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Abstract

Lithium batteries are among the most crucial energy storage technologies, and
further enhancing their performance, particularly in energy density, is essential to
meet the growing demands of modern applications. For example, in electric vehicles,
increasing battery energy density—defined as the energy stored per unit mass or
volume—is crucial for extending driving range, a primary concern for consumers.
Although battery packs are usually priced per kilowatt-hour of capacity, higher
cell-level energy density allows the same capacity to be delivered with reduced
mass and volume. Reducing battery mass within the vehicle in turn lowers energy
consumption for a given driving distance. Together, these effects show higher energy
density indirectly yet appreciably extends driving range.

Solid-state electrolytes (SSEs) are considered one of the most promising ad-
vancements for next-generation energy storage. By enabling the use of lithium
metal anodes, SSEs offer significantly higher energy densities while enhancing safety
through their mechanical suppression of dendrites and intrinsic non-flammability.
However, the highly reactive nature of lithium metal and the limited electrochemical
stability of SSEs present significant challenges, particularly in the formation and
evolution of the solid electrolyte interphase (SEI). This interfacial layer critically
influences ionic transport and overall battery stability, yet its formation mechanisms
and long-term behaviour remain poorly understood.

To address these challenges, this work utilises in situ X-ray photoelectron
spectroscopy (XPS) to investigate SEI formation at the interfaces between lithium
metal and several promising SSEs. The SEI characteristics of LijoGePsS15 (LGPS)
and Lij 5Aly5Ge; 5(POy)s (LAGP) were compared, revealing that LAGP forms
a more passivating SEI with fewer conductive phases. Further investigation on
LigPS5Cl suggests that its SEI continues to evolve due to the progressive delithiation
of phosphorus-containing species, which explains the variation of reported SEI
thickness. Lastly, a graded SEI structure was proposed for LiPON, providing
insights into its exceptional stability against lithium metal.

These findings demonstrate the power of in situ XPS in capturing the chemical
evolution of the SEI, offering valuable insights into its formation and degradation.
When combined with complementary characterisation techniques, this approach en-
ables a more comprehensive understanding of SEI behaviour, aiding the development
of more stable and high-performance SSE-based lithium batteries.
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1. Introduction 2

1.1 General background of battery research

Global primary energy consumption by source

Primary energy’ is based on the substitution method? and measured in terawatt-hours?.

180,000 TWh — Other renewables

L Modern biofuels
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140,000 TWh Nuclear
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Data source: Energy Institute - Statistical Review of World Energy (2024); Smil (2017) OurWorldinData.org/energy | CC BY

Note: In the absence of more recent data, traditional biomass is assumed constant since 2015.

Figure 1.1: Global consumption of energy by source. Reprinted from

The population growth and the rising demand for higher living standards have
increased carbon dioxide emissions beyond what the ecosystem can absorb. Figure
illustrates that the primary sources of energy consumption are fossil fuel-based
(oil, coal, natural gas), which significantly contribute to air pollution and greenhouse
gas emissions, and are also finite (non-renewable). Solar, wind, and hydroelectric
power provide low-carbon, renewable alternatives, yet their full life-cycle footprints
are not negligible. Large dams inundate ecosystems and consume vast quantities of
concrete and steel, whereas photovoltaic and wind installations rely on high-purity
silicon, silver, aluminium, and rare-earth magnets, all of which require energy-
and resource-intensive extraction and processing. These realities underscore
the need for material-efficient designs, robust end-of-life recovery pathways, and,
critically, high-performance energy-storage systems capable of buffering the inherent
intermittency of renewables at grid and utility scale. Chemical energy storage

in advanced batteries therefore becomes indispensable for matching fluctuating
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generation with steady demand and for accelerating the transition to a truly

sustainable energy infrastructure[7, [§].

Global greenhouse gas emissions by sector

This is shown for the year 2016 - global greenhouse gas emissions were 49.4 billion tonnes CO,eq.
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Figure 1.2: Global greenhouse emission by sector (2020). Reprinted from

Greenhouse gas emissions from the energy sector, which account for over 70%
of total emissions as shown in Figure must be significantly reduced. Since
the majority of energy is still derived from fossil fuels, transitioning to clean
energy sources is essential, with electrification being one of the key strategies for
decarbonisation[9-11]. In addition to adopting more renewable energy sources for
electricity generation, the electrification of heating and transportation is critical.
As vehicles are the primary consumers of fossil fuels in the transport sector,
transitioning to electric vehicles (EVs) and electrified transportation systems is vital
for achieving decarbonisation goals, . However, to compete with traditional
internal combustion engine (ICE) vehicles and to increase market share without

relying on legislation, EVs must advance in several key areas, particularly in battery
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technology. The ongoing electrification of transportation requires battery-powered
vehicles to offer extended driving ranges and fast-charging capabilities.
Lithium-ion batteries (LIBs) offer significant advantages, including high specific
capacity, low self-discharge rate, negligible memory effect, and robust long-term
cycling performance compared to lead-acid and nickel-metal hydride batteries ,
. As shown in Figure LIBs outperform other battery technologies in energy
density, along with other merits making them the key technology driving the
success of EV development. Furthermore, LIBs are increasingly integral to
portable electronics, medical devices, and even space exploration, where reliable

and efficient energy storage is erucial, .

400 T
— 2
T K
s =
> 5
[0]
C
8 200
>
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@
C
i}
100
Lead—
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0 Lighter weight —>»
1 1 I I I 1
0 50 100 150 200 250

Energy density (W h kg7)

Figure 1.3: Comparison of energy density among different battery technologies, Reprinted
with permission from , Copyright 2001 Springer Nature

With the ever-increasing demand for improved battery performance, researchers
are exploring advanced materials and innovative designs to push the boundaries
of current technology. The primary focus is on enhancing energy density, which
extends the driving range of EVs; and optimizing charging rates to significantly
reduce recharging times. Greater energy density allows the same usable capacity

to be packaged in a smaller volume and lower mass, enabling manufacturers to
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install more energy within the limited envelope of an EV while reducing curb weight
in the process. A lighter curb requires less power for propulsion, thereby decreasing
the energy consumption per kilometre and further extending the practical driving
range. Next-generation lithium batteries may incorporate novel anode materials,
such as silicon or lithium metal, which offer much higher capacities than traditional
graphite. Moreover, advancements in solid-state electrolytes (SSEs) are expected
to improve safety by eliminating lammable liquid components, potentially further

solidifying the dominance of LIBs in the battery market[22].

1.2 Lithium-ion batteries

a) ~ Discharge b)
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Figure 1.4: (a) A schematic of conventional LIB; (b) Evolution of energy densities of
batteries with different chemistries, Reprinted with permission from , Copyright 2018
American Chemical Society

Figure[I.4h presents a schematic of a typical LIB, comprising an anode, a cathode,
a liquid electrolyte, and a porous separator. In LIBs, a liquid-electrolyte-permeable
separator, usually made from porous polymeric materials, is employed to prevent
direct contact between the electrodes[26] [27]. During charging, electrons move from
the cathode to the anode through the external circuit, facilitating reduction, while
Li* ions are extracted from the cathode’s host structure and migrate through the
electrolyte and separator to be inserted into the anode, typically graphite. Upon

discharging, this process reverses, with the difference in redox potentials between
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the anode and cathode as the driving force. The separator and liquid electrolyte
composite must be ionically conductive for efficient Li* transport and electrically
insulating to prevent internal short circuits.

An LIB with a carbon-based anode and a LiCoOy (LCO) cathode was first
commercialised by SONY in 1991[28]. Reactions that happen inside the system
during discharging are represented by Equations and [1.2]

Anode : Li,Cs — Cs + ve” + xLi™ (1.1)

Cathode : Li1_,C00y + xe~ + xLit — LiC00, (1.2)

LIBs have become the dominant energy storage system, and the energy density
has increased from 80 Wh kg in 1991 to about 280 Wh kg by 2025, driven by
advancements in high-performance materials and battery design[29-34]. Despite
the advantages of LIBs, concerns about their battery capacity persist due to
space and weight constraints in products. Through extensive development and
optimisation, LIBs have achieved significant progress in both manufacturing and
performance|28], 35].

In the automotive market, driving range and charging time remain significant
concerns for customers choosing between ICE vehicles and EVs[14]. ICE vehicles
typically offer a driving range of approximately 400 to 800 km per refuelling,
depending on fuel efficiency and tank size. In contrast, the average driving range for
EVs is 200 to 350 km on a single charge, depending on the battery pack. However,
some EVs, such as the Tesla Model S and Volkswagen ID Hatch, achieve significantly
higher driving ranges exceeding 500 km[36-41]. Although the energy density of
LIBs is approaching its theoretical limit, it remains significantly lower than that
of gasoline[42-44]. Furthermore, recharging of most EVs takes hours to finish,
because the charging rates commonly employed range from roughly 0.12 C to 0.8
C—substantially slower than the few minutes required for the refuelling time for ICE
vehicles[45-48]. This highlights the need to improve the fast-charging capabilities
of batteries, which are primarily governed by the Li™ ion intercalation and diffusion

properties within the system. The charging/discharging rate, also referred to as
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the C-rate, defines the rate at which a battery is charged or discharged relative
to its maximum capacity. For example, a 1C rate corresponds to a current that
can fully charges or discharges the battery in one hour. According to Deng et al.,
LIBs with an energy density exceeding 350 Wh kg and a 4C charging rate are
necessary, prompting the development of new battery technologies|14, |43| 44]. In
LIBs, these properties are determined by cell chemistry and material characteristics.
For example, in graphite anodes, the lithiation onset potential (approximately
0.05 V vs. Lit/Li) is close to that of metallic lithium. At high charging rates, the
increased overpotential and sluggish Li* ion intercalation kinetics can lead to lithium
plating on the anode surface instead of proper intercalation. This unwanted lithium
deposition can result in the formation of dendrites, which pose significant safety
risks. If these lithium dendrites penetrate the separator and reach the cathode,
they can cause an internal short circuit, potentially leading to thermal runaway, cell
failure, or even fire hazards.[14, 25, 41, 49, [50]. Current expectations demand LIBs
to provide longer driving ranges and shorter charging times, presenting substantial
challenges to existing battery technology|51].

Alongside the growing need for higher energy density, reports of battery fires and
explosions have intensified safety concerns. These concerns are largely due to the
chemistry of LIBs, which involves the use of flammable organic liquid electrolytes|19,
52|. This underscores the necessity for innovation in battery technologies that offer
higher energy densities and require a deeper understanding of the electrochemical
behaviour occurring within the battery system, spurring research into new chemistry

and novel materials capable of exceeding the limitations of traditional LIBs.

1.3 Battery performance metrics

So far, a few key battery performance metrics such as energy density and C-rate
have been mentioned. Their definition and physical meaning along with other
important metrics will be included in this section, as understanding these metrics
is essential for evaluating and optimising battery performance.

The energy density of a battery is the amount of energy stored in a battery per
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unit mass (gravimetric energy density, Wh kg!) or per unit volume (volumetric
energy density, Wh I1).
nominal voltage (V') x capacity (Ah)

Energy density = (1.3)

Battery mass (kg) or volume ()
Here, the nominal voltage is the battery operating voltage, which is determined by
the battery chemistry and working conditions. The capacity is the overall charge
the battery can deliver over a specific time.

The battery capacity can be measured by recording the current and time during

the discharge process and can be calculated using Equation [1.4]

Q (capacity) = /Idt (1.4)

Apart from battery capacity, the theoretical capacity of electrode materials is often
considered when selecting suitable materials for battery applications. The theoretical
capacity (Qgn) of an electrode material can be calculated using Faraday’s law shown
in Equation [1.5] which relates the charge stored per unit mass of the material.

nkF

=36 (mAh g™) (1.5)

Qun

Here, n refers to the number of electrons transferred per formula unit during
the reaction, F is Faraday’s constant (96485 C mol™), and M is the molar mass
of the active materials (g mol™'). Taking a lithium metal anode (LMA) as an
example, the electrochemical reaction involved is Li = Li™ + e, where n=1 and
the molar mass of lithium is 6.94 ¢ mol?. Thus the theoretical capacity of the
LMA is calculated as below:

1 x96485 C mol™*
"~ 3.6 x6.94 g mol—!

Qun ~ 3860 mAh g~ (1.6)

The charge storage capacity of a cell/battery is largely determined by the capacities
of the electrode materials, while the overall battery design also influences the
capacity at the device level. Coulombic efficiency (CE) measures the ratio of
charge extracted during discharge to the charge input during the preceding charge
cycle, as shown in Equation [I.7]

_ discharge capacity

CE =

x 100% (1.7)

charge capacity
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Ideally, the CE of 100% would indicate that all the charge input during charging is
fully recovered during discharge. However, in practical applications, CE is typically
less than 100% due to various inefficiencies and side reactions occurring within the
battery system. Over extended cycling, a consistently low CE can lead to capacity
fade and reduced battery lifespan, making it a critical metric for assessing battery
performance and stability. Notably, most commercial LIBs have a CE approaching
100%[53, 54]. Another important metric is capacity retention, which is defined as
the ratio of the discharge capacity at a given cycle to the initial discharge capacity.
It serves as an indicator of the battery’s long-term stability and durability. In
practical applications, a battery is typically considered to have reached its end of

life (EoL) when its capacity retention falls to 80% of its original capacity.

1.4 Lithium metal batteries (LMBs)

The increasing demand for high-energy-density battery systems at an affordable
price prompts a shift from conventional LIBs to batteries based on lithium metal.
The LMA, which possesses the highest theoretical capacity (3860 mAh g, with
calculation process shown in Equation and the lowest redox potential (-3.04
V vs standard hydrogen electrode (SHE)), is considered the ‘holy grail” for high-
energy-density batteries. However, integrating lithium metal into LIB systems faces
several challenges. The high reactivity and low potential of lithium metal lead
to reactions with the electrolytes and the formation of an interphase layer. More
importantly, persistent issues such as volume changes and dendrite formation and
penetration further complicate its integration[23, 55| [56].

As shown in Figure , under open circuit voltage (OCV) conditions, the LIB
cell system is thermodynamically stable, with two adjacent phases in equilibrium.
The equilibria between these phases can be described by the following equations:
Phase o/ |A: p& = p?

Phase A[E: uf; = pl + pi
Phase E|C: puf; = pu_ + ppi

Phase C|o: po” = ut
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Figure 1.5: (a) The Galvani representation of the LIB system includes different phases: o’
and o represent the external metallic contacts, the anode, the electrolyte, and the cathode;
(b) Schematic illustration of the electrochemical window of electrolytes estimated using
the bandgap approach: energy level diagram of an electrochemical cell where LUMO is the
Lowest Unoccupied Molecular Orbital, HOMO is the Highest Occupied Molecular Orbital,
e, A is the electrochemical potential of the anode, pe- ¢ is the electrochemical potential
of the cathode. The gap between the LUMO and HOMO is the ‘electrochemical window’.
An interphase layer is formed when p- o >LUMO or pe- ¢ <HOMO. Reproduced with

permission from

A _ . C
The OCV can be calculated using OCV =V, — Vo = %
Here, A represents the anode, C represents the cathode and p refers to the
electrochemical potential of different species in the system, measured in joules

per mole (J mol!), and F is the Faraday’s Constant.

Side reactions between the electrolyte and electrode occur when the electrochem-
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ical potentials of the electrodes fall outside the electrochemical stability window
(ESW) of the electrolyte materials. The ESW is defined as the energy gap (E;)
between the Highest Occupied Molecular Orbital (HOMO, also valence band
maximum) and the Lowest Unoccupied Molecular Orbital (LUMO, also conduction
band minimum), as illustrated in Figure [L.5p[59)].

When pa exceeds the LUMO, the electrolyte is reduced by the anode, resulting
in the formation of solid electrolyte interphase (SEI); similarly, when g, falls below
the HOMO, the cathode oxidises the electrolyte, leading to the formation of cathode
electrolyte interphase (CEI). To ensure the thermodynamic stability of the battery
system, the following condition must be met: see Equation [59, 60].

eVoe = (A — pie) < B (1.8)

Here, e denotes the magnitude of the electric charge carried by a single electron
and pu represents the electrochemical potential of the anode or cathode, measured
in electronvolts (eV).

Notably, the formed SEI and CEI play a crucial role in preventing further anodic

reduction and cathodic oxidation of the electrolyte at the electrode interfaces.

a) mosaic model multilayer model b) Cathode c) =
Cell short-circuit 3
T Performance decay — .
- S
Dendrite growth T ﬁ =]
layer a W 3
Compact | ———————— Low coulombic efficiency = —'ﬂ—’_ g
interphase layer b “ el
e - €
layer ¢ T 3
T Dead Li S
e WW
interphase

layer d/ Solution Li Metal

Figure 1.6: (a) Schematic of the mosaic and multilayer SEI model, Reprinted
with permission from [61], Copyright 1997 IOP Publishing, and [62], Copyright 1996
American Chemical Society; (b) Schematic of lithium dendrite formation and related
problem; (c) Snapshots illustrating the growth of lithium dendrite during in situ lithium
electrodeposition in a liquid electrolyte, the red arrow labelled the emergence of lithium
dendrite. Reprinted with permission from [63].

The SEI formed as the result of the reaction between metal and electrolyte
solution was first proposed by Peled in 1979[64]. The SEI plays a critical role in

determining battery performance, including irreversible capacity loss, coulombic
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efficiency, cycle life, and shelf life. It acts as a protective layer that separates
the anode and the electrolyte, preventing direct contact, while selectively allowing
Lit transport through the layer.

To achieve high performance with LMA, the formed SEI must be both chemi-
cally and electrochemically stable against both lithium metal and the electrolyte.
Additionally, mechanical stability also plays a critical role. Several models of the
SEI structure have been proposed, including the mosaic model and the multilayer
model, as illustrated in Figure [I.6h. These models suggest that highly reduced
inorganic phases are in close contact with the anode, while partially reduced phases
with less dense structure are positioned closer to the electrolyte[61} |62, |64, |65]. The
exploration and initial investigation of SEI in liquid systems has provided valuable
insights into the composition, morphology, and effects on cycling performance,
highlighting its critical role in determining battery performance.

The unevenness and pre-existing defects on the lithium surface, along with
the heterogeneous SEI layer formed atop, lead to uneven current distribution and
localised hotspots for lithium deposition and dissolution. This ultimately causes
the formation of lithium dendrites and dead lithium, as illustrated in Figure [1.6]
and [L.0p. Additionally, the volumetric changes in the LMA during cycling tend to
fracture the SEI, continuously exposing fresh lithium surfaces to the electrolyte,
further promoting SEI growth. This results in increased internal resistance, a loss
of active lithium in the system, and eventually the failure of the battery. To address
these challenges, the use of a three-dimensional host structure has been proposed
to mitigate the degradation caused by volumetric changes|66]. The compatibility of
LMA in LIB systems can also be improved through electrolyte formulation, including
the optimisation of lithium salts, solvents, and other additives, as well as surface
treatment of the LMA prior to cell assembly to form a robust and stable SEI[67].
In liquid electrolyte systems, the SEI requirements are particularly stringent: it
must be electrochemically stable in relation to LMA and possess robust mechanical

properties to inhibit further SEI growth and dendrite formation.
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Furthermore, the use of SSEs is becoming an attractive strategy for enabling
LMA due to their higher mechanical strength, which can potentially suppress
lithium dendrite penetration|68-71]. Some SSEs have been shown to form a stable
SEI against LMAs and allow for the use of high-voltage cathodes|67, [72]. In
addition, the safety of the battery system is improved as electrolyte leakage and
flammability are avoided. As a result, the development of solid-state batteries
(SSBs) shows great potential for achieving higher energy density and enhanced
safety. However, further investigation is required to address interfacial challenges,

which will be discussed in the following section.

1.5 All-solid-state batteries
1.5.1 Background

Since the discovery of solid ionic conductors, SSEs have been intensively researched
and developed, with several key materials and technologies summarised in Figure
[1.7]73). Advances in the synthesis of SSEs exhibiting high ionic conductivities
(up to 102 S em™) have significantly enhanced their potential for application in
energy storage systems|74-77].

SSEs can serve dual roles as both ionic conductors and separators between the
anode and cathode, effectively replacing liquid electrolytes and separators in LIB
systems to create SSBs. Mostly, SSEs are single-ion conductors due to their rigid
anion framework, making their lithium transfer number near unity|[41, [78]. SSEs
can also provide higher mechanical rigidity compared to the polymeric separators
used in LIBs, so the lithium dendrite formation is largely suppressed[68, |77]. Unlike
traditional LIBs, the integration of SSEs into lithium battery systems is expected to
enable the direct use of lithium metal as the anode. This is crucial for significantly
improving energy density, given that the LMA possess the highest theoretical
capacity. The solid-state configuration also facilitates novel geometric designs,
which shows potential for improving packing efficiency [43]. Additionally, replacing
flammable liquid electrolytes with solid ones enhances the safety of SSB systems by
eliminating the risks of liquid electrolyte leakage and thermal runaway[52]. Notably,



1. Introduction 14

Key materials All-Solid-State Battery technologies
1920

1921- lonic conductive /

behavior in LiCl

Configurations of ASSBs

N

1930
1935- Structure of /

Li;N

1950- lonic conductivity 1940

of lithium halides

1957- Conductive

behavior of LisN 1950
1973- Al,O4/Lil composite

solid electrolyte

Early attempts of Ag
and Pb based ASSBs

1969-High voltage solid g
lithium batteries with I,

or metal iodide cathodes
1960 1
1973-Complexes of alkali
metal ions with PEO Solid polymer lithium

batteries
1976- NASICON structure 1970

1978- LISICON structure 1983-Li/Lis ¢Sio cPo404/TiS,

NG S N N Ny

1983-Li/Li;N/TiS e
-Li/LisN/TiS,
1989- LATP 1980
1992- LiPON 1993-Li/LiPON/cathode
LiPON based film ASSBs
1993- LLTO . .
1990 1999-Li/LATP/LiMn,0,
2000- Thio-LISICON the first oxide based ASSB S
system 2011-Commercialization 055
of solid polymer lithium
2003- Garnet type 2000 g e
lithium ion conductor _/ batteres v o 7 §
2007- LLZO 2016-Li/LLZO-Gel/LFMP
2010 hybrid solid-liquid
2011- LGPS , electrolyte batteries 2016
2012- Anti-perovskites 2016- Sulfide based solid
2016- LSPSCI 2020 battery produced by

pressing method

2016

Figure 1.7: Development history of solid-state electrolyte materials and technologies of
all-solid-state batteries (ASSBs), Reprinted with permission from [73], Copyright 2019
American Chemical Society

the stiffness and fracture strength of SSEs further reduce the likelihood of dendrite

penetration and short circuits[68, [70, [71]. Consequently, the development and
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commercialisation of SSBs is regarded as one of the most promising avenues for
next-generation energy systems as illustrated in Figure [1.8] with ASSB energy

density surpassing 500 Wh kgt .
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Figure 1.8: Development history of key materials and technologies of ASSBs, Reprinted
with permission from [79], Copyright 2019 Elsevier

1.5.2 Solid-state Electrolytes

As a crucial component of the SSB system, the properties of the SSE play a vital
role in determining battery performance. Due to the rigid structure of the anion
framework in the SSE, many SSEs exhibit lower ionic conductivity compared to liquid
electrolytes. Consequently, considerable effort has been devoted to the design and
synthesis of SSEs with high ionic conductivity over the past decades. As summarised
in Figure [I.9) many SSEs have been developed with significantly improved ionic

conductivity, some of which have even surpassed that of liquid electrolytes.
1.5.2.1 Solid polymer electrolyte

Solid polymer electrolytes (SPEs) can be defined as the solid solution of alkali metal
salts in a polymer host, without liquid organic solvents existing in the system[81].

SPEs offer benefits in terms of interfacial contact, which are attributed to the soft
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Figure 1.9: Summary of different groups of solid electrolytes; SSEs with equal
conductivity lie on dotted conductivity lines. The diffuse clouds indicate different groups
of SSEs. Reprinted with permission from , Copyright 2019 Springer Nature

nature of SPEs compared to their inorganic counterparts. The most frequently used
polymer matrices include polyacrylonitrile (PAN), poly(vinylidene fluoride)(PVDF),
poly(ethylene oxide) (PEO), poly(ethylene carbonate) (PEC), etc[72, [82-84]. The
implementation of lithium salts, such as lithium tetrafluoroborate (LiBF,), lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), lithium perchlorate (LiClOy), etc, is
mainly to improve the ionic conductivity, whilst modifying the mechanical and
thermal properties of the composite electrolyte. Some other fillers can be
incorporated into the structure to improve its mechanical and thermal properties.
Compared to conventional liquid electrolytes, the application of SPEs can address
the challenges associated with electrolyte leakage and flammability. However, since
the matrix often contains a significant amount of carbon in the structure, it remains

inherently flammable, necessitating improvements in flame retardance.
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1.5.2.2 Inorganic SSEs

Inorganic SSEs are mainly composed of oxide SSEs, sulphide SSEs, and halide

SSEs according to their composition.

a) Perovskite b) Anti-perovskite  ¢) LISICON

bottleneck
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Figure 1.10: Schematic of crystal structure of oxide solid electrolytes: a) Perovskite,
Reprinted with permission from , Copyright 2021 Springer Nature; b) Antiperovskite,
Reprinted with permission from , Copyright 2019 John Wiley and Sons; ¢) LISICON,
Reprinted with permission from , Copyright 2022 American Chemical Society; d)
Garnet, Reprinted with permission from , Copyright 2018 Springer Nature; e)
NASICON-type electrolyte, Reprinted with permission from , Copyright 2018 Elsevier;
f) Simulated amorphous LiPON structure with the composition of Lis g4PO350No.31,
Reprinted with permission from , Copyright 2018 American Chemical Society

Oxide SSEs typically exhibit a rigid ceramic nature and good thermal stability,
which reduce the risk of combustion and restrain lithium dendrite penetration.
Additionally, oxides generally show better air stability compared to sulphides and
halides. A few examples include perovskite-type, antiperovskite-type, NASICON-
type and garnet-type oxides, each showing different structures respectively.
The general formula of perovskite-type SSEs is ABO3 (A=Li, La, Sr; B=Ti, Zr,
Hf, Sn, Ta, etc), where A sites are in 12-fold coordination and B sites are in 6-fold
coordination as schematically shown in Figure [[.1I0p. One of the representative
SSE is Lag /3, LixTiO3 (LLTO), of which the ionic conductivity is related to the
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bottleneck size and site percolation. However, its application with LMA is limited
by the reduction of B** upon contact[88], 94-97]. Antiperovskite-type SSEs have a
similar formula, X3BA, where ‘A’ stands for halide ions (Cl', Br, I'), ‘B’ represents
0%, and ‘X’ denotes Li™, with the anion and cation position inverted compared to
perovskite structure. Though it has been reported to exhibit good stability against
lithium metal, these materials have limited room temperature ionic conductivity and
require a dry condition during the synthesis process due to their moisture sensitivity.
Additionally, their oxidation stability needs improvement|98]. NASICON-type
with the formula of AMy(POy)s (M=Ti, Ge, Zr) is one promising SSE; by doping
with various elements, its ionic conductivity can be further improved. The partial
substitution of tetravalent metal ions in the structure with trivalent cations, such
as AT, Fe3T| etc., is a promising method to improve the Lit concentration in the
structure and the ionic conductivity. Typical examples include Lij Al Tis(POy)3
and Lip Al Ges(PO,)3, with ionic conductivity of ~ 10* S em™[92, 99, [100].
Lithium super ionic conductors (LISICONs) have a similar crystal structure to that
of 7-LizPOy; some examples include Lij4Zn(GeOy)y, LigiGerVi Oy (0<x<1)[101]
and LiySi; POy (0<x<1)[102]. Though the ionic conductivity of electrolytes
within this type can be improved by substituting O* with CI" or substituting Si**
with P (or Al, Ge), the application of these of electrolytes is limited by their low ionic
conductivity, which is usually below 10 S em™ at room temperature. Garnet-type
electrolytes with a general formula of A3B5(XOy)s3, where A=Ca, Mg, Y, La, etc;
B= Al, Fe, Ga, Ge, Mn, Ni, or V; X= Si, Ge, Al, have also been considered as
promising solid electrolytes with their wide electrochemical stability windows. One
typical example is the Li;LagZroOq2 (LLZO) electrolyte with high ionic conductivity
of ~ 10 S cm™ and high reduction stability against lithium metal[72, [103], [104].

In practice, the oxide SSEs are facing many challenges including their brittleness,
unfavourable mechanical properties, and poor interfacial contact. These all require
further investigation and solutions to achieve commercialisation[105].

A notable example that demonstrates good mechanical properties/dendrite

resistance is lithium phosphorus oxynitride, commonly referred to as LiPON, which
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was first fabricated by Oak Ridge National Laboratory using radio-frequency (RF)
magnetron sputtering for use as solid electrolyte. LiPON is typically produced
as an amorphous thin film (with a thickness of approximately ~ 1um) to compensate
for its limited lithium ionic conductivity (10° S em™). Tt offers advantages such
as superior stability against both the LMA and high-voltage cathodes, excellent
long-term cycling stability, and the ability to enable flexible cell geometry designs,
which will be discussed in detail in Chapter .
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Figure 1.11: Schematic of crystal structure of four sulphide solid electrolytes: a) Glass-
ceramic electrolyte with LizP3Sq; as a typical example; b) Thio-LISICON electrolyte,
with LigGeSy as a typical example, Reprinted with permission from , Copyright 2023
John Wiley and Sons; ¢) LGPS-type electrolyte, Reprinted with permission from [111],
Copyright 2020 Royal Society of Chemistry d) Argyrodite-type electrolyte, Reprinted
with permission from , Copyright 2022 Elsevier

Sulphide SSEs are generally mechanically softer and possess higher ionic conduc-
tivity compared to oxide-SSEs. The investigation of sulphide solid electrolytes began

with glass-type multicomponent systems, such as LisS-SiSs, LisS-GeSy and LisS-P5Ss
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(shown in Figure ) 110, [113]. Subsequently, the development of thio-LISICON
type SSEs, whose anion arrangements are similar to the LISICON-type y-LizPOy
electrolyte, led to advancements in electrolyte formulas. These SSEs have a general
formula of Liy M M’ySy (where M = Si, Ge; M’ = P, Al, Zn, Ga). Figure
illustrates the crystal structure of Li;GeS, as an example, showing a monoclinic unit
cell composed of GeS, tetrahedral building blocks charge balanced by Li*[110} [114].
LGPS-type electrolytes with a general formula of Lij; Mo xP114S12 (where M = Ge,
Sn, or Si) have been reported with superior ionic conductivity, significantly boosting
the development and investigation of sulphide-type solids. Although this group
of SSEs may share the same elemental composition as some thio-LISICON type
SSEs, LGPS SSEs feature a different crystal structure with a tetragonal unit cell.
Depicted in Figure [I.11k is a typical LGPS-type electrolyte with the composition
Lij0GesP5S1o, comprising PS, tetrahedra, LiS; tetrahedra, LiSg octahedra, and
(GegsPo5)Ss tetrahedra[74]. Its practical application in LMBs is hindered by the
high cost of Ge raw materials and the formation of a mixed-conductive interphase
(which will be introduced in the next section) against lithium metal. Substituting
Ge with lower-cost elements, such as Sn and Si, is an effective way to reduce costs
but results in reduced ionic conductivity|115-117]. Argyrodite-type electrolytes,
inspired by the high Ag™ conductivity of AggGeSg, were developed, displaying
promising ionic conductivity at the 1072 S cm™ level[118]. With a general formula
of LigPS5X (where X = Cl, Br, or I), argyrodite electrolytes can be synthesised using
inexpensive precursors. Their ionic conductivity is related to the S* /X disorder
in the structure, and with the goal of improving ionic conductivity, halide-rich
argyrodite electrolytes have also been synthesised and investigated|119].

