the whole thickness of the film.
Alarger magnification of these areasis visible in Supplementary Fig. 11.

Interestingly, similar predominant columnar grain growth has
also been observed for electrodeposited nickel using cross-sectional
EBSDanalysis, although these grains did not span the whole thickness””.
While the grain size is nearly constant for nickel films, the fraction of
columnar grainsincreases with thickness. A similar phenomenonis not
observed here, as the columnar grains appear to grow along the whole
layer. On the contrary, electrodeposited silver films do not show this
columnar grain growth?. A reason could be that silver shows room
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Fig. 4| Analysis of the microstructural evolution during electrodeposition
and electrodissolution of an alkali metal electrode in contact with an SE.

a, Schematic depiction of the in situ EBSD setup whereby RE, WE and CE denote
the reference, working and counter electrode, respectively. b, The voltage profiles
for plating 50 pm lithium at the Cu|Li|LLZO interface and stripping sodium until
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pore formation at the Cu|Q-Na|NZSP interface. ¢,d, The microstructure evolution
for lithium plating (c) and sodium stripping (d). The red arrows indicate grains
disappearing during film growth in ¢, and the red outlines indicate pores formed
during stripping ind. The map provided in c step 5 was acquired after a2 week
storage period and second FIB polishing step. Scale bars, 100 pm.

temperature grainannealing within hours, thereby changing the initial
grain microstructure present during electrodeposition. This supports
the conclusion that plated alkali metals do not show grain growth at
room temperature, unlike silver and copper. However, microstruc-
tural changes during deposition may still occur, as discussed later.
Adirect correlation between CC/SE microstructure and the alkali metal
microstructure cannot be observed, as discussed in Supplementary
Figs.12and 13.

As the process of grain growth and evolution during electro-
deposition is yet elusive, in situ EBSD analysis was performed. Here,
cross-sections of Cu|Li|LLZO|Liand Cu|Q-Na|NZSP|Nawere charged and
dischargedinside the SEM, respectively, and stopped for intermittent
EBSD analysis. Around 2 pm of lithium was deposited at the Cu|LLZO
interface before cross-section preparation to fix the CC on the SE.
Further, microelectrodes were prepared via FIB at the cross-section
to ensure that changes occur in the field of view. The described setup
isdepicted in Fig.4a. An overview SEM image is shown in Supplemen-
tary Fig. 14a before deposition with front-view images of the pristine
cross-section provided in Supplementary Fig. 14b,c. The left section
of Fig. 4b shows the voltage profile during deposition of lithium with
1,000 pA cmZinitially followed by ~500 pA cm™. The initial higher
voltage ensures homogeneous layer growth. The observed voltage
profile is mostly flat, hinting at dendrite-free lithium deposition of

10 mAh cm, corresponding to a layer of ~50 pm thickness. The right
side of Fig. 4b shows the voltage profile obtained for stripping of the
sodium electrode with a typical increase of voltage indicative of pore
formation. Both measurements were paused for intermittent EBSD
analysis as visible in the potential profiles, whichis shownin Fig.4c,d.

Figure 4c(1) shows an SEM image of the pristine cross-section of
CulLi|LLZO. The lithium reservoir is not freshly deposited and also
too thin to obtain EBSPs of sufficient quality to generate an IPF map.
However, upon depositing around 10-15 pm of additional lithium,
the IPF map depictedin Fig. 4c(2) was obtained. Herein, several grains
around10-30 pmwide are visible. Surprisingly, after another -5 pm of
lithium deposition, fewer but wider grains are visible in the next IPF map
inFig.4c(3). Two smallblue grains close to a<111> orientation from the
previous map apparently fused into larger neighbouring grains close
toa<101>orientation (green). After another deposition step, IPF map
Fig. 4c(4) shows even wider grains, with another blue grain from the
previous map being fused to a neighbouring green grain.

After another long deposition step resulting in around 20 pm
of additional lithium, multiple grains have fused together forming
alarge grain with >100 pm width, again close to a <101> orientation
as visible in Fig. 4c(5). As the observed grain boundaries are mostly
vertically oriented, lateral motion of grain boundaries is assumed to be
responsible for the observed changes. This post-deposition map was
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acquired after 2 weeks of room temperature storage and additional FIB
polishing, with top- and front-view images depicted in Supplementary
Fig. 14g,h. Additionally, the map in Supplementary Fig. 15a acquired
directly after the deposition shows the same microstructure. Small
deviations were visible in the map directly acquired after plating,
which canbeseeninSupplementary Fig.15a. Thisis due to the lithium
being partly squeezed outside of the prepared electrode area (Supple-
mentary Fig. 14d). The uneven film morphology at the interface also
explains the low indexing rate of the shown IPF maps, as the sample is
not perfectly tilted at 70° at every spot. Interestingly, our analysis also
confirms the absence of grain growth during storage. Additionally,
Supplementary Fig. 15b,c depicts the maps of Fig. 4c(4,5) with the IPF
inthexdirection, showing that the large green grains actually consist
of more grains, coincidentally oriented similarly in the y direction.
These grain boundaries are indicated with dashed black linesin every
map in the y direction. Furthermore, Supplementary Fig. 15d depicts
the cross-section shown in Fig. 4c(5) after storage and additional FIB
polishing, further confirming the absence of grain growth during
storage. We consider these results gained from the in situ analysis as
highly important, that is, microstructural changes are now shown to
occur during the deposition process but to stop once the depositionis
finished. Thisis also explored for sodium metal deposition as discussed
inSupplementary Fig. 16.

To further study the dependence of pore formation on the anode
microstructure, asodiumanode was stripped with intermittent EBSD
analysis. A typical voltage profile is achieved with an initial small
increase evolvingintoastepincrease, asshowninFig.4b. Thissignature
voltage profile clearly indicates pore formation®***°. The correspond-
ing IPF maps and forward-scatter electronimages are shown in Fig. 4d.
Starting froman optimalinterfacial contact between sodium and NZSP
(Fig. 4d(A)), a dark region close to the interface emerges (Fig. 4d(B))
after the first stripping interval, attributed to pores. Likewise, the
generation of secondary electrons decreases, leading to darker areas
intheimages (Supplementary Fig.17a,b).

Interestingly, the pores formed mainly within the green grain,
while the vertical grain boundaries on both sides remain intact

previous description. Moreover, the pores within the green grain fur-
ther grow into its bulk (Fig. 4d(D)). Despite geometrical correction,
the size and shape of the pores might not be fully captured, appearing
larger due to the high tilting angle of 70° for EBSD analysis, as visible in
Supplementary Fig. 17c. Finally, the cross-section was polished again
to confirmthat the pores resulted from anodic dissolution of sodium
(Supplementary Fig.17d).

Clearly, this observation of preferential pore formationin grains—
not in grain boundaries—is at first glance counter-intuitive, butis a
direct prooffor the fast diffusion of vacancies along grain boundaries*.
Pore nuclei atgrain boundaries can be closed faster by diffusion within
the grainboundary than within the bulk. The microstructure strongly
influences the pore formation and, thus, the physical contact at the
interface, which drastically affects the performance of the metal anode.

Grain evolution during cycling

In the following, a mechanism behind the microstructural evolution
during stripping and plating of alkali metal is proposed and schemati-
cally depictedin Fig. 5.

Figure 5a shows a schematic of a voltage profile during electro-
chemical deposition of alkali metals on an inert CC with subsequent
storage and dissolution. The metal nucleation at ¢, evolves into the
early stages of grain formation and growth (Fig. 5b), whichis followed
by mostly vertical grain growth at ¢, with different rates (Fig. 5c,d). If the
growth rates of neighbouring grains are dissimilar, it also seems to be
possible that the growth of slower growing grainsis limited compared
with the faster-growing neighbouring grains as shown in Fig. 5d,e or
Supplementary Fig.11, leading to truncated V-shaped grains. Further-
more, the observed grain density is lower than what would be expected
for each nucleus growing into a columnar grain'>">. One reason is that
neighbouring nuclei may exhibit a similar orientation, thus directly
fusing together to form a single grain upon contact as depicted with
the pink nucleiin Fig. 5b,c.

During the whole deposition process between ¢, and ¢, lateral
grainripening occurs withsome grain boundaries movinginto adjacent
grains as depicted withred arrows in Fig. 5d, thus widening the average
lateral grain dimensions and reducing the grain density. The reason and
magnitude of thisripening is yet elusive and may be related to abnormal
grain growth or ‘secondary recrystallization’, which is dependent on
theinterface and grain boundary energies*’. This may also be another
reason for the occurrence of truncated V-shaped grains. To elucidate
this, further studies will focus on more detailed investigations of the
currentdensity and thickness dependence of the film microstructure.

After a prolonged room temperature storage at ¢, the micro-
structure remains unchanged (Fig. 5f). If this microstructure is then
subjected to anodic dissolution until pore formation, the pores
predominantly form within grains at the interface and not at grain
boundaries, where vacancy accumulationis less likely during stripping
(Fig.5g). Grain boundaries as two-dimensional defects typically have
ahigher free energy compared with the bulk, meaning that the oxida-
tion of ametal atom, and thus vacancy injection, is thermodynamically
favoured. However, fast transport of vacancies along grain bounda-
ries—asreported asaresult of computational work by Yoon et al.—might
be the reason for a kinetic stabilization of the interface, as vacancy
accumulation is hindered*. Therefore, the growth of pores where the
grainboundaries within the metal meet the interface is suppressed.

As the pores formed during anodic dissolution seem to form
preferentially within grains and not at grain boundaries, we conclude
thatitis possible to tune the electrochemical properties, such as avail-
ablestripping capacity®**, by controlling the microstructure. Follow-
ing this reasoning, achieving amicrostructure with small grains would
be desired*. The nucleation density mainly depends on applied current
density and temperature as well as the surface properties of the SE***°,
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Additionally, our in situ EBSD results further show that not only the
grainnucleationisimportant to control the resulting microstructure,
but also the growth process. Potentially, the applied current density
will also influence the grain ripening during electrodeposition. Simi-
larly, applying stack pressure may be asuitable tool to guide the lateral
expansion of the growing grains".

Inaddition, based onour evidence, controlling the microstructure
ofthe CCand SEmay not be asuccessful path toinfluence the deposited
metal microstructure. Lithium plated on alithium foil matches neither
the microstructure of the SE nor the foil but plates with a similar, colum-
narshapeasinthe case of platingonaninert CCinareservoir-free setup
(Fig. 5h). The microstructure of the deposited metal is still substantially
differentand has lower overall grain sizes compared with those of com-
monly used metal foils.

