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Solid-state electrolytes (SSEs) are vital components in solid-state lithium batteries, which hold significant
promise for energy storage applications. This review provides an overview of solid-state batteries (SSBs) and
discusses the classification of electrolytes, with a focus on the challenges associated with oxide- and sulphide-
based SSEs, particularly concerning interfaces and chemical stability. This review also explores methods
employed to form and sinter SSEs in large-scale manufacturing, including both established and novel techniques
for producing dense oxide- and sulphide-based films. Additionally, the potential application of additive
manufacturing (AM) in SSE production is discussed. Lastly, the paper summarises the mass manufacturing of

SSEs and provides an outlook for sustainable SSB development goals. The insights presented in this review
contribute to the understanding and progress of SSE technology for solid-state lithium batteries

1. Introduction

The constant push and commitment to achieve net zero greenhouse
gas emissions by 2050 [1], and a growing number of electrical vehicles
(EVs) on roads, have led to increased research and development (R&D)
in the battery space. Electrification is crucial for achieving zero emis-
sions and realising ambitions to decarbonise transportation. However,
the rising number of EVs on roads necessitates increased energy storage
capacity, extended lifespan, and fast recharging rate [2,3]. Currently,
the slow charging rate hampers the adoption of EVs among potential
customers, while, the development of fast-charging batteries has proven
to be achievable [4].

The large-scale fabrication of solid-state batteries (SSBs) is one of the
major challenges of battery technology [5]. The development of SSBs is
mainly driven by the need for high-performance, rechargeable, reliable,
and safe batteries. Conventional Li-ion battery technology based on a
liquid, organic electrolyte has reached its performance limits of energy
density, safety, and lifespan [6]. Research into SSBs requires long-term
plans and is high risk, yet a foreseen method to generate opportunities
and take a step toward unlocking a previously unknown potential for

future electrification of the transportation sector [3-6].

Conventional Li-ion batteries use liquid or polymer gel electrolytes,
while SSBs use a solid electrolyte, removing the need for a separator [4,
5]. The solid-state electrolyte (SSE) can be either oxide-, sulphide-,
polymer-based, or hybrid [6]. SSBs have higher energy densities and
hold the potential to be safer when damaged compared to conventional
Li-ion batteries [7]. High energy density and low risk of thermal
runaway can possibly be achieved by coupling SSEs with a lithium (Li)
metal anode in the system [8,9]. However, chemical incompatibility,
electrochemical stability, interface performance, and scalability must be
addressed. As the SSE is in contact with both electrodes, the choice of the
suitable electrolyte is a critical parameter in the design of SSBs. In
addition to chemical stability, the electrolyte must be mechanically
stable and resistant to the formation of lithium dendrites [10].

Most recently published reviews tend to focus on a single processing
method such as wet-chemical (e.g. sol-gel processing), vacuum-based
deposition methods (e.g. CVD, PVD, ALD) for fabrication of thin films
[11], Additive Manufacturing (AM) techniques and their advantages
over the traditional SSE manufacturing methods [12], or they present an
overview on the scientific challenges, mechanisms, and design strategies
for SSBs, specifically focusing on the stability issues related to SSEs and
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Abbreviations

AcN Acetonitrile

ALD Atomic Layer Deposition

AM Additive Manufacturing

BBP Benzyl-butyl phthalate

c-Flash  contactless flash sintering

c-Hex cyclo hexane

¢-LLZO cubic Lithium Lanthanum Zirconium Oxide (LLZO)

CS or CSP Cold Sintering or Cold sintering process

CVD Chemical Vapour Deposition

EDS Energy-dispersive X-ray spectroscopy

EP ethyl propionate

EPD Electrophoretic Deposition

EVs Electrical Vehicles

FS Flash Sintering

GSEs Glassy solid-state electrolytes

HSE(s) Hybrid solid electrolyte(s)

LATP Lithium Aluminium Titanium Phosphate
LAGP Lithium Aluminium Germanium Phosphate
LBO Lithium borate (LizBO3)

LCO Lithium Cobalt Oxide (LiCoO5)