Some of the sulphide SSEs are derived from the parent structures of oxide SSEs.
By comparison, S* has a larger ionic radius and lower electronegativity compared
to O%*, which results in weaker bonding with Li™ and enlarged Li™ conduction
channels. This leads to generally higher ionic conductivity compared to oxide

electrolytes as shown in Figure [1.9[74].
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Although sulphide SSEs exhibit significantly improved Li*™ conductivity, they
face challenges related to a limited electrochemical stability window (ESW), as
schematically illustrated in Figure [I.13] Consequently, the formation of a stable
SEI upon contact with an LMA is essential for achieving high cycling performance.
Furthermore, sulphide SSEs are more prone to reacting with air, producing harmful
H,S gas and causing performance degradation[120].

Further research and exploration are necessary to understand the interfacial
reaction mechanisms between sulphides and LMAs, as well as to develop effective

interfacial modifications.
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Figure 1.12: a) summary of different halide SSEs; b) summary of the ionic conductivities
of some halide SSEs, Reprinted with permission from [121]

Halide SSEs , with the general formula Li,MX,, (X = F, Cl, Br, I), can be

divided into three categories based on the M elements (referring to metal elements):
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M = group 3 elements, such as Sc, Y, and La to Lu; M = group 13 elements, such
as Al, Ga, and In; and M = divalent metal elements, such as Ti, Fe, Zn, Cu, and
Co. Some examples are listed in Figure [[.12] along with their corresponding ionic
conductivities. One limitation of halide SSEs is their restricted ionic conductivity
at room temperature, with only a few exceeding 103 S cm™, such as LisYBrg
and LizInClg[122-124]. Additionally, halides exhibit poor stability against lithium
metal, which is largely determined by the non-lithium cations in the structure. As
depicted in Figure [I.13h, fluoride-based halide SSEs have higher oxidation onset
voltages compared to other halides but at the cost of reduced ionic conductivity,
owing to the small radius of F~. Some recent reports attempt to apply halide SSEs
as cathode active materials due to their oxidation stability at high potentials or

sandwiched between other SSEs[121] |125, |126].

1.5.3 Challenges faced by all-solid-state batteries

Achieving high ionic conductivity has been a research focus for the last two decades,
and today, the reported ionic conductivity for solid electrolytes at room temperature
is on the order of 102 S/cm, comparable to ionic conductivity of liquid electrolytes
and thus meets the targets for practical battery use[74, [127]. However, the practical

application of SSBs still faces the following main challenges:

o Manufacturing process: The production of solid-state battery components
must be scalable, cost-effective, and environmentally friendly. More impor-

tantly, the quality of the products must be ensured.

o Materials compatibility and interface stability: The electrolyte materials
should be chemically and electrochemically stable against the electrode (both
anode and cathode), as the unwanted reactions will consume the lithium

source and lead to increased resistance and capacity fading.

o Mechanical properties: To ensure good physical contact, external pressure
is usually applied, which needs to be restricted below ~ 1MPa for practical

application[80]. The mechanical properties of each component need to be



1. Introduction 23

compatible and capable of withstanding the pressures applied during the
production and assembly processes, as well as the stress and strain generated

during lithium ion insertion and extraction in the electrodes|12§].

Interface-related phenomena, both electrochemical stability and mechanical
stability, are now regarded as the greatest barriers to achieving the predicted

high performance of SSBs.
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Figure 1.13: (a) Calculated electrochemical stability window of different SSEs grouped by
anion in their structure, Reprinted with permission from , Copyright 2015 American
Chemical Society; (b) Schematic of the three types of interface between SSE and lithium
metal based on their electronic and ionic conductivities, Reproduced with permission
from , Copyright 2015 Elsevier

1.5.3.1 Electrochemical stability and interfacial chemistry

Reactions occurring at the SSE-electrode interface are driven by the thermodynamics
of creating stable phases, recognised as the interphase. To make it clear, the

‘interface’ is usually defined as the general two-dimensional contact area between



1. Introduction 24

two phases, and the ‘interphase’ is the reaction layer formed between electrolyte
and electrode phases|131} |132].

Figure summarises the ESW of some electrolytes categorised by the anion
in their structure, all of which exhibit a limited stability window, particularly
the sulphide electrolytes. Reactions between the electrolyte and electrode are
expected upon contact or under cycling conditions, resulting in the formation of
an ‘interphase’ composed of the different reaction products. This is denoted as the
solid electrolyte interphase (SEI) at the anode side of the SSE and the cathode
electrolyte interphase (CEI) at the cathode side of the SSE.

Clearly, most SSEs cannot maintain complete stability against lithium metal
due to its low electrochemical potential, significantly limiting the performance of
LMBs and hindering their commercialisation. Various strategies including surface
treatments and SSE modifications have been extensively employed to address these
interfacial challenges[133, |134]. Consequently, investigating the composition and
behaviour of the formed interphases has become one of the most critical directions
in SSB-related research[135].

According to Wenzel et al.’s work, the interface between the SSE and anode
can be categorised into three types based on its electronic and ionic conductive

properties as shown in Figure [1.13p[130].

e Thermodynamically stable interface: The SSE is stable when in contact with
lithium metal; no SSE decomposition happens in this case. For example,
lithium binary compounds such as Li;O and LiCl are stable against lithium

but have very limited ionic conductivities[136].

e Thermodynamically unstable but kinetically stable interphase: The formed
interphase is ionically conductive but not electronically conductive, or it
presents ultra-low electronic conductivity, thereby prohibiting the growth of
the interphase. This type of interphase is typically referred to as the solid
electrolyte interphase (SEI). In such cases, the formed SEI can function as a

protective layer between the SSE and the LMA[64].
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e Thermodynamically and kinetically unstable interphase, also referred to
as a mixed-conductive interphase (MCI): This type of interphase contains
both ionically and electronically conductive phases. This dual conductivity
provide both ionic and electronic pathways throughout the formed interphase,
which in turn drives the sustained decomposition of the SSE. As a result,
the interphase continues to grow over time, potentially leading to short
circuits and eventual cell failure. Furthermore, the ongoing reactions deplete
the LMA, compromising cell performance and longevity. The electronic
conductive phases are normally metals or lithium alloys which originate from
the reduction of metal cations in the SSE structure. A representative example
is the LGPS SSE, in which the interphase contains elemental germanium

metal formed through reduction reactions with lithium metal.

As a result, a multi-component SEI, which usually possesses distinct properties
from the bulk electrolyte, forms due to the electrochemical decomposition happening
between SSEs and the LMA. This SEI layer would continue to grow until it blocks the
electron leakage. These considerations highlight the importance of investigating the
reaction pathways between SSEs and lithium metal, as well as the composition of the
formed SEI. Additionally, the impact of the interfacial layer on battery performance
is influenced by several factors, including its composition, nanostructure, and
spatial distribution. As the SEI is a buried layer in conventional cell designs, its
characterisation requires advanced techniques. These characteristics pose significant
challenges for interface research, as the mechanisms underlying its degradation

are still not fully understood.

1.5.3.2 Mechanical and morphological-related factors

Other than the chemical and electrochemical properties of different cell components,
including electrolyte, electrode and the formed SEI, the volume change and the
mechanical- and morphological-associated phenomena during repeated charge-
discharge cycles also play an important role in determining the battery performance,

as summarised in Figure [I.14]
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Figure 1.14: (a) Interfacial morphology related factors that affect the battery
performance; (b) Schematic of lithium nucleation mechanism and its related factors,
(a and b) Reproduced with permission from , Copyright 2021 John Wiley and Sons;
(c) Schematic of lithium dendrite penetration through SE, Reprinted with permission from
, Copyright 2019 Journal of The Electrochemical Society; (d) Summary of electro-
chemo-mechanical processes occurring at Li/SE interface, Reprinted with permission from

[139], Copyright 2022 Elsevier

In LIBs, liquid electrolytes can infiltrate the electrode structure, facilitating
good contact between the electrolyte and the electrodes, providing an Lit pathway.
By contrast, in SSBs the Li™ pathway and the charge transfer process heavily rely
on good physical contact between individual particles (including both electrolyte
and electrode materials). Pre-existing defects and inadequate contact can lead to
inhomogeneous current distribution, increased impedance and formation of lithium

dendrites as shown in Figure [I.14] In most published works, an external pressure
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is applied to ensure intimate solid-solid contact inside the SSBs, thus achieving
good cycling performance. However, practical applications usually require a low
stack pressure, typically less than 1 MPa|140-143].

According to the Monroe-Newman model, when the shear modulus of SSEs
exceeds twice that of lithium metal (4.8 GPa at room temperature), the formation
and growth of lithium dendrites should, in principle, be inhibited[68]. However,
lithium dendrite-induced cell failure has been observed in solid electrolytes such as
LLZO and LPS, despite their shear moduli being higher than this threshold[131,
144-146|, suggesting a more complex mechanism for lithium dendrite growth. In
summary, mechanical properties is not the sole factor influencing the formation
and penetration of dendrites; other factors including chemical, physical and cy-
cling conditions, also contribute to dendrite growth[137]. The existence of grain
boundaries and surface defects can provide preferential sites for lithium plating.
Additionally, the volume changes during the charge-discharge cycle result in void
formation and contact loss, which facilitate the growth of lithium dendrites due

to a non-uniform distribution of current[128].

1.5.3.3 The importance of studying SEIs

The above discussion introduces the main issues related to the interface between
SSEs and the LMA, including side reactions, physical contact and the formation of
lithium dendrites. To achieve high performance in SSBs an ideal SEI is required,
which can be realised through SSE modification or surface engineering. An ideal

SEI should possess the following properties:
e stability against lithium metal and SSEs,
e mechanical flexibility to withstand volume changes and dendrite propagation,

e good ionic conductivity and poor electronic conductivity to prevent continuous

SEI growth while avoiding high impedance,

e morphologically thin, dense and uniform structure to promote uniform lithium

plating/stripping and minimise interfacial resistance.
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The formed SEI layer serves as a physical barrier between the SSE and the LMA,
preventing further decomposition of the SSE and electrode corrosion. Beyond its
transport properties, the mechanical properties and chemical stability of this layer
significantly affect battery performance.[147] Indeed, obtaining precise information
about interface evolution poses challenges as it is buried underneath the electrode and
is not readily accessible by the majority of characterisation techniques. Meanwhile,
the complex structure of the nanometre-thick SEI layer brings difficulties for its
investigation. Still, after being investigated for more than two decades, the SEI
has been regarded as “the most important but the least understood” part due
to its complexity[148] [149].

The following section will introduce some characterisation techniques that have

been applied to investigate interfaces and interphases in SSB systems.

1.6 Characterisation of interface/interphase in

SSBs
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Figure 1.15: Summary of different characterisation techniques applied in the battery
field, with lateral and depth resolution and information obtained included, Reprinted
with permission from [150], Copyright 2021 Elsevier
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1.6.1 Different interfacial characterisation techniques

Different microscopic and spectroscopic techniques capable of providing information
from different scales and aspects have been employed to investigate interfacial
behaviour; some of the commonly used techniques are listed below.

Microscopic techniques, including optical, electron, and scanning probe
microscopy, can provide high-resolution information across various scales and are ca-
pable of probing a sample’s chemical, electrical, magnetic, and topological properties.

Scanning electron microscopy (SEM) is capable of providing detailed morpho-
logical observations of the interface between the electrolyte and electrode and also
the lithium plating morphology. Meanwhile, when coupled with energy dispersive
X-ray analysis (EDX), it can also provide insights into elemental composition and
distribution by collecting emitted characteristic X-rays|151].

Transmission electron microscopy (TEM) is a powerful technique for characteris-
ing nanoscale features such as crystal structure, morphology, and grain boundaries
with resolution down to the ~A level. Additionally, performing electron energy loss
spectroscopy (EELS) can help to determine the type and quantity of atoms present
in the materials, and also their chemical state. However, sample preparation can
be challenging as it sometimes requires using a focused ion beam (FIB) to prepare
the electron-transparent thin samples, during which the pristine sample may be
distorted or damaged. Similarly, the irradiation of high-energy electrons during
the imaging process can cause radiation damage, altering the sample information.
Consequently, cryo-TEM—where the sample is maintained at a low temperature—is
often preferred, especially for sulphide solid electrolytes, to minimise beam damage.
Thus, TEM characterisation is typically time-consuming and costly[152].

Atomic Force Microscopy (AFM) operates by scanning a fine probe tip (typically
with a radius of a few nanometres) across the sample surface. When different
tips and scanning modes are applied, AFM yields information about the sample’s
morphological, mechanical, and physical properties, such as surface roughness,

electronic conductivity, surface potential, and Young’s modulus. AFM generally
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requires a relatively flat surface, as the cantilever has a limited movement and
deflection range, and also has limited temporal resolution[153].

Spectroscopic techniques measure the interaction of materials with electro-
magnetic radiation. Incident radiation of varying frequencies or energies interacts
with the sample, resulting in reflection, transmission, and emission. By collecting the
resulting radiation, detailed information about the sample’s chemical composition,
valence state, crystal structure, vibrational modes, defects, and other properties
can be investigated.

X-ray diffraction (XRD) has its advantages in probing crystalline materials
but is limited to probing relatively thicker SEIs, due to the incident angle, unless
grazing angle XRD is applied. However, key information may be missing when
amorphous phases are present in the SEI|151].

Raman spectroscopy (RS) applies a monochromatic laser of known wavelength to
illuminate the sample while the scattered light is collected, processed and analysed.
The frequency difference between the incident probing light and the scattered light
is referred to as the Raman shift, which corresponds to the vibrational energy
levels of the characterised systems. By plotting the intensity of the scattered light
as a function of its frequency, RS measurements show advantages in probing the
molecular structure and chemical information of electrodes and SSEs, thus helping
to understand the failure mechanisms of batteries [154]. RS has its limitations when
metal phases and laser-sensitive materials are evolved in the system.

X-ray photoelectron spectroscopy (XPS) is based on the photoelectric effect by
using a monochromatic X-ray source of known energy. The emitted photoelectrons
are collected by the hemispherical detector and a plot of intensity against binding
energy (BE) is produced. It is a surface-sensitive technique determined by the
limited escape depth of emitted photoelectrons, which is about 10 nm. The value
of the BE helps identify the element and its chemical state, as well as its electronic
and bonding environment, and the relative composition can be calculated from
the peak intensity, making it a superior technique for the investigation of SEI

chemistry. Its sample preparation is also relatively easy, and it is a non-destructive
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technique. The Ar-ion sputtering depth profile enables the investigation of SEI
evolution over thickness, but sample damage-induced changes must be considered

when processing the collected data[139].

1.6.2 The necessity of in situ/operando analysis

V(¢ Insitu AFM )

a Cantilever

b) In situ TEM

DC voltage

Modulation
voltage

b ® pd Co-Liy A, Tiy, (POL)s
LiCoPO: ~ ® Co-li (PO

Current
collector

Current
collector

|
/ Solid electrolyte \
Cathode composite Anode composite

< 200
150

=]
3

50

0
-50
-100
-150
-200

Current (nA)

0.5 10 15 20 25
Cell voltage (V) /
N

10— (CEIRE)

/

In situ XPS

g

<)
S N S I

SE SE SE SE

a)
Focused X-Ray Beam

= =

Intensity

E-neutralizer Detector é
' Pristine () gy @ as
Yy BE (eV)
: P o ! | I
* .} . |Photoelectrons ( ) gg I I f
X o
oo S &
o ov/eoe % ] : ! )
& & e & & & solid Electrolyte mrﬂe- | | !
i jesg Hore—l
Lifoil 5 G G Gz 3 Passed Charge

Figure 1.16: Summary of in situ/operando characterisation techniques: a) In situ
SEM for the investigation of morphological evolution and lithium plating behaviour,
Reprinted with permission from , Copyright 2022 American Chemical Society and
, Copyright 2020 John Wiley and Sons; b) In situ TEM characterisation using a
specially designed TEM holder, Reprinted with permission from , Copyright 2016
American Chemical Society and , Copyright 2016 Springer Nature; ¢) In situ AFM
schematic for dynamic visualisation of potential evolution during cell cycling, Reprinted
with permission from , Copyright 2019 Springer Nature; d) In situ XRD cell setup,
Reprinted with permission from , Copyright 2017 Elsevier; e) In situ Raman setup,
Reprinted with permission from , Copyright 2017 American Chemical Society; ) In
situ XPS technique for SEI investigation, Reprinted with permission from , Copyright
2015 Elsevier, and

The conventional process of accessing the is SEI referred to as ‘ex situ’ analysis,

and involves removing the cell from its original testing setup after electrochemical
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cycling, at which point the materials’ evolution is halted. This process includes steps
such as cell disassembly after reaching a specified state, sample washing (in cases of
liquid electrolyte), sample cutting, and sample transfer. All these procedures must
be performed in an inert environment, as most materials are sensitive to oxygen
and moisture. However, these steps pose the risk of losing or damaging sample
information, potentially compromising the reliability of the results|162].

In response to these challenges, scientists are actively exploring in situ or
operando techniques to acquire real-time information about SEI evolution, thereby
overcoming the limitations associated with traditional sample handling procedures,
including the potential loss or alteration of information during sample preparation
and loading. ‘In situ’ refers to conditions where materials are retained in their
original electrochemical testing environments during characterisation, whereas
‘operando’ denotes that characterisation is conducted during the electrochemical
cycling process. In this work, the term ‘in situ’ is primarily used because it
encompasses ‘operando’ in most cases.

Many in situ investigations have been conducted for various purposes, not only to
study SEI evolution but also to explore failure mechanisms, such as the formation and
penetration of lithium dendrites, stress and strain evolution, and crack propagation.
To conduct these in situ experiments, sample conformation and cell design are
often compromised to load the sample safely into the characterisation system and
ensure efficient data collection[150], as illustrated in Figure . Although the
conditions of the devices or cell conformations used in in situ characterisation
differ from those used in practical applications, combining various characterisation
techniques can offer valuable insights into the changes occurring within the battery
during cycling from different perspectives. These approaches effectively aid our
understanding of the mechanisms behind battery failure, thus helping to improve

battery performance further.
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1.7 Aims and objectives of this work

The previous discussion has highlighted the significant impact of the SEI on battery
performance. Characterising and analysing the SEI and its evolution during the
electrochemical cycling process is a crucial aspect of battery research since it holds
the potential to improve understanding of the degradation mechanism. Among
these investigations, examining the reactions between the electrolyte and lithium
metal and their reaction products, particularly the composition of the interfacial
layer, is of paramount importance. Understanding the interfacial layer composition
can reveal critical information about its conductivity and stability, providing vital
insights for electrolyte design and interface engineering.

XPS, characterised by its surface sensitivity and element specificity, is an ideal
technique for investigating surface chemistry. It is also well-suited for studying the
bonding environment in amorphous phases, which are often present in SEls. In
addition, the recently developed in situ/operando XPS techniques (which will be
discussed in detail in Section allow electrochemical reactions to occur within
the XPS chamber, enabling the formation of the SEI in situ on the top surface of
SSE pellets. These techniques are highly effective in providing insights into the
electrochemical evolution during lithium deposition and in revealing the reaction
pathways of different SSEs with the LMA[130, 163-165].

Chapter [3| compares SEI formation between two promising SSE candidates,
LGPS and LAGP, demonstrating that LAGP can form a more stable SEI compared
to LGPS. This is primarily attributed to the presence of a less conductive phase in
the SEI structure. This study constitutes the first application of the in situ XPS
characterisation technique to investigate SEI formation on LAGP. Additionally,
this work provides a potential new method for probing SEI evolution kinetics;
however, it requires a ultra-high vacuum (UHV) condition, ideally at a pressure
level of 10 Pa or lower.

Chapter 4| investigates the properties of the SEI formed between LPSCI and
lithium metal, as LPSCI is considered one of the most promising candidates among

sulphide-based SSEs. While previous studies using electrochemical methods have
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reported that SEI formation follows a linear relationship with the square root of time,
this work employed in situ XPS to assess the stability of the resulting SEI. The results
revealed that the SEI continues to evolve, particularly through transformations
involving phosphorus-containing species. Furthermore, when combined with the
CTTA results, it becomes evident that SEI growth deviates from the expected
linear trend—especially during the initial stages of formation.

Chapter 5| systematically studied the SEI formation on LiPON SSEs, including
both thin-film and bulk LiPON samples. This is the first time that in situ XPS, which
employs the electron beam to drive the Lit migration, has been applied to study the
SEI evolution on the LiPON sample. The result reveals the structural breakdown
process with continuous lithium plating, and the formed SEI displays a graded

structure with the most reduced lithium binary phases closest to the lithium side.
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This chapter introduces the experimental techniques used in this work, covering
both sample preparation and characterisation methods. More detailed information
on sample preparation and specific experimental conditions is provided in the

respective chapters.

2.1 X-ray photoelectron spectroscopy (XPS)

2.1.1 Theory of XPS
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Figure 2.1: Schematic of the Working Principle of X-ray Photoelectron Spectroscopy
(XPS) Measurement

2.1.1.1 Working mechanism

The working mechanism of XPS is based on X-ray radiation and the photoelectric
effect as illustrated in Figurd2.1] The sample is exposed to X-rays, which eject
photoelectrons from various energy levels of surface atoms. Subsequently, these
ejected photoelectrons are collected and analysed by a hemispherical analyser, which
measures the kinetic energy and intensity of the photoelectrons. The binding energy

E}, of the electron is calculated by Equation [2.1
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where, hv is the photon energy, Ey is the kinetic energy of the ejected photoelectron,
and W¢ is the work function of the spectrometer. The energy of these photo-emitted
core-level electrons provides a wealth of information, including chemical composition,

the valence states of different elements, and electronic structures.

2.1.1.2 X-ray sources

Table 2.1: Characteristics of some commonly used X-ray sources [166]

Anode materials (X-ray line) | Energy (eV) | Linewidth (eV)
Mg Ka 1253.6 0.70
Al Ka 1486.6 0.85
Ag La 2084.4 2.6
Ti Ko 4510.0 2.0
Cr Ka 5417.0 2.1

Lab-based X-ray sources are generated by bombarding a metallic anode, such as
Mg or Al, with high-energy electrons via fluorescence. The electron beam is typically
produced by a hot filament cathode, often LaBg. A list of some available anode
materials is provided in Table [166]. The energy of the X-ray source determines
the transitions that can be probed and the probing depth, while the linewidth
largely determines the resolution of the measurement. During the fluorescence
process, other characteristic X-ray lines, background radiation, and satellite X-
rays are also generated, which can degrade the quality of the collected XPS data.
Consequently, a monochromator system is employed to select a single X-ray line

while blocking other emissions from the anode.

2.1.1.3 Monochromatic system and hemisphere analyser

The monochromator (quartz crystal) is positioned at a specific angle to allow
only the Al Ka X-rays (the X-ray source used in this work) to diffract and then
reach the sample surface as shown in Figure 2.2h, which significantly improves
the data quality[166].

The emitted photoelectrons are collected and analysed by the hemisphere

analyser, where the inner hemisphere maintains a more positive potential than
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Figure 2.2: Schematic of (a) the monochromator; (b) the photoelectron collecting system,
Reproduced with permission from [166], Copyright 2020 American Vacuum Society

the outer hemisphere. Before entering the hemisphere analyser, photoelectrons
are initially collected and manipulated by the extraction lenses, which control
the acceptance angle and sampling area. Additionally, the retarding lens reduces

the energy of the photoelectrons to a fixed value, known as the pass energy E,

(defined by Equation [2.2)).

B eAV
Ry/Ry — R1/ Ry

E, (2.2)

Here, AV represents the potential difference between the inner and outer hemi-
spheres, while Ry and Ry denote the radii of the inner and outer hemispheres, respec-
tively.

As the photoelectrons travel through the hemisphere they are deflected, and
only those with specific energies reach the multichannel detector. Equation
defines the energy resolution (AE).

AFE w
— = — +2a? 2.3
E, 2R, (23)
Here, w is the entrance slit width, Ry is the analyser radius and « is the angular
spread of incident electrons. Lower pass energy will give a higher resolution but

at the cost of total signal intensity[167]. The energy step size, which is the range

over which the channel detects photoelectrons, correlates with the pass energy;
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typically, the larger the pass energy, the wider the energy step size, allowing more
photoelectrons to be detected. Therefore, a survey scan is typically performed at a
higher pass energy (approximately 100 eV) to identify the elements present in the
system. This is followed by high-resolution scans at lower pass energies to analyse the

chemical states and bonding environments, as well as to enable quantitative analysis.

2.1.1.4 Surface sensitivity of XPS

Typically, the penetration depth of X-rays (approximately 1-3 keV) in solid materials
is at the micrometre level and varies significantly depending on the energy of the
incident X-rays, the nature of the materials, and the incident angle[168]. The
surface sensitivity of XPS arises from the limited escape depth of X-ray ejected
photoelectrons. As photoelectrons travel through a solid, they experience inelastic
scattering, which significantly attenuates those originating from deeper regions.
Consequently, only photoelectrons emitted from the uppermost surface layers
can escape without energy loss. This renders XPS highly surface-sensitive and
particularly well-suited for investigating surface chemistry and interfacial phenomena.
To be collected by the detector with its original energy information retained, the
ejected electrons must travel through the solid and escape the surface without

undergoing energy loss|169).
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Figure 2.3: (a) Schematic of the universal curve for the electron inelastic mean free path
(IMFP) based on equation A= %3—#0.054@ , where E is the kinetic energy of ejected
photoelectrons [170]; (b) Intensity attenuation curve based on Beer-Lambert law assuming
A=3 nm
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Therefore, it is essential to introduce the concept of inelastic mean free path
(IMFP, X), which defines how far an electron can travel through the solid before
losing energy. As shown in Figure is the universal curve for \; the value of
A depends on the energy of the photoelectron (affected by the light source) and

the characteristics of the characterised materials.

NI

a
AvEp = —— + b X (Ey)

(Br)? (2.4)

Here, a and b are material-dependent constants and Ey is the kinetic energy of
ejected photoelectrons. In another way, IMFP refers to the average distance that
electrons of a given energy can travel without undergoing inelastic collisions, which
result in energy loss. The scattering process can occur in all phases—solid, liquid,
and gas. Due to this, most XPS measurements are performed under high vacuum
conditions, aside from ambient pressure XPS which will not be discussed here.
The intensity of the photoelectrons attenuates exponentially and can be cal-

culated according to the Beer-Lambert law (Equation .
I,=Iyxex (2.5)

Here, I is the intensity of the emitted photoelectron at a depth z below the surface
and I is the intensity as the photoelectron reaches the surface. This is schematically
shown in Figure [2.3b, assuming A equals 3 nm. The detection depth of XPS is
typically considered to be 3\, within which approximately 95% of the detected
signal originates. As a result, photoelectrons generated deep within the sample
lose all their energy during inelastic collisions before escaping the sample surface.
Photoelectrons generated near the surface may escape after a few collision events;
however, these electrons lose part of their energy, contributing to the spectral
background and Auger peaks. Only photoelectrons emitted from the surface escape
without energy loss, contributing to the characteristic peaks in the XPS spectra[166].

The sampling depth for most materials used in battery applications ranges from
5 to 10 nm; however, this depth can be extended for materials containing light

elements. For example, a Li 1s core-level photoelectron with a binding energy of
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54 eV, ejected by Al Ka x-rays, has an Apypp of 5.36 nm (through lithium metal),
resulting in a sampling depth of about 16 nm|[171]. The limited escape depth of
the photoelectrons confirms that XPS is a surface-sensitive technique that allows

the characterisation of surface information.
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Figure 2.4: Example of XPS survey scan and high-resolution scans taken from a LiPON
sample surface, detailed fitting will be discussed in Chapter |§|

2.1.1.5 Calibration of XPS spectra and its fitting

Samples with low electronic conductivity, such as insulators and semiconductors, are
susceptible to surface charging during XPS measurements, owing to the accumulation
of positive charge resulting from photoelectron emission. Since the identification
of elements and their chemical states in XPS relies on BE values, accurate BE
calibration is essential for reliable analysis. The C 1s peak from adventitious
carbon contamination is commonly used for charge calibration when it is the
only carbon species present in the sample. This peak, attributed to C-C/C-H
bonding, is typically referenced at 284.8 eV, though values around 285.0 eV are also
reported in some cases|172, |173]. Alternatively, internal references can be used for
charge calibration in specific systems. For instance, in studies of SEI formation on
argyrodite-based SSEs, the Cl 2p core-level signal is often employed, as its binding

energy remains stable during interfacial evolution|174-176].
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When fitting the spectra, the background signal—primarily arising from pho-
toelectrons that have lost energy through inelastic scattering during their escape
from the sample—must be subtracted for accurate fitting and quantification. Three
commonly used background subtraction methods include linear, Tougaard and
Shirley backgrounds. The linear background assumes a straight-line relationship
between two points selected on either side of the region of interest. The Tougaard
type background accounts for the continuous distribution of energy losses due to
inelastic scattering events, providing a more physically accurate representation
of the background compared to simpler models. However, its implementation
involves more complex mathematical treatment and computational effort. The
Shirley type background is an S-shaped background based on the assumption that
the background intensity at a specific BE is proportional to the integrated signal
intensity at higher BE values. It is commonly used for fitting spectra that exhibit
step-like changes over the energy range of interest|177] [178].

The core-level spectra of photoelectrons—emitted from different atomic orbitals—
exhibit a variety of peak shapes, which are influenced by both the fundamental
physics of the photoemission process and instrumental factors involved in electron
detection and energy analysis. Ideally, these spectral peaks display a lineshape that
combines a Gaussian profile with a Lorentzian component. The Lorentzian shape
reflects intrinsic lifetime broadening of the core hole, governed by the uncertainty
principle, while the Gaussian contribution arises from phonon interactions and
instrumental broadening effects[177, (179, [180].

In summary, different elements and their chemical states can be identified by
measuring the binding energies of core lines as shown in Figure[2.4] while quantitative
compositional information can be derived from the peak areas. Changes in binding
energy, known as “chemical shifts” are influenced by the properties of surrounding
atoms, including electronegativity, polarizability, and bonding length.

As discussed in Chapter[I] the interface between the electrode and the electrolyte
plays a pivotal role in battery performance. XPS has been widely employed in

interface studies to elucidate electrochemical reaction mechanisms and interphase
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components. Post-cycling changes in composition can be investigated by comparing
spectra to their pristine state, while variations in composition with depth can be
analysed through ion-gun sputtering. Understanding the formation and behaviour
of the SEI is crucial for developing high-performance batteries, as it impacts ionic
conductivity, electronic insulation, and overall cell stability. The application of in
situ XPS techniques provides a powerful means to probe these interfacial phenomena
under more realistic operating conditions, guiding the design of more efficient and
durable energy storage systems.

The following section introduces relatively new in situ XPS techniques developed
for SEI investigation. These include methods such as in situ lithium sputtering and
virtual electrode plating XPS (VEP-XPS), which enable time- and condition-resolved
characterisation of SEI formation and evolution without destructive sample prepa-
ration. In this work, VEP-XPS and in situ lithium plating are used interchangeably
to convey the same meaning. For instance, VEP-XPS replicates the lithium plating
process within the XPS chamber, facilitating a detailed analysis of SEI dynamics.
These advancements have been instrumental in studying the SEI formed between
lithium metal and various solid electrolytes, offering valuable insights into the

composition, stability, and electrochemical properties of the interphase.