Based on our results, the merging of grains is caused by the move-
ment of grain boundaries. Thus, the microstructure of electrodepos-
ited alkali metalsis tunable by modifying the mobility and movement
of grain boundaries. The mobility of grain boundaries in metals is
diminished by impurities, even at low concentrations*‘. Therefore,
the implementation of tailored impurities such as seed layers or
particles at the metal|SE interface could affect the mobility of grain
boundaries and, thus, the resulting microstructure. For example, an
enhanced stripping performance for electrodeposited lithium was
observed when gold particles were situated at the Cu|LLZO interface
during the initial electrodeposition of lithium*, potentially leading
to smaller grains. The mobility of grain boundaries is also prevented
by introducing mechanical barriers, such as geometric constrictions
presentinthree-dimensional SE host structures, as demonstrated for
LLZO and NZSP by Wachsman and coworkers**. Our analyses on the
metal microstructure offer valuable insights to explain the mechanism
behind the metal growth when using three-dimensional hosts or seed
layers previously overlooked in literature.

The results of this work highly motivate further research on the
influence of deposition parameters and seed layer concepts or geo-
metrical confinements at the interface on the resulting electrode
microstructure and thereby subsequent electrochemical performance.
Bothexsituand insitu experiments will help to develop more advanced
plating and stripping strategies for enhanced performance.

We developed an analysis protocol to reliably analyse the micro-
structure of alkali metal foils both from the surface and cross-sections
using EBSD. We conclude that the microstructure of both lithium and
sodium can be tailored by thermal processing, yielding grain sizes
between 10-200 pm (lithium) and 200-600 pm (sodium). Grain
growth canbe ruled out for these foils during both room temperature
storage and cryogenic FIB preparation.

This further allowed the analysis of the grain size and orientation
of electrodeposited metal for three different CC|SE combinations,
namely, Cu|LLZO, SS|LPSCland Al[NZSP. We show that the grainwidth
in electrodeposited films in RFCs ranged between 10 pm and 100 pm
while the height depends on the film thickness (‘row of teeth’ micro-
structure). Grain boundaries are predominantly perpendicular to the
CC|SEinterface, whichisdistinctively different from the microstructure
of metal foils and thereby will influence the electrochemical perfor-
mance. Interestingly, microstructural changes could be observed
neither for deposited lithium nor sodium during storage. Moreover,
the deposited metal microstructures were influenced neither by the SE
nor the CC.Instead, we conclude the deposited metal microstructure is
dominated by the used charging protocol, that s, current density and
especially the capacity (layer thickness) and applied pressure—which
opens a wide range of opportunities for optimization in practice.

In situ EBSD analysis during cross-sectional deposition and dis-
solution further revealed the evolution of the microstructure, where
smallgrains are annealed in a process similar to Ostwald ripeningin the
case of lithium. Additionally, it was shown that pore formation during
discharge of the metal anode predominantly occurs at the interface

betweenthe bulk of the grainand the SE. The locations where the metal
grainboundaries meet the interface are mostly leftintact, probably due
to faster metal and vacancy diffusion along grain boundaries.

In general, this analysis advances the investigation of metal elec-
trodes and the understanding of their microstructural evolution.
Areliable analysis protocol is presented to characterize the microstruc-
ture of deposited lithium or sodium, and the presented results will
help to optimize alkali metal electrodes to tune their electrochemical
performance.
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Methods prepared by cutting it with a microtome blade along the holder ata
Materials 70° angle, whichis optimal for EBSD analysis, resulting in a surface that

Lithium (99.0%) from Goodfellow GmbH and sodium metal supplied by
BASF AG were used without further purification for microstructural char-
acterization by EBSD, referred to as R-Li and R-Na. Modification of the
microstructure of the alkali metals was induced by melting mechanically
cleaned lithium and sodium ingots in stainless-steel crucibles on a hot
plateat400 °Cand 250 °C, respectively, followed by quenchinginliquid
nitrogen inside anargon-filled glovebox. Quenched lithium and sodium
arereferred toas Q-Liand Q-Na. All visible passivation layers on the metal
ingots were mechanical removed. Cross-sections for EBSD analysis were
prepared by cutting through aningot using amicrotome blade. To avoid
apotential passivation layer ‘freezing’ the microstructurein place, afresh
foil was prepared from the same quenched ingot after storage.

Counter electrodes attached to LLZO were prepared froma 750 pm
lithium foil supplied by Alfa Aesar. For argyrodite-based cells, counter
electrodes were prepared fromalithiumrod (Albemarle Corporation).
The passivation layers on the alkali metals were scraped off before
usage. Three different kinds of SE were used. The LLZO was prepared as
describedintheliterature, while the LPSCl was acommercial powder
by NEI with a particle size of <1 um. NZSP was synthesized following
literature methods*. An excess of 4.5% of the sodium precursor and
1.5% of phosphorus precursor was used for the synthesis* yielding
NZSP pellets with a relative density >90% after sintering.

Electrode preparation and electrochemistry
Electrodeposition of lithium and sodium were carried out using
three different cell configurations, namely, Cu|LLZO|Li, SS|LPSCI|Li
and AI|NZSP|Na. For the garnet-based cells, copper foil (10 pum) was
hot-pressed onto the polished pellets at 900 °Cin accord with previous
literature”. In preparation for the in situ EBSD measurement, nominally
2 pm of lithium was plated ex situ at 60 °C under 2.5 MPa stack pres-
sure and current density of 250 pA cm ™2 For argyrodite-based cells,
LPSCl powder was pressed on stainless-steel foil (20 pm, Goodfellow,
AISI 304) at 400 MPa. For the sodium-based RFC configuration, an
aluminium sheet was coated with a thin carbon layer via tape casting:
namely, carbonblack (FW200, Degussa) and poly(vinylidene) fluoride
were dispersed in N-methyl-2-pyrrolidone with a weight ratio of 95:5
carbon:poly(vinylidene) fluoride. The slurry was rapidly cast onto an
aluminium foil (-17 pm) at a thickness of 30 pm at 60 °C followed by a
drying process at 80 °Cinvacuum for12 h. Cylindrical electrodes were
punched out andisostatically pressed ontoadry polished NZSP pellet
(P1000 SiC grinding paper (Buehler)) at 100 MPa for 15 min, resulting
in a 1-um-thick carbon layer between the aluminium foil and NZSP.
A sodium counter electrode was prepared as described in a previous
reportand attached on the opposite side of the NZSP pellet®. To ensure
ahomogeneous pressure distribution of 3 MPa during electrodeposi-
tion, the aluminium CC was covered with a nickel disc (thickness -1 mm)
that was polished with an AutoMet300 polishing machine (Buehler)
using a 1 pm polycrystalline diamond suspension (MetaDi Supreme,
Buehler). The obtained stack was sealed in a pouch bag under vacuum.
Electrochemical deposition was carried out using a potentiostat
(Biologic, VMP300) at 25 °C if not specified otherwise in the text and
controlled by EC-Lab (V11.2). Impedance measurements were carried
out between 7 MHz and 100 mHz if not specified otherwise, with an
excitation voltage of 10 mV. The stack pressure during deposition
was controlled using an in-house built pressure frame*. Connection
of the electrode inside the SEM was enabled using a micromanipula-
tor system (Kleindiek Nanotechnik GmbH). In situ EBSD experiments
were conducted using an SP200 potentiostat (Biologic) equipped with
alow current module.

Cross-section preparation via FIB and TIC and transfer
Smalllithium and sodium metal ingots were inserted into ahomemade
holder tilted at a 70° angle to the horizontal. The metal surface was

was free enough from any passivation to enable the EBSD analysis. For
cross-sectional EBSD analysis, passivation-free ingots of lithium and
sodium were pressed into metal foils and mounted on a home-built
holder withatilt angle of 20° to the horizontal. Cross-sections perpen-
dicular to the metal surface were processed using a plasma FIB (XEIA3
system, Tescan GmbH). Milling was conducted under cryogenic condi-
tions (-130 °C) using Xe" ions operating at 30 kV with beam currents
between 0.1 pA and 2.7 pA. To characterize the electrodeposited lith-
ium and sodium at the CC|SE interface, the assembled Al|[Na|NZSP|Na
and CulLi|LLZO|Li cells were intentionally fractured perpendicular to
the sample surface. The fracturing was carried out by using two flat
and insulated pliers. The distance between the pliers was kept at sev-
eral millimetres so as not to press onto the deposited metal beneath
the CC near the desired fracture line. Furthermore, the samples were
always broken with the electrode of interest being subjected to tensile
forces during the fracture. In the case of the SS|Li|LPSCI|Li cells, the
CCincluding the deposited lithium was peeled off from the SE and
cutusing scissors instead. The cross-sections were further processed
accordingto the previously described plasma FIB approachtoachieve
clean cross-sections for EBSD mapping. Alternatively, large-area
cross-sections for EBSD maps were also prepared at =130 °C with a
tripleion beam cutter (EM TIC 3X, Leica Microsystems) equipped with
three Ar'-ion guns operating at 6 kV and a current of around 2 mA
instead of the FIB.

All sodium samples were transferred under inert gas and cryo-
genic conditions (-160 °C) between the glovebox and the respective
FIB-SEM and high-resolution-SEM using a Leica EM VCT500 transfer
system (Leica Microsystems). Lithium samples were transferred under
cryogenic conditions from the time of interface preparation via FIB
and onwards.

Insitu SEM and EBSD

Microstructural characterization was performed using a high-
resolution field-emission SEM instrument Gemini SEM 560 (Carl Zeiss
Microscopy GmbH) equipped with a Symmetry 3 EBSD detector
(Oxford Instruments) operated by Aztec 6.1 software package (Oxford
Instruments). EBSPs were recorded at 20 kV excitation voltage and a
beam current of 3.4 nA and partially at 10 kV with 12.3 nA for lithium,
if the EBSP quality allowed. Exposure time, pattern averaging, back-
ground correction and shadow masking were optimized for each sam-
ple individually to obtain optimal pattern quality. The EBSPs were
indexed viaaHough algorithm with aresolution of 60 and 6-11bands
considering the following phases: cubic Na (/m3m, Inorganic Crystal
Structure Database (ICSD) number 44757), cubic Al (Fm3m), cubic Cu
(Fm3m) and Li (/m3m). Hexagonal Na,0, (P62m,ICSD 26575) and cubic
Na,O (Fm3m, ICSD 60435) were only considered to validate that no
misindexing occurred due to surface passivation during sample prepa-
ration and processing.

