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Abstract

In recent years, solid-state batteries (SSBs) have garnered not only academic
research attention but also of that of the electric vehicle (EV) and consumer
electronics industry. The use of a solid electrolyte (SE) in a SSB, in place of the
flammable liquid electrolyte (LE) used in conventional lithium-ion batteries (LIBs)
could result in improved safety. Additionally, SSBs are promising alternatives to
the incumbent LIB which contains a LE, due to their higher energy densities by
pairing the SE with lithtum (L1i) or silicon (Si) negative electrodes (NEs). These
offer a =10x theoretical energy density compared to the graphite NE used in LIBs.
However, SSBs are plagued by a unique set of challenges which must be overcome
to enable the widespread adoption of this technology: solid-solid interfaces which
are highly resistive, slow kinetics, and the formation of interfacial voids leading to
Li penetration, which ultimately results in capacity loss and low cycle life.

In this work, electrochemical testing, physical characterisation and an electro-
chemo-mechanical (echem-mech) model is used to investigate and analyse the
solid-solid interface, predominantly at the NE|SE interface. First, experimental
testing of a commercial thin film Si based SSB is used to parameterise and validate
an echem-mech model at the continuum level. Then, the validated model is used to
explore the interplay between electrochemistry and mechanics by probing the
relationship and between C-rate, applied pressure and capacity on the stress-strain
response of the cell. Complex evolution of concentration gradients at high C-rates
is found to influence the internal stresses and could point towards sites for fracture
propagation within the electrode. Finally, this thesis addresses a key shortcoming
of lithium phosphorus oxynitride (LiPON) SE - the requirement for vacuum
deposition techniques, to a new non-crystalline (NC) material albeit synthesised

using scalable processing methods. Electrochemical testing and physical
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characterisation of this material Li2sAlIP1250x (LAPO) and its stability against Li-
metal for use in an “anode-free” battery is explored. The methods and
characterisation tools presented in this thesis are designed so that they can be

implemented for future testing across different SE battery systems.



Impact Statement

Transitioning global dependence on fossil-fuel energy to sustainable energy
systems is paramount in our current climate. There is a pressing need for advanced
energy storage and technologies such as SSBs are highly promising due to their
higher energy densities through the use of a high specific capacity NE (e.g., Li)
than the incumbent lithium-ion batteries which commonly employ a graphite NE.
The commercialisation of large-format SSBs and demonstration in grid storage or
as a power source for EVs has not yet been demonstrated. The challenges
surrounding the solid-solid resistive interfaces, sluggish Li*ion transport and large
strains in the SSBs must be addressed to help the development of this technology.

This research aims to provide insight into the high SSB interfacial resistances
using a suite of electrochemical techniques which is not routine for SSBs. These
techniques can be applied to a wide range of SE chemistries and SSB
configurations. It is intended that the research output from this thesis will garner
further interest in SSBs and highlight the challenges and potential solutions to
improve the cell cycle life by reducing the stress-strain response within the SSB,
for example by altering electrode thickness and SE material properties. It is
envisioned that this thesis will help to motivate future research on NC SE materials
due to their desirable mechanical and electrochemical properties. This research is
anticipated to be of interest to researchers not only in academia but also industry
companies that are trying to manufacture large-format SSBs for EVs. In addition,
it is hoped that governmental bodies will find this thesis useful as it focusses on
scalable and low-cost synthesis of SE materials.

During this PhD research, a strong collaboration was formed between University
College London (UCL), Imperial College London and a UK battery manufacturer
of SSBs with success of this project leading to a government grant from Innovate
UK to continue further research in this area. The project focus was on the
company’s thin film SSB technology which is used in medical devices and

learnings from the simulated model will help when designing thin film SSBs for
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optimal stress-strain response. The funding will enable work on the company’s
large format SSBs to help the scale-up of these cells for use in EVs. In addition to
this work, a low-cost, scalable and novel SE material was synthesised, LAPO which
has the potential to be used in an “anode-free” configuration for use in advanced
battery systems. Not only is the synthesis method extremely low cost, the
mechanical and electrochemical properties are highly desirable, with work in this
area being awarded additional funding to enable more researchers to continue to
scale-up this material and demonstrate superior performance at a device level. A
patent has been filed for this SE with the hope of more SE materials in this phase
space to be discovered and subsequently patented.

The work in this thesis has been published in leading academic journals and
presented at national and international conferences which has garnered interest in
the academic community. The author has been a recipient of multiple awards to
support their research and to help with travel to international conferences to present
their work. The author is a battery enthusiast, engaging in battery networks such as
battery brunch where they have led virtual meeting rooms to facilitate discussion
on advanced battery systems. Additionally, the author is a battery consultant for
Intercalation Station and a battery ambassador at Battery Associates, promoting
battery research to the scientific and business community and the public. The author
also engages with the public via the student-led research society, UCELL, where
they have engaged with primary and secondary school members, champion women
in STEM, promote sustainability and discuss the importance of shifting away from
fossil fuel reliance. The author is a keen activist for climate change and has run a
half marathon (London Half Parks Marathon 2021) to raise money for world

wildlife fund (WWF) to help climate solutions and raise awareness.
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Chapter 1

Introduction

1.1 The Lithium-ion Battery

The discovery of intercalation electrodes in 1970s! by Stanley Whittingham led
to the creation of the first rechargeable lithium-ion battery (LIB) consisting of a
lithium disulfide positive electrode (PE) and lithium-aluminum NE. However, it
was not until the 1980s with the substitution of lithium cobalt oxide (LCO) as the
PE, was the modern LIB discovered. Following this, LIBs were prototyped with
LCO PE and a graphite NE due to safety concerns surrounding the highly reactive
nature of lithium metal in conjunction with a flammable organic LE. In 1991, Sony
commercialised the first LIB? using the graphite NE pioneered by Akira Yoshino
in combination with LCO PE discovered by John Goodenough. Despite this historic
achievement it was not until much later that Yoshino, Goodenough and
Whittingham won the Nobel prize in Chemistry in 2019. Their research
contributions have laid the foundations toward a green economy, without which the

electrification of transport or energy storage would not be possible. Moving to the



present day, the LIB industry is highly profitable, and LIBs are used globally and
in a wide range of applications such as grid storage, portable electronics, and
electric vehicles (EVs).

Although LCO was used in the earliest LIBs as the PE, recent focus has shifted
away from using expensive and unethically mined cobalt to include lithium iron
phosphate (LFP), lithium nickel manganese cobalt oxide (NMC) with reduced
ratios of cobalt and lithium manganese oxide (LMO). In a conventional LIB, the
PE and NE electrodes are at opposite ends of the battery with metallic current
collectors (CCs) either side to allow electrons to flow in an out of the system via an
external circuit. The active material within the electrodes is commonly mixed with
a binder to keep the particles in contact with one another and a conductive carbon
network which provides electrical charge extraction. The battery is filled with a LE
which allows the movement of lithium ions (Li" ions) through the battery to lithiate
(or de-lithiate) the electrodes during cell cycling. The most common LE consist of
fluorinated salts dissolved in organic solvents such as ethylene carbonate. A solid
electrolyte interface (SEI) layer can build up on the NE, known as a cathode
electrolyte interface (CEI) on the PE. This layer occurs due to LE decomposition
and can act as a passivation layer by blocking electron transport thereby preventing
further decomposition and only allowing the movement of Li* ions. However, the
formed SEI/CEI can be highly resistive, and might not be stable hence impacting
the cyclability and performance of the LIB. A polymeric separator is placed
between the electrodes to prevent build-up of metallic lithium from one electrode
to another causing the battery to short-circuit and fail.

During the charging process, an electrical potential is applied via the external
circuit which causes electrons to from the PE to the NE, via this external circuit.
Oxidation (loss of electrons) at the PE occurs causing Li" ions to be liberated (Li
oxidation state changes from 0 to +1). To counteract the charge imbalance posed
by the movement of electrons, the positively charged Li* ions move from the PE
through the electrolyte and are reduced (gain of electrons) at the NE (Figure 1.1).
The reverse of this occurs during discharge, whereby the potential difference

between the PE and NE drives a spontaneous redox reaction (Gibbs free energy is



negative) at the electrodes. This spontaneous redox reaction can occur due to the
NE being at a higher potential than the PE. Therefore, oxidation now occurs at the
NE and reduction occurs at the PE. Li" ions migrate through the electrolyte from
the NE to the PE. Electrons flow via the external circuit from the NE to the PE
providing an electric current which can be used to power a device. The half-cell

and full cell reactions are displayed for a graphite NE and LCO PE system:

NE half reaction LiCg(5y = Co(s) + LiT+ e
PE half reaction Co0y 5y + Lit + e~ 5 LiCo0, 4
Full cell reaction LiCg 5y + C00,(5) = Co(s) + LiCo0, s
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Figure 1.1 Tllustration of the migration of Li" ions and electrons during charge and
discharge in a LIB.

Research towards optimising and discovering electrodes with earth-abundant
materials is ongoing, with the goal of improving energy density and safety due to

the flammable nature of LEs used. In addition, there is an effort towards replacing



the LE with a non-flammable SE which provides the subject area of this thesis. SEs
can provide an advantage in terms of energy density by enabling a Li metal or Li

alloy NE.

The energy density of a battery can be expressed by:

Egrav = Cgrav AV (L.1)
b c _ zF
where, 9rav 3600 X Myy (1.2)

where Eg,q, is the gravimetric energy density [Wh kg™'], C is the gravimetric
capacity which is the charge that can be stored per unit mass [Ah kg'], AV is the
cell voltage [V] which is the difference in chemical potential between the NE and
PE, including any overpotentials (voltage losses) and M,,, is the active material
molar mass of the electrode [kg mol™']. The gravimetric capacity can be expressed
as the product of the Faraday’s constant, F = 96 485 [C mol'!] and the number of
charges which are involved in the redox reaction, z. As the capacity in battery
applications is commonly expressed in units of mAh, the Faraday constant is

divided by 3600, F /3600 = 26.801 [Ah mol].
Similarly, the volumetric energy density, E,,; [Wh L-'] can be expressed as:

Eyor = CpoiAV (1.3)
zF
where, Cyor = Pam (1.4)

°L™ 3.6 x Myy

the volumetric capacity C,,; [Ah L!] is expressed in terms of the active material

density, pay [kg m™].



The active material specific capacity directly influences the energy density as
well as the cell voltage AV. Since the cell voltage depends on the chemical potential
between the NE and PE, a wide electrochemical window between the two
electrodes is beneficial as well as reducing overpotentials (voltage losses). These
overpotentials can be due to ohmic losses from ionic and electronic resistances in
the electrode and electrolyte, kinetic losses due to charge transfer resistance at the
electrode interface and transport losses due to charge diffusion.

As there is an increasing need for energy storage devices to electrify transport
and enable green energy to mitigate climate change and combat air pollution, it is
paramount to concentrate research efforts into the discovery of materials that will
enable batteries with higher capacities. Current LIB technology has reached its
maturity in that it is limited in enabling higher energy density electrodes due to the
narrow electrochemical stability of the employed LE. Therefore, advancements in
batteries are sorely needed and a potentially promising advanced battery system:

the all SSB, will be discussed in the next section.

1.2 All-Solid-State Battery

SSBs are analogous to conventional Li-ion batteries in that they have an NE
(preferably Li metal or Li metal alloy such as Si) and a PE, however instead of
having a LE they use a SE. There is also the matter of the separator which in
conventional LIBs consists of a porous material through which the LE propagates.
In a SSB the SE assumes the role of the separator? as illustrated in Figure 1.2 by
Janek and Zeier® when Li metal is used as the NE with a SE and PE composite (PE
powder mixed with SE), the volumetric and gravimetric energy density is increased
by 70% and 40% respectively, compared to a LIB. If a graphite NE is used instead,
there is 0% and -10% increase in the volumetric and gravimetric respectively.® The
reason for the reduction in gravimetric energy density in the graphite NE system
compared to a LIB is due to the additional weight of the SE (compared to a LE)

which does not contribute to the cell’s overall energy density.
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LiM-SSB
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LiM NE, composite ~ Graphite NE, LE Graphite NE, composite
cathode SSB lithium-ion battery cathode SSB

Figure 1.2 SSB diagram on the left-hand side with Li metal (LiM as light-yellow band)
and a PE indicated as purple circles mixed with SE particles (dark yellow circles). Wy, and
Wy represent volumetric and gravimetric energy densities of the battery. A conventional
LIB (middle diagram) contains a LE (light blue) with a thin separator (grey band) paired
with a graphite NE (grey circles), whereas in the two solid state cells, the SE assumes the
role of the separator. The diagram on the right-hand side displays a composite PE SSB

paired with a graphite NE. Reprinted with permission from ref.?

As displayed in Figure 1.2, the key benefit of incorporating a SE in a SSB is to
enable a Li metal electrode. This is because metallic Li has a 10x theoretical
specific capacity (3860 mAh g'!') compared with a conventional graphite NE (372
mAh g!). To realise a metallic Li electrode, the electrolyte instability against Li
metal must be overcome and conventional LEs are not electrochemically stable
against Li. There is a plethora of research,*’ material synthesis and on-going
elementary understanding to try to comprehend the mechanisms that reduce the
chemical instability with a Li metal NE.3 It is thought that SEs can enable the safe
operation of a Li metal NE as many have a larger electrochemical window than
LEs, although issues around the Li|SE interfacial stability remain a challenge. The
instability against Li often leads to SE decomposition which results in capacity loss.
Li dendrites (metallic Li filaments) can grow within SE voids or grain boundaries,
accelerating capacity fade. Si is a Li metal alloy and another candidate when

considering high energy density NEs without the issue of dendrite formation.



However, Si electrodes exhibit a large volumetric expansion ~300-400%° during
(de)lithiation which reduces its capacity and cycle life. In a LIB, the large Si
expansion pulverises the SEI which results in further electrolyte decomposition
over subsequent cycles and a stable SEI is not able to form, severely limiting the
capacity and cycle life. As a result, Si stability issues mainly arise from the LE
interface, and it is thought that the mechanical integrity of a SE can limit the Si
expansion and enable steady operation by forming a more mechanically stable

interface at the Si|SE.

1.3 Introduction to Silicon Electrodes

Si is relatively more abundant than Li metal, easier to manufacture roll-to-roll,
does not require moisture-free processing whilst exhibiting a similar specific
capacity to Li (>3500 mAh g-! for Lis.75Si) and therefore could be an alternate cost-
effective NE. However, this does not resolve the issue of electrochemical and
mechanical degradation, which is augmented by Si’s high volumetric expansion (as
much as 300-400%) upon (de)lithiation. During solid-state cycling, these large
volumetric changes can induce mechanical stresses within the SSB components,
resulting in mechanical degradation, active material delamination and fracture. %13
Therefore control of the Si|SE interface is critical to prevent delamination between
the Si and SE.

There is evidence that pairing a SE with Si could be beneficial when suppressing
Si expansion compared to a LE as demonstrated by Ping et al.’ using an oxide-
based SE, attributing the lower Si volumetric expansion to the mechanical rigidity
of the SE. Furthermore, a stable interphase at the SE|Si interface could be formed,
which has recently been achieved by Tan et al.!# using a sulfide SE with a composite
PE (NMC), with over 500 cycles'. They attributed the high cycle life to the
removal of carbon from Si and the porous structure of the delithiated Li-Si alloy
which prevents delamination from the SE matrix. Their study concluded possible
plastic deformation of Li-Si under 50 MPa applied stack pressure, which helps to

maintain contact with the SE. At lower stack pressures, the cell exhibited lower



discharge capacity likely due to the poor contact between the Li-Si and the SE,
resulting in increased cell impedance and polarisation.

This opens room for SE material design when paired with a Si electrode rather
than Li for which there are very few SEs that are chemically stable. Sulfide SEs,
for example, can be more easily integrated in a PE composite forming a much lower
impedance than oxide SEs. Furthermore, sulfide SE materials can be employed
directly against Si which would not be possible for a Li NE without the addition of
coatings or buffer layers to prevent continuous decomposition. The role of plastic
deformation and applied pressure is important for SSB systems which can be
probed using physical models to understand the material deformation and stress-
strain build up. The ranges of SE mechanical properties are displayed in Table 1.1,
with focus on common inorganic SEs: crystalline sulfides/oxides and amorphous
or NC sulfides/oxides. The Young’s modulus gives an idea of how easily a material
can be stretched or deformed and is defined as the ratio of tensile stress to tensile
strain. The stress is the applied force over a given material area and the strain is the
extension of the material as a result of the stress, divided by the original material
length. The stress can be tensile in nature if the material is being elongated and
compressive if the material is being compressed (shortened). Tensile stresses are
positive, whilst compressive stresses are negative. The yield strength is defined as
the maximum stress a material will undergo before plastic deformation begins
whilst the Poisson’s ratio is the material deformation perpendicular to the loading

direction and is described as the negative ratio of the lateral strain to axial strain.

Table 1.1 Ranges of inorganic SE mechanical properties, at room temperature

SE material Crystalline Crystalline Amorphous Amorphous
sulfides oxides oxide (e.g., sulfide
LiPON) (e.g., LixS-
P>S5)
Young’s
modulus ~ 15-25136 ~80-2001¢  ~50-80 %6 ~10-18 1%
(GPa)



Yield’s

strength ~0.3-0.7136  ~2.5136 ~1-2136 ~ 04 —-0.6
(GPa) 15
Poisson’s ~0.27-0.351% ~0.25-0.28 ~0.2716 ~031
ratio e

A detailed discussion into different SEs which can enable a Li or Si NE will be
reviewed in this work, in addition to the interfacial stability at the NE|SE interface.
Electrochemical techniques such as electrochemical impedance spectroscopy (EIS)
can be used to study the different electrochemical processes occurring at this
interface as well as validate SSB physical models. These electro-chemo-mechanical
(echem-mech) models can provide an insight into the electrochemistry and
mechanics occurring at the interface and how they influence each another. An
emerging class of SEs which are promising candidates due to their stability against
Li metal, will be explored. They are non-crystalline (NC) in nature and their local

structure is believed to play an important role in their ionic conductivity.

1.4 Thesis Goals and Structure

From the extensive research discussed in the previous sections, to enable
adoption of SSBs several challenges need to be appropriately addressed. To ensure
successful SSB commercialisation, improving the high interfacial impedance at the
SElelectrode, is of great importance.!” In order to exceed the LIB gravimetric
energy density on a cell and module level, pairing the SE with a high energy density
NE (Li or Li alloy material such as Si) and stack pressure needs to be carefully
tuned. Maintaining a degree of pressure on SSB systems is vital for improved
contact between the solid-solid interfaces and too high a stack pressure is unfeasible
for practical applications. Other challenges include improvement in manufacturing
and scaling of SEs and composite electrodes. This thesis looks to address some of

these challenges and whilst large scale manufacturing processes is out of the scope



of this thesis, it does include synthesis of a NC SE produced using scalable
methods.

Chapter 3 lays the foundations of probing the solid-solid interfaces in a
commercial thin film SSB using an assortment of electrochemical techniques:
differential capacity analysis, EIS, distributed relaxation times (DRT),
galvanostatic intermittent titration technique (GITT) and hybrid pulse power
characterisation (HPPC). An echem-mech model is created and validated using
parameters from the experimental data. The thin film SSB consists of an amorphous
Si NE, a LiPON SE and LCO PE.

Following the validation of the echem-mech model, Chapter 4 builds on the
model results and investigates the effect of applied pressure and C-rate on the SSB
performance. Electrochemical factors such as Si diffusion as well as mechanical
properties of the Si and different SEs chemistries are probed. Their influence on the
SSB voltage profile, concentration gradients and stress-strain response are
analysed. Maximum principal stress and strains are observed at the SE|NE
boundary which is used to generate a map of stress and strain as a function of C-
rate and applied pressure. The SE material is altered to study the effect of the SE
mechanical properties on the SSB response. Three different SE material are chosen:
a NC SE LiPON, a sulfide SE and an oxide SE which have a differing Young’s
Moduli and yield strengths. Optimised SEs with desirable mechanical properties to
reduce the maximum principal stress in the Si and SE is reported.

Chapter 5 looks beyond LiPON towards another NC material which can be
engineered using scalable solution-based methods. In this work, a scalable SE is
optimised with the highest ionic conductivity of a lithium aluminophosphate NC,
LAPO, and the structure-conductivity relationship investigated. Further, chemical
and electrochemical measurements are conducted on LAPO to reveal its electronic
conductivity, Young’s modulus, activation energy, surface roughness and chemical
composition. LAPO’s stability with Li metal is probed using in-situ X-ray
photoelectron spectroscopy (XPS) and a stable passivation layer found to occur at

the interface.
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A summary of the key objectives of each chapter (Chapter 3-5) is outlined:

1. Chapter 3: experimentally validate an echem-mech model under dynamic
operating conditions and use the model to probe the stress-strain response on
altering cell design, e.g., electrode thickness.

2. Chapter 4: use the validated model (in Chapter 3) to understand the interplay
between the electrochemistry and mechanics in the SSB domains. Focus on
the build-up of concentration gradients, stress-strain and averaged cell
capacity as applied pressure and C-rate are varied. Understand how the SE
material properties influence the cell stress-strain response.

3. Chapter 5: address a key shortcoming of LiPON, the SE used in the
commercial SSB, which uses slow and expensive deposition techniques to a

new SE that can be synthesised using low cost and more scalable methods.

Electrochemical and modelling techniques are brought together in this thesis to
probe the SE|NE interface. Initially, a Si NE is deployed in a commercial thin film
SSB which is then extended to a scalable NC SE (LAPO). The properties and local
structure of LAPO is probed and contrasted with LiPON SE which is used in the
earlier study. LAPO’s stability with Li metal is compared, with potential use as a
NE or PE passivation layer to enable stable plating and stripping of Li in a SSB or
LE system. The interplay of externally applied pressure and electrochemical
stability at the SENE interface is used to provide an outlook for the desired
electrochemical and mechanical properties of a scalable SE.

The next chapter presents a literature review on Si based SSB echem-mech
models, different classes of SEs, instability at the electrode interfaces, and overall
SSB cell design including stack pressure consideration. First, Section 2.1 discusses
electrochemical mechanical models that can be used to understand the processes
occurring within SSBs especially at the NE and SE interface. The following section
delves into state-of-the-art SEs which are promising candidates to enable a high
energy density NE. Their ionic conduction mechanisms and structure properties are

discussed, which is important in permitting fast reaction kinetics through the SSB.
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Next, studies on the solid-solid interface at the respective electrodes are reviewed
as well as techniques such as EIS which can help to probe these interfaces, with a
focus in literature on the NE|SE interface. Finally, effect of applied pressure to
reduce volumetric expansion of SSB cells with Li or Li alloy containing NEs is

studied (Section 2.4).

12



Chapter 2

Literature Review

2.1 Electro-chemo-mechanical Models

The electrochemical behaviour of SSBs is hard to examine using experimental
techniques such as EIS (Section 2.3.2) alone due to the convolution of processes
occurring within the solid-state cell. The solid-solid interfaces are extremely
difficult to probe under cell operation using non-desctructive experimental
techniques and yet the high interfacial impedance at the electrode and SE interface
is one of the main challenges limiting the commercialisation of SSBs.!82!
Electrochemical models within a finite element framework, such as COMSOL
Multiphysics, can probe the behaviour of such batteries by allowing the

implementation of partial and ordinary differential equations that describe cell

charge transfer kinetics, faradaic and non-faradaic processes. These models can be
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experimentally validated by cell cycling, impedance spectroscopy and
charge/discharge curves.

