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1.1. THE RELEVANCE OF BATTERIES IN OUR FUTURE SOCIETY

E are all aware of the importance of batteries in our daily lives. Our laptops, mobile
thones, headphones and practically every other portable electronic device is bat-
tery powered as they make devices wireless and therefore much more convenient to use.
However, maybe not everybody is aware that batteries also play a crucial role against
climate change in the future energy systems of our society.

The importance of energy storage in electrical grids originates from the intermittent
energy output of renewable energy sources such as wind and solar. When the wind is not
blowing or there is limited sunlight, we need to use energy that is stored in times of ex-
cess energy generation and use it in times of shortage. At this moment, hydroelectricity
is globally the most installed storage mechanism, however, batteries are growing fast as a
storage technology, and are expected to be in equal use as hydro-storage around 2030. !
This increase in battery storage systems is caused by the growing demand and wider de-
ployment of battery applications, which lowered the price of batteries dramatically over
the last decade.” Also recent developments in battery technologies such as flow batter-
ies and high-temperature sodium sulfur gain increasing interest for stationary storage
applications as they are generally easier to scale compared to Li-ion batteries.

In the transport sector, a sharp increase in the sales of battery-driven vehicles oc-
curred in the past decade, from a global market share of 0.07 % in 2011 to 8.57 % in
2021°, this growth is expected to continue in the coming years. The ambition of the
Dutch government is to sell only zero-emission cars from 2030.* One of the main ben-
efits of battery powered vehicles is that they can store energy from renewable sources
relatively efficiently. In an extensive part of the world, electric cars already emit less
greenhouse gasses compared to fossil fuel cars, which will improve even further with
more renewable energy in the energy mix.” While the purchase price of electric cars is
still relatively high, in the current decade the difference in purchase price between a new
electric car and a petrol car is expected to disappear and the driving range is expected to
be comparable.

1.2. LI-ION BATTERIES TOWARDS SOLID-STATE BATTERIES

The ability of Li-ion batteries to reversibly store large amounts of energy has made them
the major driver of innovation in portable electronics and battery electric vehicles. The
importance of Li-ion batteries is highlighted by the Nobel prize of 2019 by John Goode-
nough, Stanley Whittingham and Akira Yoshino for their crucial roles in the discovery of
the Li-ion battery.® Li-ion batteries particularly consist of three main parts, the negative
electrode, positive electrode (here referred to as anode and cathode as usually done in
the battery literature) and electrolyte, a schematic figure of a Li-ion battery with solid
electrolyte, and Li-metal anode is shown in Figure 1.1. In a Li-ion battery, Li-ion ions
are exchanged between the anode and cathode. The driving force of this reaction is the
chemical potential difference between the anode and cathode. The chemical potential
is the energy that is gained or released if the particle number of a given species changes
in a material. In case Li resides in the anode it has a relatively high chemical potential,
which is related to high potential energy. If the Li atom resides in the cathode it has a
lower chemical potential and thus lower potential energy. The difference between the
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Figure 1.1: Schematic representation of a solid-state battery with relevant length scales.

chemical potentials gives rise to the voltage, which is correlated to the gain in energy if
Li moves from the anode to the cathode. As nature tends to move to the lowest energy
configuration, a Li atom in the anode has the tendency to move to the cathode. By plac-
ing an electrolyte between the electrodes that blocks electrons and passes Li-ions, the Li
atom is separated in a Li-ion (Li*) and an electron (e”). During a discharge, the electron
moves from the anode through the current collector and a wire to the cathode, the Li-ion
moves through the electrolyte to the cathode, where the Li-ion and electron are reunited
again. This is a spontaneous process as energy is gained. In the opposite process energy
is required to force the Li atom back to the anode, which is the charging process.

Most electrolytes in commercial Li-ion batteries consist of an organic liquid with
Li salt dissolved. These liquid electrolytes have as main advantage that they conduct
lithium ions relatively fast (~ 10 S/cm) and have a relatively good electrochemical sta-
bility (1-4.2 V) ’. However, liquid electrolytes have the disadvantage of being flammable,
which can result in fire accidents.® Furthermore, there is always the desire of improv-
ing the performance of the batteries regrading cycle life, energy density, power density,
stability and operating conditions.® These features are all related to the specific battery
chemistry and can be improved by investigating new electrolyte materials, as well as
cathode and anode materials.

Solid-state batteries, using a solid electrolyte, have great advantages over conven-
tional liquid electrolyte batteries. One of the main advantages is safety, unlike liquid
electrolyte batteries inorganic all-solid-state batteries are non-flammable reducing most
of the safety issues. In addition, less packaging materials are required and different elec-
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Figure 1.2: Main challenges in solid-state batteries.

trode/electrolyte combinations are possible which could potentially increase the gravi-
metric and volumetric energy density.” In Figure 1.1 a schematic representation of a
solid-state battery is shown. The battery consists of a metallic anode, a solid electrolyte
and a porous cathode. The cathode itself is composed of the solid electrolyte, conductive
additive and cathode particles, where the solid electrolyte and conductive additive are
generally added to provide additional electronic and ionic conduction. On the far left
and right current collectors accept and donate electrons from and to the external circuit.

Various types of solid electrolytes are studied in literature ranging from oxides, sul-
fides, hydrides, halides and polymer electrolytes. The different groups of materials have
different properties in terms of ionic conductivity, electrochemical stability and me-
chanical properties.’ For example, oxides are generally relatively stable over a wide volt-
age range however are difficult to integrate in batteries because of high grain boundary
resistance. Whereas, sulfides are generally ductile and have low grain boundary resis-
tance but have a smaller stability window. A single solid electrolyte that possesses all
relevant properties has not yet been presented but smart solutions such as multi-layer
solid electrolytes, specialized coatings or adding small amounts of liquids can be used to
reach high performances in (hybrid) solid-state batteries. '’

One of the most pursued battery configurations in (solid-state) batteries is a Li-metal
anode in combination with a high voltage metal oxide cathode, see Figure 1.1. Li-metal
is considered as the "holy grail’ in batteries as it has the lowest reduction potential (0 V
vs. Li/Li*) and high volumetric and gravimetric specific capacities (2046 mAh/cm? and
3862 mAh/g respectively). To reach high voltages, a metal oxide cathode is placed at the
cathode side, similar to used in state-of-the-art Li-ion batteries, where materials such as
LiNip.gMng 1 Cog.10, (NMC811) are good candidates to reach high energy density solid-
state batteries.

1.3. CHALLENGES IN SOLID-STATE BATTERIES

Solid-state batteries still have challenges to overcome,®'" the main challenges of a Li-
metal / high voltage cathode, solid-state battery are shown in Figure 1.2.
The main challenge of using Li-metal anodes is to overcome dendrite formation. '’
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These tree-like structures grow on the Li-metal anode, promote degradation and ulti-
mately grow to the opposite electrode resulting in a short circuit. The better structural
integrity of solid electrolytes compared to liquid electrolytes has been expected to sup-
press or even prevent dendrite formation, however, recent studies showed that dendrites
still grow in the grains of solid-state batteries. '!

Another major challenge in solid-state batteries is contact loss, solids have a definite
shape and when voids are present in the structure, the solid can not flow into the void
as easily as liquids, which results in contact loss. Additionally, during battery operation
electrode particles expand or shrink during cycling and can lose contact with the elec-
trolyte. Here it is important to realize that only a subnanometer gap can be sufficient
to completely lose contact. This has a major influence on the effective reactive area of
a particle and thus on the overpotential. Besides contact loss with the electrolyte, elec-
tronic contact loss is also essential for battery operation, as for the redox reaction to take
place both Li-ions and electrons are necessary.

Besides contact loss, interphase formation is one of the main challenges. Interphases
are formed at the active material / electrolyte interface, which, in battery literature is
often referred to as the solid electrolyte interphase or SEI. In this interphase layer Li-ion
diffusion is often sluggish which limits the performance of the battery. However, when
the SEI is well designed it can also be beneficial for the battery performance and serve as
a protective layer between the electrolyte and electrode.

When two materials with different chemical potentials come together and do not
decompose, a space-charge layer forms. The electrochemical potential equilibrates and
charges will accumulate or deplete at the electrode - electrolyte interface. These space-
charge layers can hinder or enhance the transport properties near interfaces. However,
in most cases the effect of space-charge formation on the solid-state battery perfor-
mance is predicted to be limited. '”

1.4. MODELING OF SOLID-STATE BATTERIES

The field of modeling is expanding extremely fast because of the rapid increase in com-
putational power that is available. With this increase larger and more detailed models
can be simulated closer matching the real world. There are multiple reasons why mod-
eling is so effective in research. The first one is control, In a computer model it is possible
to change only one or a few parameters in a controlled environment, which, in an exper-
iment is sometimes even impossible, this makes it easier to understand the underlying
physical mechanisms of the problem. A second reason is that computer models con-
sume less resources and time, computer models can often run faster than experiments
without the need for expensive resources. Furthermore, models can be predictive, if a
model has proven to work well for a certain problem, it can be used to predict outcomes
if different variables are used. It is important to realize that computer models and exper-
iments work hand in hand as computer models are often used to guide and understand
experiments and experiments in turn are needed to validate the models.

In battery research computational modeling is widely applied.'® As shown in Fig-
ure 1.1, different modeling techniques are used at different length scales. At the atomic
scale Density Functional Theory (DFT) is widely used. DFT is a modeling method that
uses theories based on quantum mechanics to approximate the ground-state electron




6 1. INTRODUCTION

density of a many-body system by approximating the Schédinger equation. From the
electron density the total energy of the system is calculated obtaining the lowest energy
configuration of the system. Relevant properties for Li-ion batteries can be calculated
using DFT, for example, electronic band structures, chemical potentials, formation en-
ergies and structural parameters such as atomic positions, lattice parameters and site
occupancy’s.

As DFT calculates a static ground state of the system, the kinetics of the system are
not captured. To model the kinetics of a many-body system at the atomic scale, ab-
initio molecular dynamics (MD) simulations are performed. The starting point of an
MD simulation is often the lowest energy structure calculated by DFT. By applying the
Born-Oppenheimer equation, and fixating the atomic nuclei, a time-independent DFT
calculation can be performed to calculate the electron density, this calculated electron
density provides the spatial dependent energy of the system. From the gradient of this
energy map, a force field is calculated that can be applied to the atomic nuclei, where
the nuclei are displaced according to the classical equation of motion. By taking the
displacement of the nuclei as the starting point, a new static DFT calculation calculating
the electron density can be performed. By iterating this process the displacement of
atoms can be monitored and kinetic properties (e.g. ionic conductivity) of the system
can be predicted.

At the microscale, DFT based approaches are computational too expensive because
of the large number of atoms to be simulated. A widely used theory to simulate bat-
tery behavior at this length scale is Porous Electrode Theory (PET) developed by John
Newman and coworkers. '* With PET Li-ion batteries can be modeled using the micro-
scopical physical properties of materials, electrodes are described as particles that act as
a volumetric source or sink terms residing in an electrolyte bath. In the model the spe-
cific geometry and particle size distributions of a cell can be implemented and properties
such as the overpotential, electrolyte concentration and the number of active particles in
the electrode can be calculated. As PET is developed to be a volume averaging approach
it generally does not have accurate descriptions of phase boundaries inside the volumes
of active particles. To capture these phase boundaries a more detailed thermodynamic
description is developed by the group of Martin Z. Bazant and is based on modeling
the free energy functional of multiphase materials, this approach is called 'multiphase
porous electrode theory’ (MPET) '>'°, This accurate description of phase boundaries is
especially important for phase separating materials as LiFePOy, graphite and Lis Ti5O12.

1.5. THE ELECTROCHEMICAL STABILITY WINDOW

THE ORIGIN OF REDOX POTENTIALS IN SOLID ELECTROLYTES

As explained in Section 1.2 interphase formation is one of the main issues in solid-state
batteries. Interphase formation occurs when batteries are cycled outside the electro-
chemical window of the electrolyte defined by the oxidation and reduction potential of
the material. In literature, the electrochemical stability is often probed by Cyclic Voltam-
metry (CV), where wide electrochemical windows are reported for most solid-state elec-
trolytes (> 0-5V) '"'®, This is significantly wider than the stability windows of liquid elec-
trolytes (1-4 V)’. In practice however, the stability window of solid electrolytes appears
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to be much more narrow and electrolyte decomposition is shown at lower voltages. *

HOW TO EXPERIMENTALLY DETERMINE THE INTRINSIC ELECTROCHEMICAL STABILITY?
The origin of this discrepancy lies in the limited contact area that is used in the CV ex-
periments. More interfacial contact area between the current collector and the solid
electrolyte pallet creates more reactive area such that the overpotential is reduced.”’ To
increase this effective contact area between the current collector and solid electrolyte
an electronic conductive additive is mixed in the solid electrolyte. By slow galvanostatic
cycling of the electrolyte mixed with conductive additive the intrinsic electrochemical
stability of the solid electrolyte is obtained.

WHAT ARE THE DIFFERENT DECOMPOSITION REACTION MECHANISMS IN SOLID ELECTROLYTES?

Solid electrolytes have different mechanisms to decompose: the solid electrolyte can di-
rectly decompose into decomposition products, or form an intermediate (de)lithiated
phase. In this thesis it is proposed that solid electrolytes often react via this intermedi-
ate (de)lithiated phase, which can be (partly) stable, but in most cases phase separates
into the decomposition products. From the evaluation of the different reaction routes
for several solid electrolytes it appears that the (de)lithiated intermediate phase in most
cases determines the reaction route, hence the electrochemical stability window.

HOW TO ACCURATELY PREDICT THE PRACTICAL ELECTROCHEMICAL STABILITY WINDOW?
Evaluation of the electrochemical stability by modeling also shows inconsistencies with
experiments. These models are generally based on the formation energy towards the
most favorable decomposition products and predict a much more limited electrochem-
ical window (i.e. argyrodite 1.7-2 V) *"*? as compared to experiments (argyrodite 1.1-2.3
V). In the evaluations via the most favorable decomposition products no kinetic bar-
riers are assumed. An evaluation of the electrochemical window via the (meta)stable
(de)lithiated phases predicts, in most cases, more accurately the practical electrochem-
ical window. In these reactions atoms do not have to diffuse far to rearrange into the
favorable decomposition products, and as Li moves fast through solid electrolytes the
kinetic barrier towards these (de)lithiated phases is expected to be low and therefore
predicts a more realistic electrochemical stability window.

1.6. THE IONIC CONDUCTIVITY

THE ORIGIN OF IONIC CONDUCTIVITY.

Ionic conduction is enabled by the movement of cations and/or anions in a given mate-
rial. It is a multi-scale process, where different length scales play important roles (Figure
1.1). At the nano-scale, three requirements enable ionic conduction: 1) Free sites are
available in the crystal that charge carriers can occupy, 2) the migration energy barrier
is low enough for the charge carrier to hop to the free sites and 3) the diffusion path-
way should be continuous. '’ The free sites are vacant positions in the crystal structure
originating from defects, partial occupancies or metastable interstitials. The migration
of ions can be described by three main mechanisms: a vacancy mechanism, where the
ion hops through the material between vacant sites, an interstitial mechanism, where
the ion hops between partial occupied sites, or a correlated mechanism, in which an ion
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on a metastable position pushes an atom from an occupied site to another interstitial
site. On the micro-scale, the intrinsic bulk ionic conductivity of the atomic scale is af-
fected by factors as grain boundary resistance, porosity and contact of surfaces. Grain
boundaries generally hinder the ionic migration as Li cannot move easily through the
lattice mismatch. However, there are also theories that grain boundaries can enhance
the conductivity, where for example along the grains local disorder or space-charge lay-
ers improve the conductivity along the boundary. *® At the macro-scale, the combination
of all effects from every length scale determines the performance of the full cell.

THE EFFECT OF DOPING ON THE IONIC CONDUCTIVITY

In literature doping is often proposed as an effective method to change relevant solid-
electrolyte properties such as the electrochemical stability, air stability, elasticity, hard-
ness, and fracture toughness““*°. Doping can also affect the ionic conductivity, Kraft
et al. demonstrated that aliovalent Ge doping in argyrodite LigPSsI enables the highest
conductivity in argyrodites so far (18.4 mS/cm).”° The increase in ionic conductivity by
doping is often related to a flattening in the energy landscape, however a comprehensive
description of the origin of this flattening is still missing.

THE ORIGIN OF IONIC CONDUCTIVITY CHANGE BY ALIOVALENT DOPING

Silicon doping in the argyrodite LigPSsBr structure also shows significant improvements
in the ionic conductivity.”” The conductivity increase in the Si-doped material is larger
than only predicted by the higher Li concentration due to charge balance, hence, a more
sophisticated effect should determine the increased conductivity. It is found that the ex-
cess Li in the structure resides on a previously vacant site that improves the diffusion by
changing the local Li occupancy on the site by coulombic interaction effectively lowering
the energy barrier for jumps through this site.

1.7. MICROSCOPIC MODEL FOR SOLID-STATE BATTERIES

A LI-ION TRANSPORT MODEL FOR SOLID ELECTROLYTES

As discussed above, Li-ion transport in solid electrolytes proceeds differently than Li
transport in liquid electrolytes. In solid electrolytes for example, the anionic framework
is fixed, Li hops between fixed sites and the Li concentration is generally orders of mag-
nitude higher than in liquid electrolytes. A model based on non-equilibrium thermody-
namics that captures solid-state Li-transport is essential to model these kind of systems.
A modified model based on the well known regular solution model can capture solid
transport where experimental or ab-initio calculated thermodynamic parameters can be
implemented. The different diffusion properties of solid-state compared to diffusion in
the liquid state leads to a different lithiation profile in the electrodes. Especially the lack
of concentration gradients in solids changes the lithiation profile, which could enable
thicker porous electrodes in solid-state batteries as compared to liquid electrolytes.

A MODEL FOR CONTACT LOSS AND SOLID ELECTROLYTE INTERPHASES IN SOLID-STATE BAT-
TERIES

A model capturing contact loss is important to evaluate its limitations on the solid-state
battery performance. Contactloss can be modeled by implementing an effective reactive



1.8. THESIS OUTLINE 9

area for electrode particles. By applying a contact loss distribution to the particles in the
electrode, we find that especially particles with limited contact determine the capacity
retention because of the high reaction barriers for these particles to be lithiated.

As discussed in Section 1.5, interphase layers can be formed in solid-state batter-
ies, also coatings and hybrid interlayers can be artificially applied. To evaluate the ef-
fect of an extra diffusion barrier on the battery performance additional volumes are im-
plemented between the electrolyte and active particles, where specific physics can be
modeled. As the diffusion in these interphase layers is often sluggish the effect of the
conductivity on the overpotential can be evaluated. Additionally, because of the mod-
ularity of the modeling framework, different transport equations can be implemented
and combinations of solid and liquid electrolytes and interphases can be simulated.

1.8. THESIS OUTLINE

The main focus of this thesis is to find the origin of the most relevant challenges of solid-
state electrolytes in solid-state batteries and to capture the underlying physics of these
challenges in computational models that can be generally applied.

Chapter 2 focuses on the origin of the electrochemical stability window of solid elec-
trolytes, where especially argyrodite LigPS5Cl, garnet Li;LazZr,O;2 and NASICON
Li; 5Alp5Ge; 5(PO4)3 are investigated. The research suggests that the investigated solid
electrolytes favor a decomposition route via (de)lithiated phases of the solid electrolyte
rather than direct decomposition towards the decomposition products. First, a method
to accurately measure the intrinsic electrochemical window of solid electrolytes is de-
scribed. Secondly, it is shown that modeling of the electrochemical window via the
(de)lithiated phases of the electrolyte accurately predicts the experimentally found sta-
bility window. Finally, the proposed mechanism is analysed by XRD and solid-state
NMR.

In Chapter 3 the practical electrochemical window and the decomposition reaction
pathway is predicted for the most commonly studied solid electrolytes of different groups
of solid electrolytes. Where the DFT based methodology calculating the electrochemical
stability window via the (de)lithiated solid electrolyte phases as described in the previ-
ous chapter is applied. The research shows that the electrochemical stability window
calculated by the (de)lithiated phases accurately predicts the redox potentials of solid
electrolytes in many cases. Additionally, it is shown that solid electrolytes have specific
reaction mechanisms for decomposition, these different reaction mechanisms for solid
electrolytes are further investigated.

Chapter 4 investigates the origin of the ionic conductivity increase in Si-doped LigPS5Br
argyrodite. The research suggests that the excess Li in the structure, originating from the
lower valence of Si compared to P, resides on a previously unoccupied site (16e) in the
F43m space-group. Due to this occupation, Li atoms redistribute more homogeneously
around the 16e site and neighboring (48h T5) site, effectively lowering the energy barrier
to jump through this diffusion path. Because this specific jump path is the bottleneck
for macroscopic diffusion the total conductivity increases with higher doping concen-
trations.

In Chapter 5 a mesoscopic solid-state battery model is presented based on multi-
phase porous electrode theory. A transport model for solid-state electrolytes based on
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non-equilibrium thermodynamics is described and the differences between solid and
liquid electrolyte models are investigated. Additionally, models for the main challenges
of solid-state batteries are implemented in the computational framework and its effect
on the battery performance is studied.
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2.1. ABSTRACT

LL-SOLID-STATE Li-ion batteries promise safer electrochemical energy storage with

larger volumetric and gravimetric energy densities. A major concern is the limited
electrochemical stability of solid electrolytes and related detrimental electrochemical re-
actions, especially because of our restricted understanding. Here we demonstrate for the
argyrodite, garnet and NASICON type solid electrolytes, that the favourable decomposi-
tion pathway is indirect rather than direct, via (de)lithiated states of the solid electrolyte,
into the thermodynamically stable decomposition products. The consequence is that
the electrochemical stability window of the solid electrolyte is significantly larger than
predicted for direct decomposition, rationalizing the observed stability window. The
observed argyrodite metastable (de)lithiated solid electrolyte phases contribute to the
(inreversible cycling capacity of all-solid-state batteries, in addition to the contribution
of the decomposition products, comprehensively explaining solid electrolyte redox ac-
tivity. The fundamental nature of the proposed mechanism suggests this is a key aspect
for solid electrolytes in general, guiding interface and material design for all-solid-state
batteries.