Evaluation and post-treatment of the recorded EBSD maps were
performed with an AZtecCrystal software package (Oxford Instru-
ments). Besides using a common Hough indexing algorithm, EBSPs
were indexed with a dynamic simulated pattern matching algorithm
toenhance theindexing rate and reduce misindexed pixels (zero solu-
tions). Based on the crystal structure of lithium and sodium metal,
EBSPs of different orientation were simulated and matched with the
measured EBSP.First, the recorded EBSPs were calibrated followed by
a pixel binning. For indexing, the master pattern was calculated with
an orientation spacing of 2° and matched with the measured EBSP.
Second, the matched pattern orientation was refined to decrease the
deviation. Finally, a matched pattern of a pixel is compared with the
next neighbour pixel, and zero solutions were replaced if the band
contrast was higher than 10. For post-treatment of sodium-based
maps, a Gaussian filter was applied on the measured EBSP to reduce
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theinfluence of partially masked EBSPs. The combination of indexing
procedures s visualized in Supplementary Figs.1and 2.

After the dynamic pattern matching, mathematical data
refinement was performed by wild spikes removal followed by
replacing zero solution with six neighbours and five neighbours.
Pseudo-symmetry removal of 60° <111> for Laue group m3m was
only applied after verifying that the respective raw EBSPs are sim-
ilar. If not otherwise stated, large angle grain boundaries are indi-
cated by black lines with a misorientation of neighbour pixels >10°,
while misorientation between 2° and 10° is highlighted by white lines
for sodium.

For insitu EBSD experiments on sodium, an NZSP pellet was first
cut perpendicular to the sample’s surface with a diamond saw. The
cross-section was polished with diamond grinding paper usingaLeica
EM TXP system (Leica Microsystems). The sodium working electrode
was prepared from Q-Na with a diameter of 3 mm while the counter
electrode consisted of R-Na with a diameter of 8 mm. The circular
electrodes were sliced with a microtome blade and positioned under
a digital microscope (Emspira 3, Leica Microsystems) to match the
polished cross-section of the NZSP pellet. Cross-sections for in situ
EBSD experiments on lithium were prepared out by fracturing the
respective CulLi|LLZO|Li pellet similarly to the post-mortem analysis,
followed by FIB polishing and microelectrode preparation. Samples
were generally handled in an argon-filled glovebox (<0.1 ppm O,,
<1 ppmH,0, MBraun).

Data availability

The data that support the findings of this study are available at the
open access repository JLUdata under https://doi.org/10.22029/
jlupub-18714.
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4 Conclusion

In this doctoral thesis, a sodium metal electrode and its interface with a NaSICON-structured solid
electrolyte has been systematically studied. The interfacial kinetics during anodic dissolution and
cathodic deposition was characterized and the evolution of the interfacial morphology has been
examined in detail. The microstructure of sodium metal and its evolution upon charge and discharge
was visualized for the first time by using EBSD.

In the first part of this doctoral thesis, the Na|Nas34Zr2Si24Po 012 interface was examined under
equilibrium conditions. The systematic approach that was used to characterize the interfacial kinetics
can serve as an experimental guideline for other SEs in contact with sodium metal. For the Na|[NZSP
interface, the geometric current constriction phenomenon has been identified as the overall dominant
process at the interface, while the charge transfer process as well as the formation of a kinetically
stabilized interphase play only a minor role for the interfacial kinetics. Accordingly, the observed
interface-related resistance in the impedance spectrum mainly originated from an insufficient
physical contact between the SME and the SE. A similar interfacial kinetics was reported for the
Li[LLZO and the Na|BASE interface.””-3? This suggests that, in general, the charge transfer is not the
rate-limiting process at a Me|SE interface for an alkali metal electrode in contact with a chemically
sufficiently stable SE. The similarities further highlight the importance of the geometric current
constriction phenomenon for metal electrodes in SSBs.

As described in section 2.1.2, the relation between the geometric current constriction phenomenon
and the interface-related contribution in the impedance enables the monitoring of the interfacial
morphology by using EIS. Accordingly, the Na|NZSP interface represents an ideal choice to
characterize morphological alternations of the SME during operation, as no significant contribution
of other processes (charge transfer and interfacial degradation) are present in the impedance. Thus,
the Na|NZSP interface can be considered as the sodium analog to the LilLLZO model system.

Based on these results, the Na|[NZSP interface was examined during anodic dissolution. Clearly, the
increase in the potential during dissolution could be attributed to the current constriction contribution
in the impedance, indicating the loss of physical contact at the Na|]NZSP interface. The formation of
pores at the interface has been confirmed by FIB-SEM cross-sectioning, revealing a lens-shaped pore
geometry when no additional stack pressure was applied. No regular pore shape has been identified
at low stack pressure (0.3 MPa). The impedance evolution in a subsequent resting phase after the
anodic dissolution indicated a dynamic behavior of the interfacial morphology. Equilibration was
observed even at low stack pressures and is attributed to the creep behavior of sodium. Thus, resting
phases play an important role for the interfacial contact in real battery applications.

The cathodic deposition of a sodium metal electrode has been examined at a Cu|[NZSP interface to
evaluate the feasibility of RFCs. The electrodeposition of dense sodium layers in the micrometer
range in between the CC and NZSP was observed. By increasing the current density, a more uniform
coverage of sodium over the entire electrode has been achieved, whereas an increase of the stack
pressure results only in a minor improvement of the surface coverage. In addition to the formation
of sodium layers, the growth of whiskers or island growth can result in the delamination of the CC
from the NZSP, leading to the formation of a gap. Furthermore, spallation of the NZSP was observed
at local level, which was probably caused by cathodic deposition. The significance of the initial
contact between CC and NZSP has been elucidated by in situ TEM. The growth of sodium is
restricted to contact spots between Cu and NZSP. In addition, the experiments showed that the
sodium filaments tend to grow in a faceted shape. The results showed that RFCs can in principle be
realized. However, attention should be paid to the initial Cu[NZSP contact. Pulsed techniques or seed
layer concepts might be beneficial to further improve the coverage of the electrode area.
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The final section of this doctoral thesis is dedicated to an in-depth examination of the microstructure
of alkali metal electrodes, with a particular focus on sodium, in SSBs. A reliable protocol has been
developed for the characterization of the microstructure of highly reactive alkali metal foils, as well
as for the analysis of cross-sections, using a combination of FIB-SEM and EBSD. A grain size in the
range of several hundred micrometers was found for sodium metal ingots. The grain size could be
substantially altered by melting of the sodium metal ingot followed by a subsequent quenching in
liquid nitrogen. Despite the high homologous temperature of sodium, no substantial grain growth
was observed over a resting period of two weeks. This not only demonstrates that the microstructure,
e.g., grain size, can be effectively altered by thermal processes, it also suggests that the processing
history of commercial sodium as well as the electrode preparation strongly affects the microstructure
and thus also the electrochemical performance. This complicates the reproducibility and
comparability of published results, as often the sodium source and detailed description of electrode
preparation are insufficiently described in battery research.

The microstructure of electrodeposited sodium and lithium layers showed, on average, a smaller
grain size than that of the mechanically prepared foils. Independent of the CC and SE materials, the
GBs in the alkali metal were predominantly oriented perpendicular to the SE surface. In addition to
vertical grain growth during electrodeposition, also lateral growth was observed. By reversing the
current direction, pores were preferentially observed at the Na[NZSP interface in the interior of the
grain. Based on these results, the microstructural evolution during electrodeposition of alkali metal
films in RFCs can be summarized as follows. Metal nuclei first grow preferentially in the vertical
direction. With progressing deposition, the number of grains decreases either by fusion of grains with
similar orientation or by grain ripening due to the movement of GBs. During anodic dissolution, the
preferential formation of pores is attributed to the different diffusivities in the metal bulk. The faster
vacancy mobility along GBs compared to the bulk material suppresses the accumulation of vacancies
and hence pore formation. It can thus be concluded that the electrochemical performance, for
example, the stripping capacity, can be tuned by tailoring the electrode microstructure.

Overall, this doctoral thesis expands the knowledge of the interfacial kinetics of the SME in contact
with NaSICON-structured SEs, which is essential for the reversible operation of the SME and of
interested not only for SSBs but also for sea water battery types.!®*!85 The detailed impedance
analysis provides a fundamental basis for the interpretation of EIS spectra, thus helping to avoid
misinterpretations. Moreover, the analytical approach described here can be applied to the
microstructural characterization of other metal or alloy electrodes, thereby facilitating the correlation
of electrochemical performance with the respective microstructure.
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5 Outlook

The results provided in this doctoral thesis might be a starting point for further tasks and projects
which can be considered in future work. The established preparation protocol of alkali metal
electrode for EBSD analysis (see section 3.3) opens the possibility to evaluate the electrochemical
performance of metal and alloy electrodes by including their microstructure. In the following,
different projects with the focus on the relationship between microstructure and electrochemical
performance of electrode materials are briefly presented.

D Possibility to control the alkali metal microstructure and influence of impurities

The results of this doctoral thesis emphasize the possibility to alter the microstructure of alkali metals
by using thermal treatment (see section 3.3). In view of the electrochemical performance, this raises
two questions: First, how does the production of sodium influence the metal microstructure? This
includes not only the thermal and mechanical processing, but also the level of impurities. Impurities
have a strong influence on crystallization processes and grain growth in a metal. Accordingly, a
different microstructure also changes the mechanical properties of the material, as outlined in section
2.4.3, and thus the electrochemical performance. In addition to their impact on the microstructure,
impurities also affect the diffusivity of the metal itself. This is due to their influence on the
equilibrium defect concentration, including that of vacancies, as well as on the diffusion along fast
diffusion pathways. Consequently, a strong impact of the amount and type of impurities on the
electrochemical performance can be expected. This leads in a further step to the question of the
working principle of alloy electrodes, which at first glance can be understood as a highly
contaminated metal electrode. Is the improved electrochemical performance due to a different
microstructure, e.g., increased number of fast diffusion pathways, or to improved self-diffusion due
to different vacancy concentration and low migration enthalpy?

The second question points towards the controllability of the alkali metal microstructure to tune the
electrochemical performance. Is it possible to further tailor the metal microstructure, e.g., by further
decreasing the grain size of the metal, by different thermal or mechanical processes, or even by the
introduction of an “artificial” impurity? The relationship between microstructure, diffusivity and
impurity level in an alkali metal electrode provides a wide variety of parameters to further
characterize and improve the electrochemical performance.