There are studies on thin film SSBs with a Li NE that are commonly modelled as
1D electro-chemical models. Here the SE transport mechanisms are simplified to
Ohm’s law due to near unity transference number of the SE. Fabre et al., %2 used
constant current experimental measurements to validate their modelling results but
it was only in work by Pang et al.,?® where the rate limiting mechanisms due to
different cell components under pulse operating conditions was investigated. The
solid diffusion in the PE was shown to be the rate limiting step and the importance
of decreasing the non-porous PE thickness was highlighted for future cell designs.
This presented a new outlook that SE ionic conductivity alone was not the sole area
of improvement for SSBs and that an ionic conductivity of <10 S cmtis sufficient
for applications with more focus on the Li diffusion in the PE. However, this work
did not consider mechanics in their model with a Li NE, likely due to the lower
volumetric expansion during cycling which cannot be overlooked in Si based SSBs
even in a thin film format.

There are limited experimental studies of Si-based SSBs that are paired with
conventional PE materials which is vital to validate these models. Therefore, there
is a gap in research on how to improve these systems and their electrochemical and
modelling parameters which is required to design accurate models to improve cell
performance.!*?*2% Further, the sensitivity of SSB material parameters and
electrode thickness on rate performance as a function of applied pressure and its
echem-mech response is not well-known. Therefore, understanding the echem-
mech behavior of SSBs is critical in these solid-state architectures.

Prior echem-mech studies in a SSB system are often limited to thin films,?*+2%-30
however due to the simplistic nature of thin films and their planar geometry, non-
porous nature, they are an excellent learning platform to better understand the?’
complex interplay of the mechanical deformation and electrochemical
performance. Recent work is suggestive of high-rate capability of Si NE SSBs using
a thin film format, *3%-33 however the severity of the complex stress-field generated

during particle (de)alloying at the Si|SE interface is not fully understood. A
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validated echem-mech model is extremely useful to investigate the internal stress-
field of thin film SSBs during realistic C-rates under applied pressure, in a non-
destructive and non-invasive way. To date, comprehensive thin film SSB
continuum-level models with Si NEs that have been extensively validated using
robust experimental data,®* are limited.

Studies?*?%3% have shown that modelling the plastic deformation of Si better
represents the cell behavior than a linear elastic solid. The inclusion of plasticity
enables higher NE lithiation as the Si plastically deforms and relaxes the stress
generated at the Si|SE interface.>* Pioneering modelling work by Bucci et al.3>-37
have addressed the electrochemical-mechanical interplay for Si NEs SSBs and have
tried to understand material properties that cause SE to fracture. A bulk-type SSB
is simulated with the composite PE made of active material particles embedded
within a SE and conductive carbon matrix. They concluded that softer and more
compliant SEs (Young’s modulus < 15 GPa, see Table 1.1) deform plastically,
thereby allowing larger deformations®’ and so were more prone to microcracking
(Figure 2.1). An elastoplastic behaviour is assumed for the SE, whereby the SE
shell at the PE electrode interface, can undergo plastic flow. Depending on the yield
stress (point at which irreversible plastic deformation occurs) and fracture strength
(fracturing of the material), the SE will either undergo plastic deformation or
fracture (contour lines in Figure 2.1). The contour lines exhibited in Figure 2.1,
increase with increasing amounts of active material (¢4,,) in the PE in the range
0.4-0.7. Fracture can be prevented if the yield stress is not greater than half the

fracture strength for any value of the SE’s Poisson’s ratio.>
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Figure 2.1 Plastic flow and delamination region for a SE given its yield stress and fracture
strength. Fracture can be prevented for a SE with any value of the Poisson’s ratio, provided
the yield stress is not greater than half of the fracture strength. Reprinted with permission

from ref. ¥

On the other hand, previous findings have argued the case for softer sulfur or
solid polymer®® SEs exhibiting higher mechanical ductility which can help to
alleviate Si stress, thereby resulting in high cycle life.!4313%40 These studies model
a composite electrode using a continuum framework but do not consider the full
cell, and the results have not been experimentally validated on full cell cycling data.
This thesis (Chapter 3 and 4) will look to fill this gap by presenting a continuum
scale model of a full cell SSB which is validated against experimental cycling data:
1C cycling and pulse behaviour. However, it is still not clear what mechanical
properties are desired of SEs to enable optimal cell performance and lifetime. The

next section will introduce different classes of SEs and discuss their
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electrochemical properties and some of the challenges they face at the NE|SE

interface.

2.2 Solid Electrolytes

2.2.1 Ionic Conduction in Solid Electrolytes

The understanding of ionic transport mechanisms within a LE system in a LIB is
well established.*! Li* ions are facilitated through the LE via lithium-containing
dissolved salts. By contrast, the ion conduction mechanism of SEs occurs via their
crystal lattice structure. For amorphous or NC SEs, the ion conduction mechanisms
are less understood.** Nevertheless, it is known that the physical structure of SEs
strongly influences its ionic conductivity. Focusing on the crystalline SE case, both
cations and anions within a crystal lattice can move and in the case of LEs, Li" ions
movement is favoured due to the cations’ small ionic size. Both cationic and anionic
conduction is seen in LEs containing lithium salts. Superionic SE conductors such
as lithium-rich phosphidosilicates** exhibit low activation energies and high ionic
conductivities (a;,,) which can be related to their structure. These compounds tend
to have diffusion pathways of interconnected polyhedra, preferably between face-
sharing tetrahedral and octahedral voids, which leads to mobile movement of
selected ions.®

There are three main types of ion migrations in a crystalline structure which occur
at the atomic scale. The first being vacancy diffusion in which an ionic species can
migrate to a vacant site in the neighbouring environment. The second, a direct
interstitial mechanism which is a distortion of the lattice structure due to an excess
or lack of an ionic particle. The third, a correlated interstitial migration which is a
combination of the first and second; the interstitial ion displaces an ion in the
neighbouring lattice which then moves this neighbouring lattice to a vacancy site.
The solid-state battery impedance is then the summation of these migration
mechanisms (atomic to device scale migrations).*4°

The conductivity of the SE is given by Equation 2.1, where ¢, n, u are the charge,

concentration, and mobility respectively.
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The equation shows an Arrhenius relationship as the conduction of the ions has
an exponential dependence on 7, temperature. The mass is represented as m, and ks
is the Boltzmann constant. £, is the activation energy that is needed to be overcome
to enable ionic conduction and ayis related to the entropy of migration, the jump
distance and attempt frequency which is the probability for the ion to hop to nearest
defect in unit time. This is for the simplest case of ion-hops along the lattice
sites, #443

In fact, the mechanism of ionic transport can be broken down into two phases;
diffusion and migration of ions via defects which is the fundamental process of
conduction in ions of crystalline and amorphous materials. Diffusion is often
neglected in the case of a SE with a transference number ~1. The transference
number is defined as the ratio of the electric current as a result of the cations to the
total current. A transference number equal to 1 implies that the ion conduction in
the SE is only due to cation. The migration arises from an electric field imposed
onto the solid (for example during battery cycling), which causes random motion
of the individual ions but an overall movement migration of the ions along the
electric field direction. The diffusion coefficient is found to be dependent on state
of charge (SoC) in the SSB electrodes.*¢

In the case of amorphous polymers (transference number not equal to unity), the
diffusion is realised through the motion of polymer chains. Lengths of chains can
alter the conductivity properties which is dependent upon temperature (typically
acceptable conductivity values at temperatures greater than room temperature >~80
°C) and this limits polymer SEs for temperature dependent applications. The theory
for ionic conduction in a crystalline versus amorphous or NC structure is
controversial. 4> Controlling the degree of crystallinity is a key enabler in increasing
the ionic conductivity. It is commonly noted for NC lithium-containing oxide
materials that they exhibit a higher g;,, than their crystalline counterparts due to
disorder in the NC structure (lack of long-range order) enabling facile Li* ion

conducting pathways.*748
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2.2.2 Lithium Phosphorous Oxynitride (LiPON)

As seen in the previous section, understanding the pathways for conduction plays
a key role in the ionic conductivity of inorganic SEs as the lithium ions are the only
mobile ions that contribute to the ion transport (transference number =1). There
have been significant developments to discover SEs with g;,, equivalent to or
within an order of magnitude of the LE g;,,. One of the most successful SEs,
LiPON was discovered in 1992 at Oak Ridge National laboratory.** LiPON has
been commercially successful for thin film SSBs, exhibiting excellent cycling
performance even at high current densities >3 mAh ¢m2.23-333951 The reported I-V
curves of LiPON display a wide electrochemical stability window of 0-5.5 V (vs.
Li/Li") compared to other lithium oxide and sulfidle NC or amorphous
electrolytes.>® While LiPON exhibits many desirable qualities such as ability to
resist dendrite propagation,’! it is hindered by its relatively low ionic conductivity
(lower than =4 orders of magnitude than LEs) and costly vacuum deposition
methods. Its lower ionic conductivity can be justified in thin film format (um
thickness) which lends it to achieve these appreciable current densities. However,
the magnetic sputtering synthesis techniques for these films is not only costly but
time consuming, making it difficult to scale to large format cells.’® Nevertheless,
due to the lack of commercial large format SSBs, commercial thin film SSBs with
a LiPON SE are an excellent tool to understand the SE interfaces as they display
high cycle life and rate capability. They will be used as a learning platform to design
and optimise thin film SSBs in this thesis, with the exploration of similar NC
materials that are less costly than LiPON and highly scalable as promising SEs for
large format advanced battery systems.

Following the discovery of LiPON there has been number of studies on thin film
NC SEs.?*34-61 Thin film SEs have generated a lot of interest compared to bulk NC
materials as excess SE material lowers the overall cell energy density. By keeping

the SE layer very thin, tens of ums, the cell energy density can be increased. This

19



is because the SE does not contribute to the overall capacity of the cell.
Furthermore, despite the lower SE ionic conductivity, very thin SE and electrodes
allow for shorter diffusion pathways which enables high-rate capability. This has
led to the commercialisation of thin film SSBs, and it is important that the synthesis
methods of these films can be scaled at a low cost, compared to the expensive
sputtering and vacuum deposition methods, to scale these into large format cells.
One such study by Clayton et al.%? explored lithium oxide NC materials, using a
scalable prompt inorganic condensation (PIC) method, which uses spin coating and
a mild annealing process to create a dense film. The ionic conductivity (g;,,) of
these lithium oxide containing NC films produced using this PIC scalable method

was found to be comparable to the expensive vacuum deposition methods.?

2.2.3 Non-Crystalline Solid Electrolytes

Non-crystalline SEs encompass amorphous, glassy solids and partially or nano-
crystalline materials. As discussed in the previous section, LIPON is a NC material,
however there are other NC materials such as lithium thiophosphate (xLi2S-(100-
x)P2Ss, LPS). LPS has a superior g;,, than LiPON (=3 orders of magnitude greater
~1073 Sem™)%3-%4 but its electrochemical stability window is much lower hampering
its interfacial compatibility with a lithium NE. The reason behind LiPON’s unique
ability to block lithium dendrite propagation is not fully understood, but a theory
by Han et al.” pertaining to its lower electronic conductivity (g, <1012 S cm™)
compared to its ionic conductivity is likely one reason.

The ionic conductivity of NCs are also largely influenced by their local structure.
LiPON for example, displays an increase in g;,, with increasing Li and N content
which increases the disorder of the PO4 units. By increasing the N in bridging sites
(bridge between PO4 units) the Li*ion mobility in LIPON was maximized.%>-°¢ Both
LPS and LiPON have been shown to increase their o;,, through their network
disorder. Annealing temperature and duration®*, precursor ratios, thickness of the
SE film> and processing atmosphere all play a role in altering the ionic

conductivity of NC SEs.*>%367 [t has recently been observed in the research
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community that the amorphisation of lithium lanthanum zirconium oxide (LLZO),
which is commonly synthesised as a crystalline material, can hinder dendrite
formation.>6>%%8 Kim et al.’® showed that by laser annealing a bulk LLZO pellet,
the amorphised surface blocked electron injection and significantly increased the
critical current density (the current density above which lithium dendrites are
thought to form). Sastre et al.’® demonstrated homogenous, grain-boundary free,
amorphous LLZO with stable plating and stripping in a Li symmetric cell at
appreciable current densities (> 3.2 mAcm2). It should be noted that the bulk LLZO
material exhibits a higher conductivity in its fully crystalline version compared to
its thin film amorphised counterpart (=2 orders of magnitude lower) but this can be
justified by its thickness in a thin film being =2 orders of magnitude lower.

Figure 2.2 illustrates the ionic conductivities as a function of temperature for
three main classes of SE materials characterised in their local structure: crystalline,
ionic liquid, amorphous and glassy ceramic (NC). NCs materials do not exhibit
comparable 0;,, to LEs at RT, and bulk crystalline SEs and ionic liquids may be

more comparable.
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Figure 2.2 Ionic conductivity as a function of temperature for a range of SEs. Reprinted

with permission from ref.*?
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Lithium-conducting bulk SE sulfide glasses have been reported with
conductivities greater than 10* S c¢m!' at RT. Hayashi et al.® looked at the
advantages of adding oxysulfide glasses to lithium thiosilicate glasses to increase
the ionic conductivity to =103 S ¢cm™!, and in particular the LisBO3 addition was the
most electrochemically stable over 100 cycles. Glass electrolyte properties can be
optimised by altering the chemical compositions and creating homogenous
pathways for ionic transport. Mizuno et al.”® reported 70Li2S-30P2Ss, thio-
LiSICON structure with a conductivity equal to 3.2x10-S cm™! due to the formation
of crystalline phases thereby increasing the conductivity. These nanocrystalline
compounds which exhibit a degree of crystallinity seem to have higher conductivity
than their completely fully amorphous versions.!” This thesis predominantly
focusses on amorphous or NC SEs in a thin film format, however the mechanical
properties of commonly used bulk inorganic SEs are addressed in Chapter 4 where
they are simulated in a Si based SSB. Therefore, the following section briefly
discusses commonly used crystalline bulk SE materials which are typically used in

large format SSBs.

2.2.4 Crystalline Solid Electrolytes

As seen for NC, glassy or glass-ceramic materials, a degree of crystallinity is
optimal for high ionic conductivity. However, this is not the case for all classes of
materials, for example ceramic inorganic materials in a bulk format which exhibit
highest ionic conductivity when fully crystallised. In the pursuit of SEs with higher
ionic conductivity, bulk crystalline inorganic SE materials have been the area of
recent focus. Organic SEs have also been studied; though they are plagued by their
low o;,, and low electrochemical window which limits their stability against
lithium NE.”"7? Inorganic SEs consisting of sulfide and halide SEs have higher
room temperature (RT) g;,,,, <102- 102 S cm™!,>*7which contrasts well with LEs
(=102 Scm™) and they are mechanically softer, ductile materials with a lower
Young’s modulus (E). Sulfides have a higher polarizability of sulfur, compared to

oxygen which increases the mobility of the lithium ions across the SE. However,
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although their lower Young’s modulus compared to oxide SEs can increase their
interfacial contact with the electrode surface, they face problems such as dendrite
formation at the NE and interfacial instability at both electrodes due to their limited
electrochemical potential window. These issues could be solved by modifying the
SE interface (e.g., adding coatings or buffer layers 7 between SE and electrodes) to
expand the electrochemical window of the SE to match that of the cell operating
voltage range and prevent decomposition of the SE. In addition, cycling the cell
with applied pressure could ensure better contact between the SE and PE (Figure
2.3).

t Higher ¢/ Nominal oxidation potential
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Electrochemical Electrochemical
Window Window
Solid
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Anode
¢=0V/ :
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Figure 2.3 Solid electrolyte electrochemical window, with the inclusion of coating layers

to extend the electrochemical window of the SSB. Reprinted with permission from ref.”*

Resistances in the electrolyte layer can limit the performance of the SSBs with
sulfide and halide SEs exhibiting a much lower grain boundary resistance at lower
sintering temperatures (synthesised by cold-pressing methods) compared to oxide-
based SEs. The main multiphysics properties of inorganic SEs are displayed as a
traffic light colour scheme in Figure 2.4, whereby green signifies a highly desirable
and red an undesired SE property to enable high performance SSBs.” It should be
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noted that Li dendrite inhibtion has a higher weighting factor than the other SE
material properties as only a handful of SEs are stable against Li. Oxide SEs can be
synthesised using a more scalable method via sol-gel or other wet chemical

methods.

SE Material properties  LiPON (Non-crystalline)  Sulfides e.g. LPS Oxides e.g. LLZO

Dendrite Only LLZO has been successful
inhibition* (high in preventing Li dendrites at
weighting factor) relatively high current densities.

Electronic
conductivity

lonic conductivity

Interfacial
properties

Electrochemical
stability window vs

Li/Li*
SE scalability Can be made more scalable
using sol-gel-type synthesis
routes.

Mechanical
properties: Young
modulus, E

Figure 2.4 Summary of inorganic SEs properties with a traffic light colour scheme to

highlight the desired material properties (in green) in each category.

Oxide SEs namely LLZO is a promising SE due to its large electrochemical
stability window. Oxide SEs are relatively stable in air do not require strict air-
sensitive processing methods as is the case for sulfide and halide SEs. The high
Young’s modulus of oxide materials and brittle nature can be detrimental to its
cycling performance and cause fracturing in which lithium metal can deposit.
Oxides can be characterised by three commonly reported classes: NASICON,
perovskite and garnet type SEs. LLZO falls into the garnet class, and its high o;,,
(=10*S cm!)7 at RT, especially the cubic phase, is not common for this class of
materials. A lower g;,, of 10- 10 S cm™! (at RT) is more commonly reported

with costly high temperature sintering (>1000 °C). Though, even after high
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temperature sintering, oxide-based SEs show high grain boundary resistance; one
of their greatest disadvantages. An inherent problem of garnet materials is their
rigidity and poor lithium wettability which causes issues at both electrode

interfaces.

2.3 Solid Electrolyte and Electrode Interface
2.3.1 Lithium Metal Interface

As examined in the previous sections, the requisite properties of a SE should
include: (1) a suitably high o;,, to enable high current densities, (2) a wide
electrochemical window to increase interfacial stability against high voltage
electrodes and (3) form a low impedance interface at both electrodes. So far, as the
focus has been mainly on (1) and (2), this section will investigate (3): the
SE|electrode interface. It is important that a low impedance SE layer is formed at
the NEJ|SE interface, which is homogenous and exhibits low grain boundaries to
enable the stable plating and stripping of lithium. It is often observed that in the
presence of an externally applied pressure (stack pressure), cycle life can be
improved as a result of improved contact between the SE|electrode interface.”””
Nevertheless, if too much stack pressure is applied which results in high amounts
of compressive stress, it could be detrimental to SSB performance due to possible
fracturing.

A critical current density has been identified by Kasemchainan et al.®® whereby
if lithium is removed (stripped) from the interface faster than it can be replaced
(plated) then voids can occur leading to dendrite formation. Moreover, a pressure
dependence on the stripping shows that lithium creep becomes the principal
mechanism, rather than diffusion (Figure 2.5). This means that dendrite formation
can occur at current densities lower than the critical current density due to the Li
not being replaced at the surface fast enough during stripping which leads to void
formation and Li plating within these voids during the subsequent plating step.
Increasing the stack pressure can increase the critical current density at which

dendrites can form by increasing the contact between the interfaces thereby
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delaying the onset of void formation. Other factors that influence the critical current
density include the SE surface chemistry and microstructure as well as mechanical
properties such as the compressive yield strength and Young’s modulus of the Li

metal and SE.
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upon further void growth
Figure 2.5 Illustrates plating and stripping cycles of lithium metal with voids occurring on
stripping resulting in lateral Li filaments growing on the subsequent plating cycle. A few
voids are eliminated during the plating cycle however some occluded voids remain which

leads to further void growth and contact loss. Reprinted with permission from ref.%

The surface chemistry and homogeneity of the SE is crucial for stable SSB
performance as investigated by Westover et al.’! when studying LiPON’s ability to
suppress Li penetration. The mechanical properties of LiPON also play an
important role in reducing the probability of lithium penetration due to its ductility

compared to brittle NASICON SEs.®' Studying the problematic electrode|SE
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interface in terms of its interfacial resistance as a function of SoC, temperature and
applied pressure can be extremely insightful. EIS can be deployed to characterise

this interfacial impedance.

2.3.2 Electrochemical Impedance Spectroscopy

This chapter is adapted from the work published in “Vadhva, P.; Hu, J.; Johnson,
M. J.; Stocker, R.; Braglia, M.; Brett, D. J. L.; Rettie, A. J. E. Electrochemical
Impedance Spectroscopy for All-Solid-State Batteries: Theory, Methods and
Future  Outlook.  ChemElectroChem 2021, 8§ (11), 1930-1947.
https://doi.org/10.1002/CELC.202100108.”

Electrochemical tools can be deployed to characterise the SE and electrode
interface, particularly between the lithium NE and SE which has problematic
dendrite issues as discussed in the previous section. One such tool: EIS can be used
to investigate new SE materials and probe the stability at the SE|electrode interface.
It is a particularly useful tool as the bulk and interfacial transport processes that
determine battery performance take place over many length- and time- scales. EIS
is a non-destructive technique that can span ~10° orders of magnitude in the
frequency domain (mHz to MHz). In a typical EIS experiment, a small sinusoidal
perturbation voltage is applied to an electrochemical system. The resulting linear
current density shares the frequency of the input, but its phase, ¢, and amplitude
may differ. The ratio of voltage amplitude, U of the wave to the current amplitude,
[, is a complex number that depends on frequency, also known as the impedance,

Z(w):

U 2.2

Z(w) = 7= Z°%(cosg + sing) (2:2)
where Z° is the magnitude of the complex impedance Z(w). When plotting
impedance graphs in a complex plane with polar co-ordinates, this results in an

imaginary and real impedance axes, also known as the Nyquist plot. Linear EIS
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uses small amplitude perturbations to stay within the linear response regime and

therefore can only probe the linear processes in a battery.

The amplitude of the impedance on the Nyquist plot is calculated by the modulus

of the impedance:

(2.3)
|Z(w)| = \/deal + Zizmaginary

EIS measurements are conducted by sweeping over a wide frequency range,
taking measurements for each perturbation. The frequency range of the impedance
analyser is important as a wide range is needed to capture both the fast and slow
kinetics and transport mechanisms respectively.®?®> Information about the
timescales of these parameters can be estimated from the EIS plot as they are
inversely linked to the frequency. Sample and interfacial contributions to the
impedance can be separated and tracked with respect to temperature, applied
pressure, SoC and ageing.