2.1.2 In situ XPS characterisation techniques

Currently, the majority of XPS studies on SEIs are performed ez situ, which involves
disassembling the cell after electrochemical testing, exposing the surface of interest
and transferring the sample from the glovebox to the XPS chamber. This is because
of the buried nature of the SEI, especially in the SSB systems. These procedures
can cause irreversible alteration of the surface characteristics. Such alterations may
result not only from damage incurred during the peeling of the electrode to access
the interface between the electrolyte and electrode but also from environmental
reactions that occur upon surface exposures due to the existence of residual gases

(including HyO, CO4, O, etc) in the glovebox|[186-188].
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These limitations also apply to other characterisation techniques. Consequently,
significant efforts have been invested in developing the in situ or ‘operando’ charac-
terisation techniques, aiming to probe the authentic degradation processes. Figure
[2.5] displays the development of the in situ XPS characterisation techniques and

the SSEs that have been studied using them.

2.1.2.1 In situ Ar" ion Sputtering

In a series of studies between 2013 and 2016, the Janek research group developed

a new in situ lithium deposition XPS technique to investigate the stabilities of
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interfaces between solid electrolytes and lithium metal, . The technique
involves the sputter deposition of lithium metal onto the solid electrolyte surface
from an adjacent lithium foil using the built-in argon ion gun of the XPS system as
shown in Figurd2.6h. The orientation of the sample stage may require adjustment
to align with the position and azimuth of the argon ion gun, thereby ensuring that
the target material faces the incident argon ion beam directly. Sputter deposition—
typically 5 to 15 minutes per sputtering step—and acquisition of XPS spectra are
performed alternately to track the chemical changes at the sample surface with

minimal perturbation from the atmosphere.
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Figure 2.6: Schematic diagrams outlining the operating principles of the in situ sputtering
XPS technique used in this investigation: a) in situ lithium sputtering. The target material
was deposited onto the sample surface from the adjacent target using the Ar ion gun of
the XPS instrument. The target material deposition was carried out for a predetermined
time and then paused while XPS characterisation was performed; b) Experiment workflow:
XPS measurements and in situ sputtering are periodically alternated; c¢) Illustration
of SEI growth and composition as a function of sputtering time; chemical phases are
determined from deconvoluted XPS spectra

After applying this technique to a variety of LiT-conducting solid electrolytes in-
cluding Li7P3813 (LPS), Li0.35LaO.55T103 (LLTO), L16PS5CI (LPSCI), and LinGPgSlg
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(LGPS), different types of interface, as depicted in Figure , were identified
according to the chemical evolutions and stability against lithium metal|130, 162,
174], |176|, [183], [185]. The stability of the SEI is typically assessed using the Li 1s
core-level spectra, where the presence of a metallic lithium peak usually signifies
a more stable SEL.

Additionally, by replacing the lithium sputtering target with other materials,
this technique can be used to probe interfacial reactions between various SSEs and
alternative interlayers. Some of these interlayers are often employed to mitigate the
reactivity of LMA, promote uniform lithium deposition, or serve other functional

purposes. Further discussion of this application is provided in Chapter [4]

2.1.2.2 Thickness estimation by XPS measurements

The sputtering rate can be estimated based on the signal attenuating through the

top layer. The calculation is shown in Equation to [2.9

Top layer td

Substrate

Figure 2.7: Schematic of the thickness estimation working mechanism
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Here, I.ean refers to the intensity of a core-level spectrum from the clean substrate
surface, Ieoverea refers to the intensity of the core-level spectrum after the sputtering

process, gy is the atomic density, Ayp is the IMFP of photoelectrons from the
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core-level orbital of the substrate in the sputtered top layer, k is the instrumental
factors, T' is the transmission function and o is the ionisation cross-section. During
the derivation, the factors k, T', and o cancel out; consequently, the thickness of
the deposited layer can be extracted by comparing the intensities of the selected
core-level spectra recorded before and after deposition.|[189)].

For example, a circular copper mesh with pores comparable in size to the X-ray
beam size and whose outer diameter matches that of the sample pellet can be
placed and pressed onto the top of the sample pellet (assuming the target material
is lithium metal). The mean free path (\) is determined by the photoelectrons
of certain kinetic energy from the Cu 2p orbital through the lithium layer. The
attenuation rate of the Cu 2p signal (the rate of decrease of the peak area) allows
the thickness of the sputtered lithium layer to be calculated according to Equation
2.9 The measuring point established on the copper mesh should be positioned
near the probing location on the sample surface, as the sputtering rate may vary
with the distance from the target. Since the sputtered material (typically metal)
may alloy with Cu, alternative reference materials may be employed in such cases.
Additionally, photoelectrons emitted from the substrate material can also be used
to estimate the thickness; however, this approach is qualitative and assumes that
the layer is uniform and homogeneous.

This approach provides invaluable insights into the dynamic processes occurring
at the interface between the electrolyte and the sputtered material, such as the
formation of different chemical compounds and the changes in electronic structure.
This helps to gain a deeper understanding of the mechanisms that govern SEI

formation and stability, leading to improved battery materials and technologies.

2.1.2.3 Virtual Electrode Plating-XPS (VEP-XPS)

Shortly thereafter, another in situ XPS technique capable of simulating the first
charge of an “anode-free” cell was developed. This technique, first reported by
Wood et al., used the electron beam generated by the built-in electron flood gun of

the XPS system to plate lithium electrochemically on the SSE surface of Li|SSE
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bilayer samples[185]. It has been used to study interphase formation on LiyS-P5Ss,
LizLagZr,O12 (LLZO), LGPS and LPSCI solid electrolytes[174, 183, |184] [190].

This method provides the advantage of probing the chemical composition and its
evolution under conditions closely resembling battery operating environments, with
the current density limited to 0.15 mA cm™ for a 5 mm-diameter pellet, except
that real cells are generally subject to pressure.

As depicted in Figure 2.8 the XPS system used in this work was equipped with
Physical Electronics Inc. (PHI)’s patented dual-beam charge neutraliser system[173)
. The electron neutraliser is utilised to compensate for the positive charge
accumulated on the sample surface after the ejection of photoelectrons, with the
purpose of improving the accuracy of collected information. In the PHI Versaprobe
IIT XPS system, a beam of low-energy (~1 €V) electrons 5 mm in diameter is
provided by the BaO cold cathode electron flood source. The beam current is
adjustable from a few pA up to 30 pA, which enables investigation of the effect
of current density on SEI formation.

As depicted in Figure 2.9 the XPS instrument’s integrated electron neutraliser
gun, acting as a “virtual electrode”, provides a constant flux of electrons to the
surface of the SSE pellets, driving Li* migration upward through the Li|SSE bilayer

sample. The combination of migrated Li* ions and electrons at the SSE’s top surface
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Figure 2.9: Schematic diagrams outlining the operating principles of the in situ plating
XPS technique used in this investigation: a) in situ lithium plating. The electron
neutraliser provides an electron beam and generates a bias across the sample stack
which facilitates Li-ion migration towards the top surface; b) Experiment workflow: XPS
measurements and in situ plating are periodically alternated; c¢) Illustration of SEI growth
and composition as a function of passed charge; chemical phases are determined from
deconvoluted XPS spectra

results in the gradual formation of SSE decomposition species and lithium metal
(depending on the stability of SSE and the formed SEI). By alternating between
XPS measurements and VEP, the electrochemical evolution of the surface can
be effectively probed.

Additionally, this technique holds the potential to probe the evolution kinetics
of the formed SEI, either against lithium metal or the SSE. In the first scenario,
continuous XPS measurements of the sample surface with metallic lithium plated
atop can monitor the chemical evolution of various species. In the second scenario,
a specific amount of lithium metal can be plated onto the SSE pellet using the
VEP method until fully lithiated decomposition species are formed. Through

continuous XPS measurements, the stability of these decomposition species against
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the SSE can also be investigated.

2.1.2.4 Effective current density and sample resistance

The applied current density can be calculated from the electron flood gun current
and exposed sample area. The calculated current density is generally a close
approximation of the true value, as in most cases this technique is applied to
investigate SSEs with high ionic conductivities ranging from 103 to 102 S/cm;
under these conditions, the ohmic voltage drop across the sample is sufficient to
sustain the predicted current density[139) 162, [183] 185].

In theory, on applying a constant current (1), of 30 #A, the potential difference

(V sampie), across the sample will rise to a value given by Equation m
‘/sample = Igun X Rz (210)

Here, R; is the ionic resistance of the sample. This transition cannot occur
instantaneously, as a portion of the applied current initially flows into the circuit
branch containing the geometric capacitance, denoted as CPEgeom. As the potential
difference increases, the current into this capacitance decreases and eventually
ceases once it reaches Vgmpe. Physically, this corresponds to the accumulation
of electrons on the SSE surface until the potential difference is sufficient to drive
the full applied current (30 pA) through R;, thereby establishing the condition
Isompie = I gun. Although the CPEge,, values can be extracted from impedance
spectra, they are typically negligible.

Since the energy of the electrons is about 1 eV, this implies that the applied
voltage across the sample has an upper limit. Assuming the applied current density
is 0.15 mA cm~2, which is the maximum that can be applied for a sample of 5 mm
in diameter, the resistance of the sample R; is calculated as 3.33x10* Q when the
ohmic drop across the sample stack is 1 V. If the sample resistance is higher, the
applied electron beam is insufficient to drive the current density of 0.15 mA cm—2

through the sample. In this case, although a 30 yA beam is directed to the sample

surface, the extra electrons must have been deflected to ground due to the surface
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charge. Therefore, there is a dependence of the lithium plating rate on the sample’s
ionic conductivity and thickness, which will be discussed in more detail in Chapter [5|

In summary, these two techniques involve alternating between XPS measure-
ments and lithium deposition (either sputtering or plating) under UHV conditions
within the XPS chamber, which helps to preserve the pristine SEI information as
much as possible. Additionally, the in situ XPS techniques provide the capability
to isolate the electrochemical degradation process from other factors that would
affect the interfacial information, including pressure. The collected results are able
to provide valuable information about the SEI composition, SEI thickness, and

SEI stability, which will be discussed in result chapters.

2.2 Radio frequency (RF) magnetron sputtering

Radio frequency (RF) magnetron sputtering, as schematically illustrated in Figure
, is a type of physical vapour deposition (PVD) process that can be applied
to sputter both conductive metals and electronically insulating compounds. The
sputtering process is achieved by ionic sputtering, where the atoms on the target
surface are knocked off by high-energy ions.

As shown in Figure [2.10] a target is placed on a circular magnetron source with
a substrate attached to the rotating holder using Kapton tape. It is worth noting
that the distance between the substrate and the target will affect the uniformity of
the resulting thin film and the deposition rate; usually they are separated by a few
centimetres. Prior to the sputtering, the chamber is evacuated to a pressure below
10°% mbar to eliminate potential volatile contamination species left in the chamber,
such as oxygen and water. Thereafter, a gas that can be easily ionised (nitrogen or
argon) is fed into the chamber to raise the pressure to 10 to 10 mbar.

An RF power supply, typically operating at 13.56 MHz, applies an alternating
electric field between the target (cathode) and the chamber (anode). A negative
potential is generated on the target surface because electrons, having higher mobility,
respond instantaneously to the fluctuating electric field. The alternating electric

field ionizes the Ny gas (taking Ny gas as example), generating a plasma composed
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Figure 2.10: Schematic of the RF magnetron sputtering

of positive NT ions and free electrons. NT ions are accelerated by the electric
field toward the target; on colliding, they eject atoms from the target surface
(note: Ny gas was used for LiPON SSE deposition). The deposition of other
targets was performed using argon gas. The magnetic field produced by the magnet
beneath the target traps electrons in a region close to the cathode, increasing the
likelihood of ionization collisions. This significantly enhances ionization efficiency
and, consequently, the sputtering rate. Since a substantial portion of the incoming
ions’ energy is transferred to the target as heat, an effective cooling system is
essential to maintain system stability and prevent overheating.

The Ny gas flow rate is usually reduced after ignition to decrease collisions
between sputtered atoms and gas ions, which increases the deposition rate. A
shutter is employed to control the initiation and termination of the sputtering
process. Once the shutter is opened, the substrate is exposed to the plasma,
allowing the ejected atoms to be deposited onto the substrate, forming a thin film.

The RF magnetron sputtering processes and lithium evaporation in this work

were performed using a PVD system (MBEVAP, MBraun) integrated into an argon
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glovebox (O3<0.1 ppm and HyO<0.1 ppm). The RF magnetron sputter deposition of
the thin-film LiPON samples used in this work was conducted by Dr Stephen Turrell.

2.3 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a widely applied technique for characterising
the microstructure and morphology of various samples using an electron beam.
Different signals are generated by the primary incident electron beam, including

secondary electrons, backscattered electrons, and X-rays, as shown in Figure [2.11

a) b) Primary C)
U Electron source electron beam pri
Secondary Auger ch ., Primary
electrons electrons aracteristic electron beam
" Backscattered ~ X-rays
Characteristic electrons

X | Condenser lens X-rays

Cathodo-
luminescence

Continuum
Scan coils X-rays
Fluorescent
X-rays

X | Objective lens
l— Secondary electron
detector Sample

Sample Transmitted Diffracted
electrons  glectrons

Backscatter electron
detector —

X-ray detector

Scattered
electrons

Figure 2.11: (a) Schematic of an SEM system, Reproduced with permission from ,
Copyright 2021 Elsevier; (b) Schematic of the interaction volume of incident primary
electrons with the sample, Reproduced from web , Image credit: Wikipedia user
Ponor, distributed under CC BY-SA 4.0; (c¢) Schematic of the mechanism of the generated
characteristic X-ray signals, Reproduced from web

Secondary electrons originate from the outer shells of atoms, ejected by primary
electrons, and are capable of providing topographical information about the sample
surface. Backscattered electrons (BSEs), on the other hand, refer to primary
electrons that undergo elastic interactions with surface atoms. The likelihood of an
electron being elastically scattered is influenced by the atomic number of the atoms
present on the surface; the higher the atomic number, the greater the probability of
elastic scattering. This property gives BSEs an atomic number contrast (Z-contrast),
making them valuable for identifying different elements on the surface.

Characteristic X-rays, generated during the SEM process, can be collected

and analysed using an energy-dispersive spectroscopy (EDS) detector, which is
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available in many SEM systems. The mechanism of X-ray emission in this process
is similar to that of XPS but not identical as illustrated in Figure 2.1Tk. When a
primary electron interacts with an electron from a core-level orbital in an atom,
a vacancy is created as the core-level electron is excited to an outer orbital with
higher energy. During relaxation, this vacancy is filled by another electron from
a higher energy state, accompanied by the emission of a characteristic X-ray
photon. The energy of the emitted X-ray photon is element-specific, making the
collected EDS data instrumental in identifying surface elements and determining
their spatial distribution.

SEM characterisations in this work about the LiPON samples were performed
with a Zeiss Merlin SEM with an Oxford Instruments EDS detector (Ultim Max
170 X-ray detector). Samples were transferred from gloveboxes to the SEM using
an air-tight transfer holder (Gatan, Inc.). The SEM images in this work were
collected by Dr Stephen Turrell.

2.4 X-ray diffraction (XRD)

X-ray diffraction (XRD) measurements were carried out using a Rigaku MiniFlex
instrument located inside a glovebox under Ny atmosphere. Similar to the X-rays
used for XPS, the X-rays used for XRD were also generated by bombarding a
metal anode (copper) with electrons. A monochromator is used to select the most
intense Cu Kal radiation, with a 1.5406 A wavelength. The Cu Kf radiation can
be absorbed by adding a nickel monochromator, and the Cu Ka2 radiation can be
removed by a germanium monochromator. The source, sample holder and X-ray
detector are precisely positioned in a circular geometry. The source and detector
are on the circumference and the sample is at the centre of the diffractometer axis.
The peaks in a diffraction pattern come from the constructive interference of the
monochromated X-rays with the sample when Bragg’s law (Equation is satis-
fied.
2dsinf = n\ (2.11)
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Figure 2.12: Schematic of X-ray diffracted on atomic planes following the Bragg’s law,
Reprinted from web [195], Encyclopedia Britannica, Inc.

here, \ is the wavelength, d is the inter-planar spacing, ¢ is the incident angle, and
n is an integer. The detector collects the reflected X-rays and yields a diffraction
pattern with peak intensity plotted against the peak position; this is determined by
the sample’s crystal structure. Each peak corresponds to the X-rays diffracted from
a certain set of planes in the sample. Thus, the XRD diffraction pattern can help
to identify the crystallinity of the sample and its crystal structure[196].

2.5 Sintering

High-temperature sintering is commonly employed to densify ceramic materials,
particularly oxide solid electrolytes in this context. As illustrated in Figure [2.13h,
the thermodynamic driving force for the sintering process is the reduction of the
surface energy, where the total surface energy of the system can be defined by

the following equation:
A(y*98) = Ay97%8 + 49AS (2.12)

here, the %9 is the interfacial energy between solid/gas interface, Ay*97% is the
change in interfacial energy during sintering caused by the formation of grain

boundaries, and A*97%% can be calculated by v —~%9 (v is the interfacial energy
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Figure 2.13: (a) Schematic of the change in surface energy during the sintering process,
(b) Schematic of three stages during the sintering process, Reprinted with permission
from [197], Copyright 2014 Elsevier

of solid/solid interfaces), S is the surface area of the powder and AS is the change
in surface energy introduced by particle coarsening processes.

As depicted in Figure 2.13p, the sintering process can be broadly divided into
three stages. Initially, necks form between particles, a stage characterized by
surface diffusion. Subsequently, continuous pore channels develop, accompanied by
significant pore shrinkage and overall volume reduction. Finally, the residual pores
become isolated from the outer surface. Ultimately, the sintered body typically

exhibits higher mechanical strength and a denser structure|197].

2.6 Coulometric titration time analysis (CTTA)

The CTTA operates by applying a series of coulometric titration steps, each followed
by a relaxation period, as illustrated in Figure [2.14, During each titration step, a
small amount of lithium is deposited onto the current collector at a predetermined
current, while side reactions simultaneously occur. During lithium deposition, the
cell voltage initially drops to a negative value. Then after the lithium titration
step, the open-circuit voltage (OCV) of the cell is continuously monitored. The
cell voltage recovers to approximately 0 V as both electrodes reach equilibrium
at the lithium metal potential. Once all deposited lithium has been consumed

during side reactions, the OCV gradually deviates from 0 V. The OCV period is
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Figure 2.14: Illustration of the coulometric titration time analysis (CTTA) method:
(a) Schematic representation of the CTTA setup, detailing the lithium deposition and
subsequent open-circuit voltage (OCV) monitoring process; (b) CTTA results obtained
from a stainless steel current collector|LigPS5Cl|Li cell, operated at a current of 10 uA
(15.6 4A cm~2) for 0.1 hours per titration step. The increasing OCV period with successive
titration steps indicates progressive SEI passivation. Reproduced with permission from
[198], Copyright 2013 Springer Nature

considered complete when the cell voltage surpasses 50 mV vs Li* /Li, triggering the
initiation of the next titration step. The lithium titration and OCV measurements
are repeated iteratively for as many cycles as needed to capture the SEI evolution.

The OCV period tracks the time required to fully consume the same amount
of deposited lithium during each titration step, serving as an indicator of the
stability of the formed SEI. As schematically illustrated in Figure 2.14b, the
lithium consumption time progressively increases with each successive titration
step, suggesting that the SEI becomes more passivating over time. The SEI growth
over time can then be quantified by analysing the changes in the duration required
to consume the deposited lithium, in conjunction with the amount of lithium
plated during each titration step. This provides a direct measure of the passivation

behaviour of the SEI and its impact on interfacial stability.

2.7 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical reactions at the electrode-electrolyte interface involve multiple
processes, including mass transport and charge transfer, each occurring at different

time scales. EIS or ac impedance operates by applying a small sinusoidal signal over
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a predefined frequency range, typically spanning nine orders of magnitude from the
millihertz (mHz) to megahertz (MHz) range, while monitoring the system’s response.
This technique provides valuable kinetic insights into electrochemical processes,
including SEI formation and evolution. Additionally, EIS is a non-destructive
characterisation method that can be performed in situ, making it particularly useful

for the real-time analysis of interfacial dynamics.

a Electrochemical system b Perturbation signal c Electrochemical response f Typical EIS for lithium-ion batteries
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Figure 2.15: (a) Schematic representation of an electrochemical system used for EIS
measurements, consisting of a working electrode (WE), reference electrode (RE), and
counter electrode (CE). (b) Illustration of the sinusoidal voltage input signal applied during
EIS measurements. (c) The corresponding sinusoidal current response. (d) Two commonly
used graphical representations of EIS results, including the Nyquist plot (which plots the
imaginary impedance vs. real impedance) and the Bode plot (which displays impedance
magnitude and phase angle as a function of frequency). (e) An example equivalent circuit
model (ECM) used to interpret the collected impedance data by representing different
electrochemical processes using electrical components. (f) A typical EIS response for LIBs,
showing the corresponding physical processes such as charge transfer resistance and ion
diffusion. Reprinted with permission from [199], Copyright 2021 Springer Nature.

In a typical potentiostatic EIS (PEIS) measurement, a small sinusoidal voltage
Eyy = Ey + AEsin(wt) with specific amplitude (AE) and frequency (w represents
the angular frequency) is applied to the system. The output current shares the
frequency, but the amplitude and phase may differ and can be represented with
Iy = Iy + Alsin(wt — ¢). Since both Eg) and Iy contain magnitude and

phase information, they can be expressed as complex numbers. Consequently,
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the impedance Z) can also be represented as the complex ratio potential and

current as shown in Equation [2.13]

o |
Zyp = =) — | 7|7
Tw)

— |Z)(cos(@) + jsin(s)) (2.13)
=7'+352"

where 7’ is the real part corresponding to a frequency-dependent resistance, and
77 is the imaginary part corresponding to the frequency-dependent reactance part.
The EIS results are usually displayed in a Nyquist plot, where the imaginary
part of the impedance is plotted on the y-axis and the real part on the x-axis, as
shown in Figure [2.15] Each point on the plot corresponds to a data point collected
at a specific frequency, with high-frequency data generally appearing on the left
and low-frequency data on the right. The shape of the Nyquist plot provides insight
into different electrochemical processes, such as charge transfer resistance, diffusion
behaviour, and SEI properties, allowing for a detailed analysis of interfacial kinetics,

with an example included in Figure [2.15f.
The equivalent circuit model (ECM) is usually employed to interpret EIS data
by representing different electrochemical processes using electrical components. A
commonly used electrical element includes the resistor (R), which can represent
an ohmic resistance, charge transfer resistance, or the ionic resistance of the
electrolyte; the capacitor (C), which can be used to model the electrochemical
double-layer capacitance at the electrode-electrolyte interface and the charge
accumulation/depletion at the SSE/electrode interface; and the inductor (L), which
represents the non-ohmic contributions from the electrical connections in the system.
Some other elements are also frequently used, such as the constant phase element
(CPE), as the surface inhomogeneity and roughness can cause non-ideal capacitive
behaviour, and the Warburg Element (W) is used to represent diffusion impedance

in the system. The impedance responses of different passive circuit elements are

given by Equation to Equation [2.16}

Zresistor =R (214)



2. Ezxperimental techniques 60

1
an acitor — . 2.15
pactt ij ( )
Zinductor = jWL (216>

When these elements are connected in series, the total impedance is calculated as:

Ztotal = Z Zz (217)

For elements connected in parallel, the total impedance follows:

1 1
= E - 2.18
Ztotal Zz ( )

These relationships form the foundation for constructing ECMs, allowing the

extraction of electrochemical properties such as charge transfer resistance, interfacial
capacitance, and diffusion characteristics from EIS data.

The temperature-dependent resistances can be obtained by performing EIS
measurements at different temperatures, allowing for the determination of the ionic

conductivity of the sample using Equation [2.19

_
" RA

where R is the resistance obtained from the EIS measurement, [ is the sample

o (2.19)

thickness, and A is the cross-sectional area.
The temperature dependence of ionic conductivity follows the Arrhenius equa-

tion:

o = gge Ba/RT (2.20)

where oy is the pre-exponential factor, F, represents the activation energy (J
mol™!), R is the universal gas constant (8.314 J mol™ K™*), and T is the absolute
temperature in Kelvin (K). By plotting the Arrhenius plot of Ino versus 1/7T,
the activation energy (E,) for ionic conduction can be extracted from the slope,
providing insights into the energy barrier associated with lithium-ion transport

within the solid electrolyte.



In situ XPS investigation of the
interphases formed on LGPS and LAGP

with metallic lithium

Contents

B.1 TIntroduction| ... ......... ... ... ... 62
3.2 Experimentall . . . . ... ... ... ... 00000 ... 64
[3.2.1 Materials and synthesis procedure] . . . . . ... .. .. 64

13.2.2  XPS sample preparation| . . . . . .. ... ... ... .. 65

3.2.3  XPS measurements and the settings| . . . ... ... .. 66

8.3 Results and Discussion| . . ... ... ... ..., 67
[3.3.1  SEI formation and evolution by VEP-XPS|. . . . . . .. 67

[3.3.2  Stability of the formed SEI . . . . . ... ... ... .. 73

13.3.3  Explanation of diminishing Ge and P signal for LGPS |

[ surface during VEP experiment] . . ... ... ... .. 77
B.3.4 SEI evolution kineticsl . . . . . ... .. ... ... .. 78

13.3.5  In situ sputtering investigation of the SEI| . . . . . .. 83

B.4 Summary| . . . . ..o e e e e e e e e e e e e e 88

The major part of the work in this chapter was first reported in the following
published research article: Liang, Y.; Burton, M.; Jagger, B.; Guo, H.; Ihli, J.;
Pasta, M. In situ XPS investigation of the SEI formed on LGPS and LAGP with

metallic lithium. Chemical Communications 2024[162].

61



3. In situ XPS investigation of the interphases formed on LGPS and LAGP with
metallic lithium 62

3.1 Introduction

SSBs comprising SSE and LMA are widely regarded as the ‘holy grail’ of energy
storage, attributed to their potential for enhanced safety and higher energy density
compared to conventional LIBs[200-202]. The compatibility of SSEs with lithium
metal is critical for achieving stable, high-energy-density lithium metal SSBs|51]
Since most SSEs have limited electrochemical stability windows, an SEI will
form as a result of interfacial reactions. This formed nanocomposite, which may
comprise of both crystalline and amorphous reaction products, directly influences
battery performance by impacting interfacial stability, ionic conductivity, and
electronic insulation.

A well formed SEI is supposed to be ionically conductive to facilitate Lit
transport while being electronic insulating to suppress continuous decomposition of
the SSE[130,[203, 204]. Investigating the reaction pathways, composition and spatial
extent of the formed SEI has become a key focus in the development and optimisation
of SSBs.[129, [205, 206]. While research on SSEs with high ionic conductivity
has expanded significantly over the past two decades, the characterisation of the
SEIs has remained challenging due to their ultra-thin thickness and compositional
heterogeneity[80, 127, 151} 204} [207, |208].

As introduced in Section XPS is a powerful technique for probing the
chemistry information of the SEI. Understanding the SEI’s composition is crucial,
as its properties significantly influence the battery performance. Currently, the
majority of XPS experiments are conducted ez situ, requiring the disassembly of
the cell after electrochemical testing, followed by sample treatment and preparation
for the XPS analysis|153, 209, 210]. However, these procedures can potentially alter
the pristine surface characteristics. Such alterations may arise from mechanical
damage incurred during the peeling of the electrode to access the interface between
the electrolyte and electrode, as well as from exposure to ambient contaminants. It
has been demonstrated that even under UHV conditions, trace amounts of oxygen,
water, and carbon dioxide persist, which can react with the SSE and the formed SEI,

altering its composition. This also suggests that samples will be more susceptible
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to contamination during handling in gloveboxes|175]. These factors highlight the
importance of employing in situ or operando XPS techniques, which allow for
minimising the impact of sample handling and environmental contamination.

As introduced in Section 2.1.2] VEP-XPS is an emerging technique that enables
time- and operational condition-resolved characterisation of the SEI formed during
the first charge in an “anode-free” cell configuration. By employing an electron
beam, this method replicates the lithium plating process directly inside the XPS
chamber, while allowing analysis of SEI formation dynamics. Similarly, the in situ
lithium sputtering technique facilitates the investigation of SEI composition upon
direct contact between SSEs and lithium metal. The use of these two techniques
enables SEI characterisation while avoiding the need for destructive or invasive
sample preparation in many cases|157, [211-213]. By employing these two techniques
(illustrated in Figure and Figure , respectively), a thin layer of lithium is
gradually deposited onto the surface of an SSE pellet under UHV conditions.
Sequential XPS measurements following each lithium deposition step allow for a
detailed investigation of SEI formation and its evolution as the deposited lithium
interacts with the SSE.[163, 174, 176| [183].

In this work, the composition, chemical stability, electrochemical stability
and evolution of the interphase formed between lithium metal and two types of
SSEs: LijgGeP2S12 (LGPS) and NASICON-type Li; 5Aly5Ge; 5(POy)s (LAGP) were
investigated using both techniques. LGPS has been proposed as a promising sulphide
SSE due to its high ionic conductivity of up to 12 mS ecm~!, which surpasses that
of many other SSEs[74]. However, its practical implementation has been hindered
by its instability against lithium metal and the unstable SEI growth during battery
operation|163} 214]. A previous study investigated the SEI formed between LGPS
SSE and lithium metal using a similar VEP setup, which helps to validate the result
obtained in this study and serves as a benchmark for assessing SEI stability[183].
LAGP has also been extensively investigated as an SSE due to its promising
ionic conductivity and good stability in ambient conditions[215-219]. However,

SEI growth remains a major limitation to its application, and the underlaying
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mechanisms have not been well understood[220]. This work applied the in situ
XPS technique to investigate SEI formation on LAGP SSE for the first time, thus
aiding in the understanding of its decomposition mechanism. Additionally, the
pristine structures of both SSEs contain Ge**, which is susceptible to reduction
to Ge? when in contact with the lithium metal[163] 183 216, [221]. Ge° is an
undesirable electronically conductive phase within the SEI; however, its impact
on SEI stability depends on the concurrent evolution of other SEI components,
necessitating a study of the overall degradation process.

The results collected in this work reveal that the LAGP SSE exhibits slower
reaction kinetics against lithium metal compared to the sulphide-based LGPS SSE.
The SEI formed between LGPS and lithium metal consists of both electronically
and ionically conductive phases, namely Ge(Li) and LizP, which contribute to
continuous SEI growth|174, 222]. In contrast, the SEI formed atop LAGP SSE
demonstrates improved stability against lithium metal compared to LGPS SEI.
This is attributed to the lower volume fraction of conductive phases (Ge® in this
case), which do not form a continuous conduction pathway. These findings indicate
that the stability of the naturally formed SEI, resulting from electrochemical
reactions, is not solely determined by its composition but also by the proportion and
distribution of its conductive phases. Additionally, this work introduces a potential
approach for quantifying SEI evolution kinetics by continuously monitoring the
sample surface with XPS measurement after metallic lithium has been plated in
situ by the neutraliser provided electron beam. This method can be applied to
different SSE systems, providing a more comprehensive understanding of interfacial

stability and degradation mechanisms.

