
Thesis for The Degree of Licentiate of Engineering

Interphases at Interfaces in Solid-State
Batteries

Elin Dufvenius Esping

Department of Physics & Astronomy
Chalmers University of Technology

Gothenburg, Sweden, 2026



Interphases at Interfaces in Solid-State Batteries

Elin Dufvenius Esping

© Elin Dufvenius Esping, 2026
except where otherwise stated.
All rights reserved.

Department of Physics & Astronomy
Chalmers University of Technology
SE-412 96 Göteborg,
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Abstract

Lithium-metal solid-state batteries offer compelling energy density and safety
advantages over conventional lithium-ion batteries, but their practical imple-
mentation is limited by interfacial instability. The interface between the lithium
metal anode and sulphide-based solid-state electrolytes (e.g. Li6PS5Cl) is ther-
modynamically unstable, and the interphase that forms through chemical and
electrochemical degradation governs the long-term cycling performance. In this
work, we investigate interphase formation and reversibility at the Li/Li6PS5Cl
interface, combining electrochemical characterization with multimodal X-ray
characterization. Coulometric titration time analysis is used to quantify in-
terfacial side reaction kinetics and resolve the electrochemical signatures of
individual stages of interphase formation, including the role of phosphorus
species and their lithiation state. To directly correlate electrochemical signa-
tures with structural and chemical changes, micro- and nano-X-ray computed
tomography were combined with X-ray diffraction computed tomography. This
revealed that degradation products do not form homogeneously at the inter-
face, but instead accumulate locally. At the nanoscale, this locally formed
interphase is composed of distinctly different phases. The results demonstrate
that chemically and electrochemically induced degradation produce distinct
chemical and morphological differences at the interface. These findings provide
new mechanistic insight into interphase growth at the lithium metal/sulphide
solid-state electrolyte interface.
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CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

Electrochemistry is, in many respects, an interfacial science. When an electrode
comes into contact with an electrolyte, an interface is formed. This boundary
is central for electrochemical reactions [1]. When an electrode operates outside
the thermodynamic stability window of the electrolyte, an interphase can form,
a chemically and structurally distinct layer formed through decomposition
reactions [1]. This thesis focuses on these two closely linked concepts, interfaces
and interphases.

Nowhere is the importance of such interfaces more evident than in batter-
ies. Since their commercialisation in the 1990s, lithium-ion batteries have
transformed energy storage, enabling portable electronics and electric vehicles
[2–4]. At the core of their operation lies the electrode/electrolyte interface,
where lithium-ions and electrons are exchanged in reduction-oxidation reactions
during charge and discharge [5]. To achieve high energy densities, electrodes
are driven to extreme potentials, often beyond the thermodynamic stability
limits of the electrolyte. As a result, the electrolyte decomposes at the interface,
forming a solid electrolyte interphase (SEI) [6]. In lithium-ion batteries, the
formation of an SEI is essential, as it prevents continuous electrolyte decom-
position while enabling reversible lithium-ion transport [7, 8]. At the same
time, its structure, composition, and stability are difficult to control, making it
one of the most critical and complex components of electrochemical systems.
Understanding and controlling such interfacial phenomena is therefore central
to the development of improved energy storage technologies.

Despite its essential role, the SEI is also a fundamental limitation [7]. Its
formation consumes active material (lithium), reducing efficiency, and its
mechanical and chemical instabilities lead to continuous evolution during
cycling. These challenges become even more pronounced when moving beyond
conventional graphite anodes as the demands placed on batteries continue to
grow with each new application [9]. Applications such as electric vehicles and
grid storage impose increasing demands on energy storage, including higher
energy density, long cycle life, broad temperature ranges, and improved safety
[10, 11]. Together, these demands have raised the question of whether new
battery chemistries are required.

One of the most promising strategies for increasing energy density is the use of
lithium metal as the negative electrode (anode) [9, 12, 13]. Lithium metal offers
a significantly higher theoretical capacity and a lower electrochemical potential
than graphite. However, its high reactivity intensifies interfacial instability and
lithium deposition is often uneven, leading to the growth of dendritic structures
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[14, 15]. In liquid electrolyte systems, this results in poor efficiency, limited
lifetime, and serious safety concerns. Solid-state electrolytes offer a potential
route to overcome these limitations [13, 16, 17]. By replacing flammable
liquid electrolytes with a solid electrolyte, they promise improved safety and
mechanical rigidity that could suppress non-uniform lithium growth. Advances
in solid-state ionics [18] have led to the development of materials with ionic
conductivities comparable to liquid electrolytes such as the sulphide solid-state
electrolyte Li6PS5Cl (LPSC [19]), bringing the concept of solid-state batteries
closer to realisation. However, the transition from liquid to solid electrolytes
does not eliminate interfacial challenges, but transforms them. Unlike liquids,
solid electrolytes do not wet electrode surfaces or easily accommodate volume
changes, leading to poor physical contact and increased mechanical constraints
[20, 21]. At the same time, many solid electrolytes, LPSC included, are
thermodynamically unstable against lithium metal, resulting in interphase
formation [22–24]. As a consequence, the interface between lithium metal and
solid electrolytes becomes one of the central challenges in solid-state batteries.
Rather than being a secondary effect, the formation and evolution of the
interphase at the interface ultimately governs cell performance, stability, and
lifetime.

A central theme of this thesis is the nature of the processes occurring at the
lithium metal/LPSC interface. Capturing the processes requires approaches
that probe the interface during operation. For this reason, this thesis employs
in situ and operando techniques, combining electrochemical methods with X-
ray characterisation to investigate the chemical, structural, and morphological
evolution of the interphase at the interface.

The work presented in this thesis is based mainly on the appended papers.
In Paper I, we investigate the formation and evolution of the interphase
at the lithium metal/LPSC interface using electrochemical characterization.
By applying coulometric titration time analysis combined with impedance
spectroscopy we identify distinct electrochemical signatures associated with
electrolyte decomposition, lithium consumption, and the lithiation and delithi-
ation of phosphorus containing phases in the formed interphase. The results
demonstrate that the interphase remains electrochemically active and that
its transport properties also depend on the lithiation state of the phosphorus
species present in the interphase. In Paper II, we directly probe the lithium
metal/LPSC interface using in situ and operando X-ray characterization. By
combining micro- and nano-scale X-ray computed tomography with X-ray
diffraction computed tomography, we reveal that the interphase does not form
as a uniform layer. Instead, it grows locally into the lithium metal and develops
a heterogeneous, multiphase structure at the nanoscale. Together, these studies
aim to move beyond merely describing interphases, towards understanding
their dynamics and ultimately controlling them. Whether lithium metal and
solid electrolytes can coexist stably is, ultimately, an interfacial question. The
work that follows in this thesis is an attempt to understand, and begin to
answer, that question.
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CHAPTER 2. SOLID-STATE BATTERIES

Chapter 2

Solid-State Batteries

The story of modern energy storage is, in many ways, the story of lithium.
Among the numerous types of electrochemical energy conversion and storage
technologies, the lithium-ion battery stands out as one of the most impactful
developments in the history of electrochemistry. Much of its appeal originates
from the unique physicochemical properties of lithium itself. The combination
of its small atomic weight, extremely low reduction potential, and monovalent
charge gives lithium qualities that are nearly impossible for other elements
to rival [25]. These properties made the lithium-ion battery the enabling
technology of the wireless revolution and support the electrification of the
transport sector [2].

Fundamental Principle of Rechargeable Batteries
At its core, a battery is an electrochemical cell for storing chemical energy and
releasing it as electricity. This conversion is achieved through electrochemical
oxidation-reduction (redox) reactions occurring at the cell’s two electrodes. At
the anode (negative electrode), oxidation takes place during discharge,

R → On+ + ne− (2.1)

where, R is a species donating n electrons to form an oxidized species On+. At
the cathode (positive electrode), reduction occurs,

O′n+ + ne− → R′. (2.2)

Separating them is the electrolyte, which conducts ions between the electrodes
while forcing the electrons through an external circuit. For a battery to be
rechargeable, this process must be reversible. [5]

During charging, an external energy input drives the electrochemical reactions
in the non-spontaneous direction. Reduction will instead take place at the
anode, and oxidation at the cathode. This is by design, energy is stored in a
thermodynamically unfavourable state during charging, so that upon discharge
the system can spontaneously relax towards equilibrium, releasing the stored
energy as electrical work [1].

The thermodynamic driving force during discharge is a net decrease in the
Gibbs free energy (∆G) of the chemical species involved [26]. A reaction with
a negative ∆G is spontaneous and drives electrons through the external circuit.
The relationship between the Gibbs free energy change and the cell potential
is given by

∆G = −zFEcell, (2.3)
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where z is the number of electrons transferred and F is the Faraday constant
(96 485 Cmol−1) [1].

The cell voltage Ecell, is determined by the difference in redox potentials of the
two electrodes,

Ecell = Ecathode − Eanode. (2.4)

An electrode with a lower redox potential will spontaneously donate electrons
to one with a higher redox potential, defining the direction of current flow. [5]

From Liquid to Solid
In commercial lithium-ion batteries, reversibility is typically achieved through
intercalation electrodes, such as graphite [2]. Yet intercalation chemistry carries
an intrinsic limitation, the incorporation of a host lattice will contribute to
added weight and volume beyond that the active material itself [27]. The total
energy stored in an electrochemical cell can be determined by the average cell
voltage during discharge and the total charge stored in the cell (i.e. the capacity).
However, the gravimetric energy density of the cell is the energy stored divided
by the total weight of the cell. Replacing the intercalation anode with a pure
lithium metal anode would significantly increase the gravimetric and volumetric
energy density [12, 13]. Lithium metal anodes can be used with the same
type of cathode materials as in conventional lithium-ion batteries. In principle,
lithium metal anodes can also be applied in batteries with conventional liquid
electrolytes, however, they have a notoriously short cycle life due to dendrite
growth and side reactions between the lithium metal and electrolyte [9, 14, 28].
To enable the adoption of lithium metal electrodes, it is therefore desirable to
replace the electrolytes commonly used.

The discovery of highly lithium-ion conducting solid-state electrolytes (SSEs)
has triggered a surge of interest in the solid-state battery (SSB) [16, 18]. The
replacement of liquid electrolytes with a solid electrolyte eliminates the flam-
mability and leakage risks inherent in organic solvent-based electrolytes used
in conventional lithium-ion batteries [29]. This intrinsically safer configur-
ation also enables a wider operating temperature range and avoids the gas
build-up associated with electrolyte decomposition in liquid-electrolyte cells
[30]. Solid-state electrolytes also offer a higher ionic transference number than
their liquid counterparts. In liquid electrolytes, the mobility of counter-anions
results in Li+ transference numbers well below unity, whereas in solid inorganic
electrolytes the fixed anionic framework makes them single-ion conductors,
driving the transference number close to unity [31–33]. This eliminates the
anion concentration polarisation that limits electrode thickness in conventional
cells, meaning that thicker electrode architectures become viable in solid-state
batteries, opening a route to higher areal capacities [31, 34]. Moreover, accord-
ing to the classic dendrite suppression theory by Monroe and Newman [17],
SSEs with a shear modulus exceeding twice that of lithium metal should, in
theory, suppress lithium dendrite growth.

A schematic comparison of a conventional liquid electrolyte lithium-ion battery
and solid-state battery is illustrated in Figure 2.1. The most fundamental
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CHAPTER 2. SOLID-STATE BATTERIES

difference between the two configurations is the replacement of the liquid elec-
trolyte with a solid one (highlighted in yellow in Fig. 2.1), which simultaneously
eliminates the need for a separator, a component required in batteries with
liquid electrolytes to prevent electronic short-circuiting between the electrodes.
In solid-state batteries, this function is fulfilled by the electrolyte itself. Addi-
tionally, the graphite anode can be replaced by lithium metal to increase the
energy density in solid-state battery cells.

In both cell concepts, the cathode is composed of an active material, a con-
ductive agent, and typically a binder [35, 36]. In a conventional lithium-ion
battery, only an electronic conduction pathway needs to be established within
the cathode, as ionic conductivity is naturally ensured by infiltration of the
liquid electrolyte into the porous electrode structure [5]. In a solid-state battery
cathode, however, both ionic and electronic percolation must be simultaneously
achieved throughout the composite electrode, placing significantly greater
demands on its microstructural design [36].

Liquid Cell Solid-State Cell

Liquid electrolyte

Separator

Lithium metal

Graphite

Cathode active material

Solid-state electrolyte

Carbon

Anode Cathode Metal
Anode

Composite 
Cathode

Figure 2.1: Schematic illustration of a conventional lithium-ion battery cell
(left) and solid-state battery cell (right). Besides replacement of the graphite
anode by a lithium metal anode, the most important difference between the cell
configurations is the substitution of the liquid electrolyte (blue) by a solid-state
electrolyte (yellow).

The SSE therefore plays a dual role, it acts as the lithium-ion conductor and as
the physical separator between the anode and cathode. This multifunctionality
is one of the architectural advantages of solid-state batteries, but it also
introduces new complexity. Unlike liquid electrolytes, which wet electrode
surfaces and can accommodate volume changes dynamically, solid electrolytes
form rigid interfaces that are subject to coupled electrochemical, chemical,
and mechanical processes. These electro-chemo-mechanical interactions at
buried interfaces represent a critical distinction between solid-state batteries
and conventional liquid electrolyte batteries, and their characterization presents
experimental challenges [37].