Equivalent circuit modelling (ECM) is commonly used to fit the EIS data using
an electrical circuit. ECM requires a quantitative understanding of the chemical
processes which draws upon previous experience to fit elementary components
(resistors, capacitors etc.) into a general circuit which will fit the data. Generalized
impedance parameters have been developed from physics principles to better fit the
data under real conditions; porosity and tortuosity of electrodes modelled by a
constant phase element (Q) instead of a capacitor have been realised.?¢

A resistor is often used to describe the charge transfer resistance or model the
electrolyte ion conductance and a capacitor is used to model the double layer
capacitance which occurs at the electrodelelectrolyte interface due to charge
accumulation and depletion. A Warburg element, (/) is commonly used to express
the resistances due to mass transfer, i.e., diffusion which occurs in the limiting
electrode (usually the PE).3” Warburg elements drop out at high frequencies as the
diffusion time scale is too short to influence the current and other effects such as

the inductance can dominate. At high frequencies inductance is due to the electrical
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resistance of wires and at low frequencies it is due to any degradation processes
occurring within the cell.®%° Combining these generalised impedance parameters
with the elementary components enables the value of ionic conductivity and
interfacial impedances of vital systems to be evaluated.

With some exceptions, the generic ECM for a full cell SSB with a Li NE consists
of (from high to low frequency): (RQ)s(RQ)(RO)ne(RQ)re and a CPE or Warburg

element for diffusion processes into the electrodes®*-2

where (RQ), represents the
bulk SE and (RQ).» the SE grain boundary resistance and capacitive terms. The
SoC-dependent impedance is important to fully understand battery behaviour
occurring at the solid-solid interfaces during operation. Figure 2.6 shows the
evolution of a In|LGPS|LCO cell during charge and discharge,” with three distinct
processes identified in high, mid and low frequency ranges (Figure 2.6a). Upon
charging, the In NE interface resistance (low frequency) was largely unchanged,
but the PE interface resistance (mid frequency) increased. This is the opposite
assignment of the NE and PE interfacial impedances observed in full cells with an
Li NE (with respect to frequency). This trend on charging was attributed to loss of
interfacial contact in the composite PE due to volumetric expansion and the
formation of a decomposition layer on exposed LCO (Figure 2.6b). At higher SoCs,
a more noticeable Warburg impedance began to appear which was assigned to the
diffusion of Li*ions in the PE material. However, during discharge the NE interface
resistance increases becoming greatest at the end of discharge (Figure 2.6¢). This
increase in interfacial resistance at the In|SE interface was ascribed to the degree of

lithiation of the In—Li alloy NE, which becomes more In-rich during discharge.
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Figure 2.6 Stacked Nyquist plots of In|LGPS|LCO cell with LiNbysTaos03 (LNTO)-
coated LCO as the active material. a) ECM and EIS during b) charge and c) discharge at
different SoC points. The low-frequency semicircle is assigned to the NE interface.

Reprinted with permission from ref.”
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Oxide SEs commonly exhibit large impedances at the Li|LLZO interface which
can be ameliorated using interfacial layers and the removal of Li.COs, which forms
on the surface of LLZO in ambient conditions.”* Recently, Krauskopf and co-
workers®> used a Li|[LLZO|Li symmetric cell to analyse the influence of applied
pressure on the LilLLZO interface. They showed that, with careful surface
preparation and handling under inert gas to avoid Li.CO; formation, sufficient
applied pressure reduced the interfacial impedance to a negligible value (<1 Q cm?),
which remained after the pressure was removed. Interfacial modification can also
be helpful at the PE|LLZO interface as well; for example, a Nb-containing
interlayer resulted in significantly reduced interfacial resistance in an

LCO|LLZOILi battery.

2.4 Applied Pressure

As emphasis is drawn to full-cell SSB design, the role of cell stacking, and
externally applied stack pressure becomes increasingly important to consider. The
role of externally applied stack pressure has received increased attention and yet
interestingly there is no clear consensus on what the optimal stack pressure should
be for SSBs.”¢ In contrast to LIBs, SSBs require a certain amount of pressure for
high cycle life to enable sufficient contact between the notorious SE|electrode
interface. Previous studies have used stack pressures ranging from as little as =3
MPa to 250 MPa!>77-789 for Li-alloy based NEs. At the lower end of the stack
pressure spectrum, Li NEs are commonly reported due to the lower Young’s
modulus of metallic Li, versus higher stack pressures for Li-alloy NEs which have
a higher Young’s modulus, albeit exhibit much larger volumetric expansion upon
lithiation. Furthermore, as we look towards commercilising SSBs, due to their
mechanical rigidity a pouch cell form factor is likely to be adopted. Stack pressure
will play an increasingly important role as synthesis of SSBs moves away from
pellet size set ups (designed inhouse with lack of standardisation between research

groups), to large format pouch cells. The areal homogeneity will be of significance
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in the 2D pouch cell geometry and creating a homogenous pressure distribution
throughout the SSB will be more challenging. Sandwiching cell layers inside a
stack to provide a uniform pressure will require sophisticated engineering.
Currently, standardisation of such a stack design has not been achieved.’® There
is considerable variation in the SSB pressure depending on whether a spring and
gasket are used together to clamp each of the pouch cell corners (Figure 2.7a-b).%
From Figure 2.7b it can be concluded that a uniform pressure distribution occurs
using both springs and gaskets. Furthermore, for this particular stack design, when
considering the stack pressure in terms of overall cell gravimetric energy density, a

minimal SSB system of 20 kWh with stack pressures of < =1.5 MPa is required to

produce comparable cell-to-module efficiencies to LIBs (Figure 2.7c-f).
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Figure 2.7 a. Schematic of the SSB module under stack pressure with b. the pressure
gradient as a function of using springs and gaskets. ¢-f. Model of the cell-to-module

conversion efficiencies for different stack pressures for a d. 1 kWh system, e. a 10 kWh
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system and f. a 20 kWh system. The LIB mass efficiency (dashed blue line) and volume
efficiency (dashed grey line) are displayed for comparison. Reprinted with permission from

ref.%®

Additionally, the SSB stress response during cycling is an important
consideration towards overall cell performance. The internal stress within the SSB
increases the cell overpotentials due to lithiation-induced stress. The partial molar
volume of lithium in Li and Si NEs is very large compared to PE materials. Han et
al.%” found that for a composite Si NE, reducing the particle size lowered the
observed stress. Work by Doux et al.”® highlighted that the fabrication pressure of
SEs is more critical for cycle life than stack pressure. Both fabrication pressure and
stack pressure affect the ionic conductivity of the SE and impedance of the
SElelectrode interface and therefore should be carefully controlled when
engineering SSBs. The internal stress is important to measure and quantify using
experimental methods to validate echem-mech models. Validated physical models
can provide crucial insights into the deformation of electrode and SE structures as

well as any phase transformation processes in the NE or PE.
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Chapter 3

Thin Film Silicon Solid State

Batteries via Modelling and

Experimental Characterisation

This chapter is adapted from the work published in “Vadhva, P.; Boyce, A.;
Hales, A.; Pang, M.-C.; Patel, A.; Shearing, P. R.; Offer, G. J.; Rettie, A. Towards
Optimised Cell Design of Thin Film Silicon-Based Solid-State Batteries via
Modelling and Experimental Characterisation. J Electrochem Soc 2022.
https://doi.org/10.1149/1945-7111/AC9552.”

Contribution Statement: The model equations and implementation into
COMSOL Software was carried out equally by A. Boyce and P. Vadhva. Pulse
testing and equivalent circuit modelling was conducted by P. Vadhva using code
written by R. Tomlin and RC parameters extracted by A. Hales. All other
experimental testing and analysis was carried out by P. Vadhva with assistance
from A. Patel and initial project guidance from M. Pang. Funding acquisition and

project supervision by P. Shearing, G. Offer and A. Rettie.
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3.1 Introduction

As many fundamental aspects of Si-based SSBs are poorly understood, such as
the solid-solid coupling between Si and the SE during the large volumetric
expansion during Si lithiation,?%?8-1% 3 validated electrochemical model can be
highly useful. Through the coupling of the electrochemical and mechanical
transport mechanisms, the model can provide an insight on the stress-strain
response within the cell and sensitivity on electrochemical parameters. By
improving our understanding of the stress-strain relationship at the a-Si|SE
interface, the mechanical properties of the SE, cell dimensions and electrode
thicknesses may be tailored to limit Si expansion. This can help to increase cell
lifetime, and enable high power micro-batteries with potential implications for
large-format SSBs.

There are limited studies of Si-based SSBs that are paired with conventional PE
materials.!#2428 Furthermore, while models of Si-based LIBs are well described in
the literature, 31917194 those of SSBs with Si NEs are lacking, especially those
validated against experimental data for cycling and pulsing conditions. To address
these issues, in this work, a 2D echem-mech model was built and validated using a
suite of experimental electrochemical tests under dynamic load conditions, on a
thin-film amorphous silicon (a-S1)|LiPON|LiCoO2 SSB.

First, Section 3.2 describes the model formulation whilst Section 3.3 discusses
the material parameters and simulation details. The experimental methods are
described in Section 3.4. Section 3.5 presents the electrochemical behavior during
initial cell formation, steady state conditions and pulsed conditions using GITT and
hybrid pulse power characterisation (HPPC). In several cases, these results were
used to parameterise the model. Subsequently, model agreement with
charge/discharge curves acquired at 1C rate was investigated followed by further
validation against the HPPC response. Finally, this work presents the effects of
varying relative electrode thickness (up to a factor of 4) on the mechanical stresses

and strains experienced in the SSB model.
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3.2 Model Formulation

A schematic of the SSB is illustrated in Figure 3.1: the CCs, SE separator, a-Si
negative and LCO positive electrodes, where tcc, tsep, tne, tpe are their respective
thicknesses, is defined. Also, note the orthogonal coordinate system, where the x,
¥, and z coordinates are the thickness, length and width of the thin film SSB
respectively. The ensuing echem-mech framework assumed a 2D geometry in cell
thickness and length (x and y, given the film-like nature of the SSB) with Li
transport and mechanical properties occurring in 1D along x-y, with a plane strain
mechanical treatment (Figure 3.1). For computational efficiency, a small sub
volume of the overall cell thickness x, was modelled, which was assumed to be

representative of the cell.
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Figure 3.1 The 2D cross-sectional schematic of the thin film SSB used in the COMSOL
model. Note that the atomic arrangements are purely for illustrative purposes and that

atomistic simulations were not performed in this study.
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3.2.1 Solid electrolyte

The SE is described by concentrated solution theory!? and with Li* ions assumed
to be the only mobile species present. This is a reasonable assumption as the
transference number has been experimentally measured to be close to unity for
LiPON.>!* The Nernst-Plank equation is used to model ion conduction in the bulk

SE region,

z;F 3.1
Jo = —DpVepo + ﬁDbeoWPb S

where J;, is the flux across the bulk electrolyte, z; is the species charge, F is
Faraday’s constant (96,485 C mol!), Dy is the diffusion coefficient, ¢y is the initial
concentration of the bulk SE and ¢y, is the electric potential across the medium.
Given that the electrolyte is a solid body, convection terms were neglected. Current
through the SE was modelled using Ohm’s law (3.2a), in addition, the system must

obey charge conservation (3.2b):
ib = _KbV(pb (323.)
Vi, =0 (3.2b)

where iy, is the current in the bulk SE (bold symbols represent vector quantities)
and Ky, is the 1onic conductivity of the SE.
The stress in the SE obeys mechanical equilibrium such that body forces are
neglected,
V-o,=0 (3.3)

where oy 1s the Cauchy stress tensor. The SE is assumed to obey Hooke’s Law:

ob = CvXep, where (b is the stiffness matrix, and in this instance, the model is

considered to be isotropic with Young’s modulus, Eb and Poisson’s ratio, vo. A
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small strain formulation is considered, where the total strain &, is obtained by

solving for the displacement field, # in the SE,

&, = %((Vu)T + Vu) (3:4)

3.2.2 Positive electrode

Like the SE, the LCO positive electrode is assumed to observe mechanical
equilibrium (Equation 3.3), while a similar small strain formulation and isotropic
Hooke’s law are employed, with stress op, a total strain &p, stiffness matrix Cp,
Young’s modulus Ep and Poisson’s ratio, vp. Here, there is diffusion induced strain

sf,h, and consequently the total strain &, must be decomposed into an elastic
component &g, and a diffusion-related component: &, = &p + elc,h, where egh is

given as,

1 (3.5)
egh = §Qp(cp — Cpo)l

where ¢y is the Li concentration, cpo is the initial Li concentration, £ is the partial
molar volume and I is the identity tensor. Solid-state diffusion in the PE is modelled
using Fick’s first law with an additional contribution due to diffusion-induced

swelling (hydrostatic) stresses (07 1),

Q¢ (3.6)
p~p
RT O

Jp = —DpVep +
where opn = tr[6]/3, Dy is the diffusion coefficient, and J, is the flux, where the

subscript p detonates these parameters to relate to the PE region. Fick’s second law
describes the transient transport of Li in the electrode,

acp (3.7

e e

Current flow was modelled using Ohm’s law,
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i, = —Ky,Vo, (3.8)
where i, and K are the current and electronic conductivity across the PE

respectively. Finally, charge conservation was observed:

V- ip =0 (3.9

3.2.3 Negative electrode

It is known that thin film electrodes at a given capacity do not display a difference
in stress (across the thickness of the electrode) unless the electrode materials
experience plastic deformation.!% If only elastic deformation of the electrodes
occurs, then hysteresis would be not observed as the loading and unloading during
cycling would occur along the same stress path. It is important to highlight that
other stress contributions could affect the hysteresis loop, such as the Li
concentration gradients at the electrode interfaces. However, as LCO is not
expected to plastically deform due to its higher Young’s modulus and hardness than
a-Si (even when fully lithiated)'’ it is reasonable to assume that voltage hysteresis
(as observed experimentally in Section 3.5.2) is primarily due to plastic
deformation of a-Si occurring during discharge.

Upon lithiation Si can exhibit nominal strains up to 300%, thus it is appropriate
to adopt a viscoplastic-type yield model.!%>1% The following approach was adapted

from Di Leo et al. 3

who experimentally validated their electro-mechanical model
against half-cell curvature data using mechanical measurements of an a-Si
electrode and a LE.'%!7 To the best of our knowledge, analogous experiments have
not been reported for a-Si with a SE. The method is summarised as follows: finite
deformation kinematics is considered with large elastic-plastic strains and
multiplicative decomposition of the deformation gradient, F=F¢F°F*", where the
superscripts represent the elastic, volume-preserving plastic, and lithiation-induced

deformation gradients. The lithiation-induced deformation gradient is given as

Fh = (1+0(c, - Cno))l/S- The plastic deformation evolves as,
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Fo _ b ( 30 )Fp (3.10)

€1\ 20,4

where sfq > 0 is the equivalent plastic strain rate and o.q = +/3/2|a] is the

equivalent stress. During plastic flow, the equivalent strain rate is taken to be,

0 if 0eq < 0y(0)

D _ _ -\ Nnr
Eoq = B <aeq cry(C)> if G0y > 04(0) (3.11)

O,

where o, is a stress-based constant, &, is a reference plastic strain-rate and nr is
a strain-rate related fitting parameter. The concentration-dependent yield stress,
oy(C) is given as,

_ _tn (3.12)
GY(Cn) = Ogat + (UO - Gsat)e G

where 0, 054, C. are positive-valued stress-related fitting parameters.>* As with
the PE, diffusion of Li within the NE is captured using Fick’s Law and an additional
swelling term, analogous to Equation 3.6,

(3.13)

'ann

Jn =-D,Vc, + RT

VO-H'H .

As in the studies of Sethuraman et al.!'% and Di Leo et al.** quadratic, higher-
order stress-related terms are neglected by assuming their negligible influence on
the overall response. As before, Fick’s second law provides a description of
transient diffusion,

ac, (3.14)

As before, Ohm’s law describes current flow,

i, = —K, Vo, (3.15)
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with i, and K,, being the current and electronic conductivity, across the negative
respectively, and charge conservation is observed,

Veii=0 (3.16)

3.2.4 Charge transfer Kinetics

It is necessary to impose boundary conditions at the interfaces of the SE and
electrode in order to accurately solve model equations. By doing so the charge
transfer reactions and the additional stress overpotential required for lithiation to
proceed are captured. The charge transfer rate is commonly expressed using a

Butler-Volmer type equation,

a,F a,F 3.17
=t (o () -p(-21) O

where a, and «a, are the negative and positive charge transfer coefficients

respectively. The local exchange current density, io is dependent on both Li and
bulk electrolyte concentrations,
@
. . O ' (3.18)
io.; = F(e)®(1 = ¢ (e)' ™™ (—0>

CbO,re f

where the subscript i is n or p depending on the interface, ;g rof is a initial

reference SE concentration, ¢; = where c is the Li concentration and ¢, 1S

Cmax

the maximum Li concentration in the NE or PE and the rate constant (k;) expressed

as ky, and k,, for the PE and NE respectively. The total overpotential 7;, is expressed

as,

oy (3.19)

ni=@i—¢p— Ui~
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where Ui is the open circuit voltage, and additional overpotentials due to
diffusion-induced hydrostatic stress oy ; and the initial partial molar volume (2;, are

incorporated via the final term on the right-hand side of Equation 3.19.!08

3.2.5 Boundary and initial conditions

Consider the coordinate system (x, y, z) in Figure 3.1. At the positive CC, a
current density is applied: ic * Meep = bin at x = (feen + e + fsep + fpe + fecp), Where
Rcep 1S the unit normal vector pointing outwards from the positive CC surface in the
positive z-direction. The applied current density iin at 1C discharge, is calculated
based on the sub volume of the cell. Since the maximum accepted quantity of Li
for the given electrode material, cpmax: the current density is given as i =
cp.maxF Vp/toA, where the area is in the dimensions of the cell in the z, y coordinates,
A=zy, Vpis the volume with V= zyx and 70 =3600 s. At the negative CC, a potential
of ¢, =0V is applied at x = 0.

The thin film SSB is prescribed to be fixed in all directions to the positive CC
surface, i.e. Uee " Neep = 0 at x = (feen+ fne + fsep T fpe + fec,p), Whilst the negative CC
surface remains unconstrained. Given that a small sub volume of the electrode is
modelled in the y-direction, it is appropriate to apply symmetry boundary
conditions for species fluxes, displacements and potentials.

At the interface between the separator and the electrodes, the electronic current
flow is specified to be zero: i; ' Ngep; = 0, where nsep is the unit normal vector to
the interface between the electrode and the separator, pointing in the direction away
from the electrodes. This ensures that only the ionic current is permitted across this
interface. At the electrolyte-electrode interface a flux of Li into the electrode is
observed, or Li" ions into the electrolyte as a result of the charge transfer reaction.
The fluxes are as follows: Jy, - Ngep, = —igy/F and J; - n; = —igy/F, where ni is
the normal vector pointing from the electrolyte to the electrodes. A current density
is also prescribed at this interface: iy, * Ngep, = —igy and i; - n; = —igy. An initial

Li concentration in the electrodes, cio, is prescribed, whilst the initial concentration
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in the electrolyte is given by cvo. The electrode and all associated constituent
domains are assumed to be in an initially unstressed state.

To summarise, the strain type simulated in the SE and PE domain is linear elastic
whereas for the NE (a-Si) an elastic-viscoplastic behavior is modelled. The three
types of strains occurring within the NE are elastic, volume-preserving plastic, and
lithiation-induced deformation gradients. The PE and SE are not expected to
plastically deform due to their higher Young’s modulus and hardness even at full

lithiation.

3.3 Numerical methods

3.3.1 Material parameters

The mechanical and electrochemical parameters used in the model were either
previously reported values from the literature or experimentally determined in this
study (Table 3.1). LCO and LiPON were assumed to be isotropic linear-elastic
solids, whereas a-Si was treated as an isotropic elastic-viscoplastic solid with a Li
concentration-dependent Young’s modulus and yield strength as defined in
Equation 3.12. The elastic properties of a-Si vary with state of lithiation (SoL)
during cell cycling. The Young’s modulus and Poisson’s ratio vary between the
elastic limits of pure Li and a-Si depending on SoL. This produces a non-linear
trend which is captured in the model (a detailed explanation of these parameters
can be found in the study by Leo et al.’¥). The CCs were assumed to be
electronically conductive, linear elastic solids with Young’s moduli of =100 GPa.
Finally, the universal gas constant, R was taken as 8.314 J mol' K!, and all

simulations and experiments were carried out at a temperature, 7 of 298 K.

Table 3.1 Model parameters

Parameter Units Value Source

Electrochemical SE Diffusion
Dy m? s’! 1.7x10°16 Ref 109

coefficient
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Elastic

Initial SE

concentration

Max PE

concentration

Max NE

concentration

Initial NE

concentration

Initial PE

concentration

Charge transfer

coefficient

SE Ionic

conductivity

NE Electronic

conductivity

PE Electronic

conductivity

PE Young’s

modulus

PE Young’s

modulus

SE Young’s

modulus

PE Poisson’s

Cb0

Cp,max

Cn,max

Cn0

Cp0

On, Op

En

Eb

Up

mol m?

mol m3

mol m3

mol m3

mol m?

Scm

S cm’!

Scm

GPa

GPa

GPa

1000

5.19x10*

1.55%103

0.0SXCSi,max

0.95><CLCO,maX

0.5

2.3x10°

0.33

1x107

191

f ( Cn/l Cn,max)

77

0.24

Ref 23

Calculated

EIS

Ref 110

Averaged

from ref 197

Ref 107

Ref 34

Reflll

Ref 107
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ratio

SE Poisson’s Vb 1 0.25 Ref 111
ratio
NE Poisson’s On 1 f(en/cn.max) Ref 3
ratio
NE Partial molar m? mol'!  8.8x107¢ Ref 112
volume
PE Partial molar ~ Qp m? mol'!  -1x1077 Ref 23
volume

: . 103

Plastic (Si) Strain fitting 00 GPa 0.9 Ref
parameter
Strain fitting Osat GPa 0.4 Ref 103
parameter
& s 2.3x1073 Ref 193

Plastic strain rate

Strain fitting Cs 1 0.04 Ref 103
parameter
nr 1 294 Ref 103
Stress exponent
Obtained
. from
Rate kinetics NE/PE Rate kn, kp mol m2s! 1.3x107 .
1C cycling
coefficient
data
PE OCV Up A% f(Cp/Cp,max) Ref 3

Electrochemical properties often vary as a function of composition. The diffusion
coefficient was experimentally estimated as a function of SoC for a-Si and LCO

using GITT. Diffusion through the SE was given by Dy, reported by Raijmakers et
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al.'% The initial concentration of Li* ions, cvo was parametrised in the study to give
the best fit to the experimental 1C data. The maximum concentration Cg; 4, Of Li
in Li)Si was estimated using the equation: Cs; ,nqx = Yps;. Here y represents the Li
stoichiometry in Li,Siand pg; is the theoretical maximum molar density of the
hosting material. By analysing the quantity of Li extracted from LCO during
charging, the amount of Li alloyed with the a-Si electrode was calculated. The
upper voltage limit was 4 V and by extrapolation to the open circuit voltage (OCV)
of LCO, the amount of Li extracted from LCO, y was quantified. It should be noted
that the value of y must be normalised by the LCO thickness.