LGPS Lithium Germanium Thiophosphate (LiyGeP,S,)
LLZO Lithium Lanthanum Zirconium Oxide (LLZO)
LiPON  Lithium Phosphorus Oxynitride (Li,POyN,)
LMO Lithium Manganese Oxide

MCI Mixed Conducting Interphases

MCM mechanochemical milling

MGF mixed-glass former

MLCC  Multilayer Ceramic Capacitors
MOCVD metal-organic vapour deposition
n.d. no date

NBS nonbridging sulphur

NCA lithium nickel cobalt aluminium oxide(s)
NMC lithium nickel manganese cobalt oxide(s)
NMP N methyl-2-pyrrolidone

PEO polyethylene oxide

PLD Pulsed Laser Deposition

PVD Physical Vapour Deposition

PVDF polyvinylidene fluoride

R&D Research and Development

RF radio frequency

SEI solid electrolyte interphase

SLA Stereolithography

SOFC Solid Oxide Fuel Cell

SPE(s)  solid polymer electrolyte(s)

SPS Spark Plasma Sintering

SSB(s) Solid State Battery (Batteries)
SSE(s) Solid State Electrolyte(s)

TOL nonpolar toluene

UHS Ultrafast high-temperature sintering
UPD Ultra-Precise Deposition

wt.% Weight Percentage

XYL p-xylene

interfaces [13].

Forming is a significant limiting factor in large-scale manufacturing
of SSBs, demanding constant innovation for continuous improvements
throughout the manufacturing process [14,15]. Here, we focus on the
potential manufacturing routes of dense oxide- and sulphide-based SSEs,
summarising their electrochemical and chemical stability, interface
challenges, compatibility with binders and solvents, and possible dry or
wet forming methods for large-scale manufacturing. We also evaluate
the possibility of co-sintering the electrolyte and cathode together as a
strategy to improve interfacial contact. Further discussion summarises
potential future avenues for enhancing the large-scale manufacturing of
SSE-based batteries.

Bipolar stacking

(a)

Anode

Current collector

Ca\thode

Solid electrolyte

2. Solid state battery technologies
2.1. Overview of SSBs

Batteries based on liquid organic electrolytes, fall short in meeting
demands from automotive industries due to the need for a higher rate of
charge/discharge, better safety, higher energy density (350-500 Wh
kg_l), and potentially lower cost [14]. SSBs have been studied with the
aim of addressing ongoing challenges within the EVs industry [15], such
as charging time, driving range, safety, and longevity of batteries [16].

The typical structure of an SSB consists of a cathode, SSE, anode, and
current collectors. A major focus is on developing high ionically
conductive SSEs, which are the key components used to replace liquid
electrolytes in traditional batteries [17-21]. Regarding SSEs, there are
now options available in inorganic materials (oxides or sulphides),
polymeric materials, and hybrids, all with bulk resistivities approaching

Cathode

Solid electrolyte

~ Current collector”

Fig. 1. (a) A bipolar configuration of ASSLIBs, (b) a pellet-type configuration of SSBs. Adapted from Ref. [14].
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or matching liquid electrolytes [22,23].

There are two types of configurations for SSBs: bipolar and pellet-
type (Fig. 1). In the former, both electrodes are coated on the end
sides of the current collectors. This can result in lower weight and vol-
ume of the package and higher energy density of the batteries [18-20,
24]. In the latter configuration, one layer of each of the electrodes and
the SSE are stacked in a sandwich structure, which leads to lower energy
density than the bipolar type, as the layers of the electrodes are thinner
compared to the thick layer of SSEs. Currently, research efforts [25] to
enhance SSBs are primarily focused on the pellet-type configuration.
This configuration is favoured due to its less complex manufacturing
process, making it suitable for in-depth studies regarding SSB
advancement.