The following sections introduce different classes of SSEs and cell configurations,
with particular focus on the lithium metal anode. The interfacial phenomena
outlined above, being both the central challenge and the primary research focus
of this thesis, are treated in greater depth in Chapter 3.
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2.1 Solid-State Electrolytes

An electrolyte is a material that conducts ions. If the ions move through a
solid framework, it is a solid electrolyte, or solid-state electrolyte (SSE). In
an electrochemical cell, the electrolyte serves as the medium through which
ionic current flows between the two electrodes, completing the internal circuit
while simultaneously preventing direct electronic contact between the electrodes
[5]. This dual requirement, high ionic conductivity and negligible electronic
conductivity, is a fundamental constraint any electrolyte must satisfy. Beyond
the basic function of conducting ions, a practical electrolyte must fulfil a number
of requirements for practical applications [33].

• High ionic conductivity, ensuring efficient ion transport at ambient
and sub-ambient temperatures with minimal interfacial resistance.

• Negligible electronic conductivity to prevent internal short-circuiting
and self-discharge.

• Chemical stability against the electrode materials, as well as moisture
and oxygen, ensuring long-term compatibility throughout the cell lifetime.

• Wide electrochemical stability window. The electrolyte must remain
chemically inert across the full range of electrode potentials it is exposed
to, without oxidising or reducing at the cathode or anode interface,
respectively.

• Practical and environmental compatibility. The electrolyte should
be comprised of abundant and non-toxic materials, scalable and cost-
efficient synthesis routes, and environmental compatibility for large-scale
applications.

And specifically for a solid-state electrolyte,

• Mechanical integrity. The electrolyte must have sufficient mechanical
stiffness to suppress lithium dendrite propagation while also maintaining
good interfacial contact with the electrodes despite any volume changes
associated with cycling.

A wide range of solid-state electrolytes have been developed so far [38]. It is
important to recognize that, as of yet, no single material perfectly satisfies all
of these criteria. The different types of SSEs available today can be broadly
categorized into organic and inorganic electrolytes, although intermediate
approaches such as solid-liquid hybrid electrolytes have also been explored [39].
These hybrid systems fall outside the primary scope of this thesis. Within
the main material classes, several distinct families can be identified. Each of
these presents its own set of advantages and challenges, and only a limited
subset, primarily sulphides, oxides, polymers, and halide-based electrolytes,
are currently commercially available, often at relatively high cost. [38, 40]

The following sections provide an overview of these electrolyte families, high-
lighting the key limitations associated with each class in the context of im-
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CHAPTER 2. SOLID-STATE BATTERIES

plementation in solid-state batteries. Particular attention is given to lithium
argyrodite Li6PS5Cl (LPSC), which is the electrolyte investigated in this thesis.

Polymers
Polymer electrolytes are the most common class of organic solid-state electro-
lytes, with polyethylene oxide (PEO) being the most widely studied material
[33]. Compared to inorganic electrolytes, they offer important advantages such
as mechanical flexibility, enabling good interfacial contact with electrodes and
low interfacial resistance. However, their main limitation is their low ionic
conductivity at room temperature (10−7 − 10−4 Scm−1) [33, 41]. Therefore,
most polymer electrolytes have to be used at high temperatures. Increasing
salt concentration can enhance conductivity, but often reduces mechanical
stability and flexibility [42]. Furthermore, PEO-based electrolytes demonstrate
an electrochemical stability window up to 3.9 V vs. Li+/Li, which makes them
unsuitable for use with cathodes operating at higher cut-off voltages, such as
LCO which exceeds 4.2 V vs. Li+/Li [43].

Oxides
Oxide-based SSEs are a group of inorganic materials that can be categorized
into various subtypes, such as garnet-type, (anti-)perovskite, NASICON or
LISOCON, and LiPON-type, each with their distinct structural and electro-
chemical characteristics [44]. In general, oxide-based SSE exhibit good ionic
conductivity (10−4 − 10−3 Scm−1) [33], but are mainly attractive due to their
stability against lithium metal and their wide electrochemical stability window
(0-6 V vs. Li+/Li) [38, 45, 46]. The interface between the electrolyte and
electrodes is one of the main problems of oxide electrolytes [47]. The electro-
lyte is stiff and brittle, resulting in poor interfacial contact. Moreover, oxide
electrolytes face processing challenges due to their high sintering temperatures
[38].

Halides
Halide-based SEEs have emerged as a promising class of inorganic materials due
to their high ionic conductivity compared to oxides and polymer electrolytes,
and their ductility [48–50]. The primary limitation of halide SSEs lies in their
stability toward the Li metal electrode [48]. Due to having a low reduction
potential, halides are reduced even upon contact with lithium [51]. However,
their high stability against oxidation makes them suited for use with high-
voltage cathode materials.

Sulphides
Sulphides, have attracted significant attention due to their high ionic conduct-
ivity (10−3 − 10−2 Scm−1), as a result of the larger atomic radius and lower
electronegativity of sulphur reducing the Li+ binding energy [33, 52]. Based on
crystallinity, sulphide SSEs are categorized into three classes, glassy/amorphous,
glass-ceramic, and crystalline [53, 54]. Moreover, sulphide SSEs exhibit favour-
able mechanical strength and flexibility compared to oxides. Their ductility
and low hardness can improve interfacial contact with electrodes. However, the
main limitation of sulphides relates to their limited chemical (H2S generation
in contact with moisture) and electrochemical stability [23, 55–57].
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2.1.1 Li6PS5Cl

Among sulphide-based solid electrolytes, lithium argyrodites of the type
Li6PS5X (X = Cl, Br, I) have emerged as one of the most important sub-classes
due to their high ionic conductivity (10−3 − 10−2 Scm−1) [19]. The high ionic
conductivity of Li6PS5Cl (LPSC) originates from the presence of partially occu-
pied and disordered lithium sites within the argyrodite structure, which enable
fast lithium-ion transport through a three-dimensional network of face-sharing
tetrahedral sites, further facilitated by the mixing of S−2 and Cl− over shared
crystallographic positions [19]. Compared to liquid electrolytes, ion transport
in solid materials relies on defects such as vacancies and interstitials. The
ionic conductivity is therefore governed by both the concentration of mobile
charge carriers and their mobility, the latter being determined by the activation
energy for ion hopping between available sites in the crystal structure [58].
However, it is important to consider ionic mobility as a function of carrier
density, that is, lithium-ion density [59]. Liquid electrolytes typically exhibit a
high lithium-ion mobility and a low amount of lithium per unit volume, whilst
sulphides require up to two orders of magnitude more lithium to reach their
high ionic conductivity.

However, Li6PS5Cl is not fully stable against lithium metal and can undergo
reductive decomposition, forming products such as Li3P, LiCl, and Li2S [23,
60–62]. This interfacial instability will be discussed further in Chapter 3 and
is one of the main topics of this thesis.

2.2 Anode Configurations & Materials

In addition to differences in material selection, battery electrodes can vary
significantly in their design, physical properties, and operating mechanisms.
While the cathode largely determines the achievable specific energy in solid-
state batteries, due to its comparatively low specific capacity and the need for
thick electrode architectures, the choice of anode remains critical. Overall, the
selection and design of anode materials in solid-state batteries must balance
several competing factors, including energy density, mechanical stability, and
interfacial compatibility.

A wide range of anode architectures have been investigated for solid-state
batteries, including lithium metal, and lithium-free anode alternatives such
as insertion anodes and alloying anodes (see Fig. 2.2) [13, 63–65]. Carbon-
based anodes, such as graphite, operate primarily via lithium-ion insertion
mechanisms. These materials exhibit relatively small volume changes during
cycling [66] but exhibit comparatively low specific capacity. Alloy-based anodes,
such as silicon, offer significantly higher theoretical capacities [63]. However,
silicon will undergo severe volume expansion during charging (lithiation) and
discharging (delithiation), which remains a key challenge, particularly in the
context of solid electrolytes, where mechanical constraints are more severe.

Another important strategy in solid-state battery design involves the engineering
of the anode/solid electrolyte interface. Interfacial instability is a major
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CHAPTER 2. SOLID-STATE BATTERIES

limitation in solid-state systems, as poor physical contact and chemical reactions
at the interface can lead to increased resistance and performance degradation
[15]. To address this, interlayers can be introduced to improve interfacial
contact, suppress side reactions, and promote more uniform lithium deposition
and stripping [67–73].

Lithium metalGraphite/Silicon In/(InLi)x alloy Host structure / 
Current collector

Composite Anodes

Metallic Anodes

Li-metal Alloying Anodes “Anode-free”

Figure 2.2: Schematic overview representing different anode architectures for
solid-state batteries, including composite anodes (graphite, silicon), alloying-
type anodes (Si, In), excess lithium metal, host structures or interlayers, and
anode-free designs.

2.2.1 Lithium-metal

Lithium metal is the optimum anode material in terms of gravimetric and
volumetric energy density [12, 13]. A good anode for high energy density bat-
teries should combine high capacity per unit weight with a low electrochemical
potential. Lithium satisfies both criteria, its low atomic weight and the absence
of the need for a host material maximize the capacity per unit weight, while
it possesses the most negative standard electrode potential of all metals [12].
Numerically, lithium metal has a theoretical specific capacity of 3860 mAh/g
and a redox potential of -3.04 V vs. the standard hydrogen electrode, making
it the ideal anode for high energy density batteries.

However, as an alkali metal, lithium is extremely reactive and highly sensitive
to moisture and air, imposing strict requirements on how to be handled and
demanding high electrochemical stability from any electrolyte it is paired with.
During discharge, oxidation occurs at the anode,

Li → Li+ + e−, (2.5)

where metallic lithium donates an electron to release a lithium ion into the
electrolyte. During charging the reverse reaction occurs, and lithium ions
are reduced and electrodeposited as metal. This means the lithium anode is
repeatedly dissolved and re-formed with cycling.
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This repeated electrodeposition is one of the main practical challenges associated
with the lithium metal anode. Despite appearing simple at first glance, the
interfacial kinetics of a parent metal electrode such as lithium on a solid
electrolyte is fundamentally complex, charge transfer is directly coupled to
either crystal growth or dissolution, and the heterogeneous kinetics depend
critically on the micro- and nanostructure of the growing or dissolving metal and
the solid metal/solid electrolyte interface [13]. Overcoming the electrochemical
and mechanical challenges of the lithium metal anode therefore requires a
comprehensive understanding of interfacial processes, kinetics, and morphology,
which will be discussed further in Chapter 3.

2.2.2 Anode-free Lithium-metal Batteries

Usually, lithium metal solid-state batteries are assembled using a SEE, a
cathode composite, and a lithium metal anode (see Fig. 2.1). However, as
cathode active materials are manufactured in a lithiated (discharged) state,
the lithium foil on the anode adds unnecessary weight and volume since the
cell cannot be further discharged [64, 67, 74, 75]. Therefore, reservoir free,
or anode-free, cells are assembled with a metal current collector (CC) on the
anode side, i.e. removing the excess lithium to further increase the energy
density. The lithium anode is instead formed in the first charging step by
delithiating the cathode active material as depicted in Figure 2.3.

Negative CC

Lithium Foil

Solid-State Electrolyte

Composite Cathode

Positive CC

Negative CC

Solid-State Electrolyte

Composite Cathode - Lithiated

Positive CC

Negative CC

Deposited Lithium – First Charge

Solid-State Electrolyte

Composite Cathode - Delithiated

Positive CC

Charge

Excess Lithium Anode-free

Figure 2.3: Schematic illustration of (left) excess lithium cell design using a
lithium metal-foil providing a lithium reservoir during cycling in contrast to
(middle) the anode-free configuration where no lithium metal is present at the
anode side after assembly, reducing the cell volume and mass. Upon charging
(right), lithium is deposited onto the current collector surface as the cathode
active material delithiates.

Moreover, the need to handle lithium metal is omitted, which introduces
practical benefits. Lithium will always react with the surrounding atmosphere
due to trace amounts of atmospheric gases such as nitrogen, oxygen, water,
and carbon dioxide, forming a resistive passivation layer [76]. Not only is it
more practical and cost-effective to circumvent the handling of lithium foils, it
is additionally safer due to its highly reactive nature.

While the anode-less concept offers advantages in terms of gravimetric and
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volumetric energy density, it also introduces additional challenges related to
lithium plating efficiency and interfacial stability [67]. Now that no excess
lithium is present in the cell, lithium losses cannot be compensated by an excess
lithium reservoir. Since small lithium losses to side reactions or contact loss
directly lead to a reduction in capacity, the requirements for the efficiency and
reversibility of the system are even higher for anode-free cells.

11





CHAPTER 3. INTERFACES & INTERPHASES

Chapter 3

Interfaces & Interphases

The interface between the lithium metal anode and the solid-state electrolyte
(SSE) has to fulfil several requirements in order to meet the performance goals
motivated by the introduction of lithium metal.

