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ABSTRACT

The increasing demand for advanced energy storage solutions has fuelled an increasing need for cutting-
edge technologies that can provide high battery capacity, safety, and environmental sustainability. This
comprehensive review article embarks on an exploration of the latest advances in solid-state batteries, offering
a panoramic view of their evolution. Another pivotal aspect of this review is an in-depth analysis of recent
advancements in battery materials sintering techniques, with a particular focus on cold sintering and flash
sintering. By delving into the fundamental principles of sintering, we illustrate the substantial potential of these
innovative methods in shaping the future of energy storage technologies. These techniques are instrumental in
streamlining the manufacturing process of solid-state batteries, making them more efficient and sustainable.
Additionally, the review extends its scope to encompass the modelling of these sintering processes, emphasising
their helpful role in the sintering of solid-state batteries. Furthermore, the article ventures into the modelling
of solid-state batteries, introducing the powerful tool of machine learning to enhance the understanding and
optimisation of these advanced energy storage systems. This synergy between modelling and machine learning
promises to expedite the development of robust and cost-effective solid-state batteries.
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1. Introduction

SSBs Solid-state batteries

LIBs Lithium-ion batteries Solid-state batteries (SSBs) have emerged as a promising solution
LCO Lithium cobalt oxide to revolutionise various sectors, including electric vehicles (EVs), re-
NCA Lithium nickel cobalt aluminum oxide newable energy systems, and portable electronics [1,2]. Their higher
NMC Lithium nickel cobalt aluminum oxide energy density allows them to store more energy in a smaller space.
LMO Lithium manganese oxide SSBs are also considered safer than conventional options due to their
LNMO Lithium nickel manganese oxide inherently non-flammable properties. Enhanced safety is essential, es-
™ Transition metal pecially with the growing demand for reliable, efficient energy storage
ZTO ZrTiO, solutions. Moreover, these batteries boast longer lifetimes due to their
LLZO Li;La3Zr, 01y robust construction. Despite these promising attributes, SSBs have faced
NASICON sodium (Na) super ionic conductor obstacles [3,4]. Issues related to manufacturing challenges and cost
LATP Li; 3Aly 3Ti; 7(PO,)5 concerns have slowed down market penetration. However, ongoing
SPS Spark plasma sintering research and development efforts aim to address these barriers and
SE Solid electrolyte bring SSBs closer to realising their full potential in transforming energy
PDMS Polydimethyl-siloxane storage systems [5].

MCI Mixed conducting interphases As demand for advanced energy storage solutions increases, SSBs
CAM Cathode active materials require efficient and cost-effective manufacturing methods. It is essen-
CEI Cathode electrolyte interphase tial to develop advanced manufacturing processes that can control the
HBs Heterogenous blocks microstructure, density, and chemical composition of a SSB. Sintering is
ISCs Internal short circuits a fundamental process in materials science and engineering that results
DRT distribution of relaxation times in solid materials with desired properties. By applying heat to a powder
AIMD Ab Initio Molecular Dynamics compact, the particles bond together, reducing porosity, and eventually
DFT Density Functional Theory forming a dense, cohesive material [6,7]. Over time, advances in sin-
ML Machine learning tering techniques have reduced the temperature and duration required
SVM Support vector machine for producing dense ceramic structures. New techniques like spark
SVR Support vector regression plasma sintering (SPS), microwave sintering, laser sintering, ultra-fast
RUL Remaining useful life high-temperature sintering, cold sintering (CS), and flash sintering (FS)
GPR Gaussian process regression have been developed in recent years. In the future, embracing these
EN Elastic net innovative approaches can lead to a cleaner and more sustainable
FAST Field Assisted Sintering Technology economy, reduced energy consumption, and faster processing times
VLC Volatile lithium compounds which can result in improved battery performance. Scientists are con-
HP Hot pressure tinuously researching the fundamental mechanisms underlying these
OPS Oscillatory pressure sintering newfound sintering techniques in the field of SSBs. This exploration is
NZSp Na;Zr,5i,PO;, likely to result in even more transformative innovations in the future,
CSp Cold sintering process bringing forth exciting possibilities for energy storage and sustainable
ICC Inverse co-precipitation and compaction technologies [8,9].

ucs Uniaxial Cold Sintering The sintering of multilayered systems and constrained films have
PEO Plyethyleoxide been extensively studied because they are important in wide range of
PVDF Polyvinylidene fluoride applications such as electronic packages, multilayer capacitors, ceramic
CNF Carbon nanofibre sensors and actuators, batteries, and solid oxide fuel cells [10]. A com-
HEVs Hybrid electric vehicles prehensive theoretical analysis of densification and shape distortion of
FS Flash sintering bi-layer and tri-layer systems can be obtained from the free densifi-
RFS Rt.eactive flash sintering cation behaviour of each layer. The study of poly-crystalline ceramics
DC Direct current involves experimental and theoretical studies of various parameters,
AC Alterir}g currer.lt . such as impurities, second-phase particles, and defects. Theoretical
KNN Potassium Sodium Nlobat.e concepts of sintering were originally based on ideas of a discrete
FSPS Flash .spark. plasma sinterllng . organisation of porous media [11]. However, macroscopic variables
ERFS Electr{c resistance ﬂa§h su}tenng also have a role in determining the kinetics of sintering, in addition to
SLFS Selgc.tl've !aser ﬂash sintering the characteristics of the powder particles and the type of contact they
Al Artificial intelligence have. The use of experimentally acquired parameters in macroscopic
ML Machine learning

models or meso-scale simulation utilising physical models has been

the main focus of sintering systems theories and simulations. Ensur-
ing accurate particle packing and pore/grain microstructures requires
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Fig. 1. Overview of our approach in the article.

robust meso-scale simulations in addition to a significant macroscopic
investigation for technical reasons [12,13].

The shapes of grains and pores in the intermediate and final sin-
tering stages could be described in a more detailed fashion based
on idealised geometric simulations. Many numerical simulations have
been conducted to investigate the sintering kinetics and microstructural
evolution of nano-particles, including Molecular Dynamics (MD) [14,
15], Continuum Mechanics [16], Surface Evolver Technique [17], Fi-
nite Element Method (FEM) [18,19], and Discrete Element Method
(DEM) [20-22]. These simulations have shown good agreement with
experimental data regarding the evolution of the contact area between
particles and volume shrinkage. Among them, the FEM is widely used
for the solution of problems of density distribution in real porous
samples [13,23].

In this article, an extensive review of SSBs, and their potential as a
groundbreaking energy storage technology is presented. An overview of
our article is provided in Fig. 1. Initially, our discussion covers the core
principles underlying SSBs technology, including the electrochemical
processes that drive battery performance. We also explore the different
parts of an SSB, such as the solid electrolyte (SE), the anode, and the
cathode, detailing their roles and how they interact within the battery.
Then, we examine the challenges associated with these advanced bat-
tery systems. Also, we shed light on two promising sintering techniques,
namely CSP and FS. These techniques have shown immense promise in
enhancing SSBs’ performance and manufacturability. In addition, we
discuss numerical simulations of these sintering methods in an attempt
to unravel their complex processes. Our article aims to contribute to
the understanding and realisation of efficient SSBs by gathering the
latest research findings and technological advancements, opening new
opportunities for future energy storage technologies.

2. SSBs

To make efficient, clean energy storage possible, lithium-ion batter-
ies (LIBs) are the key technology with characteristics such as substantial
reversibility, high energy density, and safety [24]. Generally, they
consist of four components: the cathode, anode, electrolyte, and sep-
arator. Through the discharging process de-intercalated Li* from the
anode moving via the electrolyte intercalates into the cathode, where
electrons from the anode flow through an external circuit to the cathode
and undergo a reduction-oxidation (redox) reaction — the charging

process is the opposite. The separator prevents direct contact between
the anode and cathode, while the electrolyte is used to transfer the Lit
and block electrons. Each part of the battery has its distinctive purpose
and works together so that the energy can be efficiently exchanged
between chemical and electrical forms [25,26].

A conventional LIB typically consists of a liquid electrolyte to help
transport Li ions from the cathode to the anode, and vice versa [27].
This may elevate the risk of electrolyte leakage if there are any defects
or holes. Furthermore, the formation of dendrites of Li can make it
prone to exploding. Additionally, the low ignition point and low boiling
point make it vulnerable to dangerous conditions such as thermal
runaway, and side reactions between the electrode and electrolyte, all
of which can lead to electrolyte failure [26,28].

SSBs have gained significant attention because they offer poten-
tially higher gravimetric and volumetric energy and power densities, a
wider operating temperature range, and enhanced safety compared to
conventional liquid electrolyte-based systems. The slower reactivity of
solids compared to liquids suggests that SSBs may have longer lifespans,
as demonstrated with micro batteries operating for more than 10,000
cycles [29]. The aging effects associated with liquid electrolytes in LIBs
will not be present in SSBs; however, cathode material gas evolution
can still cause safety and aging issues. The challenges that LIBs, are
facing today must be understood in the context of the development
of SSBs. In addition to the storage and active materials, existing LIBs
also include a sizeable amount of cooling equipment and auxiliary
materials [4].

2.1. Charge transfer mechanism in SSBs

Solid-state electrolytes (SEs) have a different charge transfer mech-
anism than liquid electrolyte-based batteries. Ion diffusion is what
propels the charge transfer mechanism in SEs [30]. The charging
process involves both lithiation in the anode by diffusion through the
electrolyte and de-lithiation from the cathode. Similarly, the opposite
reaction, which involves the ions’ transit through the SEs, takes place
during the discharging process. Accommodation of lithium in the host
structure needs to be without restrictive forces, therefore it demands
anode and cathode to be chosen correspondingly. The anode and
cathode’s Fermi potential difference determines the cell voltage and
the number of Li ions that enter the electrodes increases the current
delivered. Li-ion diffusion must occur through pores or vacancies in the
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Fig. 2. Mechanisms of cation migration and related energy profiles — copied with permission from [29].
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Fig. 3. Gradient in Li-ion concentration is formed at the grain boundary over time when the cell cycles between charging and discharging — redrawn with permission from [31].

host (electrode) lattice. Fig. 2 depicts a schematic illustration of the Li-
ion diffusion mechanism across the grain boundary. This illustrates that
the formation of a concentration gradient at the grain boundary aids in
the process of grain boundary diffusion. However, compared to other
methods of diffusion, this technique of lithiation demands extremely
higher activation energy. The diffusion process for Li ions over the grain
barrier is schematically represented in Fig. 3, which shows that the
creation of a concentration gradient at the grain boundary facilitates
the diffusion process [31,32].

2.2. All-SSB materials

2.2.1. Cathode

The cathode plays a crucial role in SSBs, as it serves as the source
of ions during the charging process and facilitates their transfer in
the opposite direction during discharging. The cathode must remain
structurally stable throughout these processes. Furthermore, ensuring
a high level of ionic conductivity in the cathode is essential [33].
Researchers are studying the same active materials used in commercial
LIBs. Prominent candidates include layered oxides such as lithium
cobalt oxide (LCO), nickel cobalt aluminum oxide (NCA), and nickel
manganese cobalt oxide (NMC), spinels like lithium manganese oxide
(LMO) and lithium nickel manganese oxide (LNMO), and polyanionic
olivines such as lithium iron phosphate (LFP) [34]. Cathode materials
are classified through their structure. The LiMO, formula and its pro-
totype is a-NaFeO, structures which belong to the R3m space group
(Fig. 4a) is mostly considered (M is a 3d transition metal, e.g. Ni,
Co, Mn, Mg, Fe, Al). An octahedral occupancy of oxygens surrounds

Li and M, which are arranged in alternate stacking layers within this
structure. Spinel structured cathode materials, LiM,0,, Li, and M are
occupied in tetrahedral and octahedral environments of O respectively,
with the space group of Fd3m (Fig. 4b). In spinel structures, there are
octahedra of TMOg within the TM layer, which together with Li tetra-
hedra form a three-dimensional network. Various polyanionic materials
have also demonstrated promise as cathodes, including silicate, olivine
phosphate, and tevorite. Fig. 4c shows the orthorhombic structure of
olivine phosphate, or LiMPO,, which consists of MOg octahedra, PO,
tetrahedra, and LiOg octahedra that share edges. Tavorite-LiMSO4F and
silicate-Li,MSiO,4 (Fig. 4d and e) have also been suggested as cathode
materials [35].