(I Seed and interlayer concepts in RFCs

Uniform formation and coverage of the metal electrode is essential for RFCs. The cathodic metal
deposition at the Me|SE can lead to undesirable metal growth as described in section 2.3.3. A possible
approach to improve the uniformity of the deposited metal electrode is to introduce a seed layer or
interlayer. The main idea behind this concept is to increase the number of nuclei, enhancing the metal
diffusivity at the interface or to improve the interfacial contact. Typically, thin metal layers or
nanoparticles are used that alloy with the respective alkali metal (see section 2.3.3). The functional
principle of these concepts has been demonstrated for lithium-based systems, while the transferability
to sodium-based systems has not yet been investigated in detail.'®> In view of the previously
mentioned research fields, the impact of the interlayers (and the corresponding deposition parameters
such as current density, stack pressure, temperature) on the resulting metal microstructure would be
of great interest for the electrochemical performance.



Outlook 78

(IlI) ~ EBSD in the field of battery research

Although EBSD is a well-established method in the field of metallurgy and mineralogy, it is rarely
used in the field of battery research. One reason for this is the challenging sample preparation and
the tendency of most battery components such as metal electrode or CAMs to form surface
passivation or contamination layers. However, the microstructure does not only play a crucial role
for metal electrodes but is also of interest for SEs or CAMs. Fracture toughness, stress evolution, and
orientation-dependent ion migration are important properties that influence the functionality of
battery components. Therefore, it is of interest to explore the capabilities of EBSD (and the sample
preparation) as a method to characterize the microstructure of battery components, particularly of
SEs and CAMs.

For example, polycrystalline materials with anisotropic ionic conduction behavior, such as layered
oxides, are often used as CAMs. During cycling, the insertion and extraction of ions cause the crystal
lattice to expand and contract or undergo phase transitions.'®®!” This volume change leads to
mechanical stress within the material, which can result in mechanical degradation and influence the
electrochemical performance.'®” EBSD could be a useful technique for identifying strained regions
and stress hot spots in polycrystalline CAMs, providing insights into the orientation dependence of
these processes. This knowledge might be helpful for the optimization of polycrystalline CAMs.
Overall, the ability to analyze the microstructure, particularly crystal orientations, makes EBSD a
promising technique for battery research.
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7 Appendix

7.1 Calculation of Energy Density for Solid-State Sodium Batteries

For a comparison of the gravimetric and volumetric energy density, two different SSBs cell
configurations were considered, namely a “classical” set up and an RFC set up. In the “classical”
SSB set up, a negative electrode (sodium metal) is introduced already during cell fabrication by
attaching a sodium foil on the SE. In contrast, in a RFC the negative electrode is formed by
electrodeposition of sodium stored in the CAM on a CC. The parameters used for the calculation of
the energy density are listed in Table 1, including the nominal voltage, specific capacity, density and
layer thickness. The calculations are based on an areal capacity of 5 mAh-cm™. For the positive
electrode, a composite consisting of NZSP and NVP with a weight ratio of 15:85 % is assumed. For
the “classical” a capacity balancing of the electrodes of 1:1 is assumed.?’ Cell casings and battery
management systems are not included in the calculation.'?

Table 1: Overview of the specific capacity, nominal voltage, and density for sodium metal as negative electrode
and sodium vanadium phosphate (NVP) as positive electrode. In addition, the assumed thickness and density
of the solid electrolyte (NZSP) and current collector (Al) are listed.

Parameter Na NVP NZSP Al
Specific capacity 1166 mAh-g! 118 mAh-g! - -
Nominal voltage vs (Na'/Na) ov 34V - -
Density 097 gem> 321 gem™ 327 gem® 2.7 gem
Thickness - - 10 ym 15 uym

Based on the given assumptions and the values in Table 1, a gravimetric and volumetric energy
density of 233 Wh'kg ! and 647 Wh-L!, respectively, is achieved for the “classical” SSB set up. In
contrast, for an RFC setup (sodium metal electrode formed in situ), the gravimetric and volumetric
energy densities are calculated to be 246 Wh-kg™! and 779 Wh-L ™!, respectively.
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1. Materials characterization
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Figure S-1: a) XRD pattern of the synthesized Nas 4Zr:Sis 4Po60;2 solid electrolyte in comparison
to the reference patterns of NaszZrSirPOy; (C2/c, ICSD000473) and Naj 357r28i5 35P0.65012 (R§c,
ICSD 0062386). SEM image of the pristine surface of sintered Nas Zr:Siz4PysOj> at b) low
magnification and c) at higher magnification. A crystalline surface with a grain size distribution
between about 0.4 um and 3 um is visible.

Based on X-ray diffraction (XRD) analysis, NZSP0.4 solid electrolyte including monoclinic and
rhombohedral phase was obtained and used for all experiments (Figure S-1a). SEM images indicate
a crystalline surface of the material (Figure S-1b and ¢). Based on the macroscopic dimensions of

the NZSP0.4 separators investigated, the relative density of the separator was >95 %.
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2. Impedance analysis of Na3 4Zr,Si; 4P 6012
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Figure S-2: Impedance spectra of a symmetric Au|NZSP0.4|4Au cell at a) —40 °C b) — 30 °C and c)
25 °C. The frequency of the bulk contribution shifts outside the measurement range with increasing
temperature. Therefore, at temperatures above — 30 °C the bulk is described by a resistance instead
of an RQ element. At 25°C, no bulk contribution is observed within the selected frequency range. d)
Arrhenius plot and determined activation energy for bulk and grain boundary transport in the
temperature range of —40 and 40 °C. For the bulk process the ionic conductivities are shown
whereas for grain boundaries only the resistance in dependence of temperature is visualized.

To characterize the bulk and grain boundary transport processes of the NZSP0.4, impedance
analysis of symmetric AuNZSP0.4|Au cells at different temperatures were recorded and are shown
in Figure S-2a-c. At —40 °C two separated semicircles are observed in the high- and mid-frequency
range with apex frequencies at 4.7 MHz and 59 kHz. In the low-frequency range a strong increase
of impedance is obtained. The process at high frequencies (fipex(—40 °C) = 4.7 MHz) is assigned to
the bulk transport while the process in the mid-frequency range (fipex(—40 °C) =59 kHz) is
attributed to grain boundary transport, which is in accordance with literature.'* The pronounced
polarization at low frequencies is caused by the blocking behavior of the gold electrodes.”! By
elevating the temperature, the apex frequency of bulk transport shifts to higher frequencies

(fapex,pui(—30 °C) = 7.0 MHz) and is beyond the measured frequency range at 25 °C. At elevated
3
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temperature the bulk transport is therefore modeled by a serial resistance instead of an RQ-element

in the equivalent circuit.

Based on the brick layer model™ activation energies for bulk and GB transport process of Eapu =
0.26 eV and E,gp = 0.34 eV were determined. The total activation energy E,i: = 0.31 eV (for
combined bulk and GB resistance) is in good agreement with the literature value for NZSP0.4,
whereas a slightly lower E,pux = 0.28 eV is reported.m The measurement has been repeated and the

mean activation energy for bulk, GB and total transport are summarized in Table S-4.
The ionic conductivity of the bulk can be calculated by the following equation:
L (E1)
Obulk = 7. p
A Rpux

With the thickness L of the SE pellet, the electrode area 4 and the measured resistance of the bulk
Ruux from impedance analyses an ionic conductivity for bulk transport opyux = 1.1 mS-cm ! at
—40 °C is obtained. Calculating the GB conductivity ogs by Equation 1 is not correct since the
volume fraction of the GB is much smaller compared to the volume fraction of the grains in the SE

pellet.[4] Hence, for determine ogp the respective capacitance for bulk Cpyx and GB Cgg must be

considered according to Equation 2:

_ L<Cbu1k) 1
0GB = 7 N

- (E2)

Cee / RgB
As the Cyuk is necessary for determination, ogs can only calculated for low temperature as fapex bulk
shifts beyond the measured frequency range. At —40°C a ogg = 0.014 mS-cm ' is obtained.
However, due to this limitation Figure S-2d only shows the temperature dependence of Rgs

obtained from the respective impedance spectra.
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3. Temperature-correction for time-resolved impedance analysis of Na|[NZSP0.4 interface
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Figure S 3: a) Temperature profile during time-resolved impedance analysis inside the glovebox.
The thermocouple was placed directly next to the electrochemical cell. Representation of the
temporal evolution of Rierphase fOr two independent measurement series shown in b) and c¢), which
have already been corrected for temperature fluctuations during the impedance recording. d) Real
part of total resistance of a symmetric Na|NZSP0.4|Na cell at a constant temperature of 25°C as
function of time. Time delay between assembly and recording was roughly 18 minutes.

Figure S-3a shows the temperature profile of the glovebox during impedance analysis indicating a
temperature decrease of roughly 2.5°C. To compensate for temperature changes during
measurements we subtracted a correction term Rcor from the measured real part of impedance Rp,
and obtain the real part of resistance of the growing interphase Rinterphase (E3):

RInterphase = Ry — Rcorr (E3)

Rcorr has been calculated based on the temperature dependence of the ionic conductivity of

NZSPO0.4, which is described in the following:

The ionic conductivity in solid electrolytes can be described using Equation E4:*!

—E,
0T =0y exp (k—;) (E4)
B

were o describes the conductivity, E, the activation energy, T the absolute temperature and kg the

Boltzmann constant. oy is the pre-exponential factor which includes crystallographic properties of

5
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the material under consideration. Since the specific conductivity is proportional to the reciprocal

resistance, Equation E4 can be transformed to:

T 1 exp (—Ea) (ES)

R Ry kT

Rearrangement of Equation ES leads to:

Ea
R(T) =T:- RO *exp (kB—T) (E6)

If the activation energy E, and the constant Ry are known for a material or a specific sample, the

resulting resistance R can be calculated for any temperature.

In case of time-dependent impedance analysis, this relationship (Equation E6) was used to
calculate the influence of temperature fluctuations inside the glovebox on the resistance (ionic
conductivity) of NZSP0.4. It is assumed that the temperature only influences the conductivity of the
solid electrolyte and not that of a (possible) formed interphase. By means of symmetrical
AuNZSP0.4|Au cells the activation energy for bulk and grain boundary transport was determined
as 0.244 eV and 0.357 eV, respectively. These values were obtained from two different cells. The
pre-exponential Factor Ry ' is sample-dependent and therefore cannot be taken from measurements

with blocking electrodes.