• The interfacial resistance between lithium metal and the solid state
electrolyte needs to be low and stable.

• No loss of active material (lithium) should take place, all processes
and reactions must be fully reversible.

• Morphological stability during current load. Only once the interface is
morphologically stable, stable electrochemical operation can be achieved.

1
2

3

Figure 3.1: Illustration highlighting the coupled electro-chemo-mechanical
processes occurring at the lithium metal/solid-state electrolyte interface.

These criteria require that a variety of thermodynamic, kinetic, and mor-
phological properties of the lithium metal/solid electrolyte interface are well
understood. Coupled electro-chemo-mechanical processes like the (1) mechan-
ical degradation such as contact loss and cracking of the solid-state electrolyte,
(2) electrochemical instability causing side reactions and interphase formation,
and (3) non-uniform lithium morphology as well as dendrite formation, all gov-
ern the cell performance and failure. These buried, multi-scale processes (Fig.
3.1) are difficult to probe with conventional techniques. In this chapter we will
discuss the instability of the lithium metal/SSE interface, both morphological
and (electro)chemical.
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3.1 Lithium Deposition, Morphology & Dendrite
Formation

The lithium metal anode offers many advantages, as discussed in sub-section
2.2.1, but realizing this potential is complicated by the highly non-uniform
nature of lithium electrodeposition [9, 12, 13]. Rather than plating as a smooth
film, lithium forms and grows in a variety of microstructures depending on the
substrate, electrolyte, current density, and applied pressure.

Nucleation & Deposition
Lithium deposition begins with nucleation once the local overpotential exceeds
the surface energy barrier for forming a new phase [5]. The Gibbs free energy
change for nucleation balances the bulk crystallization energy gain against
the surface energy cost. Since these scale differently with nucleus size, there
exists a critical radius below which nuclei are unstable and dissolve [77]. The
overpotenital has been correlated with the size of the deposited nuclei. The
electrochemical signature of this process is a characteristic voltage dip during
plating, the nucleation overpotential (Fig. 3.2), which reflects the energy barrier
that must be overcome to form stable nuclei. Once nuclei exceed the critical
radius, growth proceeds and the potential relaxes.
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Figure 3.2: Schematic voltage profile during nucleation and subsequent shift
of the nucleation peak due to parts of the applied current sustaining kinetically
driven decomposition of the electrolyte.

In practice, the situation is not as ideal. Due to the low redox potential of
lithium and narrow thermodynamic stability window of many electrolytes,
electrolyte decomposition and lithium nucleation are not strictly sequential
processes and can occur simultaneously. In this situation, a fixed current,
typically used in a galvanostatic experiment, can be sustained by electrolyte
degradation, and nucleation does not need to happen at the particular rate
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corresponding to the applied current during the deposition step [77]. This
results in a shift of the nucleation peak in the voltage profile schematically
presented in Figure 3.2.

The deposition rate and resulting nucleation density are influenced by the
applied current density [67, 78, 79]. Increased overpotential at higher current
densities results in a greater number of nuclei distributed across the current
collector, which promotes uniform lithium coverage and, as plating progresses,
potentially finer-grained deposits [67, 80]. Surface irregularities on the substrate
in which lithium nucleates further concentrate the local current density, creating
preferential sites for deposition that contribute to non-uniform growth [67].
The crystal structure of deposited lithium, grain size, and orientation, have
also emerged as important parameters. Fuchs et al. [81] used focused ion beam
and electron backscatter diffraction to reveal the microstructure of deposited
lithium metal. They found that the microstructure was not only inherently
different for electrodeposited metal compared to its metal-foil counterpart but
also influenced by the current density, capacity, and pressure.

Dendrite Propagation & Cracking
Unstable lithium deposition can result in dendrite formation. Monroe and
Newman predicted that a SSE with roughly twice the shear modulus of lithium
(GLi >6 GPa) could mechanically suppress dendrite growth [17]. However,
despite the use of a SSE with a shear modulus higher than that of lithium,
dendrites have been observed to mechanically penetrate through the bulk of
the solid electrolyte and short-circuit the cell [82, 83].

e-

Li0

a) b) c) d)

Homogeneous Grain Boundary Electronic
Conduction

Crack Inducing

Figure 3.3: Schematic illustration of different lithium deposition and growth
modes in solid-state batteries. a) Homogenously deposited lithium, the ideal
morphology. b) Deposition and growth through grain boundaries. c) Deposition
in the bulk of the solid-state electrolyte. d) Crack-inducing lithium deposition.

Dendritic growth can be initiated at interfacial irregularities such as surface
roughness or defects, where local current concentration creates preferential
sites for deposition [67]. However, dendrite initiation is not only governed
by interfacial microstructure. In solid-state systems, two additional growth
modes are illustrated in Figure 3.3. First, lithium preferentially deposits and
propagates along grain boundaries in polycrystalline SSEs (Fig. 3.3b), driven by
their inherently different ionic conductivity and mechanical properties compared
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to the bulk material, offering lower resistance pathways for filament propagation
[82, 83]. Second, and more uniquely to solid-state systems, lithium can nucleate
directly within the bulk of the SSE (Fig. 3.3c). This occurs because solid
electrolytes possess a finite electronic conductivity, allowing electrons to reduce
Li+ ions in the electrolyte rather than exclusively at the electrode interface,
leading to internal lithium deposition [84–86].

500 µmPlating

…

…

1 mAcm-2 5 min

30 min

60 min

3 h

Li6PS5Cl

Stainless steel

Crack
Formation

Dendritic
Growth

Planar Deposition

Li6PS5Cl

Li6PS5Cl

Figure 3.4: Operando X-ray µCT of lithium deposition in a stainless
steel/LPSC/lithium metal cell at 1 mAcm−2. Vertical cross-section at 5,
30, 60 minutes and 3 hours of deposition, showing the evolution of lithium
morphology over time. In the early stage (5 min.), a crack initiates at the stain-
less steel/electrolyte interface. As deposition progresses, the crack widens and
dendritic lithium grows in it, while planar deposition at the electrolyte/current
collector interface is simultaneously observed. Zoomed insets show the crack
after 5 minutes and the dendritic lithium structure within the crack after 3
hours.

Due to the preferential nucleation and accumulation of lithium at interfacial
flaws and defects, mechanical stress is generated in the surrounding SSE, which
can cause fracture [82, 87, 88]. Once cracks have formed, continued deposition
and the applied stack pressure drive localized lithium growth in the cracks,
simultaneously widening the crack and providing a low-resistance pathway
for further dendritic growth (Fig. 3.3d). This creates a self-reinforcing cycle,
deposition causes cracking, and cracking enables further deposition. This
specific failure mode is further determined by the properties of the SSE itself,
such as porosity. This process can be observed in Figure 3.4, showing a vertical
cross-section of a stainless steel/LPSC/lithium metal cell during deposition from
X-ray computed tomography. The time sequence reveals that in the early stages
of deposition, a crack initiates at the interface between the stainless steel current
collector and the electrolyte. As deposition continues, the crack widens and
dendritic lithium growth proceeds, driven by the mechanical wedging force of the
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deposited metal. Notably, planar deposition at the electrolyte/current collector
interface can also be observed simultaneously, highlighting the coexistence of
different lithium deposition modes.

3.2 Lithium Stripping, Void Formation & Contact Loss

During lithium stripping, the oxidation of lithium metal at the lithium metal/SSE
interface forms vacancies in the metal [89]. When the applied current density
exceeds a critical threshold, where the diffusive flux of vacancies away from
the interface into the bulk metal can no longer keep pace with the rate of
generation, and vacancies accumulate and coalesce into voids at the interface
[13, 90]. To put the relevant length scales in context, assuming completely
homogeneous deposition, 3 mAhcm−2 of lithium corresponds to a layer thick-
ness of approximately 40 µm, and this entire volume must be removed during
stripping.

The consequences of void formation extend beyond simple contact loss. Voids
increase the interfacial resistance [91] and create local current constrictions at
the remaining contact points, which promote non-uniform deposition during
subsequent plating and can act as nucleation sites for dendrites [92]. Void
evolution is also dynamic over cycling [93], voids expand laterally during
stripping but partially close during plating as lithium is re-deposited [94].
However, the closed off voids reopen in subsequent stripping cycles, leading to
a gradual accumulation of contact loss and rising impedance over the lifetime
of the cell.

External stack pressure is believed to counteract void formation by driving
lithium creep at the interface. Lithium is highly ductile at room temperature
and therefore susceptible to plastic deformation under moderate pressures [92,
93, 95]. The critical pressure required to suppress void formation is current-
density dependent, and Wang et al. [95] proposed values of approximately 2.0
MPa needed at 400 µAcm−2, while Kasemchainan et al. [92] suggest 7 MPa at
1 mAcm−2.

Physical Contact Loss or Ionic Contact Loss
A common battery failure mode is a large rise in interfacial resistance during
discharge, widely attributed to a cumulative loss of physical contact between
the lithium metal and the SSE due to void formation. The current working
hypothesis is that voids initiate and grow by vacancy condensation at the
interface. This has been challenged on theoretical grounds by Roach et al. [96]
who point out that there is no compelling driving force for vacancy nucleation
and diffusion during one-dimensional stripping on the micron scale, even if
vacancy aggregation may occur at the nanoscale involving small vacancy clusters
and that conventional power law creep theory suggests that pressures of only
1–2 MPa should be sufficient to collapse voids in lithium.

It is also worth noting that much of the experimental evidence for void formation
is indirect, inferred from increases in polarization or impedance during electro-
chemical characterization [90, 91]. However, such signatures do not directly
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indicate a loss of physical contact due to void formation. An alternative source
of increasing interfacial resistance is the formation of resistive interphases at the
lithium metal/SSE interface. While interphase formation is commonly assumed
to be spatially homogeneous wherever physical contact exists [13, 55], localized
or heterogeneous electrochemical degradation of the SSE or electrode could
produce spatially non-uniform interphases (see Fig. 3.5). Such inhomogeneous
interphase formation could produce electrochemical signatures, such as rising
impedance, and increased polarization, indistinguishable from those attributed
to void formation. Disentangling these two contributions remains an open
challenge and is discussed further in Chapter 6 and the results from Paper
II.

Physical Contact Loss Ionic Contact Loss

Contact Points
Voids Interphase

Contact Points

Figure 3.5: Schematic illustration of two distinct mechanisms of interfacial
contact loss at the lithium/SSE interface. (Left) Loss of physical contact
due to void formation leaving regions with no physical or electrochemical
contact between the lithium metal and the SSE. (Right) Loss of contact due to
heterogeneous interphase formation.

3.3 Reactivity & Interphase Stability

The interface between the lithium metal anode and the SSE is not merely a
geometric boundary, but a region where significant chemical and electrochemical
driving forces are present. Understanding whether and how the SSE reacts
with lithium metal requires considering the relative energy levels across this
interface.

In simplified terms, the electrochemical stability window is the voltage range
between the reduction and oxidation limits of the electrolyte [1]. The position
of the conduction band minimum (often considered as the lowest unoccupied
molecular orbital), can give an estimate of the electrochemical stability against
reduction of the electrolyte [13, 97]. If the Fermi level of lithium metal lies above
the conduction band minimum of the electrolyte, electrons will spontaneously
transfer from the metal into the electrolyte, reducing the SSE and driving
interphase formation. The SSE will react with lithium either chemically, driven
by the thermodynamic instability, or electrochemically during cell operation
when current flows and the interface potential is further polarized.

The product of these reactions is an interphase layer, a chemically distinct
region that grows between the lithium metal and the SSE. How the resulting
interphase is classified is determined by its transport properties further discussed
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in sub-section 3.3.1 as well as the specifics of the interphase formed discussed
in sub-section 3.3.2.

3.3.1 Interphase Classification

Following the framework established by Wenzel et al. [55], three types of Li/SSE
interfaces can be distinguished based on the thermodynamic and kinetic nature
of the interfacial reaction.

Thermodynamically Stable Interface
In this ideal case, no interphase forms because either there is no thermodynamic
driving force for reaction between lithium and the SSE, or the reaction kinetics
are so slow as to be negligible on practical timescales. The interface remains
sharp and chemically unchanged during cycling. Few SSE materials satisfy this
condition in contact with lithium metal [22].

Reactive Interface - Mixed-Conducting Interphase
Here the SSE reacts with lithium to form an interphase that conducts both
ions and electrons. Because electrons can pass through the mixed-conducting
interphase, further reduction of the SSE can take place, and the interphase
grows continuously. This progressive growth consumes active electrolyte and
electrode material, increases cell resistance, and can ultimately lead to cell
failure. This is the most detrimental case.

Kinetically Self-limiting Interface - Passivating Interphase
The SSE reacts with lithium, but the reaction products are predominantly
ionically conductive and electronically insulating. The interphase therefore
passivates the interface. Once a sufficiently thick layer has formed, or if none
of the decomposition products are electronically conductive, electron transfer
from the lithium metal to the SSE is blocked and further reaction is suppressed.
This represents the most practically tolerable form of interfacial reactivity,
provided the interphase remains thin, mechanically stable, and homogeneously
distributed.