LiNiO,, LiMnO,, and LiCoO, are the three fundamental layered
oxides that have been thoroughly investigated [36]. Selecting the ideal
cathode material involves finding the right balance between costs,
stability, safety, energy density, and power density. For instance, LFP
stands out as a cost-effective, safe, and stable option, but it has rela-
tively low energy density. On the other hand, NCA exhibits superior
performance in terms of energy and power density, although safety
concerns arise due to its tendency for thermal runaways, particularly
in small devices. Depending on the targeted application, cell and bat-
tery manufacturers prioritise specific aspects while managing trade-offs
with other factors [34]. Cathode materials typically have lower specific
capacities, but the general efficiency of a SSB is still constrained by
their performance. Introducing nano-particles to common cathodes,
such as LiCoO,, can enhance their properties. However, using these
materials at high temperatures raises more safety concerns compared
to when they are utilised on a smaller amount. This issue can be
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Fig. 4. Cathode materials for lithium-ion batteries have representative crystal structures: (a) layered a-LiCoO,,

copied with permission from [35].
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Fig. 5. Cycling performance was done at two different temperatures: (a) at 25 °C in the range of 2.8-4.5 V, and (b) for NCM90@ZTO-0 and NCM90@ZTO-7, at 55 °C in the
range of 2.8-4.3 V The NCM90@ZTO-0 cathode displays a capacity retention of 70.5%. Conversely, the NCM90@ZTO-7 still shows a capacity retention of 90.1% after 100 cycles
under the same test conditions. The enhanced performance probably derives from the epitaxial ZTO cladding, which maintains the lattice oxygen/transition metal structure by

preventing the surface corrosion — copied with permission from [38].

mitigated by coating the nanoparticles with a stabilising layer that
lowers the cathode’s rate of lithiation/delithiation (it is important to
note that cathode lithiation occurs during discharge). Due to their
improved specific capacity and thermal stability, LiNi,MnyCo,_,.,O,
(NMC) layered oxides have drawn more attention. The benefits of
all three transition metals are incorporated in NMC-based cathode
materials; nickel can give high specific capacities, while Co and Mn
can offer superior kinetics in layered structures and enhanced structural
stability [37,38]. Tan et al. [38] have developed a new method to
improve the mechanical stability of ultrahigh-Ni (NMC90) by using
ZrTiO4 (ZTO) as an epitaxial layer. As a result of the ZTO modification
(c.f. Fig. 5), the NMC90 exhibits a significant increase in cyclability
under high voltage (4.5 V), as well as a 17% increase in capacity
retention (71% vs. 88%) after 100 cycles.

2.2.2. Anode

Potentially good anode materials are typically those that have a
large capacity for storing Li/Li*. This is so because, during the charging
process, lithiation occurs at the anode. With a suitable layer struc-
ture (layer spacing of 0.335 nm), graphite, one of the stable carbon
allotropes, enables reversible Li* intercalation/deintercalation [39].
Graphite has been the preferred anode material for commercial LIBs
due to its relatively low cost, superior capacity (372 mAh g-1), high
cycling stability, and low operating temperatures. However, graphite
encounters low lithiation voltage (0.08 V vs. Li/Li*) and slow lithium

intercalation kinetics [40]. Spinel lithium titanium oxide (Li,Ti5O;5,
LTO) is a promising alternative to graphite anodes in lithium-ion
batteries due to its high lithium insertion/extraction voltage of ap-
proximately 1.55 V (vs. Li/Li*) and excellent cycle stability. However,
despite these advantages, LTO’s low electronic and ionic conductivities
necessitate further engineering to improve the power performance of
batteries [41]. Ultimately, Li metal is the best option as an anode in
SSBs. Li et al. [30] have investigated lithium anodes in solid-state cells
using chitosan-based SSE, which led to a stable discharge capacity of
160 mAh g1 for up to 50 operational cycles. Also, pure lithium metal
anodes have some limitations. Due to lithium metal’s extremely high
sensitivity to elevated temperature conditions, one significant issue
with lithium anodes is that they cannot be used in high-temperature
operational conditions.

Moreover, the instability of lithium anodes in SSBs poses a sig-
nificant challenge to maintaining desirable charging and discharging
rates and extending the battery’s lifespan. The chemical and mechanical
degradation of alloy anodes at higher current rates or through repeated
alloying and dealloying processes can become a critical issue, for
instance, in the case of the Mg-70 wt% Li system, there is a tendency for
the redox plateau to weaken with repeated cycling [42]. Various strate-
gies have been investigated to address this issue. One approach involves
applying high stack pressures to prevent the formation of pores during
the stripping process. However, it is important to keep the applied
stack pressure as low as possible in practice because high pressures
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from [42].

can lead to extensive interfacial fractures, which reduce the critical
current density [42,43]. Singh et al. [42] have proposed an innovative
approach to combat lithium anode degradation by controlling the
microstructure (outlined in Fig. 6). They utilise the creep behaviour of
polycrystalline lithium to address the interfacial instability associated
with pore formation during anodic stripping. This is accomplished by
employing fine-grained polycrystalline lithium (with a grain size of
20 micrometers) as anodes and taking advantage of shorter diffusion
pathways with high diffusivity channels.

Another method is to use binary lithium alloys to mitigate the issue
of pore formation. However, these alloys face constraints related to
both electrochemical and mechanical issues, and the shift in redox
potential with changing composition limits the theoretical and practical
specific capacity of these alloys [44,45].

Fuchs et al. [46] look at how current density affects the morphology
of lithium growth shown in Fig. 7. The lithium plating with various
current densities was characterised using the in-situ SEM plating pro-
cess. The micrographs demonstrate how the current density increases
together with the heterogeneity of the lithium-particle size, shape, and
density deposited at the Cu|LLZO interface. Cu|LLZO and Cu|LIPON
interfaces were subjected to image analysis to compare the nucle-
ation quantitatively. According to their investigation, the dispersion
of Apjparice Similarly reduces with increasing current densities, and
the area of each lithium particle decreases with bigger ny; particle- It
was feasible to measure the lithium particle density as a function of
the applied current density and by examining thin copper sheets (d
= 100 nm). Fig. 8 illustrates a significant increase in lithium particle
density and area coverage at increasing current densities.

Researchers have been investigating different electrode designs,
specifically focusing on the anode side, to enhance the energy density
of all-SSBs (ASSBs). The anode-less concept, which eliminates the need
for an active material on the anode side, shows potential in achieving
energy density close to the theoretical maximum while also reduc-
ing material costs and simplifying the manufacturing process [47].
However, operating anode-less cells at room temperature and low
pressure poses challenges, such as sluggish lithium plating and stripping
kinetics and the formation of interfacial voids. To address these issues,

100

0.4 7 | 12000
> Pulse 1 Pulse 2 e
~ 0.0 W o
Léj <J 41000 <§-
4 ( f [ =
- " | " il — h 1100

15 20 30 35
Time / min

Fig. 7. (a—c) SEM micrographs taken at various times while plating lithium using 100
HA cm2. On top of (d), the relevant voltage and current profiles are shown. The voltage
and current profiles during plating with 100 pA cm™2 and interrupting current pulses
of 2000 pA cm are displayed in the lower section of (d) — copied with permission
from [46].

Oh et al. [48] introduces a dual thin film comprising a magnesium
(Mg) upper layer and a Ti;C,T, MXene buffer layer. The Mg layer
enables reversible Li plating and stripping at room temperature through
a low-energy (de)alloying reaction, while the MXene layer preserves
the electrolyte-electrode interface, even under low pressure conditions
(2 MPa), thanks to its high ductility. The integration of these layers
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High current density

Fig. 8. Diagram illustrating the occurrence of several lithium growth modes when applying varying current density to thick current collector foils (bottom) or thin current collector

films (top) — redrawn with permission from [46].

allows anode-less ASSBs to operate simultaneously at room temperature
and low pressure, opening new possibilities for practical and efficient
anode-less battery systems.

2.2.3. Electrolyte

One of the most crucial components of LIBs is the electrolyte. Fig. 9
provides a general comparison of various electrolytes used in LIBs,
including liquid, hybrid, and SEs, and aims to introduce the different
types of electrolytes and illustrate how each one performs in key areas.
It highlights their distinct properties such as ionic conductivity, leakage
tendencies, and energy density [49,50]. The primary characteristic of
SEs is their rapid and effective ion transport. Recent research has also
demonstrated that crystalline electrolytes are often required for SEs to
have a high ionic conduction rate [51]. Despite certain drawbacks such
as instability upon contact with metallic Li, and relatively lower Li-
ionic conductivity compared to most liquid electrolytes, ceramic SEs
exhibit slightly better performance in terms of ionic conductivity when
compared to polymer-based electrolytes — due to their predominantly
ionic bonding. Additionally, ceramic SE-based batteries are well-suited
for applications requiring higher temperatures, as they offer greater
structural stability — and the ionic conductivity typically increases
with rising temperature [52].

In general, oxide electrolytes exhibit strong chemical stability, good
ionic conductivity, and broad electrochemical windows. They have
therefore attracted a lot of interest over the past few decades. Because
of its stability against Li metal, garnet-type SEs (e.g., Li;LazZr,0;,,
LLZO) are among the most widely used oxide-type electrolytes. Further-
more, owing to their high conductivity and accessibility of initial com-
ponents, SEs of the NASICON type (e.g., Li; 3Alg 3Ti; 7(PO,4)3, LATP)
have been extensively studied. Due to the high-temperature processing
requirements of oxide electrolytes, their integration with other elec-
trode materials poses challenges due to potential side reactions during
co-sintering. To address this issue, the development of soft-electrolytes
containing sulfide species has gained significant attention and has been
widely studied in previous studies due to the high conductivity and
feasibility of the synthesis method. The ceramic SE consisting of oxides,
oxy-nitrides, nitrides, phosphates, and sulfides could represent the more
significant class of SEs, enabling even greater safety for LIBs [31].
Lately, halide SEs have become a promising option due to their ability
to combine the advantages of sulfides and oxides. They exhibit good
mechanical sinterability and (electro)chemical stability [53]. One issue
of achieving densification of oxide electrolytes is that high-temperature
sintering at approximately 1000 °C is typically required. To address this

challenge, ternary oxide glasses in the Li;BO;-Li,SO4-Li,CO; system
were prepared through mechanical milling. These glasses were then
converted into glass-ceramics by heating to induce crystallisation. To
further enhance the conductivity of the glass-ceramic electrolyte, the
glass was hot-pressed near its glass transition temperature of 210 °C
under a pressure of 360 MPa for 12 h, followed by heat treatment at
260 °C for 2 h. The resulting hot-pressed pellet exhibited an impres-
sive relative density of 98%. At room temperature, the glass-ceramic
electrolyte demonstrated a conductivity of 1.0 x 107> S cm~! and was
kinetically stable against a lithium metal negative electrode [54].

It is essential to use ceramic electrolytes with noticeable room-
temperature ionic conductivity and functional Li-ion transportation in
required ambient temperatures. It must be noted that the synthesis and
sintering method chosen, as well as the microstructure and interface
quality characterisation, have an impact on the Li-ion conductivity of
the ceramic electrolytes. Greater significance exists in the relative dif-
ference of absolute values of the ionic conductivity of the SEs obtained
after SPS as compared to processing after conventional routes. The
processing and microstructure of ceramic SEs significantly influence
their performance [55]. Therefore, the utilisation of techniques like SPS
becomes crucial to control microstructural length scales and engineer
interfaces at the atomic level, enhancing the overall performance of the
SE materials [55,56]. Important major parameters which are mentioned
in the following, must be considered in the selection of the electrolytes.
Ionic conductivity

For a SSE to effectively perform its function of facilitating ion flow
while preventing electron conduction, the ion transference number
should be close to unity [57]. This implies that a majority of the
required ionic species can freely move through the electrolyte and this
is due to the electrolyte’s primary function of facilitating ion (cation)
flow and obstructing electron movement. The ion transference number,
however, is usually only about 0.5 in reality, meaning that only half
of the ions are transferred across the electrolyte [58]. Therefore, the
selection of an electrolyte with an ion transference number as close
to unity as possible is crucial to enable efficient cation transport,
reduce concentration polarisation, and ultimately achieve higher power
density. To achieve high Li+ transference composite electrolytes, two
major approaches can be used: one is to give Lit a continuous channel,
and the other is to immobilise anions through interactions with other
components. [59]. As a result of the concentration gradients being
eliminated throughout the cell, particularly at the dendritic front, a
unity transference number (t, = 1) may inhibit dendritic development,
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according to simulation results by Monroe and Newman. Addition-
ally, a unity transfer number can lead to high energy density and
peak power density [57,60]. Improving the ionic conductivity can be
achieved by carefully selecting materials with inherent conductivity,
introducing dopants, controlling grain size, and optimising processing
techniques [61,62]. For example, Li et al. investigated the structural
landscape of existing and potential superionic halide SEs. They demon-
strated that, in many cases, a significant increase in ionic conductivity
could be achieved by transitioning the base structure from hexagonal
close-packed (hcp) to cubic close-packed (ccp) [63].

Chemical and thermal stability

The electrolytes need to perform precisely in an electrochemical
range of 0 V to roughly 4.5 V. Therefore, a SSE must possess chem-
ical and electrochemical stability. An electrolyte’s stability window
is the voltage range that it can withstand without undergoing redox
degradation. As shown schematically in Fig. 10, the electrode voltage
(vs. Li*/Li) is linked to the Li chemical potential (u;;), which can
change significantly in the interfacial region. Similar to the double
layer at solid/liquid interfaces, a space-charged layer forms at low
potential. Due to the /4;:1 difference between metallic lithium and SSEs,
the anode pushes mobile cations into the electrolyte. Meanwhile, these
cations move towards the cathode, creating space-charged regions at
high potentials. This rearrangement leads to concentration gradients,
causing the SSEs to react with the electrodes, forming a lithium-rich
interphase at the anode and a lithium-poor interphase at the cathode
[29]. The broad operational temperature range is a another critical
requirement for the versatility of SSBs and lithium-based recharge-
able batteries often range between 50 °C and 80 °C. Therefore, the
electrolyte needs to exhibit excellent performance within this specific
temperature range and remain thermally stable without experiencing
any degradation [64].