2.2. INTRODUCTION

All-solid-state batteries (ASSBs) are attracting ever increasing attention due to their high
intrinsic safety, achieved by replacing the flammable and reactive liquid electrolyte by a
solid electrolyte. ' In addition, a higher energy density in ASSBs may be achieved through;
(a) bipolar stacking of the electrodes, which reduces the weight of the non-active bat-
tery parts and (b) by potentially enabling the use of a Li-metal anode, which possesses
the maximum theoretical Li capacity and lowest electrochemical potential (3860 mAhg'!
and -3.04 V vs. SHE). First of all, the success of ASSBs relies on solid electrolytes with a
high Li-ion conductivity.”~* A second prerequisite, is the electrochemical stability at the
interfaces of the solid electrolyte with the electrode materials in the range of their work-
ing potentials. Any electrochemical decomposition of the solid electrolyte may lead to
decomposition products with poor ionic conductivity that increase the internal battery
resistance’™. Third, ASSBs require mechanical stability as the changes in volume of
the electrode materials upon (de)lithiation, as well as decomposition reactions at the
electrode-electrolyte interface may lead to contact loss, also increasing the internal re-
sistance and lowering the capacity. >~

Initially, for many solid electrolytes wide electrochemical stability windows were re-
ported*°, which appeared in practice to be much more limited*'”!'!. Evaluation of
the electrochemical stability, based on differences in formation energies, indeed led to
much narrower stability windows '~ ¥, however, practical stability windows typically ap-
pear larger>'>!'. As a thermodynamic evaluation cannot predict kinetic barriers for de-
composition reactions, the mechanisms of solid electrolyte decomposition are poorly
understood, presenting one of the major challenges for ASSBS*'"!', Another important
aspect, directly related to this, is the potentially significant contribution of the typically
Li-rich solid electrolytes through (de)lithiation reactions, either directly or indirectly '*.
In general, redox activity can be expected near the interface between the solid electrolyte
and the electronically conductive components of the electrode (electrode active mate-
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rial and carbon additives '°), but may also extend deep into the solid electrolyte through
short range electron conductivity of the electrolyte itself'°. Understanding the redox
activity of solid electrolytes, and its correlation with the electrochemical stability win-
dow is of fundamental importance for the development of stable solid-solid interfaces

in ASSBs.

Here, we demonstrate that the electrochemical stability window of the argyrodite u
LigPS5Cl solid electrolyte is determined by the solid electrolyte redox activity, that is,
lithiation upon reduction of phosphorus and delithiation upon oxidation of sulfur, be-
fore decomposing into more stable products. As demonstrated by DFT simulations, this
kinetically favourable indirect decomposition pathway effectively widens the electro-
chemical stability window, compared to direct decomposition into stable products, in
excellent agreement with accurate electrochemical measurements. The (de)lithiated ar-
gyrodite phases are directly observed with XRD and solid state NMR, providing direct ev-
idence of this indirect decomposition mechanism. As solid electrolytes are designed to
provide fast ionic conduction, the indirect decomposition through (de)lithiation is pro-
posed to be relevant for solid electrolytes in general, determining the practical electro-
chemical stability window. This is further validated by the agreement between the mea-
sured and the predicted indirect decomposition mechanism for Li;LazZr,0;2 (LLZO)
garnet type and Li; 5Alp 5Ge; 5 (PO4)3 (LAGP) NASICON type solid electrolytes. This mech-
anism establishes that not only the decomposition products, but also the solid elec-
trolyte structure itself contribute to the reversible capacity in ASSBs, making the present
findings highly relevant for the working and development of ASSBs.

2.3. RESULTS

The electrochemical stability, especially for thiophosphate solid electrolytes, was shown
to be significantly lower than initially expected®'>'"=*", where the consequential de-
composition reactions have had a large impact on the ASSB performance”'?*?, To in-
vestigate the electrochemical stability and the role of electrochemical reactions in solid
electrolytes, the argyrodite LigPS;Cl (LPSC), introduced by Deiseroth et al.”’, is em-
ployed both as active material and solid electrolyte in ASSBs. To induce oxidation and re-
duction reactions of the solid electrolyte, carbon black and carbon nano-fibres are mixed
in with the LPSC. The mixture is referred to as the LPSC-C electrode (for details see the
methods section 2.5). To study the oxidation and reduction independently, while at the
same time preventing the redox activity of the decomposition products from interfering
with the decomposition itself, individual cells are prepared for the first oxidation and for
the first reduction respectively. An In|LPSC|LPSC-C battery is cycled galvanostatically
starting with oxidation, and a Li-In|LPSC|LPSC-C battery starting with reduction, the re-
sulting voltage curves of which are shown in Figure 2.1a,b. Unless otherwise specified,
all voltages are expressed vs. Li/Li*. On galvanostatic oxidation, the LPSC-C electrode
shows a voltage plateau at 2.5 V (Figure 2.1a), reaching a total charge capacity of 264
mAh grpsc™! when charged to 3.63 V. On galvanostatic reduction, the LPSC-C electrode
shows a voltage plateau at around 1.2 V (Figure 2.1b), with a discharge capacity of 405
mAh grpsc! when discharged to 0.63 V. The large partially reversible specific capacities
demonstrate that LPSC can undergo severe oxidation and reduction reactions, and the
low columbic efficiencies of 70 and 40% upon first oxidation and reduction, respectively,
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Figure 2.1: Voltage profiles and differential capacity curve of the LigPS5CI-C electrode. a-c, Voltage profile
of the 15t, 224, 5t and 10t cycle of a In|LPSC|LPSC-C ASSB starting from charge, b Li-In|LPSC|LPSC-C ASSB

starting from discharge and ¢ LPSC-C|LPSC|LPSC-C, a one material (LPSC) ASSB. d, The differential capacity

g—‘c, curve of the In|LPSC|LPSC-C (blue) and a Li-In|LPSC|LPSC-C battery (orange) showing the first oxidation

and first reduction of LPSC. Electrochemical activity is observed below 1.25 V and above 2.50 V vs. Li/Li*,
indicating an electrochemical stability window of 1.25 V.

suggest the formation of a significant amount of decomposition products. The decreas-
ing capacity of the initial cycles (Appendix A.1) indicates that these decomposition reac-
tions increase the impedance. However, upon extended cycling, the reversible capacity
remains relatively constant, which could indicate that the decomposition products are
able to deliver reversible electrochemical activity, as already suggested for LPSC by Au-
vergnot et al.”!, and worked out in detail by Tan et al.”” Since LPSC can undergo both
oxidation and reduction reactions, it can be used to assemble a one-material-battery,
similar to what was reported for the Li;(GeP,S;, solid electrolyte, for which the com-
bination of decomposition products at the cathode and anode provided the reversible
redox'*. The assembled LPSC-C|LPSC|LPSC-C symmetric one-material-battery shows
an initial charge capacity of 270 mAh g;psc™' shown in Figure 2.1c, which drops to 107
mAh grpsc™! in the second cycle. During the first charge the activity appears to set in at
around 1.25V, a direct indication of the practical electrochemical stability window. To
evaluate the practical electrochemical stability window more accurately, the differential
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capacity is determined from the 1% charge of the In|LPSC|LPSC-C battery and from the
1%t discharge of the Li-In|LPSC|LPSC battery, shown in Figure 2.1d. Indeed, a practical
stability window of 1.25 V is obtained, much larger than that theoretically predicted (0.3
V) %13 and much smaller than initially reported (7 V) 8, Additionally, the presence of
more than one peak, both on reduction and oxidation, indicates subsequent redox ac-
tivity. This raises the question; what reactions take place and how do these determine
the observed electrochemical stability window?

Aiming for better understanding and prediction of practical electrochemical stability
windows, and correlation with solid electrolyte redox activity, we evaluate the formation
energies of all possible Li-vacancy configurations at different compositions of argyrodite
LixPS5Cl, within a (charge neutral) single unit cell, similar to how the energetics of elec-
trode materials are evaluated “°. This appears to be a realistic approach considering that
the solid electrolyte is in contact with the conductive additives in a cathodic mixture,
and therefore the solid electrolyte can function as an electrode material being oxidized
and reduced. Argyrodite LixPSsCl crystallizes in the F43m space group and at x = 6 has
50 % of the 48h crystallographic Li positions occupied.® By calculating the energies of
the symmetrically non-equivalent Li configurations, the most stable LiyPS5Cl configu-
rations are obtained, from which the voltage at which these phases are formed can be
determined (see computational details in the methods section 2.5). Argyrodite starting
structure was obtained from literature where a thorough investigation of the most stable
configuration is performed?’.

The resulting formation energies of the argyrodite LiyPS5Cl as a function of Li-composition

are shown in Figure 2.2a, where the convex hull connects the most stable configurations.
Upon oxidation and reduction of LigPS5Cl the most stable compositions are LiyPS5Cl
and Li;; PS5Cl, respectively. Upon oxidation of argyrodite, sulfur is redox active (S** —
2 8% + 2e7) whereas upon reduction, phosphorous is redox active (P°* — P? - 5¢7). Also
indicated in Figure 2.2a are the energies of the thermodynamically more stable combina-
tions of Li3PSy, Li»S and LiCl species, and the most stable decomposition products of the
oxidized and reduced argyrodite. Clearly, a delithiated (oxidized) argyrodite (LisPS5Cl) is
much less stable than the combination of Lis PS4, S and LiCl, as previously predicted 12,13
which are therefore the expected decomposition products on oxidation'*'?. Similarly,
lithiated (reduced) argyrodite (Li;; PS5Cl) is much less stable than the combination of P,
Li,S and LiC1'>'%, which are therefore the expected decomposition products on reduc-
tion 1213

The average voltages, calculated from the convex hull, as a function of Li composi-
tion x in LixPS5Cl are shown in Figure 2.2b. From the theoretical voltage curve it is ex-
pected that the argyrodite LPSC delithiates (oxidizes) at 2.24 V and lithiates (reduces) at
1.08 V. This indicates that, if the decomposition reactions for oxidation and reduction are
determined by the stability of the LiyPS5Cl and Li;; PS5Cl species respectively, an elec-
trochemical stability window of 1.16 V is expected. Also indicated is the much narrower
electrochemical stability window, approximately 0.3 Vwide, based on direct decomposi-
tion into LizPSy4, S and LiCl (oxidation) and into LizPSy4, Li»S and LiCl (reduction), in line
with previous DFT calculations '*'. Which stability window applies, depends on the ac-
tivation barriers to these decomposition routes. Based on the high Li-ion conductivity of
the argyrodite, indicating low kinetic barriers for changes in the Li-composition, we pro-
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Figure 2.2: Formation energies of Li-vacancy configurations of LixPS5Cl and comparison of experimental
and calculated voltage profiles. a, Formation energies per formula unit for all symmetrically non-equivalent
Li configurations within one unit cell, versus the composition x in LiyPS5Cl. The formation energy of the com-
bination of Li3PSy, Li2S and LiCl is shown below the convex hull at x = 6. At x = 4 and x = 11 the formation
energies of the decomposition products upon oxidation (S, Lig PS4, LiCl) and upon reduction (B, Li»S and LiCl)
respectively, are shown, in line with the decomposition products previously reported 12 b, Calculated theoret-
ical voltage profile, vs. Li/Li*, of LixPS5Cl in the compositional range of 0 < x < 12. Reduction and oxidation are
expected to occur at 1.08 V and 2.24 V vs. Li/Li*, respectively. The crosses indicate the voltages at which the
argyrodite is expected to decompose, upon oxidation to S, Liz PS4, LiCl, and upon reduction to B Li»S and LiCl,
previously reported '°. ¢, First charge of the In|LPSC|LPSC-C (blue) and first discharge of the Li-In|LPSC|LPSC-
Cbattery (orange) including the differential capacity from Figure 2.1d. Above 2.50 V vs. Li/Li* LPSC is oxidized,
and below 1.25 V vs. Li/Li* LPSC is reduced. The legend compares the stability windows. Yellow: Present sta-
bility window of LPSC based on the oxidation and reduction potentials of Li4 PS5Cl and Li; ; PS5 Cl, respectively.
Green: Predicted window (thermodynamic equilibrium towards decomposition products), based on the sta-
bility of the decomposition products upon oxidation (S, Li3PSy4, LiCl) and reduction (P, Li»S and LiCl) 12,13,
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pose that the decomposition occurs indirectly, via the lithiated and delithiated composi-
tions of argyrodite (LiyPS5Cl and Liy PS5Cl), rather than directly into the decomposition
products. Upon argyrodite oxidation and reduction, first LisPS5Cl and Li;; PS5Cl would
form, which are most likely unstable as evaluated below, providing a facile reaction path-
way towards the formation of the more stable decomposition products as indicated by
the solid black arrows in Figure 2.2a.

The experimental voltage curves obtained on oxidation and reduction of the argy-
rodite, including their differential capacity, are shown for comparison in Figure 2.2c. Re-
markable agreement is found between the predicted electrochemical stability window
of 1.16 V (Figure 2.2b) and the experimentally observed window (Figure 2.2¢), support-
ing the present hypothesis that the argyrodite stability is determined by its redox activity
upon (de)lithiation. The offset between the measured and predicted stability window
is most likely a result of the lower voltages predicted by DFT calculations“®. Based on
this, we propose that the first oxidation peak in the differential capacity, shown in Figure
2.1d and Figure 2.2c, is associated with the decomposition of LPSC at around 2.24 V via
LisPS5Cl into LizPSy, S and LiCl, and the first reduction peak in the differential capacity
with the decomposition of LPSC at around 1.08 V via Li;; PS5Cl into B, Li,S and LiCl.

On further oxidation, after the formation of Li3PS, via LiyPS5Cl, thermodynamic
evaluation predicts the formation of P,S5 at 2.3 V. 12 Further reduction, after formation
of P via Li;; PS5Cl, thermodynamic evaluations predicts the formation of Li3P, resulting
in several voltage plateau’s starting from 1.3 V down to approximately 0.87 V. The latter
represents 67% of the reduction capacity (LiP to LizP) (see Appendix Table A.1, consis-
tent with previous DFT predictions?”). This provides a complete prediction of the ox-
idation and reduction potential pathway, via the solid electrolyte to the redox activity
of the decomposition products as illustrated by Appendix Figure A.2. For reduction this
is consistent with the observed reduction activity measured at around 0.8 V in Figure
2.2c¢, and with the known reduction potentials associated with the lithiation of phospho-
rus®’. However, upon oxidation of the expected Li3PS; decomposition product, a peak
in the differential capacity is observed around 2.9 V, which is not in agreement with the
predicted P,S5 formation at 2.3 V. As discussed below, formation of P,S;% is observed,
consistent with the P-S-P bridging polyhedral suggested by XPS“*. Moreover, Li3PS, has
been observed to oxidize at 2.9 V towards of P,S;% 3! consistent with the observed oxi-
dation activity shown in Figure 2.1d and 2.2b. We anticipate that to predict the oxidation
of Li3PS, to P,S;* at 2.9 V requires a comprehensive DFT redox activity analysis as done
here for LSPC.

To evaluate the kinetic stability of the delithiated (Li4PS5Cl) and lithiated (Li;; PS5Cl)
phases, DFT based molecular dynamics (MD) simulations are performed. It is important
to realize that the timescale at which these structural transformations can be evaluated
is limited, up to 100 picoseconds at present, and therefore sluggish transformations fall
outside the scope of this evaluation. The radial distribution functions and correspond-
ing (de)lithiated structures of LiyPS5;Cl with x = 4, 6, and 11 after the MD simulations are
shown in Figure 2.3. In the delithiated phase, LisPS5Cl, the S atoms at the 4a and 4c posi-
tions bond to the PS, groups, demonstrated by a decrease in the intensity atr =4.1 A and
an increase of intensity at r = 2.1 A (Figure 2.3a), consistent with experimental observa-
tion where S bonds PS4 groups'®!?. Because the PSy units move relative to each other
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Figure 2.3: Molecular dynamics simulations of Lig PS5 Cl, Lig PS5 Cl and Lij  PS5Cl a, Radial distribution func-
tion (RDF) of the S-S bonds in (de)lithiated LixPS5Cl for x = 4, 6, and 11 during a 400 K DFT-MD simulation.
During delithiation an increase in S-S bonds is seen around 2.1 4, indicating that the formation of S-S bonds
originates from the oxidation of S in the argyrodite. On top of the peaks, bonds at corresponding radii are
displayed. b, Radial distribution function (RDF) of the P-S bonds of (de)lithiated LixPS5Cl for x = 4, 6 and 11
during a 400 K DFT-MD simulation, showing a decrease of P-S bonds in PS4 units, indicating the reduction of P
occurs in the argyrodite. ¢, Relaxed structures of LixPS5Cl for x = 4, 6 and 11 after a 400 K DFT-MD simulation.
The pink, orange, yellow and green spheres indicate lithium, phosphorous, sulfur, and chlorine respectively.
In the Lig PS5 Cl structure it is seen that the S atoms at the 2a and 2c positions make S-S bonds with PS4 groups,
while in the Lij 1 PS5Cl structure it is seen that the P-S bonds break upon reduction of P

in LiyPS5Cl, there is a peak broadening for r > 5 A. For the lithiated phase, Li;; PS5Cl,
a drop in intensity is observed at r = 2.1 A (Figure 2.3b), consistent with breaking P-S
bonds in the PS4 groups. This is expected because the P atoms can compensate for the
change in valence as a consequence of the lithiation. The peak broadening of the lithi-
ated structures indicates disorder in the S positions, resulting in a less defined structure
in the simulated cell. In contrast, but as expected, no structural changes are observed for
LPSC, reflecting its metastability versus Li3PSy, Li,S and LiCl (see also Figure 2.2a). The
MD simulations indicate that the LiyPS5Cl and Li;; PS5Cl compositions are extremely
unstable, having very low activation barriers towards decomposition. This supports the
presently proposed indirect decomposition reaction, via the facile oxidation and reduc-
tion of the argyrodite towards the LiyPS5Cl and Li;; PS5Cl phases, respectively, further
decomposing into the oxidative (Li3PSy4, S and LiCl) and reductive (P, Li,S and LiCl) de-
composition products. In true equilibrium the convex hull predicts that LixPS5Cl (4 < x
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< 6 and 6 < x < 11) phases will separate to Li4PS5Cl, LigPS5Cl and Li;; PS5Cl. At a very
local scale, the LiyPS5Cl and Li;; PS5Cl phases will form upon oxidation and reduction,
initiating the rapid decomposition. For example, as indicated in the MD simulations
Li4PS5Cl corresponds to the local formation of S-S bonds, and hence oxidizing $** to S°
locally, which is the starting point for the rapid decomposition. Therefore, even though
complete particles in the LisPS5Cl and Li;; PS5Cl compositions should not be expected,
it is these local concentrations that will facilitate as the starting point of decomposition,
defining the electrochemical stability of the solid electrolyte.
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Figure 2.4: XRD patterns and fits of the LPSC-C electrodes before and after cycling, All the patterns are fit
with the Rietveld method as implemented in GSAS ®*. a, XRD patterns for the In|LPSC|LPSC-C battery after 15!
charge t0 3.63 Vvs Li/Li*, after subsequent discharge to 0.63 Vvs Li/Li* and after 18 full cycles. b, XRD patterns
for the Li-In|LPSC|LPSC-C battery after 15 discharge to 0.63 V vs Li/Li*, after subsequent charge to 1.63 V vs
Li/Li* and after 18 full cycles.

To monitor the structural changes of LPSC-C electrodes, XRD measurements are
performed at different stages during the cycling of both the In|LPSC|LPSC-C and Li-
In|LPSC|LPSC-C batteries as shown in Figure 2.4, following the cycling shown in Figure
2.1a,b. After the 1% half cycle, both on oxidation and reduction, a decrease in peak width
is observed, indicating an increase in average crystallite size. The average crystallite size
increases from 13 nm to 80 nm on delithiation (Figure 2.4a) and to 41 nm on lithiation
(Figure 2.4b) respectively. An increase in average particle size can be rationalized by the
preferential decomposition of smaller particles, most likely due to their large surface ar-
eas and resulting shorter electronic pathways for oxidation and reduction. This implies
that electronic transport occurs through the argyrodite solid over tens of nanometers
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(the size of argyrodite particles). Upon subsequent cycling, the argyrodite XRD peaks
widen, which may indicate partial decomposition of larger particles as well as a distri-
bution of argyrodite lattice parameters as discussed below.

During the oxidation (delithiation) of the LPSC-C electrode to 3.63 V, the LPSC peak
positions shift (Figure 2.4a), corresponding to a decrease in the average cubic lattice
parameter from 9.87 A to 9.76 A. This can be attributed to the partial delithiation of
the LPSC phase, consistent with the lattice volume changes predicted by DFT for the
compositional range 4 < x < 6 for LixPS5Cl (Appendix Figure A.3). Interestingly, sev-
eral argyrodite compositions between LisPS5Cl and Li;; PS5Cl are located slightly above
the convex hull (only 7.5 meV per atom for LisPS5Cl) as seen in Figure 2.2a. Based on
the convex hull in Figure 2.2a, these metastable phases 4 < x < 6 should disproportion-
ate into LiyPS5Cl (which would decompose immediately) and LPSC. However, in reality,
the system will not be in thermodynamic equilibrium as some parts of the electrodes
are, or can become, more isolated through poor ionic and/or electronic contact. This
makes it reasonable to suggest that parts of the electrode can be capturedin4 <x<6
metastable phases (which are kinetically more stable as compared to the Li,PS;Cl and
Li;; PS5Cl phases). Importantly, the presence of these phases in the composition range 4
< x < 6 provides experimental support for the proposed indirect decomposition mech-
anism via (de)lithiation of the solid electrolyte. After subsequent reduction, hence after
one complete charge-discharge cycle, two different phases of argyrodite appear to be
present, indicated by the dashed lines in Figure 2.3a. The diffraction angle, 26, of the
first phase (blue line) shifts back to the pristine argyrodite position, indicating that at
least a partially reversible (de)lithiation of LPSC occurs. The second phase (orange line)
remains at the position representing the delithiated argyrodite phases, the amount of
which appears to grow upon cycling, indicating an increasing amount of oxidized argy-
rodite phases are formed upon cycling. The total amount of crystalline argyrodite de-
creases as indicated by the increasing background that appears over cycling, indicating
the formation of amorphous sulfides and phosphorous sulfides decomposition prod-
ucts.