3.3.2 Simulation and validation details

The 2D echem-mech model was created using the finite element modelling
software package, COMSOL Multiphysics (v5.6, Sweden). The 2D geometry in
this study is used to model the mechanical properties in the x-y plane. The mesh
consisted of approximately 4,000 quadratic elements with 94,000 degrees of
freedom, while the solutions were found to be mesh independent. The Parallel
Direct Sparse Solver (PARDISO) was used to solve the discretised transport,
electrode kinetics and deformation kinematics equations. A segregated approach
was used, which involved solving the coupled field variables in a sequential
staggered manner. Time stepping was handled using 2" order backward Euler

differentiation, whilst time step sensitivity analysis was performed.

3.4 Experimental Design

3.4.1 Experimental set-up

A commercial thin-film SSB was supplied by a UK battery manufacturer. The
cell had a capacity of 250 pAh, comprising of an a-Si NE, a LiPON SE and a
crystalline LCO PE sputtered on top of a substrate using vacuum processing
methods. A test rig was set up at Imperial College London for thin film SSB cycling

to extract parameters for model validation (Figure 3.2a). The rig consists of housing
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the SSB inside a thermal chamber (Binder) which controls the temperature. A
thermocouple was attached to the cell as is standard practice holding it in place
using Kapton tape. The temperature of the cell was monitored by the thermocouple
readings recorded using a data logger (PicoLog TC-08) and the cell was cycled
using a potentiostat (Biologic EC-lab), the cables of which were pulled through a
circular hole (located at the back) and was covered with thermal foam that was held
with aluminum tape for thermal insulation. The SSB cell was mounted on a printed
circuit board with embedded electrical connections and an illustration of the

expanded cell components can be seen in Figure 3.2b.

CcC
Si

LiPON

LCO

Biologic
Channel
Computer

Figure 3.2 a) Schematic of test rig set up and b) illustration of expanded cell components.

3.4.2 Cell Formation and Steady State Electrochemical Tests

The cell was formed using five charge/discharge cycles at C/5 and differential

capacity (%) analysis (DCA) performed to reveal electrode processes.

Differential capacity analysis is a widely used tool to characterise the state of health
of a battery by identifying various peaks in the DCA curves that correspond to
phase changes of the active materials during charge and discharge. Differential
capacity is the differential of the capacity (or interchangeably the state of charge,
which is the capacity divided by the full cell capacity) and the voltage. The PE and
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NE contribute to the full cell DCA in an additive manner. Therefore, comparing the
DCA peaks of the full cell can be compared to the half-cell, where any differences
in peak positions, height and area can point to different degradation mechanisms.
If the height of the peaks decreases and shift towards higher or lower voltages
depending on charging and discharging respectively, it indicates a loss of lithium
inventory likely due to a decomposition layer forming on either electrode. The shift
in voltage of the electrodes relative to one another indicates electrode slippage
which subtly changes the shape of the voltage versus capacity curve. The electrode
slippage is another indicator of side reactions at either electrode causing the
capacity alignment of the electrodes to shift.!!3 If, however, there is a decrease of
peak height at approximately constant voltage, this is likely due to loss of active
material for example transition metal dissolution or lattice collapse of the PE.!!4!15
The total peak area of charge should equal discharge for the case there is no full
cell capacity loss. A reduction in discharge peak relative to charge peak and vice

versa, indicates loss of lithium due to side reactions.
In the thin film SSB case, the (%) analysis of the full cell contains information

from both electrodes, therefore comparison with half-cell data from literature was
used to assign the peak contributions from the a-Si and LCO as it was not possible
to make half-cells (specialist vacuum deposition equipment for SSB synthesis was
not available, nor was the company willing to disclose the vacuum processing

conditions).!?116 Si DCA peaks can vary largely depending on whether it is
amorphous or crystalline and the vacuum processing parameters. The (dz—zc) data

(Figure 3.7) was compared during the first formation cycle (C/5)and after
subsequent cycling at 1C and only tentative peak assignment of the PE and NE
contributions could be conducted. Of interest was the formation cycle where first
cycle losses as a result of side reactions could be detected by investigating
differences in peak area on charge versus discharge.

OCYV as a function of SoC was determined for the formed full cell after relaxation
for 24 hours at 10% capacity increments. A pseudo-OCV was measured using a

small cycling current of C/30. EIS measurements were taken at each 10% SoC
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interval after 24 hours relaxation during charge and discharge. During EIS, a 5 mV
voltage perturbation and a frequency range of 1 mHz to 1 MHz were used. Nyquist
plots (-Im(Z) vs. Re(Z)) were fitted with an equivalent circuit model (ECM) using
ZView software (Scribner Associates).

When conducting linear EIS, two conditions must be obeyed: 1) the form of the
input and output functions must be the same, and 11) must be linear to ensure that
higher harmonic terms are avoided, as these represent irreversible electrochemical
changes to the system.!'” In order to ensure these conditions were obeyed, a
Kramers-Kronig (K-K) relation was applied to test the linearity, stability and
causality of the EIS data. From the impedance spectra, the ionic conductivity, (K},)

of LiPON was calculated as an input for the echem-mech model using:

_ _tsep (3.20)
Asepr

Ky,
where, Agep, is the surface area of the SE, and Ry, is the bulk resistance of the SE

taken from the ECM of the EIS data.

To separate polarisation contributions from the various cell components and
identify all time processes in the system, a Fourier transform of the EIS data was

performed for DRT analysis by,?!!8

N
Rpo1k
Z(W) = Rohmic + Zpol(W) = Ronmic T Zl 1+ jwty (3.21)
1=

where Rpmic 1S the Ohmic resistance of the SSB and is independent of frequency,
while Z,,,1 (W) accounts for the polarisation resistance, Ry, and is a function of
frequency. This deconvolution is possible since the different cell processes have
characteristic frequencies, and therefore time constants, associated with specific

processes (Table 3.2). MATLAB code by Wan et al.!'® was used to perform DRT
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analysis. The K-K residual plots of EIS data were +1% (Figure A.1 and Figure A.2
in the Appendix).

Table 3.2 Characteristic time scales in the SSB

Approximate Source
] Cell Process
Time
Assignment
Constant (s)

LiPON ionic Ref 119

2x10¢

migration

Li,Si|LiPON This
5%1073 interface study

Li,Si|a-Si This
3x10 interface study

LiPON|LCO Ref '1?
310 charge

transfer

3.4.3 Pulsed electrochemical tests

The EIS “tail” (impedance at ~45° at low frequencies >~1 Hz on the Nyquist plot)
is an indication of diffusion processes. However, the thin film SSB EIS data at low
frequencies was not stable over different SoC ranges (10-90%), hence an alternative
method was employed to extract the diffusion coefficient. The GITT method was
used to analyse the total Li* ion diffusion of the full cell at different SoCs. GITT
123

method is not routinely used for thin film SSBs, and a study by Pang et a
conducted on a thin film Li-based SSB, was therefore used as a guide for GITT
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testing. As the focus of this work is to evaluate the dynamic SSB behaviour under
pulse conditions, it is fitting that the diffusion coefficient is estimated using the
GITT pulse method and across a range of SoC values for charge and discharge.
This is because diffusion coefficients extracted using the EIS technique are taken
at OCV (equilibrium conditions), where no current is passed through the cell which
contrasts with GITT where a small current pulse is applied. Hence, a difference in
diffusion values can occur between these measurements and implies that the
diffusion behaviour within the NE and PE has a complex dependency on the cell
usage and operation.

Figure 3.3 shows the schematic of a typical GITT pulse procedure, where AV, is
the voltage response due to the applied current pulse (calculated after subtracting
the initial /R drop due to internal cell resistance) and the subsequent voltage

relaxation, AV;.

a) b)

A

Tpulse

fa o | C AVs f :

S o \— w1

5 20—
g Tpulse

(@]

>

Time (s)

Figure 3.3 GITT pulses and extraction of diffusion coefficient using AV, and AV from
the pulse profile, a) for GITT discharge pulses and b) charge pulses.

This method was used to estimate the cell diffusion coefficient, Do) using the

equation:

4 , (AV5)?
Deen = TL'— Lelec (A_Vt> (3.22)

pulse
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where Tpyise is the time period of the GITT pulse and tepec is the electrode

. . . . telec? .
thickness. This equation is valid for 715 << ;lino where the ratio of these values

cell

was on the order of ~ 103 s. In these experiments, 20 s (<<~ 103 s) was used for the
pulse duration, followed by a relaxation to OCV. The GITT pulses were carried out
at 10% SoC intervals and the diffusion coefficients were calculated at these points.

In this configuration, the different electrode contributions are convoluted. To
estimate the individual electrode contributions, the PE and NE contributions were
scaled by their respective charge transfer resistances, which were determined using
DRT analysis (Equation 3.21). These estimates of the diffusion coefficients in each
electrode were used as parameters in the model. The diffusion coefficient for the
extracted PE (LCO) was found to lie within the same order of magnitude compared

to that of Pang et al.?*> which was also extracted using the GITT method.

3.4.4 Load testing

HPPC testing was performed to probe the dynamic cell behaviour over usable
voltage ranges. The test is used to determine the cell power capability, incorporated
over a range of SoCs during charge and discharge. Various short current pulses are
applied to the cell, thereby a relatively short charge/discharge load is subjected to
the battery and is followed by a regenerative pulse (discharge/charge) to recover
the capacity lost during the load pulse. An ECM can be fit to the pulse to
deconvolute the resistances that occur within the cell at different SoCs and under
which mode of operation these resistance increase/decrease (e.g., on charge versus
discharge). By assigning time domains to the resistive processes, information about
the cell’s resistance contributions can be deduced. The HPPC method is rarely
reported for SSBs, however studies have been carried out on LIBs to characterise
the resistances as HPPC is able to mimic the drive profile of an EV. From these
tests, the response of the LIB can be analysed under these ‘real world’ cycling
profiles. These types of pulse tests are important as we look to commercialise SSBs

and should be applied to these systems.

52



The full HPPC protocol is illustrated in Figure 3.4 and yielded three discharge
and charge datasets. Prior to the first HPPC discharge, the cell is charged to full
capacity: constant current up to 4V and constant voltage until current drops below
1C. This state (considered 100% SoC) is used as the datum for coulomb counting
through all subsequent HPPC tests.
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Figure 3.4 Example current pulse profiles for a) charge HPPC and b) discharge HPPC.

The loaded HPPC procedure, in discharge and charge, consists of six pulses of
varying magnitude, separated by a 10 s, 1C load period. The six pulses may be
described in two sets: three “high” C-rate pulses, for example 1.5C, 3C and 5C,
which have a 10 s duration, and three “low” C-rate pulses to ensure the time
averaged (dis)charge rate is 1C. To this end, the low C-rate pulses vary in
magnitude and duration, depending on the nature of the ‘“high” C-rate pulse
magnitudes. In charge, the cell may not be charged at greater than 2.5C, imposing
an upper limit on the possible pulses that may be employed. The magnitudes and
order of the pulses were varied from one discharge to the next, and from one charge
to the next, in order to create variability in the extracted parameter datasets. The
steps of the procedure are repeated until the cell’s voltage limit is reached (2.9 V in
discharge or 4 V in charge), which is the end criteria for the single HPPC test.
Figure 3.4 a and b show example loaded HPPC procedures for charge and discharge
respectively.

The HPPC results were used to parameterise the Thevenin ECM (Figure 3.5)
to extract the RC parameters. The first order Thevenin ECM consists of a resistor
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in series with two parallel resistor/capacitor (RC) pairs. Separate sets of parameters

were developed for discharge and charge.

(o G,
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Figure 3.5 Thevenin equivalent circuit model containing two RC pairs.

Parameter extraction was conducted using a script developed in-house, which
uses the MATLAB curve-fitting toolbox to fit the ECMs response (i.e. simulated
terminal voltage) to the experimental voltage data through a least-squares
optimisation method. The methods for extraction follow well established processes,
as set out by Ahmed et al.!?! and Jackey et al.'?>!23 ECM parameters vary
considerably with cell SoC and therefore 5% SoC windows (i.e., 100-95%, 95-90%,
etc.) were used to extract unique parameters which describe the cell’s behaviour for
specific SoC ranges.

The simulated terminal voltage (V;) at any timestep was described by Equation

3.23,

n
V,=U— Ryl — z U; Ugc, (3.23)

=1

where the cell OCV, U is a function a given SoC, Ro is the series (Ohmic)
resistance due to the bulk SE impedance Rvuik, U; 1s the voltage drop across the ith
RC pair, n is the total number of RC pairs (n = 2 for the purposes of the present
study where, Relec 1s the lumped charge transfer resistance of the electrodes and Ruitr

is the diffusion resistance) and I is the magnitude of current flow.
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The modelled versus experimental HPPC fit can be seen in Figure 3.6 aand b
for charge and discharge respectively. The rms error is <15 mV, with the largest

error at the start of charge/discharge due to OCV estimation error.

Experimental vs Modelled Voltage Ch Phase b) _ Experimental v Modelled Voltage Ds Phase

[} 500 1000 1500 2000 2500 3000

Figure 3.6 Experimental vs. modelled (using the ECM in Figure 3.5) voltage profile for
the a) charge and b) discharge HPPC profile.

3.5 Results and Discussion

3.5.1 Formation cycles

The voltage profiles of the 5 initial charge cycles at C/5 showed a sharp “knee-
point” at =3.65 V (Figure 3.7a). Using differential capacity analysis (Figure 3.7b),
this feature was attributed to a characteristic LCO phase transformation observed
previously!®” and a broad peak due to a-Si lithiation to Li2Si could also be
assigned,!® consistent with a-Si not being fully lithiated to LiisSis over the voltage

range used here.
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Figure 3.7 a) Voltage profiles of C/5 formation cycles. Differential capacity analyses of

b) formation cycle at C/5 and c¢) after formation cycles at 1C.

A decrease in the peak area is observed and attributed to the a-Si electrode on
discharge, likely due to side reactions consuming Li during the alloying reaction
with a-Si on formation, as has been observed in a previous full cell study.!?*
Conversely, the differential capacity analysis for 1C cycling post-cell formation
(Figure 3.7c) showed the peak areas attributed to LCO and a-Si to be near equal

between charge and discharge — indicative of stable cycling.

3.5.2 Electrochemical testing

Experimental tests consisting of OCV and low current (C/30) cycling

measurements post-formation were used to determine the SoC-OCYV relationship
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and cell capacity respectively. During the OCV testing, a voltage hysteresis was
observed between charge and discharge (Figure 3.8a), which is commonly seen for
a-Si-based half-cells.'?> An increased voltage hysteresis was observed during low
current (C/30) cycling (Figure 3.8b) compared with OCV and was attributed to the
hydrostatic stress caused by diffusion induced strains (Equation 3.6) as a result of
lithiation and delithiation of the a-Si electrode. This was consistent with the

expected viscoplastic behavior.
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8 34| = 34}
(@] (@]
= 3.2| [© OCVDischarge = 3.2} [ /30 Discharge
o QOCV Charge o C/30 Charge
3.0} 3.0}
100 80 60 40 20 0O 100 80 60 40 20 O

SoC [%] SoC [%]

Figure 3.8 a) OCV curve on charge and discharge, with 24 hours relaxation between SoC
points, b) C/30 cycling. Voltage hysteresis between charge and discharge was observed in

both cases.

3.5.3 Electrochemical impedance spectroscopy and distribution of

relaxation times analysis

EIS showed two semi-circles in the high and mid-to-low frequency regions on a
Nyquist plot. There was very little variation in the Nyquist spectra during charge
and discharge (Figure 3.9) thus minimal information could be determined about the

internal cell impedances from EIS alone.
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Figure 3.9 EIS a) discharge and b) charge for 10% and 90% SoC.

A representative plot at 50% SoC is shown in Figure 3.10. As the latter semi-
circle was substantially depressed, the possibility that this feature was made up of

multiple polarisation processes using DRT analysis was investigated.
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Figure 3.10 For the discharge case at 50% SoC, a) representative EIS, b)
deconvoluted DRT spectra showing five polarisation processes (x and y axes are
not made equal for clarity) and c) the ECM used for the EIS fitting in a).
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From the DRT spectrum (Figure 3.10b), several distinct polarisation processes
were identified. The peak observed at =10°%s was attributed to ion migration in the
LiPON SE and was largely invariant during operation as expected. At the other end
of the spectrum, the peak at =0.1 s was assigned to relatively slow diffusion
processes and exhibited a complex dependance with SoC. As low frequency EIS
measurements can be unreliable, time-domain experiments were used to
deconvolute and quantify individual electrode contributions to the diffusion
polarisation in these cells (Section 3.5.5).

Intermediate polarisation processes in the range 107 to 102 s were attributed to
charge transfer contributions at the various cell interfaces. Based on previous
reports, a single LIPON|LCO time constant was expected to occur at <10~ s (Table
3.2), 21 thus, the peaks at =10~ and =10 s were attributable to the a-Si electrode.
The exact meaning of these processes is not known, but it is speculated that they
may result from the Li,Si alloy at the SE| a-Si interface and the additional interface
between lithiated LiySi and unlithiated @-Si in the electrode bulk. This picture is
consistent with partial a-Si lithiation during operation and the differential capacity
analysis which hinted at irreversible Li loss after the first formation cycle (Section

3.5.1).

a
)30 I . L ——90% b) 30+ o, ——90%
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Figure 3.11. DRT spectra during a) discharge and b) charge for various SoC

values.
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During charge and discharge, the SE|LCO polarisation was approximately
constant, as was the a-Si electrode process centred around =107 s (Figure 3.11). In
contrast, the ¢-Si contribution at <10"* s was invariant on delithiation but increased
during lithiation. The observed increase in charge transfer resistance may be due to
the swelling of a-Si as it lithiates to LiySi. Therefore, the following preliminary
assignments are made: the faster interfacial process (=10~ s) represents the SE|Li,Si
interface, while slower charge transfer (=10 s) occurs between Li,Si and bulk a-
Si.

The five polarisation processes revealed by DRT analysis were incorporated into
an ECM that fit the EIS data well as shown in Figure 3.10c. The ionic conductivity
of LiPON was calculated using the value of Ri obtained from the ECM fit and
inputted into Equation 3.20, which was in good agreement with literature values.??
DRT analysis also allowed quantification of the electrode resistances during charge
and discharge, which were used to estimate Li diffusion coefficients for individual

electrodes from full-cell GITT data in the following section.

3.5.4 Galvanostatic intermittent titration technique

From experiments using GITT the total cell diffusion was extracted. The Li
diffusion coefficients, Daitt in the a-Si and LCO electrodes were estimated for
charge and discharge as explained in Section 4.3. The Dairr value in a-Si was
determined to be =2 orders of magnitude smaller than the Dcirr value in LCO

(Figure 3.12).

60



® |LCO charge

LCO discharge

— 1014 L \
o 10 ®©o o o o ® ©
NU)

E 10-15 L

- f .

S0 ® & & & O -
Q : @ Sicharge

Si discharge

10'17- | L | L | L L 1 2 | L |
20 30 40 50 60 70 80

SoC [%]

Figure 3.12 Solid-state diffusion coefficient values estimated for LCO and a-Si during

charge and discharge using the relative polarisation contributions from DRT analyses.

For the charge case at low SoC, Darrr was fairly constant but gradually increased
from mid to high SoC. A similar trend was found for diffusion on discharge, though
a reduction in Darrr was more pronounced in the low SoC region at the end of
discharge. This behaviour could be due to hindered extraction of Li* ions from a-
Li,Si with low Li content. Similarly, the reduced Dgitt value in LCO at low SoC
on discharge relative to charge can be explained by the intercalation of Li* ions into

LCO being impeded by a high Li concentration at the LCO|SE interface.

3.5.5 Hybrid pulse power characterisation

HPPC was conducted, and the resultant voltage profile was fit to two parallel RC
units in series. The following R values were extracted as a function of SoC: Rbul,
Reiec and Ruisr.. Figure 3.13 shows their behaviour during charge and discharge. The
charge profile was diffusion-limited especially at high SoC and the resistance

associated with the SE, Rvulk, remained approximately constant over the SoC range
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whereas the charge transfer resistance, Relec had a complex dependence on SoC.
However, during discharge there was high diffusion resistance at the SoC extremes
but was overall limited by the slow electrode kinetics (higher Relec) at low SoCs
with Reulk remaining approximately constant over the SoC range. This observation
is in contrast with the EIS results at steady state which showed the charge transfer
resistances to be near equal at different SoC points (Figure 3.10). If the increase in
interfacial resistance Relee Was due to irreversible side reactions or a stable
decomposition layer, then this should have been apparent in the EIS data (which
were measured after HPPC pulsing). Rather, these results suggest that the increase
in diffusion impedance, Rqifr during pulsing was a transient cell response that was
due to diffusion limitation in the electrodes (increase in Rdiff) and mechanical stress
due to the build-up of concentration gradients at the SE|electrode interface (increase

n Relec).
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Figure 3.13 Resistance values extracted from hybrid pulse power characterisation profiles

during a) charge and b) discharge.

While diffusion limitations at low SoC during discharge were in agreement with
the GITT results, those observed during charging at high SoC were not. Thus, the
dynamic cell behaviour is highly complex, especially in the case of charging when
a-Si strain is increasing. It is possible that the time constants of charge transfer and

diffusion processes overlap and therefore Relec and Rudifr cannot be solely attributed

62



to one or the other, rather one may dominate in certain time domains. Two
additional HPPC measurements for charge and discharge were conducted and used
for model parameterisation and validation against the experimental data as shown

in Figure 3.14.
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Figure 3.14 HPPC using profile 2, a) charge and b) discharge. HPPC using pulse profile
3, ¢) charge and d) discharge.

These followed similar trends, which was expected for pulses at similar C-rates.
An acceptable root mean square (rms) error of <15 mV (predicted by the Thevenin

model, see Figure 3.5) was obtained.
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3.5.6 Model validation

The echem-mech model was validated using experimental charge and discharge
curves, both taken at a 1C rate. Figure 3.15 shows a comparison between these
experimental data and two simulation cases using different values of the Li" ion

diffusion coefficient, D for the electrode materials, as elaborated below.
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Figure 3.15 1C charge/discharge data compared with simulations using experimentally

determined diffusion coefficients using GITT versus values from half-cells with a LE.

In the first case (Figure 3.15, light blue trace), the D values for LCO and a-Si
used in the model were based on half-cell experiments using LE reference data
(supplied by a commercial SSB manufacturer). Although good agreement between

experiment and simulation was observed on charge, significant deviations (>200
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mV) were apparent on discharge and the discharge capacity was severely
underpredicted. In the second case (Figure 3.15, dark blue trace), Dairr values for
LCO and a-Si were estimated using full-cell GITT data (Section 3.5.5), modified
by the total electrode charge transfer resistances (quantified by DRT analysis in
Section 3.5.4). The inclusion of these parameters markedly improved the agreement
with experiment on discharge, accurately predicting cell capacity and highlighting
the importance of accurate diffusion coefficient values when modelling these
systems.

The remaining discrepancies between model and experiment during cycling were
primarily attributed to uncertainties in the OCV values of a-Si and LCO, which
were extracted from half-cell data using a LE. When a LE is used, the electrodes
can expand freely with minimal constraint. In contrast, the SSB considered in the
present study uses a SE that may influence electrode response, e.g., volumetric
expansion may be limited by the high Young’s modulus of the SE. Given that there
will be a change in the stress and strain fields, the OCV is likely to be affected.
Representative solid-state half-cell data are therefore highly desirable for future

SSB modelling studies.
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Figure 3.16 Experimental and simulated HPPC profiles for a) charge and b) discharge.