To increase chemical stability, an LLZO scaffold has been suggested
lately. This design seems to be effective in addressing two issues: the
creation of voids and the dynamic volume variations of the Li anode.
Compared to conventional LIBs, cells with cathodes containing LPS or
LLZO SEs achieve much higher volumetric energy densities. The obtain-
able gravimetric and volumetric energy densities sharply decrease with

increasing volumetric concentration of SEs in the cathode. To get high
power densities, however, a high LLZO concentration in the cathode
is required. It has been suggested that to reduce the production of Li
dendrites caused by the reduced real current density during Li plaiting,
self-standing porous LLZO membranes might be utilised in place of
dense LLZO membranes (Fig. 11a-b). This way, it is possible to greatly
decrease the initial Li plating current density [65]. However, one issue
is that LLZO and Li transition metal oxides are incompatible during co-
sintering and it is challenging to introduce cathode particles into LLZO
porous scaffold [66].

Inorganic SEs, such as sulfides and halides, are sensitive to hu-
mid air and requires stringent dry-room conditions during processing,
leading to increased production costs [67]. To address this issue, sur-
face treatments have been proposed to enhance the air stability of
sulfide SEs. Kim et al. [68] demonstrated that ultra-thin superhy-
drophobic coatings (around 5 nm) of polydimethylsiloxane (PDMS)
or fluorinated PDMS (F-PDMS) can significantly improve the stabil-
ity of air-sensitive sulfide (LigPS5Cl) and halide (Li,5Zr(5Ing5Clg)
SEs in ASSBs. These coatings are applied using a scalable vapour-
phase deposition process. Impressively, the Lit conductivity retention
after coating was remarkably high, with 92% retention for LigPS5Cl
attributed to the thin coating layer. In another study, fluorine substi-
tution in Li,ZrClg improves solid-state Li metal battery performance
by forming a LiF-containing interphase. While it also decreases ionic
conductivity, it exhibits superior cycling performance compared to the
F-free Li, ZrClg [69]. Similarly, fluorinated Li; YBrs ,F 3, which exhibits
a structure similar to Li;YBrg, has been developed, demonstrating high
ionic conductivity of 1.8 x 1073 S cm~!. This novel electrolyte can
function directly with a lithium metal anode and shows significantly en-
hanced stability due to the densely formed, in situ, fluoride-containing
interface layer [70].

2.3. Electrolyte interfaces

It is significant to highlight that battery function is not always
driven out by electrochemical processes at the SE/electrode interface.
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The reactivity of the interface is an important factor therefore, the
interfacial transport qualities control the kinetics and subsequently the
magnitude of the reaction. In SSBs, interphase layers are formed at the
interface of electrode/electrolyte and both chemical and electrochemi-
cal processes act simultaneously to cause interphase appearance [71].
Based on their electrical and ionic conducting characteristics, inter-
faces between SEs and anode (e.g. metallic lithium) can essentially be
classified into three categories — c.f. Fig. 12. (1) Li metal that is not
reacted with thermodynamically stable surfaces; (2) mixed conducting
interphases (MCI), which can carry ions and electrons concurrently
and cause ongoing interfacial deterioration; (3) ionic conductive and
electron insulator interphases, which hinder the electrolyte reaction
with electrode surface and also allow Li-ion conduction [26,72]. Addi-
tionally, three different types of functional interfaces that are capable of
being utilised to operate for SSBs have been depicted in Fig. 13. Those
are intrinsically stable, kinetically stabilised, and artificially protected.
For instance, when there is no reaction involving the two materials, the
situation is known as intrinsic stability [29].

As described before, the ideal interphase exhibits good ionic con-
ductivity and an excellent electron transfer impeding. This will provide
an interphase that is durable against electrochemical decomposition.
Mixed-conducting interphase, which is adequately conducting for both
metal ions and electrons, can trigger extensive reactions that result in a
metallic anode’s thickness continuously increasing, an insurmountable
resistance, and a short circuit [26]. Metal elements in SEs have an
extensive desire to reduce reaction which will lead to the formation
of such interphases at low voltage, for example, Ge in NASICONs and
Li;(GeP,S;5 or Ti in NASICONs and perovskites [73]. At the interface

between the electrolyte and electrode, side reactions may take place,
lowering area-specific resistances. Furthermore, Li-ion redistribution
zones may result from variations in Li-ion chemical potential between
electrolytes and active materials, which may impede Li-ion transport
across electrolyte/electrode interfaces. Fig. 14 summarises the in-
terface issues at the electrolyte’s contact with both the cathode and
anode [74].

The interface between the SE and cathode in SSBs can suffer
from instability and degradation at elevated temperatures required
for sintering processes [51]. Researchers aimed to identify the key
factors contributing to this degradation by studying the co-sintering of
Li;La3Zr,0;5 (LLZO) SE and a layered transition metal oxide cathode.
Co-sintering the materials at high temperatures is often an attempt
to maximise the contact between the SE and cathode and reduce the
interfacial impedance [75,76]. Also, the effects of different gas species
during annealing, including O,, N,, CO,, and humidified O,, ranging
from 300 to 700 °C were systematically examined. Sintering in pure O,
resulted in excellent chemical stability and low interfacial resistance,
comparable to LLZO interfaces with protective coatings. Sintering in
N, prevented the formation of secondary phases but caused oxygen loss
at higher temperatures. In humidified O,, hydration and dehydration
of the cathode material occurred. Notably, sintering in CO, led to the
formation of insulating secondary phases that hindered charge transfer.
To achieve successful co-sintering without interfacial degradation, it is
crucial to minimise CO, and H,0 during sintering processes [77].

The stability and compatibility of compounds in SSBs with elec-
trodes have been extensively studied, often resulting in bi- or multilayer
designs [78,79]. A study analysed the structural stability and chemical
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compatibility of a composite mixture of NCM523 and LLZO-Ga. The
phase transition of the cathode and SE materials varied depending on
the quantity of lithium in the layered cathode and the presence of oxy-
gen gas during co-sintering. It was demonstrated that the oxygen-free
N, atmosphere caused the transition metals in NCM523 to be reduced
to the metallic state, causing LLZO-Ga to undergo a cubic to tetragonal
phase change [78]. Moreover, the reactivity beyond electrodes has been
overlooked, leading to capacity fading and poor cycling stability. To
address this, Rosenbach et al. [80] investigated the impact of a bilayer

10

@ LiNisCo, ;Mn,,0, @ LiPS;Cl @ LigInCl,

Fig. 15. Different configurations of cells are utilised, employing various combinations
of separators and cathode composites, with NMC811 as the cathode active material
(represented by the colour black) — copied with permission from [80].

separator in halide electrolyte Li;InClg in combination with the typical
cathode active materials (CAM) LiNiy gCoy 1 Mng 10, and the separator
material LigPSsCl. Their objective was to gain a better understanding
of the impact of the additional layer by exploring various setups of
SSBs — see Fig. 15. Their findings revealed that the additional halide
separator layer is crucial for improved cycling stability, enhancing
capacity retention and suppressing impedance evolution. The forma-
tion of an interphase, observed through degradation products, occurs
primarily at the triple phase boundary with contact to the cathode
active material. Overall, a bilayer separator is necessary for long-term
stability in Li;InCls-based composite cathodes combined with sulfide
electrolyte-based separators like LigPS;Cl [80].

The number and quality of Li-ion and electron transfer channels
may also be ascertained by looking at the spatial distributions of
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Fig. 17. The evolution of electrochemical impedance spectroscopy (EIS) and its corresponding distribution of relaxation times (DRT) transformation were studied in Li/SL/LPSC/SL/Li
batteries during the initial rest process (a—c) and cycling at different current densities (d—f) — copied with permission from [84].

electrolytes, active materials, and electron conductors. Direct mixing
is a popular method for creating electrode and electrolyte microstruc-
tures, but without perfect control over relative factors, the results
are frequently random distributions that cannot guarantee effective
contact [74]. Additional research has revealed that the quantity and
size of electron conductors, active materials, and electrolytes are crit-
ical for establishing a successful contact. Wider electrochemical sta-
bility windows are possible for oxide electrolytes, and co-sintering
leads to improved side reaction kinetics, which mostly causes Cathode-
electrolyte interface (CEI) production at LLZO/cathode contacts [81].
Also, ion implantation has the potential to induce the migration and
clustering of defects, which can subsequently lead to surface contact
degradation and elevated interfacial impedance. Yao et al. [82], use
ion implantation to apply compressive stress to the ceramic SSE pel-
lets’ surface and study the connection between the electrochemical
performance and mechanical parameters. A series of successive ion
energy implantations were utilised to attain a uniform and extensive
layer of Xe ion implantation at various depths. The notably diminished
crystalline structure in LLZTO indicates structural damage, likely ac-
companied by the formation of numerous defects. These defects are
responsible for contact deterioration and the subsequent increase in
local current density. Certain SEs may have internal compression that
significantly reduces their ionic conductivities, and they may be able
to stop dendrite penetration if their shear modulus is more than twice
that of lithium metal.

2.4. Lithium dendrite growth
Lithium dendrite formation in the interface is another significant

phenomenon, especially occurring in SSBs under high current density,
and is driven by localised overpotential due to electrolyte/Li interface

11

inhomogeneity. Two things, however, can prevent the formation of Li
dendrites, and the electrolyte’s critical overpotential can be determined
by these two resistive forces. Defects are the source of electrolyte
inhomogeneity; following charging, holes, and cracks close to the inter-
face between the electrolyte and Li anode easily fill with Li dendrites
without obstructing the flow of current. Grain boundary softening
takes place at the nanoscale region close to grain boundaries; while
charging, Li accumulates along the softer grain boundary regions as
a result. Elemental segregation can also cause intergranular dendrite
growth [74]. Compared to Ga-doped LLZO, Li dendrites in Al-doped
LLZO mostly developed through grain boundaries, indicating inferior
suppression capacities [85]. Ning et al. [86], investigated crack propa-
gation in interface due to dendrite formation. They claimed the effect
of critical current density for dendrite crack initiation is determined by
the local fracture strength of the SE, and the pore pressure exceeds the
local fracture strength at a sufficiently high current density, inducing
fracture.

Researchers suggest embedding heterogeneous blocks (HBs) within
the SE to mitigate and suppress dendrite growth-induced internal short
circuits (ISCs). Fig. 16 illustrates the approach of incorporating HBs
into SSBs. By employing a phase-field-based multiphysics model, the
research team investigated the behaviour of dendrite growth and iden-
tified the characteristic length ratio between the HBs and SE as a
crucial factor governing dendrite growth paths [83]. Their findings
indicate that a single long HB or multiple HBs with specific layouts
can effectively block dendrites and prevent short circuits, while shorter
HBs can delay the occurrence of ISCs to some extent. Furthermore, the
multilayer SE structure, particularly when comprised of thicker and
multiple embedded layers with lower Young’s modulus, shows promise
in mitigating dendrite growth and delaying short circuits [83]. How-
ever, further consideration of actual microstructural effects is necessary
for the implementation of these findings.
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The development of 3D Li metal anodes has shown promise in
addressing dendrite-related issues in liquid batteries. However, im-
plementing this approach in SSBs has presented challenges due to
the limited interfacial contact with rigid inorganic SEs. In a recent
study, Duan et al. [84] successfully constructed a 3D Li anode for
SSBs through spontaneous chemical reactions between halide SEs and
Li metal. This in situ formation of Li-Al alloys and well-maintained
sulfide electrolytes inside the 3D structure created continuous path-
ways for electron and Li ion transport, facilitating uniform charge
carrier distribution. The lithiophilic Li alloy regulated Li deposition
behaviour, enabling homogeneous Li nucleation and deposition. As a
result, both symmetric Li|Li batteries and full SSB exhibited favourable
electrochemical performance even at high current densities. The pro-
posed strategy by Duan et al. [84] offers a reverse train of thought to
construct 3D Li anodes for SSBs, enhancing stability and capacity in Li-
based battery systems. To analyse the reaction process and interfacial
evolution during rest time, in situ EIS experiments were conducted
and studied using the distribution of relaxation times (DRT) method
(Fig. 17). Results showed the emergence and completion of the reaction
between Li metal and LiAlCl, (LAC), along with distinct relaxation
times representing different electrochemical processes. The stabilisa-
tion of certain relaxation times indicated the successful formation of a
3D Li metal anode, while fading relaxation times demonstrated ongoing
reactions between Li metal and a sacrificial layer. Monitoring the
symmetric battery during cycling revealed new processes related to Li
metal plating/stripping and SEI formation.

The dynamics of contact evolution and electrochemical-mechanical
interactions during plating and stripping at the Li-SE interface have
been analysed. Incomplete contact between solid-solid interfaces in-
fluences the homogeneity of electrochemical reactions, which in turn
impacts the anode’s Li metal plating and stripping as well as the
cathode’s active material particle separation [87]. Solid-solid point
contacts or isolated Li islands have been identified as a limitation
that occurs with increasing stripping rates [88]. Applying pressure
can prevent formation of voids at a Li metal anode during stripping
because high pressures trigger Li to effectively creep and adapt to the
coarse electrode/electrolyte interface [89]. Contact loss can also occur
during plating, especially at faster deposition rates, but the criteria that
govern void growth behaviour in stripping and plating are different
which is shown in Fig. 18-(a). In the case of stripping, if the reaction
current and creep deformation exceeds the mechanical deformation of
the Li surface at a given contact point where the gap height is initially
zero, contact will be lost and a gap will form. This occurs when the
local reaction current outweighs the mechanical effect, resulting in a
loss of contact [88]. Li et al. [90] directly observed lithium filament
growth in LLZTO using Neutron Depth Profiling. The large volume
changes and mechanical stress caused by lithium plating accelerate
crack propagation in LLZTO. However, they discovered that a well-
designed 3D framework for the negative electrode can accommodate
the significant volume expansion during lithium plating and control
lithium deposition, preventing lithium filament growth. The occurrence
of contact loss during plating is critically governed by the difference in
local deposition heights along the interface and the counteracting effect
of Li* creep to replenish the underlying gaps. Non-uniformities in exter-
nal pressure and temperature have a significant impact on the contact
distribution, leading to disparate scenarios of void localisation. Contact
loss is a key limitation towards achieving practical areal capacities and
faster plating rates in SSBs [88]. Future research could explore the role
of interphases between the SE and Li in influencing non-homogeneity
in ionic transport and reaction kinetics.