3.2 Experimental
3.2.1 Materials and synthesis procedure

Li; 5Alg5Geq 5(POy)s SSE power (99.99% pure, D5g=500 nm) was purchased from
Ampcera™ via MSE Supplies LLC. Lithium ribbon (99.9% pure) was obtained from

Sigma-Aldrich. The Li;(GePsS15 SSE powder was synthesised via a combination of
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ball milling and heat treatment. The precursors—LisS (99.98%, Merck), GeS, (MP
Biomedicals), and P2S;5 (99%, Merck)—were weighed in the stoichiometric ratio,
along with an additional 2 wt% sulphur (sublimed, Alfa Aesar). The mixture was
mechanically milled at 700 rpm for 5 hours in sealed ball-milling jars. The resulting
mixture was pelletized and annealed at 550 °C for 8 hours in an argon-filled glovebox
([H20] and [Oz]< 0.1 ppm). After natural cooling to room temperature, the pellet

was ground, and the final product, Li;(GeP2S15 powder, was collected.

3.2.2 XPS sample preparation

LAGP pellets were prepared by cold-pressing 150 mg of LAGP powder under a
pressure of 150 MPa using a 10 mm stainless steel die. The resulting pellets were
sintered in a box furnace at 900 °C for 10 hours in air with a temperature ramping
rate of 2 °C min~!. To compensate for lithium loss during sintering, the pellets
were placed on a bed of LAGP powder. After sintering, both sides of the pellets
were polished using sandpaper with grit sizes ranging from 800 to 4000, producing
a smooth surface. The final sintered pellets measured approximately 850 pm in
thickness and 8.38 mm in diameter. LGPS pellets were prepared by cold pressing
150 mg powder at 400 MPa for 5 minutes using an 8 mm stainless steel die.

The lithium ribbons were brushed using a toothbrush to remove surface con-
taminants, followed by calendering to produce lithium metal foils approximately
500 pm thick. Circular lithium metal electrodes, approximately 8 mm in diameter,
were then punched out from these foils.

For the VEP-XPS sample, the SSE pellet was pressed onto the pre-punched
8 mm lithium disk, which had been affixed to a thin copper disk under a lower
pressure of 40 MPa. The assembled sample stack was then mounted onto the
XPS stage using carbon tape, with the lithium-foil-free surface facing upward. To
avoid ambient air exposure, the sample was transferred from the glovebox to the
XPS intro chamber using an air-tight transfer vessel. For the in situ sputtering

experiment, the pressed SSE pellet was directly mounted onto the sample stage
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without any additional treatments. The lithium foil was attached to the target

wall using conductive carbon tape.

3.2.3 XPS measurements and the settings

XPS experiments were conducted using the PHI VersaProbe I1I with an Al Ka X-ray
(hv = 1486.6 ¢V) source. The pressure inside the XPS chamber was maintained
at the 107 Pa level during all measurements.

During the VEP-XPS experiment, the integrated electron neutraliser gun of the
XPS instrument—functioning as a virtual electrode—supplied a constant flux of
electrons to the surface of the SSE pellet, thereby driving the upward migration of
Li* ions through the pellet. The combination of migrated Li* ions and electrons
supplied by the neutraliser at the top surface of the SSE led to the gradual formation
of metallic lithium. The measurement point was aligned to the centre of the pellet
using scanning X-ray-induced secondary electron imaging (SXI), ensuring precise
positioning of the electron beam, which was also focused at the pellet centre. The
applied beam current was 20 A for both LGPS and LAGP SSEs, corresponding
to current densities of 0.0398 mA cm™? and 0.0361 mA cm™?, respectively (see
calculation process in section . The slight difference in current density arises
from their different pellet diameters, because sintering causes the LAGP pellet
to shrink. The lithium plating rate was calculated based on the total charge
passed, yielding deposition rates of approximately 3.24 nm min' for LGPS SSE
and 2.94 nm min™ for LAGP SSE. Electron beam plating and XPS acquisition were
alternated to track SEI evolution, enabling detailed investigation of the interfacial
reactions between lithium metal and SSEs.

For the in situ sputtering experiment, the ion gun beam voltage was set to
4 kV, and the lithium metal target was positioned directly facing the Ar* ion
gun during the sputtering process. The sputtering rate was estimated to be
approximately 0.14 nm min™, based on the attenuation rate of the Cu signal (a
copper mesh was used as a reference-further details are provided in Section

), as reported by Narayanan et al., using the same experimental setup[174]. The
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lithium metal sputtering and XPS measurements were conducted alternately to
track the evolution of surface chemistry.

The XPS sampling area was set as 500 pm x 500 pm, and all measurements
were conducted with the neutraliser turned off. The pass energy was set to 224
eV for the survey scan and 55 eV for the high-resolution scans. The collected
spectra were processed using CasaXPS software and calibrated based on the C

1s peak at 284.8 eV, unless otherwise specified[223].

3.3 Results and Discussion

3.3.1 SEI formation and evolution by VEP-XPS
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Figure 3.1: XPS spectra near the P 2p region for VEP-XPS experiment of LGPS (a)
and LAGP (b) SSEs without lithium source underneath the pellet, the electron beam
exposure time is labelled in both panels. The peak intensity is normalised to show the
deconvoluted results. Note: charge calibrated based on C 1s to 284.8 eV. Reprinted from

Liang et al.

Among various characterisation techniques, such as TEM, Raman, SEM, and
XPS, beam damage is always a concern. To address this, VEP experiments were
conducted on both LGPS and LAGP SSEs without a lithium source provided (plain
pellet samples mounted on carbon tape), with the setup schematically illustrated in

Figure [3.1] The collected spectra near the P 2p region, which includes the most
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relevant chemical information, showed no significant changes over time. Additional
core-level spectra for both LGPS and LAGP SSEs are provided in Figure With
increasing electron beam exposure time, no peak shifts or shape variations were
observed, apart from a slight shift in the pristine spectra (labelled as 0 min), which
is likely attributed to charge calibration or surface effects. This confirms that both
samples are stable under the applied electron and X-ray beams.

It is also worth noting that the electron neutraliser was designed to mitigate
surface charging by applying a low-energy electron beam. The accelerating voltage
for the electron beam was 1 V, which is substantially lower than the typical
accelerating voltage used for TEM characterisation, which is usually in the range of
200 to 300 kV[224} 225]. This significantly reduces the likelihood of beam-induced
damage, further ensuring the reliability of the VEP-XPS technique for probing

SEI formation and evolution.
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Figure 3.2: XPS spectra for VEP-XPS experiment of LGPS (a) and LAGP (b) SSEs
without lithium source underneath the pellet, the electron beam exposure time is labelled
in both panels. The peak intensity is normalised. Note: charge calibrated based on C 1s
to 284.8 eV, indicated by the dashed line. Peak fitting is not performed here as it is to
show the stability of SSEs under electron beam and X-ray beam.
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The above discussion confirms that the changes observed during the VEP-XPS
experiment, with the lithium source provided, are due to the reaction between
the SSE and lithium metal. Figure [3.3| compares the XPS spectra collected for
(a) LGPS and (b) LAGP during the VEP experiment. The evolution of the
core-level spectra for the main elements (Li, Ge, P, and S/Al, respectively, from
left to right) is shown as a function of lithium plating time (also electron beam
exposure time), with the corresponding amount of plated lithium (q4 : gAh cm™2)
indicated in the last column.

A single Li 1s spectrum centred at 55.4 eV and 55.5 €V was observed for pristine
LGPS and LAGP SSEs, respectively, summarising all bonding environments of
lithium atoms in the structure. Similarly, a single Ge 3d peak corresponding to
GeS, was observed at 30.5 eV for LGPS SSE. In contrast, the Ge 3d peak for LAGP
SSE appears at a higher binding energy (32.5 V), attributed to the Ge atoms being
bonded to six more electronegative oxygen atoms, forming a GeOg octahedron.
The BE values observed in this work are consistent with previous reports by He
et al. and Yu et al.[221, [226]. In the P 2p region, peaks corresponding to PS,* in
LGPS SSE and PO4* in LAGP SSE were observed. The S 2p and Al 2p and S 2p
spectra further reveal the bonding environments of PS;* units in LGPS and AlOg
octahedra in LAGP, respectively. The crystal structures of LGPS and LAGP SSEs
are schematically illustrated in Figure and Figure , respectively[92] 111].

After completing the XPS measurement on the pristine surface, the electron
beam was applied to drive lithium plating on the surface, leading to the formation
of the SEI. The pellet was exposed to the electron beam for 5-minute intervals
before each subsequent XPS measurement, during which the neutraliser was turned
off. As shown in Figure [3.3] new peaks corresponding to SEI components became
visible after 5 minutes of lithium plating.

In the Li 1s region, a secondary peak at the lower BE side, labelled as “Li-SEI”
was observed. The Ge 3d spectra revealed the formation of a secondary Ge environ-
ment with a reduced oxidation state—corresponding to the electronically conductive

Ge metal phase—appearing in both LGPS and LAGP SSEs at approximately 28
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Figure 3.3: VEP-XPS investigations of LGPS and LAGP. The plots show a time series
of XPS core spectra acquired during VEP-XPS experiments examining the SEI formation
on top of (a) LGPS and (b) LAGP. The total Li plating time (electron beam exposure
time) is given in the first column, whilst the passed charge q4 (#Ah cm~2), normalised
by area, is labelled in the last column. Acquired spectra (grey) are shown along with
linear combination fitting results. The individual spectral components are coloured; a key
is provided below each group of spectra. For LGPS SE, two Li 1s SEI peaks are labelled
in two colours with the subscripts donating the main non-Li contributing element, as
their close BE values make it difficult to deconvolute the peaks accurately. The peak
intensities were normalised for each acquired core spectrum to improve the visibility of
minor spectral contributions; the raw peak intensity variations are provided in the [A7T]
The applied beam current was 20 A for both samples. Reprinted from Liang et al. .

eV, highlighted in blue. This reduction of Ge suggests that the SEI formed on both
SSEs contains electronically conductive species, which can influence the interfacial

stability and lithium transport properties.
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The differences in SEI composition formed on top of LGPS and LAGP SSEs are
primarily observed in the S 2p (LGPS), Al 2p (LAGP), and P 2p spectral regions.
Correlated with the reduction of Ge in the LGPS structure, the Ge-S framework
in LGPS SSE underwent significant degradation, evidenced by the substantial
formation of LiyS. Furthermore, P-S bonds were disrupted during the reactions,
leading to the formation of reduced phosphide species, including Li,P (x<3) and
LizP. These findings align with previous reports on SEI formation in LGPS[163] [183].

For LAGP SSE, the formation of a new Al-containing component at the
interphase is evidenced by the BE shift of the Al 2p peak from 74.5 eV to 72.3 eV.
This decrease in BE indicates a change in the Al bonding environment, transitioning
from the original AlOg octahedra, where the Al atom is coordinated to six oxygen
atoms, to a new bonding configuration. Zhu et al. evaluated the electrochemical
stability of LAGP SSE against lithium metal using density functional theory
(DFT) calculations, which predicted the formation of a Li-Al alloy under phase
equilibrium with lithium metal[136]. Additionally, Chung et al. reported the
formation of an AIPO, phase when LAGP SSE reacted with molten lithium at
high temperatures[227]. To further investigate the chemical state of Al atoms in
this new environment, XPS measurements were performed on a piece of aluminium
foil. The results, presented in Figure [3.4] show that the Al 2p peak for metallic Al
appears at 71.6 eV, approximately 0.7 eV lower than the BE of the Al-SEI peak.
Additionally, Al in Al;O3, which adopts an AlOg octahedral structure, exhibits a
BE of approximately 74.5 eV. This value closely matches the BE of Al in LAGP
SSE, as both share an AlOg bonding environment.

This suggests that the Al atoms in the Al-SEI phase are likely bonded to fewer
oxygen atoms, potentially forming LiAlO,y, where the Al atom is bonded to four O
atoms in an AlO, tetrahedral structure. This structure is recognized for its promising
stability against lithium metal[136} 228, |229]. Further investigations are required to
confirm the identity of this Al-containing decomposition product. High-resolution
TEM with careful sample preparation, Raman spectroscopy and solid-state nuclear

magnetic resonance (NMR) can provide complementary structural and composition
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Figure 3.4: XPS measurement of aluminium foil, Ar-ion sputtering was performed to
remove the surface oxide layer, charge calibration based on C 1s to 284.8 eV, Reprinted

from Liang et al. [162]

information for its identification|230H232]. Meanwhile, the low peak intensity of Al
2p, as shown more clearly in the non-normalised spectra in Figure [A.T] indicates a
low atomic concentration of the AI-SEI phase in the SEI. The atomic concentration of
Al-SEI after 50 minutes of electron beam plated was calculated to be approximately
1.14 at%, with Al-SEI being the only detectable component in the Al 2p spectrum.

The peak in the P 2p spectra of LAGP remains relatively stable at around
133.2 eV up to this point and continues to be detectable during further lithium
plating, suggesting that the P atoms preserve their PO, tetrahedral coordination
environrnent . The strong bonding strength of P-O bonds supports the
retention of the PO, tetrahedral structure throughout the lithium plating process.
Although continued lithium plating would typically reduce the phosphorus species
to LigP, such reduction is notably absent in the case of LAGP SSE. This
observation suggests that PO,*-containing phases constitute a significant portion
of the SEI structure in LAGP, contrasting with the SEI formed in LGPS, where
LiyS is the predominant component. SEI growth continues on both electrolyte
materials as more lithium is plated.

Derived from the collected XPS data, the decomposition reactions occurring

at the interface between the SSE and lithium metal at the very beginning are
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summarised in Equations and [3.2136], [163].
Li1.5Al0A5G€1.5(PO4)3 +6Li — O5L1Al02 + L’i4PQO7 + L23P04 +1.5Ge (31)

3.3.2 Stability of the formed SEI

With continuous in situ lithium plating, the surface chemistry within the XPS
probing depth is progressively replaced by SEl-associated phases. After 30 minutes
of lithium plating, the probed volume consists predominantly of SEI components.
Notably, the Li 1s-Li% peak, corresponding to metallic lithium, was observed only
for LAGP SSE, indicating that the SEI layer formed on LAGP is more passivating
than that on LGPS SSE.

As lithium plating continues up to 70 minutes, differences in the stabilities of
the SEIs formed on LGPS and LAGP become more pronounced. These differences
are most evident in the Li 1s and Ge 3d spectral regions in two key aspects.
Firstly, while the SEI of LAGP consistently retains a significant fraction of the
electronically conductive Ge? phase throughout the plating process, the fraction of
this phase in the LGPS SEI decreases over time. This trend aligns with a previous
report|183], suggesting that the SEI formed on LGPS undergoes continuous chemical
evolution. Additionally, as shown in the Li 1s spectra in Figure [3.3h, the fraction of
oxide species progressively increases, which will be discussed in detail later.
Secondly, in both cases, the Li-SEI peak shifts toward the lower BE side as lithium
plating time increases. The emergence of the Li® peak on the LAGP SSE surface
indicates that the reaction rate between the plated lithium and the underlying
SEI layer is slower than the duration of the XPS measurement cycle, which is
approximately 30 minutes. In contrast, the absence of a Li® peak in the LGPS
system suggests that the plated lithium continues to react rapidly with the underlying
SSE, at a rate exceeding the measurement time. This observation implies that
the SEI formed on LAGP is more passivating, effectively limiting further reaction

with lithium metal and stabilising the interphase.
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Previous ex situ studies and electrochemical tests have identified the presence
of a mixed conductive interphase between LAGP and lithium metal|227]. However,
the VEP-XPS experiments conducted in this work were performed in an “anode-
free” configuration under zero stack pressure, allowing for the characterisation
of the intrinsic reactions occurring between the SSE and lithium metal without
external mechanical influences. This setup effectively isolates other contributing
factors, particularly applied pressure, which is known to affect interfacial reactions
in conventional battery configurations[140]. By eliminating these variables, this
study provides a more fundamental understanding of interphase formation and
stability at the LAGP-lithium metal interface.

The Janek group suggested that the SEI growth relies on the availability of
both electrons and ions in the SEI and is therefore limited by the slowest of either

ionic or electronic transport as shown in Equation (176, 234].

2 AjSEI X O¢l X Ojon
d= X X 19, x V't 3.3
\/F2 X PSEI X X Ocl + Oion BLi \/— ( )

Here, d represents SEI thickness, F is the Faraday constant (96485 C mol™!), psgr is
the mean density of SEI. The parameter x denotes the number of moles of lithium
metal required for the stoichiometric decomposition reaction (the stoichiometric
number of lithium metal), while Mgg; is the mean molar mass of the SEI. The
mean electronic and ionic conductivities of the SEI are represented by o, and
Tion, Tespectively. u9, is the chemical potential of lithium metal (8.35 kJ mol™),
and ¢ is the reaction time. From Equation it can be inferred that the growth
of the SEI is linked to its composition and physical properties; these determine
the rate and extent of SEI formation.

Although the SEIs formed on both LGPS and LAGP contain electronically con-
ductive phases, their stability varies significantly. This difference can be attributed
to variations in the fraction of conductive phases within the naturally formed
SEI. According to percolation theory, the formation of a continuous conduction
pathway requires the conductive phase to occupy at least 15 vol% of the structure,

as schematically illustrated in Figure [3.5[235]. If the volume fraction of the
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conductive phase surpasses this threshold, percolating network of both electronic
and ionic pathways forms, enabling continuous electron and ion transport and
thereby promoting sustained SEI growth. Conversely, a lower fraction of conductive

phases limits percolation, leading to a more passivating SEI.
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Figure 3.5: Percolation on a two-dimensional honeycomb lattice. Coloured circles
indicate filled sites, open circles indicate empty sites and linked clusters are shown
connected by heavy lines, Reproduced with permission from , Copyright 1970 AIP
Publishing

From the above information, the volume fraction of the conductive phases within
the SEI layer can be calculated as illustrated below (density information obtained

from Materials Project is included in Table [A.1)):

o (Calculation of volume ratio of conductive Ge phase in the LAGP SEI:
volume of LiAlOy = 0.5mol x 65.92 g/mol = 2.64 g/cm?® = 12.48 em?
volume of LiyPyO7 = 1mol x 201.71 g/mol + 2.38 g/cm? = 84.75 em?
volume of LizPO, = 1mol x 115.7944 g/mol + 2.54 g/cm?® = 45.59 cm?
volume of Ge= 1.5mol x 72.64 g/mol + 5.28 g/cm?® = 21.46 cm?

volume ratio of Ge = 10.8 %

o (alculation of volume ratio of Ge and LizP phases in the LGPS SEI:
volume of LiyS = 12mol x 45.95 g/mol =+ 1.67 g/cm? = 330.18 cm?
volume of LizP = 2mol x 51.79 g/mol + 1.48 g/cm?® = 69.99 cm?
volume of Ge= 1mol x 72.64 g/mol + 5.28 g/cm? = 13.76 cm?
volume ratio of Ge and LisP = 20.2 %
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For the SEI initially formed on LGPS SSE, the conductive phases—LizP and
Ge—constitute more than 20 vol% of the interphase. This high fraction facilitates
the formation of a continuous electronic and ionic conduction pathway, ensuring
that the SEI electrochemical potential remains equal to that of the sample surface
when the electron beam is applied. Consequently, the LGPS SSE continues to
degrade, leading to progressive SEI thickening toward the lithium source beneath.
In contrast, the SEI formed on LAGP SSE contains a lower fraction of conductive
phases, estimated to be less than 11 vol%. This insufficient fraction prevents
the formation of a continuous electronic percolation network, effectively limiting
electron transport and restraining further reaction kinetics. As a result, the SEI
on LAGP acts as a more passivating layer, offering improved interfacial stability

against lithium metal compared to LGPS.

LAGP -

Plated Li

-Ge metal WLi,PO, @ AlSEI | )sE

Figure 3.6: Schematic of the multi-component SEI layer formed on top of LGPS and
LAGP SEs. Reprinted from Liang et al. [162]

This concept is schematically illustrated in Figure [3.6] Further investigations
into the nanostructure and precise composition of the SEI are necessary to determine

whether its growth is primarily limited by electron transport or lithium-ion diffusion.
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3.3.3 Explanation of diminishing Ge and P signal for LGPS
surface during VEP experiment
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Figure 3.7: XPS spectra (O 1s region) for VEP-XPS experiment of LGPS (a) and
LAGP (b) SSEs without lithium source underneath the pellet, the E-beam exposure time
is labelled in both panels. The peak intensity is non-normalised. Note: charge calibrated
based on C 1s to 284.8 e¢V. Reprinted from Liang et al.

Notably, the LGPS system inherently lacks oxygen in its structure. However,
an accumulation of oxide species is evident in the Li 1s spectra (Figure [3.3p),
and the corresponding O 1s spectra (Figure [3.7h) confirm the formation of Li,O
on the surface. The fraction of Li;O relative to the Li 1s signal continues to
increase as the P 2p and Ge 3d signals become attenuated, leaving LiyS as the
dominant component in the surface region. This suggests that LiS may undergo
reaction with residual contaminants in the chamber environment, leading to its
conversion into Li;O over time.

To evaluate the stability of Li,S during XPS measurements, a cold-pressed LisS
pellet was prepared and loaded into the XPS chamber. The pristine LisS powder
(99.98% trace metal basis) was purchased from Sigma-Aldrich and subsequently
pelletized under 500 MPa. Figure [3.8b displays the deconvoluted S 2p core-level
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spectrum, which reveals the presence of polysulfides and oxidation products in
the as-received powder. To further assess its stability, the pelletized LiyS sample
underwent continuous XPS measurements inside the chamber with the electron
neutraliser activated, allowing real-time tracking of spectral changes over time.
A progressive formation of Li;O on the surface is evidenced by the increasing
intensity of the LioO peak, as shown in Figure [3.8h. Figure 3.8 illustrates a steady
rise in the atomic concentration of oxygen within the probing area (top surface)
over time, while the lithium concentration remains relatively stable. Additionally,
Figure presents the ratio of Li,O to the total LisS and Li;O content, further
confirming the continuous oxidation of LisS. These observations indicate that LisS
progressively reacts with residual contaminants inside the XPS chamber, leading
to the continuous formation of Li;O throughout the measurement process. This
explains the persistent formation of Li;O on the surface of LGPS SSE during the
in situ XPS experiment, as its SEI contains a substantial fraction of LiyS. Over
time, LisS undergoes oxidation due to exposure to trace contaminants in the XPS
chamber, gradually converting into Li,O. By extension, this also accounts for the
formation of Li;O on the surface of other sulphide-based SSEs that inherently lack
oxygen in their composition. During in situ XPS experiments, Li;O formation is
often observed before the detection of a Li® peak, as reported for the argyrodite
LigPS5Cl[174]. This suggests that the reaction between LisS and trace environmental
contaminants is a common phenomenon in in situ XPS studies of sulphide SSEs.
Thus, when analysing SEI formation and stability, it is essential to consider these
oxidation effects to accurately interpret the results. A higher vacuum level (lower
pressure) is preferred to provide a cleaner environment during XPS measurements,

and samples should be prepared with particular care inside gloveboxes.

3.3.4 SEI evolution kinetics

As mentioned earlier, previous studies have reported an unstable SEI at the
LAGP-lithium interface when the cell was cycled in a confined setup, where

strain build-up and mechanical degradation could facilitate SSE decomposition[217,
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Figure 3.8: XPS measurement of LisS sample inside the XPS chamber over time: (a)
O 1s and S 2p core-level spectra. In the sequence of XPS spectra presented here, the
progression from top to bottom reflects the information of the pristine surface, followed by
the surface after gentle Ar-ion sputter cleaning, and subsequently, the changes observed
on the sample surface over time. Each sequence of XPS measurement was conducted
over a duration of 45 minutes (labelled in the first column); (b) Enlarged XPS S 2p
spectrum of the pristine surface showing detailed fitting results; (c) The evolution of Li,
S and O atomic concentration over time; (d) Evolution of the ratio of LisS/ (Li2S+Li20),
Reprinted from Liang et al.

236]. In contrast, the experimental setup used in this work eliminates pressure
effects, allowing the SEI’s chemical properties to be examined in isolation. By
decoupling mechanical factors from chemical reactivity, this approach provides a

clearer understanding of degradation mechanisms. Therefore, further investigations
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into SEI stability in this system are necessary to assess its intrinsic stability
and long-term performance.

By continuously monitoring the LAGP SSE surface after lithium metal is plated,
SEI kinetics information can, in principle, be extracted from the attenuation rate of
the Li 1s-Li® peak and the increasing intensity of other peaks corresponding to SEI
components (practical limitations are discussed below). In the case of LAGP SSE,
the Ge, P, and O spectra serve as key indicators for this quantification process. This
approach enables the assessment of SEI stability and growth dynamics, offering
insights into the evolution of interfacial reactions over time.

As shown in Figure the Li 1s-Li° peak gradually diminishes over the resting
period, indicating the consumption or transformation of plated lithium. Meanwhile,
Ge remains in its metallic state, as evidenced by both Ge 3d and Ge 3p spectra.
The BE of the P 2p-PO, peak remains stable, suggesting that the PO, structure is
resistant to reduction by lithium metal. Both Ge and P signals show a slight decrease
in peak intensity over time. Notably, the ratio of O 1s-PO, to O 1s-Li;O appears to
increase over time, which may be attributed to ongoing reactions between the plated
lithium metal and the underlying SEI layers. This suggests a gradual evolution of the
interphase, where lithium continues to participate in secondary reactions, potentially
leading to further structural and compositional modifications within the SEI.

The oxidation of metallic lithium in the XPS chamber must be considered in
this case, as there are two possible pathways for the plated lithium metal on the
surface:

(1) Reaction with the underlying SEI layer: The plated lithium metal may continue
to react with the SEI components beneath it, leading to the formation of additional
decomposition products. This reaction pathway would result in a gradual decrease
in the Li® peak intensity while simultaneously increasing the intensity of peaks
corresponding to SEI-related species.

(2) Oxidation by residual contaminants in the XPS chamber: The metallic lithium
at the top surface may undergo oxidation due to trace contaminants in the XPS

chamber, primarily residual Oy or HyO, even under UHV conditions[237]. This
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would lead to the formation of Li;O or LiOH on the lithium surface, which can be

misinterpreted as part of the SEI evolution rather than an environmental effect.

a) Chamber pressure: ~107 Pa b)
e Li 1s L8 O.1s 70 Sputtering Rest
ristine < _ - Lol
0.5hr sputtering .2 " e \
1.5h sputtering gl ————{ 60 " q
2.5hr sputtering T ok — A S‘ \
= |azmine 4 o & ~50d '/ L
z a2minz o e | - y X 50 N ‘l
2 |azmin3 N il s -~
£ lizmins T N E ;§ <404/ \
2 lazmin's I Py N 5 ] \
% 42min*6 . — ~ 30+ $ Q
£ |a2min*s o £ o
42min*10 N O -1 ! \
a2min12 A0\ e Ny 20 I' \O
42minc1a AN\ N L l N
42min*16 AN e \ N 9
famile x T/rkx | T AI‘/IL T " b Pog
60 58 56 54 52 50 291 288 285 282 279 534 531 528 525 0- *-9- - -90-9--9
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) 100 0 100 200 300 400 500 600 700 800

Li;co; o Lo [N

[0l co cc uc

[c=0 Lionico L0

Time (min)

Figure 3.10: XPS measurement of lithium metal sample inside the XPS chamber over
time: (a) Li 1s, C 1s and O 1s core-level spectra. In the sequence of XPS spectra
presented here, the progression from top to bottom reflects the information of the pristine
surface, followed by the surface after Ar-ion sputter cleaning, and subsequently, the
changes observed on the sample surface over time. Each sequence of XPS measurement
was conducted over a duration of 42 minutes (labelled in the first column);(b) Evolution
of the compositional fraction of Li’/ Li 1s, Reprinted from Liang et al. ||

Distinguishing between these two pathways is crucial for accurately interpreting

SEI evolution kinetics. The oxidation rate study conducted on metallic lithium
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in the XPS chamber (Figure serves as a reference for determining whether
the observed lithium consumption results from reactions with the underlying layer
or oxidation due to exposure to residual gases in the chamber.

The oxidation rate of metallic lithium inside the XPS chamber was investigated
through continuous XPS measurements on a piece of sputter-cleaned lithium foil.
Before being loaded into the XPS chamber, the lithium foil was mechanically
brushed and scraped to remove surface contamination. As depicted in Figure
[3.10k, the top surface of the pristine lithium foil, despite appearing shiny, primarily
consists of oxide species or contaminants. This suggests that even after surface
preparation, a thin oxide or hydroxide layer persists on the lithium surface, likely due
to unavoidable exposure to trace contaminants during sample handling and transfer.

Following this, Ar-ion sputtering was performed to remove the passivation layer
and expose the fresh metallic lithium surface. The formation of lithium carbide was
observed post-sputtering, likely due to the reaction between lithium and lithium
carbonate or other surface contaminants during the sputtering process[187].

Subsequently, continuous XPS measurements were conducted on the sputter-
cleaned lithium surface without further treatment to assess its oxidation rate inside
the XPS chamber. As shown in Figure [3.10h, the freshly exposed lithium surface
underwent continuous oxidation, evidenced by the increasing peak intensity of
Li,O. Figure tracks the compositional evolution of metallic lithium (Li%)
in the Li 1s spectra, illustrating a gradual decline in the Li® fraction. After
approximately 400 minutes of measurement, a relatively thick oxide layer had
formed, with the Li° fraction approaching zero. This progression highlights the
dynamic chemical changes occurring in metallic lithium under XPS experimental
conditions in a UHV environment.

During this experiment, the O 1s peak corresponding to LiOH (with a BE of
approximately 530.7 V) is less than 0.4 eV away from the O 1s-PO, peak. This
close proximity introduces potential errors in the quantification process, thereby
reducing the accuracy of reaction kinetics estimations. Given that these two peaks

correspond to different possible reaction pathways, their spectral overlap makes it
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difficult to reliably distinguish their individual contributions. Consequently, precise
quantification of the reaction kinetics could not be performed due to uncertainties
arising from this spectral interference.