The model was further validated against charge and discharge during HPPC
(Figure 3.16). The HPPC simulations followed the profile and general trend of the
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experimental data well, deviating by a maximum value of =100 mV. These offsets
can be explained by considering the simulated 1C charge data in Figure 3.16, which
did not perfectly capture the “knee point” at high SoC. It is speculated that this
difference has also translated into the HPPC charge profile as a voltage offset.
During discharge, the initial pulse was captured as a sharper drop in voltage than
observed experimentally, again consistent with the 1C discharge data (Figure 3.15).
It can be concluded that the model reproduced the pulse behaviour of the cell with
further improvement being possible with more accurate experimental parameters

extracted from representative half-cell OCV and GITT data.

3.5.7 Electrode thickness effects

Increasing electrode thickness is desirable to maximise cell capacity but may
compromise power capability. In order to aid SSB design, the effects of electrode
thickness on stresses and strains in a-Si -based, thin-film SSBs was studied. Maps
of maximum principal nominal strains and stresses (which both occurred at the
SE|L1,S1 interface during 1C cycling) as a function of relative electrode thickness

were created using the developed model.
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Figure 3.17 Illustrates maps of SSB a) strain and b) stress as a function of varying PE and

NE thicknesses against the nominal thickness ¢, #/#ne and #/fpr respectively.
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Figure 3.17 illustrates the tradeoff that exists in terms of limiting the maximum
stress and volumetric expansion. As the electrode thickness ratio (nominally a
negative to positive electrode thickness ratio of 1:1) was increased to 4:1, the model
predicted a maximum strain of -13% and a maximum stress of +30%. By targeting
a thicker a-Si electrode, which can incorporate more Li, the strain is reduced
provided the LCO electrode remains relatively thin, i.e. the degree of a-Si lithiation
remains relatively low. However, this direction may not be practical from an
application perspective, as the cell capacity is limited by the LCO and scales
linearly as a function of LCO thickness. For thicker LCO layers, the increase in the
total Li available results in a greater degree of lithiation in the @-Si, and hence
greater strain. Tailoring the relative electrode thicknesses compared to the nominal
1:1 up to a factor of 1:4 (negative to positive electrode thickness ratio), resulted in
increased stress from 0.71 GPa up to 1.17 GPa, corresponding to a volumetric
expansion from 69% to 104%. The model showed that stress and strain variations
are heterogenous in the cell, with the SE|Li,Si interface experiencing the greatest
stress. Thus, a thin a-Si electrode coupled with a thick LCO electrode would be
desirable to minimise overall stress. Although this results in a highly lithiated and
highly strained a-Si electrode, a lower concentration gradient was produced
resulting in more a homogenous stress distribution while maximising cell capacity.
From Figure 3.13, it can be deduced to optimise for both stress and strain, a NE to

PE ratio of ~1-1.5 (NE) to ~0.5-1 (PE) is desirable.

3.6 Conclusion

This study has presented experimental characterisation of a commercial thin-film
SSB which was used to parameterise and validate a 2D echem-mech model. First,
differential capacity analysis during first cycle formation was suggestive of a thin
LiySi layer forming at the a-Si|[LiPON interface. The voltage hysteresis observed
during OCV and C/30 cycling was attributed to due to diffusion induced stress,
highlighting the role of mechanical properties in this system even at low C-rates.

DRT analysis was used to guide the interpretation of EIS, which displayed 5
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different time processes occurring within the SSB. Two polarisation processes were
assigned to the a-Si electrode, possibly due to a LiySi alloy layer at the a-Si|SE
interface and an additional interface between this layer and unlithiated a-Si in the
electrode bulk. This picture is consistent with partial a-Si lithiation during operation
and irreversible Li loss after the first formation cycle. The diffusion coefficients of
a-Si and LCO were estimated using the GITT and the pulsed behaviour of the SSB
probed using HPPC. HPPC revealed the complex behaviour of the diffusion and
electrode resistances as a function of SoC which was not observed during steady-
state EIS measurements.

Several experimental parameters extracted from these tests were inputted into the
model for validation. It was found that the use of solid-state diffusion coefficient
values from half cells using a LE resulted in unsatisfactory agreement with
charge/discharge data, while those determined using the GITT on the full cell SSB
reproduced the cell capacity during 1C cycling and response during HPPC. The
simulation could be further improved by obtaining more accurate experimental
parameters for the diffusion coefficient and OCV values. Additionally, electro-
mechanical studies of solid-state half-cells (a-Si|LiPONJ|Li metal), e.g. using
curvature measurements as have been performed on a-Si half cells with LEs'® 7
would be beneficial for future modelling efforts.

Finally, the model was used to investigate the stress-strain behaviour when
electrode thicknesses were varied. A trade-off between limiting the maximum
stress and limiting cell expansion was shown. The recommendation from this study
is to initially satisfy the required cell capacity by the LCO thickness, followed by
using the thinnest a-Si layer possible to accommodate Li. This would minimise the
stress at the SE|L1,Si interface and hence the possibility of fracture and
delamination. Whilst this would result in increased interfacial strain, this may be
mitigated by engineering the Li,Si|SE interface or applying external pressure. In
the next chapter, this thesis will focus on the relationship between applied pressure
and C-rate on the stress-strain response of the SSB. In addition, the mechanical
properties of suitable SE candidates that enables a reduction in strain at the Li,Si|SE

interface will be probed.
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It is noted that the model used an unconstrained a-Si electrode for simplicity. In
practice this will not be the case, as the top CC and casing will constrain expansion
to some extent. As the maximum stress is experienced at the SE|Li,Si interface, it
is critical that the SE mechanical properties are tailored to reduce the a-Si stress
and be sufficiently mechanically strong to withstand the stresses occurring during
cycling, otherwise fracture propagation may occur under high tensile stress and

cause cell failure.
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Chapter 4

Effects of Pressure and C-rate on

the Stress-Strain Response of the

Solid State Battery Model

This chapter is adapted from the work published in “Vadhva P, Boyce A, Patel A,
Shearing P, Offer G, Rettie A. Silicon-based Solid-State Batteries:
Electrochemistry and Mechanics to Guide Design and Operation. ChemRXxiv.

Cambridge: Cambridge Open Engage; 2023.”

Contribution Statement: Model simulations and data analysis was conducted by
P. Vadhva with advice and direction from A. Boyce, G. Offer and A. Patel. Funding
acquisition by A. Rettie and P. Shearing.
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4.1 Introduction

Chapter 3 demonstrated an experimentally validated echem-mech model of a Si
thin film SSB. However, the electrochemical and mechanical interplay was not
explored, nor was the dependency of externally applied pressure or C-rate. The
sensitivity of SE materials and mechanical parameters on rate performance as a
function of applied pressure is poorly understood nor is the severity of the complex
stress field generated during (de)alloying at the Si|SE interface. Further, the
influence of applied pressure and C-rate on the SSB voltage profile, build-up of
concentration gradients within the SSB domains and stress-strain response is not
fully understood.

This work delves deeper into this to understand the influence of these parameters
in order to guide cell material design.®* The thin film SSB model consists of a-Si
NE, LiPON SE and LCO PE. First, the effect of SE mechanical properties and
kinetics on first cycle efficiency are explored. Next, maximum principal stress and
strains are observed at the SE|NE boundary which is used to generate a map of
stress and strain as a function of C-rate and applied pressure. Finally, the effect of
different SE material selection on the cell stress-strain response is discussed and
used as a guide to lay out the desired SE mechanical properties for optimal cell

performance.

4.2 Model Formulation

A schematic of the thin film SSB is depicted in Figure 4.1a, highlighting the
reaction and solid-state transport equations in each domain. The schematic
illustrates the CCs, a-Si (NE), the SE separator and LCO (PE) with only the SE
being altered during the material design study. The thickness of the CCs, a-Si, SE
and LCO are represented as tcc, tsep, fne, and tye respectively, while Figure 4.1b shows
the applied pressure to the top of the cell and fully clamped conditions at the bottom
of the cell, i.e., at the CC adjacent to the PE. An orthogonal coordinate system
(Figure 4.1a) is used to define the thickness x, length y and width z of the SSB. Li

transport occurs in 1D, while deformation is assumed to be a plain strain.
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Figure 4.1 a) 2D thin film SSB schematic, with the relevant electrochemical equations
highlighted in each domain. b) 3D SSB schematic displaying externally applied pressure
to the top of the NE CC with the entire cell fixed at the bottom.

4.2.1 Material parameters and boundary conditions

For the baseline case, the cell configuration was a-Si NE, LiPON SE and LCO
PE. In this work, the SE material was varied, and the mechanical and
electrochemical parameters used are recorded in Table 4.1. Here, the ionic
conductivity, elastic modulus and yield strength are denoted as K, E, oy
respectively, with the subscript relating to the type of SE material. The chosen
sulfide and oxide SE materials were LPSCI and Lis4LasZr1.4TaocO12 (LLZTO)
respectively. Both are commonly used SEs with relatively high ionic conductivities,
and their mechanical properties and internal yield behaviour have been
characterized by Papakyriakou et al.'?® where LPSCl and LLZTO were found to
exhibit viscoplastic creep behaviour with a creep rate coefficient, B (sec!) and
stress exponent, nse (Table 4.1). A Chaboche-type equation (see Equation 3.11) to

model the viscoplasticity is used herein however, the experimental post-yield
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stress-strain response of these SE materials has not yet been reported to the best of

our knowledge.

Table 4.1 Solid electrolyte material parameters

Parameter  Units Value Source

Electrochemical Ionic
conductivity ~ K_ziron S cm™! 2.3x10°¢ Ref '1?

LiPON

Ionic
conductivity ~ K_zpscr S cm’! 2.9x1073 Ref 126

LPSCI

Tonic
conductivity K rrzro S cm! 5.9x10 Ref 126
LLZTO

Elastic Young’s
modulus E_Liron GPa 77 Ref '

LiPON

Young’s
modulus E 1psc GPa 29 Ref 126
LPSCI1

Young’s
modulus E 11710 GPa 125 Ref 12
LLZTO

Plastic Yield’s Ref 11!
strength OY _LiPON GPa 1.33
LiPON

Yield’s Ref 126
strength OY_LPSCI GPa 0.67
LPSC1
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Yield’s Ref 126
strength OY_LLZTO GPa 3
LLZTO

Stress Ref 126
exponent n_LPSCl 1 20
LPSCl

Stress Ref 126
exponent n_LLZTO 1 45
LLZTO

Creep rate Ref 126
coefficient B_rpsci 57! 6x104
LPSCl

Creep rate Ref 126
coefficient B r1z10 s7! 1x10*
LLZTO

Treatment of the LiPON SE was extended from an isotropic linear-elastic solid
to include plastic deformation. In the absence of mechanical studies on its post-
yield behaviour, LiPON was modelled as a perfectly plastic solid. LPSCI and
LLZTO were also modelled as elastic-perfectly plastic solids. LCO was assumed
to be an isotropic linear-elastic solid, whereas a-Si was treated as an isotropic
elastic-viscoplastic solid with its Young’s modulus, yield strength and Poisson’s
ratio varying with the state of lithiation (further details can be found in Vadhva et
al.’* and Leo et al.3*). The CCs were assumed to be electronically conductive, linear
elastic solids with Young’s moduli of =100 GPa. Finally, the universal gas constant,
R was taken as 8.314 J mol! K'!, and all simulations were conducted at a

temperature, 7 of 298 K.

Various boundary conditions were considered to probe the influence of pressure

and constraint on electrode behaviour and are outlined as follows:
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1. An applied pressure at the CC adjacent to the NE electrode in the range of
0-500 MPa. A fully clamped constraint (zero displacements in x, y, and z)
at the CC adjacent to the PE was applied.

2. In a separate study, fully clamped conditions were applied at both CCs to

assess the maximum level of constraint.

4.2.2 Simulation details

The echem-mech model was created using the finite element modelling software
package, COMSOL Multiphysics (v6.0 Sweden). The 2D mesh consisted of
approximately 4,000 quadratic elements with 94,000 degrees of freedom, while the
solutions were found to be mesh independent. The Parallel Direct Sparse Solver
(PARDISO) was used to solve the discretised transport, electrochemistry, and solid

mechanics equations, using the numerical procedure previously outlined.??

4.3 Results and Discussion

4.3.1 First cycle efficiency

Under a C/5 C-rate plots for charge-discharge of cycles 1 and 2 of the baseline
cell were simulated (Figure 4.2a). Subsequent simulation cycles followed the trend
of cycle 2. Two different cases were modelled: 1) Si as an elastic solid (elastic
behaviour only, red lines) and 2) Si as a viscoplastic solid (plastic behaviour
included into the model, blue lines). There was a pronounced difference in the
charge capacities between cycle 1 and 2 for the Si plasticity case and a much smaller
difference for the Si elastic case. This points to Si plastic deformation occurring
during the first cycle that caused changes in electrode response from the start of
charge to the end of discharge, resulting in reduced cell capacity. This observation
is in agreement with experimental findings by Han et al.'?” who suggested that the
difference in first and second cycle capacity may be due to Si-Si bond breaking and
plastic deformation during the first lithiation. It is important to note that the cell

capacity increased with the inclusion of Si plasticity given that the plastic

75



deformation of Si reduces the build-up of stress. The reduction in lithiation-induced
stress overpotential reduces the overall cell overpotential, allowing further
lithiation before the upper voltage limit is reached.

Incrementing the rate to 1C (Figure 4.2b) while modelling Si as an elastic
material resulted in greater first cycle capacity reduction when compared to C/5
cycling, albeit with a lower capacity reduction than when Si plasticity was
considered. To understand the cause of this phenomenon, the diffusion of Li in Si,
as taken from experimentally extracted diffusion coefficient in literature (Dexp =10
16 m?s71),33 was increased by =4 orders of magnitude to a hypothetical diffusion
coefficient (Diyp= 10""2m?s™"). As a result, the difference between first and second
cycle capacity was significantly reduced for both the Si elastic and viscoplastic
cases (Figure 4.2¢) showing the Li-ion diffusion in Si is a limiting factor and that
cycling rate greatly influences the electrochemical response. It must also be noted,
by extension, that electrode thickness will influence the extent of reduction in first
cycle capacity given the transport limitations that are typically associated with

thicker electrodes.!%®
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Figure 4.2 a) C/5 voltage profile considering Si elastic only behaviour (red) and with the
inclusion of Si plasticity (blue). The darker shade indicates the first cycle, whereas the
lighter shade represents the second cycle. b) Voltage profile at 1C and ¢) with a higher Li
diffusion coefficient in Si (Dyy, = 102m?s™). d) Si nominal stress and e. nominal strain at
0% SOC, using Dey, =107 m?s! (black) and Dy, = 102 m? s (blue). The legend in a)
applies to Figures a) to ¢) whilst the legend in d) applies to Figures d) and e).

Herein it is denoted that 100% and 0% state of charge (SOC) is the end of charge
and end of discharge of the first cycle respectively. It should be noted that the stress
and strain outlined in this study are always the nominal principal stress and strain.
Considering the Si stress and strain at 0% SOC, a much lower tensile stress (Figure
4.2d) was exhibited for the higher diffusion coefficient of 102 m?s™! compared to
the experimentally extracted diffusion coefficient (Dexpy) Which is of the order =10
16 m? 57! depending on the SOC. The observed Si strain was lower than the
theoretical maximum strain of 3 (300% volumetric expansion) under the cell
voltage cycling limits given that full Si lithiation did not occur. As the extent Si is

lithiated is governed by the Li inventory from LCO, the thickness of the LCO
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dictated the maximum possible lithiation of Si. When normalising the Si
concentration gradient, it was the maximum amount of Si lithiation that was
achieved during cycling that was used. Experimental evidence of partial Si
lithiation was observed previously using differential capacity analysis for these
cells.??

The Si strain was considerably greater when the higher diffusion coefficient was
implemented (Figure 4.2¢), due to increased Si lithiation, which resulted in greater
strains but also increased cell capacity. In addition, the Si strain was more
homogenous through the electrode than with the slower experimental diffusion
coefficient (Figure 4.2¢), which can be directly linked to the Li concentration
gradients throughout the electrode due to diffusion-related transport limitations.
Further, for the Si plasticity case with a faster diffusion coefficient (Figure 4.2¢c), a
much higher first cycle discharge capacity at 1C (=450 uAh) was displayed than
with the experimentally extracted diffusion coefficient (=225 puAh in Figure 4.2b).
The capacity difference between cycles was not as pronounced for the Si elastic
case. Therefore, the Li diffusion rate in Si, thickness and the mechanical properties

of Si greatly influence the achievable cell capacity and stress-strain response.

4.3.2 Applied pressure

To understand the influence of applied pressure on the electrochemical
performance of the baseline SSB, a pressure of 500 MPa was applied. Two C-rates
(1C and 5C) were simulated under the applied pressure to observe the evolution of
stress and strain in the Si NE. The higher C-rates were chosen to observe how the
larger concentration gradients in the Si affected the local stress-strain response.
Additionally, the Si stress at 0% SOC under an applied pressure of 500 MPa was
compared to the zero-pressure condition for both C-rates. There was minimal
change in the stress and strain of LCO during cycling (strain ~2% in LCO!!?), and
so the stress and strain generated in the NE and SE during cycling was focused

upon.
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Figure 4.3 Results simulated under 500 MPa applied pressure at 5C (solid line) and 1C
(dashed line) at 100% SOC (blue) and 0% SOC (black) showing a) nominal stress in Si, b)
nominal strain in Si, ¢) normalised Si concentration with respect to the maximum
acceptable concentration and d) nominal stress in Si at 0% SOC with varying pressure of
0 MPa (red) and 500 MPa (purple) at 1C (dashed) and 5C (solid line). The legend displayed
in a) applies to Figures a)-¢) with the grey text on top of the figures indicating the cell
configuration (e.g., the CC and NE interface (CC|NE) at 0 normalised distance from the
CC).

Figure 4.3a shows that at 0% SOC (end of discharge) a larger tensile stress was
observed for 5C (black solid line), which occurred near the Si|SE interface, moving
to compressive stress further into the Si electrode, towards the CC. This is due to
the concentration gradient that is present during discharge and is related to the
sluggish solid-state transport of Li" ions in Si. This means that towards the Si|SE
interface, more Li is removed (reducing the stress) but further into the electrode
some Li remains, which produces a lithiation-induced compressive stress. The Si
stress for the 1C case at 0% SOC (dashed black line) was more homogenous

throughout the electrode with lower tensile stress at the Si|SE interface and a
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gradual decrease in stress to zero (no compressive stress observed). At 100% SOC,
the Si stress at both C-rates was the same.

The Si strain profile (Figure 4.3b) is analogous to the state-of-lithiation in Si,
(Figure 4.3c, normalised with respect to its maximum concentration) because the
strain occurs due to the lithiation of Si. At the end of discharge for the 5C case, a
local peak in Li concentration and strain occurred at ~0.9 normalised distance from
the CC which was due to slow diffusion upon discharging and the fact that not all
the Li was removed. This leads to localised strains at that distance into the
electrode. The concentration and strains are highest at 100% SOC due to maximum
lithiation and are higher for 1C (dashed blue line) than 5C (solid blue line) due to
the slower C-rate allowing greater lithiation. The concentration and strain profiles
during 1C cycling were more homogenous throughout the Si than in the 5C case.

Figure 4.3d compares the electrode response with and without applied pressure.
The Si stress at 0% SOC highlights the non-linear stress response: for 1C at zero
applied pressure (dashed red line), Si exhibits tensile stress towards the CC as a
result of delithiation, with a gradual increase in stress due to lower Li content
towards the Si|SE interface. At 500 MPa (dashed purple line) however, there is
compressive stress due to the pressure that is applied. This external pressure
counteracts the tensile stress within the Si electrode due to delithiation and results
in an almost stress-free state at the CC, with increasing tensile stress further into
the electrode. For the 5C case with no applied pressure (solid red line), there are
low concentrations of Li at the CC, causing low, or close to zero stress at this
location, with increasing tensile stress through the remainder of the electrode,
similar to the 1C case. For the cell simulated at 5C with 500 MPa pressure (solid
pink line), the CC region experiences commensurate compressive stress, with
tensile stresses developing toward the interface due to high levels of lithiation close
to the SE.

To help visualise the compressive applied pressure stress and lithiation-induced
stress which 1s compressive during charge and tensile during discharge, the
schematic is presented (Figure 4.4a and b). The build-up of Li concentration

gradients within the Si toward end of charge (Figure 4.4a) and end of discharge
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(Figure 4.4b) is displayed and used to understand the non-linear stress and strain

response displayed in Figure 4.3.

a) Towards end of charge: b) Towards end of discharge:
lithiation-induced compressive stress + lithiation-induced tensile stress > pressure
pressure = compressive stress = overall tensile stress

Li diffusion in Si Li diffusion in Si

High Li conc.
[ |

|
Low Li conc.

cC cC
Compressive

stress from
applied pressure
Figure 4.4 Schematic of compressive applied pressure and lithiation-induced stress
towards a) the end of charge and b) the end of discharge. The Li concentration gradient is
represented by the arrow’s colour gradient with the solid red arrows representing the
compressive stress from the applied pressure. The LCO and bottom CC are omitted for

clarity, with the dashed black lines representing that the bottom of the cell is fixed.

Under the applied pressure case of 500 MPa, the yield strength of LiPON (1.33
GPa in Table 4.1) was not reached. To explore the effect of LiPON plastic
deformation, the cell was simulated as fully constrained to guarantee yielding and
cycled at a 1C rate. In this study, the influence of LiPON material response was
considered; a comparison was drawn between an elastic material and of an elastic-
perfectly plastic response. The Si stress reduced when LiPON plasticity (solid lines)
was considered (Figure 4.5a) at 100% and 0% SOC whilst the stress in LiPON
increased as a result of plastic deformation for the fully constrained case (Figure
4.5b). The concentration and Si strain remain very similar for both cases (Figures

4.5c and d).
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Figure 4.5 Constrained case simulated for LiPON plasticity (solid line) and elastic
behaviour only (dashed line) at 100% SOC (blue) and 0% SOC (black) showing a) Si
stress, b) LiPON stress ¢) Si concentration and d) Si strain. The legend displayed in a)
applies to all figures with the grey text on top of the figures indicating the cell

configuration.

To understand the effect of applied pressure and C-rate on the cell capacity, a
map was generated where five C-rates under five pressure values were simulated,
with intermediate values determined by linear interpolation. Figure 4.6 shows a
map of the maximum principal strains that occurred at the Si|LiPON interface. As
the C-rate increased, the stress overpotential became larger, reaching the maximum
cell voltage quicker, thereby reducing the overall capacity. Note that the average
capacity discussed in this section and in Figures 4.6 and 4.7 is an average of the
cell’s charge and discharge capacities. As the C-rate increases, the lower degree of
lithiation also reduces the maximum principal strain (black contours in Figure 4.6).
For a given C-rate, there is little change in capacity as the applied pressure is
increased, highlighting the cell strain response is more sensitive to the C-rate than

the applied pressure in the range of 0 — 500 MPa. This is in line with previous
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findings (Figure 4.3b) which showed the driver of localised strains within the Si is
the higher C-rate (5C versus 1C).