3.3.2 Reactivity of Lithium metal / Li6PS5Cl Interfaces

Li6PS5Cl (LPSC) is thermodynamically unstable in contact with lithium metal.
Based on first-principles calculations, Zhu et al. [22] predicted a reduction
potential of 1.71 V vs. Li+/Li and an oxidation potential of 2.01 V vs. Li+/Li
for LPSC, giving a relatively narrow electrochemical stability window. The
expected reduction reaction produces binary lithium compounds according to
[60, 98],

Li6PS5Cl + 8Li → Li3P + 5Li2S + LiCl (3.1)

where the reduction products Li2S, Li3P, and LiCl are thermodynamically
stable against lithium metal. Hence, during chemical degradation, a multiphase
layer is formed. When trying to classify the formed interphase, the transport
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properties need to be considered. Li2S and LiCl are ionically conductive,
but worse than LPSC, and exhibit a relatively low electronic conductivity
[60]. However, Li3P is a mixed ionic-electronic conductor [99]. On the one
hand, beneficial ionic pathways (i.e., by Li3P) may support the conduction of
lithium ions, effectively bypassing regions with lower ionic conductivity (i.e.,
Li2S and LiCl). On the other hand, the presence of Li3P in the interphase
also provides pathways for electrons to reach the reaction front between the
interphase and fresh SSE, sustaining further reduction and continuous growth,
characteristic of a mixed-conducting interphase. The resulting inhomogeneity
creates a percolation pathway through the interphase, which could cause an
inhomogeneous lithium-ion flux during cycling [60, 99].

The Li/LPSC interphase has been reported to grow following a square-root of
time dependence consistent with a Wagner model for diffusion-controlled solid-
state reactions [60, 62, 98, 99]. This has been used to estimate the interphase
thickness to be on the order of a few hundreds of nanometres, approximately
315 nm after one week of contact [98]. This is consistent with results from
time-of-flight secondary ion mass spectrometry, in situ X-ray photoelectron
spectroscopy, and atomic force microscopy measurements [100, 101]. However,
whether the interphase truly follows a simple Wagner-type growth, or what the
rate-determining diffusion step is are at present unclear.

Recent work by Burton et al. [99] provided further insights into the growth
process. Using a combination of electrochemical measurements and X-ray
photoelectron spectroscopy, they identified a gradient of partially lithiated
phosphorus species, LixP, throughout the interphase. They observed a gradient
with more reduced species (Li3P) near the lithium metal anode and less reduced
species (LixP) near the SSE. This gradient arises because LPSC begins to
reduce at potentials (1.71 V vs. Li+/Li ) well above the full reduction of Li3P,
forming intermediate LixP species (and Li2S, LiCl, P), and full lithiation to
Li3P only occurs at 0.87 V vs. Li+/Li. The proposed reduction order is as
follows:

At 1.71 V vs. Li+/Li : Li6PS5Cl → Li2S + LiCl + P (3.2)

At 1.30 V vs. Li+/Li : P → LixP (3.3)

At 0.87 V vs. Li+/Li : LixP → Li3P (3.4)

This establishes a lithium chemical potential gradient across the formed in-
terphase, from lithium metal through Li3P → LixP toward the SSE, which
drives coupled Li+/e− diffusion through the Li3P phase. Lithium diffusion
through the lithiated phosphorus is therefore the rate-determining step for
the interphase growth. Importantly, this process continues at open-circuit
potential, where chemically driven decomposition persists as long as metallic
lithium and a continuous LixP percolation pathway are present. [99]

These findings from Burton et al. [99] imply that the diffusivity through the
interphase is not constant but varies with the lithiation state of the phosphorus
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species, and may explain parts of the disagreements remaining in the literature
regarding the long-term growth behaviour of the lithium metal/LPSC interphase
[23, 24, 60, 98, 99, 101]. These discrepancies likely also reflect differences in
operational conditions and are discussed more in Paper I and Chapter
6 where the interphase growth kinetics was found to be dependent on the
preconditioning, current density, and areal capacity.

3.4 Stack Pressure

From the various interfacial processes discussed, it is clear that stack pressure
is an important parameter in solid-state battery operation. High pressure
during preparation of the pellet is essential to achieve intimate solid–solid
contact given the rigidity of inorganic SSEs [102]. Typically, for sulphide-based
solid-state electrolytes, an average pressure of 300 MPa is used to densify the
pellet [103]. Sustained operational pressure is required to counteract electrode
volume changes during cycling and maintain interfacial contact. However,
the pressures currently needed (10-70 MPa, [103]) are considered too high
for practical industrial application [104], making pressure management an
important engineering challenge.

The effects of stack pressure on the lithium/SSE interface are coupled to several
of the processes discussed above. During stripping, pressure drives lithium
creep, counteracting void formation and contact loss [96]. However, if the
applied pressure is excessive, the creep can force lithium into cracks and defects
in the SSE, propagating fractures and causing short circuits through a purely
mechanical pathway, without requiring electrochemical dendrite growth [105].

At the electrode level, higher pressures promote denser and more uniform
lithium deposits, reducing the active surface area exposed to the SSE and
thereby limiting parasitic side reaction sites. Similarly, insufficient pressure
prevents sufficient plastic deformation of lithium, resulting in poor physical
contact at the interface and confining interphase formation to isolated contact
points [106, 107]. The net result is that stack pressure simultaneously governs
mechanical contact, lithium morphology, and interphase formation, making the
lithium/SSE interface an inherently coupled electro-chemo-mechanical system.

3.5 Methods to Characterize the Interface

The processes occurring at the lithium metal/SSE interface span a wide range
of length and time scales, from nanometre-thick interphase layers and grain
boundaries to micrometre-sized voids and macroscopic cracks, making com-
prehensive characterization challenging. Measurements can be classified as ex
situ, in situ, or operando, depending on whether the interface is characterized
outside the cell, inside a resting cell, or during operation. In situ and operando
approaches are preferable as they avoid mechanical and chemical alteration
of the reactive lithium interface, though they typically require specialized cell
designs [37, 108].
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Scanning electron microscopy (SEM) is an imaging technique that is widely
used in battery research [37]. SEM provides a greater spatial resolution than
optical microscopy (down to several nanometers) but requires the sample to be
inside a vacuum chamber. Due to the low penetration depth of electrons, SEM
can only be performed on surfaces or at cross-sections after for example focused-
ion beam milling (FIB). Pairing SEM with FIB is particularly advantageous
for solid-state battery research due to the buried nature of the interfaces. Due
to its destructive nature, FIB characterization is limited to ex situ evaluation
of samples. Moreover, typical milled regions are tens of microns in width [37].
Another challenge with FIB-SEM is beam damage, as lithium alloys with Ga
(typical ion-beam) which causes morphological and compositional changes to
the interface. Sulphide SSEs such as LPSC can also show redeposition under
Ga milling at room temperature. Cryogenic FIB can be used to minimize beam
damage, but understanding potential artifacts that can arise from the milling
process remains important to ensure that they do not affect data analysis.
(Cryo)FIB-SEM has been used to image lithium morphology, and interphase
formation in solid-state batteries[73, 93, 106].

Spectroscopic techniques such as X-ray photoelectron spectroscopy (XPS)
and time-of-flight secondary-ion mass spectrometry (ToF-SIMS) offer chemical
information and have been used to identify interphase composition and thickness
[62, 100, 101]. Although XPS allows for both ex situ and in situ studies, the
use of these techniques often requires cell designs that are quite different
from standard lab cells [37]. ToF-SIMS also require exposing the sample for
analysis, and is a destructive technique due to the ablation required for mass
spectrometry [37].

Electrochemical methods, such as galvanostatic cycling, cyclic voltammetry
and impedance spectroscopy, provide high temporal resolution and require no
sample preparation. They can be used to assess the electrochemical stability
and reversibility of the probed system, to quantify coulombic efficiency during
cycling, and to track the evolution of interfacial resistances and transport
processes over time [56, 61, 109]. However, their signatures are non-specific,
and typically require knowledge about the studied system [37].

X-ray computed tomography (XCT) has been used to study solid-state batteries
due to its non-destructive nature and ability to image buried features within
a cell. The spatial resolution depends on the X-ray source and experimental
setup, ranging from tens to hundreds of nanometres for nano-CT to tens of
micrometres for micro-CT [37], making it suitable for imaging features across
a broad range of length scales. Combined with in situ or operando cell designs,
XCT has been particularly powerful for tracking morphological evolution during
cycling, for instance, the initiation and propagation of lithium dendrites and
cracks [82, 110, 111].

The primary contrast mechanism in XCT is the attenuation of X-rays by
the sample. This makes XCT well suited for imaging high-contrast features,
but provides limited chemical information and poor contrast between mater-
ials of similar density or atomic number. This is a particular challenge for
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lithium-containing systems, as lithium is a light element with very low X-ray
attenuation, making it difficult to distinguish it from other low-density compon-
ents. Strategies to address this limitation, for example combining tomography
with other contrast mechanisms such as X-ray diffraction, are discussed in
Chapter 5.

Given these complementary strengths and limitations, this thesis combines
electrochemical characterization with X-ray based methods to study the lithium
metal/LPSC system. These two approaches are introduced and discussed in
detail in Chapters 4 and 5 respectively.
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Chapter 4

Electrochemical Characterization of

Interfaces

Several important interfacial processes at the lithium metal/solid-state electro-
lyte (SSE) interface can be assessed through electrochemical characterization.
As discussed in Chapter 3, the processes occurring at this interface, including
interphase formation and growth, contact loss, and lithium deposition, all
leave signatures in electrochemical observables such as changes in impedance
and voltage. However, interpreting these signatures correctly requires a solid
understanding of the electrochemical properties of the system. In this chapter,
we introduce and discuss the electrochemical methods used in this thesis to
study the lithium metal/Li6PS5Cl electrolyte interface.

4.1 Electrochemical Cell

The design of electrochemical cells for measurements of solid-state batteries is
critical for obtaining accurate and reproducible results. Unlike liquid electrolyte
batteries, where coin cells are commonly used due to their simplicity, solid-state
cells require careful control of the stack pressure to ensure intimate solid–solid
contact, both between SSE particles, and at the electrode/SSE interfaces (see
Section 3.4). In coin cells, the internal pressure is governed by the compression
of an internal spring [37]. Consequently, spring size, but also the stack thickness
will affect the internal pressure on the cell stack, leading to poorly controlled
and variable pressures, reported to range between 40 and 103 kPa [112], which
is not only too inconsistent, but often too low compared to the stack pressure
commonly used for solid-state batteries (in the range of a few to tens of MPa)
[103].

The importance of pressure control for the reproducibility of electrochemical
measurements of solid-state batteries has been highlighted by Puls et al. [103].
By providing the same battery material to multiple laboratory groups, and
allowing them to assemble cells using their individual cell setups and processing
protocols, a large variability in electrochemical performance was found, with
differences in processing and stack pressure identified as a key contributing
factors. This boils down to two important pressures to consider, the pressure
used for densification of the SSE pellet, and the stack pressure used for cycling
and electrochemical testing.

For inorganic SSEs, to create a self-standing pellet, sintering is typically used.
One of the main advantages of LPSC is its ability to be ”cold sintered”, i.e.
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densified using high pressures (>300 MPa) at room temperature [113]. The
applied pressure is important to reduce residual void space and enhance the ionic
conductivity by improving the grain boundary contact [113]. Both the applied
pressure and compression time influence the cell performance [103]. Another
important factor to consider is the particle size, and particle size distribution,
of the SSE powder. Smaller particles optimize the charge transport properties
and offer a higher interface area with the active material, in the case of a
composite cathodes [114], whilst larger particles have been found to fracture
during densification [113].

In this thesis, commercially available Li6PS5Cl from NEI Corporation was
used, with a particle size of < 1 µm. All processing and assembly steps were
performed inside the laboratory electrochemical cell (see Fig. 4.1). 250 mg of
LPSC powder was loaded on top of the current collector (stainless steel disc,
13 mm diameter) and uniaxially pressed between two stainless steel plungers at
approximately 440 MPa for 5 minutes to densify the SSE powder into a pellet.

Torque

Force

Plunger
Insulator

Cell Stack

Figure 4.1: Schematic figure of cell for lab-scale electrochemical testing. Stack
pressure applied by torque on the cell stack placed between two stainless steel
plungers.

Following the densification step, lithium metal discs (300 µm, 10 mm diameter)
were placed on top of the pellet. Two cell configurations were used in this work.
In the symmetric configuration, lithium metal was placed on both sides of the
SSE pellet, whereas in the asymmetrical configuration (anode-free) lithium
metal was only placed on one side of the pellet serving as counter/reference
electrode while the working electrode was the stainless steel current collector.
A uniaxial stack pressure of approximately 10 or 30 MPa was applied during
all electrochemical measurements.

How the stack pressure is applied is another important parameter. Two
common approaches are constant pressure, where a defined force is maintained
throughout cycling, for example using a spring, and through fixed volume,
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where the cell dimensions are constrained and the pressure evolves as the
electrode stack expands and contracts during cycling [115]. In this thesis, the
stack pressure was applied by torque, pressing the top plunger down onto the
stack operating at approximately constant volume.