During the first reduction (lithiation) of the LPSC-C electrode to 0.63 V, the XRD pat-
terns (Figure 2.4b) do not display an obvious peak shift. A growing peak at around 27°
reflects the formation of the Li,S phase, consistent with the predicted decomposition
reaction of lithiated (reduced) argyrodite (Li;; PS5Cl — P + 5 Li,S + LiCl). The amount of
the Li,S phase that is formed increases dramatically as a function of cycle number, also
indicating the continued decomposition of the argyrodite for low potential cycling.

Complementary to the XRD measurements, solid-state 5Li and 3!P MAS NMR mea-
surements are performed to analyze the decomposition products formed upon cycling.
For pristine argyrodite, the 3!P resonance at 85 ppm, shown in Figure 2.5a,d , can be
assigned to the P environment in the PS, tetrahedral units®’. After the 15 oxidation
(delithiation) to 3.63 V of the LPSC-C electrode, an additional shoulder is observed at 95
ppm (Figure 2.5b) which can be assigned to the 3'P environment of P,S;* species **~*°.
This indicates the formation of S-S bonds between PS, tetrahedral units (P-S-S-P), which
undergoes a disproportionation reaction leading to the formation of P,S;* and S°, with
P-S-P bridging polyhedra'®. On 1% oxidation, the Li NMR spectrum (Appendix Fig-
ure A.8b) shows the formation of an additional shoulder at around -1.1 ppm consistent
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Figure 2.5: Solid-state 31 P NMR spectra of pristine, oxidized and reduced LPSC-C. a-f, 3P MAS NMR of ox-
idative (a—c) and reductive (d—f) activity of LPSC in In|LPSC|LPSC-C and Li-In|LPSC|LPSC-C ASSBs respectively.
After the first charge, P»S7%" is found in the cathodic mixture, and after first discharge LigP is present in the
anodic mixture, in agreement with DFT and thermodynamic predictions. Spinning sidebands are indicated
with an asterisk.

with the formation of LiC1°°. This supports the decomposition products observed by
XPS?1?*  and is also in line with the MD simulations that indicate the bonding of S to
PS, units. Note that the oxidation to Li3PSy, S and LiCl is proposed at 2.24 V, via the in-
termediate formation of Li; PS5Cl, whereas at around 2.9 V the oxidation towards P,S7*
and S° can be expected, all due to the S/ S% redox, represented by the first and second
oxidation peaks of the differential capacity (Figure 2.1d). The line broadening of the 3'P
and °Li resonances of LPSC may originate from a distribution in bond angles and Li-
deficient phases observed with XRD (Figure 2.4a). After a full cycle i.e. 1 oxidation to
3.63 V followed by reduction to 0.63 V, the intensity of the amount of P,S;* decreases,
whereas in the °Li NMR spectrum, a new Li-environment appears at 0.44 ppm which can
be assigned to Li3PS4 (Appendix Figure A.8c,d). This indicates that the P-S-P bridges con-
necting the PS, units, forming upon oxidation, break upon reduction transforming them
back to isolated PS, units, similar to what was reported for the LizPS; electrolyte '% 1937,

On the 1% reduction (lithiation) to 0.63 V of the LPSC-C electrode, a new 3!P envi-
ronment appears at -220 ppm (Figure 2.5e) which can be assigned to LizP (Figure 2.5f).
The 5Li NMR spectrum (Appendix Figure A.8f), shows the appearance a Li chemical en-
vironment very similar to that of Li in the argyrodite. Although the ®Li chemical shift of
this environment is close to that of Li,PS3, the associated phosphorus environment at
109 ppm is not observed in Figure 2.5e. We suggest that this Li environment may repre-
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Figure 2.6: Schematic of the electrochemical activity of LigPS5Cl upon oxidation (delithiation) and reduc-
tion (lithiation), The electrochemical stability window is determined by the oxidation and reduction potentials
of Lig PS5 Cl (effectively S/ §2- redox) and Lij PS5Cl (effectively P/ po+ redox), respectively, here shown schemat-
ically, where the activation barriers to forming these compositions are expected to be very low based on the
high Li-ion conductivity. These argyrodite compositions are highly unstable, having low activation barriers,
resulting in rapid decomposition into the thermodynamically more stable products. The decomposition prod-
ucts provide reversible capacity upon ASSB cycling. Additionally, metastable oxidized and reduced argyrodite
phases form i.e. Lig<x<gPS5Cl and Lig<x<11PS5Cl respectively, that provide additional reversible capacity upon
cycling solid state batteries.

sent disordered lithiated argyrodite phases, which are suggested to form as metastable
phases, occurring just above the convex hull in Figure 2.2a. Also, an additional peak ap-
pears at 2.3 ppm in the ®Li spectrum (Appendix Figure A.5f), which can be assigned to
the formation of Li,S, consistent with the XRD pattern in Figure 2.4b. After a full cycle
i.e. 1% reduction to 0.63 V followed by oxidation to 1.63 V, Li3P disappears, indicating
that in this voltage range phosphorous is redox active, reversibly transforming Li3PS, to
LizP. The observed formation of Li3P and Li, S in the LPSC-C electrodes reduced to 0.63V,
is consistent with XPS observations showing the formation of LizP, Li,S and LiCl species,
at the interface of LPSC with Li-metal”’. The formation of P, Li,S and LiCl, through the
decomposition of the intermediate Liy; PS5Cl, is expected to occur at 1.08 V, and further
reduction up to 0.63 V will result in the formation of LizP at around 0.8 V*" as observed
and predicted (Figure 2.2).

The proposed indirect oxidative and reductive decomposition of the argyrodite LPSC
solid electrolyte, via the unstable Li4PS5Cl (S/ S% redox) at 2.24 Vand Li;; PS5Cl (through
the P/P%* redox) at 1.08 V, is schematically shown in Figure 2.6. These redox potentials of
the argyrodite solid electrolyte determine the practical electrochemical stability window,
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as expressed by the first oxidation and reduction reactions observed in the cycling (Fig-
ure 2.1a,b), and in the differential capacity (Figure 2.1d), consistent with the predicted
redox activity (Figure 2.2). These unstable argyrodite phases rapidly decompose into the
expected stable LisPSy, S and LiCl species after oxidation, and P, Li,S, and LiCl species
after reduction. These decompose upon further oxidation and reduction to P,S;* and
S% at 2.9 V°! and LizP at 0.8 V'*!? respectively, as observed by XPS '®'? and the present
XRD and NMR analysis. XRD and NMR also demonstrate the presence of metastable
(de)lithiated argyrodite phases. This provides direct evidence of the proposed decom-
position route, via the redox activity of the argyrodite solid electrolyte, which determines
the electrochemical stability window. Both the redox activity of the solid electrolyte
and of the decomposition products are responsible for the observed cycling capacity
at anodic and cathodic potentials. In ASSBs this implies that both contributions of the
solid electrolyte, will add to the cycling capacity based on the active electrode mate-
rials and the specified potential ranges. Moreover, the poor ionic conductivity of the
decomposition products, especially S, Li»S and LiCl, as well as the change in volume
can be expected to be responsible for the large increase in interfacial resistance upon
cycling 209659,

The practical reversible and irreversible electrochemical activity, of the electrolyte in
ASSBs, either originating from decomposition reactions or from the solid electrolyte it-
self, depends to a large extent on the electronic contact with the current collector which
in turn depends on the electrode morphology. The redox activity of the solid electrolyte
is expected at its contact areas with the electronically conductive cathode material and
conductive carbon additive, but may also extend deep into the solid electrolyte itself,
as solid electrolytes may be able to conduct electrons over small distances, as demon-
strated for instance for LizPS;'®. In line with that the present detailed XRD analysis
shows that decomposition reactions are not limited to the near interface area, as com-
plete, tens of nanometer large, solid electrolyte particles decompose.

To support the general nature of the indirect decomposition mechanism, the Li inser-
tion/extraction potentials are also determined computationally and experimentally for
two different families of solid electrolytesi.e. garnet LLZO and NASICON LAGP, shown in
Figure 2.7. For LLZO, the predicted and measured oxidation are both located just above
3.5V, significantly larger than the direct decomposition at 2.91 V towards the predicted
stable decomposition products Li,O,, LayO3 and LigZr,07.'?> For LAGP, the predicted
and measured oxidation occur close to 2.31 V, which is lower than direct decomposi-
tion at 2.70 V based on the stability of the predicted decomposition products Ge, GeOg,
LisP,07 and AIPO,. ' These results support that the proposed indirect, kinetically favor-
able decomposition, via the (de)lithiation of the solid electrolyte is a general mechanism,
in practice widening the solid electrolyte stability window.
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Figure 2.7: Formation energies of Li-vacancy configurations of garnet Li;LazZr,0;2 (LLZO) and NASICON
Liy 5Alp.5Ge;.5(PO4)3 (LAGP) solid electrolytes and comparison of experimental and calculated oxidation
potentials a, d Formation energies per formula unit of LiyLazgZrp O for 0 < x < 7 and for LixAlp 5Ge] 5(PO4)3 0
< x < 5. The formation energy of the decomposition products are indicated with a black cross. It is unlikely that
oxidation will proceed to Lij LazgZr» 01 as suggested by the convex hull, because several compositions between
x=7 and x=6 (in LixLazZrp012) are located marginally above the convex hull. This suggests that in the presence
of slightly higher potentials (>3.54 V), oxidation will lead to indirect decomposition via x=6.5, towards the pre-
dicted stable decomposition products LipO2, Lay O3 and LigZrp O7 12 p,e The calculated voltage based on the
convex hull of LixLazZro 012 and LixAlg 5Gej 5(PO4)3. The blue line represents the redox potentials of the solid
electrolytes, and the potentials for direct oxidation/reduction into the decomposition products are indicated
with a black cross '2. The green area indicates the stability window assuming direct decomposition, defined by
the black cross, and yellow the extended stability window based on the presently proposed indirect decompo-
sition via (de)lithiation of the solid electrolyte. c,f Experimental voltage curve and differential capacity upon
first oxidation of a Li|Liquid-Electrolyte|LLZO-C battery and first reduction of a Li|Liquid-Electrolyte|LAGP-C
battery. The differential capacity shows that oxidation of LLZO occurs around 3.6 V and reduction of LAGP
occurs around 2.4 V, both in good agreement with the predicted stability window based on the indirect decom-
position via (de)lithiation of the solid electrolytes. The specific capacities are calculated based on the weight
of LLZO and LAGP respectively. Notably, the reduction of LLZO and the oxidation of LAGP are not considered
at present because both the indirect and direct reduction result in practically the same potential, making it
impossible to discriminate between the two different mechanisms.
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2.4, CONCLUSION

As solid electrolytes are designed for high ionic conductivity, the activation energies for
oxidation and reduction reactions, associated with delithiation and lithiation respec-
tively, can be expected to be small. The resulting metastable solid electrolyte compo-
sitions provide a kinetically facile reaction intermediate, providing an indirect pathway
towards the more stable solid electrolyte decomposition products. As a consequence,
the electrochemical stability window is determined by the solid electrolyte oxidation
and reduction potentials (S and P redox for argyrodite and several other thiophosphate
based solid electrolytes, O and Zr redox for LLZO and O and P redox for LAGP), and
not by the stability of the most stable solid electrolyte decomposition products. The
consequence of this indirect thermodynamic pathway, is that the electrochemical sta-
bility window is generally wider than that based on only on the stability of the decom-
position products. The fundamental nature of the present decomposition mechanism,
through the (de)lithiation of the solid electrolyte, suggests that it is highly relevant for
solid electrolytes in general which will be further examined in Chapter 3. Based on the
mechanism, the design of stable solid electrolytes and their interfaces should focus on
maximizing (de)lithiation redox potentials of the solid electrolytes. The demonstrated
relation between the solid electrolyte electrochemical stability window and the redox re-
actions of the electrolyte, are decisive for the performance of solid state batteries and
provide understanding that will contribute to the design electrolyte-electrode interfaces
in ASSBs.

2.5. MATERIALS AND METHODS

SYNTHESIS

Argyrodite LigPS5Cl (LPSC) was synthesized as described in detail elsewhere™’. Appro-
priate amounts of Li,S (99.9%, Alfa Aesar), P,S5 (99%, Sigma-Aldrich) and LiCl (99.0%,
Sigma-Aldrich) were ball-milled at 110 rpm for 2 h under argon atmosphere. The mix-
ture was then transferred to quartz tubes and annealed at 550 ° C for 15 h in order to get
the pure phase of the argyrodite LigPS5Cl (Appendix Figure A.6).

40

SOLID-STATE BATTERY ASSEMBLY AND ELECTROCHEMICAL CYCLING

The electrode mixture was prepared by ball milling argyrodite with carbon (Super B, TIM-
CAL) and carbon nanofibres (Sigma Aldrich) in a weight ratio of 0.70 : 0.15 : 0.15 for 6
h at 450 rpm in a ZrO; coated stainless steel jar with 8 ZrO, balls. The solid electrolyte
and electrodes were then cold pressed under 4 tons/cm? in a solid-state cell. In a cell,
10 mg of LPSC-C electrode was used and pressed against 180 mg of electrolyte ***'. Cy-
cling was performed in an argon filled glove box, in order to avoid reactions with oxy-
gen and moisture. The ASSBs were cycled galvanostatically with a current density of 5.5
mA/cm? within a voltage window of 0 — 3 Vvs. Li/In for In|LPSC|LPSC-C, 0 — 1 V vs. Li/In
for Li-In|LPSC|LPSC-C and 0 — 2.5 V for LPSC-C|LPSC|LPSC-C respectively. To evaluate
the practical electrochemical stability window more accurately, the differential capacity
is determined from the 1% charge of the In|LPSC|LPSC-C battery and from the 1% dis-
charge of the Li-In|LPSC|LPSC-C battery. Often cyclic voltammetry (CV) is used to de-
termine the experimental stability window. However, the relatively short exposure time
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to the decomposition potentials in combination with the typically sluggish decomposi-
tion reactions make it challenging to evaluate the electrochemical stability window with
CV cycling. In contrast, the differential capacity, determined from the slow galvanostatic
charge and discharge profiles of individual oxidation and reduction processes is effec-
tive in determining the practical electrochemical stability window, in particular when
the solid electrolyte is used as an active electrode material.

To measure the oxidative and reductive stability of LLZO and LAGP an NMP (Sigma
Aldrich) based electrode slurry was prepared by ball-milling active material (LLZO Ta-
doped, D50 =400 - 600 nm, Ampcera, LAGP, Ampcera), with carbon black (Super B, TIM-
CAL), PVDF binder (polyvinylidene fluoride, Solef PVDE Solvay) in weight ratio 0.4 : 0.5
: 0.1 for 90 min at 250 rpm in ZrO, coated stainless steel jar with 8 ZrO, balls. A blank
test was prepared using carbon black (Super B TIMCAL) as active material and PVDF as a
binder in the weight ratio 0.9 : 0.1 to result in the same carbon black loading as the LLZO
and LAGP electrodes. The slurry was cast on Al foil with a thickness of 100 pm and dried
at 60 °C in vacuum oven for 12h. The loading of the LLZO, LAGP and carbon electrodes
was 1.6 mg/cm?, 1.0 mg/cm? and 0.6 mg/cm? respectively. The coin cells were assem-
bled in an argon filled glove box, in order to avoid reactions with oxygen and moisture
(< 0.1 ppm O; and < 2 ppm H,0) using both a polymer (Celgard 2250) and glass fiber
(Whatman) separator and lithium metal as a counter electrode (Sigma Aldrich), which
is washed with dimethyl carbonate (DMC) to remove the oxide layer and 400 pl of 1.0
M LiPFg in 1:1 v/v ethylene carbonate (EC) and diethyl carbonate (DEC) (<15 ppm H20,
Sigma Aldrich) was added as an electrolyte for wetting both working and counter elec-
trode surfaces. Galvanostatic oxidation was performed with cut-off voltage of 4.5V (vs.
Li/Li*) for first oxidation (LLZO-C) and 1.5 V (vs. Li/Li") for first reduction (LAGP-C) with
12 hours of rest and charge/discharge current of 7.0 pA. Comparison of the galvanostatic
oxidation and reduction of the LLZO-C and LAGP-C electrodes and blank electrode are
provided in Appendix Figures A.4 and A.5. With the solid electrolyte — carbon mixtures,
very large interface areas are achieved (for the current particle sizes »1 m?) making the
effective current densities at least 4 orders of magnitude lower than the current densities
based on the electrode diameter.

X-RAY DIFFRACTION

To identify the crystalline phases of the prepared materials, powder XRD patterns were
collected in the 20 range of 10-120° using Cu KaX-rays (1.5406 A at 45 kV and 40 mA) on
an X'Pert Pro X-ray diffractometer (PANalytical). The samples were tested in an airtight
sample holder, filled with argon, to prevent exposure to oxygen and moisture.

SOLID-STATE NMR

Solid-state (NMR) measurements were performed using a Bruker Ascend 500 MHz spec-
trometer equipped with two and three channel 4.0 mm and 3.2 mm Magnetic Angle
Spinning (MAS) probes respectively. The operating frequencies for 3!P and SLi were
202.47 and 73.60 MHz respectively, and all measurements were performed within a spin-
ning speed range of 8 to 23 kHz and /2 pulse lengths of 4 — 5 s were determined for ®Li
and 3'P. The chemical shifts of °Li spectra were referenced with respect to a 0.1M LiCl so-
lution, and 3'P spectra with respect to an 85% H3 POy, solution. Based on the spin-lattice
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(T;) relaxation time, recycle delays of 5-10,000 s were utilized collecting between 128 and
11,264 scans for each sample.

COMPUTATIONAL DETAILS

To determine the energy properties of crystalline phases, Density Functional Theory
(DFT) relaxations were performed with the Vienna Ab-Initio Simulation Package (VASP) 42,
The PBE exchange correlation function of Perdew et al. was implemented“, and core
electrons were probed with the projected-augmented wave approach (PAW) **. A cut-off
value of 280 eV and a 4 x 4 x 4 k-point mesh were used. For the argyrodite, the following
reaction is considered:

LigPS5Cl — LixPS5Cl + (6 - x)Li (2.1)

If x < 6 Li LigPS5Cl is oxidized, if x > 6 LigPS5Cl is reduced. Then, by calculating the
energies on both sides of the reaction and taking the electrochemical potential of Li into
account,

i = pLi—¢ (2.2)

with f17; the electrochemical potential of Li, uy; the chemical potential of Li, and ¢ the
electrical potential. Therefore, the average electrical potential at which oxidation/reduction
takes place can be determined by:

$=- E(LigPS5Cl) — E(LixPS5Cl) — (6 — x) E(Li) 2.3)
6—x

where E(LigPS5Cl) represents the composition of the most stable configurations on the
convex hull. DFT-based MD simulations were performed using the same cut-off value
as in DFT simulations. The ab initio MD simulations were executed in the NVT ensem-
ble (conserving the number of atoms, volume and temperature),where the temperature
scales every 1,000 time steps. The simulations use periodic boundary conditions with
time steps of 2 fs, the total time of the MD simulations being 100 ps. The number of
k-points was reduced from 4 x 4 x 4 used in the DFT simulations to 1 x 1 x 1 for the
MD simulations. The lattice parameters and positions of all atoms were allowed to relax
during relaxation.

The argyrodite structure was obtained from previous work.”’. There the CI-S disor-
der over the 4a and 4c sites was investigated, and the thermodynamically most favourable
configuration was obtained. Note that the CI-S disorder was kept constant in the pre-
sented convex hull and thus the oxidation and reduction voltages were not affected. For
determination of configurations as a function of the Li concentration, 10,000 structures
were created by placing the appropriate number of Li ions randomly at the 48h positions.
To quickly scan these for possible low-energy structures, only the electrostatic energies
in these structures were calculated, using the undamped shifted force method with a
cut-off radius of 15 A (ref.*°). For the 20 lowest energy configurations of the electrostatic
calculations the structure was optimized and the energy was calculated using VASP. For
LixPS5Cl, 12 < x < 15, extra Li atoms were inserted on the 16e position, and the extended
convex hull is presented in Appendix Figure A.7.
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All DFT calculations were performed on charge-neutral cells, thus taking into ac-
count the true oxidation and reduction of solid electrolytes, and thus behaving similar
to an electrode material. The formation energies of the thermodynamic decomposition
products were taken from the Materials Project database*°. The structure of LLZO was
also obtained from the Materials Project database . For LLZO, a 1 x 1 x 1 k-point mesh
was used with a cut-off value of 500 eV. The structure of LAGP was taken from the litera-
ture”’ and was relaxed using a 3 x 3 x 1 k-point mesh with a cut-off value of 500 eV.
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3.1. ABSTRACT

OLID-STATE batteries have significant advantages over conventional liquid batteries,
S providing improved safety, design freedom, and potentially reaching higher power
and energy densities. The major obstacle in the commercial realization of solid-state
batteries is the high resistance at the interfaces. Essential for overcoming this bottle-
neck is to achieve in-depth fundamental understanding of the crucial electrochemical
processes at the interface. Conventional electrochemical stability calculations for solid
electrolytes, determining the formation energy towards the energetically favourable de-
composition products, often underestimate the stability window because kinetics are
not included. In this work, we introduce a computational scheme that takes the redox
activity of the solid electrolytes into account in calculating the electrochemical stability,
which in many cases appears to dictate the electrochemical stability. This methodology
is applied to different chemical and structural classes of solid electrolytes, exhibiting ex-
cellent agreement with experimentally observed electrochemical stability. In contrast
with current perception, the results suggest that the electrochemical stability of solid
electrolytes is not always determined by the decomposition products but often origi-
nates from the intrinsic stability of the material itself. The processes occurring outside
the stability window can lead towards phase separation or solid-solution depending on
the reaction mechanism of the material. These newly gained insights provide better
predictions of the practical voltage ranges and structural stabilities of solid electrolytes,
guiding solid-state batteries toward better interfaces and material design.