Interfacial strain at 100% SOC Average capacity (p:Ah)
o8 % —_ Moo
0.9 _\ I~ 0-55 \
0.9
-..\ Oas
~ 350

\o.s-‘ '&\

300

250

200

150

100

50

0
0 100 200 300 400 500

Applied Pressure (MPa)

Figure 4.6 Contour map of maximum principal strain at 100% SOC (solid black lines) at
the Si|LiPON interface as a function of C-rate versus applied pressure, with corresponding-

coloured contours of average cell capacity.

The stress at 100% SOC (black contours in Figure 4.7a) is significant in that as
the applied pressure increased the compressive stress also increased, but the stress
was independent of C-rate. Again, the average cell capacity is largely dependent on
C-rate and minimally affected by applied pressure. At higher C-rates the cell
capacity was reduced due to slow Li ion diffusion in Si, which produced non-linear
concentration gradients within the electrode and reduced the degree of lithiation.
The stress experienced at the interface remains compressive for all non-zero applied
pressures. By contrast, the stress at 0% SOC (Figure 4.7b) depends both on C-rate
and applied pressure. The stress and strain experienced at the interface are due to
the tensile lithiation-induced stress during discharge. As the C-rate was increased,
the tensile stress also increased and the build-up of stress under these conditions

could be of concern for void formation as well as possible Si and/or SE fracture. It

83



is interesting to note at a given C-rate, as the applied pressure increases, the stress
is reduced due to the applied pressure which exerts a compressive force (clearly
visualised in Figure 4.4b) resulting in an overall reduced tensile stress. The capacity

is influenced by the C-rate, reducing at higher C-rates, with little dependence on

applied pressure.
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Figure 4.7 Contour map of maximum principal stress in GPa (solid black lines) at the
Si|LiPON interface as a function of C-rate versus applied pressure with corresponding-

coloured contours of average cell capacity at a) 100% SOC and b) 0% SOC.

4.3.3 Materials selection

To explore the mechanical properties of the SE and its influence on the resulting
stress and strain, the SSB was extended from the baseline case (LiPON SE) to
include other SEs. Two commonly used SEs were chosen, both of which display
different electrochemical and mechanical properties (outlined in Table 4.1). In all

cases, the SSB was fully constrained to probe the effect of SE plastic deformation.
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The Si stress at 1C, 0% SOC was non-linear for all SEs (Figure 4.8a) however,
compared to LiPON the Si stress increased for the LLZTO case but reduced for the
LPSCI case. At 5C, the spread in Si stress reduced for the three different materials
(Figure 4.8b) highlighting the importance of kinetics on the Si stress response. The
stress at SC was observed to change from compressive (at the CC) to tensile at the
Si|SE boundary. In contrast, at 1C the stress remained compressive through the Si,
though it reduced in value towards the Si|SE interface. The reason behind the tensile
behaviour at 5C can be understood by analysing the different concentration
gradients within the Si NE for the LPSCI case at 1C (Figure 4.8c¢) versus 5C (Figure
4.8d). The Li concentration in Si at 5C is highly non-linear exhibiting a turning
point in the concentration gradient due to the slow diffusion of Li in Si, at a
normalised distance from the CC (=0.9) and a subsequent drop in concentration.
This rapid reduction in concentration likely reduced the stress at the interface and
since the top of the cell is constrained, a mix of compressive stress and tensile stress
exists within the Si. By comparison, the concentration gradient in the Si at 1C
(Figure 4.8c) show a gradual decay in concentration. Only the Si concentration
gradient for the LPSCI case is modelled here for clarity as the profiles follow a
similar trend for the other two SEs.

The Si strain at 100% SOC (Figure 4.8¢) was highest for the LPSCI case, which
was expected as it exhibited the lowest stress and therefore highest Si lithiation.
Although LPSCI exhibited the highest strains (Figure 4.9c) which could be
undesirable from an engineering standpoint, it also had the highest amount of
lithiation, which will result in the greatest cell capacity. The spread in strains was
larger for 1C versus 5C for the different SE materials (Figures 4.8e and 4.8f) and
the stress-strain profiles were more homogenous throughout the Si electrode for

I1C.
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Figure 4.8 Si stress at 0% SOC at a) 1C and b) 5C for the three different SEs: LPSCI
(yellow), LiPON (grey) and LLZTO (blue). The Si concentration for the LPSCI
case at 0% SOC at ¢) 1C (black) and d) 5C (red). The Si strain at 100% SOC is
displayed for €) 1C and f) 5C. Legend in a) applies to Figures a), ¢), d) and f) whilst

b) and e) have their own legends.

At 100% SOC, the Si stress and SE stress and strains at different C-rates (C/5,
1C and 5C) were constant throughout the domains, therefore a scatter plot was
chosen to best represent the results (Figure 4.9). The Si stress (Figure 4.9a) was
greatest for the LLZTO case but the stress (Figure 4.9b) and strain (Figure 4.9¢)
within LLZTO were significantly lower compared to LiPON and LPSCI. LLZTO
did not yield under any C-rate and as a result displayed lower stress and strain.
LPSCI has the lowest yield strength which resulted in the early onset of plastic
deformation, the Si stress was reduced. This resulted in increased lithiation which
means it experienced the highest SE stress and strain for all C-rates. This could be
concerning for low yield strength materials such as LPSCI which deformed by as

much as 15% even at the low C-rate condition of C/5. As previously observed, as
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the C-rate increased the spread in stress-strain values between the three materials

decreased.
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Figure 4.9 a) Si stress at 100% SOC for the three different SEs: LPSCI (yellow), LIPON
(grey) and LLZTO (blue) at C/5, 1C and 5C. b) The SE stress normalised by its yield stress
(dashed line) and ¢) SE strain at 100% SOC. The legend in a) applies to all figures.

4.3.4 Solid electrolyte design for optimal cell performance

This section considers the SE mechanical properties for optimal cell performance
under the fully constrained case at 1C, 100% SOC. Following the discussion on the
importance of the SE mechanical properties on the stress-strain response, six cases
of hypothetical SEs were simulated with Young’s moduli and yield strength values
taken alternatively from LiPON, LLZTO and LPSCI (Figure 4.10). Such materials
could be realised via composites or SE material discovery. For comparison, LiPON,
LLZTO and LPSCl are displayed alongside the different SE cases, with the LIPON
SE (grey dashed line) and Si (red dashed line) stress values displayed for reference.

In Case 1, the Young’s modulus of LiPON was chosen and paired with a lower
yield strength equal to LPSCI. This resulted in a reduction in Si stress compared
with LiPON, due to the earlier onset of the SE yielding and subsequently increased
the SE stress. Case 2 simulates the Young’s modulus of LLZTO with a moderate
yield strength equal to that of LIPON. Compared to pure LiPON, a minimal increase

in the SE and Si stress occurred. In Case 3, the SE stress increased significantly
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(=1.1 GPa) due to the lower yield strength, whilst Si stress reduced minimally (=0.1
GPa). Case 4 simulated the Young’s modulus of LiPON with relatively higher yield
strength equal to that of LLZTO. The SE stress reduced significantly (=-1 GPa) as
the material yield onset was delayed which increased the Si stress (=0.35 GPa). For
Cases 5 and 6, LPSCI Young’s modulus was chosen with a yield strength equal to
LLZTO and LiPON respectively. There was little change between the two cases,
though Case 6 has a slightly lower yield strength, which increased the SE stress and
reduced the Si stress minimally. Compared to the LPSCI SE, Cases 5 and 6 show
an increased Si stress (=0.2 GPa) but with a greater reduction in SE stress (=0.6

GPa) due to the higher yield strength.
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Figure 4.10 Si (grey dots) and SE (red dots) stress response at 1C, 100% SOC. LiPON,
LPSCl and LLZTO SEs are contrasted against six simulated hypothetical SEs with
Young’s modulus and yield strength values taken alternatively from LiPON, LPSCI and
LLZTO which are represented by coloured rectangle symbols (grey for LiPON, yellow for
LPSCI and blue for LLZTO). The dashed line across the y-axis highlights the LiPON SE

and Si stress values from the baseline study.
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Overall, a trend was observed whereby choosing a relatively moderate Young’s
modulus, similar to that of LiIPON, helps to reduce the Si stress and pairing with a
low yield strength allows for the early onset of SE yielding which further reduces
Si stress (Case 1) but results in an increase of SE stress. Selecting a relatively low
Young’s modulus material such as LPSCI with a high or moderate yield strength
(Case 5 or 6) reduces the SE stress similar to Case 4. However, in comparison to
Case 4, the Si stress is reduced further by =0.4 GPa. If reducing the stress in the Si
NE is of primary concern, then a SE with a moderate Young’s modulus and low
yield strength (Case 1) should be chosen. If, however, a reduction in SE is of greater
importance, then as Cases 5 or 6 show, a low Young’s modulus and a high or
moderate yield strength should be adopted. Selecting a high Young’s modulus
similar to LLZTO did not provide much benefit against the baseline LiPON case in
either Si or SE stress. If a high Young’s modulus material is to be used then its
advantage is in its superior yield strength which reduces the SE stress, although a
greater reduction in both SE and Si stress can be achieved with a moderate Young’s
modulus similar to that of LiPON tailored with the high yield strength of LLZTO.
Therefore, a high Young’s modulus alone is not advantageous in reducing the Si

and SE stress — the yield strength also plays an important role.

4.4 Conclusion

A previously validated echem-mech model of a thin film SSB with a Si NE33
(Chapter 3) was used to understand the effect of mechanical and electrochemical
properties on the first and second charge-discharge cycles. Then, the effect of
applied pressure and C-rate on the average cell capacity and stress-strain response
was probed. Finally, the mechanical properties of the SE were tailored for

minimal interfacial stress and strain. Key insights include:

(1) Modelling Si plasticity and the diffusion of Li* ions in Si greatly

influences the achievable first cycle capacity. Focus should be drawn to
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the mechanical and electrochemical parameters of Si when optimising
SSB cycle life.

(2) The interfacial stress at 100% SOC was found to be C-rate independent
and increased as a function of applied pressure. Thus, to reduce the
interfacial stress and strains at 100% SOC and increase cell capacity,
low to moderate C-rates (1-1.5C) and applied pressure are desirable (<
200 MPa).

(3) The stress experienced at the end of discharge was tensile which is of
concern as it could lead to void formation during discharge. To reduce
the interfacial stress at the end of discharge and increase cell capacity,
low C-rates (<1C) and moderately applied pressure (100-200 MPa) are
desirable, as the applied pressure reduces the overall tensile stress.

(4) The capacity was strongly influenced by the C-rate and minimally
affected by applied pressure. As the C-rate increased the average
capacity reduced greatly (factor of =5 from 1C to 5C, with no applied
pressure). This emphasises that the slow Li ion diffusion in Si is a key
driver of the localised concentration gradients and limits the achievable
cell capacity. Strategies to mitigate this aspect include use of a thinner
Si electrode with added porosity'# or nano-structuring of Si to increase
its surface area.'?’

(5) Finally, to optimise the SE material mechanical properties to reduce the
stress experienced in Si and SE (at 1C, 100% SOC), several hypothetical
SEs cases were simulated, and the following material design choices
were proposed:

a. If reducing maximum Si stress is of primary concern, then a
moderate Young’s modulus similar to LiPON (=77 GPa) with a
low yield strength comparable to sulfide materials such as
LPSCI (=0.67 GPa) should be selected.

b. However, if a reduction in SE stress is of greater importance,
then a low Young’s modulus similar to LPSCI (=29 GPa) with a
moderate to high yield strength (1.3-3 GPa) should be adopted.
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(6) Post-yield mechanical properties of different SEs should be
experimentally reported as these will greatly influence the stress-strain
response of the cell. A perfectly plastic post-yield behaviour for the SEs
was assumed in this study due to a lack of experimental values in the

literature.

In summary, there has been a relative lack of emphasis on high-capacity Si NEs
for SSBs and the results in this work showcase a variety of factors such as C-rate,
applied pressure and Si and SE mechanical properties that can affect the cell
capacity and stress and strain evolution. The SE Young’s modulus, yield strength
and fracture properties likely play a role in the SSB cycle life and future work will
look at probing these aspects. Other factors such as reducing the Li ion diffusion
path in Si, will need to be considered. This work set out to try to understand the
mechanical cell response and the influence of SE material properties. By tailoring
the SE material, it has provided an insight on the importance of SE material
selection, design and characterisation of the elastic-plastic behaviour which are
relevant for large format SSB systems. Echem-mech interactions need to be
carefully controlled and considered to enable high performance next-generation

SSBs.
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Chapter 5

Scalable Solution-Processed Non-
Crystalline Solid Electrolytes

This chapter is adapted from the work published in “Vadhva, P.; Gill, T. E.;
Cruddos, J. H.; Said, S.; Siniscalchi, M.; Narayanan, S.; Pasta, M.; Miller, T. S.;
Rettie, A. J. E. Engineering Solution-Processed Non-Crystalline Solid
Electrolytes for Li Metal Batteries. Chemistry of Materials 2023.
https://doi.org/10.1021/ACS.CHEMMATER.2C03071.”

Contribution Statement: Experimental characterisation and analysis was carried
out by P. Vadhva with help from S. Said on AFM testing and S. Narayanan on in-
situ XPS. In addition, Li deposition training and testing was carried out by M.
Siniscalchi, in conjunction with P. Vadhva. Assistance in film synthesis and
electrochemical testing on the phase space of LAPO, was supported by T. Gill and
J. Cruddos. Funding acquisition and project supervision by A. Rettie, M. Pasta and
T. Miller.
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5.1 Introduction

Moving beyond LiPON, to other NC materials that can be engineered using
scalable methods is vital when considering manufacturing of SEs to reduce cost
and increase throughput. New NC SEs produced by scalable methods would be of
great interest for advanced batteries such as thin film SSBs or “anode-free” cells
with the films deposited onto the NE CC.'*° Solution-based processing involving
direct deposition of precursor solutions followed by a moderate temperature
annealing step can function as a low energy alternative to the conventional high
temperature routes used for ceramic SEs.!3L132 From the work carried out in
Chapters 3 and 4, it is understood that the SE mechanical properties greatly
influence the cell performance. A moderate Young’s modulus ~77 GPa (similar to
that of LiPON) should be targeted for such a NC material. The ductile nature of a
NC material is beneficial in terms of reducing the stress within a SSB as seen in
this study. From an electrochemical standpoint, a similar ionic conductivity of
LiPON in a thin film format is desirable to allow for fast reactions at the interface
and through the SE. If a sub-micron thickness NC material can be engineered, Li*
ions travel a shorter distance compared to bulk crystalline SE materials (10s-100s
of microns thick) and a slightly lower ionic conductivity (107-10°¢ S cm™)
compared to these bulk crystalline SEs can be justified. This chapter will discuss
such a scalable NC material that exhibits the highest ionic conductivity of a lithium
aluminophosphate material (>107 S cm!) with a Young’s modulus (54(4) GPa)
similar to that of LiPON.

Here, NC LAPO phases are reported with desirable SE properties synthesised
from solution. First, this phase space is rationally explored and thin film materials
with g;,,, >1077 S cm™! found. Then, the effects of annealing temperature on the 0,5,
film structure, surface roughness, chemical composition and local structure are
studied. The optimised SE is shown to exhibit a small barrier to Li*-ion transport,
low o0,, and mechanical properties comparable to LiPON. Finally, the
electrochemical stability against Li-metal is probed and the chemical composition

of the resultant interphase determined.
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5.2 Experimental Methods
5.2.1 Film fabrication

Li-Al-P-O thin films were synthesised by spin coating from aqueous precursor

133 In a

solutions, followed by an annealing step in air as described previously.
typical spin coating synthesis, 50 mmol of AI(NO3)3*9H20 (Sigma Aldrich) was
added to 50 mL of de-ionised (DI) water and stirred for 1 hr until completely
dissolved. To this solution, 63 mmol of H3PO4 (85% concentrated in water) was
added and stirred overnight at 80 °C. After cooling to room temperature, 137.5
mmol of LiNOs3 (Fisher Scientific) was added. Finally, the solution was diluted with
DI water to achieve a final concentration of 0.4 M with respect to Al. This final
concentration was used for all precursor solutions with the moles of LiNO3 or
H3PO4 being varied to achieve a range of Li:Al:P ratios during compositional
exploration.

Si substrates (p-type, boron-doped, single-side polished, resistivity <0.1 cm, PI-
KEM), were used as electrically conductive back contacts with low roughness.
These were cut into 2x2 cm? squares using a diamond scribe and sonicated
separately in acetone and then IPA for 5 min, rinsing with DI water in between.
Subsequently, the substrates were dried using a N2 gun before being Oz plasma-
treated (Henniker HPT-100) at 100 W for 5 min to produce a hydrophilic surface.

The precursor solution was sonicated at 40 °C for 1 h and cooled to room
temperature before being twice filtered using a 0.2 um Teflon filter attached to a
syringe. The solution was flooded onto the substrate, spin coated at 3000 rpm for
30 s (after a ramp rate of 6000 rpm s!) and immediately transferred to a pre-heated
hot plate at 275 °C for 1 min. The process was repeated for multi-layer films, by
allowing the film to cool to room temperature before spin coating the next layer.
After the designated number of layers were deposited, a final anneal at the desired
temperature was carried out for 1 h. For the films annealed above 275 °C, a box
furnace was used with a 5 °C min™! ramp rate. For the films annealed at 230 °C, the
pre-heated hot plate was set at 230 °C so that the films were not exposed to a

temperature above this value.
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5.2.2 Physical characterisation

Film thickness was determined using a LEO Gemini 1525 field emission
scanning electron microscope (SEM). SEM uses an electron microscope which
focusses an electron beam, onto a substrate causing it to scatter electrons (primary
electrons) and produce secondary electrons which are detected and used to
construct a magnified 3-D image of the sample. The electrons interact with the
atoms in the sample thereby containing information about the surface topography.
The electron beam in a typical SEM is generated through a thermionic emission
gun or PE ray tube where resistance heating in the filaments cause emission of
electrons by thermionic emission when the filament has a high enough current
passed through it."**If a minimum emission voltage of 200 kV is required, and the
electrons are accelerated towards the NE thereby gaining 200 keV of energy. The
electrons are then collimated by condenser lenses into thin beam and the x,y
scanning coils are used to raster the beam (in the x and y directions) with the
objective lens to converge the beam to focus it on the sample. The X-ray detector
emits X-rays which is useful for Energy Dispersive Spectroscopy (EDX analysis).
EDX is commonly used in conjunction with SEM, to detect characteristic X-ray
energies to qualitatively study the elemental composition of the sample.

SEM detects electrons from two types of sources: secondary and back-scattered
electrons. Secondary electrons are primary electrons (from the beam) that have
interacted with the surface of the sample through inelastic collisions. The incident
electron excites an electron in the sample, losing some of its energy. The excited
electron now moves to the surface of the sample where it may excite the surface, if
it has sufficient energy to do so and becomes the secondary electron. When the
primary electron beam excites an inner shell of an atom to a higher energy state, an
outer shell electron becomes attracted to the inner shell (due to the positive hole left
by the excited electron). There is a shift of energy as this electron moves from a
higher energy level to a lower one, meaning that the excess energy is released in

the form of an X-ray. In addition to these X-rays, photons and auger electrons are
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also emitted due to the electron interaction with the sample. Backscattered electrons
are primary electrons that have undergone elastic collision with the sample, being
scattered from their original path, and have been reflected back with no loss of

energy (Figure 5.1).133

Primary electron
beam

Backscattered
X-rays electrons

Secondary electrons

\ /Auger electrons
Diffracted m Loss

electrons ) electrons
Transmitted

electrons

Photons

Figure 5.1 Possible processes when a sample is illuminated with electrons.

A vacuum is used to house the sample instruments and sample preparation is key,
whereby samples with low electronic conductivity should be sputtered with a
conductive metal to minimise charging. Very light elements (H, He or Li) are hard
to detect using EDX due to the poor resolution and low signal from these small
atoms which are not able to scatter enough electrons to produce a detectable signal.
Therefore, for compositional analysis on LAPO films which contain Li, XPS was
conducted. For LAPO films SEM cross-sectional imaging, the brittle-fracture
method was used, and a thin Au layer was sputtered to minimise charging. Multi-
layer films were used for ease of imaging.

The film morphology and mechanical properties were characterised using atomic
force microscopy (AFM, Bruker Dimension Icon with ScanAsyst). AFM
microscopy is a surface sensing technique which uses a sharp nanoscale tip on a
silicon probe. As the tip contacts the sample surface, the cantilever to which it is

attached to bends. The bending of the cantilever is indicative of the tip and sample
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interaction force and is detected using a laser diode and a split photodetector. The
tip is used to generate an image of the sample through raster scanning across the
surface. Two main operating modes are commonly used: contact and tapping mode.
When the probe is in contact mode, the tip presses into the surface which causes an
electronic feedback loop monitoring the tip and sample interaction force. However,
when the probe is in tapping mode, it limits the amount of contact between the
surface of the sample and the tip to prevent both the surface and tip from damage.
For this reason, tapping mode is commonly adopted. The cantilever, which forms
as a spring, vibrates near its resonance frequency, moving the tip sinusoidally up
and down. The sinusoidal motion of the tip is altered as a it moves towards the
sample. Again, a feedback loop is used, similar to the contact mode, to keep the
amplitude of the tapping motion constant. In both modes, the topography of the
sample is traced.

AFM was conducted across a 10x10 um? LAPO film area, with the average
roughness calculated from three different areas across 1x1 pm? using the PeakForce
Quantitative Nanoscale Mechanical mode which uses utilises the tapping mode to
probe the nanomechanical properties of the film. For mechanical property
measurements, the probe was calibrated by the relative method, using highly
oriented pyrolytic graphite (HOPG) with a nominal elastic modulus of 18 GPa for
reference. At each point in the scan, alongside the morphology, the probe performed
nanoindentation measurements and recorded the load and displacement of the
specialised tips and cantilevers to produce a load—displacement curve. The DMT
(Derjagin, Muller, Toropov) model'3¢ was used to fit the force displacement curve
as this model is commonly applied to tips with a small curvature radius and high

stiffness. The reduced Young’s modulus, £ can be obtained via:

4 5.1
F = Faan = 5 By JR@ — o) C-D
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where F - F,4, is the force on the cantilever relative to the adhesion force,
(d — d,) is the sample deformation and R is the radius of the tip end. From the
reduced modulus the sample’s elastic modulus can be obtained, where E; and v; are

the moduli and Poisson’s ratio of the indenter and sample (Es. vs) respectively.

1-v? 1-—v? (5.2)

The E: and vi of the diamond indenter was taken to be 1070 GPa and 0.07
respectively. The Poisson’s ratio of the sample, vs was assumed as 0.3 which is
common for these SE materials (Table 1.1). All of the results obtained by the AFM

were analysed by Nanoscope Analysis software.