This work introduces a novel approach for quantifying the stability of the
formed SEI and its evolution kinetics using the in situ XPS technique. However,
the accuracy of the information extracted from the LAGP surface is constrained
by lithium oxidation and peak overlapping. Ideally, this technique requires a
significantly higher vacuum level in the chamber, specifically below 107 Pa, to
minimise oxidation-related artifacts. Some XPS systems are capable of achieving
such high vacuum levels, and baking out the chamber helps remove residual gas
molecules, thereby further improving vacuum conditions|238-242]. For other SSEs,
such as LigPS;Cl, where core-level spectra do not overlap with oxide species,
continuous XPS monitoring provides a more reliable means of studying SEI evolution.
In such systems, SEI compositional changes can be tracked with higher precision,
enabling a clearer understanding of interfacial stability and reaction mechanisms

over time. These aspects will be further explored in Chapter [

3.3.5 In situ sputtering investigation of the SEI

In this work, SEI investigation was also conducted using in situ Ar* ion sputtering,
in which lithium was sputtered from a lithium target and subsequently deposited
onto the SSE surface. The SEI then formed as a result of the reaction between
the deposited lithium and the SSE. By continuously monitoring the XPS spectra
after each lithium deposition step, insights into the composition, structure, and
stability of the SEI can be obtained, providing valuable information on interfacial
reactions in solid-state battery systems. A detailed explanation of this technique
is provided in Section [2.1.2.1]

As shown in Figure the formation of LiyS, LisP, and Ge’ was consistently
observed, confirming the interfacial reactions between LGPS SSE and lithium.
The absence of a metallic lithium peak further indicates that the SEI at the

LGPS-lithium interface remains unstable, continuously growing due to its mixed
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Figure 3.11: XPS core spectra evolution of in situ sputtering experiments of LGPS
SSE (a). The total lithium sputtering time is given in the first column. Acquired spectra
(grey) are shown along with linear combination fitting results. The individual spectral
components are coloured; a key is provided below each group of spectra. The peak
intensities were normalised for each acquired core spectrum to improve the visibility of
minor spectral contributions; The applied voltage for the sputtering was 4 kV; (b) The
atomic concentration variation with sputtering time. Reprinted from Liang et al.

conductive nature. The decomposition of LGPS SSE during the in situ sputtering
experiment follows a similar trend to that observed in the VEP-XPS experiment.
These consistent findings reinforce the validity of using both techniques for studying
SEI formation and evolution, as the fundamental decomposition reactions and their

resulting interphases remain comparable. This further suggests that the instability
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of the SEI in LGPS is an inherent material property rather than a consequence
of specific experimental conditions. The agreement between the VEP-XPS and
in situ sputtering experiments highlights that regardless of the lithium deposition
method, the formation of a mixed conductive interphase in LGPS persists, leading
to continuous SEI growth.

a) LAGP
Li1s Ge 3d/0 2s P 2p/Ge 3p/Al 2s Al 2p O1s

O min

10min /

o

20 T‘L_ —&_A_ d ki,
35 min i \ ) “\4; —ék&._‘_%_

[T T 1 [T 1T T 11 T T T T T 1 I
60 58 56 54 52 50 36 32 28 24 20 16 135130125120115 78 76 74 72 70 537534531528 525

Binding Energy (eV)  Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

LAGP LisEl L®  Ge" Ge* Ge* O2s | PO, POH_ AIO, AI-SEI O.rtae Otace | L2

Ge* Ge™ Ge°

Intensity (a.u.)
awn} Bunayindg

-«

b

—_ ® L0
9\325' PO4
& PO4.x
AIl-SEI
c
2 27 w10
':5 @ Ge;ed
- - e D
..515— .” -l ;;;f Ge
S R
v
c
0 10
v
v , -
£ 5 e e
o I
+-= p e
< - "
Opec--@ ---@---c2=c==fs=---5533 - - oo oo oo oo oSS sassEs 4
T T T T T T T
0 10 20 30 40 50 60 70

Sputtering time (min)

Figure 3.12: XPS core spectra evolution of in situ sputtering experiments of LAGP
SSE (a). The total lithium sputtering time is given in the first column. Acquired spectra
(grey) are shown along with linear combination fitting results. The individual spectral
components are coloured; a key is provided below each group of spectra. The peak
intensities were normalised for each acquired core spectrum to improve the visibility of
minor spectral contributions; The applied voltage for the sputtering was 4 kV; (b) The
atomic concentration variation with sputtering time. Charge calibration is carried out
based on the P 2p peak for PO4. Reprinted from Liang et al.
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For LAGP SSE, in comparison to the results presented in Figure [3.3b, an
additional Ge 3d component corresponding to reduced valence state, denoted as
Ge™d, is observed prior to the appearance of metallic Ge peak. This indicates a
stepwise reduction process rather than a direct transition as previously observed
in Figurd3.3[164] 216| 243 244]. Such behaviour may be attributed to kinetic
limitations in the lithiation process or the transient formation of intermediate
species, both of which could impede the immediate and complete reduction of Ge.

Notably, after approximately 35 minutes of lithium sputtering, the Li® peak
emerges, further illustrating the formation of a more passivating SEI compared to
LGPS SSE. This suggests that, while interfacial reactions occur between LAGP
and lithium metal, the SEI formed on LAGP is more resistant to continuous
lithium diffusion and reaction, thereby limiting further SSE decomposition. These
observations align with previous findings that the SEI on LAGP contains a lower
fraction of electronically conductive phases, preventing the formation of a continuous
mixed conductive pathway that would otherwise facilitate SEI thickening.

Additionally, when comparing the O 1s spectra shown in Figure [3.7p and Figure
the ratio of LioO/O 1s (if normalised by the the amount of deposited lithium)
appears to be substantially higher in the sputtering experiment. This suggests that
more LiO is formed during sputtering, likely due to oxidation processes occurring
as lithium atoms travel from the target to the pellet surface. The differences
in oxygen incorporation between the sputtering and VEP-XPS experiments may
be attributed to variations in lithium deposition methods, exposure to residual
gases in the chamber, or reaction pathways influenced by the different kinetic
conditions of each technique.

The decomposition of LGPS SSE during the in situ sputtering experiment follows
a similar trend to that observed in the VEP-XPS experiment. Overall, the results
from both techniques are in good agreement regarding the identified decomposition
products and their relative stability. However, some notable differences are observed
between the two methods, which are likely due to the combined influence of several

contributing factors rather than any single variable. These factors include:
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e Lithium deposition method: In the VEP-XPS experiment, lithium is elec-
trochemically plated from a lithium source beneath the SSE pellet, driven
by the negative potential provided by the low-energy electron beam. This
process mimics a realistic battery operation, where lithium ions migrate
through the electrolyte and deposit on the surface. In contrast, during the
in situ sputtering experiment, lithium atoms are physically deposited onto
the SSE surface. This process may introduce different nucleation and growth
mechanisms, as lithium arrives in atomic form rather than as Lit ions. The
kinetic energy of the sputtered lithium atoms, along with possible surface
reactions before reaching the substrate, could result in distinct SEI structures

compared to electrochemical plating[50, [175].

o Lithium deposition rate: In this work, the lithium deposition rate for VEP-
XPS is calculated as 3.24 nm min™ (for an 8 mm LGPS pellet under a 20 pA
beam current). In contrast, the deposition rate during the in situ sputtering
experiment is estimated to be approximately 0.2 nm min'. This significant
difference means that within the same time frame, substantially more lithium
is deposited during VEP-XPS experiments compared to sputtering. The higher
deposition rate in VEP-XPS—more representative of actual battery operation
conditions—could lead to faster SEI formation and different interphase
properties, potentially influencing the observed stability, thickness, and

composition of the SEI.

« Oxidation effects: The oxidation of lithium metal by the residual contaminants
in the chamber may differ between the two methods. In the sputtering process,
lithium atoms may interact with background gases before reaching the SSE
substrate and absorbed oxidative species on the sample surface, whereas
VEP-XPS allows lithium to plate directly from the bulk, minimising oxidation.
These would affect the reactivity of the deposited “lithium” against SSEs.

Overall, these factors may contribute to the observed differences between VEP-

XPS and in situ lithium sputtering results. Further investigations are required
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to elucidate the underlying mechanisms. By adjusting the current density during
VEP experiments and the Ar-ion sputtering rate, SEI formation can potentially
be studied under comparable lithium deposition rates, thereby providing insights
into SEI formation when lithium is deposited by different methods. Despite these
variations, the fundamental decomposition products and SEI formation trends
remain comparable, reinforcing the reliability of both techniques for investigating

interfacial stability in solid-state battery systems.

3.4 Summary

Virtual electrode plating and in situ lithium sputtering XPS experiments on LGPS
and LAGP SSEs yielded consistent results regarding SEI composition and growth.
LAGP exhibited slower reaction kinetics, as indicated by the emergence of a Li®
peak, whereas LGPS consumes the deposited lithium at a faster rate to form an
interphase, preventing metallic lithium plating under the same applied current.

The absence of applied pressure in VEP-XPS experiments allows these ob-
servations to be attributed to SEI composition, distribution, and the physical
properties of secondary decomposition products. Notably, the presence of mixed
ion-electron conductive LizP in LGPS—but not in LAGP—plays a crucial role in SEI
stability. The interfacial reactions in LGPS result in an interphase with a continuous
conductive pathway, facilitating ongoing interphase thickening. In contrast, SEI
growth on LAGP SSE is relatively limited, forming a more passivating interphase.

Furthermore, in situ XPS enables the investigation of SEI formation kinetics
by continuously monitoring surface evolution after the emergence of Li’. However,
to accurately quantify reaction kinetics, an ultra-high vacuum level (significantly
lower than 1077 Pa) is necessary to minimise unwanted reactions between lithium
metal and residual gases inside the chamber. These side reactions not only
deplete lithium metal but also introduce peak overlapping issues, complicating
spectral interpretation.

These findings underscore the dynamic chemical transformations of metallic

lithium under XPS experimental conditions. The results provide valuable insights
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into lithium oxidation kinetics, emphasising the importance of accounting for

oxidation effects when analysing XPS data in lithium-based battery studies.
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4.1 Introduction

As briefly introduced in Chapter [} sulphide argyrodite SSEs are a class of materials
with compositions close to LigPS;X (X = Cl, Br, I). These electrolytes exhibit
structures related to the mineral argyrodite (AgsGeSg) and demonstrate high ionic
conductivities in the range of 10® to 102 S ecm™[118]. LigPS;Cl is one of the
most widely studied and applied sulphide SSEs, with extensive literature detailing
its synthesis methods, structural characteristics, properties, and electrochemical
performance[127} 245]. Like most sulphide-based SSEs, LigPS5Cl has a relatively
narrow electrochemical stability window, with a theoretical reduction potential
of 1.71 V vs Li*/Li[136]. Consequently, it readily reacts with lithium metal
upon contact, leading to the formation of a SEI, which critically impacts its
long-term stability and performance.

Unlike the LGPS SSE discussed in Chapter |3, which forms conductive interphase
due to the presence of LizP and Ge phases, LigPS5Cl demonstrates better stability
against lithium metal by forming a more passivating SEI[125]. If the formed SEI is
ionically conductive, electrically insulating, and chemically stable against lithium
metal, it can effectively block further decomposition of the SSEs and prevent the
loss of lithium resources. Both computational and experimental work have been
conducted to uncover the decomposition reaction between LigPS5Cl and lithium
metal. The formed SEI is generally agreed to be composed of lithium binary
phases including Li,S, LiCl and LizP that are stable against lithium metal|129).
Recent XPS studies also reveal the existence of partially reduced Li,P (x<3)
phases in the SEI[174] |183].

Additionally, the reported thickness of the SEI formed between LigPS;Cl and
lithium metal ranges from a few nanometres to several hundred nanometres, with
variations in composition depending on operating conditions[174, 176, 198, 246].
This raises questions about the stability and growth mechanism of the formed SEI.
Recent work by the Janek group has shown that the SEI may continuously grow

through an diffusion process|[198], which could potentially explain the differences



4. FEvolution of interphase formed between LigPS5Cl and lithium metal 93

in the probed SEI thickness. Investigating the diffusion mechanism behind this
growth could help identify potential strategies to prevent it.

In Chapter [3 continuous XPS measurements were performed on the LAGP
SSE surface with metallic lithium plated using the VEP method to quantify SEI
evolution kinetics. However, the analysis was constrained by lithium metal oxidation
in the chamber and peak overlapping. This method is expected to be more effective
for sulphide SSEs, where these limitations are significantly reduced. Consequently,
it was applied to investigate SEI evolution on the LigPS;Cl SSE, revealing distinct
changes in chemical composition. When combined with electrochemical test results,
the findings indicate that the SEI formed between LigPS5Cl and lithium metal
continues to grow via lithium diffusion through lithiated phosphorus species as
long as a lithium source is available to sustain the reaction. Therefore, to achieve
a truly passivating layer at the LigPS;Cl|Li interface, an artificial layer that can

stop this diffusion process is essential.

4.2 Experimental
4.2.1 Sample preparation

The sample for XPS measurement was prepared by cold pressing 30 mg of LigPS5Cl
(Ampcera 10 pm) under 500 MPa for 5 minutes using a 5 mm stainless steel die set.
Then the pellet was placed on top of a 4.76 mm diameter lithium foil (prepared
using same method as described in section [3.2.1], which was then placed on top of a
copper foil. This stack was pressed at ~50 MPa for about a minute to ensure good
contact. The sample stack was grounded to the XPS sample stage using conductive
carbon tape. The sample stage was then transferred from the Ar glovebox to the
XPS system (PHI VersaProbe III) using a vacuum transfer vessel (MOD 07-111K,
ULVAC-PHI, Inc.) to avoid air contamination.

The sample for CTTA measurement was prepared using a polyetheretherketone
(PEEK) cylinder with the internal diameter of 10 mm. The setup is schematically
shown in Figure 4.1 The PEEK cylinder used for making the pellet was cut in

half perpendicular to the internal 10 mm hole and the two parts were held together
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Figure 4.1: Schematic of the three-electrode cell setup for the modified CTTA test
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using 3 screws. An In-InLi alloy ring with a 10 mm hole was used as reference
electrode and was placed and aligned using the stainless steel plunger. Another
screw (connected with the copper wire) was used to make electrical contact of the
In-InLi ring with the potentiostat. And the cut was positioned so that the middle
of the LizgPS5Cl pellet was touching the the In-InLi ring. Then 150 mg LigPS;Cl
(Ampcera 10 pm) was put inside the PEEK cylinder and cold pressed under 370
MPa for 5 minutes using stainless steel plungers. Lithium counter electrodes were
prepared by brushing away the surface contaminants of the lithium metal followed
by calendering to ~ 200 gm. Then 10 mm lithium disc was punched out from the
calendered lithium foil and pressed onto one side of the pressed LigPS5Cl pellet
under 80 MPa for 30 s. The PEEK cell was then placed into a sealed container
filled with argon, and a constant pressure of 13 MPa was applied using springs. The
cell was then placed inside an environmental chamber maintained at 30°C for at
least 10 hours to ensure temperature stabilisation before measurement.

A phosphorus chunk (Sigma Aldrich, 99.99% trace metals basis) measuring
approximately 5 mm x 6 mm with a flat surface was selected as the sputtering
target and affixed to the target holder using carbon tape for the in situ phosphorus

sputtering experiment.
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4.2.2 XPS measurements

The X-ray source was Al Ka (hv = 1486.8 eV), with the vacuum level maintained
below 107¢ Pa throughout the experiment. The pass energy was set to 224 eV
the survey scans and 55 eV for high-resolution scans.

For the VEP experiment mimicking the conditions of the CTTA test, the pellet
was exposed to a ~5 mm electron beam, generated by the electron neutraliser, for
1 hour within the XPS system to induce lithium-ion migration through the pellet
following the acquisition of XPS data from the pristine surface. The applied electron
beam current was set to 2.5 pA, corresponding to a current density of 12.74 pA
cm 2. High-resolution XPS scans were continuously performed following the VEP
step, with each scan sequence following the order: P 2p, Li 1s, S 2p, O 1s, Cl 2p,
and C 1s. Each complete measurement cycle took approximately 53 minutes.

For the phosphorus sputtering experiment, the ion gun accelerating voltage was
set to 4 kV, with the phosphorus target positioned directly opposite the ion gun
during the sputtering step. Following sputtering, the sample surface was exposed to
a 30 pA electron beam. By alternating between VEP and XPS measurements, the
evolution of the surface chemistry was continuously monitored. Once fully reduced
LisP and lithium metal were detected in the XPS spectra, the VEP steps were
halted. Subsequent XPS measurements were conducted continuously at intervals
of approximately 27 minutes to track further surface evolution.

All collected data were processed using CasaXPS$ software[223] and calibrated
to the Cl 2p3/» peak at 198.5 eV.

4.2.3 Modified CTTA measurement

CTTA measurements were conducted using a VMP3 BioLogic potentiostat. Lithium
titration steps were performed by applying a current of -12.25 pA for 6 minutes
per step, with a total of 32 titration steps conducted, resulting in the deposition of
1.56 pA h cm™ of lithium per step. PEIS was performed over a frequency range of
400 kHz to 10 Hz, with 10 points per decade measured on a logarithmic scale and

two measurements taken per frequency. The amplitude of the applied sinusoidal
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Figure 4.2: a) Schematic of the modified CTTA test with PEIS conducted after the
cut-off voltage (50 mV) was reached, and b) is the schematic of the sample used in the
three-electrode cell for the experiment. Reproduced from [247]

voltage was 10 mV. A 0.1 s wait period was introduced before each frequency
measurement, and drift correction was applied. The collected impedance spectra

were fitted using the inbuilt Z-fit function in EC-lab software.

4.3 Results and discussion

4.3.1 Diffusion-limited SEI growth and coulometric titra-
tion time analysis (CTTA)

As previously discussed in Section [1.5.3] interfaces between SSE and anode can
be classified into three categories—stable interface, SEI and MCI—based on their
conductivity properties. Wenzel et al. applied the Wagner model to estimate the
diffusion-limited growth of the interphase layer, offering a theoretical framework
for understanding SEI formation kinetics[147] 165, 248]:

0
Oel OLi+ K
F2(oq + opi+) dser

JLi = (4.1)

Where ji; represents the lithium flux across the SEI layer, o, and or,;+ denote the
mean electronic and ionic conductivities of the SEI, 1%, is the chemical potential
of lithium, and dggy is the SEI thickness. This equation indicates that the lithium

flux across the layer is governed by the transport of the minority charge carriers,
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which limits the overall rate of SEI growth. As a result, the SEI growth follows a
diffusion-limited mechanism, where the growth rate progressively decreases as
the SEI becomes thicker.

The growth of the SEI thickness over time could be determined by the amount
of charge passing through the layer, which can be described by Equation 4.2}

d(dsgr) _ Jri X Msgr
dt T X PSEI

(4.2)

Where Mgg represents the mean molar mass of the SEI, psg; is the SEI density,
and x corresponds to the amount of lithium consumed in the reaction. According
to Equation [.2] the SEI growth rate is related to the resulting SEI thickness.

By substituting Equation [4.2] into Equation the temporal evolution of SEI
thickness (d) can be described using the following Equationf4.3| [176]:

1

2M, e on 9 2

d:( R Wﬂ) (t)2 =k t2 (4.3)
F PSEI L (Uel + Uion)

Where Mgg; represents the mean molar mass of the SEI, pggr is the SEI density,
0q and or;+ denote the mean electronic and ionic conductivities of the SEI, z
corresponds to the amount of lithium consumed in the reaction, F is the Faraday
constant, u¢, is the chemical potential of lithium, k represent the parabolic rate
constant and ¢ denotes the SEI grow time.

The resistance of a cylindrical sample can be calculated using Equation [4.4

R = pjl (4.4)

Where p is the sample resistivity, [ is the sample length and A is the cross-
sectional area.

By combing Equations and [£.4] the time-dependent growth of SEI resistance

can be expressed as|176]:

1

1 2Mspr el Oion 1Y, )2 1 ;1
R — v t 2 = k’ t2 45
A ospr <F2 pser T (Te + Tion) (¥ (4:5)

Where ogg; represents the overall conductivity of the SEI, and &’ is the modified

parabolic rate constant.
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Consequently, the SEI growth could be estimated when its compositional
information is known, provided that a few necessary assumptions are met: (1)
transport occurs in a one-dimensional manner; (2) the transport process is driven
by chemical potential gradients; (3) the boundaries are maintained at constant
chemical potentials; (4) the solids involved are homogenous; (5) the interfacial

contacts are ideal; and (6) there are no phase transfer barriers[234} 249).
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Figure 4.3: Illustration of the coulometric titration time analysis (CTTA) method:
(a) Schematic representation of the CTTA setup, detailing the lithium deposition and
subsequent open-circuit voltage (OCV) monitoring process. (b) CTTA results obtained
from a stainless steel current collector|LigPS5Cl|Li cell, operated at a current of 10
pA (15.6 A em=2) for 0.1 hours per titration step. The increasing OCV period with
successive titration steps indicates progressive SEI passivation. (¢) The cumulative charge
consumed in side reactions as a function of experimental time, illustrating the continuous
SEI growth and its influence on interfacial stability; d) The cumulative charge consumed

in side reactions as a function of square root of time. Reproduced with permission from
[198], Copyright 2013 Springer Nature

As reported by Aktekin et al., the CTTA technique provides a quantitative

method for evaluating side reactions between various SSEs and lithium metal[198].
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The experimental setup and results are presented in Figure[4.3] During each titration
step, 1.56 uA h em ™2 of lithium was deposited onto the current collector at a constant
current of 10 pA (15.6 pA em™2) for 0.1 hours. The progressively increasing OCV
duration observed in successive titration steps suggests that the SEI is becoming
increasingly passivating. Furthermore, as shown in Figure [£.3k, the cumulative
charge consumed in side reactions continues to rise, offering a quantitative measure
of SEI growth over time. This trend indicates that, while interfacial reactions
between lithium and the LigPS;Cl SSE are gradually suppressed, the continuous
accumulation of SEI components persists. In this case, the SEI growth exhibits a
linear relationship with the square root of time, consistent with Equation under
the assumption that the formed SEI is uniform in both morphology and composition.
However, the long-term stability of the SEI at the LigPS5Cl|Li interface requires

further investigation, which will be discussed in the following section.

4.3.2 The stability of SEI between LigPS5;Cl SSE and lithium
metal

According to Aktekin et al., the growth of the SEI exhibits a linear relationship
with the square root of time[198]. However, several factors must be considered
when discussing the SEI growth between LigPS5Cl and lithium metal. For LigPS5Cl
SSE, it is widely accepted that its reaction pathway with lithium metal follows
Equation [£.6[147, 174} [176| [203, [234]:

LigPS5Cl + 8Li° — 5LiyS + LiCl + LisP (4.6)

The lithium binary compounds formed at the interface are thermodynamically stable
in contact with lithium metal, and their presence could, in principle, prevent further
decomposition of the LigPS;Cl SSE once a continuous SEI layer is formed|136].
Several studies have proposed that a kinetically stable SEI forms between LigPS5Cl
and lithium metal[147, 174, 203]. However, recent investigations suggest that the
LizP phase exhibits high electronic and ionic conductivity, as previously discussed

in Chapter [3| which could facilitate the formation of a percolation pathway for both
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electrons and lithium ions[162} 222, 234, 250, 251]. Given its potential influence
on interfacial stability, it is important to assess the role of LizP in determining

SEI stability between LigPS;Cl SSE and lithium metal.

Table 4.1: Volume fractions of different phases if phosphorus species are fully lithiated

Species | Molar Volume (cm® mol™') | Molar Ratio | Volume Fraction (%)
LisS 27.5 5 80.4
LiCl 20.5 1 12.0
LisP 36.2 1 18.6

The volume fraction of different phases within the SEI, calculated based on
Equation under the assumption that the SEI is uniform, pore-free, and that all
phosphorus species are fully reduced to LisP, is presented in Table [f.1] In this case,
the conductive LizP phase constitutes 18.6 vol% of the SEI layer, exceeding the
15 vol% threshold required for the formation of a continuous electronic pathway
according to 3D percolation theory[235]. This suggests that the SEI would be
inherently unstable, promoting continuous growth rather than passivation. However,
sulphide-based argyrodite electrolytes with compositions close to LigPS5Cl have
demonstrated greater stability by forming a more passivating SEI compared to other
sulphide electrolytes[162, (183} 252]. This suggests that additional factors beyond
the presence of a conductive phase influence the passivation behaviour of the SEI.

According to the first-principles calculations conducted by Zhu et al. on the
stability of various SSEs, the LizgPS;Cl SSE is thermodynamically susceptible
to reduction, leading to the formation of elemental phosphorus (P) within the

SEI, shown in Equation
LigPSsCl + 5Li° — 5LiyS + LiCl + P (4.7)

The reaction pathway, assuming that P remains in its non-lithiated state, is illus-
trated in Equation[4.7] Under these conditions, the volume fraction of the P phase in
the SEI is approximately 7.6 vol%, as shown in Table[4.2] This fraction is below the
percolation threshold, meaning that it would not form a continuous electronically

conductive pathway within the SEI. Nevertheless, phosphorus exhibits significantly
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Table 4.2: Volume fractions of different phases if phosphorus is not lithiated

Species | Molar Volume (cm® mol™!) | Molar Ratio | Volume Fraction (%)
LiyS 27.5 5 70.8
LiCl 20.5 1 10.6
P 13.0 1 7.6

lower electronic conductivity[253} |254]. Consequently, the presence of non-lithiated
phosphorus could contribute to the passivating nature of the SEI, effectively limiting

further interfacial reactions and stabilising the Li|LigPS5Cl interface.
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Figure 4.4: a) Illustration of stable phases in different reductive regions. Reprinted from
[247] based on data reported in [136]; b) Electrochemical stability window of various SSEs
and selected lithium binary compounds. Reprinted with permission from [136], Copyright
2015 American Chemical Society.

However, due to its thermodynamic instability against lithium metal, the P
phase undergoes further lithiation, leading to the formation of partially reduced Li,P
phases. The stability window of different P-containing phases is shown in Figure
[4.4h[247]. These intermediate Li P species continue to evolve through successive
reduction steps until ultimately forming LizP. This progressive lithiation introduces
compositional and volumetric changes within the SEI, which can significantly
influence its structural integrity, conductivity, and overall passivation behaviour.
Consequently, understanding the kinetics and thermodynamics of these transitions
is crucial for predicting the long-term interfacial stability of LigPS;Cl|Li systems.

It is also important to note that the theoretical oxidation potential of LisP and

partially reduced Li P species is lower than the theoretical reduction potential of
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LigPS5Cl. This means that LigP and Li,P phases are thermodynamically unstable
when in contact with LigPS;Cl SSE and suggests that, in principle, the SEI will
continue to grow as long as a lithium source is available on the anode side to
sustain lithium transport through these P-containing phases. Additionally, the Li™
diffusivity in partially reduced Li,P phases has been reported to be comparable
to or even higher than that in LizP as shown in Figure [4.5]255].
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Figure 4.5: Diffusivity of LiT in red phosphorus as it undergoes lithiation calculated
from galvanostatic intermittent titration technique (GITT) measurements, Replotted
based on data reported in [255], Copyright 2020 Elsevier

Since both LiyS and LiCl are stable in contact with both LigPS5Cl and lithium
metal and exhibit low ionic and electronic conductivities, it is reasonable to infer
that the SEI growth in the LigPS;Cl|Li system is primarily governed by the reaction
between lithiated phosphorus species and LigPS5Cl, followed by lithium diffusion
through the SEI layer|256-259]. These effects are expected to deviate from the
conventional diffusion-limited SEI growth model, which predicts a linear relationship

between SEI thickness and the square root of time.

4.3.3 The evolution of LigPS5Cl-lithium metal SEI by in
situ XPS

Early in Narayanan et al.’s study, the temporal stability of reduced phosphorus
species formed on top of LigPS5Cl by VEP method was investigated. As shown
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Figure 4.6: Temporal stability of partially reduced LixP induced by VEP lithium plating.
P 2p core-level spectra on the LPSCI pellet after exposing to the electron beam of 10 yA
(~ 0.05 mA cm?) for 3 minutes and its change over time without any further treatment.
Reprinted with permission from [174], Copyright 2022 Springer Nature

in the P 2p core-level spectra in Figure [4.6] partially reduced Li P species were
detected after exposing the LigPS5Cl pellet to a 10 pA electron beam (~0.05 mA
cm?) for 3 minutes (plotted in red), while the remaining phosphorus species retained
their original PS, structure. In this case, the fully reduced LizP phase was absent, as
additional lithium is required to fully lithiate the P-containing SEI species. Notably,
after 24 hours of resting under OCV condition inside the XPS chamber, significant
changes in both peak shape and BE position were observed, indicating that the
chemical composition of the interphase evolved over time. These findings suggest
that the initially formed Li,P species underwent further transformations, likely due
to continued interactions with the other SEI components or the underlying SSE.
This contrasts with the conclusion drawn by Narayanan et al., who reported that
the formed Li,P exhibits reasonable stability, as Li,P species remained detectable
after 24 hours of resting. Notably, this phenomenon has been observed for the first
time but has not yet been investigated in depth|174].

To gain a deeper understanding of the evolution of P-containing species within

the SEI formed between LigPS5Cl and lithium, an in situ XPS experiment was
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conducted using a current density comparable to that employed in Aktekin et
al.’s study. To begin, the stability of LigPS;Cl under electron beam exposure was
assessed by applying a 30 uA beam current—more than ten times the 2.5 yA beam
current used for SEI investigations. During this experiment, the LigPS5Cl pellet was
grounded to the sample stage using carbon tape, with no lithium source provided

underneath. As shown in Figure 4.7 no noticeable changes in peak position or shape
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Figure 4.7: XPS spectra for VEP-XPS experiment of LigPS5Cl surface without lithium
source underneath the pellet. The applied beam current is 30 pA. The electron beam
exposure time is labelled in the first column. Peak intensities are presented without
normalisation, and charge calibration was performed using the Cl 2p3/, peak at 198.5 eV.

were observed, indicating that the LigPS;Cl SSE remains stable under the applied
30 pA electron beam. Therefore, the variations in spectral features observed during
the VEP experiment, where a lithium source was provided, should be attributed
to reactions with the deposited lithium rather than beam-induced degradation of
the SSE. It is important to note that the applied electron beam current during
the VEP-XPS experiment in this study was 2.5 pA, significantly lower than the
beam current used in the beam damage test. Therefore, the LigPS;Cl SSE should
also remain stable under these lower electron beam conditions.

As discussed earlier, Li P species are thermodynamically unstable in contact
with LigPS5Cl, suggesting that further interfacial reactions and SEI growth are
expected to occur. Mentioned earlier in Chapter [3} in situ XPS techniques hold the

potential of probing the SEI evolution kinetics. To further explore this phenomenon
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and gain deeper insights into the SEI growth mechanism of LigPS5Cl electrolytes,
VEP-XPS experiment was performed on the LigPS5ClI pellet with lithium source
(the lithium foil) provided. In this case, the applied electron beam was 2.5 pA so
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Figure 4.8: XPS spectra of the LigPS5Cl pellet surface after ~0.01 mAh cm? of lithium
was VEP through the LigPS5Cl pellet over 1 hour using an electron beam current of 2.5
pA (~0.01 mA cm™): a) P 2p spectra and b) S 2p spectra. The resting time, labelled in
hours, is indicated on the right side of the corresponding spectra. Reproduced from

that the applied current density through the 5 mm pellet was ~12.73 uA cm?, which
is close to the current density during the CTTA test (15.6 uA cm™). After 1 hour of
electron beam plating, the P 2p spectra initially consists of two peaks corresponding
to residual LigPS5Cl and LisP immediately after the lithium plating step (labelled
as 0 hours). The peak corresponding to Li,P is low in intensity as shown in Figure
4.8 (labelled in light blue colour). The signal-to-noise ratio is comparatively
low, most likely because other specimens loaded in the analysis chamber were
outgassing and temporarily degrading the vacuum. Despite this limitation, the

measurement remains reliable: a gradual attenuation of LisP signal and an increase
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in the Li P signal remain clearly discernible over time. The formation of LisS is
evidenced by the S 2p peak at ~160 eV, as shown in Figure [£.8b. Similarly, the
formation of LiCl is also expected, although the Cl 2p-LiCl peak overlaps with

the Cl 2p-LigPS;Cl peak due to their similar binding environments and the CI

2p spectra is included in Figure [A.3[[174, 198, [234]. This indicates that the top

surface of the formed SEI, which is in close contact with lithium metal, is primarily

composed of fully lithiated lithium binary components, including LiyS, LiCl, and

LisP, consistent with previous reports[174} [176].
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Figure 4.9: a) Mean normalised P 2p fitted spectra over time; b) Fraction of the LizP
component among P-containing SEI species. Reproduced from [247].

The sample was then left under OCV conditions inside the XPS chamber, with
continuous XPS measurements taken at 53 minute intervals. After the lithium metal
was consumed, the intensity of peaks corresponding to LiyP gradually increased
over time, while the LigP peak decreased. Additionally, the peak associated with
P 2p-LigPS;Cl also exhibited a progressive increase in intensity, as more clearly
illustrated in Figure [£.9n. Although the presence of lithium metal should, in
principle, be detectable, its identification is challenging due to possible reactions
with P-containing species or oxidation by residual gases in the XPS chamber. This
issue will be discussed in detail later. The fraction of LisP over the P-containing SEI

species continuous to decrease over time as shown in Figure [£.9p. These findings
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indicate that the SEI formed between LigPS;Cl and lithium metal undergoes
continuous growth via the delithiation of P-containing species|247].