3.2. INTRODUCTION

Solid-state batteries have received growing interest during the last decades due to their
improved safety and potentially superior battery performance. The essential require-
ments for solid electrolytes are high ionic and low electronic conductivity while main-
taining chemical and electrochemical stability at the anode and cathode interfaces dur-
ing cycling. Several promising inorganic solid electrolytes from different material classes
have been developed exhibiting high ionic conductivities. The most intensively investi-
gated solid electrolyte structures include sulfur-based thiophosphates and thio-LISICON
conductors (107 - 103 S cm™!), and oxide-based solid electrolytes such as Garnets, NA-
SICONS, Perovskite, LISICON (102 - 10°% S cm™), and recently also Halides. '™

Besides the rapid development of solid electrolytes with high bulk Li-ion conductiv-
ities, reaching values even beyond that of liquid electrolytes, interfacial resistance be-
tween the solid electrolyte and electrode typically remains the main limiting factor in
solid-state batteries. '~ The origin of this can include mechanical failure leading to con-
tact loss, space-charge layers, and chemical and electrochemical instability of the solid
electrolyte electrode interface.® Numerous interfacial strategies have been developed
to increase battery performance, but capacity retention and lower rate capability due
to parasitic interface processes remain the challenge for solid-state batteries.>° These
processes are complex and challenging to study experimentally, and better theoretical
understanding of the electrochemical stability of solid electrolytes is a prerequisite. *>°

More insights into the electrochemical stability window of solid electrolytes and its
relationship with the decomposition mechanism have been recently obtained. For sev-
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Table 3.1: Investigated solid electrolytes, including the redox element(s) on oxidation and reduction and
the theoretical capacities associated with decomposition.

Redox element Ox. Capacity Redoxelement Red. Capacity

Material Acronym Oxidation (mAh/g) Reduction (mAh/g)
LizPS, LPS s* 96.23 po* 1190.78
LigPSs5Br LPSB S* | Br 514.01 po* 685.35
LigPS5Cl LPSC s> /ar 599.14 po* 798.85
LijoGeP2S12 LGPS s* 455.20 P5* | Ge*t 1081.11
LiBH,4 LBH B> 1230.55 H* 4922.22
LisYBrg LYB Br 136.48 3+ 136.48
LisOCl LOC o*/cr 1112.40 - -
Li,PO,N LIPON N3/ 0% 589.95 p5* 2359.80
Li;LazZr,012 LLZO 0% 223.41 Zr*+/ La3* 255.33
Lig33Lag 56 TiO3 LLTO o* 50.27 Ti*+ / La®* 559.03
Liy5Alg5Ti;5(POs)3  LATP o* 105.62 Po* [ AT/ Ti*  2147.69
Li; 5Alg5Ge15(POy)3  LAGP 0% 96.23 Ge'*t [ P> [ AB* 1812.34

eral solid electrolytes, it has been shown that cyclic (CV) experiments overestimate the
actual electrochemical stability window ", whereas the prediction of the thermodynamic
formation energy of the decomposition products *”"'° often underestimates the actual
electrochemical stability window. CV experiments do not capture the electrochemical
stability window accurately due to the small electrolyte-electrode contact area and the
short timescale of these experiments compared to low current density solid-state bat-
tery cycling.® On the other hand, the electrochemical stability window’s prediction from
formation energies of the decomposition products may underestimate the electrochem-
ical stability window due to the inability of capturing the reaction mechanism and the
associated reaction energy barrier towards the decomposition products, which will ki-
netically hinder the decomposition.

Recently, it was shown that the oxidation and reduction of several solid electrolytes,
associated with delithiation and lithiation, respectively, may provide an indirect redox
route, via metastable solid electrolyte composition(s), towards the most stable decom-
position. " In this case, the solid electrolyte acts as an active material (Li source or sink),
where the associated anodic or cathodic potential determines the thermodynamic elec-
trochemical stability window. This is only possible if the solid electrolyte is in contact
with the electron-conducting network of the electrode, which can be expected to apply
for the solid electrolyte material near the anode/cathode and/or near the conductive ad-
ditive, where the definition of vicinity depends on the electronic conductivity of the solid
electrolyte and its decomposition products, which is receiving increasing attention due
to its impact on dendrite formation and decomposition. *'"'? For the few solid elec-
trolytes investigated, the in-this-way predicted indirect electrochemical stability win-
dow was shown to be wider than that associated with direct decomposition, matching
the actual electrochemical stability window at small currents (approaching thermody-
namic conditions) and supporting this indirect decomposition mechanism, which could
also be qualified as kinetic stabilization. ’

Herein, we extend and deepen this approach by predicting the electrochemical win-
dow associated with oxidation and reduction reactions (delithiation and lithiation, re-
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spectively) of the most intensively studied solid electrolytes by evaluating solid elec-
trolyte formation energies determined by density functional theory (DFT) calculations.
Redox potentials for Li insertion and extraction are calculated and compared to the po-
tentials of direct decomposition towards the most stable chemical products. The re-
sults are in good agreement with reported experimental electrochemical stability win-
dows, predicting that the decomposition route typically proceeds via (de)lithiation of the
solid electrolyte and that this indirect decomposition mechanism determines the elec-
trochemical stability window of most solid electrolytes. In general, this results in a wider
stability window than calculated based on the stability of the decomposition products,
which can be rationalized by a potentially large reaction barrier for decomposition. The
results are correlated to different structural responses of the solid electrolyte material to
specific potentials, providing fundamental and practical insights into the structural and
electrochemical stability of solid-state electrolytes.

3.3. METHODS

Density functional theory (DFT) using the Perdew-Burke-Ernzerhof (PBE) generalized
gradient approximation (GGA) was applied to determine the lowest energy configura-
tions of (de)lithiated materials '°. Projected augmented wave (PAW) pseudopotentials
as implemented within the Vienna Ab initio Software Package (VASP) 14 are used. The
k-point mesh and energy cutoff values for different materials are reported in Table A.3.
All DFT calculations are performed charge neutral, taking the oxidation and reduction
of the material itself as typically performed for electrode materials °.

To determine the configurations of (de)lithiated structures, the following scheme is
applied. The lowest static electrostatic energy configurations are generated by minimiz-
ing the columbic interactions for Li. The above calculation is performed for 10.000 ran-
dom configurations at each specific Li concentration in a material. Subsequently, for
the 10 lowest energy structures, DFT relaxation is performed to obtain the final total
energy and structure. To evaluate if there are energetically preferred symmetric sites
for delithiation, Li concentrations at different Wyckoff positions are also evaluated. The
sites where Li atoms are inserted in the materials are given in Table A.3. Structures and
formation energies used as references are obtained from the Materials Project '°.

3.4. RESULTS

The solid electrolytes studied are listed in Table 3.1. Sulfides generally possess a high Li
conductivity and good processability but have limited electrochemical stability.” In this
study, Li3PS, (LPS), thio-LISICON Li;oGeP,S;» (LGPS), argyrodites LigPS5Cl (LPSC), and
LigPSsBr (LPSB) are considered. Next to sulfides, an emerging complex hydride LiBH,4
(LBH) and solid halide Li3YBrg (LYB) are investigated. Halides have attained renewed
interest through their combination of relatively high oxidative stability with high Li con-
ductivity'"'?. In addition, solid oxide electrolytes are investigated, which are gener-
ally more electrochemically stable but have a lower ionic conductivity compared to sul-
fides”. Specifically, anti-Perovskite Li3OCl (LOC), Perovskite Lig 33Lag 56 TiO3 (LLTO), and
Li,PO,N (LIPON) are considered. ' '? Finally, NASICON electrolytes, Li; 5Alg 5Ge; 5(PO4)3
(LAGP), and Lij 5Aly 5Ti; 5(PO4)3 (LATP) electrolytes are investigated, which have been
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Figure 3.1: Calculated intrinsic electrochemical stability window and decomposition electrochemical sta-
bility window. For most solid electrolytes, the intrinsic oxidation and reduction voltages result in a wider
stability window than the decomposition window. However, for LLTO and LATP materials, the intrinsic oxida-
tion/reduction potential is lower/higher than the direct oxidation/reduction, indicated by the solid line.

shown to have high oxidative stability.” More information about the structures used and
the details of DFT relaxations are provided in the Table A.3.

In this study, two electrochemical stability windows are differentiated: (1) The elec-
trochemical stability window, based on the stability of the decomposition products '’
referred to as the decomposition window. (2) The electrochemical stability window,
based on indirect decomposition via (de)lithiation of the solid electrolyte, referred to
as intrinsic window.” To determine the decomposition window, the formation energy of
the most favourable decomposition products at a specific potential are calculated, which
are determined from the Li grand potential phase diagram.”'’ The decomposition po-
tential closest to the stable solid electrolyte phase defines the reduction and oxidation
redox potentials of the window. It is essential to realize that this does not consider the
decomposition route, and the associated reaction barrier may lead to an overpotential
necessary to form the decomposition products. The intrinsic window of a solid elec-
trolyte is determined from the change in calculated formation energies upon Li insertion
and extraction. Thus, the solid electrolyte structure is considered electrochemical active
through Li insertion/extraction. The associated average oxidation/reduction potential is
calculated by referencing the formation energies to the Li-metal chemical potential sim-
ilar to intercalation electrodes. '° These (de)lithiated solid electrolyte phases often have
a higher formation energy compared to the most favourable decomposition products
(decomposition window) and therefore represent metastable or unstable phases. It is
proposed that at a specific lithium composition, these solid electrolyte phases become
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Table 3.2: Calculated decomposition electrochemical stability window, assuming direct decomposition to
the most stable decomposition products (values in agreement with the calculations in literature ?), and the
Calculated intrinsic electrochemical stability window based on the oxidation and reduction potentials for
(de)inserting lithium for different solid electrolytes.

. Decomposition  Intrinsic
Material P

ox/red (V) ox/red (V)
LPS 1.72-2.30 1.24-2.47
LPSB 1.72-2.01 1.09-2.23
LPSC 1.72-2.01 1.11-2.19
LGPS 1.63-2.14 1.19-2.38
LBH 0.54-2.10 0.00-3.43
LYB 0.67 - 3.06 0.00-3.43
LOC 0.00 - 2.68 0.00 - 3.17
LIPON 0.68 - 2.64 0.00-4.12
LLZO 0.05-2.68 0.00-3.61
LLTO 1.71-3.36 2.10-3.68
LATP 2.17-3.86 2.74 -3.77
LAGP 2.71-3.98 2.31-4.30

sufficiently unstable to enable decomposition towards the most stable decomposition
products, thus representing an indirect decomposition mechanism.’ The calculated de-
composition electrochemical stability window, assuming direct decomposition towards
the most stable decomposition products, and the intrinsic electrochemical stability win-
dow, assuming indirect decomposition to the most stable decomposition products via
(de)lithiation, of the solid electrolytes in Table 3.2 are shown in Figure 3.1 and listed in
Table 3.2.

For the sulfide electrolytes (yellow in Figure 3.1), the intrinsic window is significantly
wider than the decomposition window. This is a consequence of the assumption that
direct decomposition is kinetically hindered, resulting in the indirect decomposition via
(de)lithiation of the solid electrolyte, effectively resulting in kinetic stabilization of the
electrochemical stability window. This assumption is supported by the better agreement
of the intrinsic stability window with the experimentally observed electrochemical sta-
bility. Considering Li3PS, (LPS), its intrinsic oxidative stability of 2.47 V vs. Li/Li* is in
reasonable agreement with the experimental value of 2.6 V. 20 Likewise, the wider intrin-
sic window of LGPS amounts to 1.19-2.38 Vvs. Li/Li*, matching the experimental stabil-
ity window of around 1.2 - 2.5 V vs. Li/Li*.%'! It has already been shown that the intrin-
sic electrochemical stability of argyrodite LPSC agrees very well with experiments’, and
similarly, there is a good agreement with the experimentally observed oxidation at 2.5V
vs. Li/Li* for LPSB. These experiments were performed without extra external pressure
applied after assembling and therefore pressure differences of at most several MPa are
expected.”' This is low compared to the much larger pressures that would theoretically
influence the stability window of solid electrolytes.” In the sulfide solid electrolytes,
delithiation results in oxidation of $** towards S° around 2.2 — 2.5 V vs. Li/Li*, as ex-
pected, similar to the potential of sulfur electrodes. Upon lithiation, P is reduced from
P>+ to PY around 1.1 - 1.2 Vvs. Li/Li* and further reduces to P3- (LisP) below 0.78 V.%> We



3.4. RESULTS 41

want to clarify again that CV experiments using sulfide solid electrolytes report voltage
ranges beyond > 0-5 V°**°, however, these experiments are performed without conduc-
tive additive mixed with the solid electrolyte and are thus unable to capture the intrinsic
electrochemical window. ®

Similar to sulfide electrolytes, the intrinsic window oflithium boron hydride LBH and
halide LYB is significantly larger as compared to the decomposition window. For both
solid electrolytes, the indirect reductive potential predicts stability towards Li metal.
Electrochemical stability of the boron hydride has been shown experimentally around
0 -3 Vvs. Li/Li* ', matching the intrinsic stability window calculations. For halide LYB
arelatively high oxidative voltage is predicted (3.43 V), for which in a battery with LiCoO,
as active material a higher columbic efficiency is achieved compared to sulfur electrolyte
LPS.'” However, at low potentials, LYB is reduced against Li metal, whereas the intrin-
sic window predicts it is stable towards Li-metal. Thus, in this case, the decomposition
window has a better predictive value. We propose that this is the consequence of the
simple composition build from few elements, thus having a small compositional space,
where Li closely surrounds Y and Br in the structure. This can be expected to result in a
small nucleation barrier for direct decomposition upon reduction into Y and LiBr, and
thus the practical reduction potential approaches that of the predicted decomposition
stability window. The large oxidative intrinsic stability window of LBH and LYB can be
attributed to the strength of BH;™ and YBrg3 backbones in these structures, similar to
NaBH*, for which it has been shown that desodiation leads to larger oxidative stability
as compared to direct decomposition. %%

In Anti-Perovskite Li3OCI (LOC), where Li is the only element that can be reduced,
the reductive decomposition stability equals the Li-metal potential?, making it a suit-
able choice for Li-metal batteries.® The intrinsic oxidative stability, 3.17 Vvs. Li/Li", is for
this material larger than that predicted by direct decomposition. Accurate oxidation po-
tentials are not reported for LOC. However, the low Coulombic efficiency and formation
of decomposition products in combination with LiCoO, suggest the stability window to
be below the LiCoO, potential.” The predicted intrinsic stability window of LIPON, 0.00
—4.12 vs. Li/Li*, is significantly larger than the predicted decomposition window, 0.68
—2.64 vs Li/Li*. Consistent with the intrinsic window, it has been shown that LIPON is
oxidized around 4.3 V by Put et al.”’. The reductive stability of LIPON against Li metal is
disputed, where apparent stability against Li metal is suggested from experiments, and
LIPON is even used to coat Li metal anodes effectively>”’~>. Nevertheless, different
studies show the reduction of P and N in contact with Li metal.>>" Here, intrinsic stabil-
ity against Li metal is predicted by the convex hull of LIPON, with stable configurations
on the convex at Li;PO,N and LigPO2N (Figure A.14). The compositions just above the
convex represent metastable phases that may occur at small overpotentials in practice.
Garnet LLZO is predicted to have an oxidation and reduction potential of 0.05 and 2.68
Vvs. Li/Li*, respectively, assuming direct decomposition. This window is increased to 0
- 3.61 Vvs. Li/Li* assuming the intrinsic decomposition. This is in excellent agreement
with the observed stability against Li metal and a demonstrated oxidation potential of
3.6 Vvs. Li/Li* for LLZO. %!

The predicted intrinsic stability window is wider than the predicted direct decom-
position window for the solid electrolytes discussed so far. Interestingly, for Perovskite
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LLTO, the direct reduction potential to form the decomposition products is predicted to
be lower than the indirect reduction via lithiation of the LLTO structure. This implies
that Li-ion insertion in the LLTO structure is energetically more favorable than the for-
mation of decomposition products. Thus lithiation should occur before decomposition.
Indeed intercalation of LLTO has been demonstrated, reflecting the reduction of Ti**
towards Ti%*, similar to, for instance, Li; Ti5 01> electrodes””, demonstrating that the in-
direct stability window is not always wider than the window predicted based on direct
decomposition. The oxidative potential of LLTO is predicted to be larger than that for
direct decomposition, and as expected, similar compared to oxide electrolytes.

That the intrinsic window can be smaller than the direct electrochemical stability
window is also demonstrated by NASICON type LATP. As shown in Figure 3.1, LATP
has an intrinsic stability window more narrow than its decomposition window, result-
ing from the lower oxidation potential upon delithiation and higher reduction poten-
tial upon lithiation. This reveals that similar to LLTO, Li-ion insertion is predicted to
occur before decomposition upon reduction, and Li-ion extraction is predicted to oc-
cur before decomposition upon oxidation. In Figure 3.2a, the many compositions on,
or just above the convex hull, both upon lithiation (reduction) and delithiation (oxida-
tion), indicate solid solution reactions in both cases, representing a gradual and homo-
geneous change in lithium composition in chemical potential, and thus in the oxidation
and reduction potentials. Upon reduction, this is supported by experiments, demon-
strating that intercalation of LijxAl;Tiy x(PO4)3 sets in at 2.5 V vs. Li/Li*, which gradu-
ally reduces during continuous reduction®’. Figure 3.2b displays the structure of LATP
(Liy 5Alp 5Ti; 5(PO4)3) as well as the completely delithiated Al 5Ti; 5(PO4)3 and lithiated
structures LizAlg 5Ti; 5(PO4)3 (Ti is fully reduced from Ti** to Ti3*) after DFT relaxation.
In the lithiated LATP structure, the rhombohedral lattice remains intact, and only mi-
nor reorientations of PO4 groups can be observed. Similar distortions in symmetry are
observed experimentally during the lithiation of LATP, where the reduction of Ti leads
to symmetry lowering of the lithiated samples from R3c to R3 During oxidation, where
lithium is extracted from the structure, the oxidation voltage towards the first point on
the convex hull is 3.37 V. Also, upon delithiation to Al 5Ti; 5(PO4)3, structural relaxation
indicates that the rhombohedral structure is maintained. Without evaluating the chem-
ical stability of Al 5Ti; 5(PO4)3, we anticipate this to be stable based on the predicted
chemical stability of rhombohedral Ti, (PO4)3 (0.013 eV per atom above the hull). 16 Here,
it should be noticed that the supercell size determines the Li-composition step in the
convex hull. The intrinsic window limits in Figure 3.1 and Table 3.2 are thus artificially
defined by the smallest composition step of the supercell considered. These results
imply that LATP is electrochemically unstable at a smaller intrinsic window, however,
whether the decomposition products form depends on the structural stability and re-
versibility upon (de)lithiation, similar to what insertion electrodes experience during
cycling.

Indeed, structurally reversible lithiation and delithiation have been experimentally
shown for LATP resulting in a gradual change in intercalation potential, consistent with
a solid solution reaction." This implies that the structural stability of the solid elec-
trolyte extends beyond the electrochemical stability window. The intrinsic window de-
fines when (de)lithiation occurs, which generally reduce the Li-ion and may increase
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Figure 3.2: Formation energies of Li-vacancy configurations of LixAly 5Tiy 5(P0O4)3 and LixGeP2S;2 with
corresponding (de)lithiated structures after DFT relaxation. a Formation energies per formula unit of
LixAlg 5Tiy 5 (PO4)3 (LATP) with b corresponding structures after DFT relaxations for x = 0, 1.5 and 3. On the
convex hull the most stable Li concentrations are shown with an orange circle. Red spheres indicate oxygen, or-
ange phosphorous, white titanium, blue aluminum, and pink lithium. ¢ The Formation energies of LixGeP2S12
(LGPS) with d the corresponding structures of x = 4, 10, and 22, the green sphere indicates germanium and the
yellow sulfur. The convex hull of LATP has a convex shape, indicating solid solution behavior for both Li in-
sertion and removal; the corresponding structures for lithiation and complete delithiation appear to be stable
after DFT relaxation. For LGPS, the convex is V-shaped between x = 4 and x = 18, indicating phase separation.
Further proof is also seen in the corresponding structure after relaxation, where the lattice parameters and
angles change, and bonds form and cleave during (de)lithiation of the structure. The convex hulls of the addi-
tional solid electrolyte materials are shown in Figure A.9 - A.15.
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the electron conductivity depending on the defect formation mechanism of the solid
electrolyte, located near the electrode surface where it can be redox active. As a result,
a further increase in the internal resistance or promotion of redox activity of the solid
electrolyte is expected. LATP has been shown to form structurally stable interfaces be-
yond its electrochemical window (both decomposition and intrinsic) at high potentials
versus an NMC electrode.*° In contrast to LATP, NASICON LAGP is predicted to have an
intrinsic stability window that is wider than the decomposition window, where both on
oxidation (delithiation) and reduction (lithiation) a first-order phase transformation is
predicted, suggesting the indirect formation of the most stable decomposition products.