For the determination of Ry it is assumed that the first recorded impedance spectrum of a
measurement series has not yet formed an interlayer. In this case the impedance spectrum contains
only the bulk and grain boundary properties of the solid electrolyte. By fitting this first impedance
spectrum using an Ryx—RgsQOcp equivalent circuit, the resistance of bulk Ryyk~ and grain
boundary Rgp~o at time ¢ = 0 were determined. Based on these resistances combined with the
activation energies E,pux and £, g as well as the temperature 7, Ry were calculated for bulk and

grain boundary transport.

Rpuike=o0 —E3 bulk E7
o =y g
RgBt=0 —EacB (E8

Roge = ——ex ( k;T ) )

With the help of the determined factors Ropux and Rogp and the respective activation energies for
bulk E,puk and grain boundary transport £, gp, the resistance of a specific sample can be calculated

as a function of temperature.

Eq bulk E9
Rpuk(T) = Ropuik - T - exp (—li ; ) (E9)
B
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Rgp(T) = Ry T- exp(

Ea,GB)
kgT
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(E10)

The addition of Ry, (7) and Rge(7T) gives the corrected total resistance of the solid electrolyte at a

given temperature.

RCorr(T) = Rbulk(T) + Rgp (T)

It must be taken into account that with the described temperature correction a relative error for Reor

(E11)

of about 50 % is obtained. This is mainly due to the absolute errors of the determined activation

energies of bulk and GB obtained from the linear regression. Since the values of Rcor and Ry, are

close to each other, extremely high absolute errors of a factor of 10 result for Rinerphase-

4. XPS Analysis of Na|[NZSP0.4 Interface
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Figure S-4: Detail XP spectra of a) C Is, b) O Is, ¢) Si 2p, d) P 2p, e) Na Is and f) Zr 3d of an
untreated pristine Nasz 4Zr»Si> 4Py 012 surface.
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Figure S-5: XP spectra of a) Si 2p and b) P 2p lines after deposition of different amounts of
sodium. No changes in binding energy are observed for both signals. Thus, Si and P are not
reduced in contact with sodium or decomposition products are formed that are either volatile or
react further with the chamber atmosphere and cannot be detected by XPS.
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Figure S-6: Overview of sodium XP spectra at different boundary conditions. Three different
measurements were performed with different measurement settings (with and without dual beam
neutralization) and measurement setups. a) Sketch of the measurement setups used. Neutralization
was used for samples fixed on insulating tape. These spectra are calibrated with the C Is signal
(grey and light orange curves). Additionally, the measurement of sodium metal with neutralization
is calibrated to the Fermi level for better comparison, too (dark orange curves). Sodium in direct
contact with the sample holder was measured without neutralization and calibrated to Fermi level
(green curves). b)-e) XP spectra of Na 1s, O Is, C Is and Fermi region for the respective
measurement conditions. For the Fermi region, three measurements for each condition (light tint)
and the corresponding average value (dark tint) are shown. Independent of the measurement
method (with or without neutralization), identical spectra are obtained for sodium metal when
calibrating to the Fermi level. However, when an electrically insulating layer between the sodium
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and the sample holder is present and the spectra are calibrated on C Is signal, a clear shift of
roughly 2.5 eV of all sodium signals including the Fermi level to lower energies can be observed
compared to the sodium samples directly contacted to the sample holder. The shift indicates that an
equilibration of the Fermi levels is not possible when an insulation layer is present between sample
and sample holder.

To the best of our knowledge, only the energy loss of bulk and surface plasmon excitation is known
in the literature, but not a suitable fit model for the Na 1s signal or Na Auger emission in the O 1s
region for sodium metal.l”) However, to determine the shift of the sodium metal signals in the Na 1s
and O Is region for the different measurement settings, a simplified fit model was designed. We
would like to emphasize that the presented fit model is not an ideal description of the Na 1s and Na
Auger emission for sodium metal, but it is sufficient to identify relative changes between different
measurement conditions.

The presented Na 1s spectrum for sodium metal should contain the main peak as well as the first
and second excitations of bulk and surface plasmon. For simplification, all components are assigned
to a Gaussian-Lorentzian function (GL(30)) for peak description. In addition, the corresponding
energy spacings of the plasmon excitations and full-width-half-maximum < 2 were used as
constraints for fitting. A further component was added to the model describing Na'-species
originating from NZSP0.4 and possible sodium containing degradation products, when the sodium
metal was deposited on the SE.

For fitting the O 1s region, the NaO—KL1L2,3 transition with first bulk and surface plasmonic
excitation were considered for sodium metal. Analogous to the fitting of the Nals spectrum, an
identical function and constraints were used for the components. For the case of sodium in contact
with NZSP0.4, one further component was added describing the oxygen component of the SE.
Further Auger signals originating from Na" species were neglected. The obtained parameters for Na
Is and O 1s regions of the different measurements are summarized in Figure S-6 and Table S-1 and
S-2.

10
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Figure S-7: XP Spectra of the solid electrolyte before sodium deposition, after a total deposition
time of 1 h and after 8 h of the last deposition cycle. Except for the decrease of the sodium metal
signals in the Na 1s and O Is regions, only the Zr 3d signal profile shows a shoulder at 181.0 eV

after sodium deposition.

5. Transmission electron microscopy of Na|NZSP0.4 interface
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Figure S-8: a) Illustration of preparation route of electron transparent specimen for TEM
characterization. A tight copper layer was deposited on the NZSP0.4 after removing the sodium
electrode to protect the exposed surface. For preparation of the electron transparent specimen and
mounting on the TEM grid, deposition of platinum was used.
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Figure S-9: a) HAADF-STEM image of a prepared electron transparent lamella from the
Na|NZSP0.4 interface. Based on different morphologies, the NZSP0.4 solid electrolyte separates
clearly from the deposit protection layer. b) EDX spectra of selected regions which are highlighted
in green and orange in b). The measured spectra are shown in light grey while the model spectra
are presented in the respective color (orange and green). Similar to the results shown in Figure 3,
no obvious changes of the elemental composition in the bulk and near-surface region of the
NZSP0.4 are obtained. The present of copper signal inside the NZSP0.4 region is probably caused
by the cryo transfer holder system. The protection layer consists mainly of copper and small
amounts of platinum. In addition, the present of sodium and oxygen in the protection layer originate
from the degradation of residual sodium which have not removed with the bulk sodium electrode.

6. Normalization of impedance spectra with different geometric electrode areas

For comparing impedance spectra obtained from cells with different electrode size a normalization
to the geometric electrode area is not sufficient, since the volume contribution to the overall
conductivity of the SE changes, too. This is the case when sodium is gradually attached to an SE by
applying a uniaxial force where beside an improvement of interfacial contact also the geometric
electrode area increases. In other words, the dynamic constriction (improvement of interfacial
contact) is superimposed by a static constriction (change of electrode area) effect.”” To account for
the static constriction effect in the normalization, the ionic bulk conductivity osgpuk of the SE can
be used. Since the geometric thickness d and osgpux are constant during the experiment, the

electrode area Ag; ¢, can be calculated using the fitted series resistor Rs.r according to:
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(E12)

d

AEI cal =
’ Osk * Rser

This calculated electrode area can be used to normalize the impedance spectra as well as the
resistances and capacitances determined from the spectra.

7. Distribution of relaxation times of symmetric Na|NZSP0.4|Na cells
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Figure S-10: a) Representation of selected DRT analyses of the symmetrical cell
Nap|NZSP0.4|Na;y, where the working electrode was pressed on the SE step by step with increasing
force/pressure. Shown are the cases after an applied pressure of 4.2 MPa (215 N) and 100 MPa.
For comparison, the corresponding Nyquist plots are shown in b). The green background indicates
the region in which interface-related signals are expected in the DRT analysis while the grey
background indicates the grain boundary region. In both cases, two signals (22 kHz and 61 kHz)
are present in this interface-related region, although after a pressure of 100 MPa this is markedly
less pronounced (Figure a, outlined in red). ¢) DRT analyses of Nay.|NZSP0.4|Na,; cells assembled
at three different pressures with the corresponding Nyquist plots in d). In contrast to a), for the
sodium working electrodes shown in c) only one pressure step was performed at the indicated

pressures. For all three cells, no signal indicating an interfacial contribution was obtained in the
DRT analysis (c and d).
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8. Activation energies of Na|NZSP0.4
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Figure S-11: Impedance data (left column) and associated Arrhenius plots (vight column) of three
Na|NZSP0.4|Na cells which have been assembled with different protocols of attaching the sodium
electrodes. The abbreviations “bc” stand for low and “id” ideally reversible electrode. For all
cells impedance data at —40 °C are shown in the left column. Determined activation energies of
different processes (bulk, GB and interface) are inserted in the Arrhenius plots for each cell,
respectively. For the bulk process the ionic conductivities are shown whereas for grain boundaries
and interface process only the resistance in dependence of temperature are visualized.
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Three Na|NZSP0.4|Na cells with different interfacial contact were analyzed by temperature-
dependent impedance analysis to determine the activation energies for the bulk, GB, and interface
transport processes. Impedance spectra for each cell at —40 °C are on the right-hand side in Figure
S-11 where the corresponding Arrhenius plots are shown on the left-hand side. Starting with an
ideal interfacial contact (Figure S-9a) even at low temperatures in the high- and mid-frequency
range only bulk and GB transport are observed. No additional interfacial contribution is observed.
Furthermore, the apex frequencies as well as the values for £, pyx = 0.26 eV and £, gg = 0.36 eV are
very similar to those obtained from AuNZSP0.4|Au cells (see Table S-4). Contributions from the

interface including the formed interphase are negligibly small.

Even when small pores are present (< 100 nm, compare Figure 4d and e) at the interface, only the
bulk and GB contributions are found at —40 °C in the respective impedance (Figure S-11c¢). Similar
to the previous case values for £, pux and £,cp are close to those determined in Au[NZSPO0.4|Au
cells (see Figure S-11d and Table S-4). Based on this result the prepared eclectrode can be
considered as a QRE.

The WE was then attached using a much lower external load while a QRE was used as counter
electrode. Beside bulk and GB processes in the high- and mid-frequency range a clear contribution
at 1.4 kHz with Cpe = 0.1 pF-cm ™2 is observed (Figure S-11e) which we can safely attribute to the
interface. For the interfacial contribution an activation energy £, m = 0.37 eV is determined, which

is close to £, gp (Figure S-11f). All determined E, are summarized in Table S-4.