2.5. Battery modelling
Modelling SSBs involves the construction of mathematical and com-

putational representations of the electrochemical processes, and it in-
volves complex interactions between multiple physical phenomena,
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including electrochemistry, heat transfer, and mechanical stress [91,
92]. Through battery modelling, various design configurations and
material choices can be virtually tested, significantly reducing cost-
prohibitive trial-and-error experiments. For example, Vadhva et al. [93]
utilised modelling to investigate the stress—strain behaviour of elec-
trodes of varying thickness. Cell expansion was shown to be a trade-off
when limiting maximum stress. Rajimakers et al. [94] extend the idea
of design optimisation. Their model incorporates the kinetics of charge
transfer between two electrode/electrolyte interfaces, diffusion, and
migration of lithium ions in the electrolyte and positive electrodes. Fur-
ther, to validate the simulations, 0.7 mAh Li/LiPON/LiCoO, thin film,
SSBs were experimentally tested. Modelling of battery degradation and
failure modes is becoming increasingly popular. Sultanova et al. [95]
proposed a model to provide new insight into the effects of visco-
plasticity and interfacial damage on the in situ diffusive-mechanical
behaviour of a polymer-based cathode for a SSB. In addition, Bucci
et al. [96] used Electro-chemo-mechanical FEM simulations to cap-
ture the onset and propagation of damage in a solid-state composite
electrode.

Understanding the formation of the SEI is crucial for improving
battery performance, lifespan, and safety. Researchers utilise ab initio
or quantum chemistry methods, with Density Functional Theory (DFT)
to elucidate how the SEI evolves during battery cycling. Also, quantum
chemistry calculations are used to identify which molecules are most
susceptible to reduction, shedding light on SEI composition [97,98].
Understanding the interactions between molecules and ions with elec-
trode surfaces is essential for comprehending the process of electrolyte
decomposition. These interactions can influence concentration gradi-
ents, alter reaction pathways, and introduce catalytic effects [99].
Moreover, continuum models are widely adopted due to their computa-
tional efficiency, but they rely on the assumption of homogeneity in cell
behaviour, SEI formation, and the reactions occurring at SEI/electrolyte
interfaces [97].

In a study by Miara et al. [100], the stability of LLZO and LLTO
(LisLa3Ta,0,,) against different cathode materials was investigated.
It was determined that the interphase decomposed more easily at
high sintering temperatures than during electrochemical decomposi-
tion. Ab initio molecular dynamics (AIMD) simulations offer a direct
means to study electron and ion transfer at electrode interfaces. AIMD
simulations help explore the energetics of decomposition reactions at
electrode interfaces, providing insights into both fast and slow reac-
tions [97]. AIMD simulations by Cheng et al. [101] for a Li-LigPS;Cl
interface also highlighted the poor stability of sulfide electrolytes con-
cerning Li-metal. There was a severe break in the P-S bond, followed by
the formation of Li-P and Li-S bonds. Moreover, they use higher tem-
peratures to accelerate possible reactions on a timescale that is practical
for AIMD. Fig. 18(b) shows the corresponding interface structures. Even
at 298 K, significant interface decomposition is observed after 500 ps.

The applications of battery modelling are expanding to address var-
ious challenges and innovations in the field. The integration of machine
learning (ML) techniques with battery modelling has revolutionised
the search for high-ionic-conductivity SEs, offering a systematic and
efficient approach to materials discovery. The synergy between inno-
vative materials and advanced algorithms paves the way for a brighter,
more sustainable future in energy storage technologies. Also, the realm
of battery interface simulations has witnessed a transformative shift
with the integration of ML models. These models play a crucial role
in predicting properties derived from time-dependent simulations, thus
offering a more efficient way to unravel the mysteries of battery
interfaces [102-104].

ML models fall into three main categories: Gaussian process-based
learning, neural network potentials, and graph neural networks. Among
these, graph neural networks have emerged as a recent development
ideally suited for modelling the SEI, which is renowned for its com-
plexity. ML potentials for electrode materials can provide accurate
results even within the vicinity of equilibrium structures, focusing on



A. Sazvar et al.

Journal of Energy Storage 101 (2024) 113863

(a) (b)
Void formation during stripping 7 t=0ps t=5ps t =500 ps t=500 ps t =500 ps
el l 1\ 298K 298K 298K 398K 498K
Solid electrolyte N. L ﬂ’ 1’ 1 pe gooe ] SRS REY
!’»":ob:. | J'lgq 0% %0 '\ ’p.‘ 56 Y
: ; ; ®o ® 00( ( pds | \ '
it i it $9, 2.0 9,99 Q02 9,309 &l ¥ 0 qF o L 8 t
o9 9g.+'0°3 g | PraowLaowd PRG-I e S § |
385 £ 185 4 leegacogal s 6 Tk 6 fo2 5P 2% B 3 1 3
- N — O T ) MR A S| 2 o0 Boo 93,0509
Py fion ¢ 3 N RN ) ) ? 1 [& o' 202 | 0% 0 %% o DB 5 B
i ianll P ) .ﬁ P lad 288 o Dok 991 FOR Feos923)
P d y { | L A ! 0. % 2859 o 82 Com 8 “0°0m ¢ |
z | loox tve s e b Zabe fad | Prvee g tf%% 8 ‘%af.e% &3 b e s
«@O" Let:avaeéug ¥ 8389 9adq :w&’“’w'oeﬁ“o“‘ [poolte o] rd 4 £ 4 {
Void A M B LA LE alentel  Erigiea  RVAa
i | 23 e e S LTy L s ® g S8 ‘
Replenishment o) 2 Q)aﬂ Dg.%u, g.%.‘ Lo & ‘eg“a‘,“ 5
— !,f‘ |f‘ @D BBy lziol R D L3231
G e Pl L2 R 3 O3 XL ELRXL S

Fig. 18. (a) Different mechanisms that compete with each other play a role in determining the contact loss response during stripping — copied with permission from [88]. (b)
Li-electrode/LigPSsCl-electrolyte interface degradation at NVT AIMD. Li electrodes (blue) — copied with permission from [101]. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

short-range interactions. The SEI’s intricate reaction network poses
challenges for obtaining reliable energetics with high-accuracy DFT
simulations. To tackle this complexity, systematic generation of rele-
vant species is employed to map large reaction networks accurately.
Here, ML models come into play, aiding in exploring the vast landscape
of SEI reactions [97].

Support vector machines (SVMs) have been employed to predict
ionic conductivity by classifying various samples into different labels.
Fujimura et al. [105] used support vector regression (SVR) with a
Gaussian kernel to predict the low-temperature conductivities of var-
ious compounds. Cubuk et al. [106] leveraged transfer learning by
utilising 30 elemental descriptors from 40 materials to train a linear
SVM via leave-one-out cross-validation. Using these methods, they
screened 20 x 109 materials for the first time and proposed a handful of
promising candidates for Li-ion conductors in SEs. They combined the
output of this structure model with another research to train a generic
descriptors model, enhancing prediction accuracy. Regression models,
such as kernel ridge regression and gradient boosting regression, have
been instrumental in the quest for SEs like LiOH, LiAul,, LiBH,, Li,WS,,
and BasgNasgLisgN. These models help identify potential candidates for
high ionic conductivity [107].

One study used ML to predict the mechanical properties of potential
solid-state electrolytes (SEs) for lithium batteries. Their predictions
were accurate, as confirmed by first-principles calculations. They de-
veloped a predictive model for SEs with bulk modulus less than 100
GPa and shear modulus less than 70 GPa. Using this model, they
analysed 2842 SSE candidates and found that oxide structures had good
mechanical properties, while NASICON- and garnet-like structures had
the worst (Fig. 19). They also used ML to identify influential factors for
SEs, such as volume, density, and crystal structure. This demonstrates
the potential of ML to improve the accuracy of SSE predictions [103].
Also, Solid-state lithium polymer batteries’ RUL can be predicted us-
ing ML models enhanced by genetic optimisation employing symbolic
regression. The model structure is shown in Fig. 20. The model can
predict RUL values close to actual values in training battery data. It
outperforms SVR, Gaussian process regression (GPR), and elastic net
(EN) methods, demonstrating its utility in RUL prediction [108].

ML technology hinges on the selection of an appropriate dataset
and its transformation into a format that algorithms can effectively
handle. The quality of the input data representation significantly in-
fluences an algorithm’s ability to accurately map it to the desired
output data. Deliberate data pre-processing is crucial for mitigating
simulation errors. This includes feature extraction, which transforms
raw data into essential characteristics, providing a unique subset that
can be continuous or discrete [102,103,108]. Despite the promise of
ML algorithms, concerted efforts by materials scientists and algorithmic
scientists are required to address challenges, including lack of training
data, model complexity, and the necessity to obtain a quantitative rela-
tionship between material parameters and performance [102]. Fig. 21
provides a visual summary of how various ML models are integrated
into battery modelling to address specific challenges and enhance the
discovery and prediction processes.
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Fig. 19. Selecting Li SSE candidates (17,619 to 2842) using a screening procedure
whose mechanical characteristics are computed using DFT calculations — copied with
permission from [103].

3. Importance of sintering in SSB fabrication

Sintering methods in SSB fabrication are predominant. SE particles
need to be bonded together by sintering before being used in batteries.
The influence of sintering conditions on the properties of SSBs has been
explored. The development of SSBs has been significantly hindered
by serious side reactions that can happen between the electrode and
the SSE. Lithium ion transport will be decreased and the interface
resistance will rise if an ion-blocking interface forms [109,110].

3.1. Theory of sintering

Sintering is a process of volume and shape deformation of a porous
body caused by substance flow of the porous body skeleton which
causes densification and grain growth. Sintering is influenced by sev-
eral factors, including temperature, time, pressure (if applied), and ma-
terial properties. Moreover, the atmosphere can influence the structure
of grain boundaries, which in turn can influence grain growth [111].
Sintering force is dependent on pore volume fraction and dihedral angle
between grain surfaces as a function of porosity. The sintering stress in-
creases with density for a fixed grain size but decreases with increasing
grain size. The underlying theory of sintering can be explained using
two main mechanisms: diffusion and surface tension [12]. Sintering
deals with a particle collection’s diffusion process at the microscopic
level. Condensation, surface diffusion, grain boundary diffusion, vol-
ume diffusion, plastic deformation, or creep are the stages that it goes
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Fig. 20. Structure of symbolic regression model — redrawn with permission from [108].
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Fig. 21. A summary of the integration of ML techniques in battery modelling.

through as it evaporates. Sintering happens when the particle/pore
contact is eliminated, lowering the surface energy [111,112].

3.1.1. Diffusion

At elevated temperatures, atoms in the solid state possess sufficient
thermal energy to diffuse across the boundaries of neighbouring par-
ticles. The process of diffusion is governed by Fick’s first law, which
relates the diffusion flux vector (J) to the concentration gradient (Vc)
and the diffusion coefficient (D):

J=-DVc €Y

Here, Vc represents the concentration gradient with respect to x,
¥, z, and across which diffusion occurs [113,114]. During sintering,
atoms move from regions of higher concentration to regions of lower
concentration, leading to the migration and accumulation of atoms
at the particle interfaces. This diffusion of atoms at the interfaces
promotes neck formation between adjacent particles, gradually con-
solidating the powder compact. As sintering continues, grain size and
grain boundary substantially increase, and the grain boundary diffusion
distance increases, the densification rate slows, and grain boundary
mobility becomes significant for grain growth to proceed [111].
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3.1.2. Surface tension

Surface tension is another crucial aspect of sintering, particularly in
the later stages of the process when the necks between particles become
well-developed. Surface tension arises due to the tendency of a liquid
or solid surface to minimise its area, leading to the rounding of sharp
corners and edges. Ceramic nanoparticles have a high specific surface
area, which is accompanied by high surface energy [115]. Agglomer-
ation causes loss of contacts and reduction in coordination numbers,
which can mature into a critical defect if prevented from healing. Ag-
glomeration leads to non-uniform densification of nano-powders, which
can generate processing defects. However, in the context of sintering,
surface tension drives the reduction of surface area by promoting the
coalescence of adjacent particles and smoothing out irregularities in the
compact’s surface [111].

Understanding the kinetics of the sintering process is essential for
optimising sintering conditions to achieve desired material properties.
The sintering kinetics are influenced by the rate of diffusion and the
rate of neck growth between particles. Several models have been pro-
posed to describe the sintering kinetics, including the Herring—Nabarro
model and the densification function model [23,115].