The convex hull of sulfide electrolyte LGPS is shown in Figure 3.2c, between x = 4
and x = 18 a V-shape is found, indicating on phase separation during oxidation (x >
10) and reduction (x < 10). In Figure 3.2d, the structures of the most stable configura-
tions LiyGeP,S, and Li;gGeP»S;» are shown. In contrast to LATP large changes in lattice
constants and atomic bonds are observed, originating from S that is oxidized to S° in
LisGeP5S;, and from Ge** and P°* that are reduced in Li;3GeP,S;». This is confirmed by
Figure 3.2d, where it is shown that structural changes occur, during delithiation S-S bond
form in the PS,; and GeS, groups indicating the oxidation of $>. Upon lithiation, the P-S
and Ge-S bonds break, indicating on the reduction of Ge** and P3*. These changes in
bonds are also reflected in the radial distribution function after relaxation (Figure A.17).
After reaching the kinetic metastable phases (Li;GeP,S;» and Li;gGePS;2), the mate-
rial is expected to transform into the energetically more stable decomposition products,
which can also be active during further oxidation and reduction’. That the solid elec-
trolyte LGPS is redox active itself and that the oxidation can be attributed to the Li-S

within the LGPS structure has experimentally been shown ''.

The properties of the decomposition products as well as accessible intermediate
metastable phases can play an important role in the rate and extend of the decompo-
sition, depending on their electronic’®, ionic conductivity as well as their volumetric
changes”’. For the decomposition products of several solid electrolyte families this has
been considered elsewhere. Note that the compositions on the convex hull through
which the indirect decomposition takes place may be unstable, such that decomposi-
tion readily occurs. ” This implies that the properties of these compositions may not be
decisive for the progress of decomposition, but rather the properties of the resulting de-
composition products. In case the (de)lithiated phases are stabilized, it is important
to evaluate the properties of these metastable (de)lithiated phases that can form upon
changing the lithium composition in the solid electrolytes. The volumetric change, band
gap and ionic conductivities of such metastable compositions for the presented solid
electrolytes are calculated and listed in Table A.4-A.15. Most metastable phases show a
significant volume increase during lithiation and decrease during delithiation. Decrease
may lead to contact loss, raising the internal resistance, whereas an increase may hinder
decomposition during cycling under volume constrains, effectively widening the elec-
trochemical stability window.“” The band gaps of the metastable phases generally de-
crease upon lithiation, as more electrons are inserted in the structure. Although there is
no direct relationship between the bandgap and the electronic conductivity, a decreas-
ing bandgap is an indicator for improved electronic conductivity. The composition of
most solid electrolytes is optimized towards ionic conductivity, hence it drops for the
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(de)lithiated phases as observed in Table A.4-A.15. Nevertheless they remain ionic con-
ductors which in combination with increased electronic conductivity will promote the
electrochemical decomposition reactions.°

3.5. DISCUSSION
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Figure 3.3: Schematic solid state battery and energy diagrams of possible reaction routes. a Schematic rep-
resentation of a solid-state battery, the solid electrolyte is exposed to a potential at the interface with the con-
ductive additive and active electrode particles. b,c Schematic energy diagrams versus Li composition in a
solid electrolyte for a first-order phase and solid solution reaction. For phase separation, the solid electrolyte
generally tends to react towards decomposition products in thermodynamic equilibrium. However, the sta-
bility window is determined by the nucleation barrier between the solid electrolyte and the reaction products.
The intrinsic intermediate phase has a low energy barrier because the Li-ion mobility facilitates (de)lithiation,
whereas the nucleation energy of the decomposition products can be large depending on the compositional
and structural complexity of the material. For solid solution materials, the Li (de)insertion potential can be
achieved at lower energy than the formation of decomposition products. Accordingly, the materials will react
through the Li composition range until the decomposition potential is reached. A flow diagram showing the
calculation routes is presented in Figure A.16.

A schematic solid-state battery is shown in Figure 3.3a. To establish good ionic trans-
port between the electrolyte and active particles good solid-solid contact is required. In
the vicinity of this contact, the electrolyte is exposed to the applied potential and will de-
composes according to its electrochemical stability window. Vicinity is difficult to deter-
mine, but it scales with the electronic resistance of the solid electrolyte and time that the
electrolyte is exposed to the electrode potential. The decomposition centers related to
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the (de)lithiation of the electrolyte are enabled by the limited electronic conductivity of
the solid electrolyte in manner that closely resembles the (de)lithiation of electrodes. *°

For many solid electrolytes the indirect transformation via (de)lithiation (intrinsic
window) predicts a stability window that is wider than that predicted based on the di-
rect transformation into the decomposition products (decomposition window). To il-
lustrate these transformation routes, Figure 3.3bc shows two schematic energy diagram
scenario’s for (de)lithiation of solid electrolytes. When this initiates a phase transition,
the solid electrolyte reaction route goes through the (de)lithiated phase towards the fa-
vorable decomposition products. Solid electrolytes have high ionic conductivities and
thus, small activation energies are required towards the lithiated and delithiated phases.
Thereby the intrinsic metastable phase provides a low barrier accessible indirect path-
way towards the decomposition products. In the case of a solid solution transition, Li-
ion insertion in the structure will in generally be associated with a low activation barrier
as compared to the formation of the decomposition products. In this case, the end of
the solid solution reaction is most likely determined by the decomposition potential.
The importance of metastable phases in solid electrolytes is already revealed by the in-
trinsic chemical instability of most solid electrolytes towards decomposition products
in thermodynamic equilibrium. The complexity of solid electrolytes varies from simple
solids build up by only a few elements (binary salts) up to complex materials built by
many elements (e.g. LLZO and LPSB). A larger amount of elements in a specific com-
pound, thus representing more complex solids, in general raises the nucleation barrier
towards stable decomposition products, thus enabling the formation of intermediate
metastable phases.”’ Additionally, the type of bonds, electronic structure and chemi-
cal disorder can contribute to the chemical complexity of a material, further increasing
the nucleation barrier towards decomposition. The higher nucleation barrier for these
complex materials towards their decomposition products implies that direct composi-
tion is kinetically hindered. Therefore, for complex solid electrolytes, it is expected that
the direct decomposition stability window is a lower limit and that redox activity will
take place at potentials dictated by intrinsic (de)lithiation. Vice versa, materials with a
smaller compositional space, e.g., binary Li salts, the nucleation barrier towards direct
decomposition can be expected to be smaller (due to the smaller diffusion distances
required) and thus the practical stability will approach the electrochemical decomposi-
tion window. Solid electrolytes are designed to have low diffusional barriers for Li-ions,
facilitating the reaction pathway via intermediate metastable phases, whereas the host
structure elements are intended to have a low diffusivity. For example, in the argyrodite
LigPS5Br (LPSB) solid electrolyte, low stoichiometric amounts of Br and P make it rela-
tively difficult to form and isolate the LiBr and P decomposition products, rationalizing
why the formation energy towards the kinetic stabilization of lithiated metastable phases
is more effective. For less complex Li3YBg (LYB), where there are fewer elements in the
unit cell, arranging and formation of decomposition products is expected to be easier,
explaining why the actual electrochemical stability window can be smaller than the in-
trinsic stabilization potential suggest, consistent with the observed decomposition in
contact with Li metal. '

That solid electrolytes do not directly form the decomposition products, and instead
react through intermediate phases has been experimentally observed for various mate-
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rials. Metastable intermediate phases where sulfur is connected into P,Sg*" groups and
disproportionation to P,S;% and S has been observed for sulfur-based electrolytes %,
Similarly, for oxides, it has been shown that metastable phases exist 10 Materials with
phosphate groups are known to form various P-O groups and (amorphous) metastable
phases in the LipO-P, 05 range. Additionally, for oxide LLZO it has been shown that dif-
ferent Zr suboxides exist and are formed during charging®. This again rationalizes why
the formation energy towards decomposition products is not representative for the ac-
tual stability window. The obvious consequence of redox activity due to (de)lithiation of
solid electrolytes is generation of additional capacity (Table 3.2). Irreversible reactions
towards decomposition products, directly or indirectly formed, impact the Coulombic
efficiency, whereas reversible reactions of metastable intermediates and of decomposi-
tion products, provides reversible capacities.

The relatively good cycling performance for electrolytes that are unstable towards
high voltage cathode materials (> 4V)?>*!, is attributed to the absence or very limited
amount of conductive additive in the cathodic mixture in combination with the use of
electronically isolating coatings present on the active materials. This rational strategy
prevents direct contact between the solid electrolyte and the potential experienced by
the electrode, slowing down or even preventing decomposition reactions.

By obtaining a more precise understanding of the realistic electrochemical stability
window and corresponding structural responses, new insights can be found in designing
more stable interfaces for solid-state batteries. For phase separation materials, improv-
ing bond strengths and material complexity play a crucial role in extending the decom-
position window as this determines the height of the nucleation barrier towards decom-
position and thus the practical electrochemical window. For solid solution materials, the
wider structural stability window compared to the electrochemical window opens possi-
bilities for solid electrolytes to have a reversible contribution to a composite electrode’s
capacity (generally at the expense of a lower local ion conductivity). Although none of
the solid electrolytes calculated here covers the entire window of 0 — 4.5 V vs. Li/Li*
needed to fulfil stability for a typical Li-metal high voltage cathode battery. The differ-
ent classes of electrolytes inhibit electrochemical stabilities at various potentials where
already proposed strategies as multilayer solid electrolyte batteries and guided forma-
tion, or artificial SEI could be applied more accurately‘“"g. In this case however, more
interfaces have to be introduced, which could lower the battery performance.

3.6. CONCLUSION

A first-principles computational framework is used to calculate the electrochemical sta-
bility of materials taking the intrinsic electrochemical window into account. This frame-
work is applied to the most commonly used solid electrolytes in different classes of ma-
terials, showing good agreement with experimental data. For most solid electrolytes, a
widening of the electrochemical decomposition stability is predicted. However, for elec-
trolytes as LATP and LLTO, insertion reactions are predicted where the intrinsic electro-
chemical stability is smaller than the formation energy towards the most favourable de-
composition products. Moreover, these materials can be structurally stable outside the
electrochemical stability window. A better understanding of the realistic electrochemi-
cal stability window of solid electrolytes helps experimentalists analyse and design new
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types of solid-state batteries. Stable interfaces and fundamental knowledge about the
reactions involved remains of key importance in improving the rate capability and ca-
pacity retention in solid-state batteries.
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4,.1. ABSTRACT

ITHIUM-ION conducting argyrodites have shown great promise as solid electrolytes

for solid-state batteries due to their relatively high ionic conductivity. Recent stud-
ies suggest that aliovalent subsitutions can be an effective approach to further improve
transport properties in this class of materials. For LigPS5Br, it has been experimentally
shown that Si doping in the Li-argyrodite structure provides a threefold increase in the
ionic conductivity. To investigate the origin of this increasing Li diffusion, a density func-
tional theory study is performed, where Si** in the LigPSsBr structure substitutes differ-
ent ratios of P°* atoms. Arrhenius plots show the increasing trend in the ionic conductiv-
ity for the Si-doped argyrodites, where the higher conductivity can be correlated to par-
tial occupancy of Li on the T4 sites. This occupancy is activated by the Si** dopant, which
provides excess Li occupancy in the argyrodite phase due to its lower valance. The pres-
ence of Li on the T4 site redistributes Li-ions in the lattice due to coulombic interactions,
resulting in a more uniform Li distribution around the T4 and the neighboring T5 sites,
effectively increasing the mobility through this site. Since the T4 site is positioned in the
intercage jump pathway, an increase in the intercage jump rate is found, which is di-
rectly related to the macroscopic diffusion and bulk conductivity. Additionally, Rietveld
refinements of a neutron diffraction experiment on the Si-doped argyrodite confirm the
partial Li occupancy on the T4 sites. Understanding the effect of partially occupied in-
terstitials generated by aliovalent doping is essential to improve the ionic conductivity
of solid electrolytes, ultimately enabling better performing solid-state batteries.

4.2. INTRODUCTION

The development of all-solid-state batteries promises to provide safer batteries, by re-
placing the volatile liquid electrolyte, as well as higher energy densities, by increasing the
fraction of cathode active materials and the possibility of using Li metal as an anode. '
One of the main obstacles towards solid-state batteries is the restricted power density
originating from the poor Li-ion diffusion in bulk and at the interface with the electrode.
Several solid electrolytes have been developed so far, including oxides, halides, boro-
hydrides, and sulfides. Among all of them, sulfide based solid electrolytes shows great
promise due to exceptionally high ionic conductivities and low grain boundary resis-
tances. '~ Recently, Li-argyrodites LigPS5X (X = CI, Br, and I) have shown great interest
due to their higher ionic conductivity (1 - 10 mS/cm at room temperature). *° Further-
more, Li-argyrodites are suitable solid electrolytes because they possess relatively low
grain boundary resistance due to its mechanically soft nature. However, the electro-
chemical instability at low and high potentials, especially in the vincinity of the negative
and positive electrodes remains a major challenge. >

To further increase the ionic conductivity of Li-argyrodites several methods are suc-
cessfullyimplemented. The ratio of halogen anions (Lig.xPSs5.x(Cl,Br,1,)14x) can be altered
to increase the number of vacancies ”'’, and exchange between $?*/X" (X =Cl, Br and I)
anions on Wyckoff 4c site referred to a ’site-disorder’, can be tailored to make Li pathways
more interconnected. ' Another practical approach to increase the ionic conductivity of
Li-argyrodites is doping the structure with aliovalent cations such as Si** (rg+ = 26 pm),
Ge** (rger = 39 pm), Sn** (rg, s+ = 55 pm) or AP*(r,3. = 39 pm).'“~'* These dopants can
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increase the Li-ion concentration as well as the polyhedral volume due to their higher
ionic radius of aliovalent cations compared to P>*(rps+ = 17 pm). Doping can also be ef-
fectively used to alter other relevant electrolyte properties such as electrochemical sta-
bility '°, air stability '°, elasticity !/, hardness '/, and fracture toughness ' . Kraft et al. re-
cently demonstrated the Ge doping in Li-argyrodites enables the highest conductivities
of 18.4 mS/cm after sintering for Lig¢Po 4Geg ¢Ss51. ' Furthermore, Zhou et al. showed
that Si and Ge doping in thioantimonate argyrodites Lig.xSb1.xMxS51 (M = Si and Ge) in-
creased the ionic conductivities up to 24 mS/cm after sintering for Lig Sig 6Sbg.4Ss1. '
Also, Si** as a dopant in sulfur electrolytes has shown to be highly effective, a Li-P-Si-S-
Cl electrolyte in the LISICON structure has delivered one of the highest conductivities
reported for solid electrolytes in general (25 mS/cm). '

Silicon doping in the Li-argyrodite Lig PS5 Br structure also shows significant improve-
ments in the ionic conductivity. Recently Minafra et al. have shown that Si** doping in
these argyrodites increases the Li-ion conductivity by a factor of three. '* As this increase
in conductivity is higher than expected by only considering the increase in charge car-
rier concentration (6 % for Lig 5P 5Sio.5S5Br), a more detailed diffusion mechanism is re-
quired to understand this increment. In the argyrodite system, Li-ions migrate through
the crystal lattice by hopping from occupied to vacant sites. It has been assumed that the
Wyckoff 48k (T5) site is the single active Li site in the diffusion mechanism.’ Recently,
multiple additional sites have been proposed to contribute to the diffusion mechanism;
however, a complete mechanism is not yet presented. One of these new positions is the
Wyckoff 16e (T4) site, wherein a similar structure to Li-argyrodite, Lig sAlg.155i1.3555.400.6,
it has been theorized that the T4 interstitial can be occupied and stimulate the diffusion
process by flattening the energy landscape. >

Here, we aim to understand the effect of aliovalent Si** doping on the transport prop-
erties of argyrodite LigPSsBr. An ab-initio molecular dynamics study performed on the
Lig+xP1-xSixS5Br structure shows the stabilization of the T4 site, which is enabled by the
excess Li inserted in the structure. Using the ab initio molecular dynamics simulations
increased conductivity is found for higher doping concentrations, this can be correlated
to the partial occupancy on the T4 site, that facilitates an energetically more facile route
for intercage diffusion. Additionally, the occupancy on the T4 site is confirmed by a neu-
tron diffraction experiment, where partial occupancy on the 16esite is shown by Rietveld
refinement. Overall, this study provides an enhanced fundamental understanding of
structure-transport corelations in Li-argyrodites by cation substitution.

4.3. METHOD
To evaluate the Li-ion diffusion in argyrodites ab inito molecular dynamics (AIMD) sim-
ulations using Vienna Ab-Initio Simulation Package (VASP) are performed. The simula-
tions use the generalized gradient approximation (GGA) and the PAW-PBE basis set, the
cutoff energy is set at 350 eV. First, the structure is relaxed using a 4x4x4 k-points mesh
which is reduced to 1x1x1 in the AIMD simulations.’ The AIMD simulations were per-
formed with 400,000 time steps of 2 femtoseconds, resulting in a total simulation time
of 800 picoseconds. The AIMD simulation is then separated into 10 parts for which the
mean diffusion constant and standard errors are calculated. ”’

The argyrodite structure is taken from literature 9. the Si** atoms are substituted on
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the P** sites according to literature. " Li-ions are added on the T5 sites furthest away
from neighboring Li-ions to minimize coulombic interactions.”’ To determine the Li-ion
conductivity in Li-argyrodites, first the tracer diffusivity D is calculated by Equation 4.1,

N r(t)—r(to)l2
2dN Z @D

where N is the total number of diffusing atoms, r(#) the displacements of single Li atoms,
d the number of diffusion dimensions, and ¢ the simulation time. From the diffusion
constant, the conductivity can be calculated using the Nernst-Einstein relation:

nezzz

kT

where e is the electron charge, n the particle density, z is the charge of the diffusive
element, and kg the Boltzmann constant.

To evaluate jumps rates in the MD simulation, jumps between specific sites in the
structure are monitored. To define a jump in the simulation, a radius around the site
position is specified, if a Li atom jumps from within the site radius to another site radius,
a jump is counted. In the evaluation of the intercage jump rates, ‘back and forth’ jumps
where the Li moves to a neighboring position and jumps back are not counted.

o= 4.2)

4.4, RESULTS

Argyrodite crystallizes in the F43m spacegroup, the structure is shown in Figure 4.1. In
the argyrodite structure, Li-ions jump between unoccupied sites through the lattice. In
previous reports it was assumed that Li only resided on the T5 site. For this site, three
different jumps are distinguished: doublet, intracage, and intercage.’ Doublet jumps
take place between paired T5 sites (distance 1.9 A), intracage jumps take place between
pairs of T5 sites (distance 2.25 A). In a unit cell the six pairs of T5 sites surround the
4c sites, which together will be defined as cages.’ The intercage jumps is important for
ionic transport, as represent the shortest jumps distance between the cages.

As Li moves fast in the argyrodite structure, partial occupancies on intermediate and
meta-stable sites are difficult to assign as the probability density of Li spreads out over
multiple sites. In recent literature, high-resolution neutron and X-ray diffraction exper-
iments have shown partial occupancies on two additional Li sites between the T5 posi-
tions: T2 site ' *>? and the T5a site (Wyckoff 24g).'"'%** In the simulations performed
here, no clear indication of Li occupation on the T5a site is found (< 0.05 occupancy).
Additionally, there are several vacant Li sites in the symmetry that can be occupied.
Where especially the T4 site (Wyckoff 16e), an interstitial site that is located between two
cages is interesting as it has been theorized that if this site would be occupied diffusion
through this site could improve the macroscopic diffusion as it lowers the energy barrier
for intercage jumps. *"*>2°

Lithium migration between the Li cages, or intercage jumps, are predominantly the
limiting factor for Li-ion diffusion in the argyrodite.” Two intercage jump pathways are
described in literature, one pathway via two neighboring T2 sites and a pathway between
two T5 sites via the T4 site,”' the two paths are shown in Figures 4.1c and 1d. The jump
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Figure 4.1: Structure, Li distribution and possible intercage hopping routes of Lig PS5Br. a The cubic struc-
ture of LigPSsBr with the T5 lithium sites (Wyckoff 485) in purple, T2 lithium sites (Wyckoff 48h) in red, the
T4 lithium sites (Wyckoff 16¢) in blue, the Si** / P5* sites in orange, the Wyckoff 4a Br / S2" sites in yellow,
Wyckoff 4c Br™ / $2 sites in green. b Lithium form cages like substructure around the Wyckoff 4c site, the T4
sites between the Li cages link the cages. ¢ side view and d top view of two Li diffusion ‘cages, of two intercage
diffusion paths which determine the macroscopic diffusion, the Li jump pathway via T2 — T2 sites and the T5 —
T4 - T5 jump pathway.
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Figure 4.2: Li density, site occupancy and radial distribution function of Si-doped LigPS5Br. a Density plot of
Li for the undoped LigPS5Br and b the fully doped Li7SiS5Br during a 100 ps 550 K AIMD simulation. The solid
spheres are the T5 positions, crosses the T2 positions, and the circles T4 positions. Red indicates a high lithium
density and more blue at a lower lithium density. With increased doping, the intensity on the T4 position
increases. ¢ Occupation of Li on the T4 position, T2, and T5 in a 550K AIMD simulation. d Radial distribution
plot of Li and Si**/P5* during T5 - T5 jumps, the peaks at 3 A and 5 A correspond to the T5 position and with
increased doping, a peak at 4 A is found which corresponding to the T4 position.

pathway between the T2 sites is theorized because the T2 positions of two neighboring
cages are in close proximity (2.1 A).”® The second jump pathway through the T4 site
is considered as it connects two T5 sites of coinciding cages and forms two intercage
pathways around the T2 site.”'!