9. Anodic dissolution of Na|NZSP0.4|Na inside SEM chamber (p = 107 Pa)
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Figure S-12: a) Chronopotentiometric curve of a symmetrical Na;;r| NZSP0.4|Na;ar cell at a current
density of 350 uA-cm™> and at a pressure of 10°° Pa. After reaching the cut-off voltage of 1V, the
electrode was analyzed by PEIS in intervals of 5 minutes until the changes of the real part of the
resistance were less than 1 Q-cm? The described procedure was repeated again with the same
electrode. With the first dissolution around 6.9 um of sodium was resolved, whereas with the
second dissolution only 73 nm could be dissolved. b) Development of impedance during the
equilibration period of the anodically dissolved electrode. In green, the pristine impedance is
inserted in the figure (also shown in figure a) at point A). A decrease in impedance is also observed

in the vacuum, but it does not reach the pristine state. c) Nyquist plot of the second equilibration
period.
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10. Schematic illustration of preparation of symmetrical Na|NZSP0.4|Na;q cells
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Figure S-13: Schematic illustration of the preparation process of a quasi-reference (QRE) sodium
electrode for a NZSP0.4|Nai; half-cell. Nai; denotes an ideally reversible sodium electrode. A
copper foil is used for easier handling and protection against degradation of the sodium foil inside
the glovebox. For time-dependent analysis the NZSP0.4|Naj; half-cell is complemented with a
working electrode (WE) by pressing a sodium foil at 11 MPa for 1 min uniaxial on the opposite side
of the half-cell. For the pressure-dependent analysis the sodium WE is gradually pressed to the SE
using uniaxial pressure. For dissolution experiments, symmetrical NajJNZSPO.4|Na; cells were
prepared by contacting both sodium electrodes simultaneously to the SE using a uniaxial pressure
of 11 MPa for I minute or an isostatic pressure of 100 MPa or 15 minutes.
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Table S-1: List of the obtained binding energies for the measured signals in the Na Is region for
sodium metal under different measurement conditions. A detailed explanation of the measurement
conditions can be found in Figure S6. The same color code as in Figure S6 was used. For sodium
metal, besides the main signal Nao, the first and second plasma excitation of bulk (Bp; and Bp;) and
surface (Sp; and Psy) are listed. In addition, the binding energy of the Na" signal is given, which
describes an average BE including signals originating from SE and possible degradation products
formed. A detailed description of the fitting model used can be find in section 4 in den
supplementary information.

Measuring Calib. Na 1s region
condition to Na* Na’ Na’-Bp; Na’-Sp;  Na’-Bp, Na’-Sp
Na on NZSP0.4 Cls 1070.7  1069.2 1074.9 1073.2 1080.8 1079.0
Na on insulating | C 1s = 1069.5 1075.3 1073.5 1081.1 1079.3
tape Ep - 1071.7 1077.5 1075.7 1083.6 1081.6
Na grounded Er - 1071.8 1077.6 1075.8 1083.4 1081.6

Table S-2: List of the determined binding energies (BE) and kinetic energies (KE) for the obtained
signals in the O s region for sodium metal under different measurement conditions. A detailed
explanation of the measurement conditions can be found in Figure S6. The same color code as in
Figure S6 was used. For sodium metal, besides the main signal of NaO—KLJLg,g, the first plasma
excitation of bulk (Bpus) and surface (Spi.s) are listed. In addition, the binding energy of the Ols
signal is given, which describes an average BE including signals originating from SE and possible
degradation products formed. A detailed description of the fitting model used can be find in section
4 in den supplementary information.

. . O 1s region
“f(f;g‘i‘tri:::lg C‘:::b' Ols Na®KLiLy; Na’KLiLy3-Bpas,  Na’-KL;Lj3- Spuas.
BE BE KE BE KE BE KE
Naon NZSPO | Cls | 530.2 528.9 957.7 534.7 951.9 5329 953.7
Na on Cls - 529.1 9575 535.0 951.6 533.2 953.4
insulating tape Er - 5314 9552 537.2 949.4 535.4 951.2
Na grounded Ep - 531.4 9552 537.3 949.3 535.5 951.1

Table S-3: Absolute signal areas of Na s, O Is, Zr 3d, Si 2p and P 2p of the solid electrolyte and
immediately after sodium deposition and after 8 hours of retention time. Plasmons occurring in the
Na Is and O Is region were not considered for the quantification.

2;2:::;(;: Na 1s/cps-eV O 1s/cps-eV Zr 3d/cps-eV Si 2p/cps-eV P 2p /cps-eV
Pristine 283.6 698.9 138.6 169.9 64.9
60 min 452.0 463.5 68.4 81.0 31.6

8h 450.5 507.6 66.3 82.7 30.0
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Table S-4: Calculated activation energies of Na ion transport across different symmetrical cells
with NZSP0.4 as solid electrolyte in the temperature range between — 40 and 40 °C. In addition to
bulk and grain boundary, the total activation energy E, . for all cells was also determined. The
abbreviation “id” indicates an ideally reversible electrode whereas “bc” indicates an electrode
with low-load bearing contact. Even with small pores at the interface an ideal electrode behavior
can be achieved. For the determination of the interfacial activation energy, insufficient contact was
achieved by two different methods. For E, m highlighted in green, insufficient contact was achieved
by anodic dissolution, whereas E, highlighted in grey was determined by insufficient pressure
during assembling.

Au Naid Naid Nabc
Activation NZSP0.4 NZSP0.4 NZSP0.4 NZSP0.4
energy
Au Najq Najqy Naiq
Eapuk /eV 0.25(8) 0.25(8) 0.25(7) 0.25(2) 0.24(6) 0.25(7) 0.24(0)
E.gp /eV 0.36(1) 0.34(0) 0.36(2) 0.37(0) 0.37(1) 0.36(2) 0.37(7)
E. o /eV 0.32(1) 0.31(2) 0.32(6) 0.32(4) 0.32(3) 0.32(9) 0.32(6)
Eame eV - - - - - 0.37(0)  0.38(1)
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1. Illustration of Sample Preparation and Measurement Series
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Figure S1: a) lllustration of sample preparation for analysis of sodium growth at the Cu|NZSP
interface. After assembly of an ideal sodium counter electrode Naia to an NZSP solid electrolyte pellet,
the opposite side was polished using a SiC grinding paper. A 5 um thick copper electrode was
prepared by thermal evaporation on the polished side of the NZSP pellet. Afterwards, the copper film
was covered with a Ni disc to ensure homogeneous pressure distribution during electrochemical
experiments. The prepared cells were sealed in Ar-filled pouch bags. b) Schematic of the
measurement series at different stack pressures and current densities, which have been performed.
All measurements were carried out at a constant temperature of 25°C.
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2. Impedance Analysis of Cathodic Sodium Deposition at Various Current Densities
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Figure S2: Distribution of relaxation time analysis for cathodic deposition of sodium at the Cu|NZSP
interface at various deposition capacities and current densities. The relaxation time of grain
boundary transport process tcs is indicated by the grey background, while the orange background
highlights the region where interface-related processes tr: are expected. In addition, signals
presumably due to diffusion processes (indicated by blue background) are observed at time constants
> 10™*s. Independent of the applied current density, tGs remains constant during cathodic deposition.
However, a continuous increase in the amplitude of the grain boundary signal y(tgs) is observed as
cathodic deposition progresses. Note that this trend becomes less pronounced with increasing current
density. As the current density increases, the number and intensity of signals in the region of T
decreases. At jupyy = 1000 uA-cm™>, a small signal in the region of Ty is present in the pristine cell,
while no signal can be observed during sodium deposition. Irrespective of the current density, a shift
of i to lower values is observed with increasing deposition capacity qaep of sodium.
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Figure S3: Evolution of the solid electrolyte resistance Rse (sum of Rpuik and Rcs), during cathodic
deposition of sodium at the Cu|NZSP interface for various current densities. Deposition was carried
out atp = 2 MPa and T = 25 °C. Impedance data were fitted using the equivalent circuit models
given in Figure 2 and normalized with respect to the cell constant. Due to the normalization to the
cell constant, all pristine cells have the same Rsg. For a better overview, the Rsk of the pristine cells
were slightly shifted and highlighted in grey. The error resulting from the fitting of Rsg, R, and Cint
of the respective current density has been highlighted in the corresponding color.
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Figure 84: Impedance spectra (left column) and associated distribution of relaxation times analyses
for the measurement series, in which sodium was cathodically deposited at the Cu|NZSP interface at
various stack pressures at japp = 200 uA-cm™? and T = 25 °C. In the Nyquist plots and distribution of
relaxation times diagrams, the grain boundary transport process is highlighted in grey, while the
interface-related process is indicated by an orange background. In addition, diffusion processes in
the long relaxation time region are highlighted with a blue background. The impedance data were
fitted with the equivalent circuit inserted in the figures and the results are shown in Figure 4. All data
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were normalized by the cell constants. Based on the distribution of relaxation times analysis, the
relaxation time of the grain boundary transport process tGs remains constant during cathodic
deposition for all stack pressures. Only an increase of the amplitude y(tcs) is observed. This is most
pronounced at a stack pressure of 4 MPa. For the interface-related relaxation time tm, shifts are
observed during cathodic deposition to lower values, which is even more pronounced with increasing
stack pressure.
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Figure S5: Evolution of the solid electrolyte resistance Rst (sum of Rpuik and Rgp), interface-related
resistance R, and interface-related capacity Ci at different stack pressures. Deposition was carried
out at japp = 200 uA-cm™? and T = 25 °C. Impedance data were fitted using the equivalent circuit
models given in Figure S4 and normalized to the cell constants. Due to the normalization to the cell
constant, all pristine cells have the same Rsg. For a better overview, the Rsk of the pristine cells were
slightly shifted and highlighted in grey. The error resulting from the fitting of Rsg, Ry, and Cin of the
respective stack pressure has been highlighted in the corresponding color.
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3. Ex Situ Characterization of Copper Electrodes by Optical and Confocal Microscopy
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Figure S6: Elevated area Ariey of the copper electrode after cathodic deposition of 0.5 mAh-cm™? for
the a) current density and b) stack pressure series. The elevated area was determined based on the
confocal images presented in Figure 5 and Figure S7. For the determination of Agiev, a threshold was
determined using the SensoView software package, at which all elevated parts in the 3D confocal
microscopy profile were completely captured. The error bars describe the largest deviation when
varying the determined threshold by 2% of the total profile height.
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Figure S7: Optical microcopy images (top row) and corresponding 3D confocal microscopy profiles
(bottom row) of a pristine copper electrode and after cathodic deposition of qaep = 0.5 mAh-cm™ at
different stack pressures with japp = 200 uA-cm™2 and T = 25°C.
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4. Correlation Between FIB-SEM Cross Sections and 3D Profiles of the Copper Electrodes
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Figure S§8: a) Confocal microscopy image of pristine copper electrode prepared by thermal
evaporation on NZSP solid electrolyte. b) Xe™ FIB-SEM cross sections of the edge region of the
copper electrode, labeled as Cl in a) with magnified representation of the Cu|NZSP interface in c)
and d). Xe* FIB-SEM cross section of the Cu|NZSP interface with magnified view at the center of the
copper electrode, denoted as C2 in (e-g). At the edge as well as in the center of the electrode, a slight
gap of roughly 100 nm is present between the copper electrode and NZSP solid electrolyte. h)-i) High
angle annular dark field-scanning transmission electron microscopy image of a thermal-deposited
copper thin film on NZSP, prepared under cryogenic conditions with Ga™ FIB. For the processing of
the lamella, a platinum protective layer was first deposited using an electron beam, named e-Pt(C).
Later, a second platinum layer was deposited using an ion beam, known as i-Pt(C). Despite a
homogeneous covering of copper (h), small voids are observed locally in the copper layer (i). It is
unclear whether these originate from the thermal deposition process or the FIB preparation of the
lamella. Thus, it must be assumed that some parts of the copper electrode are not in direct contact

with the NZSP.
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a) 100 pA-cm—2