Conventional sintering has been the backbone of materials pro-
cessing for decades, including the fabrication of SSBs. Pressure-less
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sintering has the desirable characteristics of simple equipment setup,
the ability to sinter complex shapes, and low cost, but the densification
rate is slow. Despite its widespread use, conventional sintering has
some drawbacks, notably, high energy consumption, long processing
times, and the risk of grain growth, which may lead to reduced battery
performance. High-temperature sintering can limit the choice of mate-
rials, especially when dealing with temperature-sensitive components
like SEs. Thus, exploring alternative sintering techniques has become
imperative to overcome these limitations [7,111].

In recent years, CSP has gained significant attention due to its
innovative, low-temperature sintering process. Compared to conven-
tional sintering, CSP allows densification of materials at much lower
temperatures, typically below half of their melting point. This novel
approach combines the application of heat and pressure with the
use of a chemical additive, often a liquid, to facilitate diffusion and
promote densification. The key advantages of CSP include energy sav-
ings, shorter processing times, and the ability to process temperature-
sensitive materials [116-118].

The driving force behind CSP is the reduction in activation en-

ergy for densification, which can be understood through the following
modified Arrhenius equation:
D= Doe% 2
where D is the diffusion coefficient, D, is a pre-exponential factor, E,
is the activation energy for diffusion, R is the universal gas constant,
and T is the absolute temperature. By utilising chemical additives, CSP
effectively lowers the activation energy, allowing for densification at
lower temperatures.

FS, also known as field-assisted sintering, is another emerging tech-
nique that has shown remarkable potential in rapidly densifying materi-
als. This innovative method uses an electric field to accelerate sintering,
allowing for lower temperatures and faster processing times. It has been
successfully applied to a wide range of materials, including ceramics for
batteries. The exact mechanisms behind FS are still being researched.
However, it is believed that the migration of charged defects and the
application of electric field-assisted Joule heating can accelerate the
diffusion processes [120-122]. The current density (J) and electric
field (E) influence the sintering rate, and a critical threshold must be
exceeded to initiate the FS phenomenon.

J=0E 3)

In this equation, o is the electrical conductivity of the material.
When the electric field reaches a critical value, it triggers a sudden
enhancement of diffusion and densification, significantly reducing the
sintering time [123,124].

3.2. Parameters affecting the sintering process
3.2.1. Temperature

Sintering is usually employed to achieve densification and con-
solidation of ceramic electrolytes from initial powders. However, in
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the case of oxide electrolytes, the high-temperature processing re-
quired poses challenges to their compatibility with other electrode
materials, like undesired side reactions during co-sintering. Also, high-
temperature co-sintering causes serious lithium loss in cathode active
material [125]. Moreover, The sintering process can create a highly
resistive interface between the SE and the active material, significantly
reducing electrode performance. To address this, Usui et al. [119]
developed SSBs using TiO, anodes and a Li;BO;-Li,SO,-Li,CO5 SE via
room-temperature pressing, eliminating the need for sintering. These
batteries operated at 90 °C and exhibited good reversible capacity.
Additionally, doping TiO, with Nb or Ta significantly improved rate ca-
pability. As illustrated in Fig. 22, this battery’s performance surpassed
that of a LiyTisO,, anode with a sintered garnet electrolyte, despite
the non-sintered electrolyte used. Their work highlights the potential
for efficient SSBs using non-sintered electrolytes.

In the study by Yan et al. [126], the effects of sintering temper-
ature (950, 1000, 1050, 1100 °C) on the mechanical properties and
ionic conductivity of LATP electrolyte was investigated. Overall, it is
anticipated that the SE LATP would have adequate mechanical qual-
ities to withstand deformation, cracking, and dendritic development
in addition to high conductivity. The findings showed that while the
quantity of secondary phase, density, and conductivity increased with
higher sintering temperatures, the grain sizes of the four samples were
equal.

The ion conductivity of solid oxide or phosphate-based electrolytes
can be improved by using higher temperatures during the sintering
process. Nevertheless, because of the high temperatures needed, the
powder technology sintering method used for these electrolytes is
energy-intensive. Elevation of the temperature might cause undesirable
interactions with the electrode materials, including phase formation or
element evaporation [72]. Reducing the sintering temperatures of such
materials is therefore important. Using sintering aids is one method
to lower the sintering temperatures. One well-known example is lig-
uid phase sintering, in which densification is improved by creating
a brief liquid phase during the sintering process. Another approach
is the widely employed technique known as field assisted sintering
technology (FAST) [125] or SPS [52]. These methods involve the direct
application of electrical current to heat the material or the surrounding
die, resulting in high heating rates, typically ranging from 50 to 200 °C
min~! [55].

Recent studies have demonstrated that the presence of small quanti-
ties of water, even in the absence of an actual liquid phase, can enhance
densification and significantly lead to lower sintering temperatures. In
addition to the development of hydrothermal hot-pressing techniques, a
novel method known as CSP was introduced first where the CaCO; was
successfully densified at room temperature using carbon dioxide gas
and mechanical pressure [125-127]. The procedure and the methodol-
ogy of CSP are presented in Fig. 23. The method relies on densifying
wet powders at low temperatures (less than 300 °C) using water or a
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precursor solution while applying high uniaxial pressures (up to 600
MPa). However, further heat treatment is required to complete the
crystallisation process and achieve the requisite amount of densification
for some materials, such as zirconia and barium titanate, for which the
CSP process alone is insufficient to produce full densification [58].

3.2.2. Atmosphere

The lattice structure and ionic conductivity for lithium lanthanum
titanate Liy 5Lag 5TiO3; (LLTO) and Li-Garnet (c-LiyLazZr,0;,, c-LLZO)
SE sintered in different atmospheres were investigated. Geng et al.
[128] have studied LLTO sintered in oxygen and nitrogen atmospheres
compared with air. While Liz La, ;_,TiO3 has a superior lithium ionic
conduction behaviour due to the existence of a correct ratio of lithium-
ion to vacancy, the true lithium composition of LLTO would fall to a
proper level due to lithium evaporation during the sintering at the high
temperature. It is noteworthy that the grain boundary conductivity of
LLTO sintered in nitrogen, oxygen, and air atmospheres increases pro-
gressively in each of these atmospheres (Fig. 24). The grain boundary
conductivity of the LLTO samples sintered in a nitrogen environment
is the lowest because of the prevalence of oxygen vacancies, which
speed up lithium loss in the nitrogen atmosphere to maintain a charge
balance of cations and anions. The LLTO samples sintered in a nitrogen
environment have reduced grain boundary conductivity because fewer
mobile lithium ions are participating in the transport mechanism at
grain borders.
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Li-garnet powder is used as a SSE in LIBs in the majority of pub-
lished works to compensate for Li-loss [129,130]. Furthermore, the
Li-loss issue has not yet been thoroughly investigated to determine the
nature of the volatile lithium compounds (VLC) and how they affect the
¢-LLZO sintering [131]. Huang et al. [132] studied Li,O(g) atmosphere
impact on garnet grain evolution and proved that the garnet grains
which were thoroughly sintered in a low VLC with long-term sintering
resulted in no trans-granular fracture. Fig. 25A-D depict two example
triple-point grain boundaries of the Ta-LLZO ceramics sintered under
high and low levels of VLC atmosphere for three hours at 1250 °C.
Samples made within these conditions have a relative density of 95%
and a Li-ion conductivity of 4.3 x 104 S cm~!. With extended sintering
in a high VLC, unusual grain growth takes place. The relative densities
rise to 98% and 6.4 x 10~* S cm™!, respectively.

3.2.3. Pressure

Achieving a high storage capacity in SSLIBs necessitates a dense
sintered component structure. To enhance the densification of SEs
through sintering, pressure is one of the most affecting parameters
and various approaches have been explored. One method is to add
sintering additives to the electrolyte systems, such as LiF or Al,Oj;.
Some sintering additives, however, have the potential to generate
grain boundary phases with low Li* conductivity. Several additional
pressure-assisted sintering techniques, such as hot pressing (HP) [133],
SPS, and chemical co-precipitation method [32], were employed to
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Li,0

sinter electrolytes with higher density. In this context, the oscillatory
pressure sintering (OPS) technique has emerged as a novel sintering
method [134]. In this method, periodic fluctuating pressure is applied
during the sintering process, which noticeably improves the densifi-
cation process. Li-garnet SEs (LLZO) were successfully prepared using
OPS. SEs sintered by OPS exhibit better mechanical characteristics (241
MPa of bending strength) and excellent Li* ion conductivity compared
to the sample sintered by traditional HP because of their greater density
and finer grain structure [134].

An outstanding characteristic of the advanced high-pressure process
is its ability to achieve a relative density exceeding 90% even at lower
sintering temperatures, without any sintering aids [135,136]. Ihrig
et al. [137] reported the application of high-pressure FAST/SPS for the
fabrication of LLZO:Ta. A mechanical pressure of 50 MPa and 440 MPa
was applied As expected, XRD patterns have shown higher crystallinity
in higher pressure and the relative density slightly increases for a higher
sintering temperature of 750 °C to 92% and 95% for the pure LLZO:Ta.

3.2.4. Time

Generally, the sintering process, including sintering temperature,
powder content, sintering time, and other factors, has a significant
impact on the Li concentration [138]. It makes sense that a shorter
sintering time would result in lower density. A comparative study
has been done by sintering the Na;Zr,Si,PO;, (NZSP) SSE of sodium-
ion batteries, buried in its pristine powder for 20 h. Such long-time
sintering increased the relative density value of the NZSP to 92%. Wang
et al. [138], worked on different methods of synthesis of the sphene-
type Lij 155 Tag g75Zr 1255105 SE. The SE pellets have been prepared by
a single-step (SS) cold press sintering, multi-step (MS) cold press, and
SPS process with a variety of sintering times and heating rates. The
bulk resistances of the electrolyte pellets were employed to calculate
the related ionic conductivities of various electrolytes, and Fig. 26 also
shows the correlation between the ionic conductivity and sintering
time. A comparison between three different sintering methods shows
the highest ionic conductivity and density in the SPS method despite
the short time of sintering. Although the SS electrolyte requires close
to 45 h to sinter, the pellet has the highest bulk resistance, which is
possibly assigned to the large voids in its porous structure.

Using various current densities, Sazvar et al. [139] successfully
flash-sintered the cubic garnet Lig,5Alyos5LlasZr,075 (Al-LLZO) at
850 °C in only 30 s. Increasing the current density had a substantial
impact on the relative density, and control of the flash electric current
was shown to be a crucial factor in densifying Al-LLZO. The LLZO
sample sintered at 50 V ecm~! and 200 mA mm~2 showed a high relative
density of 94%. In the FS technique, ceramic densification occurs in
three stages as seen in Fig. 27. During incubation, the electric field

Volatile Li,O(g)
Ta-LLZO green body

Platinum support

Li source powder

Sintering >1100°C

Strengthened
Grain boundart

Fig. 25. Typical triple-point grain boundaries of Ta-LLZO samples sintered for three hours at 1250 °C in the high (A&B) and low (C) VLC atmospheres are shown in these
field emission scanning electron microscopy (FESEM) pictures. The back-scattering electron (BSE) picture of (B) is represented by (D), where points 1 and 2 are chosen for
energy-dispersive spectroscopy (EDS) element analysis. (E): schematic of sintering behaviour and probable mechanism of Ta-LLZO samples — copied with permission from [132].
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remains constant as conductivity and energy density increase with
temperature. In the sintering stage, conductivity spikes, leading to rapid
increases in current and energy density, followed by stabilisation and
slight grain growth. The electric field and energy density peak before
gradually decreasing. In the stable stage, densification slows and stops,
but grain growth continues until the electric field is removed [140].

3.3. CS

The cold sintering process (CSP) is a innovative technique that
enables the densification of ceramics at low temperatures. This method
consolidates powders by leveraging the combined effects of mechanical
pressure and a solvent medium, typically water. By utilising an aqueous
solution and applying uniaxial pressing pressure of 100-500 MPa at
temperatures below 300 °C, researchers have developed a ceramic
processing technology that offers exciting possibilities. In order to
produce a supersaturated solution, CSP entails the dissolving of particle
surfaces, particle rearrangement, and the evaporation of temporary
solvent. There are two possible directions for this multistage non-
equilibrium process: either crystal development or the creation of
kinetically constrained glass/intermediate phases [117,118,141]. The
relative density-sintering temperature curve for BaTiO; ceramics with
respect to several sintering processes is summarised in Fig. 28 to present
a comparison between different sintering methods [142].

With its unique combination of mechanical-chemical coupling ef-
fects and the creation of a proper solution system, CSP achieves im-
proved mass transport aids in the densification process and demon-
strates its potential at both macro- and micro-levels. The process can be
divided into two stages: Stage I, where solid particles partially dissolve,
Ostwald ripening occurs, and the sample starts drying, and Stage II,
where solid particles make contact and form a rigid skeleton [141,143].
In Stage I, the system can be seen as non-contacting particles suspended
in a liquid, with the pressure assumed to be isostatic due to the presence
of the liquid “matrix”. The pressure-assisted solubility of a particulate
compound decreases with increasing processing temperature, and the
enthalpy of mixing influences the solubility. Ostwald ripening is the
primary active process during Stage I, and the application of external
pressure increases the solubility, leading to an accelerated rate of
coarsening [143].