4.2 Galvanostatic Cycling

Galvanostatic cycling is one of the most widely used electrochemical methods
to evaluate battery materials and full cells. A fixed current is applied between
the counter electrode (CE) and the working electrode (WE), and the potential
required to maintain this current is measured as a function of time or capacity
[116]. The output is typically displayed as voltage vs. capacity or voltage vs.
time (see Fig. 4.2), providing information about the reversibility, capacity, and
stability of the electrochemical processes occurring at the electrodes.
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Figure 4.2: Galvanostatic cycling of a Li/LPSC/Li symmetric cell where
each plating and stripping sequence is terminated when a set time has passed,
compared to galvanostatic cycling of a SS/LPSC/Li asymmetric cell where
the plating is terminated when a set time has passed, but the stripping is
terminated at a cut-off voltage.

Two cell configurations have been used in this thesis to study the stability
and reversibility of lithium metal anodes, illustrated in Figure 4.3. In the
symmetric cell configuration, both electrodes are lithium metal foil. This
setup is commonly used to assess the compatibility between the electrode
and electrolyte, for example the tendency to short-circuit or to evaluate the
impedance evolution during cycling or during chemical degradation at open
circuit voltage [117, 118] (Fig. 4.5). Since both electrodes undergo the same
reactions, any changes in cell voltage or resistance can be attributed to the
electrode/electrolyte interface.

In the asymmetric or anode-free configuration, a lithium metal foil acts as the
ion reservoir and CE, while the WE is a non-reactive metal such as stainless
steel. This configuration is well suited for studying the efficiency of lithium
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plating and stripping through coulombic efficiency measurements [73, 119],
as well as for evaluating the chemical stability between lithium metal and
the electrolyte through coulometric titration time analysis (CTTA) [98], as
described in Section 4.4.

Li

LPSC

Symmetric Cell

Li

LPSC

Asymmetric Cell
"Anode-free"

Figure 4.3: Cell configurations used. (Left) Symmetric cell, using two lithium
metal electrodes, and (right) asymmetric cell with one stainless steel working
electrode and one lithium metal counter electrode.

4.3 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a powerful technique for
characterizing the electrical properties of materials and, in particular, the
behaviour of interfaces within electrochemical systems. When a potential
difference is applied across a heterogeneous system, each interface polarizes in
a characteristic manner, leading to non-uniform charge distributions. The rate
at which this polarization responds to changes in the applied signal depends
on the nature of the interface. These differences in response times form the
basis for distinguishing individual processes using EIS. [120]

Upon electrical perturbation, a multitude of processes occur simultaneously
within the system, including electron transport through electronically con-
ductive phases, charge-transfer reactions at electrode/electrolyte interfaces
(oxidation and reduction processes), and ionic transport through the electrolyte
[120]. The overall electrical response is governed by the combined contribution
of these processes, as well as by the ohmic resistance of the electrodes and
electrolyte. Additional impedance contributions may arise from microstructural
features such as grain boundaries, secondary phases, and point defects, all of
which can influence charge transport.

EIS probes these processes by applying a small sinusoidal perturbation, either
in voltage or current, and measuring the corresponding response. By varying
the frequency of the applied signal, processes occurring on different timescales
can be resolved, fast processes dominate at high frequencies, whereas slower
phenomena, such as diffusion or interfacial reactions, appear at low frequencies.
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Working Principle
In a typical potentiostatic electrochemical impedance spectroscopy (PEIS)
experiment, a sinusoidal voltage perturbation is applied to the system,

V (t) = Vm sin(ωt) (4.1)

and the resulting current response is measured

I(t) = Im sin(ωt+ θ) (4.2)

where θ is the phase shift between the voltage and current signals (Fig. 4.4a).
For purely resistive behaviour, θ = 0, whereas deviations from zero indicate
capacitive or inductive contributions. The ratio of the voltage to the current
defines the impedance,

Z(t) =
V (t)

I(t)
. (4.3)

Because both magnitude and phase information are retained, impedance is a
complex quantity that can be expressed as

Z(ω) = Z ′(ω) + iZ ′′(ω) (4.4)

where Z ′ and Z ′′ are the real and imaginary components, respectively. A
significant amount of information about the system is acquired by varying the
applied frequency in an EIS measurement. This data is commonly represented
using Nyquist plots, where the imaginary component −Z ′′ is plotted against
the real component Z ′ , often resulting in semicircular arcs that correspond
to distinct electrochemical processes. Figure 4.4b shows the Nyquist plot
for a model electrical circuit in which each data point represents one Z(ω)
measurement. The circuit consists of a serial resistor R, and a resistor connected
in parallel to a capacitor R/C.

At high frequencies, the impedance through the capacitor of the R/C element is
much lower than through the parallel resistor, which is why the real impedance
part Re(Z) dominates. In contrast, the current mainly flows though the resistor
at low frequencies, resulting in a predominantly capacitive impedance response
Im(Z). So, when the frequency is high, the impedance is equal to the serial
resistance R. The left hand side of the Nyquist plot represents the high
frequency impedance, and the distance from the origin to the high frequency
data points is equal to the serial resistance. Conversely, on the opposite side of
the semicircle is the low frequency impedance data. At very low frequencies, or
close to zero, the impedance is equal to the sum of both the serial and parallel
resistance. Based on the high frequency data we know that this is the distance
from the origin to the left hand side of the semicircle. This means that the
width of the semicircle is equal to the parallel resistance.

The frequency at the apex of the semicircle in the Nyquist plot gives an estimate
of the time constant associated with the conduction process,

τ = RC. (4.5)
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Figure 4.4: a) Sinusoidal voltage input at a single frequency and current
response with resulting phase shift. b) Nyquist plot of an impedance spectrum
simulated for the model electrical equivalent circuit shown in the centre of
the plot. c) Bode plot of the magnitude of the impedance and d) phase angle
against frequency.

Hence, one semicircle corresponds to one single electrochemical time constant,
typically arising from a combination of charge-transfer resistance and double-
layer capacitance at an electrode-electrolyte interface. And the example of a
resistor in series with a parallel R/C element is commonly used to model dielec-
tric materials and determine SSE conductivity using ion-blocking electrodes.
[118]

The Nyquist plot it typically presented with complementary Bode plots. They
are contain the same data, i.e., Re(Z) and Im(Z), but in a Bode plot the
magnitude of Z,

| Z(ω) |=
√
Re(Z(ω))2 + Im(Z(ω))2 (4.6)

and the phase angle θ,

θ(ω) = tan−1 Re(Z(ω))

Im(Z(ω))
. (4.7)

are plotted as function of frequency and therefore allowing direct visualization
of frequency-dependent behaviour [120].

In the Bode representation, the magnitude | Z | of the impedance vs. frequency
(Fig. 4.4c) exhibits a plateau followed by a decay which shows the transition
from impedance being dominated by sum of both the serial and parallel
resistance at low frequencies to just the serial resistance at high frequencies.
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Similarly, the phase angle θ vs. frequency (Fig. 4.4d) exhibits a negative peak
around the characteristic frequency (apex of the semicircle), reflecting the
capacitive response of the parallel R/C element.

Analysis
The key feature of EIS is that the frequency-dependent measurements provide
access to the characteristic relaxation times of different physical and chem-
ical processes. In practice, electrochemical systems exhibit a distribution of
relaxation times arising from structural and chemical heterogeneities, meaning
that in a solid-state battery multiple resistance contributions are expected
to appear across the frequency spectrum. At the highest frequencies, bulk
ionic conduction through the solid electrolyte dominates the response, while at
intermediate frequencies charge-transfer processes at the cathode and anode
interfaces become distinguishable. At the lowest frequencies, solid-state lithium
diffusion within the electrode materials governs the response. [121]

In real systems such as solid-state batteries, all of these processes can occur
simultaneously, and those with similar time constants will overlap, producing
complex and convoluted spectra in the Nyquist plot. While a single well-
resolved semicircular arc can yield quantitative estimates of resistance and
capacitance for a given process, deconvoluting contributions with similar time
constants presents a significant challenge. This is illustrated in Figure 4.5,
which shows EIS measurements collected continuously over time on a symmetric
Li/LPSC/Li cell at open circuit voltage (OCV). At OCV no current flows,
and any observed changes can be attributed directly to the chemical reaction
between lithium metal and the SSE.

Three distinct semicircles are visible in the Nyquist plot, corresponding to
contributions at high, intermediate, and low frequencies respectively. As time
progresses, a shift in the real axis intercept is observed alongside the evol-
ution of the individual semicircles. Crucially, not all contributions evolve
equally, the Bode plot of the phase angle reveals that the high- and low-
frequency contributions become progressively more negative with time, while
the intermediate-frequency contribution changes comparatively little. This
frequency-resolved view demonstrates that the growing interfacial resistance is
not simply a uniform scaling of all processes but reflects the selective evolution
of specific contributions associated with the interphase formation at the lith-
ium/LPSC interface. This kind of qualitative inspection of both Nyquist and
Bode representations can therefore reveal which processes are most affected by
a given degradation mechanism, even without detailed quantitative modelling.

The conventional approach to quantitative analysis is to model the electro-
chemical system as an equivalent circuit model (ECM), in which resistors,
capacitors, and other elements are fitted to represent a specific electrochemical
phenomena. However, since no solution to an impedance spectrum is unique
and the addition of more circuit elements will tend to improve the fit regardless
of physical justification, ECM construction relies heavily on knowledge about
the system and can be highly subjective [118, 122, 123].
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Figure 4.5: Electrochemical impedance spectroscopy of a symmetric
Li/LPSC/Li cell over 30 hours at open circuit voltage showing the Nyquist
plot and Bode plot with negative phase angle plotted against relaxation time
(τ = 1/2πf). The progressive evolution of the impedance spectra reflects the
chemical instability of the Li/LPSC interface.

To address the limitations of equivalent circuit models, the distribution of
relaxation times (DRT) method has emerged as a complementary tool for EIS
analysis. Unlike model-dependent fitting, DRT is a technique that transforms
frequency-domain impedance data into a time-domain distribution of charac-
teristic timescales such that peaks associated with distinct characteristic time
constants become directly visible [122, 123].

While DRT has its advantages over ECM fitting, it comes with several inherent
limitations. The choice of kernel function constrains the analysis to a pre-
defined transfer function type, typically a resistive–capacitive element, limiting
the range of describable phenomena. Since most electrochemical systems are
nonlinear, small-signal perturbations are required for valid impedance meas-
urements, which in turn degrades the signal-to-noise ratio and risks masking
low-polarization processes. Most DRT methods rely on solving an ill-posed
optimization problem, meaning that the necessary regularization introduces a
degree of freedom that compromises the uniqueness of the resulting distribution.
Furthermore, regularization acts as a low-pass filter on the distribution function,
broadening peaks and making it difficult to resolve processes with similar time
constants. Finally, all current DRT formulations assume a serial arrangement of
elementary transfer elements, meaning that parallel electrochemical processes
cannot yet be adequately represented. [118, 124].
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Ultimately, the most appropriate analysis strategy depends on the complexity
of the system and the specific information sought. In some cases, full ECM
fitting or DRT deconvolution is necessary to quantitatively separate overlapping
contributions, while in others, qualitative inspection of the Nyquist and Bode
plots alone is sufficient to identify meaningful changes, such as evolution of
semicircle size, position or emergence, without the need for detailed modelling.

4.4 Coulometric Titration Time Analysis (CTTA)

Coulometric titration time analysis (CTTA), introduced by Aktekin et al. [98],
offers a complementary approach to quantify interphase growth by tracking
the progressive increase in lithium consumption time across successive titration
steps, providing a measure of the total charge consumed by side reactions as a
function of time.
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Vcut-off

0

Vo
lta
ge

Time

SE
CC

…

?

Li+

Li

SEI

Vnuc

Figure 4.6: Schematic illustration inspired by [98] visualizing the coulometric
titration of lithium metal onto the current collector and its gradual consumption
by side reaction during the following OCV period, marking the time analysis
step of the sequence. The formation of an interphase (SEI) is marked in green.
The sequence ends when all lithium is consumed, defined by a voltage increase
and cut-off leaving the full relaxation of the voltage profile unexplored.

Working Principle
CTTA is performed in an anode-free asymmetric cell configuration (see Fig.
4.3). As lithium metal is only present at the CE, the cell OCV is >0 V vs.
Li+/Li prior to any deposition. The technique operates through a repeated
sequence of lithium deposition and OCV steps. Each titration step consists of
a galvanostatic deposition of a small, controlled amount of lithium, typically in
the range of a few µAhcm−2 [98], onto the current collector (CC), followed by
an OCV period during which the deposited lithium is consumed by interfacial
side reactions (Fig. 4.6). In an ideal limiting case, a perfectly stable electrolyte
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with no side reactions, the cell potential would relax to 0 V vs. Li+/Li once
lithium is present on both electrodes, establishing a symmetric cell state, and
would remain there indefinitely. In practice, if the electrolyte is unstable and
side reactions occur, the deposited lithium is gradually consumed by these
parasitic reactions. As long as some lithium metal remains at the WE, the
potential is pinned at 0 V vs. Li+/Li. Once the lithium is fully exhausted, the
WE potential is no longer pinned and the cell voltage begins to rise, marking
the end of the consumption period.