Figure S89: a) Confocal microscopy image of the copper electrode after cathodic deposition of
Gdep = 0.5 mAh-cm™? of sodium at japp = 100 uA-cm™>, p = 2 MPa and T = 25°C. The topography of
the electrode is indicated by the color bar. b)-g) FIB-SEM cross-sections of selected spots on the
copper electrode labeled as C1 to C6 in (a). Beside the deposition of dense sodium layers (C1, C2
and C6), also regions without sodium and larger gaps between copper and NZSP are observed (C3-
C5). Consequently, there is no 1:1 correlation between the elevated copper electrode and the
deposited sodium.
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Figure S$10: a) Confocal microscopy image of the copper electrode after cathodic deposition of
Gaep = 0.5 mAh-cm™ of sodium at japp = 1000 uA-cm >, p = 2 MPa and T = 25°C. The topography of
the electrode is indicated by the color bar. b)-e) FIB-SEM cross-sections of selected positions on the
copper electrode labeled as C1 to C4. Except for position C2, a homogeneous and well distributed
sodium layer is found under the copper electrode.
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Figure S11: a) Confocal microscopy image of the copper electrode after cathodic deposition of
Gaep = 0.5 mAh-cm™ of sodium at jup = 200 uA-cm™>, p = 4 MPa and T = 25°C. The topography of
the electrode is indicated by the color bar. b)-f) FIB-SEM cross-sections of selected positions on the
copper electrode labeled as C1 to C5. Beside deposition of homogeneous sodium layers (C2) and gap
formation (C1 and C4), growth of a single whisker is observed (C3). In addition, a strong damage of
the NZSP near the interface is observed at position C4. Parts of the NZSP broke out of the surface
and were pushed onto the copper electrode. It should be mentioned that beside spallation, it did not
lead to an inhomogeneous sodium deposition at this spot.
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5. In Situ Scanning Transmission Electron Microscopy Experiments
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Figure S12: Illustration of the in situ STEM setup for polarization experiments.
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Figure S13: Time-resolved high angle annular dark field-scanning transmission electron microscopy
images of a Cu|NZSP interface during biasing. To initiate sodium deposition, the voltage was
gradually increased and image acquisition was started when a voltage of 4 V was reached. This time
is referred to as to. The pristine lamella is shown in a) with a magnified view of the Cu|NZSP contact
spot. For processing of the lamella a platinum protection layer was deposited via electron-beam
(denoted as e-Pt(C)) followed by an ion-beam deposition referred to i-Pt(C). After 14 s of
polarization, a sodium whisker with rhombohedral shape (yellow dotted line) is observed, as shown
in b). Moreover, after the first polarization step small voids at the Cu|NZSP interface are present (B).
During further polarization, a crack forms near the CulNZSP interface (c). With progressing
deposition, a second sodium whisker forms originating from the previously formed crack (d) and
grows with further biasing as shown in e).

11
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After Polarization

contact

Figure S14: High angle annular dark field-scanning transmission electron microscopy image of the
second prepared TEM lamella for polarization experiments. b) Magnified view of the lamella at the
interface. ¢) TEM lamella after biasing experiment. Clearly a crack near the Cu|NZSP interface can
be observed.

The electron-transparent lamella, shown in Figure S13, was fabricated from a NZSP pellet by FIB
processing. Before deposition of the copper layer, the NZSP surface under consideration was in
contact with a sodium electrode. By anodic dissolution, the physical contact between NZSP and
sodium was reduced so that the sodium electrode could be removed very easily without damage,
exposing the NZSP surface. A 120 nm thick layer of copper was then deposited on the surface by

thermal evaporation. This specimen was used to prepare the lamella for analysis.

As shown in Figures S13a and 13b, in addition to a dense and tight contact on top of the metal|SE
interface (highlighted in yellow), a porous copper layer is observed. It might be possible that
remaining sodium at the NZSP surface influence the formation and growth of the deposited copper
and thus lead to the formation of a porous copper layer. The platinum observed directly at the surface
of the NZSP could be due to the porous copper layer that was electron-beam-deposited on the surface
of the sample inside the FIB system. A dense copper layer with a close contact to the NZSP (yellow

arrow) might be archived at one spot, as all sodium was removed at this spot by anodic dissolution.

The formation of two sodium whiskers in addition to a crack during the biasing experiment was

observed which are highlighted in Figure S14c.

12
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7.2.3  Publication 3: Imaging the Microstructure of Lithium and Sodium Metal in
“Anode-Free” Solid-State Batteries using EBSD

nature materials

Supplementary information https://doi.org/10.1038/s41563-024-02006-8

Imaging the microstructure oflithiumand
sodiummetalinanode-free solid-state
batteries using electron backscatter
diffraction

In the format provided by the
authors and unedited
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1 Kikuchi Pattern of Alkali Metals
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Figure S1. a) Experimentally obtained representative electron backscatter pattern (EBSP) (Kikuchi
pattern) of lithium and sodium metal at two different orientations each. The grain orientation of each
pixel is determined by the respective Hough-indexing of the EBSP, as shown in b). To enhance the
indexing of less resolved EBSPs and reduce the number of incorrectly indexed pixels, an additional
indexing process using a dynamic simulated pattern was conducted. EBSP for different orientations
were dynamically simulated based on the crystal structure of each metal and are shown in c). The
measured and simulated (EBSPs) were compared until the difference between them was minimized
in d). The orientation of the pixel is determined based on the match, as demonstrated in e). Lithium
patterns were acquired at 10 kV, whereas sodium patterns were acquired at 20 kV. The pattern quality
as well as the R-value obtained by matching the patterns with simulations is superior for sodium due
to its higher material density and therefore higher intensity of backscattered electrons.
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Figure S2. a) Phase map of a representative sodium cross-section prepared via FIB-SEM without
data cleaning. Three different phases were considered during the Hough-indexing algorithm, namely,

Na:0: (ICSD 26575), NaxO (ICSD 60435), and Na (ICSD 44757) indicated in green, yellow and red,

respectively. A magnified region of the phase map is shown in b), where a row of pixel is highlighted
by a black frame. According to the phase map all phases are present next to each other although the
measured EBSP patterns are the same, as visualized in ¢). Based on the simulated pattern for the
respective phase shown in d), the Na>O: and the Na>O phases are clearly indexed incorrectly. For
the Na>O: phase distinct Kikuchi bands are missing (indicated by the blue dotted line), while for the
Na:O phase the band width does not match that of the measured EBSP (blue arrows). The measured
EBSP can thus be assigned unequivocally to the sodium metal phase. Furthermore, the formation of
oxide-based side phases resulting from residual gases in the SEM chamber can be eliminated. This
supports the conclusion that the established workflow is appropriate for characterizing the
microstructure of alkali metals.
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2 Inverse Pole Figures of Quenched and Reference Sodium Metal

001

Figure S3. The inverse pole figure (IPF) map of R-Na was obtained at various spots. The IPF is
presented parallel to the z-direction (normal direction, ND), according to the sample coordination
system shown in the schemes on the top right. Large angle grain boundaries (>10°) are indicated by
black lines. Misorientations between neighboring pixels in the range of 2° - 10° are only observed at
spot 3, as marked by white lines. The scale bar in each image equals 200 um. Grains are observed
in the range from a few hundred micrometers to almost one millimeter. Due to the huge grain size
and the corresponding small number of grains in the imaged samples, no meaningful grain size
distribution can be determined, although several sample spots were analyzed.
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Figure S4. Time series of inverse pole figures from Q-Na at various spots. The IPF is presented
parallel to the z-direction (normal direction), according to the sample coordination system shown in
the schemes on the top right. Large angle grain boundaries (>10°) are indicated by black lines. White
lines indicate misorientations in between 2° - 10°. It is important to note that this angle range includes
both small grain boundaries and material deformations. For instance, in the IPF map in the lower
right a small angle grain boundary is indicated by a red arrow and deformed regions marked by a
blue arrow. The scale bar in each image denotes 200 um. The grain size ranges from few to several
hundred microns. Although various areas of the Q-Na were captured, a reliable grain size
distribution cannot be determined due to the large size and low number of grains. No grain growth
is observed over time as a result of annealing.
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3 Cross-sectional Inverse Pole Figures of Alkali Metal