In Stage II, particle rearrangement takes place, accompanied by
the formation of physical interparticle necks. This stage is crucial for
achieving further densification of the material. The process differs
depending on the nature of the material being used. For materials that
dissolve in water as free ions, such as electrolytes, precipitation occurs
during Stage II. On the other hand, materials like SiO,, which are
chemically bonded with water, undergo a poly-condensation reaction,
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Fig. 28. The cold-sintered materials’ relative density to alternative sintering methods (Cold sintering process (CSP), Two-step sintering (TSS), Flash sintering (FS), High-pressure
sintering (HPS), Spark plasma sintering (SPS), Microwave sintering (MVS), Rate-controlled sintering (RCS)) — copied with permission from [142].

forming a gel that tends to shrink during drying [117,143]. During (ICC) approach — Fig. 29(a) — the parent powder is embedded in a gel

Stage II, the solid particles form a rigid skeleton, preventing further produced through dissolution and condensation. On the contrary, in the
shrinkage. To achieve further densification, particle shape modifica- (UCS) approach — Fig. 29(b) — external pressure is maintained during
tion becomes necessary. Fig. 29 shows a comparison of isostatic cold Stage II, leading to the formation of polygonal grains and flat/thin
consolidation (ICC) and uniaxial cold sintering process (UCS). In the boundaries. The amount of liquid used during UCS determines whether
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Fig. 29. Comparison of isostatic cold consolidation (ICC) pressing and uniaxial cold sintering (UCS), in which pressure is held constant throughout the sintering process.
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the pores are filled or not. If the pores are filled with water, an
interparticle liquid film is expected to remain, reducing the pressure
gradients and driving force for sintering. However, if the pores are not
filled, the liquid may be squeezed out from the interparticle region to
the unfilled pores due to the applied external pressure. Understand-
ing the mechanisms of densification during UCS is still an area of
ongoing research. The driving force behind CSP lies in the reduction
of activation energy required for diffusion. This reduction is achieved
through the introduction of chemical additives that facilitate atomic
mobility and assist in the formation of necks between particles. The ad-
ditives lower the energy barrier for diffusion, promoting densification
at lower temperatures. Additionally, the application of pressure helps
to consolidate the material and enhance densification [143].

The success of CSP depends on a range of physical and chemical
factors, including the selection of starting materials and solvents, as
well as various physical parameters. An important step in the process is
creating the appropriate aqueous solution with the necessary chemical
constituents. The combination of liquid-assisted particle sliding and
hydrothermal-assisted sintering procedures in CSP allows for operation
within a relatively low-temperature region compared to conventional
sintering processes [117,141]. One of the challenges of CSP is drying
and solvent removal. To remove residual solvents completely, a metic-
ulous drying process must be employed. It is still necessary to develop
energy-efficient drying and sintering processes to further reduce energy
consumption. As seen in Fig. 30, Lee et al. [144] added the salt by dis-
solving in the CS solvent. The resultant materials are cold sintered once
pressure and heat are applied. In order to get densified electrolytes,
they adjusted the uniaxial pressure during CSP and discovered that
relative densities progressively rise as pressures rise.

CSP presents a promising opportunity to densify ceramic SEs, which
are often temperature-sensitive and can be prone to degradation at
high sintering temperatures. It is particularly suitable for fabricating
thin-film SSBs. CSP not only enables the consolidation of ceramic
particulates and composites at ultra low temperatures but also opens up
new routes for integrating materials and devices, thus facilitating the
fabrication of novel composites. Additionally, this technology allows
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for the sintering of thermally fragile ceramic SEs for both lithium ions
(Li*) and sodium ions (Na*), while offering significant energy and cost
savings compared to traditional sintering processes [117].

SEs used in batteries often face challenges due to resistive grain
boundaries that impede the transport of lithium ions. To enhance inter-
connectivity between grains, high-temperature sintering is typically
employed. However, this method has drawbacks, including lithium loss
and the formation of secondary phases. While sulfide-type electrolytes
can be densified at room temperature due to their low modulus, oxide-
type electrolytes still require high-temperature treatment to improve
mass transport between particles. Improved density, bonding between
grain boundaries, and solubility of target materials in liquid solutions
contribute to the enhanced ionic conductivity of SSBs. Cathodes re-
quire special protection, necessitating the study of surface protection
techniques and coating materials [127,145,146].

The CSP presents an exciting opportunity to fabricate multi-layered
ceramic devices without the need for a firing step. It offers a promis-
ing “all in one step” solution to device manufacturing, potentially
surpassing conventional processing routes. One common SE mate-
rial that has been successfully cold-sintered is lithium garnet oxide
LLZO. Lig4La3Zr, 4Tay 015 (LLZTO)/polyethylene-oxide (PEO) elec-
trolyte containing a lithium salt was successfully fabricated into bulk
pellets via the CSP. Above 80% dense composite electrolyte pellets were
obtained, and a high Li-ion conductivity of 2.4 x 10~* S ecm~! was
attained at room temperature [146]. CSP offers a viable alternative,
allowing for densification at lower temperatures and preserving the
desired microstructure and ionic conductivity of LLZO. It is reported
that two lithium-based compounds, Lig 55La3Zr,Alg 55015 (LLZAO) and
LiCoO, (LCO), could be cold sintered using aqueous solutions. It
was noted that LLZAO had a relative density of 87%, whereas LCO
reached 95% using 10% LLZAO as a flux/binder. LLZAO sintered as-
cold exhibited a low total conductivity (10~8 S em™1), attributed to
Li,CO; blocking the grain boundary. To reduce the blocking layer,
deionised water was replaced during CSP with 5M LiCl to achieve a
total conductivity of ~3x10~> S cm~!. Fig. 31 shows the relative density
of the LCO-LLZAO composite ceramics sintered at different pressures,
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Fig. 32. (a) SEM image of LFP/CNF mixture, (b) voltage profiles of LFP cathode that at different current densities; — copied with permission from [148]. (c) Densities of LiFePO,
ceramics sintered for 30 min at 240 °C and prepared by CSP at different pressure levels. Ceramics made without liquid phase addition are also included for comparison. Dry
pressed pellets are not obtainable over 450 MPa. (d) The discharge rate cyclability of a cold sintered LFP/CNF at different current densities — copied with permission from [149].

temperatures, and LLZAO weight fractions. Up to 200 °C and 630 MPa,
LCO-LLZAO composites increase initially in density but then remain
unchanged. When LLZAO is at about 20%, its weight fraction does
not have much impact on density, suggesting that it acts as a fluxing
agent/binder whose concentration should be minimised to maximise
the electrical properties [147].

In recent research, Carbon nanofibre (CNF)/LiFePO, (LFP) compos-
ite cathodes were synthesised and showed cycleability even at a high
10C current rate (Fig. 32(a—b)) [148]. Also, the CSP has shown great
potential in bridging the sintering temperature gap between ceramic
and polymer materials, particularly for improving the density of LFP-
based cathodes. By utilising CSP, LFP ceramics can be densified and
cathodes containing active carbon and Polyvinylidene fluoride (PVDF)
can be produced at a low temperature of 240 °C. Density is clearly
improved when compared to LFP ceramics that were dry pressed with-
out the addition of aqueous solution (Fig. 32 (c)). These cathodes
exhibit enhanced volumetric capacity, making them suitable for EVs
and hybrid electric vehicles (HEVs) (Fig. 32 (d)) [149].

CSP was used to fabricate a densified binder-free LTO anode. Ini-
tially, the composite anode was tape cast with a binder, and then
it was heat treated to remove the binder. A transient liquid phase
was produced by humidifying the binder-free composite with water.
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Under a uniaxial pressure of 500 MPa, 120 °C cold sintered wetted
composites were directly deposited on current collectors. LTO/CNF
composite anodes have a density of 2.82 g cm™3 (87% relative density).
Cold sintered anodes had volumetric capacity densities of 380 mAh
cm™3 [150].

Additionally, Berbano et al. utilised CSP to fabricate Li; 5Aly 5Ge; 5
(PO,); (LAGP) SE, effectively improving its ionic conductivity. The
CSP method has been successfully applied to obtain 80% dense LAGP
electrolytes at 120 °C in just 20 min, followed by a short belt furnace
treatment. The resulting LAGP SE exhibits improved ionic conductivity.
Furthermore, the incorporation of water as a solvent during the CSP
process for LAGP/(PVDF-HFP) composites has led to increased conduc-
tivity and reduced activation energy for ionic conductivity. A summary
of the processing parameters on the obtained conductivities at 25 °C
and suggested processes of lithium-ion conduction are presented in
Fig. 33. Fundamental scientific problems need to be answered using
computational and experimental methods in order to fully benefit from
CSP [151].

In the case of NASICON materials, magnesium (Mg) doping has been
found to substantially increase densification during CSP. By converting
primary NASICON from the monoclinic to the rhombohedral phase
and producing conductive Na;PO, secondary and/or interfacial phases,
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magnesium doping facilitates CS. Mg-doped NASICON specimens that
were cold-sintered showed a tendency to densify as pressure increased,
with the CSP temperature having minimal impact on the ultimate
density. However, the cold-sintered NASICON specimens exhibited rela-
tively low ionic conductivity, which could be attributed to the presence
of secondary phases that form when NASICON comes into contact with
water. Fortunately, these secondary phase particles were reduced after
annealing at temperatures of 800 and 900 °C [152]. Pereira da Silva
et al. [125] demonstrated that both FAST/SPS and CSP enabled the
fabrication of scandium-substituted NASICON electrolytes with electri-
cal resistivity approximately an order of magnitude higher than those
obtained through conventional sintering methods.

V,0s5 and carbon-nanofiber composites were prepared at 120 °C
(350 MPa, 20 min) as cathode materials using CSP. Furthermore, a
composite of V,05 and polymers was created, which exhibited a signifi-
cant increase in electronic conductivity, surpassing that of pure V,05 by
more than two orders of magnitude. Additionally, a covalently bonded
MoS,/graphite composite showcased its potential as a high-capacity
Li-ion electrode [153,154].

The future outlook for CSP in SSB is highly promising. The pro-
duction of numerous components, such as electrolytes and cathodes,
has shown incredible progress using CS, demonstrating the consider-
able potential of this process in the advancement of energy storage
devices [118,127].

3.4. FS

FS is a revolutionary electric field-assisted sintering technique that
offers remarkable advantages over conventional sintering methods for
ceramics. By employing an electric field, FS can significantly reduce the
initial sintering temperature and sintering time, resulting in substan-
tial energy savings and the potential for achieving significant carbon
emission reductions [120,122]. To carry out FS effectively, a specific
experimental setup is required. This setup typically consists of three
fundamental components: a furnace, a power supply, and electrodes.
For studying the FS process, dog bone-shaped samples are often pre-
ferred due to their ability to reduce issues associated with current
concentration. The application of an electric field is initiated when the
furnace temperature is relatively low, and the power source initially
operates under voltage control. As the furnace temperature reaches a
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certain threshold, the material’s electrical resistivity abruptly drops,
resulting in a sudden surge in current, known as the flash event.
The power supply then switches to current control, maximising power
dissipation. This flash transition phase is characterised by a thermal
runaway of Joule heating and the highest power dissipation. Upon
reaching the current limit, the system achieves an equilibrium stage,
marking the onset of steady-state FS [120,122]. A schematic represen-
tation of a single FS setup is shown in Fig. 34. After passing two wires
through the holes in the dog-bone specimen, the sample was hung in a
vertical tube furnace [139].

FS is highly dependent on the electrical properties of the specimen,
making it a versatile method that has been applied to a wide variety of
ceramics. There are a variety of ceramics that exhibit diverse electrical
properties, from ionic conductors to semiconductors to protonic con-
ductors to Li-ion conductors to electronic conductors [155]. Specimen
geometry, electrical field strength, current density, and atmosphere are
parameters that have an impact on FS [120]. A notable characteristic of
FS is the nonlinear increase in electrical conductivity, which creates an
ultra-rapid heating effect. Interestingly, materials exhibiting a negative
temperature coefficient for resistivity, indicating an increase in conduc-
tivity with temperature, are more amenable to FS. Despite the wide
applicability of FS, the underlying mechanism behind this phenomenon
remains unclear. Several mechanisms have been proposed to elucidate
the rapid and unconventional densification observed during FS, with
each closely related to one of three factors affecting mass transport: de-
fects population, driving force for diffusion, and sintering stresses and
defects concentration gradients. The thermal runaway model explains
the conditions leading to FS based on the balance between electrical
power input and heat dissipation by the specimen [124]. As well as the
applied field, the electrical properties of the material being tested affect
the onset of thermal runaway. It is important to recognise the extremely
high heating rates experienced during FS when considering Joule heat-
ing. Another proposed mechanism revolves around preferential Joule
heating at grain boundaries, leading to enhanced diffusion coefficients
and the formation of space charge, thereby increasing local power
dissipation. Furthermore, the field-induced generation of Frenkel pairs
within ceramic grains has been suggested as an initial mechanism for
FS, as these defects have the potential to generate electronic disorder
and discharge lattice defects [120-122]. The formation of partially elec-
trochemically reduced structures has also been proposed as a possible
mechanism of FS [120].
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This innovative technique allows ceramics to be sintered within a
matter of seconds, presenting three prominent advantages compared
to traditional sintering: lower furnace temperature requirements, faster
heating rates, and shorter overall sintering duration. Furthermore,
when compared to SPS, FS demonstrates additional benefits that make
it an attractive choice in certain scenarios. One notable advantage of
FS over SPS is the inherent simplicity and lower cost of equipment
required for FS. Unlike SPS, which necessitates specialised tooling, such
as a sample chamber with graphite die and punches, FS can be per-
formed using relatively simpler setups. This not only reduces the initial
investment required but also lowers maintenance costs. However, FS
does pose several challenges that need to be addressed. The creation
of temperature gradients is a crucial problem as it is directly linked
to the creation of preferred current routes inside the ceramic sample.
Localised hot pathways and localised overheating may result from these
thermal gradients. One of the primary limitations of the FS process
is the formation of hot spots, which has led researchers to focus on
finding technical solutions. The generation of hot spots is triggered by
temperature inhomogeneity, which can arise from a temperature gradi-
ent between the core and surface or microstructural heterogeneity and
local melting [120-122]. Dong’s [156] predictive model for hot-spot
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formation during FS successfully identified a critical perturbation size
that triggers localised thermal runaway and the occurrence of hot spots.
To prevent hot spot formation, it was suggested to use of travelling
electrodes, which are the most straightforward solution [156]. Fig. 35
provides a comprehensive overview of FS. It visually summarises the
process, key mechanisms, and crucial affecting parameters.