4.3.4 Evolution of phosphorus during its lithiation and its
stability against lithium metal

To further investigate whether P-containing species continue to evolve in contact with
LigPS5Cl electrolyte, the interfacial reactions between LigPS5Cl and phosphorus, the
subsequent lithiation of phosphorus, and the stability of the resulting species were
examined using a combination of in situ sputtering and VEP techniques as shown
in Figure [£.10] While previous studies have primarily employed in situ sputtering of
lithium metal onto SSEs to probe SEI formation at the lithium|electrolyte interface,
this work instead utilises in situ phosphorus sputtering within the XPS chamber

to investigate its reactivity and interaction with LigPS5;CI.

Focused X-ray Beam

E-neutralizer 88 Detector Ar-ion Gun

2

Sputtering
target

Deposited phosphorus layer

Electrolyte

Li foil

Figure 4.10: Schematic of the experimental setup: phosphorus sputtering is carried out
first, followed by a VEP step that lithiated the deposited phosphorus layer.

As shown in Figure [.11] the bonding environments for S and CI remain stable
throughout the phosphorus sputtering process. However, the P 2p spectra reveal
the emergence of an additional component corresponding to P, likely introduced
by reactions between the incoming phosphorus and the LigPS;Cl surface—a similar
phenomenon was also observed in Chapter . The P° peak appears at a binding

energy of approximately 129.7 eV, consistent with previous XPS measurements of
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Figure 4.11: XPS spectra of the LigPS5Cl pellet surface after phosphorus sputtering
process. The sputtering time is indicated in the first column. The BE was calibrated
based on Cl 2p3/5 to 198.5 V.

red phosphorus. Despite the presence of the P . peak, the sputtered phosphorus
exhibits good chemical stability against LigPS;Cl, as indicated by the increasing
intensity of the P peak and the lack of significant changes in the S 2p and CI 2p
spectra. Additionally, there were no changes observed for C 1s, O 1s and Li 1s

spectra during the sputtering process as shown in Figure [A.6]
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Figure 4.12: XPS spectra of the LigPS5Cl pellet surface (with phosphorus sputtered on
top) during VEP lithiation process. The electron beam exposure time is labelled in the
first column and the applied beam current was 30 uA. The BE was calibrated based on
Cl 2p3/5 to 198.5 €V.
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After the sputtering process, a phosphorus layer was deposited on the surface
of the LigPS5;Cl pellet. Subsequently, a 30 uA electron beam was directed onto
the surface to gradually lithiate the phosphorus layer. As shown in Figure [4.12]
reactions occurred during the lithiation of the sputtered phosphorus, as evidenced
by the emergence of P 2p peaks corresponding to Li,P species and the formation of
LisS, indicating decomposition of the underlying LigPS;Cl. Multiple components
were fitted within the P 2p spectra across the BE range of approximately 129.3 to
125.7 eV. Accurate identification of specific Li,P phases is challenging due to their
similar BEs and potential overlap. The P 2p3,, peak at ~125.7 eV likely corresponds
to fully reduced LizP, consistent with previous reports[174, 183], assuming charge
calibration relative to Cl 2p3/, at 198.5 eV. As lithiation progresses and the valence
state of phosphorus decreases (indicating higher electron density), the BEs of the P-
containing species shift downward, culminating in the formation of fully reduced Li3P,
highlighted in red. Additionally, the Li 1s peak shifts toward lower BE, consistent
with the formation of SEI species, which exhibit lower BE values compared to Li 1s
in LigPS5Cl. The emergence of a LioO signal becomes evident after approximately
1400 s of electron beam plating as shown in Figure [A.6] which may result from
interactions between LisS and residual gases in the XPS chamber, or from reactions
between the plated lithium metal and trace environmental contaminants.

After the phosphorus was fully reduced to LizP, lithium metal was expected
to begin plating on the surface. The evolution of the Li 1s spectra is shown in
Figure , where a small peak at approximately 52 eV (if charge calibrated based
on Cl 2pgz/s to 198.5 €V) appears after 4100 seconds of lithium plating, confirming
the presence of metallic lithium on the surface. It is important to note, however,
that due to the ongoing lithiation of P-containing species and the oxidation of
deposited lithium, detecting metallic lithium is particularly challenging. The lithium
continuously reacts either with surrounding SEI components or with residual gases
in the chamber, complicating its observation.

The stability of the lithiated phosphorus species and other decomposition

products was subsequently evaluated through continuous XPS measurements on
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Figure 4.13: XPS spectra evolution of the LigPS5Cl pellet surface (with phosphorus
sputtered on top) after the VEP lithiation process. The resting time is labelled in the
first column. The BE was calibrated based on Cl 2p3,, to 198.5 €V.

the surface. During the OCV resting period, no significant changes were observed
in the S 2p and Cl 2p spectra as shown in Figure [£.13] which proves the stability of
LisS and LiCl against both lithium metal and LigPS5Cl. As previously discussed,
P-containing species are expected to undergo gradual delithiation over time. During
the resting time, the P 2p spectra exhibited clear evolution, characterised by a
decrease in the LisP peak and a corresponding increase in the relative intensity of
partially reduced Li P species. This further proves that the SEI formed between
LigPS5Cl and lithium metal undergoes continuous growth via the delithiation of
P-containing species as schematically shown in Figure

In summary, the P-containing SEI species continuously evolve, leading to ongoing
changes in both the composition and microstructure of the SEI. As a result, the
SEI properties dynamically shift over time. This contradicts the observations in
Figure [4.3] where the SEI growth appears to follow a linear relationship with the
square root of time. Given that the Li* diffusivities of different Li,P phases vary,
the SEI growth should, in principle, deviate from this expected linear trend. To
further validate this observation, a modified CTTA experiment was conducted to

characterise the SEI growth, as discussed in the following section.
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Figure 4.14: Tllustration of the chemical potential gradient over the SEI, and the lithium
pathway through the P-containing species with the SEI. Reproduced from [247]

4.3.5 LigPS5Cl-lithium SEI characterised by a modified
CTTA method

To verify the continuous evolution of the SEI between LigPS5Cl and lithium metal, a
modified CTTA method was employed to monitor SEI growth and its corresponding
changes in impedance as shown in Figure A three-electrode setup was employed,
incorporating a In-InLi alloy ring as the reference electrode to minimise artifacts
during EIS measurements.

As shown in Figure [£.15h, the OCV duration progressively increases after
each lithium titration step, indicating that the SEI becomes more passivating as it
thickens. The relationship between the accumulated charge and the square root of the
OCV duration is plotted in Figure {.15p. Unlike the trend observed in Figure [4.3{,
the first 15 hours do not appear to follow a linear relationship. This suggests that,
during the initial phase, SEI growth may not be solely diffusion-limited, and reactions
involving P-containing SEI species may contribute to the observed deviations.

As shown in Figure impedance measurements were conducted after the
titrated lithium had been fully consumed. The impedance data were fitted using a

Randles circuit incorporating a finite Warburg element with a reflective boundary
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Figure 4.15: a) Variation of potential during the CTTA experiment; b) Relationship
between the accumulated charge and the square root of the OCV duration, representing
the time required to consume the deposited lithium. Reproduced from [247]

(Masen ), with CPEs used in place of ideal capacitors, as illustrated in Figure
[A.4] This enabled the monitoring of SEI resistance variation over time. Figure
illustrates that Rgg; progressively increases over time but does not follow the
linear relationship described in Equation [4.5 Instead, the resistance curve deviates
towards lower values, which could be attributed to the presence of partially reduced
Li P phases. These phases exhibit higher lithium diffusivity compared to the fully
reduced LisP phase, thereby influencing the overall impedance response.
Following approximately 1000 hours of the CTTA experiment, with a total
lithium titration of around 50 pAh cm™?, the cell was left under OCV conditions
while PEIS measurements were performed hourly for 400 hours. As depicted in
Figure f.16[d, Rsgr continues to increase over time, indicating either a compositional
change in the SEI, continued SEI growth, or a combination of both processes.
Additionally, the OCV gradually increases over time, exhibiting a trend similar to
the delithiation profile of red phosphorus[255]. This observation is also consistent
with the findings from the XPS measurements, where the fraction of LisP over

(LixP and Li3P) is decreasing over time.
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Figure 4.16: Evolution of SEI impedance: (a) SEI impedance evolution (circles represent
data points, lines indicate fitted results) following the titration step, with accumulated
charge values labelled in the inset. The equivalent circuit used for fitting the impedance
is included in the inset (with M, ggy) illustrated in Figure (b) evolution of Rggr as a
function of square root of time; (c¢) SEI impedance evolution under lithium-free conditions
(after completing all lithium titration steps, monitored under OCV resting conditions),
with EIS measurements conducted every hour; (d) evolution of OCV potential and SEI
resistance in lithium-free conditions as a function of OCV time. Reproduced from [247].

4.4 Summary

Despite ongoing research, the mechanisms governing SEI formation and growth
between LigPS5Cl and lithium metal remain unclear. This study employs both in
situ XPS and a modified CTTA measurement to provide a deeper understanding
of SEI evolution.

In the VEP-XPS experiment, ~0.01 mAh cm? of lithium metal was deposited
onto the LigPS;Cl surface, where both the residual LigPS;Cl phase and LisP

were detected in the P 2p spectra. By continuously monitoring the surface after
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lithium deposition, the results reveal that the LisP phase within the SEI is not
stable and undergoes progressive delithiation to Li,P, while the SEI continues to
grow. Additionally, the phosphorus sputtering and subsequent lithiation experiment
further confirms the continuous evolution of P-containing species on the surface
of the LigPS;Cl pellet. As a result, SEI formation cannot be attributed solely
to diffusion-limited growth. This suggests that the SEI thickness should deviate
from the expected linear relationship with the square root of time. This hypothesis
is supported by the modified CTTA measurement, where SEI growth during the
initial 15 hours does not follow the linear relationship when the accumulated
charge is plotted against the square root of time. And the relationship between
Rsgr and square root of time also deviated from linear relationship towards lower
values as the Li P species may have higher lithium diffusivities compared to fully
lithiated LisP phase.

These findings indicate that a phosphorus-free interphase is essential for estab-
lishing a passivating layer between LigPS;Cl and lithium metal. Otherwise, the
SEI will continue to grow due to ongoing reactions between lithiated phosphorus
species and LigPS5Cl, along with the subsequent diffusion of lithium through the
SEI. The stability of the SEI could potentially be further enhanced by introducing a
phosphorus-free artificial interlayer that exhibits good stability with both LigPS;Cl
and lithium metal. However, this approach requires further investigation in

future studies.
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Ben; Pasta. Origin of Stability in the Solid Electrolyte Interphase formed between
Lithium and Lithium Phosphorus Oxynitride. Chemistry of Materials 2025 [261].
(joint first authorship: Stephen prepared the LiPON samples, whereas Yi performed
the XPS experiments and data analysis)

This chapter will mainly focus on the XPS characterisation of the SEI formed

between LiPON and lithium metal as it evolves during in situ experiments.

5.1 Introduction

In Chapter [3 the stability and SEI composition of LGPS and LAGP SSEs against
lithium metal were investigated using in situ XPS techniques. While the LAGP SSE
exhibited improved stability against lithium metal compared to LGPS, achieving
consistent cycling stability in systems incorporating an LMA remains challenging.
The stability of the SEI formed between LigPS5Cl and lithium metal is investigated
in Chapter 4 which demonstrates that the SEI can continue to grow via the
delithiation of P-containing species, which necessitating further investigation on
solutions to improve the interface stability.

While SSEs that combine both high Lit conductivity and stability in contact
with lithium metal remain elusive, one glassy SSE—Ilithium phosphorus oxynitride
(LiPON)—has been studied extensively for over 30 years due to its exceptional
stability against lithium metal, despite its relatively low Lit conductivity. This
glassy material was first reported by Marchand in 1983 and later identified as a
promising solid electrolyte by Bates et al. in 1992]106, [262]. Bates et al. deposited
LiPON via reactive RF magnetron sputtering of LisPOy4 in a nitrogen atmosphere,
producing LiPON thin films approximately 1 pum thick. The term “LiPON” is now
broadly used to describe a family of materials with the general formula Li,POyN,.
Since then, LIPON with varying stoichiometries and properties have been synthesised
using a range of deposition techniques, including RF magnetron sputtering, chemical
vapour deposition (CVD) and atomic layer deposition (ALD), and others|263, 264].

A simulated amorphous LiPON structure with the composition Lis g4PO350Np .31

is shown in Figure [5.Th. Within the LiPON structure, nitrogen (N) can adopt
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Figure 5.1: (a) Schematic of simulated amorphous LiPON structure with a composition
of Liz 94PO3.50N¢.31; (b) phosphate units with nitrogen (N) exist in different environments:
apical nitrogen (N, ), double-bridging nitrogen (Ng4) and triple-bridging nitrogen (Ny) and
(c) structural formulae of the phosphate units. (a) and (b) reprinted with permission
from , Copyright 2018 American Chemical Society

three distinct spatial configurations: apical nitrogen (N, ), double-bridging nitrogen
(N4), and triple-bridging nitrogen (N;), as illustrated in Figure [5.1p, with their
corresponding structural formulae provided in Figure [5.1c. The incorporation
of nitrogen into the structure reduces local interactions between LiT and the
matrix, thereby improving ionic conductivity compared to pure LizPO,. In addition
to nitrogen content, other factors such as the degree of amorphousness, lithium
concentration, and structural configuration, also influence the ionic conductivity
of LiPON[O3, 263, 263).

Although the ionic conductivity of LiPON is relatively low (~10° S ¢cm™) com-
pared to many powder-processed SSEs, LiPON is typically fabricated as thin films
to ensure that its overall impedance remains comparable to that of pressed “bulk”
electrolytes. More importantly, LIPON exhibits excellent electrochemical stability in
contact with lithium metal and has demonstrated remarkable resistance to lithium
dendrite penetration in thin-film Cells. Notably, Neudecker et al. reported
that a “lithium-free” cell, employing a 2 um thick LiPON electrolyte and a 2.7 pym
thick LiCoO4 cathode, exhibited stable cycling over 500 cycles between 3.0 and 4.2
V vs. LiT /Li at a current density of 5 mA cm‘z. While LiPON is primarily

suitable as a solid electrolyte for low-capacity thin-film batteries, understanding
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the origins of its exceptional electrochemical and mechanical stability is crucial for

guiding the development of bulk SSEs with similarly robust performance.
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Figure 5.2: Previous XPS investigations on the Li|LiPON interfacial reactions: a) Fitted
XPS spectra of O 1s, N 1s, and P 2p emissions before and after lithium deposition.
Reprinted with permission from , Copyright 2015 Elsevier; b) Reanalysed XPS
data by Sicolo et al., based on the work of Schwobel et al. shown in (a). Reproduced
with permission from , Copyright 2017 Elsevier; ¢) Schematic illustration of the
experimental setup used for in situ lithium evaporation and subsequent XPS analysis,
Reprinted with permission from , Copyright 2015 Elsevier.

Some earlier investigations into the SEI formed between LiPON and lithium
metal provided initial insights into its composition. In 2015, Schwobel et al.
employed XPS to demonstrate that an SEI comprising Li;O, LisN, and LisP
formed when lithium metal was evaporated onto a LiPON film as shown in Figure
. In a subsequent study, Sicolo et al. reanalysed the XPS spectra
and identified additional evidence for the presence of LizPO, within the SEI
shown in Figure [5.2b[271].

The theoretical electrochemical stability window of LiPON, reported as 0.68-
2.63 V vs. Li*/Li based on first-principles calculations by Zhu et al., indicates
its thermodynamic instability in contact with lithium metal. Consequently, de-
composition is expected at the Li|LiPON interface. Combining these experimental
and computational findings suggests that the apparent electrochemical stability
of LiPON is not due to intrinsic chemical stability but rather the formation of a

passivating interphase that effectively suppresses further degradation.
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Figure 5.3: a) Cryogenic TEM investigation of the Li|LiPON interphase. Reproduced
with permission from , Copyright 2020 Elsevier; b) In situ TEM investigation of
the Li|LiPON interphase, showing the differences before and after contact between the
LiPON sample and lithium metal. Reproduced with permission from [273], Copyright
2020 American Chemical Society.

Two TEM studies have reported that a 60-80 nm thick SEI layer comprising
LisO and LigN forms at the Li|LiPON interface, . However, these studies
disagreed on the nature of the P-containing phases. A cryogenic high-resolution
TEM investigation by Cheng et al., conducted on a lift-out sample from a Li|LiPON
interface, identified the presence of LizPOy, as shown in Figure [5.3h. In contrast,
Hood et al. performed in situ EELS analysis on a similarly formed interface
and observed P features (Figure ), suggesting the presence of LisP. Despite
this discrepancy, both studies reported a consistent spatial distribution of SEI
components: the P-rich phase (LisPO,4 or LisP) was localised near the LiPON
side, while the O-rich phase (Li;O) was predominantly located adjacent to the
lithium metal. These experimental findings were later supported by first-principles
calculations by Wang et al., who evaluated the relative interfacial stabilities of SEI
components in contact with lithium metal. Their results indicated that the
Li|LisO interface is the most stable, followed by Li|LisN and Li|LizP, whereas the
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Li|LizgPOy interface exhibits the lowest stability. This gradient in interfacial stability
provides a rational explanation for the observed distribution of SEI species.

Electroanalytical and neutron reflectometry techniques have also been employed
to investigate the SEI formed at the interface between lithium metal and LiPON[275,
276]. By quantifying the capacity loss during lithium plating—attributed to SEI
formation, assuming a known SEI composition—the thickness of the interphase
was estimated to be less than 7 nm. This is significantly thinner than values
reported by TEM studies, likely due to differences in sample preparation and
measurement conditions.

This investigation focused on the chemical and structural changes associated
with SEI formation on the LiPON surface using the in situ XPS technique, wherein
lithium metal is plated under conditions simulating the first charge of an “anode-
free” cell[277]. As described in Section these conditions were achieved using
the VEP-XPS (in situ lithium plating) technique, which enables the electrochemical
plating of lithium metal onto the LiPON surface. Notably, this is the first time that
this technique has been applied to study SEI formation on LiPON. Additionally, the
effects of the LiPON processing route, composition, and thickness on SEI formation
were investigated, providing insight into the variability that may arise between

different studies and practical implementations of LiPON electrolytes.

5.2 Experimental
5.2.1 Preparation of substrates

Discs of 304 stainless steel (SST) (15.8 mm diameter coin cell spacers) were used
as substrates for thin film deposition. The stainless steel spacers were ground and
polished to a mirror-like finish free from visible scratches with the final polishing step
performed using a 1 pum grade diamond suspension. All substrates were cleaned by
sonication in isopropanol and distilled water, followed by drying. During deposition,

the spacers were mounted on glass slides using double-sided Kapton tape.
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5.2.2 Deposition of lithium metal

As the sample for in situ lithium plating experiments needs a lithium source
underneath the SSE layer, a thin layer of lithium film was deposited by thermal
evaporation of lithium granules (Glentham Life Sciences Ltd, purity 99.4%) from
a molybdenum boat under vacuum (<5x107° mbar). The deposition of lithium
thin films was performed using a PVD system (MB EVAP, MBraun) integrated
into an argon-filled glovebox ([HO] and [O5]< 0.1 ppm).

For thin-film LiPON samples, the lithium source was first deposited onto polished
stainless-steel spacers prior to the LiPON deposition process. In contrast, for bulk-
processed LiPON samples, the lithium source was directly deposited onto the LiPON
sample. The deposition process produced lithium films approximately 1-2 pm thick,

as measured using the quartz crystal monitor of the PVD system.

5.2.3 Synthesis of thin film LiPON

The well-polished stainless steel spacers were used as the substrates for LiPON
deposition, as good electrical contact with the XPS sample stage is required when
performing in situ lithium plating experiments. For the in situ plating experiment
sample, a ~1 um layer of lithium metal was first evaporated onto the spacers using
the method described in section [5.2.2] The sample used for the in situ lithium
sputtering experiment was directly sputtered onto a polished SST spacer.

The deposition of thin film LiPON was carried out using the same PVD
system mentioned above. LiPON films were deposited by RF magnetron sputtering
using a circular magnetron source with a target-to-substrate distance of ~12 cm.
Sputtering targets were prepared within the glovebox by lightly pressing dried
lithium orthophosphate (LizPO,) powder (Merck, batch number MKCT2638) into a
2”7 diameter, ~2 mm deep circular copper holder using a glass microscope slide. The
base vacuum pressure for the deposition processes was maintained below 5x107°
mbar. Nitrogen gas was injected at a flow rate of 20 sccm, and in combination
with vacuum system bafHling, this established a process pressure of approximately

1x1072 mbar. The applied RF power was set to 50 W, and the deposition time
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for the in situ lithium plating sample was 6 hours, which resulted in a ~0.6 um
thin film LiPON sample. One additional ultra-thin LiPON sample of ~0.01 um
thickness was prepared by deposition for 40 minutes under the same conditions.

The resulting sample structure is schematically shown in Figure [5.4h.

5.2.4 Synthesis of bulk-processed LiPON

1.5 g of lithium metaphosphate (LiPOj3) powder (Stanford Advanced Materials,
purity 99.9% metals basis) was placed into an alumina boat that had been aerosol
coated with a boron nitride suspension and allowed to dry. The boat was then
placed in the centre of a quartz glass tube (22 mm inner diameter, 1.2 m length)
enclosed in a split tube furnace (Carbolite Ltd). In order to remove the moisture
from the powder and melt the powder (the melting temperature of LiPOj3 is 656
°C), the tube was heated to 750 °C at a rate of 10 °C per minute, during which
the nitrogen gas flowed through the tube at a rate of ~300 sccm.

Shortly before the end of the heating ramp, the nitrogen supply was turned
off and the remaining nitrogen in the system was allowed to flow through the
furnace tube until the pressure equalised with the atmosphere, which took several
minutes. Once the nitrogen flow had ceased, a supply of anhydrous ammonia (BOC
Ltd) was turned on and the flow rate was set to ~200 sccm; the transition of the
atmosphere inside the tube from nitrogen to ammonia occurred gradually, taking
several minutes for the residual nitrogen to be fully displaced.

The furnace temperature was maintained at 750 °C for 3 hours and 15 minutes,
with the ammonia flow sustained throughout the dwell period except for the

final 15 minutes. During this stage, ammonolysis of LiPO3 proceeded according

to Equation [5.0]

After turning off the ammonia flow, the residual gas was allowed to purge through
the furnace tube before reintroducing nitrogen flow. The sample was then annealed

for about 5 to 10 minutes under a pure nitrogen atmosphere at 750 °C, which helps
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to reduce water vapour bubbles trapped within the solidified glass. It is worth noting
that longer annealing times did not lead to significant further reductions in bubble
volume but resulted in nitrogen loss, and this should be avoided to maximise the
electrochemical stability and ionic conductivity of the resulting LiPON glass sample.

At the end of the 750 °C dwell, nitrogen flow was maintained as the furnace cooled
naturally over several hours. Once the temperature dropped below approximately
200 °C, the boat containing the sample was safely removed from the tube. Then
the glass casting was broken into pieces to create a series of individual samples for
subsequent treatments. Each sample was alternately sonicated in isopropanol and
ground on successively finer silicon carbide papers to remove residual boron nitride
residue and produce parallel-sided samples with thicknesses below 1 mm. Final
polishing was carried out inside a glovebox using a 1 ym grade diamond lapping
film, resulting in a reflective surface finish free of visible scratches.

A 2 pm layer of lithium metal (to act as the lithium source) was evaporated onto
one side of the bulk-processed LiPON sample followed by the sputter deposition
of ~350 nm of nickel, which was to protect the lithium layer and ensure good
electrical contact with the XPS sample holder. The sample is shown schematically

in Figure b.

) Thin film LIPON P Bulk-processed LiPON

«—5mm— «—5mm—

Kapton tape LiPON Lithium [ Stainless steel Il Nickel

Figure 5.4: Schematic diagrams showing cross-sections of the samples fabricated for in
situ lithium plating XPS experiments: a) thin film LiPON; b) bulk-processed sample. A
thermally evaporated film of lithium beneath the LiPON acted as the source for lithium
plating. Punched Kapton tape was placed on top of the samples to define a 5 mm diameter
circular current path. Reprinted from [261]



5. In situ XPS investigation of the SEI formed between lithium metal anode and
lithium phosphorus oxynitride 124

5.2.5 Chemical characterisation and the study of SEI for-
mation by XPS

XPS characterisation of thin film and bulk-processed LiPON samples was performed
in a Physical Electronics (PHI) VersaProbe III instrument with an Al K-alpha (hv
= 1486.6 ¢V) source and a chamber maintained at a pressure below 1078 mbar.
Each sample to be characterised was attached to the XPS sample holder within
an Ar-filled glovebox ([H2O] and [O5] < 1 ppm) using electrically conductive carbon
tape and transferred to the XPS instrument in an airtight PHI transfer vessel. SXI
was employed to locate the centre of the sample, and the probing area for the XPS
measurements was set to 500 um x 500 pm about this point. Prior to conducting
XPS measurements, the surface of each LiPON sample was etched for 1 minute
using the built-in Ar-ion gun operated at 2 kV. This brief step was intended to
remove surface contamination without significantly altering the LiPON structure.
The pass energy for the survey scan was 224 eV and 55 eV for the high-resolution
XPS scans, and the duration of each high-resolution scan was approximately
33 minutes. Collected XPS data was processed using CasaXPS§S software (Casa
Software Ltd): a Shirley-type background was applied to each core-level spectrum,
peak components were fitted using a Gaussian-Lorentzian line shape. The charge
calibration was performed using the adventitious C 1s spectral component at 284.8eV,
ensuring consistency across all XPS measurements|223]. Chemical compositions
were determined using relative sensitivity factors calculated for the same instrument

at the same pass energy (Table .

Table 5.1: RSFxT(E) values (the products of the relative sensitivity factor and
transmission function) calculated for the elements in LiPON by performing XPS
measurements on reference samples in the same instrument at a pass energy of 55

eV.

Li 1s O 1s P 2p N1s
1.0£0.0 33.5+£2.6 25.3+1.8 17.34+3.5

After characterising the LiPON surfaces, in situ lithium plating XPS was

performed to study the development of the SEI between LiPON and lithium metal.
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The electron flood gun was directed to the sample surface and was used to apply
a current of 30 uA. A piece of Kapton tape containing a 5 mm diameter hole
was used as a mask on the sample; therefore, the applied current density can be
calculated as ~0.15 mA cm™, which is typical of values used previously for cycling
all-thin-film cells with LiPON electrolytes[266-269]. As electrons accumulated on
the LiPON surface, the resulting potential difference initiated oxidation of the
underlying lithium to Li*. This was drawn to the sample surface and reduced
back to lithium metal. The deposited lithium metal reacted with the LiPON to
form an SEI. By alternating between XPS measurements and lithium plating, it
was possible to track chemical changes in the near-surface region. The electron

flood gun was kept off during the XPS measurement.

5.3 Results and discussion
Molecular properties of pristine LIPON sample

XPS has been utilised to elucidate the binding environment within the LiPON
structure as well as its SEI composition against lithium metal.

The series of core-level spectra shown in Figure [5.5| were collected after Ar-ion
etching of the pristine samples for the purpose of surface cleaning. Notably, the
spectra presented in Figure and exhibit similarities, indicating that the
molecular structures of the thin-film and bulk-processed LiPON samples share
comparable characteristics. This can, to some extent, be attributed to their similar
chemical compositions in terms of Li, P, and O content, as summarised in Table
5.2l Although the N/P ratio of the thin-film sample was nearly double that of the
bulk-processed sample, this difference narrowed slightly when the contribution from
an emission feature at 403.3 eV in the N 1s spectrum of the bulk-processed sample
was included in the calculation (this will be discussed later).

Previous XPS studies on both thin-film and bulk-processed LiPON have con-
sistently fitted the principal emissions in the O 1s and N 1s spectra with two
components to account for the presence of asymmetric shoulder peaks|270, 271,

278-283|. Similar fittings were adopted in the present study, as shown in Figure
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Figure 5.5: High-resolution core-level spectra after Ar-ion etching for (a) the ~0.6
pm thick LiPON film sample and (b) the ~800 pm thick bulk-processed LiPON sample.
Reprinted from [261]

5.5l The spectral components were assigned to specific chemical environments
within the LiPON structure, guided by the attributions made in these previous
studies. Examples of these environments are illustrated on the structural formula
of a hypothetical LiPON fragment in Figure [5.6]

The Li 1s spectra exhibit a single peak at 55.2-55.7 eV, which was fitted with
a component labelled “Li...P(O4xNy)”. This designation reflects the chemically
similar environments of Li* in LiPON, where each lithium ion is coordinated to
a non-bridging oxygen or nitrogen atom within a P(OxNy) tetrahedral unit. Two
components were fitted in the O 1s spectra. The peak at higher binding energy (~533
eV) is attributed to oxygen in P-O-P linkages, commonly referred to as bridging
oxygen (Oy), which is shared between two P(OxNy) units. The more intense peak
at lower binding energy (531-532 V) corresponds to non-bridging oxygen (Oyp),
which is bonded to phosphorus but not shared among multiple tetrahedral units.

The identification and assignment of N 1s peaks can be complex, involving

potentially N;, Ny and N,[265] 285]. As reported by Lacivita et al., the nitrogen
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Figure 5.6: Structural formula of a hypothetical LIPON fragment, with examples of the
different chemical environments distinguishable in XPS spectra highlighted. The relative
proportions of the different chemical environments in this fragment are not necessarily
representative of the LIPON compositions reported in this study. Reprinted from [261].
Drawn with reference to [284]

bonding environments within LiPON are closely related to the composition, es-
pecially the lithium concentration. When the Li:P ratio is below 2 the N atoms
should be present in N; and Ny environments. With the increase in Li:P ratio, N,
configuration starts to form to accommodate more lithium in the structure[265].
An additional peak in the N 1s spectrum, centred at approximately 404 eV, has
been observed in previous studies and attributed to O-N=0 (NOy") species[270,
2806, [287]. In this work, a peak at 403.3 eV was detected in the N 1s spectrum of
the bulk-processed sample but was absent in the corresponding spectrum of the
thin-film sample. Notably, this peak was not present before Ar-ion etching and
did not appear in the N 1s spectra of the thin-film sample, either before or after
etching, as shown in Figure [5.7, The corresponding N 1s spectra for the ultra-thin
LiPON sample are presented in Figure [A.9]

The Ar-ion etching may have cleaved P-O and P-N bonds on the surface of
the bulk-processed sample, leading to the formation of NOy™ through subsequent
reactions involving liberated oxygen and nitrogen species. It remains unclear why a
similar process was not observed on thin film samples, unless subtle differences in

surface properties between these samples played a role. Previous studies suggest



5. In situ XPS investigation of the SEI formed between lithium metal anode and
lithium phosphorus oxynitride 128
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Figure 5.7: Normalised N 1s XPS spectra in the binding energy range of 409 eV to 391
eV extracted from survey scans for (a) the ~0.6 pm thick LiPON film sample and (b) the
~800 pm thick bulk-processed LiPON sample before and after Ar-ion etching. Reprinted
from [261]

that NOy™ is a surface phase rather than an intrinsic component of the LiPON
structure[288,289]. Therefore, it has been excluded from the spectra shown in Figure
b.8 and from subsequent analyses, including the chemical composition calculations
(Table and the N 1s component fractions (Figure [5.9p)[288], [289].