Li Cu 001
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Figure S5. Magnified IPF map of the sample shown in Figure 2g parallel to the x-direction. Clearly,
the large green area assumed to be one grain parallel to the y-direction actually consists of two
grains, coincidently oriented the same in y-direction but different in x-direction.
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Figure S6. Compilation of cross-sections of a) R-Na and b) Q-Na foils prepared via focused-ion
beam milling. The IPF is presented parallel to the y-direction (milling direction), according to the
sample coordination system shown in the schemes on the top right. Large angle grain boundaries
(>10°) are indicated by black lines. Misorientation in the angle range between 2° to 10° are
highlighted by white lines. The scale bar in each image equals 200 um. Due to the large size of sodium
grains, complete grains cannot be visualized in cross-sections. No opposite trend is seen in the FIB-
SEM cross-sections compared to the samples prepared in Figure S4. The vertical grain boundaries
also exhibit a preferred orientation, which can be attributed to the aspect ratio.
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Figure S7. Inverse pole figure of O-Na foil after preparation of a cross-section via focused-ion beam
and a second milling at two different spots. The IPF are given parallel to the y-direction (milling
direction) as indicated in the schemes. Black lines indicate large angle grain boundaries (>10°) while
misorientations between 2° and 10° are indicated by white lines. The scale bar equals 200 um in each
image. At both spots, no changes in grain orientation and grain size are observed after a second
milling step, demonstrating that the FIB preparation does not affect the microstructure of sodium.
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Figure S8. SEM images of three different cross-sections of sodium foils prepared via focused-ion
beam milling (left column) and the corresponding IPF (vight column). IPFs are given parallel to the
y-direction (milling direction) as illustrated by the schemes in the top of the figure. Large angle
boundaries (>10°) are indicated by black lines while misorientations between 2° and 10° are
indicated by white lines. In the SEM images (left column), similar lines (highlighted by red arrows)
can be seen on the sample surface as already described in Figure 1 (main text). A cross-section
perpendicular to the line profile with subsequent microstructure analysis (IPF in the right-hand
column) shows grain boundaries along the observed lines in the volume of the sodium film. The
identified line on the sodium surface correlates with the presence of a grain boundary. It should be
noted that a line on the surface does not necessarily indicate the presence of a grain boundary, as
shown in the example circled in red. The evaluation of the line structure on a foil surface is insufficient
for an accurate mapping and determination of the grain size.
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4 Impedance Spectra of Electrodeposited Alkali Metals at CC|SE Interface
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Figure S9. Impedance spectra before and after electrodeposition of lithium at the SS|LPSCI and
Cu|LLZO interface as well as sodium at the AI|NZSP interface. In all cases, a characteristic shift
from a blocking electrode impedance to a typical metal electrode impedance can be observed. In the
case of SS|LPSCI, a short-circuit occurred, which explains the low resistance and uncommon shape

of the impedance spectrum.

10



Appendix 139

5 Cross-sectional Inverse Pole Figures of Electrodeposited Alkali Metal
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Figure S10. a) Inverse pole figure of electrodeposited sodium (300 uA cm™) at an interface between
a carbon-coated aluminum current collector and NZSP solid electrolyte. The microstructure of the
deposited sodium was characterized under cryogenic conditions. b) Inverse pole figure of sodium
after warm up of the specimen to room temperature. The IPF of NZSP and aluminum are not shown.
The IPF of sodium is presented parallel to the y-direction (growth direction) as visualized by the
schemes. Black lines represent large angle grain boundaries (>10°) while misorientations between
2°and 10° are indicated by white lines. The deposited sodium consists of grains on the order of tens
of microns. In addition, large grain boundaries are preferentially observed parallel to the deposition
direction, i.e., perpendicular to the surface of the NZSP. No changes in grain size or grain boundary
orientation were observed after warming the specimen, indicating that no detrimental grain growth
by annealing occurred.

11
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Figure S11. Magnified IPF maps of different areas of the Cu|Li|LLZO sample shown in Figure 3c
are depicted in a) and b). A selected EBSP for each grain is shown in ¢) and d) confirming the
different grain orientations. The small green grains likely exhibit a smaller rate of growth after
emergence, which is why the neighboring, faster growing grains constrict the space for the green
grains for further growth at higher film thicknesses.

12
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6 Influence of SE or CC Microstructure on Electrodeposited Metal
Microstructure

It is not clear what sample property or deposition parameter primarily governs the deposited metal
microstructure, such as grain size and microstructure of SE and CC. To check for a relationship
between the substrate microstructure with the deposited microstructure, IPF maps of lithium plated
on a copper CC with both layers being indexed are shown in Figure S12a. Although electrodeposited
lithium preferentially deposits on the Cu(111) crystal facet in liquid electrolyte, we found no clear
relation between the grain size and orientation of the copper and lithium at the Cu|SE interface.! This
uncorrelated growth may be due to surface passivation or solid electrolyte interphase (SEI) formation
masking the underlying grain structure. A partial masking of preferred deposition sites due to
passivation was also reported for lithium growth on copper substrates when different liquid electrolyte
with different reactivity were used.? In general, it is unlikely for lithium to undergo epitaxial growth
on copper due to a mismatch-induced lattice strain (acuy = 3.6 A vs. ari = 3.5 A).>* The minor effect
of the CC microstructure on the resulting grain structure becomes even clearer when lithium is
electrodeposited on a Q-Li reservoir foil, as shown by the IPF map in Figure S12b. In this case,
neither the grain size nor the grain orientation of the electrodeposited grains matches that of the Q-Li
reservoir. Furthermore, the size of the solid electrolyte grains (see Figure S13) does not appear to
have a direct correlation with the microstructure of either electrodeposited alkali metal, as the size
difference is quite large. It is therefore likely that the deposit microstructure is dominated by the

nucleation process and grain growth itself.

Iy

1M1

Figure S12. Alkali metal plated on different current collectors. IPF maps of lithium plated on a
copper CC or a Q-Li reservoir are depicted in a) and b), respectively. No correlation between the
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microstructure of the CC or reservoir to the electrodeposited metal is found in any case. Red arrows
indicate areas where grains are partly indexed incorrectly due to crystallographic pseudosymmetry.

Figure S12. Scanning electron microscopy images of the surface of LLZO and NZSP. The surface of
LLZO is shown in a) and magnified in b) showing a grain size of roughly 5 um to 20 um. The grain
size of NZSP is in the range of 0.5 um to 4 um, as depicted in c) und d).
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7 In situ Lithium Electrodeposition at the Li

LLZO Interface

a -

— initial, BSE

AR | A TARY i

Figure S14. Overview SEM images prior and after lithium plating during the in situ EBSD
experiment are shown in a) and b). Front-view images after tilting the sample to 55° (including the
tilted sample holder) are shown in c) and d). A lithium thickness of around 40-50 um was achieved
dependent on the measurement spot, which fits well to the passed charge. The apparent different
aspect ratio of the electrode patch is explained by an uneven film-growth, with higher thicknesses to
the back of the patch. BSE images to prove the existence of low-density lithium are shown in e) and
1) accordingly. Further, g) and h) show SEM images after two weeks of storage and renewed interface
polishing via FIB. All scale bars are equal to 100 um.
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A

Figure S15. Additional IPF maps to Figure 4c. a) shows the IPF map in y-direction directly after
plating but without additional FIB polishing, confirming the unchanged microstructure during the
two-week storage period afterward. Further, b) and c) show the maps of step 4 and 5 also in x-
direction to get a better overview of present grain orientations. The map provided in Figure 4c (5) is
further shown in x-direction in d). After polishing, the copper grains are also indexed, but do not
show a significant influence on the lithium microstructure. All scale bars equal 100 um.
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8 In situ Sodium Electrodeposition at the Q-Na|NASICON Interface

An overview of the electrodeposition of sodium on a pre-existing sodium reservoir is depicted in
Figure S16. In contrast to lithium, the experiment was conducted using a Q-Na|NZSP|Na cell with
an initial electrode thickness of ~50 um. A smooth and flat voltage plateau is observed during
deposition of roughly 1 mAh cm™. Assuming uniform deposition across the electrode, the deposited
capacity corresponds to a sodium layer thickness of approximately 9 um, which fits to the observed
thickness increase at the cross-section shown in Figure S16b-d. Prior to deposition, three main grains
are observed at the cross-section, while a few small grains are located directly at the interface
(Figure S16e). Similar to the observation for lithium in Figure 4c¢, the large grain (green) with an
orientation close to <101> grows vertically during deposition and consumes the neighboring grains
with orientations close to <I111>, which results in lateral grain boundary motion. Moreover, the
thickness of the smaller grains on the left side of the cross-section directly at the interfaces slightly
increases during deposition. The identification of newly formed grains is challenging, as the sodium
partly grows out of the image plane leading to shadowing of the interface. However, a new grain
appears on the right side of the cross-section as shown by a red arrow in Figure S16g. After finishing
the deposition experiment, the cross-section was polished via FIB uncovering a second formed grain
indicated by red arrows in Figures S16f and S16h. It should be noted that after polishing, the new
cross-section is approximately shifted 10 um compared to the previous plane, making it difficult to
establish an unambiguous correlation. However, upon checking the EBSPs for these grains in Figures
S16i and Figure S16j, it can be concluded that this is the same grain. Similar to the deposition of
lithium, the grain width of sodium changes during deposition and grains in the <101> orientation
show preferential growth. Although the microstructure of the discussed cross-section has not been
characterized after a defined storage time, it is unlikely that the grain width has changed during
storage, as shown by the example in Figure S10. Thus, the microstructural evolution of sodium likely

follows that of lithium.
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Figure S16. In situ EBSD of electrodeposited sodium at a Q-Na/NZSP interface. The deposition was
performed inside the SEM using a current density of 300 ud cm™>. The voltage profile of the
deposition is shown in a). The voltage spikes indicate the start of each deposition step. EBSD
characterization is indicated by a red circle. Forward Scatter Electron images (FSE) of the pristine
cross-section and after the two deposition steps are shown in b-d. During each deposition step a layer
increase of roughly 5 um — 6 um is observed. The corresponding IPF maps of the interface are
visualized in e-g. IPF maps are given parallel to the growth direction. Black lines indicate large
angle grain boundaries (>10°). White lines visualize misorientations between 2° and 10° of neighbor
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pixels. After the finishing deposition the cross-section was polished via FIB and again characterized
by EBSD. The corresponding IPF map is shown in h). Red arrows indicate newly formed grains by
electrodeposition. Despite different color in the IPF maps, the highlighted grains by the yellow arrow

are similar, as indicated by the pattern in i) and j). The different color originates from
pseudosymmetry caused by dynamic pattern simulation. The scale bar indicates 50 um.
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9 In situ Sodium Electrodissolution at the Q-Na|NASICON Interface

a Forward-Scatter Electron Image b Secondary Electron Image

Figure S17. Compilation of electron images during stripping of sodium at Na/NSZP interface. The
given notation (4) to (D) corresponds to the given voltage profile in Figure 4b. During the in situ
experiment the cross-section was imaged at an angle of 70° using a) forward scatter electrons and
b) secondary electrons. After the stripping experiment the cross-section was imaged using a low
energy-backscatter electron detector (LE-BSE) in an angle of 35°. Based on the different geometries
the pore shape and size differ as shown in c). Afterwards the cross-section was again polished
revealing unambiguous pores at the Na/NSZP interface. As polishing shifts the cross-section plane
roughly 10 um behind the previous one, no perfect correlation of pores between c) and d) is observed.
Scale bars equal 100 um
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