To evaluate the effect of the Si substitution in Li-argyrodite by DFT, the doping con-
centration x in Lig.xP1-xSixS5Br is increased from x = 0 to x = 1 in eight concentration
steps. As experimental research predicts that Si** cation replaces P>* cation on the Wyck-
off 4b positions '*, Si** is correspondingly homogeneous substituted on the P positions
in the DFT simulations. The relaxed structures show a linear relationship between lattice
parameters and doping concentration due to higher ionic radius of Si** (rSi** = 26 pm)
compared to P>* (rP°* = 17 pm), and is in well agreement with literature (Figure A.19). '
To visualize Li migration, the undoped and fully doped argyrodite Li densities are shown
in Figures 4.2a and 4.2b. Lithium density plots from the undoped LigPSsBr show high
lithium densities on the T5 sites, where the cage-like structures in which lithium diffuses
are clearly visible. In both the doped and undoped structures the relatively high lithium
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concentrations between the T5 sites can be assigned to the T2 position. Additionally, for
the doped structure, a sharp increase in Li density between the Li cages is found, analyz-
ing these positions in the F43m spacegroup indicates the occupation of the T4 position.
The T4 position is enabled by the lower valence of Si** which provides a Li excess in the
doped argyrodite structure, because of charge balance. These additional Li*-ions in the
structure occupy the lowest energy vacant site can also be influenced by the difference
in valence between Si** and P°*, which have a reduced repelling coulombic force on Li*
ions changing the local energy landscape around the Si atoms.

The occupancies of the T4, T2 and T5 positions are shown in Figure 4.2c. The site
occupancies are determined from the time fraction that Li resides on a specific site in
the AIMD simulation. Figure 4.2c clearly shows an increase in the T4 occupancy as the
Si** content is increased and agrees with the higher Li densities found on this site in
Figure 4.2a,b. The T5 site occupancy shows a slight increase (0.19 — 0.22) governed with
a similar decrease in the T2 site occupancy (0.07-0.04). Hence, the total T5 and T2 site
occupancy remains equal, and the excess Li introduced by Si doping occupies the T4
position.

To investigate the specific Li-ion motion during the intercage T5 - T5 jumps via the T4
position, the radial distribution function (RDF) of Li and the 4b site (P>* / Si** position)
during T5 — T5 jumps is shown in Figure 4.2d. The RDF shows the integrated Li density
over time as a function of the distance to the nearest 4bsite. For the undoped argyrodite,
two peaks are visible around 3 A and 5 A corresponding to two T5 positions. Si doping
results in a peak around 4.0 A, coinciding with the distance from the Si** or P>* positions
to the T4 positions. Hence, the RDF shows that the diffusing ions jump through the T4
positions, when Si** is increasingly substituted into the unit cell. In the RDE a flatten-
ing of the Li density for the diffusion pathway is shown as the Li density is more spread
out and the peaks corresponding to the T5 sites are lower. The flattening of the Li den-
sity shows that Li is less constrained to the specific site positions, which indicates on the
flattening of the energy landscape hence a more facile jump pathway.”” The flattening
is caused by the partial Li occupation on the T4 positions that, due to coulombic inter-
actions in the lattice, distributes Li more uniformly around the T4 and two adjoining T5
sites. This is confirmed by the RDF where the Li density on the T5 sites declines and is
spread out more evenly around the T4 site for higher dopant concentrations.

To analyse the site occupancies in the Si-doped argyrodite structures experimentally,
neutron diffraction is performed on Lig 125P¢.875Si0.125S5Br. The site occupancies are ob-
tained by Rietveld refinement and are shown in Figure 4.3a, the fitted parameters of the
Rietveld refinement are shown in Table A.16. Indeed a fractional occupancy of 7 % is
found on the T4 position. This is consistent with the occupancies as predicted by the
MD simulations for this doping concentration in Figure 4.1c, and shows that the T4 po-
sition is partially occupied in the doped structures. Similar to the MD simulations, the
combined T2 and T5 occupancy remain equal, indicating that the T4 position accounts
for the excess Li. The relative ratios of the T2 and T5 sites are different compared to
the MD simulations where a relatively low occupation of T2 occupancy (2.5 %) is found.
This discrepancy can be explained by the proximity of the T2 site to the T5 site that are
difficult to entangle in the MD simulations as the radii that determine this sites are rela-
tively close. Li moving from the T2 site to the T5 site overestimates the occupancy on the
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Figure 4.3: Refined site occupancy, electrochemical stability, Li-ion conductivity and hopping frequencies
in Si-doped LigPS5Br. a Structure of Lig.125P¢.875Si0.125S5Br with fractional occupancies based on neutron
diffraction experiment. Yellow color represent the sulfur, green as bromide, and orange as phosphorous. The
T5 is depicted in purple, the T2 in red and T4 in blue b Jump statistics plot of Lig 5P¢.5Sig.5S5Br, thicker lines
correspond to a higher jump rate between positions. ¢ Electrochemical stability window of LigPSsBr and
Li7SiSsBr. d Conductivity versus temperature plot of Lig,xP1-xSixSsBr for different x. e Jump rate of differ-
ent site jumps for LigxP1-xSixS5Br.
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T2 site, however, in agreement with the MD simulations, the total occupancy on these
positions remains unchanged.

Figure 4.3c shows the electrochemical stability towards the most favorable decom-
position products of the fully doped Li;SiSsBr and undoped LigPSsBr. The oxidation
potential is equal for both phases as it is determined by the sulfur (S** / S°) redox. The
reduction potential that is affected by the phosphor (P>* /P%) and Si redox (Si**/Si%),
shows a higher reduction potential for increasing dopant concentrations. The lower re-
duction potential of Si compared to P can rationalize this, making the decomposition
reaction towards reduced Si phases energetically more favourable over reduced P based
decomposition products, resulting in a narrowing of the electrochemical stability for Si
doped argyrodites.

To determine the conductivity of Li-ions in the Si-doped argyrodites, Arrhenius plots
of the conductivity and temperature are shown in Figure 4.3d. An increasing trend in the
conductivity with higher doping concentrations is shown, comparable to the direct ex-
perimental impedance spectroscopy results. '* The tracer conductivity at room tempera-
ture is 14 mS/cm for the undoped argyrodite LigPSsBr and 21 mS/cm for Lig 5Pg 5Sig 5S5Br.
This is a similar increasing trend as found in experiments in literature where the tracer
conductivity is increased from 0.7 mS/cm to 2.4 mS/cm from the undoped argyrodite
to Lig 5Pg 5Sig.5S5Br. '° The tracer conductivities determined from AIMD simulations are
around a factor 2 larger as found in literature, most probable originating from AIMD
simulations that generally overestimate the ionic conductivity because a perfect crystal
is assumed in the simulations without, for example, grain boundary resistance and con-
tact losses.” The activation energies found in impedance spectroscopy experiments (~
0.2 eV'?) are in good agreement with the activation energy found in the AIMD simula-
tions shown in Figure A.20.

To investigate the influence of the jump type on the increase in Li conductivity, the
jump rates between different Li sites in the Lig.xP1.xSixS5Br structure are calculated and
shown in Figure 4.3e. The T2 — T5 jump path, corresponding to the jumps inside the
cages, shows the highest jump rates which coincide with the large delocalization of the Li
density in Figure 4.2a between the T2 and T5 sites, indicating fast Li movement between
the two positions.

To evaluate the jump statistics between the Li cages, or ‘intercage’ jumps, the T5 —
T4 - T5 jumps and T2 — T2 jumps are considered as shown in Figure 4.1d. The jump
frequency of the T5 — T4 — T5 path is significantly higher than the T2 — T2 jump path
and thus has a larger contribution to the macroscopic diffusion. This shows that the in-
tercage diffusion predominantly moves through the T4 position as compared to the T2 —
T2 jump pathway. Additionally, an increase in the T4 - T5 jump rate as a function of dop-
ing concentration is shown in Figure 4.3e. This is consistent with Figure 4.2d where it is
shown that the Li density for the jump pathway is flattened at higher doping concentra-
tions, indicating faster diffusion. Because the intercage jump rate is the bottleneck for
macroscopic diffusion, the faster jump rate through the T4 site directly influences the
total macroscopic diffusivity and ionic conductivity of the solid electrolyte as shown in
Figure 4.3d.

Finally, a correlated increase in jump rate per doping concentration between the T5
—T4 and T5 - T5 jump rates is shown in Figure 4.3e, these jumps correspond to the inter-
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cage and intra-cage jumps, respectively. The correlation suggests that a jump from the
T4 to a T5 site promotes a jump between two neighboring T5 sites. The above indicates
on a correlated interstitially driven mechanism, where Li on the T4 interstitial site pushes
a Li on the T5 position to a neighboring T5 position. This is beneficial for macroscopic
diffusion as it improves both the inter- and intracage diffusion. A decrease in the T5 —
T2 jump rate compromises this correlated increase however does not affect the macro-
scopic diffusion as this jump rate is not a limiting factor for the macroscopic diffusion.

4.5. CONCLUSION

Using DFT-based molecular dynamics the origin of higher conductivities in Si-doped
LigPSs5Br is investigated. The simulations show that the excess Li in the Si** doped struc-
tures, originating from charge balance, resides on the T4 (Wyckoff 16e) sites. Radial
distribution function analysis shows that this partial Li occupancy on the T4 position
distributes Li more uniformly between the T5 and T4 position, effectively flattening the
energy landscape and increasing the Li mobility through the T4 site. This increase in Li-
ion mobility is confirmed by increasing jump rate statistics for this jump path. Because
the T4 sites resides between two bordering Li cages, the intercage diffusion increases
as a function of the doping concentration. As the intecage diffusivity is directly related
to the macroscopic diffusion and ionic conductivity, a corresponding increase in Li-ion
conductivity is shown in Arrhenius plots for higher doping concentrations. However, the
increase in ionic conductivity is compromised by a higher reduction potential for higher
doping concentrations, reducing the electrochemical stability for increased Si doping.
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5.1. ABSTRACT

All-Solid-state batteries gain increasing interest due to the higher promised energy den-
sities without the use of flammable liquid electrolytes. Two main issues for solid-state
batteries are contact loss and interphase formation which both play a role at the solid
electrolyte and active particle interfaces. Here, we present an advanced modular com-
putational framework that is generally applicable for solid-state batteries with differ-
ent electrodes and corresponding microstructures. The model is based on Multiphase
Porous Electrode Theory, where for Li-ion transport in the solid electrolytes a regular so-
lution free energy functional is considered, additionally, a model for contact loss and a
diffusive interlayer to model SEI formation, coatings and liquid interphases are imple-
mented. The theoretical results of the solid electrolyte model are compared with con-
ventional liquid electrolyte models using a phase separating electrode to find the opti-
mal conditions and bottlenecks of solid electrolytes in solid-state batteries. Mesoscopic
modeling of solid-state batteries and the effect of solid ion transport, contact loss and
interphase formation is crucial to understand, optimize and analyze the performances
of all-solid-state batteries.

5.2. INTRODUCTION

Solid-state batteries have the potential to outperform conventional liquid electrolyte
batteries in terms of energy density and safety. The research in novel solid electrolyte
materials has led to the discovery of Li-ion conducting solids that perform at similar
rates as its liquid counterpart, with the advantage of being safer, having more freedom
in design, and potentially allowing more energy-dense electrode materials. There are,
however, still challenges to overcome, the three main challenges for solid-state batteries
are: maintaining physical contact between the electrode and electrolyte, formation of in-
terfacial layers hindering Li-ions and electrons from participating in the desired electro-
chemical reactions and inhomogeneous deposition of metal anodes. '~ To understand
the effect of these bottlenecks on the performance of solid-state batteries, physics-based
models are required that simulate solid-state ion transport and can capture these re-
maining issues in solid-state batteries.

Modeling has been very efficient in validating Li-ion batteries, especially Porous Elec-
trode Theory (PET) developed by Newman and coworkers is still extensively used to
model intercalation electrodes. More recently, Multiphase Electrode Theory (MPET)
based on non-equilibrium thermodynamics described by Bazant et al. has been devel-
oped, MPET can effectively capture the free energy functional of battery systems, suc-
cessfully modeling phase transitions, spinodal gaps and kinetic limitations in
LiFePQ,*~®, graphite, anatase TiO; ? and spinel Li; Ti5O;, '°. Phase field approaches are
also used to study the microstructure in solid-state batteries, where it can be used to

model the pore-electrolyte structure ' and grain-boundaries '*.

Multiple models for solid-state batteries have been described in the literature. Most
of these models are based on thin-film solid electrolytes, with the advantage of having
a simple geometry with two flat electrodes, '* however, most solid electrolyte batteries
described in experimental research use composite electrodes where the solid electrolyte
and active materials are mixed, effectively obtaining a composite electrode with a porous
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structure which can be modeled by PET based models. ''° For transport in amorphous
and polymer solid electrolytes, it can be assumed that a part of the Li-ions are bound in
the structure, and only a fraction of Li-ions is mobile. '®!” However, for most inorganic
solid electrolytes, all Li-ions participate in the diffusion process. "'® Recent models also
capture the free energy functional to simulate the transport of species through a solid
electrolyte. Landstorfer et al. derived a model for the ion transport in solid electrolytes
similar to that derived for solid transport in electrode-based models.'® This computa-
tional framework was applied to simulate the space-charge regions in a thin-film solid-
state battery.

One of the main challenges in solid-state batteries is contact loss near the electrolyte-
electrode interface. ' '9?" The insufficient mechanical contact facilitates cathode par-
ticles to become completely isolated from the solid electrolyte, where a gap of only sub-
nanometers is enough to effectively lose the contact. Moreover, after cycling cracks can
isolate crystallite grains in polycrystalline particles and become isolated because of the
definite volume of solid electrolytes.”’ While the poor contact between electrode and
electrolyte can be improved by mechanical pressing, there often remains contact loss
after solid-state battery assembely””. During cycling contact loss can increase by the
shrinkage and expansion of electrode particles.”’ Also the void space connected to the
contact loss is of importance as this gives an extra term in the porosity for the elec-
trolyte””=*, that can influence the rate capability of the solid-state battery.

Next to contact loss, interphase formation is a main challenge in solid-state batter-
ies. "»?527 These interphases are formed around the active material and can hinder the
Li-ions moving from the electrolyte towards the electrode material.”**%?® Li-ion trans-
port through these layers is often sluggish, and these layers have different material prop-
erties as the bulk electrolyte. In contrast to most models for interphase formation in
literature, where an extra resistance in the overpotential is applied*”*?, we define an
interphase layer with a specific length that can be modified with specific transport prop-
erties. Additionally, different transport equations can be implemented in the interface
region enabling the simulation of hybrid solid - liquid electrode systems such as porous
SEI, coatings, liquid interphases and space-charge regions.

Here we use Modified Porous Electrode Theory to develop a methodology to study
solid-state batteries that is generally applicable and can be used for different solid elec-
trolytes, electrodes and interphase models, the code is freely available. A solid-state
transport model is established based on the regular solution model and the effect of
solid electrolyte transport on the battery performance is investigated for different bat-
tery geometries and is compared to similar size liquid electrolyte systems. Furthermore,
the effect of contact loss between the electrode and electrolyte is studied considering a
contact loss distribution throughout the electrode. Additionally, a model for interphase
transport between the electrode - electrolyte interface is implemented where a specific
material with corresponding transport properties is simulated. This advanced model
framework for solid-state batteries will help experimentalists to understand, analyze,
design and optimize new and better solid-state batteries.
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Li Source Electrolyte Porous cathode

Interphases, coatings,

Solid-state Li transport Contact loss liquid interphase

Figure 5.1: Schematic representation of the model used for solid-state batteries. The porous electrode is
separated in volumes where the electrode particles interact with the electrolyte. In the modular model, solid-
state transport, contact loss and interphase diffusion is simulated in a full battery system.

5.3. METHODS

The model is based on non-equilibrium electrochemical thermodynamics as implemented
in the the open-source software package MPET introduces by Smith and Bazant.”' In the
computational framework, the corresponding transport equations for solid electrolytes
are implemented in the code and an optional interphase layer between the electrolyte
and particles is added. The batteryis divided into an anode, electrolyte and cathode con-
sisting of separate volumes. All the electrolyte volumes are connected in series and are
coupled in parallel with the active particles where Li-ions are exchanged. In the porous
electrode volumes, the particles reside in the electrolyte where a porous geometry is
modeled. For composite solid electrolytes this model can resemble the microstructures
of the battery.'??*%%? Similar to liquid electrolytes, solid electrolytes also have inac-
tive parts such as voids and a carbon matrix, that is modeled by the porosity € of the
electrolyte. The tortuosity 7 is a function of the porosity € given by the Bruggeman rela-
tionship 7 =€“.

TRANSPORT EQUATIONS

For the formulation of the transport equation, a binary electrolyte with positive and neg-
ative charged species i, that carry z number of elementary charge e is considered. In the
bulk electrolyte we apply the charge neutrality condition )_; z;¢; = 0, hence, for this bi-
nary material we can define a fixed concentration ¢ = ¢; = c-. The mass and charge
balances in the electrolyte are in the following form, '

% _ _y.R 4R, 5.1)
at - 1 1 .
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0=V-i-) zeR; (5.2)
i

Where F is the charged particle flux, R is the consumption rate from the electrolyte, i the
current density and e is the electron charge. As the charge is conserved in the electrolyte
we can couple the reaction rate to the current density into the particles, R, = ap jin,
where ay, is the surface area of the particle and j the flux of cations into the particles,
at the particle interface we find V-i= —eay jin.

In the electrolyte, transport is given by the Nernst-Planck equation for concentrated
solution theory, '°

F; = —€Dchem,i Vi —ziDjec; Ve (5.3)

where D¢pen is the chemical diffusivity Depey = Do(1 + %), that is dependent on the
concentration and the activity coefficient y. Using that the current density i is the sum

of the positive and negative particle fluxes we obtain,

i=—ee(Dchem,+ — Dchem,~)VCc—e(z4 Dy +z_D_)ecV. (5.4)

By substituting equation 5.3 into equation 5.1 and using the current density the final
mass balance becomes

%% Y. (€D V)~V (tii) apji (5.5)
ot = amb e pJin .
with Dy = 222+ D“;f‘gjz: g: Dehem+ thjs is the formulation used in most PET models. |°

DILUTE ELECTROLYTE

In the dilute electrolyte case, no friction between the cation and anion is present and the
activity coefficient in the chemical diffusion is unity, D¢hem = Do. The charged particle
flux (equation 5.3) and current density simplify to:

F;=-€eD;Vc; - z;Djec;V¢

5.6
i=—-ee(Dy—D_)Vc—e(zy:Dy +2z_D_)ecV. (56

Together with the charge and mass balances equations 5.1 and 5.2 this defines the dilute
electrolyte model. >

STEFAN-MAXWELL MODEL

In the concentrated electrolyte model, the diffusion equation for multi-component species
is considered, '°

Ci Cj

(vi—vj) (5.7)
CT@ij J !

Cl'V[Jl' = ZKij(Vj —V,') = kBTZ
i J

where v is the velocity of species i, K;; are the friction coefficient between different
species and cr the total concentration. This model implements the interaction between
charged species and the neutral solvent. The charged particle flux can be written as '°:
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0s
Vi€ 29|
F,=———D,V¢ - — (5.8)
T z;e
where,
c 0ln
Dl:9—T(1+ yf) (5.9)
Co o0lnc
Dy+Dgy_ (24 —2z_
9 = 0,+ 170, (+ ) (5.10)
24Dy + +z-Dy -
1 —kgT 1 cot®
—=(—B)(—+ 0 ) (5.11)
o \crz4z-€2)\D. ¢y Dy

The diffusivities and transference numbers with subscript 0 are with respect to the sol-
vent, y. is the mean molar activity coefficient. If the total reaction

S_MZ + 5. MZt + soMo = ne” (5.12)

is considered where M is the chemical formula species i, the current density is given
by 1531
)

0

i=ﬁ(v¢+VkBT(s—++t—+—ﬂ)x(1+alnyf)v1n5). (5.13)
Tt e nvy zZiV4 NG dlnc

When the Stefan-Maxwell model is considered for the electrolyte the set of equations

5.1,5.2,5.9,5.13 determine the Stefan-Maxwell electrolyte. 5 Inthe remaining of the Chap-

ter the fitted parameter set of Bernardi and Go for a LiPFg in EC/CMC electrolyte is

adopted for the Stefan-Maxwell model. **

TRANSPORT EQUATIONS IN SOLID ELECTROLYTES

To derive the transport equations in the solid electrolyte the regular solution model is
considered, similar as derived for diffusion in phase separating solid electrodes, where
entropic and enthalpic interactions are considered '*'***, By taking the functional deriva-
tive of the Gibbs free energy, the chemical potential p for the regular solution model is
given by %,

¢
,u:kBTln(T)+as(1—25)+ze¢> (5.14)
-
where kg is the Boltzmann constant T the temperature, ¢ the non-dimensionalized con-
centration (¢/cmax), &5 the energy of mixing between Li-ions and vacancies in the struc-

ture. Assuming lattice gas diffusion, where a free site needs to be available for diffusion,
the charged particle flux is determined by,

Dq -
Fi=-—cil-0Vpu (5.15)

Substituting equation 5.14 in equation 5.15 the chemical diffusion is then given by*°,
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Dchem = Do(1 —2d5¢ +2d5¢%) (5.16)

where @; is as/kgT.>° For which, in the dilute case (¢ — 0) the intrinsic diffusivity is
obtained, Dchem = Dy. For solid-state electrolytes the nondimentionalized concentra-
tion is obtained by normalizing against the maximum cation concentration (cef = Cmax)-
This chemical diffusion can be used to obtain a description of the solid electrolyte. The
charge flux and mass balance are given by,

i=—ee(Dchem,+ — Dchem,—-)VCc—e(z: Dy +z_D_)ecV¢ (5.17)
oc; i .
EE =V.-(eDympVe)-V- - —dpjJin (5.18)

since the anionic framework is fixed in the crystal and the electronic conductivity is low,
Liis the only moving charge carrier inside the bulk of the inorganic solid electrolytes, this
results in a transference number t* in most inorganic solid electrolytes close to unity
(tt = (2. D) (z+D_ + z_D_)).*%37 In combination with the (semi)charge neutrality in
the bulk electrolyte z, c; = z_c_ this suppresses gradients in the Li-ion concentration
throughout the bulk electrolyte regions (Vc = 0), which simplifies the transport equa-
tions as all diffusion terms drop out and only a migration term is left in the current den-
sity, effectively obtaining Ohms law,

i=—-e(zyD; +z_D_)ecV. (5.19)

Around the particle interface, the chemical potential difference between the electrolyte
and electrode can decompose or form space-charge layers. In the case a space-charge
layer forms the assumption of quasi-neutrality is no longer valid and the Poisson equa-
tion should be considered. However, because the Li concentration in solid electrolytes is
relatively large, the thickness of the space-charge layer relatively small, the Debye length
that determines the width of the space-charge layer is in the order of ~1 A, for which
limited effects are expected from the space-charge layer on battery operation. **

ELECTRODE TRANSPORT

In thisresearch the LiFePO, (LFP) electrode transport model mostly developed by Bazant
and co-worker is used *°, where the chemical potential is used as derived from the Cahn-
Hilliard free energy functional with a gradient energy coefficient ¥ and including the co-
herent stress penalty B. %"

RS

- B 2~
+as(1-2¢)+ —(c—¢c)— ——V-cC. (5.20)

Cmax Cmax,LFP

At the anode side a Li reservoir is used with a constant reaction rate and chemical po-
tential, plating dynamics and dendritic effects are not captured in the simulations. In
the simulations the electronic conductivity is considered not limiting and is therefore
neglected.
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KINETICS
The reaction kinetics is applied by the generalized Butler-Volmer equation,

_ aenefp A-a)enefp
i=ig|le T —e kT (5.21)

Where «a is a symmetry coefficient, iy the exchange current density and nes the effec-
tive overpotential. The exchange current density iy is determined as is implemented by
Bazant’,

nkolapa®)l~*a®
ip= — ¢ R (5.22)
Y+
where ap and ag are the activities of the oxidized and reductive species, a, the activity
of the electrons and where the activity of the activated state for LFP determined by y; =

f.f"” Using equation 5.14 and the definition of the chemical potential, the activity of

c ~ ~ ~
the solid electrolyte is given by dgiye = 755 %1729,

CONTACT LOSS

As shown in Figure 5.1 contact loss at the solid electrolyte and electrode interface is con-
sidered. To model the contact loss an effective area ratio y is implemented which is
determined by the ratio between the contact area with contact loss A and the perfect
contact area Ag. '’

A

= A_o (5.23)

Y
In the porous structure a contact loss distribution for every particle can be applied in
the porous electrode. The contact ratio y can be used to tune the effective area of every
single particle which directly affects the exchange current density implemented in the
Butler-Volmer equation.