Stage I - Electrolyte Decomposition, Nucleation & Deposition
Each titration step begins with galvanostatic deposition, during which the
potential is driven toward the lithium plating potential. Due to the low redox
potential of lithium and the narrow thermodynamic stability window of LPSC,
electrolyte decomposition and lithium nucleation are not strictly sequential.
They can occur simultaneously, and the applied current can initially be sustained
by interphase-forming reactions rather than lithium plating (see Section 3.1).
This sequence is reflected in a characteristic nucleation overpotential peak in
the voltage profile marked as Vnuc in Figure 4.6, the position and shape of
which encodes information about both the interphase formation kinetics and
the nucleation barrier, explained more in detail in Section 3.1.

Stage II - Lithium Consumption
Following deposition, the cell relaxes at OCV to approximately 0 V vs. Li+/Li
and chemically driven decomposition occurs (see Equations 3.1, 3.2-4). For
LPSC, reduction and chemical reactions with lithium will produce a Li2S, LiCl,
and lithiated LixP containing interphase. This process establishes a lithium
chemical potential gradient within the interphase, driving coupled Li+ and e−

diffusion from the lithium front through the interphase to the solid electrolyte
front [99].

The cell potential remains pinned at approximately 0 V vs. Li+/Li as long
as metallic lithium is present at the WE. Once the lithium is fully consumed,
the potential begins to rise, marking the end of the consumption period. The
duration of this consumption period is the central observable of the classic CTTA
protocol [98] and scales with interphase thickness, since a thicker interphase
presents a longer diffusion path. It is important to note, however, that the
consumption time is sensitive not only to interphase thickness but also to its
composition as it would modify the effective diffusivity through the percolation
network where more highly lithiated LixP species have been reported to exhibit
higher diffusivity than fully lithiated Li3P [99].

In the classic protocol introduced by Aktekin et al. [98], a cut-off potential of
50 mV vs. Li+/Li is used to define the end of each OCV period and the start
of the next titration step.

Stage III - Delithiaiton
Burton et al. [99] revealed a process during full potential relaxation, beyond the
50 mV vs. Li+/Li cut-off. Once metallic lithium is fully consumed, the boundary
condition that pinned the chemical potential at the lithium front is lost. Li3P
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at the former inner interphase front is no longer in thermodynamic equilibrium
with its surroundings and begins to spontaneously delithiate, progressing from
Li3P through partially lithiated LixP intermediates toward fully oxidized P0.
This manifests in a voltage plateau at approximately 0.87 V vs. Li+/Li [125],
corresponding to the Li3P → LixP transition, before the potential stabilizes at
a value close to the original OCV of the pristine cell.

The duration of the delithiation plateau was used in Paper I to evaluate the
presence of Li3P in the interphase, offering a potential compositional fingerprint
that complements the thickness information encoded in the consumption time.

Using CTTA to Study Interphase Growth Kinetics
By applying successive titration steps, CTTA can track the evolution of the
interphase over time. Figure 4.7a shows a single titration step, illustrating the
deposition and subsequent consumption period during which the deposited
lithium is progressively consumed by interfacial side reactions (see Fig. 4.6).
At the second titration, the consumption time is visibly longer than in the first,
as shown in Figure 4.7b, reflecting the growth of the interphase between the
two steps. Across multiple successive titrations, Figure 4.7c, this progressive
increase in consumption time becomes evident, providing a direct and qualitative
measure of interphase growth with each cycle.
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Figure 4.7: Coulometric titration time analysis of the lithium
metal/LPSC/stainless steel cell. (a) Voltage profile of the first titration, showing
the deposition of 1.5 µAhcm−2 at 15 µAcm−2 and following OCV consumption
period. (b) Voltage profile showing the first and second titration. (c) Multiple
successive titration. (d) Accumulated charge consumed by side reactions as a
function of time for cells cycled at 10 MPa and 30 MPa stack pressure.

To quantify the growth kinetics, the accumulated charge consumed by side
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reactions can be tracked as a function of time, shown in Figure 4.7d. The
square-root time dependence observed in the accumulated charge is consistent
with diffusion-controlled growth as described by the Wagner model [60, 98,
99]. Whether and when growth slows or self-limits across successive titrations
provides information about the passivating character of the formed interphase.

Figure 4.7d also illustrates how CTTA can be used to compare growth kinetics
under different experimental conditions, here contrasting cells cycled at 10 MPa
and 30 MPa stack pressure. The higher stack pressure results in faster lithium
consumption, most likely due to improved interfacial contact providing more
reaction sites [107] reinforcing the importance of stack pressure as a variable
that must be carefully controlled and reported, as discussed in Section 3.4
and 4.1.

CTTA Protocol
The findings of Burton et al. [99] raise a practical question for CTTA protocol
design and application. In the classic protocol, the OCV period is terminated
at 50 mV vs. Li+/Li (see. Fig. 4.8a), capturing only the consumption stage
and excluding the delithiation of Li3P.
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Figure 4.8: Schematic illustration of the CTTA protocols. a) CTTA measure-
ment sequence introduced by Atkin et al. [98], consisting of repeated lithium
deposition steps (blue regions) each followed by a voltage relaxation period
(peach region) until the OCV reaches a cut-off potential of 50 mV vs. Li+/Li
before next lithium plating (titration) step. b) Modified version of the CTTA
technique in which the OCV is allowed to relax beyond the voltage cut-off,
incorporating a delithiation step [99] (red region) before the next titration.
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In an alternative protocol, the cell is allowed to fully relax through the de-
lithiation stage before initiating the next titration (see Fig. 4.8b). These
two approaches leave the interphase in fundamentally different states at the
start of the subsequent deposition, the classic protocol preserving a Li3P-rich
interphase. Since interphase diffusivity depends on the lithiation state of the
phosphorus phases, the choice of protocol is expected to influence the con-
sumption time. The implications of the choice of protocol and its effect on the
observed interphase growth kinetics are investigated in Paper I and discussed
further in Chapter 6.
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Chapter 5

X-ray Characterization & Imaging

of Interfaces

Understanding the processes occurring at the lithium metal/solid-state elec-
trolyte interface requires characterization methods that can resolve both the
chemical and morphological properties across a range of length scales, from the
nanometre-thick interphase layers discussed in Chapter 3 to the microscopic
morphological changes associated with void formation, cracking, and dendrite
propagation. As discussed in Chapter 4, electrochemical methods provide
valuable but inherently indirect and spatially averaged information about these
processes.

X-ray based methods offer a compelling alternative for characterizing buried
interfaces. X-rays techniques enables non-destructive imaging without the need
for cell disassembly making in situ and operando measurements possible. The
contrast in X-ray imaging arises from how X-rays interact with matter, through
absorption, refraction, scattering, and diffraction [126], and each of these
interactions can be exploited to extract different types of material information.

This chapter introduces the physical principles underlying these interactions
and the imaging modalities used in this thesis, X-ray attenuation-based micro-
computed tomography (µCT), X-ray computed nano-holo-tomography (nanoCT),
and X-ray diffraction computed tomography (XRD-CT), each exploiting a dif-
ferent contrast mechanism to provide complementary structural and chemical
insight into the lithium/LPSC interface.

5.1 X-ray Interaction with Matter

X-rays are electromagnetic radiation with wavelengths ranging between approx-
imately 0.01–10 nm, corresponding to photon energies in the range 100 keV to
100 eV [126]. In this thesis, X-ray photons in the range of 30–35 keV are used
and their interactions with matter form the basis of the imaging techniques
employed.

When an X-ray beam passes through a material (Fig. 5.1), it is modified
in both amplitude and phase. These modifications can be described by the
complex refractive index of the material,

n = 1− δ + iβ (5.1)

where the imaginary part β describes how the X-ray changes in amplitude when
passing though the material [127]. β is related to the attenuation coefficient µ
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through the relationship µ = 4πβ/λ, where λ is the X-ray wavelength. The
real part of the refractive index (1− δ) describes the change in wavelength of
the X-ray as it propagates though the material. A difference in the decrement,
δ, between two materials lead to a phase shift of the X-rays. Materials have
different β-values, leading to variations in the transmitted X-ray amplitude as
a function of material composition and thickness. Likewise, the real part of the
refractive index (1− δ) is also material dependent, and X-rays passing though
a sample will acquire a path-dependent phase shift.

At the energies used in this thesis, δ is typically several orders of magnitude
larger than β for light elements such as lithium, meaning that phase contrast
is considerably stronger than absorption contrast [127]. The differences in
attenuation- and phase-contrast is discussed further below in order to under-
stand how and when the different mechanisms can be used for X-ray imaging.

I/I
0

1 n = 1 - δ + iβ

Figure 5.1: The transmission of X-rays through a material where attenuation
causes a decrease in beam intensity, and refraction causes a deflection of the
beam.

Attenuation Contrast
The attenuation of an X-ray beam as it passes through a material is described
by Beer-Lambert’s law,

I = I0e
−µt (5.2)

where I0 is the incident intensity, I is the transmitted intensity, t is the thickness
of the material and µ is the linear attenuation coefficient [127]. The attenuation
strongly depend on the atomic number Z, (µ ∝ Z3), and the density of the
material, with heavier and denser materials attenuating more strongly. The
attenuation is also dependent on the X-ray energy, E, and increases at lower
energies (µ ∝ E−4). This is the basis of conventional X-ray absorption-contrast
imaging, where regions of different composition or density produce different
levels of transmitted intensity, generating contrast in the image. Typically, to
collect images with good enough X-ray attenuation contrast, the transmission
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should be around 14 % (I/I0) [127]. To reach the targeted contrast can the
beam energy E, or the sample thickness t be adjusted.

Phase Contrast
Although both the amplitude and phase of the transmitted wave are modified
by the material (see Equation 5.1), detectors measure only intensity [126], which
means that the phase information, encoded in δ, is not directly accessible from a
single intensity measurement. However, phase information can be recovered by
exploiting the interference properties of X-rays [127]. As a (partially) coherent
beam propagates away from the sample, wavefronts that have been phase-
shifted by different parts of the sample begin to interfere. The information
on the phase shift is then contained within these fringes [128]. Phase retrieval
is the process of extracting this phase shift. For phase contrast imaging, the
image contrast is hence independent of µ, and so it is also independent of
the transmission. Both δ and β are proportional to the electronic density of
the material, but the decrement δ is independent on the atomic number [127].
This provides substantially enhanced contrast compared to pure attenuation
imaging for light elements such as lithium. However, as the mapping of δ
relies on the measurement of interference effects, a spatially coherent X-ray
source is required [127]. Fourth generation synchrotron sources provides greatly
increased spatial coherence compared to other X-ray sources, making phase
retrieval possible [129, 130].

X-ray Diffraction
In addition to attenuation and phase effects, X-rays can interact with the
periodic atomic structure of crystalline materials through coherent elastic scat-
tering, forming the basis of X-ray diffraction (XRD) [126]. In most directions,
the scattered X-rays interfere destructively, but in specific directions determined
by the atomic arrangement, they interfere constructively, producing diffraction
peaks. The condition for constructive interference is given by Bragg’s law,

nλ = 2d sin θ (5.3)

where λ is the X-ray wavelength, d is the spacing between crystallographic
planes, θ is the angle between the planes and the incident beam, and n is the
order of diffraction [126]. This relationship links the angles at which diffraction
peaks occur to the crystal structure of the material. As a result, XRD provides
direct information about lattice parameters, crystal phases, and structural
ordering.

In transmission geometry, the incident X-ray beam passes through the sample
and the diffracted intensity is collected over a range of angles, typically using
a two-dimensional detector. The scattering is commonly described by the
scattering vector Q, defined as,

Q =
4π

λ
sin θ (5.4)

which provides a link between reciprocal space and real-space length scales
[126].
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For a powder sample, consisting of many randomly oriented crystallites, all
possible diffraction conditions are satisfied, resulting in concentric rings (Debye
rings) on the detector rather than discrete spots. Each ring corresponds to
a specific scattering vector Q, and thus to a particular set of lattice spacings
[126].
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Figure 5.2: Azimuthal integration of the recorded 2D diffraction pattern to
obtain a 1D diffraction pattern.

To obtain a one-dimensional diffraction pattern, the recorded two-dimensional
intensity is typically azimuthally integrated (see Fig. 5.2). The resulting one-
dimensional diffraction pattern can be used to identify the different crystalline
phases based on the position of diffraction peaks. Other quantitative analysis
can be made based on peak position shift, height, width or broadening.

5.2 Computed Tomography

With the fundamentals of X-ray-matter interactions and the resulting contrast
mechanisms established, the remaining question is how to recover the three-
dimensional information about the sample. Computed tomography (CT)
provides the mathematical and experimental framework to achieve this. CT
enables two- or three-dimensional reconstruction by collecting multiple images,
projections, acquired from different angles. Each projection represents the
line integral of the sample contribution along the X-ray beam path, such as
attenuation, phase shift, or scattering intensity. This mathematical description
corresponds to the Radon transform. [126]

By acquiring projections over multiple rotation angles, the data can be ar-
ranged into a sinogram, which represents the angular variation of the projected
signal. The original three-dimensional structure is then reconstructed from the
sinogram by applying a tomographic reconstruction algorithm, most commonly
through filtered back-projection. This reconstruction principle (see Fig. 5.3)
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appropriate choice depends on the specific length scale and type of information
required.