5.2.3 Chemical characterisation

The film composition was determined using X-ray photoelectron spectroscopy
(ThermoFisher, K-alpha XPS system, Al source) with binding energies referenced
against the adventitious carbon 1s peak at 284.4 eV. XPS is a surface sensitive
technique with an average depth analysis of =5 to 10 nm.*3” Information about the
chemical and electronic state at the surface of a material, elemental composition
and empirical formula can be analysed. The energies of the photoelectrons which
have been excited by the incident high energy electrons are studied. From the
intensity of the photoelectron peak and binding energy, the identity of the material
can be determined. XPS necessitates operation in a high vacuum (<108 Torr)'% to
reduce the number of inelastic collisions and contamination with atmospheric gas
atoms.

Electrons are fired at an NE, usually Al or Mg,**® which then passes through a
monochromator to make sure all the photons have the same wavelength and
therefore energy. For Al X-rays this gives a K-alpha of 1486.7 V.18 If the energy

of the incident X-rays on the sample has an energy exceeding the binding energy,
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an electron from a valence band will be emitted. The binding energy of the emitted

electron can be calculated using the photoelectric equation:
Ebinding = Ephoton — (Exinetic + ©)- (5.3)

Since the kinetic energy of the incident photon is known, E, ;.0 and the kinetic
energy, Eyinecic OF the emitted electron is measured by the photoelectron detector
and the work function, ¢, is specific to the surface material, then the binding
energy, Epinaing Can be calculated.

The probability of detection, P(d) at a distance d into the sample decreases as d
increases. The inelastic mean free path of the electrons 4, is the distance the electron

can travel through a solid and interacting with matter, before losing energy.*

P(d) = exp (—%) 64

The probability of detection decreases exponentially as the distance into the film
increases. A typical XPS spectra will have peaks at the different binding energies
from the emitted photoelectrons. The intensity of the XPS peaks (height), will be
proportional to the number of photoelectrons emitted at that binding energy,
corresponding to the electron configuration within the atoms; 1s, 2s, 2p etc. To
calculate the composition of the material, the raw XPS signal is fitted (Shirley
background used) and the extracted area is divided by the relative sensitivity factor
(RSF), and then normalised by each element identified by the analyser in order to
calculate atomic percentage of each element in the compound.

Any changes in the XPS spectra or slight shifts in energy of the binding energy
of the compound can indicate slight oxidation or reduction of that particular
element. For example, an oxidised element will shift to higher binding energies as
changes in valence electron density alters the shielding effect of the inner electrons.
It should be noted that hydrogen and helium are not detected using XPS due to the
small photoelectron cross section of helium, and hydrogen which are lacking in
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core electrons. Quantitive accuracy of XPS depends on factors such as the signal-
to-noise ratio, peak convolution, RSFs accuracy and correction of the electron
energy due to the electron inelastic mean free path.3°

For the LAPO samples. a survey scan and regions around elements of interest
were conducted. The following RSFs from CasaXPS were used to quantify film
surface stoichiometries, Li 1s (0.057), Al 2p (0.537), O 1s (2.93) and P 2p (1.192).
For lighter elements such as Li, a minimum of 30 scans were acquired. In situ XPS
coupled with Li deposition was conducted in an in-house set-up, using a Phi XPS
VersaProbe III with an Al Ka X-ray source generating focused, monochromatic Al
Ko X-rays at 1486.6 eV under ultrahigh vacuum conditions (the main chamber
maintained at pressures between 10”7 and 10 Pa). Here, Li metal (3x3mm?2, 750
nm thick, Sigma Aldrich) was attached to a sample holder within the XPS chamber,
similar to the setup described by Wenzel et al. previously.!4® The LAPO sample
and Li metal were transferred to the XPS chamber using a vacuum transfer vessel
directly from a glovebox to minimise air exposure. Li sputtering was conducted
using an Ar’ ion gun, at an acceleration voltage of 4 kV and beam current of 2.8
pA with data were collected at intervals of 5 mins. CasaXPS software was used to
analyse the XPS data and quantify the chemical composition using Shirley
background fitting. The spectra obtained prior to lithium deposition were charge
corrected to adventitious C at 284.8 eV through acquired C 1s spectra. After lithium
deposition the Li2O peak at 528.5 eV in the O 1s spectra was used for charge-
correction.

Grazing incidence X-ray diffraction (GI-XRD) was performed on a Bruker D8
Discover diffractometer with a microfocus Cu source and Vantec 500 2D detector.
X-ray diffraction is a non-destructive technique used to infer the crystalline
characteristics of a material. Bragg’s law has been used to explain the X-ray
interference pattern as a result of X-rays being scattered by the lattice plane of a
crystal. Using Bragg’s equation'#! the average spacing between the lattice planes
inside the crystal can be calculated. Constructive interference occurs at d, i.e. the

X-rays interfering from crystal planes with spacing d,
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nl = 2d sin () 5.5

where, A is the wavelength of the X-rays, n is an integer and 0 is the incident X-
ray angle which is equal to half the angle the X-rays are scattered through. The unit-
cell of a crystalline material has atomic planes with different spacing depending on
the structure of the crystal. These produce a characteristic pattern for a given
crystalline material. Therefore, the degree of crystallinity in a material can be
inferred from XRD as well as identifying the amount of different crystalline phases
by comparing the data to reference databases and if there is any amorphous material
present. Amorphous components may appear as a broad, ill-defined background
signal, unlike the sharp peaks observed for a crystalline structure.

In the X-ray source, X-ray beams are emitted by the target, through thermionic
emission, which are accelerated in an electric field towards a metal anode target.
In laboratory sources, Cu and Mo are commonly used. The accelerated electrons
fired at the metal cause an electron in an inner shell to be emitted which then cause
an electron from a higher valence band to drop to a lower band, with the emission
of an X-ray photon with an energy equivalent to the difference between energy
bands.

The X-ray beam is collimated and focused on the sample. The X-ray detector
moves around the sample and the intensity of the scattered X-rays (counts per
second) are measured as function of angle 20. It is typical to use filters to block the
K-beta extra peaks, so that only K-alpha will be observed on the spectra. The K-
alpha line is defined as the two orbitals involved in the electron transition from a
higher to lower valence band which are adjacent to one another. If the two orbitals
are separated by a shell, then this transition is known as K-beta line.!'#?

GI-XRD is a modification of the XRD method that uses small incident angle X-
ray beams to limit X-ray penetration into the bulk material thereby optimising the
signal intensity from the surface of the sample. This technique is therefore well
suited to thin films and was used to study the LAPO films. The films were spin
coated onto fused silica substrates to minimise scattering from the substrate. The

fused silica substrates were cleaned using the same procedure as the Si wafers and
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were purchased pre-cut to 2x2 ¢cm?, with a thickness of 1 mm from Multi-lab. The
scans were performed in a theta-theta geometry with 4 frames at 120 s per frame

and the sample was rotated in the beam during collection.

5.2.4 Electronic and electrochemical characterisation

Through-plane measurements were performed throughout. Circular Au top
contact pads (1.2 mm diameter, =80 nm thickness) were deposited by sputtering
through a shadow mask. For the bottom contact, Al foil was attached to the back of
the Si substrate using conductive epoxy (Agar Scientific). An in-house cell holder
was designed to take conductivity measurements, where an Au-plated screw with a
rounded tip gently contacted the Au pads. In all cases 4-layer films were used as
thinner films could be damaged by the screw contact pressure. The Au screw and
Al back contact were connected to a potentiostat (Reference 600+, Gamry) for
electrochemical measurements, with no applied pressure other than that of the Au
screw lightly contacting the film. This error on the amount of screw pressure
applied to the film, will be a combination of the variation in 1) the measurement
procedure and 2) the film properties. If it is assumed that the errors due to the
measurement procedure (i.e., contacting the top contact pad with the screw) will be
constant over many films of different compositions (reasonable because number of
measurements is large), then an upper bound can be estimated from the lowest
relative error (evident in Figures 5.4 and 5.5): =~16%. Therefore, the role of
contacting the contact pad and any associated pressure is not significant in this case,
which is reasonable as the sputtered top contact pads define the area of the cell
(1.13 mm?) and are significantly larger than the rounded screw tip (0.20 mm?
maximum), so the majority of the cell is under no applied pressure.

EIS was conducted using a 5 mV perturbation voltage over a frequency range of
50 Hz to 1 MHz conducted at room temperature. The EIS data were fit using an
equivalent circuit model (ECM) consisting of elementary components in a Randles
type circuit.'*1% A resistor (R) and constant phase element (CPE) in parallel were
used to model different relaxation processes, where Ro accounts for the impedance

due to the ohmic resistance from electrical contacts, R; is assigned to the bulk SE
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impedance (R») of LAPO and CPE\ accounted for the electrode polarization due to
the non-symmetric blocking electrodes.!!”

The ionic conductivity, g;,, was calculated using Equation 5.6:

l (5.6)
Ojon = ﬁ

where, [ is the thickness of the film, R is the bulk SE resistance and A4 is the
geometric area. These values were averaged from 3 different films, with each film
being sampled 6 times across the sample.

Temperature-dependent EIS measurements were conducted inside a thermal
chamber in air on 3 separate samples to obtain an average. Data collection was
performed during heating and a wait time of 2 h was used at each temperature point
to reach thermal equilibrium. The temperature dependence of the o;,, was fit to an

Arrhenius relationship: 143146

-E,4
Oion] =0pe Jkr (3.7)

where, o, is a pre-exponential factor dependent on temperature 7, E. is the
activation energy and & is the Boltzmann constant.

For the DC polarisation experiments, a voltage bias of 1 V was applied for 1 h
and the current-voltage curve fit to an exponential decay function. A longer
duration constant-voltage experiment was run over 12 h, which confirmed that 1 h
was sufficient to reach steady state.

Finally, the electrochemical stability of LAPO with Li metal was probed by
thermally evaporating Li (MBraun, EVAP) to form circular contacts (1 mm
diameter, 1 um thickness) onto a LAPO film on a Si substrate, resulting in a
Li|LAPOISi configuration, which had been dried under vacuum in a Buchi oven at
60 °C overnight. The idea that the drying process did not significantly affect the
films was investigated: a room temperature @;,,value of 1.5(7)x1077 S cm™! was

measured for dried Li28AIP1.250x films vs. 1.8(5)x1077 S cm™! with no drying step.
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Cu was used as the current collector and the cell was sealed under Ar in a pouch
cell bag (Figure A.3 in the Appendix shows an image of the LAPO film on a Si
wafer inserted inside the pouch cell before sealing). The cell was clamped between
two plates to ensure good electrical connection. EIS was conducted at room
temperature over 13 h with a Biologic MTZ-35 potentiostat, between 1 Hz and 3.7
MHz. To separate polarisation contributions from the various cell components and
identify all time processes in the system, a Fourier transform of the EIS data was

performed for DRT analysis by,?!47

N
Rpol,k
Z(W) = Rohmic + Zpot(W) = Rohmic + Z_l T jwte (5.8)
l:

where, Rypmic 1S the Ohmic resistance of the SSB and is independent of
frequency, while Z,,(w) accounts for the polarisation resistance, Ry, and is a
function of frequency. This deconvolution is possible since the different cell
processes have characteristic frequencies, and therefore time constants, associated
with specific processes. A MATLAB code by Wan et al.'#’ was used to perform
DRT analysis. The Li deposition and cell assembly were carried out in an Ar-filled

glovebox (MBraun, <1 ppm H20 and O2).

5.3 Results and Discussion

5.3.1 Compositional engineering

LAPO films were synthesised by spin coating and produced visually homogenous
films by eye. The amount of the lithium nitrate salt in the precursor solution was
varied to target different LAPO compositions. The experimental apparatus for the
precursor solution synthesis and the synthesised LAPO film (after spin coating and

annealing) is shown in Figure 5.2.
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2 x 2 cm? spin-coated
film on Si

Figure 5.2 a) Experimental apparatus for the precursor solution synthesis which is used
for spin coating and subsequently annealed on a silicon substrate (for electrical
measurements) at temperatures > 230 °C depending on the targeted annealing temperature

of the sample. b) Visual representation of a sample annealed at 275 °C is shown.

Previous work'*? determined a room temperature g, (value of 2.6x10% S cm™!
for the single composition Li2sAliP15Oss (based on the bulk glass 0.5Li2O-
0.2A1203- 0.3P205)'4® annealed at 275 °C. Because elemental composition can
strongly affect the conduction properties of SEs, #5149 the Li and P ratios relative to
Al in Li,AliP.Ox was systematically adjusted whilst keeping the annealing
temperature constant at 275 °C. Note that a values were determined by XPS, while

¢ represents the nominal amount of phosphorous in the precursor solutions.
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Figure 5.3 a) EIS Nyquist plots for two LAPO compositions with the equivalent circuit
model used to fit the data (inset). b) a;,,for various LAPO compositions determined from
the fitted EIS data and the blue star representing the conductivity of the single composition

Li2sAliP15Os s in literature.!33

First, the P content in Li2sAliP.Ox was varied in the range 1.1 < ¢ < L.5. EIS of
all samples could be adequately fit with the ECM (Figure 5.3a inset) which is
common for non-crystalline materials.''” Good agreement with the previous work
of Clayton et al. at ¢ = 1.5 was observed. As the P content was decreased from 1.5
to 1.25, an increase in 0;,, from 3.0(4)x10® S cm™! to 0.95(12)x107 S cm™' was
observed. Values of ¢ below 1.15 resulted in films with poor coverage. Fixing the
optimal value of ¢ = 1.25, the Li content (a value) was subsequently varied. By
increasing a from 2.25 to 2.8, the o;,, increased by almost an order of magnitude
(from 3.0(5)x10® S cm™ to 1.8(5)x107 S ¢cm™) highlighting the sensitivity of
O;on to both Li and P content. Finally, the effect of P content in the Li-rich
Li2sAliP.Ox was investigated, which confirmed the same optimal composition
(Figure 5.4). Therefore, the initial exploration Li2.sAliP1.250x of the Li-Al-P-O
phase space yielded a maximum o;,,0f 1.8(5)x107 S ¢cm™! for the composition To
the best of our knowledge, this is the highest ionic conductivity reported for a

lithium aluminophosphate glass at room temperature (Table 5.1).!33:148-150
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Figure 5.4 Tonic conductivity for Li»sAlIP.O, films determined from the fitted EIS data
using the ECM displayed in Figure 5.4.

Table 5.1 Comparison of ionic conductivity conducted at temperature T(K) of Li-Al-P-O

bulk glasses and solution processed thin films.'33148-150

Processing
Composition type T (K) Gion (S cm'1) Reference
Lip gAlP 250, Solution 295 1.8(5) x107 This study
LizsAlP1 50, Solution 295 2.6x10° Clayton etal., 2017
LizsAIP1 5045 Melt 303 2.8x10° Reddyetal., 2012
Liz33AIPsO567 Melt 403 2.1x107 Sharma et al., 2009
Li1pAIPgO 2 Melt 295 (extrapolated) 1.3x10°® Moreau et al., 2009

5.3.2 Effect of annealing temperature

From Figure 5.3, the LAPO film composition with the highest g;,,, (Li2.8Ali1P1.250x)
was chosen and the conductivity as a function of annealing temperature, Tanneal
studied. An inverse relationship between @;,, and Tumea Was discovered, with
0;on decreasing by a factor of =4 from 230 to 400 °C (Figure 5.5). This observation

is in contrast to the work of Clayton et al.'3® who found negligible ionic
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conductivity (=101 S cm!) after annealing Li2sAliP1.5Ox films at 400 °C,
suggesting a complex relationship between composition, annealing temperature

and film structure in this system.
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Figure 5.5 The o variation for Li»gAlP1250x films as a function of annealing
temperature, conducted at room temperature with the inset displaying the Au contacts on
top of the film and Si substrate, with Al contact on the bottom. A gold screw contacts the
top of the Au contact, and the Al bottom is bonded to a wire (pink line) with epoxy paste.
Both wires are connected to a potentiostat to run EIS. LiPON conductivity is shown for

comparison (dashed grey line).

The most conductive films had g;,,values within an order of magnitude of state-
of-the-art LIPON SEs (05, =2x10°¢ S cm™).13! It is noted that the LIPON SEs used
in SSBs are typically several microns in thickness, so comparable bulk resistance
values would be expected for the thinner LAPO films (i.e., 100s of nms) used here.
Annealing at temperatures less than 230 °C resulted in appearing visually spotty

and inhomogeneous coverage of the Si substrate. Crystallisation may occur at
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higher annealing temperatures and affect ionic properties. Laboratory GI-XRD

showed no signal above the background of the fused silica substrates, indicating the

films were non-crystalline at all annealing conditions investigated here (Figure 5.6).
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Figure 5.6 Theta-theta XRD on LAPO films annealed at 230, 275, 350, 400 °C. No

detectable signal from the films is seen above that from the fused silica substrate.

5.3.3 X-ray Photoelectron Spectroscopy

XPS was used to quantify the elemental composition and oxidation states of the

films. Representative region scans are shown in Figure 5.7. All films contained

chemical species in the expected charge states: Li*, AI**, P>* and O* with a higher

binding energy shoulder peak in the latter indicative of defective oxygen or surface

hydroxides.!”>!33 No N signal was detected, consistent with the loss of nitrates

during annealing.
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Figure 5.7 Representative XPS region spectra for a Liz sAlP; 250, film.

Table 5.2 contains the surface compositions of LAPO films annealed at different
temperatures. At the intermediate Tanneal values of 275 and 350 °C, the measured
values were in good agreement with stoichiometries expected based on the
precursor solution composition. XPS is a surface sensitive technique, therefore this
result implies chemical homogeneity throughout the film thickness. At 400 °C, the
XPS results show greater Li and O contents at the film surface Li-O species would
be expected to be ionically insulating and consistent with the lower o;,, observed
in Figure 5.5 On the other hand, at 230 °C greater relative Li and P concentrations
were observed in addition to the highest a;,, Future work will investigate
controlling the chemical inhomogeneity of the films during synthesis, e.g., by
intentionally depositing layers of dissimilar composition, in addition to further

exploration of the Li-Al-P-O phase space.

Table 5.2: Film surface composition determined by XPS

Tanneal (OC) Stoichiometry in LiaAlecOx

a b c X
230 3.0 1 14 52
275 2.8 1 1.3 5.1
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R, (nm)

350 2.7 1 1.3 52

400 2.9 1 1.2 5.6

The film surface morphology as a function of annealing temperature was
determined with AFM (Figure 5.8a). All films exhibited low average surface
roughness (Ra) < 10 nm, with Tunneat = 275 °C exhibiting the lowest R, of =1 nm. A
complex relationship was evident and reproducible across multiple samples — likely
due to competing processes, such as evaporation and surface reorganization,

occurring during annealing.
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Figure 5.8 a) AFM of the surface of single layer films and their average roughness (Rx)
as a function of annealing temperature displayed underneath. b) Cross-sectional SEM

image of a 4-layer Li,sAlP1250« film on an Si substrate annealed at 275 °C.

The Young’s modulus was determined by nanoindentation in the AFM to be
54(4) GPa. This value is greater than that of sulfide SEs (=15-20 GPa)'>*15¢ and
close to that of LiPON (77 GPa),'*” suggestive of LAPO being sufficiently tough
to suppress Li dendrite propagation. Due to the combination of low surface
roughness, chemical homogeneity and near-peak ionic conductivity, 275 °C was
chosen as the optimal annealing temperature for subsequent investigations — the
abbreviation LAPO will refer to this film composition annealed under these

conditions for the remainder of the manuscript. SEM imaging confirmed these SE
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films were continuous and dense (Figure 5.8b), with a single layer thickness of =75

nm.

5.3.4 Activation energy analysis

The activation energy, E. of optimised LAPO was determined using an
Arrhenius relationship (Equation 5.7, Figure 5.9) as 0.42(1) eV for the film
annealed at 275 °C. All LAPO films displayed activation energies in the range 0.39-
0.47 eV. A general trend was observed that the activation energy increased as the
room temperature ionic conductivity decreased, consistent with more facile ion
transport leading to higher ionic conductivity. Table 5.3 shows the activation
energy values (plot of temperature dependent ionic conductivity measurements for
230, 350 and 400 °C in the Appendix, A.4).
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Figure 5.9 Temperature-dependent a;,,, measurements and activation energy analysis.

This value is lower than those reported for thin film and bulk Li25AIP1.5055
glasses, 0.67 and =0.6 eV respectively,!*>!48 and even lower than that reported for

LiPON (=0.55 ¢V),!%7 despite the latter’s higher room temperature conductivity.
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This can be rationalised by considering the greater Li content of LiPON!'8

compared to LAPO, which is incorporated in the conductivity pre-factor term in

Equation 5.7. Additional differences in pre-factor parameters, e.g., hopping

frequency, may also contribute. Returning to the other LAPO phases, additional Li

in the structure could provide additional charge carriers. However, the optimised

composition contains only slightly more Li (=10%) than those reported previously.

Table 5.3 Activation Energy values calculated from Temperature-dependent

Oion Measurements.

Tauneat (°C) Activation Energy (eV)
E,(eV)
230 0.39(7)
275 0421)
350 0.44(6)
400 047(3)

It is therefore likely that by altering the Li:Al:P ratios has modified the glassy

network of Al-O and P-O units, creating a more favourable pathways for Li*-ion

transport. No significant differences were observed in XPS spectra and no structural

information could be obtained by XRD (Figure 5.6).
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5.3.5 Electronic conductivity

The bulk electronic conductivity (o,) of SEs has been suggested to be an
important factor in the prevention of Li dendrites.” To determine the a,, a DC
voltage was applied, and the subsequent current decay monitored (Figure 5.10).
From this steady-state current value, the g,0f LAPO was calculated as <10!' S cmr
I, =4 orders of magnitude lower than the 0;,, and yielding a transference number
of =1 assuming only the Li" ions are mobile. This value for LAPO compares well
to that reported for LIPON (=10''-10"'* S cm™"),”15? and is significantly lower than
those for LizLa3Zr2012 (LLZO) and LizPS4 (LPS) SEs (Figure 5.10, inset).
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Figure 5.10 Current-voltage decay curve for a LizgAlP1250x film annealed at 275 °C.

Comparison of the o, of LAPO against SEs in literature (inset).

114



-Z" (kQ)

5.3.6 Stability against Li metal

The electrochemical stability of LAPO was tested against Li metal using time
dependent EIS (Figure 5.11a). The EIS data were fit using 3 R|CPE units'® (ECM
inset in Figure 5.11 a and zoomed in scale to resolve 0 h in Figure 5.11 b). Here, R;
represented the bulk SE impedance (R»), R> the passivation layer (Rp) due to LAPO
decomposition and R; the charge transfer at the Li interface. DRT analysis'47-1¢!
was used to deconvolute the different polarisation processes. To test the linearity,
stability, and causality of the EIS data, the Kramers-Kroning relation was first
applied. The residuals were fixed to be +1% for the processes occurring at high-to-
mid frequencies corresponding to the passivation and bulk SE resistances R» and
Ry, respectively. However, at mid-to-low frequencies the DRT residuals were
outside the set range, possibly due to the non-linear nature of the charge transfer

reactions occurring at the Li interface.
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Figure 5.11 a) EIS Nyquist spectra of Li»sAlP1250x against Li metal over 13 hrs, b)
zoomed in to resolve the Ohr semi-circles. ¢) Comparison of Ry, and R, vs. time. The

resistance values were extracted from DRT analysis (Figure S5 in the SI).