However, the removal of nitrogen from the LiPON surface during the formation
of this phase results in a slight nitrogen deficiency in the bulk-processed LiPON
composition calculated from the XPS data (Table , which may not accurately
represent the overall sample. When the contribution from the NOy peak is
included, the adjusted composition of the bulk-processed sample is determined

to be Li1_30P02_65N0.29.

Table 5.2: Chemical compositions and ratios of bridging to non-bridging oxygen (Oy,/Oxyp,)
and triple-bridging to double-bridging nitrogen (N;/Nq) calculated for the thin film and
bulk-processed LiPON samples from the XPS spectra acquired prior to lithium plating
in Figure [5.5] The bulk-processed LiPON composition neglects an emission in the N 1s
spectrum from NOy~, which is not part of the LiPON structure.

Thin film LIPON Bulk-processed LiPON

Chemical COIDpOSitiOIl Lil_60POQ.72NO.46 Lil.SOPOQ.GGNO_QL—’)
Op/Ou 0.37 0.49
N;/Ng 0.80 0.72

According to Table [5.2] the Li:P ratio for both thin-film and bulk-processed
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samples is less than 2, so the component at higher binding energy (~399 eV)
is attributed to N;, while the component at lower binding energy (~398 eV) is
attributed to Nq|265, 285]. The most primitive molecules containing N¢, Ng, N, and
Oy, are illustrated by the structural formulae in Figure to aid the comparison
of these bonding arrangements.

The ratios of Ny to Ny and Oy, to Oy, presented in Table are calculated
from the component area ratios of the fitted XPS spectra. As expected from the
similar appearance of the spectra, the values of these ratios are comparable for
the two samples. Both Ny and Oy, form linkages between neighbouring molecular
chains, so the higher nitrogen and lithium concentrations observed in the thin-film
sample may account for its slightly higher N;/O,, ratio.

In the case of the P 2p spectra, the overall emission between 133 and 134 eV is
collectively assigned to ‘P(OxNy)". Although phosphorus exists in multiple distinct
chemical environments due to the variable composition of P(OxNy), the binding
energy differences of among these environments are too small to be resolved by XPS.

It is worth noting that Lacivita et al. have questioned the assignment of
the N 1s spectral components to Ng and Ny in LiPON thin films[265]. Using ab
initio molecular dynamics simulations, they found that LiPON with a Li/P ratio
comparable to that of the LizPO, sputtering target contained nitrogen predominantly
in Ny and N, environments, with no evidence of N;. This contrasts with an earlier
study by Sicolo et al., in which a simulated melt-quench process applied to crystalline
Lij 95PO3Ny 75 yielded an amorphous structure containing both Ny and N;[290].
Notably, their LIPON composition was deficient in Li and O, making it closer to
the LiPOj3 precursor used for bulk-processed LiPON. These computational studies
suggest that N, formation is favoured over Ny at higher Li/P ratios, aligning with
the structural requirement that P(O4Ny) units containing N, accommodate more
Li* than those containing N; (Figure [5.1)). Lacivita et al. proposed that the N
1s spectral components at ~398 eV and ~399 eV of LiPON thin films sputtered

from LisPOy4 are better assigned to N, and Ny, respectively, rather than Nq and Nj.



5. In situ XPS investigation of the SEI formed between lithium metal anode and
lithium phosphorus oxynitride 130

However, this interpretation assumes close compositional congruence between the
sputtering target and the resulting thin films, which may not always hold true.
In practice, lithium loss inevitably occurs to some extent during the sputtering
of lithium compounds. This loss depends not only on the sputter deposition
conditions but also on the specific characteristics of the deposition system used|291].
Consequently, the chemical compositions of LiPON films can vary across different
studies. In this work, as well as in several previous reports, the LiPON films
exhibited compositions comparable to those of LiPOs-derived bulk-processed LiPON.
This compositional similarity accounts for the comparable molecular structures ob-
served in these samples, despite their fundamentally different processing routes|109,

270, [292-294].

5.3.1 Lithiation and structural evolution of the LiPON

Following the structural analysis of the pristine samples, this section focuses on the
changes that occurred in the surface regions of the two LiPON samples upon lithium
plating. As shown in Figure |5.8] the spectral evolution indicates the formation of
new chemical environments corresponding to SEI species after a certain amount of
lithium metal had been plated. The changes observed in both the thin film and
bulk-processed LiPON samples followed similar patterns, as expected due to their
comparable chemical compositions and initial molecular structures. However, these
changes occurred over a longer cumulative lithium plating time in the bulk-processed
sample, primarily due to its greater thickness, as discussed later in Section |5.3.4].
Figure presents the evolution of the component fractions for each core-level
spectrum in Figure as a function of cumulative plating time, while the associated
binding energy shifts are plotted in Figure

The structural evolutions within the LiPON samples during the lithiation process
are most clearly reflected in the O 1s and N 1s spectra shown in Figure [5.8] as well
as in the corresponding component fraction plots presented in Figure [5.9) With
increasing cumulative lithium plating time, the fraction of Oy, increased, while

that of Oy decreased. Simultaneously, the fractions of both Ny and N4 declined,
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Figure 5.8: Time series of XPS core-level spectra acquired during the in situ lithium
plating experiments performed on a) a ~0.6 ym thick LiPON film sample and b) an ~800
pum bulk-processed LiPON sample. Acquired spectra (grey) are shown along with linear
combination fitting results. The cumulative lithium plating time (electron beam exposure
time) is indicated in the first column. The peak intensities of each acquired core-level
spectrum have been normalised to improve the visibility of minor spectral contributions.
Individual spectral components are coloured, and a key is provided below each group
of spectra. Oy, Opp, Ni, Ny, Ny and Py are bridging oxygen, non-bridging oxygen,
triple-bridging nitrogen, double-bridging nitrogen, apical (non-bridging) nitrogen and
undercoordinated phosphorus, respectively. The appearance of the Li® (lithium metal)
peak is highlighted with a star. Reprinted from [261]
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Figure 5.9: Changes in component (X) fractions for each of the core-level spectra in
Figure [5.8| over cumulative lithium plating time, calculated from the component peak
areas. The plots in a) and b) correspond to the thin film and bulk-processed LiPON
samples, respectively. Reprinted from [261]

although a brief increase of over 5 at% in the Ny fraction was observed during the
initial plating step in the thin film sample. A new N 1s component, marked in

brown, appeared at a lower binding energy, consistent with N,, and its fraction grew
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rapidly before stabilising as the fractions of Ny and N reached their baselines|265].

These observations—the reduction in bridging environments (Oy, Ni, Ny)
alongside the increase in non-bridging environments (O, N,)—suggest that the
extended phosphate chain structures of the LiPON samples were progressively
cleaved upon lithiation. This structural evolution can be described as a transition
from metaphosphate towards orthophosphate character, which aligns with the earlier
discussion on the influence of Li/P ratio on molecular configuration. Consequently,
LiPON compositions exhibiting a more orthophosphate-like character, with a Li/P
ratio approaching that of the LizPO4 precursor, are expected to have a lower
lithiation capacity and undergo less pronounced structural changes when lithium

is plated onto their surface.

5.3.2 Formation and chemical evolution of the SEI

The onset of SEI formation was indicated by the emergence of a secondary
component, labelled as ‘Li-SEI’, in the Li 1s spectra at 54.0-54.6 eV, appearing after
cumulative plating times of one minute for the thin film sample and four minutes
for the bulk-processed LiPON sample. This Li-SEI component corresponds to Li™
in species including Li;O, LisN, and LisP—the binary SEI compounds commonly
observed in previous studies|270-272, 274]. Since these compounds exhibit similar
binding energies in the Li 1s region, their identities were further confirmed through
the appearance of new components in other core-level spectra, with assignments
made based on previously reported literature.

As shown in Figure [5.9 the first binary SEI compound detected was Li,P,
which appeared in the P 2p spectra at approximately 128.5 eV after 1 and 5
minutes of lithium plating for the thin film and bulk-processed samples, respectively.
Li P represents a lithium phosphide phase in which phosphorus exhibits a higher
oxidation state compared to LizP (P3), resulting in a higher binding energy. While
Li,P has previously been reported as a component of the SEI formed on certain

sulphide electrolytes—such as the SEI between LGPS and lithium metal (discussed
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in Chapter [3) and between LigPS;Cl and lithium metal (Chapter —this represents
the first identification of its presence at the Li|LiPON interface|174, [185].

Li5O also formed within the first minute of plating on the thin film sample,
as evidenced by the emergence of a peak at approximately 528.4 eV in the O 1s
spectrum. In contrast, this peak was not observed in the bulk-processed sample
until a cumulative plating time of 8 minutes. The next binary compound to emerge
was LizN, identifiable in the N 1s spectra at approximately 395 eV, appearing after
cumulative plating times of 3 minutes for the thin film sample and 25 minutes for
the bulk-processed sample. Following this, emissions corresponding to LisP emerged
in the P 2p spectra after cumulative plating times of 7 and 60 minutes for the thin
film and bulk-processed samples, respectively. This peak was centred at a binding
energy of approximately 126 eV. The delayed appearance of LizP suggests that it
formed as a result of the progressive lithiation of Li P into LizP. Further evidence
for this transition is provided by the gradual decrease in the binding energy of P in
Li, P, approaching the characteristic value of LizP, as shown in Figure [A.10] Once
LigP had formed, all the expected binary SEI compounds were present.

Another component in the P 2p spectra, labelled as ‘P,.’" (undercoordinated P),
has not been discussed thus far, as it does not correspond to a well-defined LiPON
structural unit or a specific SEI compound. Sicolo et al. conducted a computational
study on the Li|LiPON interface, which revealed that undercoordinated P atoms,
generated through the breaking of P-N and P-O bonds, could be reduced to oxidation
states of 43, 42, or -2 upon reacting with lithium metal[271]. The observed increase
in the P,. fraction from the beginning of lithium plating can be attributed to
the cleavage of P-N and P-O bonds associated with Ny, N4, and Oy units as
lithiation progressed. Subsequent reactions between lithium and P-O,, or -N,
likely contributed to the formation of Li P, Li;O, and LizN. It is also important to
highlight that some P,. was already present before lithium plating commenced. This
is likely a result of bond cleavage during the Ar-ion etching process, as evidenced by

the absence of P emissions in the pre-etching P 2p spectra shown in Figure [5.10
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Figure 5.10: P 2p XPS spectra in the binding energy range of 144 eV to 124 eV extracted
from survey scans for (a) the ~0.6 ym thick LiPON film sample and (b) the ~800 pm
thick bulk-processed LiPON sample before and after Ar-ion etching. The peak intensities

have been normalised to improve the visibility of minor spectral contributions. Reprinted
from [261]

The XPS results in Figure reveal the presence of LiyO, LisN, and LizP
in the SEIs formed on both LiPON samples, which is broadly consistent with
previous studies of the Li|LiPON interface. However, two earlier investigations also
reported LisPOy4 as an SEI phase, either as a replacement for or in coexistence with
LigP[270, [272]. Identifying LisPO, from core-level XPS spectra is challenging, as it
lacks distinct spectral features and its emissions overlap with those from LiPON.
Specifically, it contributes to the emission of Li 1s-Li...P(OxNy), O 1s-Oy, and P
2p-P(OxNy) components. However, the fraction of the P(O4Ny) signal attributable
to LizPO4 can be estimated by subtracting the contributions from LiPON, namely
those associated with phosphorus bonded to N;, Ng, N,, and Oy,.

The maximum possible contribution of P from LiPON can be estimated by
assuming the simplest structural units containing Ny, Ng, N, and Oy, as illustrated
in Figure Although the precise molecular structures of the LiPON samples

remain unknown, these simplest structural units provide a useful framework for
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approximation. The chemical formulae of these units were used to convert the
measured atomic fractions of Ni, N4, N,, and Oy, into the corresponding atomic
fraction of P. This calculated P fraction was then subtracted from the total measured
atomic fraction of P in the P(O4Ny) component to estimate the minimum possible
fraction of P attributable to LizPO4. Table provides an illustrative example

of this calculation, with the complete results shown in Figure [5.11]

Table 5.3: Calculation of the minimum atomic fraction of P associated with LisPOy4 for
the ~0.6 pm LiPON film sample at a cumulative plating time of 10 minutes.

X Concentration in P/X ratio in Concentration of P
sample (at%) structural unit (at%)
Oy 0.21 2 0.42
Ny 0.24 3 0.72
Ny 0.38 2 0.76
Na 2.57 1 2.57
Sum [P] 4.47
P(OxNy) 5.66 1 5.66
Difference 1.19
a) Thin film LiPON b) Bulk-processed LiPON
5 5 S —
0 e R ° p 0 ° b ° p
g 5] . 2 5] .
.15 15
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30] : . . . -30 , , ; :
0 5 0 15 20 25 0 50 100 150 200
Cumulative lithium plating time (min) Cumulative lithium plating time (min)

Figure 5.11: Evolution of the minimum (mathematically) possible concentration of P
associated with LizPOy in (a) the ~0.6 pm thick LiPON film sample and (b) the ~800
pm thick bulk-processed LiPON sample with cumulative lithium plating time. Negative
values are non-physical. Reprinted from [261]

At the early stages of lithium plating, the concentrations of LizPO, in both
LiPON samples were expected to be negligible, which accounts for the initially

negative P concentrations calculated using the method described above. However,
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the calculated values became positive after approximately 7 and 20 minutes of
lithium plating for the thin film and bulk-processed samples, respectively, before
stabilising at around 1.2 at% and 4 at%. This corresponds to at least 15% and 50%
of the detected P being present in the form of LisPO,. These results demonstrate
that LisPO, was a significant constituent of the SEI formed on both LiPON
samples in this study.

Based on the spectral results and the preceding discussion, the degradation
process of the LIPON samples during lithium plating is proposed in Equations[5.2] to
.5l These reactions were formulated using the hypothetical chemical compositions
of the individual structural units illustrated in Figure 5.1} as the precise molecular
properties of the fabricated LiPON samples remain unknown. It is worth noting
that intermediate reaction steps involving P, species are likely, as suggested by the
XPS spectra in Figure 5.8 However, incorporating such intermediates would require
additional assumptions, as P, lacks a well-defined stoichiometry; its composition
depends on several variables and is therefore difficult to predict. Since these
assumptions are not necessary to explain the key features of the lithiation and SEI

formation processes, they have been omitted for clarity.

LigP309gN + (5 + x)Li — LisPoOgN + Li, P + 3LiyO (5.2)
LisPyOgN + (5 + 2)Li — LiyPO3N + Li, P + 3Li,O (5.3)
LiyPOsN + (54 x)Li — Li, P + 3LisO + LigN (5.4)
LisPyO7 + (5 + ) Li — LisPOy + Li, P + 3LiyO (5.5)

Equation proposes a decomposition pathway of Ny units (LigP309N) into Ng
units (LisP2OgN), which aligns with the observed decrease in the Ny fraction during
lithium plating (Figure [5.9). Moreover, the brief increase in the Ng/N; ratio at
the onset of lithium plating in the thin film sample supports this decomposition
pathway, and the SEI products predicted by this reaction—Li,P and Li;O—were
indeed the first to form during the experiments.

In both samples, the decline in Ny was subsequently followed by a decrease

in N4 and a corresponding increase in N,, consistent with the reaction proposed
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in Equation [5.3] This reaction yields additional Li,P and LisO—aligning with
the observation that these were the only SEI components present at the onset
of N, formation. According to a previous report, P(O4Ny) units containing N,
are unstable in contact with lithium metal and are prone to decomposition. This
instability suggests that the P(OxNy) units containing N, are expected to decompose
via a reaction such as that described in Equation [5.4]272]. This reaction yields
LisN and LiyP, consistent with the experimentally observed sequence of binary
SEI compound formation. Continued lithiation of Li,P ultimately leads to the
formation of LizP. Equation [5.5 adapted from a decomposition reaction proposed
by Schwobel et al., accounts for the sharp decrease in O, (LiyP20O7) and the
concurrent increase in Oy, (LizPO,4) shown in Figure [270]. Importantly, this
reaction provides a mechanistic pathway for the formation of LisPOy, supporting
its identification as a major SEI component.

This analysis of the decomposition pathways indicates that the initial lithiation
of LiPON, followed by the progressive lithiation of its decomposition products,
leads to the formation of SEI compounds as co-products. Although the same
binary SEI phases are expected to form irrespective of whether the LiPON exhibits
metaphosphate or orthophosphate character, the initial concentrations of Ny, Ny,
N,, and Oy, are expected to influence both the resulting SEI composition and
its overall thickness. For instance, LizN is expected to form earlier during the
decomposition of orthophosphate-type LiPON due to its higher initial fraction of
N.. Conversely, the decomposition of metaphosphate-type LiPON, characterised by
a greater initial Oy fraction, would likely yield a higher concentration of LisPOy
in the SEI|265]. This aligns with the observation that the bulk-processed LiPON,
which exhibited a higher initial Oy,/Oyy, ratio, formed an SEI with a greater fraction
of Li3PO4 compared to the thin film sample. Depending on the specific passivating
roles of LigN and LizPOy, such compositional differences could influence the time
required to establish a sufficiently protective SEI, and therefore, the final SEI

thickness necessary for passivation.
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5.3.3 Passivation of the Li/LiPON interface and final struc-
ture of the SEI

The Li-LiPON interphase eventually developed into a passivating layer, effectively
impeding further decomposition of the underlying LiPON. This transition was
evidenced by the accumulation of unreacted lithium metal on the sample surfaces
as lithium plating continued. The Li 1s-Li® emission appeared after 8 minutes of
plating on the thin film sample and after 110 minutes on the bulk-processed sample.
The intensity of this Li 1s-Li’ peak increased with further plating, as shown in
Figure [5.12] Additional evidence for the formation of a passivating interphase is
provided by the core-level binding energy plots in Figure [A.10] which show that the
binding energies of most spectral components stabilised following the appearance of
the Li" signal. This stabilisation indicates that the major chemical and structural
changes within the SEI had largely ceased, consistent with the formation of a
passivating SEI that inhibits further reaction.

An exception to this stabilisation was observed in the binding energy of the
Li-SEI component, which began to decrease for both samples as plating continued.
This shift was attributed to the increasing O 1s emission from Li;O and the
diminishing contributions from other SEI compounds, resulting from the thickening
lithium metal layer, as shown in Figure [5.12] However, the apparent increase in
Li; O was likely an artefact produced by the reaction of freshly deposited lithium
metal on the exposed sample surface with residual O, in the XPS chamber, as
discussed in Section [3.3.4] This interpretation aligns with observations reported
in previous studies|130, |162, |174} [185] 271} 295].

Since LiPON spans a broad range of Li™ concentrations and decomposes through
a series of lithiation reactions, inward lithium diffusion from the surface is expected
to result in SEIs with spatially non-uniform chemical compositions and structures.
In terms of the characteristics of the fully formed SEI, this implies that the most
lithiated species would be concentrated near the lithium metal side, while the least

lithiated species would be located closer to the LiPON side of the interphase. This
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Figure 5.12: Time series of XPS core-level spectra acquired during the in situ lithium
plating experiments performed on a) a ~0.6 pm thick LiPON film sample and b) an
~800 pm thick bulk-processed LiPON sample. Acquired spectra (grey) are shown along
with linear combination fitting results. The cumulative lithium plating time (electron
beam exposure time) is indicated in the first column. Individual spectral components are
coloured, and a key is provided below each group of spectra. Oy, Oy, Nt, Ng, N, and
P.c are bridging oxygen, non-bridging oxygen, triple-bridging nitrogen, double-bridging
nitrogen, apical (non-bridging) nitrogen and undercoordinated phosphorus, respectively.
The appearance of the Li® (lithium metal) peak is highlighted with a star. This is an
non-normalised version of figure Reprinted from [261]
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distribution creates a lithiation gradient and, consequently, a lithium chemical
potential gradient across the SEI.

The reactions described in Equations to correlate the evolution of the
XPS spectra with the degree of lithiation as lithium plating progresses. Accordingly,
the compositional variations within the SEI may represent a spatial manifestation
of the temporal sequence of reactions observed during the in situ lithium plating
experiment. In this framework, Oy, N¢, and Nq are expected to be most concentrated
near the LiPON side of the interphase, while partially (intermediate) lithiated
species such as Py, LiyP, N,, and LigPO, are likely localised toward the central
region. Fully lithiated products, including LioO, LigN, and LisP, are expected to
be predominant near the lithium metal side.

While the XPS technique is limited in providing a complete depiction of the
final SEI structure, several key properties can be inferred from the core-level
spectra acquired after passivation. This analysis is enabled by the interplay of

three key factors:
(1) the stabilisation of both the SEI and LiPON structures following passivation,
(2) the subsequent accumulation of lithium metal during continued plating
(3) the limited probing depth characteristic of XPS

After passivation, chemical changes within the LiPON samples and their SEIs were
minimal. As a result, the ongoing evolution of the core-level spectra primarily
reflected the changing sampling depth as the lithium metal layer thickened. Following
passivation, the fractions of most core-level components corresponding to SEI
species either stabilised or increased slightly (Figure , indicating that the SEI
progressively occupied a larger proportion of the XPS probing volume relative
to the underlying LiPON.

The decreases in the Li..P(OxNy) and Oy, fractions as shown in Figure [3.3.4]
were primarily driven by the strong growth in the Li 1s and O 1s emissions from Li°

and LiyO, respectively. The fractions of O}, and Ny were the only other components
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to exhibit a notable decline in both samples after passivation. There remains
some uncertainty as to whether these components should be classified as part of
the SEI, as their bonding configurations are characteristic of the early stages of
lithiation and reflect the structural transition of LiPON from metaphosphate to
orthophosphate character. Notably, these were the only components to diminish
entirely with continued lithium plating beyond passivation, indicating that the
species from which they originated were primarily concentrated near the interface
with the underlying LiPON.

As the O 1s emissions from Oy, became negligible around the point at which SEI
growth ceased, it is reasonable to infer that the SEI thicknesses were on the order
of the XPS probing depth. For the elements in LiPON, the kinetic energies of the
ejected photoelectrons exceed 950 eV, corresponding to an inelastic mean free path
(Amvrp) of approximately 38-55 A in lithium metal[171]. Given that the effective
XPS probing depth is approximately 3Anrp, this yields an estimated probing depth
of 11-17 nm in lithium metal. This value should be considered an upper limit for the
SEI thickness, as phosphorus, oxygen, and nitrogen are heavier than lithium, and
thus the corresponding Apypp values in LiPON and its SEI are likely to be lower.

Previously studies based on TEM characterisation have reported the thickness of
the Li-LiPON SEI of about 76 and approximately 60 nm by Cheng et al. and Hood et
al., respectively[272, 273]. In the work by Cheng et al., the nanostructured interphase
was investigated using cryo-TEM, where a multilayer-mosaic SEI morphology was
observed. The identified decomposition products included LisN, Li,O, LizPO,, and
an amorphous matrix|272]. Hood et al. employed an in situ TEM approach, in
which LiPON and Li metal were brought into contact inside the TEM column using
a piezo-controlled scanning tunnelling microscope (STM) tip. In their study, a
P-rich layer was found to concentrate on the LiPON side, whereas a P-deficient
and O-rich layer formed on the Li metal side[273|. In contrast, the SEIs formed
in this investigation appear to be thinner than those reported in TEM studies,
but are in good agreement with the values obtained from electroanalytical and

neutron reflectometry measurements[275| [276]. This discrepancy may arise from the
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more rapid passivation facilitated by the in situ XPS technique, in which lithium
was electrochemically deposited—similar to the processes used in electroanalytical
and neutron reflectometry measurements. However, it is important to note that
SEI thickness estimates derived from XPS carry greater uncertainty compared to
direct imaging methods such as TEM. Notably, the Oy, emission from the bulk-
processed sample diminished slightly earlier relative to the appearance of the Li°
peak when compared to the thin film sample. This observation suggests that the
SEI formed on the bulk-processed sample may have been comparatively thicker
than that on the thin film sample. Such a difference would be consistent with
the lower lithium content of the bulk-processed sample (Table , which implies
a greater capacity for lithiation.

Then it is important to consider the N 1s spectral components associated with
the primary decomposition products of LiPON; specifically Nq and N,. Although
these bonding configurations have not previously been linked to the Li-LiPON SEI,
Figure [5.9| suggests their presence, as both components remained detectable even
after Oy, and Ny had disappeared. A sharp decline in the N4 fraction was observed
in the bulk-processed LiPON sample between cumulative plating times of 190 and
220 minutes. This implies that species containing Nq bonding configurations were
predominantly located near the LiPON interface, in agreement with the earlier
analysis. In contrast, the N, fraction remained stable in the thin film sample but
increased sharply in the bulk-processed sample toward the end of lithium plating.
Moreover, as shown in Figure [5.12] distinct N 1s emissions from N, remained
visible in both samples after passivation. These observations suggest that N,-
containing species were situated further from the LiPON side of the interphase
than those containing Ny, consistent with the spatial decomposition profile inferred
from the LiPON degradation analysis.

The presence of both N, and LizPO, within the bulk of each SEI is further
evidenced by the plateauing of the P 2p emission from P(OxNy) structures, although
their precise spatial distribution relative to one another remains uncertain. The

fractions of the core-level components associated with P, and Li P initially
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increased and then stabilised after passivation, suggesting that these species were
also concentrated away from the LiPON side of each SEI. In contrast, the core-
level emission fractions of LisP and LisN continued to increase during lithium
accumulation after passivation, consistent with their expected predominance near
the lithium metal side of the SEIL

The morphology of the accumulated lithium metal must also be considered, as
electrodeposited lithium rarely forms a uniform layer[295] 296]. Based on the applied
current density of 0.15 mA cm™? (calculated by dividing the applied beam current
by the sample area), the amount of lithium plated at the point when the Li 1s-Li°
peak first appeared corresponds to areal capacities of 0.04 and 0.28 mAh cm™ for
the thin film and bulk-processed samples, respectively. These capacities translate to
estimated lithium layer thicknesses of approximately 0.21 ym and 1.33 pm. Given
that the XPS probing depth in lithium metal is about 17 nm, emissions from the
Li-LiPON SEI should have been completely attenuated within roughly one minute
of additional lithium plating after passivation. The fact that SEI signals persisted
indicates that certain regions of the electrodeposited lithium layer were thinner
than the XPS probing depth, while other regions were substantially thicker. Only
towards the end of each experiment did the thinnest regions approach the probing
depth, leading to significant attenuation of SEl-related emissions. Nevertheless,
aside from the delay in complete attenuation, the overall evolution of the core-level
spectral component fractions in Figure is expected to be largely unaffected by
the non-uniformity of the lithium metal layer, because deposition of lithium metal
on the surface occurs only after the SEI has become passivated.

Figure 5.13]illustrates the proposed spatial distribution of different species within
the Li-LiPON SEI. This structure broadly aligns with the graded SEI model reported
by Sicolo et al. based on their XPS analysis, but this work identifies additional SEI
components, including P ., LiyP, and N, as well as an Ng4-rich layer near the LiPON
side of the SEI|271]. However, this proposed structure contrasts with the findings
from TEM studies by Cheng et al. and Hood et al., as well as the computational

work by Wang et al., which suggest that Li;O is the dominant SEI phase in direct
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Figure 5.13: Schematic diagram of the Li-LiPON SEI structure determined from the
results of the in situ lithium XPS plating experiments. The dashed lines between the
layers of the SEI structure indicate that these are not “hard” boundaries and some degree
of intermixing is expected. The layer thicknesses are not drawn to scale. Reprinted from

[261]

contact with lithium metal. This raises a potential discrepancy, as the
present XPS analysis indicates that LizP was the final SEI component to form
prior to passivation, implying that it was the phase in contact with lithium metal.
Additionally, both LigN and Li;O were also in contact with the lithium metal surface.
The order of SEI formation may be influenced, at least in part, by differences in
lithium deposition methods—whether electrochemical plating or physical sputtering.
Nevertheless, the depth resolution of the in situ XPS technique used in this study is
insufficient to definitively resolve the precise arrangement of the binary SEI phases,
leaving some uncertainty regarding their exact spatial distribution.

As discussed in Chapter , the Li|LGPS interface forms a MCI due to the
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continuous electron-conducting pathway established by the decomposition products
LisP and Ge, both of which exhibit ionic conductivities exceeding 10* S cm™.
Similarly, LiyP and LizP have been identified as SEI components at the Li|LigPS5Cl
interface[174} 183]. Notably, the low oxidation potential of LisP to LiyP (0.87 V
vs LiT/Li) lies below the theoretical reduction potential of LigPS5Cl (1.71 V vs
Lit/Li)[136]. This allows the oxidation of LiyP to proceed at a potential lower than
the SSE’s reduction potential, meaning that, as long as lithium metal is present
to feed the redox process, the SEI can continue to grow in a diffusion-limited
manner as discussed in Chapter [4]

In contrast, two key factors prevent continuous SEI growth at the Li|LiPON
interface. First, the reduction potential of LiPON, calculated by Zhu et al. as
0.68 V vs Li* /Li, is lower than the oxidation potentials of most lithiated binary
lithium compounds|136]. Second, the graded SEI structure formed at the Li|LiPON
interface spatially separates the most reduced species from the LiPON layer, thereby
preventing the establishment of a continuous electron-conductive pathway. Together,

these factors contribute to the superior stability of LiPON against lithium metal.

5.3.4 Discussion about the differences for LiPON samples
with different thicknesses

As discussed above, SEI formation on both samples followed a similar pattern, with
the primary difference being the cumulative plating time required for SEI formation
and the achievement of passivation. This is unexpected given the comparable SEI
compositions, which should, in principle, require similar amounts of plated lithium to
form. Since the applied beam current was the same for both samples, it is therefore
essential to evaluate whether the actual current densities were indeed equivalent, as
determined by the current path area and the electron flood gun current.
According to Ohm’s law, when a constant current (I) is applied to the sample,
the voltage difference (V) across the sample can be calculated as V=IR. However, it
is important to note that the system does not instantly reach this voltage due to the

presence of the geometric capacitance (CPEgeom) in the circuit. Initially, a portion
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of the applied current is diverted into the capacitive branch of the circuit, causing
a transient response. As the potential difference builds up, the fraction of current
flowing through the capacitive branch gradually decreases. The current flow into
the capacitive component ceases once the voltage reaches its steady-state maximum,
at which point all of the applied current flows through the resistive component. In
this investigation, the physical manifestation of this process is the accumulation of
electrons on the LiPON surface until the potential difference required to drive the
applied current (30 uA) through R; is reached. Once this condition is satisfied, the
sample current (Isample) should equal the electron flood gun current (Igu,).

EIS measurements were performed to characterise the resistance and capacitance
properties of both thin film and bulk-processed samples. The experimental setup and
results are detailed in Section[A.3] The collected data are presented as Nyquist plots,
with the corresponding ECM diagrams included as insets. Although the interfaces
with the “electrode” were essentially non-blocking, the applied ECM model remains
valid for representing the electrical responses of the samples during the in situ
lithium plating experiment. For simplification in the subsequent analysis, interfacial
capacitances are neglected, and the interfacial resistance, R, is incorporated into
the overall ionic resistance of the sample, denoted as R;.