Optical Microscopy

Reflected Light Contrast X-ray Absorption Contrast X-ray Phase Contrast X-ray Diffraction Contrast

3.25 mm

µXCT
500 µm

nanoXCT
25 µm

XRD-CT
500 µm

Figure 5.4: Horizontal cross-section of a solid-state battery cell imaged using,
optical microscopy, X-ray computed micro-tomography, X-ray computed nano-
holotomography, and X-ray diffraction computed tomography.

5.2.1 Image Analysis

Following reconstruction, a series of image processing steps are applied to extract
quantitative and qualitative information from the tomographic data. While
the specific parameters vary between datasets, the general workflow consists of
pre-processing, segmentation, and (two- or) three-dimensional analysis.

Pre-processing
The reconstructed volume is first filtered to reduce noise to simplify the seg-
mentation step. A median filter is commonly used, as it suppresses noise
without significantly blurring edges, which is important to preserve interfaces
[133]. The volume of interest is then selected by cropping, and the data may
be binned or converted to lower bit depth to reduce computational cost.

Segmentation
Segmentation assigns each voxel in a volume, or pixel in an image, to a specific
material or phase. When contrast is high (well-separated peaks in the gray-
scale intensity histogram), simple thresholding based on the histogram can be
sufficient to separate phases. An example is seen in Figure 5.5 where solid-
electrolyte particles appear gray and cracks or porosities appear as black. The
cracks and pores for example, can easily be segmented by labelling all voxels
above a certain threshold as solid-state electrolyte, and all below as voids.
However, in the presence of noise, artifacts, or sometimes complex multiphase
structures, thresholding becomes unreliable. In such cases, as in the case for all
work presented in this thesis, a machine learning-based tool called Ilastik can
be employed [134], where a classifier is trained on manually labelled regions to
segment the full dataset based on both intensity and local texture features.

3D analysis & visualization
Segmentation of a volume enables both visualization and quantitative analysis to
be performed. Three-dimensional rendering in Paraview was used to inspect the
spatial distribution of features [135]. Quantitative descriptors such as volume
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fraction, surface area, and size distributions can then extracted, typically using
custom python analysis scripts or Fiji ImageJ [136].

For diffraction-based tomography, analysis was done by generating phase distri-
bution maps from the diffraction intensity integrated over a determined Q-range
in Plaid [137]. Each pixel contains a local diffraction pattern, enabling phase
identification. In such cases, reference patterns derived from crystallographic
information files (CIFs), obtained from databases such as the Inorganic Crystal
Structure Database (ICSD) [35], can be used for peak assignment and phase
identification.

Gray Scale Intensity

Histogram

Gray Scale Image Threshold Imagea) b) c)

Figure 5.5: Segmentation using thresholding. a) A greyscale image showing a
cross-sectional slice through a reconstructed tomogram showing gray solid-state
electrolyte particles and black cracks and pores. b) Histogram of the greyscale
values in a), the red region corresponds to values below a threshold. c) Pixels
below the threshold marked in red.

Artifacts
Tomographic reconstructions are susceptible to a range of artifacts [127]. Ring
artifacts are a frequent feature that manifests as concentric rings centred on
the rotation axis. They typically arise from defective detector pixels, but can
typically be removed using stripe removal of the sinogram during reconstruction.
Moreover, inaccuracies in determining the centre of rotation can also result
in circular or arc-shaped artifacts. Insufficient angular sampling leads to
undersampling artifacts, often observed as star-like streaks that are more
pronounced near the edges of the reconstruction. To minimize such effects,
the number of projections should be proportional to the largest diameter of
the sample in units of pixels [127]. In this work, approximately 2500-4500
projections are used, depending on the imaging modality. One common artifact
in phase-sensitive imaging is edge enhancement, which originates from material-
dependent refraction of partially coherent X-rays. This leads to bright-dark
fringes at interfaces between different materials, enhancing edges and potentially
complicating quantitative interpretation. Lastly, if the sample is larger than
the field of view, and especially if high-density features are outside it, they can
project into the scan region causing shadowing or streaking. This can be an
artifact when performing local-tomography such as when the field of view is
kept small to do high resolution imaging like nano-tomography.
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5.2.2 Tomography Cell Design

For all X-ray experiments in this thesis, a dedicated electrochemical cell (Fig.
5.6) was used, designed by J. Rizell based on previous work by Sadd et al.
[78] and inspired by [110]. The design is governed by several key considera-
tions: (i) geometric constraints and compatibility with the beamline, (ii) X-ray
transparency, and (iii) electrochemical functionality.

The cell geometry is optimized to match the field of view of the imaging setup,
with an inner diameters of 2 mm. While smaller samples are generally preferred
to maximize X-ray transmission [127], it is often impractical to build such a
small cell. The housing of the cell is fabricated from polyether ether ketone
(PEEK), a polymer with relatively low X-ray attenuation. In addition, PEEK
exhibits good chemical stability against reactive components such as lithium
metal. Moreover, its mechanical rigidity allows thin walls. O-ring seals ensure
that the cell is airtight, and a spring-loaded mechanism enables controlled stack
pressures in the range of 102 - 106 Pa.

The cell is designed to be compatible with beamline requirements, permitting
stable mounting, rotation during acquisition, and operando electrical meas-
urements. While PEEK is well suited for absorption- and phase-contrast
tomography, it is crystalline and diffraction features can contribute to back-
ground scattering, making it less optimal for diffraction-based measurements.

Li

LPSC

Stack

Figure 5.6: Three-dimensional illustration of the tomography cell and cross-
section.
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Chapter 6

Results - Chemical & Electrochemical

Interphase Formation

In this chapter, the results of the appended papers are presented and discussed
with the aim of understanding how the Li/LPSC interphase forms, evolves,
and remains electrochemically active. We first establish the electrochemical
indication of interfacial instability, before visualising the interfacial evolution.
By combining these perspectives, a coherent picture of the Li/LPSC interface
emerges, not as a uniform interphase layer, but as an evolving interphase whose
structure, chemistry, and electrochemical behaviour are intrinsically linked.

6.1 Interfacial Instability

Thermodynamically, the lithium metal/LPSC interface is expected to be un-
stable. First-principle calculations predict that LPSC has a limited electro-
chemical stability window and is energetically driven to decompose to form
Li2S, LiCl, and lithiated phosphorus in contact with lithium metal, even in
the absence of an applied current [22]. Coulometric titration time analysis
(CTTA) provides a measure for such interfacial instability (Section 4.4, [98]).
In an anode-free cell configuration, lithium metal is initially only present at the
counter electrode, and the open-circuit potential will be approximately 1.7-1.9
V vs. Li+/Li. Following the deposition of a small amount of lithium on the
working electrode, the cell potential will relax toward 0 vs. Li+/Li, as a result
of the presence of lithium at both electrodes. In the ideal thermodynamically
stable case, this state would remain stationary. Therefore, will any deviation
from this reflect (electro)chemically driven interfacial reactions consuming the
deposited lithium.

Figure 6.1a shows the voltage response following deposition of 15 µAhcm−2

of lithium at a current of 15 µAcm−2. After deposition, the potential relaxes
near 0 V vs. Li+/Li for an extended period, approximately 39 hours, before
rising abruptly. This voltage increase marks the complete consumption of the
deposited lithium at the Li/LPSC interface even under open-circuit conditions.
The finite duration of the consumption period demonstrates that the interface
is unstable and that an interphase forms and evolves continuously until all
lithium is depleted.

To further investigate the nature of this instability, electrochemical impedance
spectroscopy was performed throughout the lithium consumption period. As
shown in Figure 6.1b-c, the impedance response evolves with time, indicating a
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continuous evolution of the interface as lithium is being consumed. According
to Burton et al. [99], interphase growth during the consumption stage is
sustained by a chemical potential gradient across the interphase with coupled
Li+ and e− transport through a percolating network of lithiated phosphorous
species LixP and fully reduced Li3P. Diffusion through the LixP path defines
the rate-determining step for interphase growth, and its effective diffusivity
depends on the lithiation state of the phosphorous species. In Figure 6.1b-c we
see the evolution of the Nyquist and Bode plots. In particular, the response
of the impedance and phase angle in the middle frequency regime (1 Hz to 10
kHz) increases in magnitude and shifts towards lower frequencies, potentially
consistent with such transport-limited growth through a chemically evolving
interphase.
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Figure 6.1: Interfacial instability between lithium and LPSC. a) Voltage
response following deposition of 15 µAhcm−2 (20 µAh) of lithium at a current
of 15 µAcm−2 (20 µA). The potential remains close to 0 V vs. Li+/Li for
39.3 h starting from the end of deposition (-1 to 0 for 1 h). b) Nyquist plots
acquired at selective time point during the lithium consumption period. c)
Corresponding Nyquist and Bode plots during the entire time sequence.

As the cell voltage begins to deviate from 0 V vs. Li+/Li, a diffusive low-
frequency tail emerges in the impedance response, reflecting the transition
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towards an ion-blocking interface once all metallic lithium is exhausted at
the working electrode. Importantly, a high-frequency semicircle persists even
after full consumption (see Fig. 6.1b, 39.3 h at 8.4 mV), indicating the
continued presence of a formed interphase at the current collector/LPSC
interface. Together, these observations demonstrate that interphase formation
proceeds continuously in contact with lithium metal.

6.2 Interphase Evolution

While electrochemical measurement can establish that the Li/LPSC interface
is unstable and undergoes transport-limited interphase growth, they do not
reveal where this interphase forms or how it evolves spatially. To address these
questions, operando and in situ X-ray computed micro-tomography (µCT) was
employed in Paper II to directly observe the Li/LPSC interface during cycling
and stripping.

In Figure 6.2b, the voltage profile during cycling of a symmetric Li/LPSC/Li
cell can be seen to polarize. This increase in overpotenial could indicate the
formation of voids causing loss of contact or formation of a resistive interphase
at the Li/LPSC interface (see Chapter 3 for interfacial processes expected
to occur at the Li/LPSC interface). To follow the interfacial evolution during
cycling and to link the electrochemical signature to potential morphological
changes, operando µCT was performed. The working electrode (Fig. 6.2a) was
scanned continuously during cycling (Fig. 6.2b) and Figure 6.2c shows the
cross-sections of the Li/LPSC interface acquired after.

In the pristine state, and throughout the first full cycle, no structural changes are
observed at the interface beyond the volumetric changes associated with lithium
plating and stripping. After the second plating however, a new phase appears
locally at the Li/LSPC interface. The observed phase exhibits intermediate
X-ray attenuation relative to that of lithium metal and the LPSC electrolyte,
consistent with the potential formation of an interphase due to (electro)chemical
degradation which would cause a chemically distinct region at the interface.
Notably, this phase forms only locally at the interface, and is seen to grow
downwards into the lithium metal rather than propagating up into the solid
electrolyte. This local and directional growth into the lithium metal contrasts
with the commonly used model of a laterally uniform interphase layer forming
over the electrode [13, 55, 110].

The local formation could point towards an electrochemical reaction rather than
a pure chemical reaction. Insufficient contact, contaminations, grain boundaries,
surface defects, or flaws can all cause current hotspots at the Li/LPSC interface
[13]. However, the newly formed phase continuous to grow during subsequent
cycling, and importantly, during both plating and stripping. The growth and
formation of new locally forming phases during both lithium deposition and
stripping questions the attribution to simply reduction or oxidation. The local
rather than uniform formation of the phase may be understood in terms of the
spatial heterogeneity of the electrochemical potential at the Li/LPSC interface.
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While the bulk thermodynamic driving force for LPSC to decompose against
lithium metal is uniform, the real potential at the interface includes a surface
potential contribution that will vary locally with the surface structure, defects,
and contact meaning that surface heterogeneities could preferentially lower the
nucleation barrier for decomposition, driving interphase formation at specific
sites rather than uniformly across the contact area [97]. This points toward a
more complex, coupled electro-chemical process.
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Figure 6.2: Operando µCT of the Li/LPSC interface during cycling. a)
Schematic illustration of the symmetric Li/LPSC/Li cell and the position of
the extracted slices though the working electrode. b) Voltage profile during
cycling (0.5 mAhcm−2, 1 mAcm−2), with markers indication at which points
the tomograms presented in c) was taken. c) Vertical cross-section through
the Li/LPSC interface in the pristine cell and after each successive plating
and stripping half-cycle demonstrating the localized interphase formation and
growth.