INTERLAYER REGION

To model interphase formation, additional electrolyte volumes are be implemented be-
tween the electrolyte and electrode particles. In these additional volumes specific trans-
port equations and materials properties can be modelled between the electrolyte and
the particles. Here, we use the region as a diffusive interlayer and electrochemical re-
actions are not considered. To derive the electrical potential difference at the particle -
interlayer, the electrochemical potential is considered constant pejyte = Hint-

BOUNDARY CONDITIONS

Boundary conditions are used as implemented in MPET simulations.®' The reaction
rates in each particle are equal to the systems total current, and there are no net par-
ticle fluxes or current densities into the current collector at the cathode. When Li metal
is used as anode, the boundary condition at that side is replaced where the flux is equal
to the reaction rate into the particles.
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Figure 5.2: Simulated voltage curves for different C-rates and Li concentration in solid and liquid elec-
trolytes, a Simulated voltage curves for different C-rates using dilute, Stefan-Maxwell and solid transport mod-
els in a 50 pm separator, 50 um cathode Li/LFP battery. The filling fraction represents the fraction of the total
particles that is filled with Li. b Simulated voltage curves for a 200 um cathode Li/LFP battery. ¢ Schematic
representation of the concentration difference in liquid and solid-state batteries. d Concentration at the end
of discharge for the different models for a 1C 200 pm cathode from Figure 5.2b.

First, the differences between liquid and solid-state electrolyte transport and the ef-
fect on the battery operation are investigated. As reference a solid electrolyte with a
comparable Li-ion concentration as sulfide solid electrolyte LigPS5Cl is considered. The
liquid electrolyte is based on a LiPFg electrolyte *’ which is integrated in a LFP half cell,
the LFP parameters are taken from literature. To make an equal comparison between the
models, the Li-ion conductivity is equalized in the dilute and solid model and adjusted
to the fitted Stefan-Maxwell model. The relevant parameters are given in Table 5.1 in
Section 5.6.

The voltage curves corresponding to the different models are shown in Figure 5.2. In
Figure 5.2a a battery with a 50 um separator and equal length LFP cathode is simulated,
corresponding to the target dimensions of commercial solid-state batteries*'. The volt-
age curves accurately demonstrate the phase separation behavior of LFP where a flat




76 AN ADVANCED MODEL FOR SOLID-STATE BATTERIES.

voltage plateau at low C-rates, and solid solution behavior at higher current densities
are obtained.*”"* The fluctuations in the voltage curves at low rates originate from the
fast lithiation of individual particles shown in similar LFP based phase field models.*!

For low C-rates, relatively small differences in voltage curves are shown as the sys-
tem is mainly limited by the reaction kinetics in the LFP particles. At 5 and 10C volt-
age differences become more distinct. The high positive transference number in solid
electrolytes in combination with charge balance in the bulk electrolyte cause concentra-
tion gradients to become small and Li-ion transport migration dominated. ** In the solid
electrolyte, this results in a near-constant Li-ion concentration in the bulk electrolyte.
In the dilute and Stefan-Maxwell liquid electrolyte models, concentration gradients are
formed due to relatively fast anion mobility causing Li-ion transport in the electrolyte to
become more diffusion dependent.

In Figure 5.2b a battery with a 200 pm cathode is simulated and the system becomes
more limited by electrolyte transport at lower C-rates. For the simulation with the solid
electrolyte, a more gradual decrease in the voltage curve is shown resulting in a higher
overall capacity. As the concentration in the solid electrolyte remains constant, the Li-
ion depletion is limited around the LFP particles throughout the electrode, hence, the
Li transport is more efficient over longer distances. For the dilute liquid electrolyte,
Li-ion depletion lowers the concentration dependent activity and hence the local po-
tential around the cathode particles close to the current collector which increases the
overpotential, resulting in a voltage drop at higher filling fractions for thicker battery
systems. For high C-rates the relatively fast diffusion and high local concentrations at
the separator side raise the potential in the beginning of the discharge, however at the
current collector side depletion causes high overpotentials for higher filling fractions.
The Stefan-Maxwell concentrated electrolyte model, which includes concentration de-
pendence electrolyte transport, shows intermediate effects where the voltage curve has
a steeper slope and reaches higher capacities compared to liquid electrolytes.

In Figure 5.2d, the concentration in the electrolyte at the end of discharge of the 1C
simulation for the 200 pm cathode is shown. In the inorganic solid electrolyte the Li-
ion concentration is around 40 times higher than in liquid electrolytes. Similar to the
study of Valpen and Reimers“’ and Smith and Bazant®', the dilute model shows more
polarization compared to the Stefan-Maxwell model where a concentration dependent
diffusivity is implemented. In contrast, in the dilute model only anion and cation inter-
actions are considered. Again, the voltage of the concentrated electrolyte shows a more
linear slope in voltage and reaches a higher capacity compared to the dilute model. *'

The geometry of the cell is crucial to understand the kinetics of solid electrolytes and
essential to optimize the cell designs. To evaluate the impact of the separator length of
the solid electrolyte on the battery performance the thickness is varied from 50 to 2000
pm. The results are compared to liquid electrolyte models as shown in Figure 5.3a. As
Li transport in the solid electrolyte is mainly dominated by migration the electrolyte be-
haves more ohmic (equation 5.19) and an initial drop in the voltage occurs as the elec-
tric potential in the electrolyte is linearly dependent on the electrolyte distance. In the
dilute electrolyte case, the concentration gradient through the separator promotes dif-
fusive transport at the separator side showing low overpotentials at the beginning of the
discharge. However depletion of the Li concentration in the electrolyte at the current col-
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Figure 5.3: Simulated voltage curves for different separator and cathode lengths and lithiation rate in the
cathode particles, a Simulated voltage curves for different separator lengths using the Dilute, Stefan-Maxwell
and Solid transport models for a 50 um cathode in a Li|Solid electrolyte|LixFePO4 battery at 3C. b Simulated
voltage curves for different separator lengths for a battery with a 50 um separator at 3C. ¢ The average concen-
tration change of Li in the particles along the thickness of the electrode as a function of the state of charge.
Here the maximum state of charge is related to the practical capacity obtained from the simulations. The sep-
arator is situated on the left and the current collector on the right.

lector increases the overpotential for higher C-rates. The Stefan-Maxwell concentrated
electrolyte model has less polarization than the dilute model and reaches a higher ca-
pacity.

Next, we evaluate the effect of the electrode thickness by varying the cathode length
from 50 to 150 pm as shown in Figure 5.3b. For solid transport a clear decrease in the
slope of the voltage curve is shown. This again shows the more ohmic behavior of the
solid electrolyte originating from Li migration, which predicts a linear voltage response
for varying electrode depth. Therefore, a sloping curve is shown for the phase separating
LFP for thicker electrodes. In the dilute electrolyte, the cathode length strongly increases
the depletion near the current collector due to the high polarization in the electrolyte
and increases the overpotential for a higher state of charge, showing a sharp voltage
drop for higher electrode thickness. The Stefan-Maxwell concentrated electrolyte model
shows both polarization and a sloping voltage curve reaching a higher filling fraction
compared to the dilute model for thicker cathodes. The results show that all-solid-state
batteries have better performances for thicker cathodes at higher rates than liquid elec-
trolytes, enabling larger energy densities in a battery pack due to less packaging required.
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It must be noted that in the simulations the Li-ion conductivity of solid electrolytes is
equal to liquid electrolytes, whereas in practice, the Li-ion conductivity of solid elec-
trolytes is generally lower, and in these simulations contact loss and interphase forma-
tion are not yet taken into account.

In Figure 5.3c the average lithiation rate in the cathode particles over the cathode
length is shown for a 100 um cathode at 3C. In the simulations the electronic conductivity
is assumed to be not limiting and is neglected in the simulations, such that the lithiation
starts from the separator side. The simulations show that the lithiation starts rapidly for
the dilute model, indicating that lithiation proceeds fast because of high local concen-
trations near the separator. Closer to the current collector the rate of lithiation becomes
lower, indicating that the charge transfer is more sluggish compared to the solid and
Stefan-Maxwell models. This effect originates from local Li depletion in the electrolyte
near the particle which limits the particle from lithiating further. The Stefan-Maxwell
model shows a more similar trend with lithiation starting fast close to the separator side
and slowing down near the current collector. This effect is less distinct as in the dilute
case as the solvent interactions slow down the polarization. The solid electrolyte shows
a more constant lithiation rate as function of time for particles along the depth of the
electrode. This is caused by the Li concentration in the solid electrolyte that shows mi-
nor fluctuations as function of the electrode depth (Figure 5.2d) and the lithiation rate
in the depth of the electrode is shifted by the state of charge.

CONTACT LOSS

This section investigates the effect of contact loss in a solid-state battery. Contact loss
is one of the main challenges in solid-state batteries strongly affecting the reactive area
of particles, and hence limiting the reaction rate into the particles. Here, contact loss is
captured by an effective area around the particles, effectively altering the reactive area
for Li-ions and electrons. In Figure 5.4a a schematic representation of contact loss in
solid-state batteries is presented, indicating the areas where contact loss occurs, closely
matching SEM and tomography experiments. ' %34

Particle sizes and voids sizes have specific size distributions throughout the elec-
trode, because contact loss is related to these variables, likewise, contact loss is expected
to have a distribution over the electrode. Where in literature a constant contact loss is
often considered for all particles ' *°, here multiple particles are simulated where a con-
tact loss distribution is applied over the particles in the electrode, similar as simulated
for the particle size distribution, a lognormal contact distribution is used to capture the
contact loss distribution in the electrode. The voltage curves for a battery with a 100
pm separator and 100 pm electrode, with full contact, a constant contact loss of 60 %
for all particles, and an electrode with an inverse lognormal distribution of contact loss
through the electrode with a mean of 0.6 and a standard deviation of 0.4 are simulated
and shown in Figure 5.4b.

The 1C voltage curve without contact loss shows a flat plateau around 3.22 V indicat-
ing phase separation of the LFP particles. When an effective constant contact fraction
of 0.6 is applied to the particles (orange curve) and the system is in the spinodal region
below the critical current where the exchange current density is not limiting, electrode
particles phase separate resulting in a similar voltage plateau for batteries with contact
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Figure 5.4: Schematic representation of contact loss in a solid-state battery, simulated voltage curves for
different contact loss distributions and a simulated voltage curve of a graphite|SE|LCO battery, a Schematic
of contact loss in solid-state batteries. b Simulated voltage curves for a Li/LFP battery with a 100 um separa-
tor, 100 pum solid electrode without contact loss, a contact loss of 60 % for all particles and an electrode with
an inverse lognormal distribution of contact loss fraction through the electrode with a mean of p=0.6 and a
standard deviation of o = 0.4. ¢ Simulated electrode with lithiating particles at 25 %, 50 % and 100 % state of
charge, a red particle indicates a lithiated particle and green delithiated particle, with a black line contact of
the particle is indicated. In the simulation the particles are considered as characteristic LFP platelet shaped
particles and lithiation proceeds through the [010] facet. The state of charge is relative to the practical capacity
from the simulations. d Simulated voltage curve of a graphite | SE | LCO battery in MPET with electrode pa-
rameters from the Lionsimba software. **
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loss and full contact. However, for the electrode with the lognormal contact distribution
applied, a rapid drop in the voltage curve is shown around a cathode filling fraction of
0.6. At the beginning of the discharge the particles with higher contact, are not limited
by surface potentials and lithiate at equal potentials as without contact loss. However
at the end of discharge, the particles with limited contact start to dominate the kinetics,
and cannot lithiate due to the low local exchange current density which quickly raises
the overpotential. The same effect is shown in Figure 5.4c where the lithiation degree of
the particle with contact distribution is shown. The contact is indicated with a black line
around the particle. At 25% state of charge (relative to the practical capacity from the
simulations), the particles with sufficient contact at the separator side start to lithiate at
the same overall potential as the cathode without contact loss. At 50% state of charge the
particles with most contact throughout the electrode are lithiated continuing the voltage
plateau. Before the end of discharge, the particles with limited contact start to dominate
the reaction showing higher overpotentials, at 100% state of charge the particles with
limited contact cannot lithiate at the given 1C current density. This effect could explain
the lower capacities found in solid-state batteries with limited contact loss and demon-
strates the importance of relatively high pressures that are typically applied in solid-state
batteries to keep sufficient contact. >

In the 5C voltage curves an initial jump in the voltage curve of 10 mV is shown for
both curves with contact loss. For higher current densities, the battery kinetics is in-
creasingly determined by the local surface potential of the active particles which is con-
trolled by the exchange current density. If the current density exceeds a critical value
phase separation is suppressed and the LFP transitions into a solid solution regime. ****
Because contact loss is directly affected by the exchange current density a voltage drop
is shown for both contact fractions in this 5C solid solution region.

To show the modularity of the code, the solid electrolyte model is applied on a graphite
- LiCoO, parameters set which has been developed by Torchio et al. in the Lionsimba
software** which has been implemented in MPET. An 80 pm cathode, 88 pm anode and
a 25 um electrolyte are considered, the voltage curves are shown in Figure 5.4d. For the
electrodes, a solid solution reaction is assumed, where similar to most PET models, the
chemical potential and OCV are fitted. The simulated voltage curve in Figure 5.4d shows
the solid solution behavior of LCO by a sloping voltage curve similar to the models where
1D diffusion is considered. In these simulations there are no contact losses applied. That
fitted porous electrode models can predict voltage curves in solid solution materials has
also been shown in recent literature. *%*"

TRANSPORT INTERLAYER

Interphase formation is one of the main challenges in solid-state batteries. ">?%* The
effect of an diffusive interlayer between the active particles and electrolyte is investi-
gated. First, a solid electrolyte with a solid interlayer with varying cation conductivities
is considered. In practice this can be a solid coating or solid SEI products, where the
conductivity can be orders of magnitude lower as in the eelectrolyte. '’ At the interface
the electrochemical potential is considered constant as stated in Equation 5.14 which is
valid for systems in thermodynamic equilibrium. For the interphase depicted in Figure
5.5b the solid electrolyte parameters of Table 5.1 are used with different cation diffusion
constants.
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Figure 5.5: Schematic representation of the interphase model, simulated voltage curves for different inter-
phases and a lithiation profile, a Schematic of the interfacial diffusion layer in a solid-state battery. b Simu-
lated voltage curves for a 50 pm separator, 50 pm electrode, 50 nm interface with solid electrolyte transport for
different conductivities ¢ Simulated voltage curves for a 50 pm separator, 50 pm electrode and varying inter-
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constant for the cation and anion of D, = 2.20 x 10716 m2/sand D. = 2.94 x 10716 m?/s. d Simulated lithiation
profile for a solid electrode with LFP electrode without diffusive interface and with a interfacial diffusion at 50
% state of charge.
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Figure 5.5b shows the voltage curve of a simulation of a solid-state battery with a 50
nm interphase with varying Li-ion diffusivities at 1C, 3C, and 10C. When decreasing Li-
ion diffusivity in the interface, the voltage curve shows the quasi-solid solution of LFP,
where the voltage curve follows the homogeneous equilibrium chemical potential based
on the regular solution model, where the limiting overpotential of the interphase sur-
passes the solid-solution voltage barrier and suppresses phase separation. When the
diffusivity in the interphase is further decreased, (green and red curves in Figure 5.5b)
an ohmic voltage drop appears as predicted by the Li migration in solid electrolytes. As
the transport in the interphase becomes limiting more particles become active as for a
population of particles it is energetically favorable to distribute the current density over
multiple particles. As a consequence, the reaction front width and the active particle
fraction increases. This effect is shown in Figure 5.5d where the lithiation rate of the
particles in the electrode is shown for the 10C battery without an interphase and with a
2.75 x 10'® m?/s interphase. Without the interlayer, the reaction front is more narrow
and with lower diffusivity in the interlayer as more particles get active and the reaction
front is wider. This is a similar effect as described for high current densities in LFP where
a solid solution transition occurs after reaching a critical current density, however in
this case the unstable region in the voltage curve does not decrease by concentration-
dependent activity as the solid interphase has a low concentration dependence of the
applied current.

Solid-state batteries with small added amounts of liquid electrolyte or ionic liquid
have become increasingly more used in literature. * Liquid is added to the electrode par-
ticle to make better contact with the active particles. In Figure 5.5¢ a solid-state battery
with solid transport and a dilute model in the interphase is shown. When the interphase
width is increased, a similar change in voltage curve is shown as for the solid interphase
with changing diffusion constant, where a quasi solid solution voltage curve is shown.
If the liquid interphase is not limiting, the hybrid solid-liquid systems benefit from both
the solid transport and the wetting of voids around the particles by the liquid electrolyte.
Where the small fraction of liquid does not deplete as fast as in the full liquid cell as the
diffusion distances are smaller and Li transport through the solid-electrolyte benefits
from long range solid-state migration.

5.5. CONCLUSION

An advanced mathematical model for simulating solid-state batteries with contact loss
and interphase formation is presented. Solid-state Li-ion transport is described by the
regular solution free energy functional is implemented in the computational framework.
Due to the high cation transference number in solid electrolytes concentration gradients
are small and Li transport is migration dominated. The small concentration gradients in
solid-state batteries cause less electrolyte depletion in the electrodes, enabling thicker
electrodes. A simulated contact loss distribution shows that contact at the electrolyte-
electrode interface is crucial in solid-state battery operation, where especially particles
with low contact determine the battery performance and if there is a sufficient loss of
contact particles can become completely inactive reducing the overall battery capacity.
Modeling of a diffusive interlayer between the solid electrolyte and LFP particles shows
that, when the interphase transport is limiting, interphase formation around the parti-
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cles increases the active particle population and reaction front width before increasing
the internal resistance of the battery.
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5.6. PARAMETERS

Table 5.1: Parameters used for the multiphase porous electrode theory simulations.

LFP parameters

Enthalpy of mixing (Q) 1.8560- 1020 J/Li *
Gradient penalty (k) 5.0148-109°%y/m *
Coherency strain (B) 0.1916 - 10° Pa 4
LFP volume loading 0.69 o
LFP charge transfer coefficient (a) 0.5 ‘
Geometrical parameters

Particle radius (r) 100 nm* st
Electrolyte length (L) 50 pm* 6
Porosity electrode (€xode) 0.4 50
Number of particles 100

Bruggeman coefficient 1.5 6,43
Solid electrolyte

Maximum concentration (cyax) 80 M (83.94 M) 51
Li-ion concentration (c) 40 M (39.45 M) 51
Enthalpy of mixing (a) 0eV 13,38
Li-ion diffusivity D* 5.50- 10712 cm?/s  *°
Anion diffusivity D 5.50 - 10717 6
Dilute electrolyte

Li-ion concentration (cg) 1M 31

Li-ion diffusivity D*
Anion diffusivity D

2.20-1071% cm?/s
2.94-101% cm?/s

31
31

*Varying for different simulations
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A.1. APPENDIX CHAPTER 2

APPENDIX

Table A.1: Reduction voltages of elemental phosphorus towards LizP calculated from the stable configurations
on the P convex hull. All energies are taken from the Materials Project database.

Phase

Voltage (V)

p
LiP7
LizP7
LiP
LigP

1.27
1.17
0.94
0.87

lable A.2: Rietveld refinement of pristine LigPS5Cl as at room temperature. Lattice parameter, fractional
atomic coordinates, isotropic atomic displacement and site occupancies are refined.