As previously discussed, the capacitance of the bulk-processed sample could
have contributed to its seemingly lower average value of Igumple during each plating
step as the SEI evolutions takes much more time. A portion of the applied current
could have initially been diverted into charging the interfacial capacitance, rather

than directly contributing to lithium plating. However, the CPEge., capacitances

obtained from fitting the data included in Figures|A.12|and [A.13| were approximately

1 x 107 for the thin film and 5 x 107!° F for the bulk-processed sample. It is worth
noting that the capacitance values for both samples are very small, and and the
thin film LiPON sample exhibited a higher capacitance than the bulk-processed
one. This implies that, for the same applied current, more charge would have

accumulated on the thin film sample. In practice, the capacitance value for the
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bulk-processed LiPON sample used in the in situ plating experiment would likely
have been even lower due to its greater thickness.

Another possibility is that the true steady-state value of sample current Imple,
was lower for the bulk-processed sample than for the thin film sample. To investigate
this, Vsample was calculated assuming Igmple=30 pA. The ionic resistance, R;, at
room temperature was measured by EIS, yielding approximately 5000 €2 for the thin
film sample and 7 x 107 © for the bulk-processed sample, with a top electrical contact
diameter of 2 mm. Given that the current path in the in situ experiment was 5 mm
in diameter and the bulk-processed sample was twice as thick, the corrected values
of R; were calculated as approximately 800 €2 for thin film sample and 2 x 107 Q
for bulk-processed sample. Based on these values, the Vgmpie Was estimated to
be ~0.024 V for thin film sample and ~600 V for bulk-processed sample. This
significant difference suggests that the high resistance of the bulk-processed sample
could have resulted in a substantial electrical field build-up, which might have
affected the Isample by repelling the incoming electrons from the flood gun. In this
case, the actual Igmple for the bulk-processed sample is supposed to be lower than
Leun=30 pA, resulting a lower lithium plating rate.

Moreover, the accelerating voltage of the electron flood gun (Vgu,) was only
about 1 V, as it is designed to provide a low-energy electron beam for charge
neutralisation. This means that Vg,,= 1 V represents the maximum potential drop
that could be achieved by each sample. Since the calculated Vgymple= 600 V for
the bulk-processed sample far exceeds this limit, it could not have been reached in

practice. Instead, the actual current passing through the sample should have been

Igun
600

no more than = 0.05 pA. This suggests that the extra current provided by
the electron flood gun must have been deflected to ground due the accumulated
surface charge. In contrast, the calculated Vgumpie for the thin film sample, which
is 0.024 eV, was significantly lower than 1 V, meaning that its Isample should have
been close to Iy, although some degree of electron deflection could still have

occurred. The significant discrepancy in Vigmpie also highlights the influence of

sample geometry and resistance on the electrochemical conditions of the plating
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experiment, reinforcing the need to consider these factors when comparing results
between samples with different dimensions and conductivities. As in previous
chapters, the SEI formation was examined on three SSEs—LAGP, LGPS, and
LigPS;Cl—using VEP method. The calculated voltage difference across each pellet,
Vsample i small: ~6 mV for LAGP (diameter=8.38 mm, thickness=~850 pum, I=
20 pA, ionic conductivity c=~0.5 mS cm™); ~3.4 mV for LGPS (diameter=8.0
mm, thickness=~850 um, I= 20 puA, ionic conductivity c=~1.0 mS cm™); and
~0.53 mV for LigPS5Cl (diameter=>5.0 mm, thickness=~750 pm, I= 2.5 pA, ionic
conductivity c=~1.8 mS ¢cm™). Because the calculated voltage differences are on

millivolt scale, Isample can be regarded as very close to the gun current ILy,,.
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Figure 5.14: Time series of XPS core-level spectra acquired during the in situ lithium
plating experiments performed on a ~0.01 pum thick LiPON film sample. Acquired
spectra (grey) are shown along with linear combination fitting results; the intensities
were normalised to the strongest peak in each spectrum. The cumulative lithium plating
time (electron beam exposure time) is indicated in the first column. Individual spectral
components are coloured, and a key is provided below each group of spectra. Oy, Oy,
N¢, Ng, N, and Py are bridging oxygen, non-bridging oxygen, triple-bridging nitrogen,
double-bridging nitrogen, apical (non-bridging) nitrogen and undercoordinated phosphorus,
respectively. The appearance of the Li® (lithium metal) peak is highlighted with a star.

Reprinted from [261]
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To investigate whether the deflection of the incident electron beam can occur
when Vgmple is well below 1 V., an additional ¢n situ lithium plating experiment
was conducted on an “ultra-thin” LiPON film with a thickness of ~0.01 um.
The core-level spectra acquired from this sample, shown in Figure [5.14] closely
resemble those of the thin film and bulk-processed samples presented in Figure
This suggests that the SEI composition, structure and the formation process
were consistent in all three samples.

Furthermore, the SEI thickness formed on the ultra-thin sample was also on the
order of the XPS probing depth, as indicated by the negligible Oy, emission upon
the appearance of Li 1s-Li® peak. The detection of Li® at a cumulative plating time
of 3.5 minutes indicates that SEI formation occurred in approximately half the time
required for the ~0.6 pm film. Assuming that the ionic conductivity of the ultra-thin
sample was comparable to that of the ~0.6 um film, its resistance can be estimated
as ~10 Q, yielding a Vgmple of approximately 3 x 107* V for Igumpe=30 pA. This

demonstrates that the lithium plating rate is dependent on the sample thickness even

Vgun

40

when Viample is lower than Based on above discussion, for the condition [ gmpie
= I, to be satisfied, V ggmpie must be less than Vg,,. thereby necessitating the
use of thin film LiPON. There is an effect even going from 600 nm thick LiPON to
10 nm thick LiPON, so the results suggest that very thin LiPON films are required.

The result suggests that the properties of the fully-formed Li-LiPON SEI do
not depend strongly on the applied current density, at least at levels below 0.15
mA cm™?. The influence of current density on SEI formation could be investigated
further by varying the beam current of the neutraliser gun. Despite the broad
range of effective current densities across different samples, the formed SEIs exhibit
comparable chemical and structural properties and reached similar thicknesses. This
also indicates that, during the in situ lithium plating experiment, the condition
Isompte = Igun is not necessarily met. This represents a clear limitation that

must be considered in future studies, particularly when the influence of applied

current density is of interest.
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5.3.5 Li-LiPON SEI evolution by #n situ sputtering

Thin film LiPON (sputtering)
Li 1s O1s N 1s P 2p
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Figure 5.15: Time series of XPS core-level spectra acquired during the in situ lithium
sputtering experiment performed on a thin film LiPON sample. Acquired spectra (grey)
are shown along with linear combination fitting results; the intensities were normalised
to the strongest peak in each spectrum. The cumulative lithium sputtering time is
indicated in the first column. Individual spectral components are coloured, and a key
is provided below each group of spectra. Oy, O, Nt, Ng, Ny and Py are bridging
oxygen, non-bridging oxygen, triple-bridging nitrogen, double-bridging nitrogen, apical
(non-bridging) nitrogen and undercoordinated phosphorus, respectively. The appearance
of the Li" (lithium metal) peak is highlighted with a star.

Building upon previous XPS investigations of the Li-LiPON interface, the
results vary depending on the method used to construct the interface, such as
lithium evaporation or physically attaching a lithium film to the LiPON sample[270,
272]. The in situ lithium plating technique, however, more accurately simulates
the first charging process of a LiPON-based system, providing insights into the
actual electrochemical reactions occurring at the interface between LiPON and
lithium metal. To evaluate SEI formation under different lithium deposition
techniques, another in situ lithium sputtering XPS experiment, as introduced
in Section [2.1.2] was conducted. Unlike in situ lithium plating, where lithium

is electrochemically deposited onto the LiPON surface, the in situ sputtering
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technique relies on physical deposition, in which lithium atoms are sputtered from
a lithium metal target and subsequently deposited onto the LiPON sample. This
technique introduces lithium without electrochemical driving forces, enabling an
alternative perspective on SEI formation.

As shown in Figure the bridging structures, including Oy, N¢, and Ng,
decrease as the sputtering process progresses, which aligns with the previous
discussion in Section [5.3.2] This trend suggests that LiPON undergoes structural
decomposition during lithium deposition, consistent with the observations made
during in situ lithium plating. However, a notable difference is the absence of
LizN and LizP formation in this case. This contrast suggests that the mechanism
of SEI formation differs between electrochemical and physical lithium deposition
methods. This observation is consistent with previous findings for SEI formation
on LAGP and LGPS SSEs, where variations in SEI composition and evolution
were observed depending on the lithium deposition technique employed. Three
possible reasons have been discussed in Section [3.3.5] reinforcing the importance
of studying SEI formation under conditions that closely mimic the actual working

environment of a practical cell.

5.4 Summary

In this work, the formation and properties of the SEI between LiPON and lithium
metal was firstly studied by in situ lithium plating XPS. XPS spectra collected from
the pristine LiPON surfaces revealed that both the thin film and bulk-processed
samples exhibited similar metaphosphate glass structures, despite being prepared
using different precursors and fabrication routes. The structural similarities are
attributed to the comparable [Li]/[P] ratios in the thin film and bulk-processed
samples, which likely result from lithium loss during the sputter deposition process.

During the in situ lithium plating, the results indicate that SEI formation
on both samples proceeded in a similar manner. LiPON underwent lithiation
through a series of reactions, resulting in a graded SEI structure: the most lithiated

species (LiO, LizN, and LizP) were concentrated near the lithium metal side,
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intermediate lithiation products (P, Li,P and N,) were concentrated towards the
central region, and the least lithiated species (N and Ng) were located near the
LiPON interface. And the intermediate lithiation species are reported here for the
first time as constituents of the Li-LiPON SEI. Additionally, the presence of LizPO,
in the SEI was confirmed, and its concentration relative to LizP appears to be
influenced by the LiPON composition. The analysis suggests that a less amount of
Li3PO,4 would form if the LiPON exhibited orthophosphate character, as significant
LizPO, formation is expected to result from the breakdown of Oy structural units.
Thus, while the formation mechanisms and final structures of the SEI should be
similar for metaphosphate and orthophosphate LiPON compositions, the relative
concentrations of species and final thicknesses may differ.

The timescale over which changes occurred during the in situ plating experiment
differed significantly—particularly between the thin film and bulk-processed LiPON
samples—as the cumulative plating time required for passivation increased with
sample thickness under a constant electron flood gun current. This underscores an
important limitation of the in situ lithium plating technique: the low accelerating
voltage of the electron flood gun, combined with the high impedance of the investi-
gated sample, can result in an actual applied current density that is significantly
lower than the nominal value. In the case of the LiPON sample, the actual current
decreases with increasing sample thickness, as a greater portion of the electron
beam current is deflected to ground by surface charge accumulation. This also
suggests that the properties of the Li-LiPON SEI are not strongly dependent on the
applied current density, at least up to 0.15 mA cm? When applying this technique
to investigate SEI formation on other SSEs, it is advisable to perform calculations
beforehand to assess the likelihood of electron beam deflection. The use of electron
flood guns with higher accelerating voltages may effectively mitigate this issue.
Based on the results, the thicknesses of the formed SEIs after passivation were both
on the order of the XPS probing depth (i.e., <17 nm), which is significantly thinner
than previously reported values (60-80 nm from TEM studies). However, this

thickness is in reasonable agreement with the values obtained from electroanalytical
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and neutron reflectometry measurements. This discrepancy may be attributed
to the stronger electrochemical driving force in the in situ plating experiment,
which could promote faster passivation, or to the metaphosphate character of the
LiPON samples investigated in this study.

The graded structure of the Li-LiPON SEI underpins its high electrochemical
stability since it contains a layer of thermodynamically stable compounds in
contact with the lithium metal and phases with very low electronic conductivities
that provide kinetic stability. Glassy material systems are generally capable of
accommodating a broader range of Li™ concentrations than crystalline compounds,
which must meet stringent requirements related to lattice symmetry, strain, and
local charge distribution. Another expected benefit of glassy solid electrolytes is
their enhanced resistance to lithium dendrite formation and growth, owing to the
absence of crystallographic defects. Accordingly, the findings of this investigation
support renewed interest in glassy solid electrolytes. Moreover, sputter deposition
may accelerate the discovery of new glassy electrolyte materials, as the development

of bulk synthesis routes is often complex and challenging.
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All-solid-state batteries are regarded as one of the most promising next-generation
energy storage systems. Replacing the liquid electrolytes in conventional LIBs with
SSEs enables direct lithium metal plating, thereby enhancing capacity, facilitating
faster charging and discharging (as Lit is the sole mobile ion within the SSE),
and improving thermal stability and safety. Additionally, the increased mechanical
strength of SSEs can, in principle, suppress lithium dendrite penetration, further
enhancing performance. However, further modifications and optimisations of SSEs
are required to develop materials that exhibit long-term stability against both anodes
and cathodes during cycling while maintaining high ionic conductivity. Given the
low potential of lithium metal anodes and the limited electrochemical stability of
most SSEs, the formation of a interphase is inevitable due to interfacial reactions.
This interphase layer plays a crucial role in determining battery performance, making
the investigation of its composition, formation mechanism, and evolution essential
for the advancement of all-solid-state battery technology.

The development of in situ XPS techniques offers significant advantages for
investigating the chemical and electrochemical interactions occurring at electrode-
electrolyte interfaces. Due to its high surface sensitivity, XPS is particularly
well-suited for interphase analysis, as these layers typically range from a few tens to
hundreds of nanometres in thickness. This study focuses on the interphase formation
at the interfaces between lithium metal and several promising SSE candidates,
aiming to provide a deeper understanding of their degradation mechanisms and
the stability of the resulting interphase.

In Chapter [3] two SSEs, LGPS and LAGP, with limited stability against lithium
metal, were investigated. The results indicate that both SSEs form conductive
phases within the interphase; however, LAGP exhibits greater stability, as evidenced
by the emergence of a metallic lithium peak. This finding highlights that the stability
of the interphase is influenced not only by its composition but also by the fraction
and spatial distribution of conductive phases within its structure. The interphase
formed between LGPS and lithium metal contains more than 20 vol% of conductive

phases (Li3P and Ge), resulting in a continuous conduction pathway. Consequently,
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the potential of the interphase aligns with that of the lithium metal anode, leading
to continuous interphase growth. In contrast, the SEI formed on LAGP contains less
than 11 vol% of conductive phases (Ge), which is insufficient to form a continuous
conduction network, thereby enhancing its stability against lithium metal.

As an attempt to probe the SEI evolution kinetics on LAGP, continuous XPS
measurements were performed on the LAGP pellet surface following the emergence
of the metallic lithium peak by VEP. In principle, the kinetics of SEI evolution can
be estimated by analysing the rate of decrease in the peak intensity of the metallic
lithium signal, along with the corresponding increase in the intensities of peaks
associated with SEI decomposition products. However, accurate quantification of
SEI evolution is hindered by the oxidation of lithium metal in the XPS chamber,
leading to peak overlap, particularly for oxide-based SSEs. Ideally, a higher vacuum
level is preferred to minimise the reaction between lithium metal and other products
with the chamber environment. Nonetheless, this approach provides a novel method
for assessing the stability of the formed SEI, offering valuable insights into its
long-term interfacial behaviour.

Argyrodite SSEs with compositions of LigPS5;Cl or close to it have been regarded
as some of the most promising sulphide-based SSEs due to their improved stability
against lithium metal. However, recent developments in the CTTA technique
have shown that SEI growth between LigPS;Cl and lithium metal follows a linear
relationship with the square root of time, raising questions about the true stability
of the formed SEI. To investigate this further, in situ XPS was employed to form the
SEI within the XPS chamber, allowing continuous monitoring after the VEP step.
The results indicate that the SEI evolves over time through P-containing SEI species,
which aligns with first-principles calculations suggesting that both fully lithiated
LizP and partially lithiated Li,P phases are thermodynamically unstable in contact
with LigPS5Cl. The instability of P-containing species was further demonstrated
by in situ sputtering of a phosphorus layer, which was subsequently lithiated.
XPS results revealed that the lithiated phosphorus layer underwent continuous

delithiation when left under open-circuit conditions. Additionally, modified CTTA
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measurements reveal that SEI growth deviates from the expected linear relationship
with the square root of time, further confirming that its evolution is not solely
diffusion-limited. This indicates that a artificial layer is necessary to establish a
stable SEI, preventing continuous growth driven by reactions between lithiated
phosphorus species and LigPS5Cl.

Subsequently, another SSE, LiPON, was investigated using the in situ XPS
technique for the first time. While LiPON has been widely recognised for its
excellent stability against lithium metal, the characteristics of its SEI remain poorly
understood. The in situ XPS characterisation provides direct observation of the
LiPON SEI evolution as lithium deposition progresses. The results was a graded
SEI structure, where the most lithiated species (Li2O, LizN, and LizP) species
are more concentrated near the lithium metal side, the least lithiated species
(triple-bridging N and double-bridging N) are close to the LiPON side, and the
intermediate lithiated species (apical N, Li, P, undercoordinated P, and LizPOy,) are
concentrated in the central region of the SEI. This graded SEI structure ensures
that the most lithiated species do not directly interact with the LiPON layer, while
the low reduction potential of the LiPON SSE further prevents additional interfacial
reactions. This spatial separation plays a crucial role in preventing continuous
SEI growth, thereby contributing to the remarkable stability of LiPON against
lithium metal. Additionally, a limitation of the in situ XPS technique was identified
when probing SEI formation on bulk-processed LiPON samples, which exhibit
significant resistance. Since the electron neutraliser is specifically designed for
charge neutralisation, the energy of the electron beam is limited to approximately 1
eV. Consequently, the maximum achievable ohmic drop across the sample is also
restricted. When the sample resistance is substantial, the actual current density
deviates from the nominal value calculated as the applied current divided by the
sample area. This deviation may affect the SEI formation process and estimation of
the SEI thickness. Therefore, careful consideration must be given when comparing

the result form different samples, especially for highly resistive samples.
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This work provides a thorough understanding of the interfacial phenomena at the
anode side in SSB systems, particularly regarding the factors that govern interphase
formation, evolution, and stability. Through the combined application of advanced
characterisation techniques and systematic investigation, this study successfully
deconvoluted complex interfacial chemistries and proposes more accurate reaction
mechanisms. The findings highlight the critical roles of interphase composition
and spatial distribution in determining the electrochemical performance of SSBs.
Moreover, the insights gained offer valuable guidance for the rational design and

engineering of next-generation SSEs and SSE|electrode interfaces.
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A.1 Additional figure and information about Chap-
ter 3

A.1.1 Density values of different SEI components obtained
from Materials Project

Table A.1: Density values of different SEI component

Sample | Density (g cm™®) | Reference
LiAIO, 2.64 R97]
Li,P,0- 5.38 208]
Li,PO, 554 1209]
Go 5.28 1300]
Li;P 148 1301]
LirS 1.67 1302]

A.1.2 Calculation of lithium deposition rates

Passed charge per minute: g = It = 20 pA * 1 min = 3.3 x 107* mAh
Mole number of deposited Li:

—4 —4 -3 —
Npi = Ne- = g _— 3.3x107* mAh __ 3.3x107*x107°x3600 C' _ 1.24 x 10 8

F — 96485 C mol-1 96485 C mol—1 mol

Mass of deposited lithium metal:
mr; = Mp; X np; = 6.941 g mol™! x 1.23 x 1078 mol = 8.63 x 1078 ¢

Volume of deposited lithium: Vi; = Tk = % =1.63x 1077 em?

Lithium deposition thickness per minute:

For LAGP sample: t; = Y4 = L85G em — 2,945 1077 em = 2.94 nm
2

For LGPS sample: t; = Y& = L6Lx10-" em® _ 3 94 % 107 ¢m = 3.24 nm

A wx(%ﬁ em?
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Figure A.1: VEP-XPS investigations of LGPS and LAGP. The plots show a time series
of XPS core spectra acquired during VEP-XPS experiments examining the SEI formation
on top of (a) LGPS and (b) LAGP. The total Li plating time (electron beam exposure
time) is given in the first column, and the passed charge q4 (#Ah cm™2), normalised by
area, is labelled in the last column. Acquired spectra (grey) are shown along with linear
combination fitting results. The individual spectral components are coloured; a key is
provided below each group of spectra. For LGPS SE, two Li 1s SEI peaks are labelled in
two colours with the subscripts denoting the main non-Li contributing element, as their
close BE values make it difficult to deconvolute the peaks accurately. The peak intensities
were not normalised. The applied beam current was 20 pA for both samples. Reprinted

from Liang et al. [162]
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Table A.2: Structure information of possible Al-containing SEI decomposition phases,
Data retrieved from the Materials Project from database version v2024.12.18]303]

Materials Structure | Al-O bond length(A) | Materials project ID
LAGP AlOg
LiAlOg AlOg 1.85 mp-1185313
LiAlO, (trigonal) AlOg 1.91 mp-8001
LiAlO, (tetragonal) AlO, 1.75%2; 1.77*2 mp-3427
LisAlO4 AlOy 1.76-1.78 mp-15960
LiAl;Og AlOg AlO4 | 1.85-1.94 1.78-1.82 mp-530399
AlPOy AlOy 1.73; 1.74 mp-5331

Table A.3: Electrical and ionic conductivities of different SEI components at 298 K

Component Electronic conductivity (S/cm) | Ionic conductivity (S/cm)
Lio O [304] 10~ 10-12
AIPO, [305[309) 10-8 low
LiAlO[231, 310 insulating 1079
LizPO, [106, 311] 109 108

LiyP207[312] 107(80 °C) insulating

Li,S 258, 259] 10-° 10-8
| LigP [222}234] 10-4 10-4
| Gel313|314) 102 102

Table A.4: Binding energy and full width at half maximum (FWHM) information for
the fitted results in Figure

LGPS SSE
P 2p3/2 Ge 3p3/2 Al 2s
E-beam exposure time (min) | Peak position (eV) | FWHM (eV) | Peak position (V) | FWHM (eV) | Peak position (eV) | FWHM (eV)

0 131.99 1.32 123.07 2.83
10 131.87 1.31 122.96 2.9
30 131.79 1.27 122.86 2.81
60 131.77 1.27 122.82 2.8
90 131.74 1.31 122.82 2.8

LAGP SSE
0 134.55 1.9 125.16 3.4 120.4 2.83
10 134.48 1.93 125.04 3.4 120.32 2.9
30 134.42 1.91 124.94 3.4 120.29 2.79
60 134.4 1.86 124.9 3.45 120.32 2.76
90 134.42 1.86 124.9 3.41 120.28 2.74
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Table A.5: Binding energy and full width at half maximum (FWHM) information for
the fitted results in Figure

| | |
E-beam exposure time (min) Li 1s-LGPS Li 1s-SEIg Li 1s-SEIp
Peak position (V) | FWHM (eV) | Peak position (V) | FWHM (eV) | Peak position (¢V) | FWHM (eV)
0 55.52 1.2
5 55.5 1 54.57 1.29 53.3 1.44
10 55.5 1 54.4 1.3 53.6 1.3
30 55.52 0.95 54.45 1.19 53.51 1.32
50 55.5 1.02 54.4 1.26 53.43 1.35
70 55.5 1 54.4 1.26 53.38 1.35
re 3d5/2-Ge*t Ge 3d5/2-Ge?
Peak position (eV) | FWHM (eV) | Peak position (V) | FWHM (eV)
0 30.85 1.19
5 30.35 1.23 28.63 1.72
10 30.3 1.26 28 1.77
30 27.86 1.8
50
70
P 2p3/2-PS,* P 2p3/2-LiP P 2p3/2-Li;P
Peak position (V) | FWHM (eV) | Peak position (V) | FWHM (eV) | Peak position (¢V) | FWHM (eV)
0 132.05 1.46
5 132 1.9 128.16 2.31 127 1.14
10 131.99 1.86 126.71 1.34
30 132 1.9 126.53 1.50
50
70
S 2p3/2-PS,* S 2p3/2-Li,S
Peak position (V) | FWHM (eV) | Peak position (V) | FWHM (eV)
0 161.59 1.24
5 161.3 1.26 160.1 1.06
10 161.3 1.32 159.9 1.07
30 161.3 1.41 159.69 1.14
50 161.3 1.4 159.65 1.16
70 161.42 1.4 159.61 1.16
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Table A.6: Binding energy and full width at half maximum (FWHM) information for
the fitted results in Figure

E-beam exposure time (min)

Li 1s-LAGP

Li 1s-SEI

Li 1s-Li°

Peak position (eV)

FWHM (&V)

Peak position (eV)

FWHM (eV)

Peak position (eV)

FWHM (V)

0 55.43 1.2
5 55.4 1 54.68 1.6 52.33
10 55.4 1 54.68 1.83 52.31
30 55.4 0.95 54.31 1.83 52.33 0.91
50 55.41 1.02 54.01 1.81 52.31 0.85
70 55.43 1 53.94 1.81 52.2 0.85
re 3d5/2-Ge*t Ge 3d5/2-Ge?
Peak position (eV) | FWHM (eV) | Peak position (V) | FWHM (eV)
0 32.61 1.5
5 33.29 1.53 28.01 1.5
10 33.24 1.5 27.9 1.45
30 27.63 1.35
50 27.53 1.34
70 27.6 1.32
P 2p3/2-PO,* P 2p3/2-Li,P
Peak position (V) | FWHM (eV) | Peak position (V) | FWHM (eV)
0 133.62 1.64
5 133.09 1.5
10 133.04 1.47
30 132.92 1.4
50 132.84 1.4
70 132.79 1.45
Al 2p3/2-Al0g Al 2p3/2-Al0,
Peak position (V) | FWHM (eV) | Peak position (V) | FWHM (eV)
0 74.73 1.6
5 75 1.6 72.31 1.57
10 74.85 1.64 72.32 1.67
30 74.87 1.64 72.3 1.7
50 72.3 2
70 72.3 2
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Figure A.2: XRD spectra of the synthesised LGPS powder with ref spectra [315] shown
in red colour. Reprinted from Liang et al. [162)
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A.2 Additional figure and information about Chap-
ter (4
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Figure A.3: Supplementary XPS spectra—Cl 2p, Li 1s, O 1s, C 1s—of the LigPS5Cl
pellet surface after ~0.01 mAh cm? of lithium was VEP through the LigPS5Cl pellet over
1 hour using an electron beam current of 2.5 yA (~0.01 mA cm™2)
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Figure A.4: Equivalent circuit of M, transmission line element in Figure Note:
This model more accurately reflects the multi-component nature of the formed SEI.
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Figure A.5: Li 1s spectra copied from a screenshot after the 4 sweep of Li 1s spectrum
after 4100 s of electron beam exposure of the LigPS5Cl with sputtered phosphorus. The
set sweep number for Li 1s measurement was 16. Note: The x-axis is intentionally left
unlabelled due to the absence of charge calibration.
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Figure A.6: C 1s, O 1s, and Li 1s XPS spectra of the LigPS5Cl surface during: (a)
phosphorus sputtering, (b) subsequent lithiation of the phosphorus layer, and (c) the

following resting period.
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A.3 Additional figure and information about Chap-
ter
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Figure A.7: SEM images of: a) and b) a LiPON film sputter-deposited on undoped
silicon at 50 W for 6 hours; and c) and d) a bulk-processed LiPON sample. The cross-
sectional views in b) and d) are taken from fracture surfaces. Red arrows indicate the
thickness of the LiPON layers, while blue arrows mark the positions of distinct bubbles
intersecting the fracture surface. Reprinted from [261]
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a) Thin film LiPON b) Bulk-processed LiPON
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Figure A.8: Time series of C 1s core-level spectra acquired during the in situ lithium
plating experiments performed on a) a ~0.6 ym thick LiPON film sample and b) an ~800
pm bulk-processed LiPON sample
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Figure A.9: Normalised N 1s XPS spectra in the binding energy range of 409 eV to 391
eV extracted from survey scans for ultra-thin LiPON film sample before and after Ar-ion
etching.
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Figure A.10: Evolution of the core-level XPS spectral component binding energies for
(a) the ~0.6 pm thick LiPON film sample and (b) the ~800 um thick bulk-processed

LiPON sample during the in situ lithium plating experiments. Reprinted from [261]
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Ionic conductivity measurements

Experimental methods

Electrochemical impedance spectroscopy (EIS) was performed on a LiPON film
deposited for 6 hours on a stainless steel substrate and a sample of bulk-processed
LiPON. Prior to these measurements, pieces of Kapton tape containing a punched
2 mm diameter hole were attached to the top surface of the thin film sample and
the parallel surfaces of the bulk-processed sample (aligned to coincide). Nickel
electrical contacts were then sputter deposited; the Kapton tape provided the
required shadow masking and was subsequently removed. To prevent air exposure
during the EIS measurements, each sample was inserted into a laminated aluminium
pouch, connected to copper foil electrodes using Kapton tape and sealed under
vacuum within an Ar-filled glovebox ([H20O] and [O3] < 1 ppm). Standard materials

and methods for laboratory-scale pouch cell construction were used.

External
Thin film LiPON sample for EIS cgni;nciscorﬁper
|
& / B —
- n tape flx the p:
\_/ r contacts
Bulk-processed LiPON sample for EIS
|
—_—
| | ] Pouch Kapton for isolating
the copper from the SST
Nickel

Figure A.11: Schematic diagrams showing the samples fabricated for EIS measurements.

The pouches were removed from the glovebox and connected to an MTZ-35
impedance analyser (BioLogic Science Instruments). Impedance measurements were
performed from 35 MHz to 0.1 Hz at an amplitude of 10 mV. On account of its
novelty, additional impedance measurements were performed on the bulk-processed
LiPON sample at a series of temperatures between 25 and 100 °C for determination
of the activation energy. A temperature-controlled climatic chamber (ITS, BioLogic

Science Instruments) was used to bring the sample to the required temperatures.



A. Appendix

177

Equivalent circuit models were fitted to the impedance data using ZView software

(Scribner Associates Inc.) to determine the ionic resistance of each LiPON sample,

thereby enabling calculations of ionic conductivity.

Electrochemical impedance spectroscopy (EIS)
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Figure A.12: Nyquist plots from EIS measurements on a ~0.6 ym thick LiPON film at
room temperature. For clarity, measurements at frequencies below 16.3 Hz have not been
plotted. The equivalent circuit used to simulate the Nyquist plot consists of resistances (R)
and constant phase elements (CPE) and is shown in (a) along with the simulation result.
‘R;’ corresponds to the ionic resistance of the LiPON electrolyte, ‘R’ to the resistance
of an interfacial layer, ‘CPEgeom’ to the geometric capacitance, ‘CPE’ to the interfacial
layer capacitance and ‘CPE;,’ to the blocking electrode interfacial capacitance. The
contributions to the sample impedance are plotted as two semicircles in (b) to enable
the magnitudes of the bulk and interfacial layer impedances to be compared. The ionic
conductivity of the LiPON (o}, calculated from R;) was ~ 5x1077 S em™!. Reprinted

from [261]
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Figure A.13: Results of EIS measurements on a ~400 pm thick bulk-processed LiPON
sample at temperatures between 25 °C and 100 °C. The Nyquist plots recorded at each
temperature are shown in (a) along with the equivalent circuit used for simulation, which
consists of a resistance (R) and constant phase elements (CPE). ‘R;’ corresponds to the
ionic resistance of the LiPON electrolyte, ‘CPEgeom’ to the geometric capacitance and
‘CPEiyt’ to the blocking electrode interfacial capacitance. The values of R; determined
from simulations of the Nyquist plots were used to calculate the ionic conductivity of
the LiPON at each temperature, and these values were used to construct the Arrhenius
plot in (b). Least squares fitting was used to fit a linear trendline to the data, and the
activation energy for LiT conduction was calculated from the gradient. Reprinted from

[261]
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