To further isolate the nature of this growth a dedicated in situ µCT exper-
iment was performed during stripping (Paper II). After 4.76 mAhcm−2 of
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stripped lithium, the same locally forming phase appears growing down into
the lithium metal. Quantitive volume analysis allowed the lithium consumed
associated with the formation of the phase to be distinguished from the lithium
removed during electrochemical stripping. By segmentation of the lithium
electrode before and after stripping, excluding the voxels containing the newly
formed phase, the volume difference before and after could be calculated to
a corresponding removal of 4.74 mAhcm−2 lithium, agreeing closely with the
electrochemically measured stripped capacity. Whilst, the segmented phase
volume corresponded to an additional removal of 0.27 mAhcm−2lithium, sug-
gesting that the volume of lithium removed to form the phase happened in
addition to the volume removed during stripping. Assuming the density of
lithium metal, 0.27 mAhcm−2 would correspond to a 1.3 µm homogenous layer
if that the phase was assumed to form a uniform interphase across the entire
interface. This is still thicker than the estimated thickness of a few hundreds of
nanometers from CTTA [98] and ToF-SIMS [101]. However, important to note,
the thickness calculations from [98, 101] is from a week of chemical degradation.

Together, these observations all highlight the complexity of this newly formed
phase. To understand how such a locally forming, electrochemically active,
phase can form and grow it is necessary to further investigate its internal
structure and chemical heterogeneity.

6.3 Structural & Chemical Heterogeneity

6.3.1 Three-dimensional Multiphase Formation

High-resolution X-ray computed nano-tomography (nanoCT) was employed to
resolve the internal structure of the phase formed at the Li/LPSC interface. A
vertical nanoCT slice acquired after 8 mAhcm−2 of lithium stripping is shown
in Figure 6.3b. A region at the interface, resembling that in Figure 6.2 with
intermediate attenuation and non-uniform morphology is observed. Moreover,
a clear heterogenous structure within the phase can be seen.

Segmentation of the formed phase reveals that the phase consist of at least two
distinguishable components, one outer more attenuating phase surrounding
a less attenuating inner phase (Fig. 6.3c). Moreover, the less attenuating
phase (2nd phase), exhibits similar contrast to the surrounding lithium metal.
Connectivity analysis of the inner less attenuating phase shows that the majority
of the structure forms a single, interconnecting network, with only a minor
fraction of isolated fragments as shown in Figure 6.3d. The mean local thickness
of the inner phase was calculated to be approximately 769 nm, substantially
smaller than the reported lithium metal foil grain size of 100-300 µm [81]. While
the nanoCT contrast alone does not uniquely determine chemical composition,
the observed connectivity and morphology are consistent with the presence of
lithium-rich or lithium-containing species capable of supporting coupled ionic
and electronic transport.
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Figure 6.3: Ex situ nanoCT of the interface after stripping. a) Schem-
atic illustration showing the position of the nanoCT scan at the stripping
electrode. b) Vertical cross-section acquired after 8 mAhcm−2 of stripping
revealing a structurally heterogenous phase formed at the Li/LPSC interface.
c) Three-dimensional volume rendering of the segmented phase showing two
distinguishable regions, an outer more attenuation phase (1st phase) and an
inner less attenuating phase (2nd phase ). d) Connectivity analysis of the inner,
low-attenuation phase where orange indicates regions of connected structures
and purple isolated fragments.

6.3.2 Electrochemical Signatures

While nanoCT reveals the morphology of the phase, in Paper I we asses the
presence of electronically conductive species in the interphase by modifying the
CTTA protocol. In particular, comparing a pristine cell and a cell subjected to
an interphase pre-formation step prior to CTTA allows to probe, and asses the
electrochemical signatures of interphase thickness and/or composition using a
single titration step.

Figure 6.4a schematically illustrates the electrochemical stages during one full
coulometric titration step when full voltage relaxation is allowed, highlighting
electrolyte decomposition and nucleation, lithium deposition, lithium consump-
tion, and delithiation of lithiated phosphorus species. Each step is explained
more in detail in Section 4.4.

Comparing the voltage profiles of a cell without, and a cell with pre-formation
(potentiostatic hold at 10 mV vs. Li+/Li for 15 minutes) performed before
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galvanostatic deposition, we see a shift in the nucleation event during deposition
in Figure 6.4b. For nucleation on a pristine substrate, nucleation occurred
after approximately 65 seconds, whereas following the pre-formation, the
nucleation delay is reduced to approximately 23 seconds. This shows that
the pre-formation modifies the extent to which kinetically driven electrolyte
decomposition competes with lithium nucleation. However, the fact that the
nucleation delay remains substantial even after pre-formation indicates that the
formed interphase does not provide complete passivation. Instead it suggests
presence of electronically conductive interphase components, consistent with
the formation a mixed-conducting interphase that is expected due to the
incorporation of lithiated phosphorus.
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Figure 6.4: a) Schematic illustration of electrochemical stages during one
extended coulometric titration step, (i) electrolyte decomposition and nucle-
ation, (ii) lithium deposition, (iii) lithium consumption, (iv) and delithiation of
lithiated phosphorus. Voltage profile comparing a pristine cell and a pre-formed
cell (potentiostatic hold at 10 mV vs. Li+/Li for 15 minutes) showing b) the
nucleation and early deposition stage, c) the lithium consumption stage, and
d) the delithation normalized to the time until reaching 1 V vs. Li+/Li. The
delithiation of red phosphorus from [125] is also included in d).

Following lithium deposition, the cells relax to an open-circuit potential near 0
V vs. Li+/Li (Fig. 6.4c). Despite the same deposited capacity (15 µAhcm−2),
the duration of the consumption stage differs markedly between the cell with
and without pre-formation. In the cell without pre-formation, the deposited

53



lithium is consumed within 39 hours, defined by the time the voltage abruptly
starts to increase, whereas in the pre-formed cell, the consumption time is
extended to 103 hours. Correction for differences in the effective deposited
lithium arising from the nucleation delay shows that this effect accounts for
only minutes of the total consumption time and cannot explain the observed
differences. The variation in consumption time therefore reflects real differences
in the properties of the interphase at the onset of consumption rather than
differences in the amount of metallic lithium available.

According to the framework proposed by Burton et al. [99], lithium consumption
during this stage is governed by diffusion through a percolating network of
lithiated phosphorus species within the interphase. The effective diffusivity
of this network is not constant but depends on the lithiation state of the
phosphorus phases. The observed differences in consumption time are thus
consistent with differences in interphase thickness or degree of lithiation, both
of which modify the effective transport resistance through the interphase.

Once metallic lithium is fully exhausted, the cell potential rises and a distinct
delithiation stage is observed (Fig. 6.4d). As described by Burton et al.
[99], this potential rise reflects an active chemical transformation within the
interphase. Removal of the metallic lithium eliminates the boundary condition
that pined the lithium chemical potential at the interphase inner front, now
making lithium-rich interphase components thermodynamically unstable. As a
result, lithium-rich phosphorus species begin to delithiate, progressing from
Li3P toward partially lithiated LixP species, giving rise to a characteristic
voltage plateau at approximately 0.87 V vs. Li+/Li. In Figure 6.4d, the
delithiation profile is normalized to the point it reaches 1 V vs. Li+/Li, just
after the plateau that mirrors the delithation of red phosphorus [125].

The duration of this delithiation plateau varies systematically with interphase
properties, extending from approximately 13 hours to 35 hours by doing a
pre-formation indicating a larger reservoir of lithium-rich interphase species
or a longer diffusion path through the interphase after pre-formation. Import-
antly, the plateau length does not provide a direct measure of Li3P volume
fraction. Instead, it reflects a convolution of interphase thickness, lithium-rich
phase fraction, and the evolving transport properties during delithiation, as
delithiation itself modifies the local diffusivity and electronic connectivity of
the interphase and drives further electrolyte decomposition [99].

6.3.3 Phase Identification

To directly probe the chemical compositon of the interphase, X-ray diffraction
computed tomography (XRD-CT) was performed at a depth position near the
Li/LPSC interface following stripping of 4.76 mAhcm−2 of lithium. Figure
6.5b shows the integrated intensity map over a Q range 1.98-1.99 Å−1, where
a few locally confined regions exhibit high intensity. These high intensity
regions coincide with the local formation of the intermediate attenuation phase
identified earlier in the operando µCT (Fig. 6.2c), ex situ nanoCT (Fig. 6.3b)
now visible in the µCT horizontal slice close to the Li/LPSC interface in Figure
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6.5c. While exact voxel-by-voxel overlap in Figure 6.5b-c cannot be expected
due to the significantly larger effective slice thickness of XRD-CT (24µm)
compared to µCT (550nm), the identical shape of the main feature confirms
that the signal originates from the same spatially localized phase.

The XRD pattern extracted from a high-intensity pixel within the phase map,
at a position confirmed by µCT to coincide with the formed phase, is shown in
Figure 6.5d. Six peaks are identified in this pattern at Q = 1.61, 1.985, 3.24,
3.44, 3.80, and 4.73 Å−1, marked in Figure 6.5d. The resulting phase map
for each of these peaks co-localize to high intensity diffraction signal in same
spatial region. Moreover, Figure 6.5d-g compares the XRD patterns extracted
from the pixel inside the interphase region and a pixel outside it, containing
only lithium metal and LPSC electrolyte, as illustrated schematically in Figure
6.5h. The six peaks identified in Figure 6.5d are present in the pattern from
within the interphase and absent in the XRD pattern from outside, confirming
that they arise specifically from the phase. Comparison of the two patterns
also shows that the diffraction signal of LPSC (ICSD Collection Code 217792)
and lithium metal (ICSD Collection Code 642104) are not substantially altered
inside the phase relative to outside, suggesting that the bulk crystallographic
structure of the surrounding electrolyte and lithium metal is not disrupted
within the probed volume or at this scale. Importantly, no single crystalline
phase provides a unique match to all observed peaks. Instead, the diffraction
features are consistent with contributions from multiple phases, including S8,
Li2S, and different crystal structures of lithium metal.

The structural and chemical heterogeneity support the picture of a chemically
complex, multiphase interphase. The presence of lithium-like diffraction signa-
tures within the phase could suggest that lithium metal or structurally related
lithium-rich phases may be retained or enclosed within the interphase, consist-
ent with the observation of a low-attenuating internal lamella like structure
inside the phase, see Figure 6.3.
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Figure 6.5: a) Schematic showing the position of the horizontal XRD-CT
slice and corresponding µCT slice. b) XRD-CT integrated intensity map for
Q=1.98–1.99 Å-1. c) Horizontal µCT cross-section near the Li/SSE interface. d)
XRD pattern extracted from pixels inside and outside the phase, with reference
peaks for LPSC and Li. e–g) Zoomed comparisons of the phase specific peaks:
e) 1.62 and 1.985 Å-1, f) 3.24 and 3.44 Å-1, and g) 3.80 and 4.73 Å-1. h)
Schematic illustrating the position of the extracted XRD-CT pixels.
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Chapter 7

Conclusions & Outlook

The application of lithium metal as the anode material for solid-state batteries
(SSBs) is often regarded as the holy grail due to its high gravimetric and
volumetric energy density. At the same time, the use of lithium metal anodes
is persistently challenged by interfacial instability. A central question raised
in the introduction of this thesis was therefore whether solid-state electrolytes
enable the use of lithium metal electrodes.

The results presented from Paper I and II demonstrate that the Li/LPSC
interface remains unstable. The application of a modified coulometric titration
time analysis experiment revealed continuous lithium consumption, even under
open-circuit conditions, and electrochemical signatures that strongly depend
on the electrochemical protocol and interfacial history. These observations
may explain why different interphase thicknesses and growth kinetics have
been reported across literature. Rather than reflecting inconsistencies, such
discrepancies could arise from differences in applied current and interfacial state.
At the same time, computed tomography revealed that interphase formation
does not occur as a laterally uniform layer at the lithium/LPSC interface.
Instead, the interphase was found to form locally at the interface and grow
into the bulk lithium metal during both plating and stripping. High-resolution
X-ray nano-computed tomography further demonstrated that the formed phase
is structurally and chemically heterogeneous, consisting of distinctly different
phases forming a connected sub-micron network.

Beyond the specific Li/LPSC system used in this thesis, these findings raise
broader questions regarding how interphases in SSBs are conceptualized and
modelled. While multiphase or multilayer interphases from a chemical compos-
ition standpoint have been proposed, solid-state interphases are still frequently
treated as laterally uniform layers characterized primarily by their average
thickness or chemical composition. In liquid-electrolyte systems, by contrast,
extensive work has been done on the corresponding solid electrolyte interphase
and its nanostructure, leading to mosaic, multilayer, or amorphous structural
models [138]. The present work shows that solid-state interphases exhibit
complex spatial organization, internal connectivity, and composition-dependent
transport that cannot be captured by uniform growth models.

Future work should therefore focus on identifying the chemical nature and origin
of the observed phase transformation using complementary characterization
techniques, in order to obtain a more complete picture of the interphase
formation process. Such investigations are necessary to assess whether the
observed behaviour is unique to LPSC in contact with lithium metal, or if similar
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transformations may occur in other sulphide-based solid-state electrolytes
or even in sodium-ion analogues for example. In parallel, future studies
could explore interface-engineering strategies aimed at mitigating interfacial
instability, for example through the introduction of interlayers or the use of
alloying electrode materials, to evaluate whether the growth and evolution
of such phases can be suppressed or controlled. Importantly. when looking
forward, these results highlight the need to embrace the full structural and
chemical complexity of solid-state interphases, only then can the prospects of
stable alkali-metal electrodes be meaningfully assessed.
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