In the realm of SSBs, FS is employed to shape and sinter multi-
material systems. In a study conducted by Lachal et al. [157], FS was
utilised to densify LCO as the ideal material for ensuring a fast charge
transfer reaction. To enable FS in Lit, Na®, K*, or other ionic con-
ductors, a reversible electrochemical reaction between alkaline cations
and electrons is crucial for triggering the flash event through DC
polarisation [158]. Interestingly, LCO, a mixed conductor of electronic
and Li*, demonstrated the ability to undergo FS without the need
for an interfacial electrochemical reaction. The research also explored
the use of multi-layer systems, including a configuration with LCO
or a LATP+LCO composite as electrodes and LATP as the electrolyte,
which exhibited promising results with reduced mechanical stresses at
the interface between the layers. As shown in Fig. 36(a) and (b), FS
can enhance the ionic conductivity and activation energy compared to
conventional sintering. SEM image — Fig. 36(c) — shows some cracks
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at the interface between LATP and the LCO+LATP composite, but no
delamination. Using this composite has reduced mechanical stresses at
the interface [157].

In another study conducted by Ren et al. [159], FS was employed
to densify NZSP (NaZr,(PO,);) under both direct current (DC) and
alternating current (AC) electric fields, with measurements taken to
evaluate the resulting ceramic conductivity. FS was conducted at a
furnace temperature of 700 °C. The results showed that the DC flash-
sintered NZSP sample exhibited impurity phases such as Na,ZrSi,0,
and m-ZrO,, attributed to the accumulation of sodium at the cathode
during FS (See Fig. 37(b) and (c)). In contrast, the AC flash-sintered
NZSP sample demonstrated near-pure NZSP composition with minimal
traces of ZrO,, indicating improved stoichiometric control, which can
be seen in Fig. 37(a). Notably, the flash-sintered NZSP samples ex-
hibited higher conductivities compared to pressure-less sintered NZSP
samples. Clemenceau et al. [160] used FS to densify LLZO at 190 mA
mm~2 at 850 °C and achieved a relative density of 96%. In another
study, Sazvar et al. [161] demonstrated that increasing the electric field
strength from 40 to 100 V cm™~! in FS of LALZO significantly reduced
the incubation time, reaching as low as 2 s at 100 V cm~!. This finding
highlights the strong influence of voltage on the sintering kinetics and
suggests the potential for efficient and rapid densification of LALZO
materials.

Reactive flash sintering (RFS) is a variation technique that may
be customised to produce non-equilibrium metastable materials by
lowering furnace temperature and processing periods. RFS settings may
be varied over time in-situ measurements, which can show how they
affect crystallisation routes [162]. As an alternative, ex-situ character-
isations, which halt the flash experiment many times, are an effective
strategy. One class of LIB materials that stands to gain from RFS’s
shortened manufacturing time is SSE. Avila et al. [163] employed RFS
to fabricate Al-LLZO ceramics using a chemically prepared multiphase
precursor powder. The highly reactive powder was prepared through
the Pechini method, enabling the production of single-phase Al-LLZO
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ceramics within a specific range of electrical parameters (50 V cm™!
and 150 mA mm~2) at an isothermal condition of 600 °C for 30 s.
The study suggests that RFS holds promise for stabilising phases under
kinetic control and highlights the observation of asymmetric effects, in-
cluding cation migration, during the FS process. In-situ X-ray diffraction
measurements revealed that the field process favoured the formation of
intermediates, altering the phase evolution of the material. Moreover,
Campos et al. [164] successfully demonstrated the first simultaneous
sintering and crystallisation of LAGP (Li; sAl,5Ge; 5(PO,);) samples
using FS. By varying the holding time at a furnace temperature of
500 °C, it was observed that higher current densities and longer hold-
ing times promoted larger crystallite sizes without significant lithium
volatilisation (Fig. 38). This highlights the potential of flash sinter-
crystallisation, a variant of FS, to rapidly obtain glass-ceramics from
LAGP glasses within seconds using electric field and Joule heating as
primary energy sources. Also, FS has achieved a significant milestone
by successfully synthesising spinel Li;Ti;O;5 (LTO) in just 5 min at a
furnace temperature of 580 °C, as reported by Liu et al. [165] the flash-
sintered samples showcased higher initial discharge capacity, increased
discharge capacity, and improved cycling stability when compared to
conventionally synthesised samples. This enhanced performance can be
attributed to FS’s ability to inhibit lithium volatilisation and reduce
particle size, leading to an increased active surface area and a shortened
lithium-ion transfer path.

3.5. Sintering modelling

The simulation of the CSP process remains relatively scarce in
the current literature, with a notable lack of studies focusing on its
application to battery-related materials [143]. Typically, models are
derived from the liquid-phase sintering paradigm. This process neces-
sitates particle rearrangement facilitated by the sliding motion of solid
particles against each other, aided by a lubricating liquid film [166].
In one study, a theoretical model based on ordinary differential equa-
tions (ODEs) was devised for BaTiO3 particles. This model posited the
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Fig. 37. (a) AC and (b) DC images of flash-sintered samples; (c) SEM image of the cathode zone under a DC electric field — copied with permission from [159].

@ Succeeded (b)

a

@ & Failed
£ 100 & 2 ]
£ % & =
£ 801 @ & &
= 1 &2 & Z:m
2 601 @ o by
S [ ] o [ ]
c 401 @ ® [ ]
E ® L J [ ]
5 20{ @ e ®
3 [ ] o €]
2 ol

0.33 30 120

Holding time (min)

Fig. 38. (a) LAGP glass-ceramic sinter-crystallisation processing map with current ramp control. (b) flash sinter-crystallised sample with a maximum current density of 40 mA
mm~2, (c) failed flash sinter-crystallised sample with a maximum current density of 60 mA mm~2 — copied with permission from [164].

formation of amorphous BaTiO3 particles through chemical reactions
followed by nucleation from the aqueous solution, consistent with
Ostwald’s rule of stages [167]. In another investigation, a distinct
model was formulated to elucidate the CSP of lead zirconate titanate
(PZT) utilising moistened lead nitrate as a sintering aid. This model
assumed plastic deformation of lead nitrate under uniaxial pressure in
an attempt to define the effects of temperature and pressure during
CSP [168]. Finally, one study utilised ReaxFF molecular dynamics (MD)
simulations to investigate zinc cation recrystallisation under varying
acidic conditions, revealing surface adsorption as a potential rate-
limiting factor in CSP [169]. The ReaxFF MD simulations are capable
of modelling reactive liquid/solid interfaces at high temperatures and
pressures [169,170].

In the field of FS, there is a predominance of numerical stud-
ies. Advancing in this area requires a deeper understanding of the
complex and dynamic nature of FS. The electrical response of the
specimen during the FS process is complicated by various factors,
such as the transformation from a powder compact to a dense ce-
ramic and the surge in current during the “flash event” [124]. In this
context, numerical simulations play a crucial role in understanding
and optimising the FS process. These simulations allow researchers to
study the complex phenomena occurring during FS, which are often
difficult to observe experimentally. This helps in reducing the need for
extensive experimental trials, saving time and resources. By using nu-
merical simulations, researchers can gain insights into the temperature
distribution, electric field distribution, and material behaviour during
FS [23,155]. This information helps in identifying the optimal parame-
ters for achieving desired material properties and enhanced sintering
efficiency. Furthermore, numerical simulations aid in understanding
the underlying mechanisms of FS, enabling researchers to propose new
theories and hypotheses. These insights can then guide further experi-
mental investigations and contribute to advancing the understanding of
this innovative sintering technique. It is worth mentioning that several
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mathematical models have been proposed to explain specific stages or
phenomena of flash, including the thermal runaway model, the black
body radiation model, and the dog-bone model [121,124,171]. Many
articles in the field have utilised COMSOL Multiphysics for simulating
various aspects of the process. Its versatility and ability to model
coupled multiphysics phenomena make it a valuable tool for studying
FS [155].

Successful simulation of FS within the COMSOL Multiphysics frame-
work requires a rigorous consideration of key equations and a precise
characterisation of electric field distributions. Maxwell’s equations form
the cornerstone for this endeavour:

V) =0, ()]
E=-VU, )
J=0E, (6)

where V, o, U, E, and J represent the spatial gradients, the electrical
conductivity, the electric potential, the electrical field vector, and the
current density vector. The distribution of electric current within the
sample is pivotal for comprehending the FS process. The flow of electric
current can be described by the third equation, often referred to as
Ohm’s Law [172].

Joule heating arises due to electrical resistance within the material,
resulting in the conversion of electrical energy into heat. The Joule
heating equation is succinctly expressed:

Q, = (=VU)o(-VU) @]
And the final Heat transfer equation is:
/pCp%dV = / V(kVT)dV + / Q.dv 8)
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is applied — copied with permission from [175].

where p, C,, T, t, V, and k are the density, specific heat, tempera-
ture, time, volume, and thermal conductivity, respectively. In COMSOL
Multiphysics, these equations are coupled, enabling the simultane-
ous simulation of electrical, thermal, and, if applicable, phase-change
phenomena [121,171,173].

Depending on the material and any associated phase changes during
FS, phase transformation equations may be incorporated, accounting
for phase transitions, latent heat, and other material-specific proper-
ties [174]. The densification of the material is described with a partial
differential equation linking the rate of change of the density with the
temperature and instantaneous density:

¥
X% = £ D) ©
where p is relative density and then f(p*) and g(T) are functions
of relative density and temperature, respectively, which are derived
from the experimental results. Using the thermal strain multiphysics
feature in the “Solid Mechanics” COMSOL module, the rise in density
is converted into uniform isotropic shrinkage, assuming a small amount
of mass loss during the sintering process:

1
<pg>(g)
g=|— -1
p

where ¢, is the linear thermal strain [171].

The observation of electro-luminescence during FS suggests the
generation of defect states with accessible energy levels in the bandgap
of the material, indicating the presence of unique energy states during
the flash event. Mesoscopic models, such as the free energy formulation
proposed by Vikrant et al. [176], contribute to a thermodynamically
consistent description of charged interfaces in ionic ceramics, filling
an important knowledge gap in understanding macroscopic transport
properties. Previous work has explored classic mesoscopic models for

(10)
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FS, highlighting that local Joule heating hot spots alone cannot physi-
cally justify the large thermal gradients observed on longer timescales.
Moreover, atomistic simulations and experimental results indicate that
the motion of defects and electrically charged grain boundaries play a
significant role in the rapid atomic reconfiguration, grain growth, and
densification processes observed during FS [155,177].

In one study, FS of alumina samples was studied using two simu-
lation models. Material Studio, a simulation software, was employed
to apply boundary conditions of electric field intensity and external
temperature for FS simulations [175,178]. The results showed that
under high temperatures and high electric field intensity, the atoms
in the alumina material became more densely arranged, leading to
increased densification. The bond length of the alumina unit cell was
observed to decrease as temperature and electric field intensity in-
creased, reaching a peak where the density remained constant. Also,
COMSOL Multiphysics was utilised to simulate the FS process by con-
sidering electrical, thermal, and other physical fields, including Joule
heat and thermal expansion [175,179]. The FS simulation involved four
steps: geometric model construction, addition of materials, setting of
boundary conditions, and mesh division. The FEM simulation method
revealed a temperature gradient between the surface and inside of the
sample during FS, with several regions on the sample surface exceeding
800 K. In Fig. 39(a), the curve of the current density through the
sample changing with time is shown with 150 V ecm™! electric field
intensity. Compared to Fig. 39(b), the electric field intensity becomes
smaller and the incubation phase lasts longer. It shows that the intensity
of the electric field affects the incubation time. Additionally, it was
observed that current density influenced the temperature, displacement
of the sample surface, and grain size, all of which are crucial factors
in determining the microstructure and properties of ceramic materials
during the sintering process [175](see Fig. 39 (c) for example).