Therefore, it was not possible to meaningfully quantify the R.: values. The non-
linearity of the R and shift in time processes can be observed in the DRT plot
(Figure 5.12) Figure 11 c¢ shows that R» was fairly invariant with time, with an

anomaly at 1 h which is attributed to the decomposition reaction of LAPO with Li.
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The characteristic frequencies (time constants) for Rv, Rp and Rct were =50 kHz (20
us), =5 kHz (0.2 ms) and =100-1000 Hz (1-10 ms) respectively. A stable
passivation layer or interphase was formed after =4 hours with a =25x greater
impedance than the bulk SE. Reactivity with Li is true of all known SEs, with only
LLZO and LiPON forming stable, low impedance interphases against Li to the
authors’ knowledge.'9-1%* The result that the native LAPO-Li interphase is stable
is promising for future surface modification and composition engineering efforts to

reduce or eliminate impedance due to the formed interphase.
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Figure 5.12 DRT analysis of EIS data vs. time for LAPOILi from which Ry, Rp and R can

be determined. The inset shows the Ry, at different times.
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5.3.7 In situ XPS during Li deposition

To elucidate the interphase composition, in situ XPS was performed, monitoring
the core-level photoemission spectra Li 1s, Al 2p, P 2p and O Is during Li
deposition (Figure 5.13). In all cases, the pristine components remained in addition
to new features caused by reaction with Li, suggesting either that LAPO exists as
part of the passivation layer or that this layer is thin enough to permit sampling of
the underlying SE. In the case of Li 1s, a new feature appeared at lower BE (=53.7
eV). This was likely due to the formation of Li-containing decomposition products,
such as Li2O, LisP, LixP and surface-absorbed contaminants such as Li2CO3, etc.
After 60 min, an additional peak at lower BE emerged (=52.7 eV) associated with
Li% A significant fraction of the AI** initially present was reduced to Al° during Li
deposition, whilst P3" was reduced to LisP (126.5 €V) and partially reduced LixP
species (131.0 eV). A very similar evolution of the P 2p spectra was observed during
in situ XPS of LiPON.'® Finally, a new feature at lower BE was detected in the O
Is spectra, which grew to dominate with time and could be assigned to Li2O.
Although there will be some Li2O present due to the deposited Li reacting with
surface contaminants and trace O2/H20 present inside the XPS chamber,'%® it is
likely that a majority of the Li2O formed as a result of direct reaction with LAPO
considering the greater impedance of the interphase. Therefore, the passivation
layer was found to be a mixture of Li2O, LisP, Li.P and Al° species. A stable
interphase should contain ionically conducting and electronically insulating

decomposition products.'®” Considering the chemical information from XPS and

the resistive interphase revealed by EIS, it is speculated that the electrically
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conductive components (LisP, Li.P, Al°) were isolated in a matrix of Li2O, which is

a known electronic insulator. %8
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Figure 5.13 Evolution of core level XPS spectra during Li deposition on the Lis sAIP1 250y
surface. Note that the deposition times given for the Al 2p spectra also apply for P 2p and
O 1s panels.

5.4 Conclusion

In summary, NC Li*-ion SE thin films are synthesised from aqueous solutions.
Through systematic exploration of the Li-Al-P-O phase space, an optimal
composition of Li2gAlP1250x was identified with an ¢;,, >107 S cm™' at room
temperature. Both increased Li and decreased P content were required to maximise
the ionic conductivity. Higher annealing temperatures led to decreased o,y
between 230 and 400 °C in this system. Film surface roughness exhibited a complex
dependence on annealing temperature, with the smoothest films being produced at
275 °C. Temperature-dependent o;,,,, measurements yielded a low activation energy

of 0.42(1) eV, indicating facile Li*-ion transport in this non-crystalline SE. DC
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polarisation experiments revealed a low g, (=<10!' S cm'!') and a moderate Young’s
modulus of =54 GPa was also determined. In contact with Li metal, LAPO formed
a stable, but resistive passivation layer and in situ XPS showed this to consist of
Li20, LisP, Li.P and Al° species. Reactivity with Li is true of all known SEs, with
only LLZO and LiPON forming stable, low impedance interphases against Li to
the authors’ knowledge. The result that the native LAPO-Li interphase is stable is
promising for future surface modification and composition engineering efforts to
reduce or eliminate impedance due to the formed interphase. These findings should

motivate future investigations into solution-processed NC materials.
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Chapter 6

Conclusion and Outlook

6.1 Thesis Conclusions

This thesis has focused on probing the NE|SE interface in SSBs to enable high
cycle life SSBs. It was shown that Si could be a promising NE in a SSB by
providing high-rate capability in thin film SSBs. However, the Si diffusion and
mechanical properties greatly influence cycle life due to the large stress-strains in
this system as a result of the large volumetric expansion of Si during cycling.

In Chapter 3, an 2D echem-mech model was first constructed and
experimentally validated using steady-state, transient and pulsed electrochemical
methods. The model geometry was taken as a representative cross-section of a non-
porous, thin-film solid-state battery with an amorphous Si (a-Si) NE, LiPON SE
and LCO PE. A viscoplastic model was used to predict the build-up of strains and
plastic deformation of a-Si as a result of (de)lithiation during cycling. A suite of
electrochemical tests, including EIS, GITT and HPPC was carried out to establish
key parameters for model validation. Thereafter, the validated model was used to

explore the peak interfacial (a-Si|LiPON) stress and strain as a function of the
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relative electrode thickness (up to a factor of 4), revealing a peak volumetric
expansion from 69% to 104% during cycling at 1C. The understanding of electrode
thickness on the stress and strain response was a key outcome of the model as well
as the model validation using load and pulsed (not routine for SSBs) operating
conditions which will aid in the cell design and optimisation of SSB technologies.

Next, in Chapter 4, the objective of the validated 2D echem-mech model was to
understand the effect of applied pressure and C-rate on the stress-strain response of
the cell. This study looked to probe the evolution of stresses at the solid-solid
interfaces. Although the validation and implementation of the model in the previous
chapter is important, it was only in this chapter that the interplay of the internal
electrochemistry and mechanics within the SSB domains was investigated. The
usefulness of having a model to probe these internal effects was highlighted when
a complex concentration gradient was generated within the Si electrode due to slow
Li diffusion in Si which led to localised strains. Of particular concern was that at
the end of discharge, at high C-rates (5C) under low applied pressure, the maximum
stress generated was tensile and occurred at a distance (0.9 normalised distance
from the negative CC) into the Si electrode.

These tensile stresses are of concern as fracture could occur here, and it is non-
trivial that the fracture propagation could occur at a distance within the Si electrode,
rather than at the Si|LiPON interface. Additionally, the simulated results showed
that to reduce the interfacial stress and strain at 100% SOC, low to moderate C-
rates and applied pressure is desirable. Following this, the mechanical properties of
the SE was tailored for optimal cell performance. To reduce Si stress, a moderate
Young’s modulus similar to that of lithium phosphorous oxynitride (=77GPa) with
a low yield strength comparable to sulfides (=0.67 GPa) should be selected.
However, if the reduction in SE stress is of greater concern, then a compliant
Young’s modulus (=29 GPa) with a moderate yield strength (1-3 GPa) should be
adopted. The importance of a validated echem-mech model is shown in this work
and 1s a useful tool when optimising cell material design for high rate and long
cycle life. This study also emphasises the need for experiments on the

characterisation of post-yield SE behaviour to improve model accuracy and the
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need for SE material selection and design to optimise the performance of thin film
SSBs.

When considering the scalable synthesis and manufacturing of large format
SSBs, the LiPON SE whilst enabling a high cycle life in thin film format and its
superior stability against Li metal (for use in Li metal batteries), is not scalable.
One of the aims of this thesis was to discover a material similar to LiPON in its
electrochemical and mechanical properties, whilst being low cost and highly
scalable. Chapter 5 looked beyond LiPON to another NC material, LAPO which
was synthesised using scalable methods and its phase space explored consisting of
seven different compositions. It exhibited an ionic conductivity >107 S cm™! at RT
by spin coating from aqueous solutions and subsequent annealing in air.
Homogenous, dense, flat layers were synthesised with sub-micron thickness at
temperatures as low as 230 °C. Control of the composition was shown to
significantly affect the ionic conductivity, with increased Li and decreased P
content being optimal, while higher annealing temperatures result in decreased
ionic conductivity. Activation energy analysis revealed a Li* ion hopping barrier of
0.42(1) eV. Additionally, LAPO exhibited a low room temperature electronic
conductivity (<10""" S cm™") and moderate Young’s modulus of =54 GPa, which
may be beneficial in preventing Li dendrite formation. In contact with Li metal,
LAPO is found to form a stable, but high impedance passivation layer comprised
of Al metal, Li-P and Li-O species. These findings should be of value when
engineering NE SEs for Si or Li-metal batteries with high energy and power
densities. In this work, a foundation has been established which can be used to
further improve NC materials’ interfacial properties for use in advanced energy
storage devices.

The cumulative sum of the electrochemical and mechanical techniques used in
this thesis, although not completely comprehensive, is rarely reported in the field
of SSBs. Techniques such as pulse-power characterisation, EIS and DRT analysis
to assign the Li-Si alloy interface contribution, continuum-scale modelling of a thin
film Si based SSB with experimental validation, investigation of the SE (LAPO)

conductivity-structure relationship and its stability with Li using in-situ XPS and
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time-dependent EIS and DRT analysis, are uncommon and will expand
understanding of the NE|SE interface. The methods described here, have been
applied to a multitude of different SEs (experimental and simulated) and NE (Si
and Li) chemistries to gain a deeper insight into the high interfacial resistance which
is one of the main drawbacks for SSBs. These techniques and insights should help
to motivate further studies towards commercialisation of SSBs with superior

cycling performance.

6.2 Limitations

6.2.1 Cell Format

The focus of this work is mainly on thin film systems and the echem-mech model
simulated for a thin film SSB (Chapters 3 & 4). The simplistic, planar geometry
provides a useful learning tool to understand the cell strain-strain response and the
suite of electrochemical testing applied to the SSB (albeit thin film) can be applied
to extract parameters for a porous SSB as we shift towards the commercialisation
of these larger form factor SSBs (not commercially available today). Although
experimental visualisation of the expansion of Si could not be measured on the thin
film system, on a large format system this is made easier. For instance, X-ray
computed tomography (X-ray CT) was unsuccessful on the thin film SSB, due to
the high aspect ratio of these thin films, submicron thickness and low X-ray
attenuation of Si, the resolution and pixel size was not able to identify Si expansion.
However, with large format cells (~100 s micron thickness), X-ray CT is more
successful and has been used in studies to visualise dendrite formation and for
modelling electrode particles. Experimental parameters such as electrode diffusion
can also be extracted from X-ray CT to improve model validation. 3D
microstructure resolved SSB models have recently emerged®®!'!> though only on
the scale of a few particles not full electrode level and the inclusion of degradation
mechanisms such as fracture and loss of contact between the SE and electrode have

not been as thoroughly modelled.
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Both experimental and modelling efforts on large format cells during cell cycling
and applied pressure should be conducted to improve model accuracy and increase
understanding of applied pressure on these large format 3D systems. The map of
applied pressure, C-rate and capacity produced in Chapter 4 is very useful for not
only understanding the internal stress-strain response of the cell but also for cell
design. A thorough characterisation of a large format SSB to create a similar map

would be highly useful.

6.2.2 Plastic Behaviour

The echem-mech model (Chapters 3 and 4) assumed perfectly plastic yield
behaviour for LiPON as the post yield behaviour and fracture toughness of LiPON
is lacking in literature and future studies should look at extracting this.'® It will
improve model accuracy and enable models to predict fracture modes in SSBs. In
addition, the creep behaviour of the oxide and sulfide SEs in this study (LLZTO
and LPSCI), did not take into consideration hardening of these materials which
could occur as the stress is increased and would alter the strain rate. The reason for
not simulating this response is due to the lack of experimental studies on post-yield
behaviour even for these commonly used SEs. Moreover, due to the planar nature
of the thin film SSB, elastic isotropy was modelled which would not be the case for
systems with electrode microstructure and composite NEs/PEs (e.g., large format

SSBs), therefore the model would need to be adjusted for these cases.

6.2.3 Half-Cells

The Si plastic stress and strain fitting parameters were taken from literature using
curvature measurements that had been performed on a-Si half cells with LEs.!6 17
It would be beneficial for future SSB modelling efforts if such studies could be
conducted on a-Si half cells with SEs. More experimental studies should focus on
reporting OCV curves and diffusion coefficients for a-Si and PE half cells with SEs

to improve model accuracy rather than relying on data from LE half cells in

124



literature. The findings in Chapter 3 showed better cell capacity agreement (during
1C cycling) using Si and LCO solid-state diffusion coefficients determined using
GITT on the full cell SSB rather than LE data. However, the model could be further
improved by a more accurate OCV, and diffusion coefficient obtained using

representative SE half-cell data.

6.2.4 Applied Pressure

This work acknowledges that the applied stack pressure in Chapter 4 was
simulated between 0 to 500 MPa which is a little higher than used experimentally.
Typically, fabrication pressures of large format SSBs are a few hundred MPa with
typical stack pressures <100 MPa'’%%"2 and in rare cases up to 250 MPa.l’?
However, this work wanted to understand the relationship between applied pressure
and C-rate on the cell stress-strain response and capacity. Therefore, the applied
pressure range was extended to 500 MPa to better display the complex relationship
and visualisation of any trends that emerged, for example the C-rate was found to
influence the cell average capacity much more than the applied pressure (Figure 4.6
and 4.7).

6.2.5 Contact Resistance

It is recognised that the variable contact resistance of the gold screw when
conducting EIS measurements on LAPO influences the ionic conductivity values
between samples (~16%). Due to the small contact area of the gold tip (0.20 mm?)
it is extremely difficult to control the pressure by hand, therefore an automated
method could be deployed to apply a controlled and quantified amount of pressure
for each sample measurement. Alternatively, a torque meter could be calibrated and
used to measure the applied pressure to the screw if an automated EIS set-up is not

available.
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6.2.6 Spin coating

The synthesis process used for LAPO whilst using low-cost precursor materials
and aqueous processing methods with a low annealing temperature, does not use a
highly scalable deposition technique. The use of spin coating is not thought to be
scalable for large scale manufacturing processes. Spin coating has been used in this
thesis as a platform to enable the deposition of these films and enable investigation
of the electrochemical and mechanical properties. Spin coating provides a quick
and simple method to tweak the chemistry of the films and provide feedback on
film properties as a result. When these films are ready for employment in device
level systems, more scalable routes should be investigated for scale-up. Methods
such as spray coating should be studied, and the film’s properties characterised to

confirm similarity with those synthesised using the spin coating technique.

6.3 Future Work
6.3.1 Fracture Model

Mechanical properties of the SE such as its Young’s modulus, yield and fracture
strength were found to play a role in the SSB performance (Chapter 4). Itis likely
that these properties influence whether fracture will occur within the Si and SE due
to defects within these materials. Defects are common during the manufacturing
process®>174 and future work should look at probing whether fracture will occur.
Chapter 4 (Figure 4.7) highlighted areas of high tensile stress at the Si|LiPON
interface which occurred at the end of discharge. This high tensile stress could
provide sites for fracture; however, it is possible that a certain amount of applied
pressure could mitigate it. Future work should look at probing possible fracture
sites and under which conditions it could be prevented. Modelling a defect at the
Si|SE interface as well as within the Si and SE could be of interest. Further, the
effect of applied pressure on the electrochemical properties of the SE such as its
ionic conductivity and the interfacial resistance (SE|Si interface) was not simulated,

yet literature points to increased SE ionic conductivity and reduction in interfacial
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resistance with applied pressure.!’? The relationship between applied pressure on
ionic conductivity and interfacial resistance should be implemented into the model
for increased accuracy. Mechanical integrity is one of the main issues for thin film
SSBs 7 and by building a more robust echem-mech model to better understand the
electrochemical and mechanical interplay, it can provide as a useful tool for the

creation of high cycle-life thin film SSBs.

6.3.2 Non-crystalline Solid Electrolytes

It is difficult to see how expensive and slow throughput vacuum processing of
SEs such as LiPON will enable the scale-up of large format SSBs.3*!7%177 Vacuum
processing of thin films on large areas as required for large format cells will not be
cost competitive and are limited in their applications as small format devices
consisting of microbatteries and microelectronic chips. Therefore, scalable
solution-based processing of a NC material with similar properties to LiPON 1is
highly desirable. In Chapter 5, such a NC material has been synthesised; LAPO,
and the phase space of this class of materials should be further expanded. Spray
coating would be more suited to large scale synthesise of these films compared to
spin coating and should be explored as a route for scaling. LAPO produced a stable
but high impedance interface with Li and future work should focus on producing a
stable and low impedance interfacial contact. This could be achieved by doping the
films with nitrogen which has increased the stability of LiPON against Li.!”®

Future work should also look at integrating the LAPO films into devices by either
spin-coating the film in an “anode-free” configuration or coating directly on to a
PE to provide better contact at the SE|PE interface. In the former configuration, the
LAPO film would be spin coated onto the negative CC and assembled with a
lithium containing PE. The lithium NE would be formed from the lithium contained
in the PE which would deposit in-situ at the negative CC interface during charging
(Figure 6.1a). The LAPO film would enable stable plating and stripping of Li at the
negative CC in a thin film SSB or in a Li metal battery containing a LE or SE
(Figure 6.1b and Figure 6.1Figure 6.1c respectively). Coating LAPO directly onto
a PE to help improve the stability of the PE at higher voltages could be paired with

127



either a Li or Si NE. However, this configuration is dependent upon whether the
electrochemical stability window of LAPO encompasses a large voltage range and

should be investigated in future experiments.

a) Thin film SSB b) Limetal liquid electrolyte battery ~ €) Li metal large format SSB

/ /

Liquid Electrolyte SE

e

PE

Figure 6.1 a) LAPO SE used to enable stable plating and stripping of Li (formed in-situ)
at the negative CC in a thin film SSB, b) in a Li metal LE battery and ¢) a Li metal all
solid-state large format battery.

Previous work has looked at the ability of LiPON to increase the wettability of
different SEs against the Li electrode thereby improving interfacial contact, whilst
increasing the SE’s electrochemical stability window and its critical current density
thus prolonging cycle life. 177181 Using LAPO in a similar fashion to increase the
wettability of a bulk SE in a large format SSB could be similarly demonstrated to
see whether the interfacial contact is improved with its addition. Finally, the SE
phase space should be expanded to include the discovery of other NC materials
synthesised using similar scalable methods in the pursuit of high ionic conductivity

SEs with desirable electrochemical and mechanical properties.

128



129



Appendix

DRT Residuals
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Figure A.1 Residuals for discharge EIS at a) 90% and b) 10% SoC.
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Figure A.2 Residuals for charge EIS at a) 90% and b) 10% SoC.
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Figure A.3 LAPO spin coated onto the Si substrate with the Li “silver” spot thermally
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evaporated onto the film. Kapton tape was placed around the rest of the film to ensure the

Cu contacts did not touch it.
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Temperature dependent conductivity for activation energy
analysis of LAPO
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Figure A.4 Temperature-dependent ionic conductivity measurements and activation

energy analysis on Li> sAIP1 250, films annealed at 230, 350 and 400 °C.
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Publications, Conferences,

Awards, and Internships

Conferences:

1.

Oral presentation at the Climate Change Conference organised by National
Battery Research Institute (NBRI), 2021, virtual

Poster presentation at Materials Research Society, May 2022 at Honolulu,
Hawaii

Oral presentation at the Royal Institute London, on work conducted as part
of the STFC award recipient, November 2022, at London, U.K.

Poster presentation acceptance at the Solid-State Batteries - From
Fundamentals to Application (SSB V), November 2022 at Frankfurt,
Germany (could not attend due to personal circumstances).

Oral presentation acceptance at the Electrochemical Society (ECS), May
2023, Boston, U.S.A.

Publications:

1.

First author review paper on electrochemical impedance spectroscopy for
solid-state batteries, 2021 (published):
Vadhva, P.; Hu, J.; Johnson, M. J.; Stocker, R.; Braglia, M.; Brett,
D. J. L.; Rettie, A. J. E. Electrochemical Impedance Spectroscopy
for All-Solid-State Batteries: Theory, Methods and Future
Outlook. ChemElectroChem 2021, 8 (11), 1930-1947.
https://doi.org/10.1002/CELC.202100108.
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2. First author research paper on a thin film Si NE solid-state battery, 2022
(published):
Vadhva, P.; Boyce, A.; Hales, A.; Pang, M.-C.; Patel, A.;
Shearing, P. R.; Offer, G. J.; Rettie, A. Towards Optimised Cell
Design of Thin Film Silicon-Based Solid-State Batteries via
Modelling and Experimental Characterisation. J Electrochem Soc

2022. https://doi.org/10.1149/1945-7111/AC9552.

3. First author experimental paper on a non-crystalline thin film solid
electrolyte, 2023 (published):
Vadhva, P.; Gill, T. E.; Cruddos, J. H.; Said, S.; Siniscalchi, M.;
Narayanan, S.; Pasta, M.; Miller, T. S.; Rettie, A. J. E. Engineering
Solution-Processed Non-Crystalline Solid Electrolytes for Li Metal
Batteries. Chemistry of Materials 2023.
https://doi.org/10.1021/ACS.CHEMMATER.2C03071.

4. First author research paper on electrochemical and mechanical coupling of
a Si NE solid-state battery, 2023 (submitted):
Vadhva P, Boyce A, Patel A, Shearing P, Offer G, Rettie A.
Silicon-based Solid-State Batteries: Electrochemistry and
Mechanics to Guide Design and Operation. ChemRxiv.
Cambridge: Cambridge Open Engage; 2023.
DOI: 10.26434/chemrxiv-2023-zq6zb
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Awards

1. Experimental Design Award Winner from Scientific Technology Facilities
Council (STFC) - £8,000

2. Climate Change Dissemination Award Winner (best presenter at the
conference) - £2,000

3. The Electrochemical Society (ECS) travel grant award recipient - $250

Internship and Training

1. Cell engineer 8-month internship at Tesla in Palo Alto, California 2022.

2. Battery consultant for Intercalation Station (part-time/freelance), working
on due diligence reports for a solid-state battery company and recycling
battery project and writing battery technology articles.

3. Battery Ambassador for Battery Associates, lead author on solid-state

whitepaper (freelance): https://www.battery.associates/battery-whitepapers

4. Battery School WMG (Warrick University) — 1 week course learning about
battery testing, manufacturing and industry and academic collaborations in
UK. Run through the Faraday Institution.

5. Battery MBA — 12-week course run by Battery Associates covering battery
lectures on industry and academia by experts in these areas. CPD accredited
course.

6. Beamline training and experimental research at the German synchrotron
(DESY) taking GI-XRD thin film measurements for pair distribution
function (PDF) analysis (October 2022).

7. Training/field trip to Tokyo Institute of Technology— learning how to
synthesise thin film solid electrolytes and PEs using vacuum deposition

methods for 2 weeks.
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