LigPS5Cl  Atom X Y Z Wyckoff Occ. Uiso (A2%)
F43m Li 0.1630 0.1630 -0.0082 48h 0.47 0.055
a=9.853 P 0.5 0.5 0.5 4b 1.00 0.027
S1 0.6223 0.6223 0.6223 16e 1.00 0.044
S2 0.0 0.0 0.0 4c 0.53 0.040
S3 0.25 0.25 0.25 4a 0.32 0.038
Cl1 0.0 0.0 0.0 4c 0.47 0.028
Cl2 0.25 0.25 0.25 4a 0.68 0.026
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Figure A.1: Cycling performance of In | LPSC | LPSC-C, Li-In | LPSC | LPSC-C and one material battery LPSC-C
| LPSC | LPSC-C ASSBs.
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Figure A.2: Calculated theoretical voltage profile, vs. Li/Liy, of LixPS5Cl in the compositional range of 0 < x
< 14 and the theoretical voltage profile calculated at thermal equilibrium. The voltage window calculated in
this work determines the initial voltage window achieving metastable decomposition (de)lithiated phases of
LixPS5Cl. The decomposition products i.e. P can follow the thermodynamic equilibrium voltages to lithiate
further towards Li3P,
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Figure A.3: Lattice parameters of structures LixPS5CI (1 < x < 12) calculated by DFT.
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Figure A.4: Voltage profiles during oxidation up to 4.5 V vs Li/Li* with current of 7.0 pA of the LLZO-C electrode
and the blank carbon electrode. Electrochemical activity is observed above 3.6 V vs. Li/Li*, indicating the oxi-
dation of LLZO, consistent with previously redox activity observedl. The specific capacity is calculated based
on weight of carbon black, which results in similar carbon black loading for LLZO-C and blank electrode. Blank
test shows the capacity contribution of the side reactions and the additional capacity indicates the activity of
LLZO.
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Figure A.5: Voltage profiles during reduction up to 1.5 Vvs Li/Li* with current of 7.0 pA of the LAGP-C electrode
and the blank carbon electrode. Electrochemical activity is observed below 2.4 V vs. Li/Li*, indicating the
reduction of LAGP. The specific capacity is calculated based on weight of carbon black, which results in similar
carbon black loading for LAGP-C and blank electrode. The blank test shows the capacity contribution of the
side reactions and the additional capacity indicates the activity of LAGP.
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Figure A.6: Rietveld refinement of the X-ray powder diffraction data of pristine LigPS5Cl at room temperature.
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Figure A.7: Formation energies of Li-vacancy configurations of LixPS5Cl (extended to x = 15) and comparison
of experimental and calculated voltage profiles Formation energies per formula unit for all symmetrically non-
equivalent Li configurations within one unit cell, versus the composition x in LixPS5Cl. The formation energy
of the combination of thermodynamically favourable decomposition are shown, in line with the decomposi-
tion products previously reported. The theoretical voltages are shown in Appendix Figure A.2.
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Figure A.8: $Li MAS NMR spectra of the cathodic mixtures and anodic mixtures. 5Li MAS NMR spectra of the
cathodic mixtures (a-d) and anodic mixtures (e-g) of LigPS5Cl in the In|[LPSC|LPSC-C and Li-In|LPSC|LPSC-C
solid-state batteries respectively. After first charge of the In|LPSC|LPSC-C solid-state cell, formation of LiCl is
observed (b). First discharge shows formation at a new resonance frequency corresponding to Li3PS4 (c,d).
The solid state cell, which starts from lithiation process (f), results in formation of Li,S, confirmed with the
spectrum of the reference Li, S (g).
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Table A.3: Materials, structures and parameters used in the density functional theory (DFT) simulations.

Material Acronym  Structure K-points  Space group Inserted Li pos. Supercell
LigPSy LPS mp-985583, ! 533 Pnma 4c, 4a, 8d Ix1x1
LigPS5Br LPSB 2 444 F43m 48h 1x1x1
LigPS5Cl LPSC 3 - - 48h -
Li;0GeP,S;2 LGPS 4 333 P42mc 1d, 2d, 4d, 8e, 16h  1x1x1
LiBH4 LBH mp-30209, ! 555 Pnma 4c 1x2x1
Li3YBrg LYB 5 555 C12/m1 4h, 4g, 2d,8j 1x1x1
Li3OCl LOC mp-985585, 333 Pm3m 3c 2x2x2
Li;PO,N LIPON mp-1020019, 111 Cmc21 4a, 8b 1x2x2
Li;LazZr,012 LLZO 3 - - 8a, 16f, 32g -
Lio‘33La0,55TiO3 LLTO 6 331 P4/mmm ld, 1c 2X2x2
Li1A5A10A5TiL5(PO4)3 LATP 7 331 RgC 6a, 6b, 18e 1x1x1
Li; 5Aly5Ge; 5(POs)3 LAGP 8 - R3c 6b, 36f -

Table A.4: Metastable phases and corresponding volume, band gap and ionic conductivity calculated by den-

sity functional theory (DFT) simulations of LizPS4.

Ionic conductivity

; 3
Li3PSy Phase  Volume (A°) Band gap (eV) (S/m. 600K)
Li3PS; 660.68 2.675 203.61
Delithiated ~LijPS;  588.60 2.611 67.43
Lithiated LigPS,  762.92 1.422 302.82

Table A.5: Metastable phases and corresponding volume, band gap and ionic conductivity calculated by den-
sity functional theory (DFT) simulations of LigPS5Br.

Ionic conductivity

: 3
LigPS5Br Phase Volume (A°)  Band gap (eV) (S/m, 600K)
LigPS5Br 1001.00 2.093 65.80
Delithiated LigPS5Br 988.54 2.173 18.36
Lithiated LijoPS5Br  1174.62 1.391 33.57
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Table A.6: Metastable phases and corresponding volume, band gap and ionic conductivity calculated by den- A
sity functional theory (DFT) simulations of LigPS5Cl.
Ionic conductivity
; 3
LigPS5Cl Phase Volume (A%)  Band gap (eV) (S/m., 600K)
LigPS5Cl  965.21 1.984 95.78
Delithiated LigPS5Cl 935.80 2.391 43.83
Lithiated Li;;PS5Cl  1168.50 1.219 59.53

Table A.7: Metastable phases and corresponding volume, band gap and ionic conductivity calculated by den-
sity functional theory (DFT) simulations of LijGeP2S12.

Ionic conductivity

LijgGeP2S12  Phase Volume (%)  Band gap (eV)
(S/m, 600K)
LijoGeP2S12  982.70 2.242 68.85
Delithiated  LisGeP2S12  975.99 2.124 14.27
Lithiated LijgGeP2S12  1150.85 1.702 39.33

Table A.8: Metastable phases and corresponding volume, band gap and ionic conductivity calculated by den-
sity functional theory (DFT) simulations of LiBHy4.

Ionic conductivity

. 3

LiBH,4 Phase Volume (A%)  Band gap (eV) (S/m, 1000K)
LiBHy 400.29 6.930 233.39

Delithiated ~LigggBHs 316.35 6.763 243.08

Lithiated LizBHy 602.58 0 260.49

Table A.9: Metastable phases and corresponding volume, band gap and ionic conductivity calculated by den-
sity functional theory (DFT) simulations of Li3 YBrg.

Ionic conductivity

i Vol A%) B \%
LigYBrg Phase olume (A°) and gap (eV) (S/m, 1000K)
Li3YBrg  553.48 3.723 142.26
Delithiated  LiYBrg 578.99 1.745 22.71
Lithiated LizYBrg  711.29 0 248.49
Table A.10: Metastable phases and corresponding volume, band gap and ionic conductivity calculated by

density functional theory (DFT) simulations of Liz OCL.

Ionic conductivity
(S/m, 1000K)

Li3OCl  469.20 4.764 55.25
Delithiated  LiOCl 406.88 0 58.55

LizOCl Phase  Volume (A%) Band gap (eV)
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Table A.11: Metastable phases and corresponding volume, band gap and ionic conductivity calculated by
density functional theory (DFT) simulations of Li3PSy4.

Ionic conductivity

: 3

Li»PO>N Phase Volume (&%)  Band gap (eV) (S/m, 1000K)
Li,PO,N  942.68 5.536 5.75

Delithiated LiPOsN 1025.14 3.037 18.21

Lithiated LiuPO2N  1330.15 0.8731 128.84

Table A.12: Metastable phases and corresponding volume, band gap and ionic conductivity calculated by
density functional theory (DFT) simulations of Li;LazZr2O12.

Ionic conductivity

: 3

Li;LagZrpO12  Phase Volume (A°)  Band gap (eV) (S/m. 1000K)
Li;LagZrO1p  2217.17 4.113 52.85

Delithiated LiLazZr2012 2211.57 3.920 0.81

Table A.13: Metastable phases and corresponding volume, band gap and ionic conductivity calculated by
density functional theory (DFT) simulations of Lig 33Lag 56 TiO3.

. . Ionic conductivity
3
Ligp.g3Lag56TiO3  Phase Volume (A°)  Band gap (eV) (S/m, 1000K)
Lig33Lag56TiO3  948.47 1.793 4.04
Delithiated Lig.1gLag56TiO3  953.69 1.921 0.20
Lithiated Lig37Lag56TiO3  933.45 0 0.86

Table A.14: Metastable phases and corresponding volume, band gap and ionic conductivity calculated by
density functional theory (DFT) simulations of Lij 5Alp 5Tij 5(PO4)3.

. . Ionic conductivity
3
L11‘5A10'5T11,5(PO4)3 Phase Volume (A ) Band gap (eV) (S/m, 1000K)
Liy 5Alg 5Ti; 5(PO4)3 1404.34 2.4735 104.46
Delithiated Alg5Tip 5(PO4)3 1403.86 2.1290 *
Lithiated LigAlg 5Ti1 5(PO4)3 1351.52 2.0490 30.06

Table A.15: Metastable phases and corresponding volume, band gap and ionic conductivity calculated by
density functional theory (DFT) simulations of Lij 5Alg 5Ge] 5(PO4)3.

. Ionic conductivity
3
Li; 5Alp5Ge; 5(PO4)3  Phase Volume (A°)  Band gap (eV) (S/m, 1000K)
Lij 5Alp.5Geq.5(PO4)3 1278.20 2.547 70.96
Delithiated Lij 33Alg5Ge; 5(PO4)3  1272.84 3.318 53.98

Lithiated Lig 5Alg 5Geq 5(POy4)3 1392.24 2.625 8.49
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In Table A.3-A.15, the volume is determined from the relaxed structure after the DFT
relaxation. The band gap is determined from the density of states calculated by a DFT
calculation with an increased k-point mesh. For the ionic conductivity the mean squared
displacement of Li is calculated using an ab-initio molecular dynamics simulation at the
specified temperature.’ From the mean squared displacement the ionic conductivity at
the corresponding temperature is calculated. * No Li in structure.

1
N

'
N

'
w

Formation energy (eV)

'
S

'
(&)

o
N

4 6 8 10
xinLi PS
X 4

Figure A.9: Formation energies per formula unit for x in Li3PS4. The most stable configurations are shown with
an orange circle and form the convex hull.
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Figure A.11: Formation energies per formula unit for x in LiBH.
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Figure A.17: Radial distribution function (RDF) of S-S bonds in LigGeP2S12, LijoGeP2S12 and LijgGeP2S12
calculated from ab-initio molecular dynamics simulations. During delithiation an increase in intensity around
2 A is shown, representing formation of S-S bonds formed during oxidation of S in the Li;¢GeP,S;2 structure.
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Figure A.18: Radial distribution function (RDF) of Ti-P bonds in Alg 5Tij 5(PO4)3, Lij 5Alg 5Ti; 5(PO4)3 and
LizAlp 5Tij 5(PO4)3 calculated from ab-initio molecular dynamics simulations. Minor strucural changes are

shown representing the relative stable structure of LATP during lithiation and delithiation.
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EXPERIMENTAL DETAILS NEUTRON DIFFRACTION AND RIETVELD REFINEMENT
High-resolution neutron powder diffraction data of Si substitution in LigP; SsBr materi-
als were collected at the Heinz Maier-Leibnitz Zentrum (research reactor FRM II, Garch-
ing b. Miinchen, Germany) using the high-resolution diffractometer SPODI'*"'! and
monochromatic neutrons (wavelength = 1.54817(2) A). The strategy of data collection
and experimental parameters were shown in Lig,xP1.xSixSsBr. '>!! We re-examine the
analysis to identify the possible interstitial sites of lithium occupancies, using neutron
diffraction data of Si substitution from Minafra et al. '’ and pristine LigPxSs5Br neutron
diffraction data from Gautam et al. ' The measurement of both samples were performed
at room temperature.

The TOPAS software tool was used to perform Rietveld refinements of neutron diffrac-
tion data. The quality of the fits was determined using the goodness-of-fit (GOF) fit in-
dicator and Rwp. The following parameters were refined: (1) 10 coefficients for a Cheby-
shev function were used to fit the background and peak shape modeled by the modified
Thomson-Cox-Hastings pseudo-Voigt function; (2) scale factor, lattice parameter, and
zero error; (3) isotropic atomic displacement parameter; and (4) atomic occupancies of
the free S? (Wyckoff 4d) and Br~ (Wyckoff 4a) anions (refined since these two anions can
be exchanged), resulting in site-disorder (Br'/S?"). The constraint on the Wyckoff 4a site
(occupancies of Br™ (4a) + S*"(4a) = 1) and the Wyckoff 4d site is equal to 1 (occupancies of
S% (4d) + Br (4d) = 1) due to charge balance in the structure. Additionally Si occupancies
also refined. The stability of the refinements was ensured by allowing the refinement
of multiple correlated parameters simultaneously. Finally, lithium occupancies on the
possible interstitial sites were investigated. Upon refining over several cycles. Finally,
the reported structural models were obtained, allowing for the refinement of all these
structural parameters simultaneously.
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Figure A.21: Formation energy for Lig,xP1-xSixS5Br calculated by DFT.

Table A.16: Rietveld refinement of pristine Lis g75Pg.875Si0.125S5Br at room temperature. Lattice parameter,

fractional atomic coordinates, isotropic atomic displacement and site occupancies are refined.

Lis 875P0.875S10.125S5Br  Atom  Wyckoff X Y VA Occ. Biso
F43m Li 48h T5 0.3044 0.0231 0.6956 0.454 3.82
a=9.853A Li 48h T2 0.277 0.413 0.913 0.025 3.82
Li 16e 0.154 0.154 0.154 0.077 0.72
p 4b 0 0 0.5 0.500 3.26
Si 4b 0 0 0.5 0.060 3.26
S 16e 0.1164 -0.1164 0.6164 1.000 3.72
S 4c 0.0 0.0 0.0 0.186 1.39
S 4a 0.25 0.25 0.75 0.814 2.78
Br 4c 0.0 0.0 0.0 0.814 1.39
Br 4a 0.25 0.25 0.75 0.186 2.78
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SUMMARY

Solid-state batteries have the promise to outperform conventional Li-ion batteries. Solid
electrolytes are safer, as the solids used are generally not combustible, and especially if
Li-metal anodes are enabled, higher energy densities can be obtained. However, solid-
state batteries still have challenges to overcome. In this thesis the origins of the main
challenges in solid-state batteries are investigated and this understanding is captured in
nano- and microscopic models that can be generally applied to solid-state batteries.

The relatively narrow electrochemical stability window of solid electrolytes is one of
the main challenges for solid-state batteries. In Chapter 2 the redox activity and elec-
trochemical stability of an argyrodite, NASICON and a garnet solid electrolyte are inves-
tigated. It is demonstrated that the decomposition pathway of the solid electrolytes is
rather indirect via (de)lithiated metastable phases, instead of direct via the energetically
most stable decomposition products. Because the reaction proceeds via the intermedi-
ate phases, these phases determine the electrochemical stability window, generally re-
sulting in a larger stability window. The larger window and reaction pathway that are
predicted match with electrochemical experiments and observed (de)lithiated phases in
XRD and NMR experiments.

In Chapter 3 the methodology to predict the electrochemical stability window and
decomposition reaction pathway by the (de)lithiation potential is applied to a broader
range of solid electrolytes from different chemical classes. It is shown that the intrin-
sic indirect electrochemical window often accurately predicts the practical stability win-
dow obtained from the literature. However, if the kinetic barrier for decomposition is
relatively small, the electrochemical stability window can be more close to the decom-
position window. Additionally, different decomposition mechanisms are found for solid
electrolytes such as phase separation and solid solution reactions.

In Chapter 4 the origin of the Li-ion conductivity increase in Si-doped LigPS5Br is in-
vestigated. The increase in ionic conductivity is caused by the excess Li in the structure
that is enabled by the lower valence of Si** compared to P>*. This excess of Li resides on a
previously unoccupied 16e position between two Li cages. Due to this presence, Li redis-
tributes more homogeneously along neighboring sites, effectively causing a more facile
diffusion path. Because this specific jump pathway is the bottleneck for macroscopic
diffusion the overall ionic conductivity increases.

In Chapter 5 a model framework for simulating solid-state batteries is presented
based on multiphase porous electrode theory. Using the regular solution model a lithium
transport equation for solid-state electrolytes is provided. The theoretical results of bat-
teries using solid electrolytes are compared to liquid electrolyte batteries. Because there
are limited concentration gradients in the solid electrolytes, the lithiation of the elec-
trodes proceeds more homogeneous for thick electrodes. Contact loss is modeled, where
adistribution of contacts is applied to the electrode particles. The results show that espe-
cially particles with limited contact determine the overpotential and capacity loss. Addi-
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tionally, a novel approach to simulate diffusive interlayers is implemented where specific
physics such as SEI formation, coatings or space-charge regions can be modeled.

In short, the relationship between redox activity and the electrochemical stability
window of solid electrolytes is established, providing critical insights into the decompo-
sition mechanisms. The origin of aliovalent Si doping on the Li-ion diffusion mechanism
in LigPSsBr is elucidated, providing better understanding in the diffusion mechanism
and the effect of dopants. Finally, A model framework for solid-state batteries and their
main bottlenecks is presented providing key insights in the operation of solid-state bat-
teries.



SAMENVATTING

Vastestofbatterijen hebben de potentie om conventionele Li-ion batterijen te overtref-
fen. Vastestofelectrolieten zijn veiliger, omdat deze electrolieten niet ontvlambaar zijn,
en als er een Li metaal anode gebruikt wordt kan er een hogere energiedichtheid gehaald
worden. Er zijn nog wel uitdagingen voor vastestofelectrolieten. In dit proefschrift zoe-
ken we naar de oorzaken van de meest voorkomende uitdagingen in vastestofbatterijen
en proberen we deze te modeleren in nano- en microscopische modellen die algemeen
toepasbaar zijn.

Een van de grootste uitdagingen voor vastestofelectrolieten is de relatief zwakke elec-
trochemische stabiliteit. In Hoofdstuk 2 wordt de redox activiteit en de electrochemische
stabiliteit voor een Argyrodiet, NASICON en Granaat electroliet onderzocht. Er wordt
aangetoond dat het vastestofelectroliet niet direct reageert naar de decompositiepro-
ducten, maar indirect reageert, via een metastabiele ge(de)litheerde fase. Omdat de
decompositie via deze indirecte route verloopt wordt er een grotere electrochemische
stabiliteit verwacht. De voorspelde redox potentialen komen overeen met experimen-
tele electrochemische metingen en de ge(de)lithieerde producten zijn geobserveerd met
rondgendiffractie en kernspinresonantie.

In Hoofdstuk 3 wordt de methodologie om de electrochemische stabiliteit te voor-
spellen gebruikt om meer vastestofelectrolieten in verschillende chemische groepen te
bestuderen. Er wordt aangetoond dat de intrinsieke electrochemische stabiliteit vaak
dicht bij praktische stabiliteit uit de literatuur zit. Maar als de kinetische barriere naar
de decompositie producten relatief klein is, kan de electrochemische stabiliteit dichter
bij de formeringsenergie van de decompositie producten zitten. De vastestofelectrolie-
ten hebben verschillende reactie mechanismes, waarbij ze kunnen reageren door middel
van fasescheiding of als vaste oplossing.

In Hoofdstuk 4 wordt de toename in Li-ion geleiding van Si-gedoopt LigPS;Br onder-
zocht. De hogere geleiding wordt veroorzaakt door overtollig Li in de structuur dat wordt
geintroduceerd door Si** wat een lagere valentie heeft dan P%*. Dit geintroduceerde Li
zit in de kristalstructuur op een voorheen niet bezette 16e positie. Omdat deze 16e posi-
tie tussen twee Li posities zit die het knelpunt voor de macroscopische diffusie vormen,
gaat de totale geleiding omhoog.

In Hoofdstuk 5 wordt een model van een vastestofbatterij gepresenteerd gebaseerd
op 'Multiphase Porous Electrode Theory' Lithium transport door het vastestofelectro-
liet wordt beschreven door een 'regular solution’ model. De theoretische resultaten van
een batterij met een vastestofelectroliet en een vloeibaar elektroliet worden met elkaar
vergeleken. Omdat er minder concentratiegradiénten in vastestofelectrolieten zijn ver-
geleken met vloeibare elecktrolieten is de lithiatie meer homogeen in dikkere elektrodes.
Ook wordt contactverlies gemodelleerd met een distributie voor de deeltjes in de elektro-
den waarbij wordt aangetoond dat vooral deeltjes met weinig contact prestatiebepalend
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zijn. Ook is een model gemaakt voor een laag tussen de actieve deeltjes en het elektroliet
waar 'SEI’ formatie en coatings gesimuleerd kunnen worden.

Samenvattend, de relatie tussen de redoxpotentiaal en electrochemische stabiliteit
voor vastestofelectrolieten is bepaald deij kritieke inzichten in het decompositie me-
chanisme zijn aangetoond. De oorsprong van de toegenomen ionische geleiding van Si
substitutie in LigPS5Br is opgehelderd. Ten slotte is een model voor vastestofelectrolie-
ten gemaakt waarbij belangrijke inzichten in de werking van vastestofbatterijen worden
getoond.
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