The FS phenomenon was simulated by varying the electric power
supplied to the samples under electric fields ranging from 60 to 120 V
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the sample’s volume — copied with permission from [180].
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Fig. 41. (a) The YSZ/PVA-0.5 specimen’s temperature distribution during free FS at 1000 °C; (b) A comparison between the temperature derived from FEM modelling, the
experimental surface temperature, and the calculated average temperature — copied with permission from [181].

ecm~! (Fig. 40(a)). Due to the high heating rate and small sample cross-
section, reliable temperature measurements were challenging to obtain.
By solving the governing equations, including Maxwell’s equation and
the energy balance equation, along with considering heat conduction,
convection, and radiation, the simulations accurately captured the
temperature rise during FS. The results demonstrated that the sudden
increase in electric current corresponded to the FS phenomenon, with
the temperature of the zirconia samples rising rapidly within a few
seconds [173]. In a different study, Qin et al. [180], investigates the
microstructure evolution in DC and AC FS processes. Their findings
emphasise the need to consider electrode effects during microstructure
formation, as evidenced by significant grain size gradients near the
cathode in DC-sintered samples. The inhomogeneous grain size distri-
butions observed near the electrodes in both AC and DC flash-sintered
specimens further support the influence of electrode effects in the
sintering process. Inhomogeneity of the current passage resulted in non-
uniform properties and potential cracking, which could be addressed by
modifying the electrode configuration to enhance current homogeneity
— see Fig. 40(b).

Xiao et al. [181] explored the impact of FS on constrained sintering
in a bilayer of 3 mol% yttria-stabilised zirconia (3YSZ) with Polyvinyl
alcohol (PVA), uncovering insights into stress development at the YSZ
interface under varying electrical fields. Their findings revealed that
FS mitigates the constrained sintering effect by promoting vacancy
and interstitial defect formation, facilitating accelerated shear stress
relaxation. The cross section temperature distribution can be seen in
Fig. 41(a). The low viscosity achieved during FS, primarily induced by
the electrical field, enhances plastic deformation capability and acti-
vates grain boundary-related mechanisms during critical densification
stages, resulting in reduced stress levels. Additionally, experimental
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validation of temperature measurements, depicted in Fig. 41(b), cor-
roborated the model’s accuracy. In a complementary study, simulations
using COMSOL software by Li et al. [182] elucidated the significant
influence of the electric arc’s proximity to the sample in 3YSZ FS on
heat conduction efficiency. Proximity between the arc and sample cor-
related positively with heat conduction efficiency, thereby enhancing
FS initiation and overall energy efficiency.

Accelerated atomic diffusion is thought to be a critical element in
explaining the higher densification seen during FS of ceramics [183].
Although the rapid diffusional mass transfer during the flash event
is predicted to be greatly aided by the elevated specimen temper-
ature, kinetic studies have revealed that the thermal effect is not
entirely responsible for the observed accelerated densification [184].
While isolating the thermal contribution of the electric field and cur-
rent from their overall effect on mass transport remains challenging,
the increase in specimen temperature due to Joule heating can be
confirmed through both experimental measurements and numerical
calculations. To analyse the temperature distributions, a FEM approach
was employed, with the electrical conductivity of 3YSZ representing the
increased conductivity during the flash event. The Boltzmann-Bieler—
Riedel (BBR) model predicts an increase in specimen temperature
during the flash event. A voltage loss at the electrodes during the
flash occurrences, however, is suggested by the mismatch between
predictions and tests. According to the FEM calculations, the tempera-
ture within the specimen matches the pyrometer results, with the BBR
model overestimating the temperature by less than 50 °C — c.f. Fig. 42.
The ratio of touch resistance to apparent specimen resistance helps to
explain this overestimation [185]. Furthermore, simulation models on
Samarium doped ceria were performed Utilising FEM. The results of
these simulations demonstrate significant thermal gradients between
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Fig. 43. (a) An outline of the four 3YSZ samples that were flash sintered is as follows: There are four samples: Sample OB, which is formed like a bar and has two drilled holes
on each end; Sample TB; Sample OD; Sample TD; and Sample OB, which is shaped like a dog bone and has one drilled hole on each end. Pt paste is represented by grey areas,
and Pt wire is used to link drilled holes to the power source, (b) Numerical analysis of the relative density distribution in four 3YSZ samples after FS — copied with permission

from [171].

the surface and interior of strip-shaped samples. It is important to note
that the temperature, density, and particle size distributions within
flash-sintered specimens are not homogeneous, indicating the complex
nature of the process [172].

Another model accurately replicated the resistivity-temperature be-
haviour observed in pre-sintered 3YSZ samples, validating the effec-
tiveness of the 4-terminal test configuration for these specimens [171].
The study focuses on four different specimen configurations, namely
Original Base (OB), Thin Base (TB), Original Dogbone (OD), and Thin
Dogbone (TD) (Fig. 43(a)). By considering symmetry assumptions, the
model simplifies the numerical formulation and neglects electrochem-
ical reduction phenomena related to the different electric polarities of
the voltage feed. The (TD) specimen showed the highest final average
density and a uniform microstructure. The simulations revealed that
the electrical heating was concentrated off-centre, primarily along the
line connecting the contact points at the top of the holes (Fig. 43(b)).
The non-uniform temperature and current density distributions high-
lighted the influence of specimen size, shape, and current limits on the
accuracy of the analysis method [171]. In another simulation of the FS,
electrodes were positioned at the top of the holes and covered around
1/6 of the cylindrical surface. The resistivity of the samples reduced
when the voltage was increased under constant furnace temperature,
increasing electrical loading, voltage control, and current control. This
was thought to be the result of the ongoing development of particle con-
tact. With varying specimen sizes, shapes, or current restrictions, the
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straightforward analytical approach may be less accurate. The reduced
cross-sectional area in the specimen centre in Fig. 44 may compensate
for the non-uniform temperature and current density [186].

In a study conducted by Serrazina et al. [187], the researchers
highlighted the importance of including grain boundaries in the model
for accurately describing the formation of a liquid phase during FS
of Potassium Sodium Niobate (KNN). The researchers used a FEM to
simulate the electric field and current control during the three stages of
FS. The model demonstrated that temperature differences in particles
the size of microns are not only caused by Joule heating. Rather, to
explain liquid phase development at particle interactions, grain bound-
aries are essential. Previous models had proposed the relevance of
compositional changes due to current flow and the production of large
temperature gradients during FS. Interestingly, the proposed model
contradicted these findings, emphasising the necessity of considering
grain boundaries. [176,187]. It considered a linear shrinkage of 4%
after stage II and an increase in contact area for edge and vertex
contact cases. To simplify the model, heat dissipation from the par-
ticles to the surrounding environment was not considered, and the
integration time was assumed to be less than that measured experi-
mentally. Grain boundaries were also not included in this simplified
model. The simulations also revealed different behaviours for Joule
heating distributions in face/edge and face/vertex particle configu-
rations during the three stages of FS. The maximum Joule heating
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was found to be two orders of magnitude higher in face/face contact
compared to face/vertex contact, with higher values typically observed
during stage II [179,187]. Moreover, simulations of the monolithic
KNN block allowed for a comprehensive analysis of the current density
and temperature distribution during FS. The results revealed a distinct
spatial temperature dependence within the ceramic, with the core
experiencing higher temperatures. This temperature rise in the core was
found to be correlated with a decrease in the niobium-oxygen (Nb-O)
bond and indicative of a unit cell compression [188].

FS has paved the way for the development of various methods and
techniques that leverage its principles to achieve rapid and efficient
material processing. Three notable methods derived from FS are flash
spark plasma sintering (FSPS), selective laser flash sintering (SLFS), and
electric resistance flash sintering (ERFS). SLFS utilises a focused laser
beam to selectively sinter specific regions on the surface of a pellet or
powder bed. It leverages the localised heating and intense energy pro-
vided by the laser to achieve rapid densification in targeted areas. SLFS
offers precise control over the sintering process and is particularly use-
ful for complex geometries and fine-feature fabrication [189]. Hagen
et al. [190] utilise 2 models for SLFS: Model 1 is a 3D time-dependent
model that focuses on determining the temperature distribution in the
powder bed due to laser heating — see Fig. 45. The results show that
the temperature behind the laser spot decreases over time, reaching
600 K when the laser reaches the second electrode. Model 2 is also a
3D time-dependent model, but it specifically examines the effects of
Joule heating on FS. This model analyses the neck radius ratios and
their impact on electrical current and temperature changes after the
initiation of FS. The simulations demonstrate that the temperature and
current density linearly increase after a transient period, with the peak
values depending on the initial neck radius ratio. In another study,
their focus was on understanding the charge transport mechanisms
during stage I of SLFS for 8YSZ [191]. The results indicate that charge
transport occurs via a continuous hot path between the two electrodes
during the onset of SLFS. The data supported the existence of two
concurrent charge transport mechanisms in SLFS of 8YSZ: continuous
charge carrier transport and discrete charge carrier transport.

The thermal runaway phenomenon in binder-less tungsten carbide
(WC) green bodies was investigated using FEM [192]. The ERFS process

was simulated by coupling the equations governing heat generation
and transfer with the electric current flow through the WC pellet. The
simulation results, as shown in Fig. 46, demonstrated that increasing
the interface resistivity allowed for locally high temperatures to initiate
the thermal runaway at lower applied voltages. The effectiveness of
cylindrical metallic electrodes in maintaining a high current density
during FS of metallic ceramics was also explored [192]. Finally, re-
searchers focused on consolidating a nanocomposite Cu-Cr powder
using FSPS [193] —- see Fig. 47(a). However, the microstructure of
the resulting alloys was found to be nonuniform under the extreme
conditions of FSPS. In numerical simulations, heat conduction and
electric field equations were utilised to analyse current and temperature
distributions within the sample (Fig. 47 (b) and (c)). The simulations
revealed disparate current density distributions within the sample, with
higher values at the edges and lower values at the centre. The temper-
ature distribution also showed agreement with experimental findings,
and the temperature difference between the centre and edges of the
sample increased with higher applied electrical power. The simulations
suggested that self-diffusion played a dominant role in mass transport
during FSPS, but high heating rates could induce partial melting and
intensify mass transport.

4. Future directions and challenges

The SSB market is still emerging, with current use mainly in low-
volume EVs and small portable devices. Most SSBs are polymer-based,
with some micro-batteries using oxide-thin film electrolytes. Global
SSB production is under 2 GWh, less than 0.5% of LIBs’ capacity.
However, production is expected to grow significantly by oxide and
sulfide electrolyte-based SSBs [5]. As SSBs advance, several new trends
and research gaps emerge, which will shape sintering technique de-
velopment. Future research and development efforts will be guided by
these trends and gaps (see Fig. 48). Technological advancements are
expected in the sintering field. The use of flash sintering in industrial
applications is rare and hot spot problem needs to be mitigated. Cold
sintering is the only method that does not involve high heating rates
and it has relatively low equipment costs, however not all materials
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Fig. 45. (a) Four spheres of 8% yttria-stabilised zirconia (8-YSZ) are shown in the 3D FEM as being situated between the matching mesh and parallel copper electrodes. (b)
Plan view displaying the half-symmetrical laser profile’s expected temperature profile from Model 1 on the pellet surface at five different time intervals while scanning at a laser
strength of 7.7 W into the pre-sintered pellet at 1100 °C — copied with permission from [190].
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Fig. 46. The simulation results at 6.5 V during the flash event (t = 6.8 s) are displayed in detail in the mesh within the zirconia insulating die (a) and its cross sections (b, c). (b)
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= heat losses (conduction, convection, and radiation); (c) W,, = heat produced in the WC sample by Joule heating — copied with permission from [192]. (For interpretation

of the references to colour in this figure legend, the reader is referred to the web version of this article.)

can be densified using this process. Nevertheless, the major advantage
of this method is its potential to achieve exceptionally low sintering
temperatures, allowing for material combinations that are otherwise
not feasible (e.g., polymer—ceramic) [194]. These New materials and
techniques will improve the safety, efficiency, and power of SSBs.
Sintering techniques may enable these materials to enhance SSBs’
performance and safety. Several other technologies are being used
to optimise the sintering process, such as ML and Al It is possible
to predict optimal sintering parameters using Al algorithms, reducing
the need for extensive experimentation. However, the transition from
laboratory-scale sintering to large-scale industrial production remains
challenging. It is necessary to develop cost-effective, efficient methods
to scale up sintering techniques without compromising quality. To
integrate CSP and FS into industrial-scale SSB production, scalability
needs to be addressed [195]. Furthermore, sintered SSB components
must be mechanically durable. The long-term mechanical behaviour of
sintered materials under demanding operational conditions exists as a
research gap.
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5. Conclusion

In conclusion, sintering techniques have revealed a dynamic land-
scape of opportunities to advance energy storage technology within
SSBs, and since the demand for energy storage solutions is growing,
we need new technologies to make batteries more powerful, safer, and
less environmentally damaging in the future. We have examined the
foundational principles of sintering, particularly cold and flash sinter-
ing, documenting the synergies in material processing. A promising
solution to densification is CS, which allows heat-sensitive materials to
be preserved, and which extends the range of materials that can be pro-
cessed. While FS poses thermal management and uniformity challenges,
it is capable of rapidly densifying materials, which holds consider-
able promise for accelerating SSB component manufacturing. SSBs
can greatly benefit from these sintering techniques. Looking ahead,
research directions will include material science advancements to dis-
cover materials optimised for sintering techniques. In addition, they
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address the challenge of scaling laboratory sintering to industrial ap-
plications efficiently. In conclusion, cold and flash sintering techniques
are not only innovative but herald an era in energy storage. They hold
the key to an electrified and sustainable future. Researchers collaborate
to maximise their potential while embracing emerging trends, ensuring
safety, and promoting sustainability.
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