2.2. Solid-state electrolyte (SSE) classification

All solid-state electrolytes are categorized as solid polymer electro-
lytes (SPEs), inorganic solid-state electrolytes (SSEs), or hybrid solid
electrolytes (HSEs). Inorganic solid electrolytes are divided into oxide-
based and sulphide-based electrolytes. A combination of high ionic
conductivity and low electronic conductivity is necessary for the SSE to
enable higher charging-discharging rates and to prevent premature
failure of the battery cell. It has been established that SSEs should have a
high ionic conductivity of at least 1 mS cm~! [26]. However, the
measured ionic conductivity of a solid material depends on many factors
including properties such as lattice parameters, particle size, density,
and measurement parameters such as temperature, relaxation time, and
frequency. Inconsistency in reporting and lack of comparative data calls
for a need to establish a common standard to measure ionic conductivity
[27].

SPEs are composed of lithium (Li) or sodium (Na) salts dispersed into
a polymer matrix, usually polyethylene oxide (PEO). For the past four
decades, SPEs have emerged as promising candidates for SBBs because
of their flexibility and ease of manufacturing [12]. However, SPEs
exhibit low ionic conductivities of 1078~107> S cm™! at ambient tem-
perature and high interfacial resistance, preventing their practical use in
batteries [28,29].

Inorganic SSEs are classified as glass-ceramic and crystalline elec-
trolytes [30]. Based on the crystallographic structure, glass-ceramic and
crystalline oxide-based electrolytes can be further divided into 3 groups:
NASICON-type (Li (Al Ti)2(PO4)3, LATP), perovskite-type (LixLayTiO3,
LLTO), and garnet-type (LiyLazZryOp2, LLZO) materials [31]. All
oxide-based electrolytes are stable in ambient air which can simplify
large-scale manufacturing and improve safety [12].

Among oxide-based SSEs, NASICON-type electrolytes have the
highest ionic conductivity (>1 mS cm 1), wide potential windows, and
good chemical stability [32]. However, they are chemically unstable
towards the Li metal anode. To enhance electrochemical stability and
extend cycle life, a protective interlayer (<5 pm) would have to be
applied between the anode and the electrolyte [33,34]. Perovskite LLTO
exhibit high ionic conductivity (1 mS cm™?) but is not stable against Li
[35]. However, efforts are being made to enhance its electrochemical
stability by ionic doping, a common method used to stabilise the crystal
structure [36]. Garnet-type electrolytes have ionic conductivities
ranging from 0.1 to 1 mS cm ™' and are electrochemically stable against
Li metal [35,37,38].

All sulphide-based electrolytes are classified as glassy or glass-
ceramic materials and can be further divided into 3 groups, namely,
lithium thiophosphates or LPS (Li»S-xP2Ss system), argyrodite type
(LigPSsX; X: Cl, Br, I), and LGPS (LixMP4Sy, M: Sn, Si, Al, Ge) [39,40].

Lithium thiophosphates are investigated due to their good electro-
chemical stability, ductility, and low cost, but depending on the
composition, ionic conductivities of 75Li»S-25P»S5s and LiyP3S;; are
equal to 0.2 and 17 mS cm ! respectively [41,42].

Li;0GeP2S12 (LGPS) shows remarkably high ionic conductivity (>10
mS cm™ 1) [43]. Among argyrodites, the chlorine-rich argyrodite has a
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high ionic conductivity of 1 mS cm ™! much higher than the bromine-rich
and iodine-rich ones, which have much lower ionic conductivities in the
range of 10°°%10"%S em™! [44].

The ionic conductivities of sulphide electrolytes are higher compared
to those of oxide electrolytes. However, oxides are more electrochemi-
cally and mechanically stable relative to sulphides and polymers.

Glassy solid-state electrolytes (GSEs) are considered a distinct sub-
class of inorganic SSEs. These materials include oxysulphide, oxynitride,
and mixed oxysulphide-nitride glasses, which exhibit good electro-
chemical stability against Li metal anode [45-49].

Glassy oxynitride GSEs, such as lithium phosphorus oxynitride (Lix.
POyN,, LiPON), are a classic example of an SSE that is mechanically
stable and resistant to lithium dendrites [50]. LIPON forms a thermo-
dynamically stable interphase when paired with a metallic lithium
anode yet exhibits low ionic conductivity of 107~10"°Scem™! [51,52].
Currently, the deposition of amorphous LiPON is limited to physical
vapour deposition (PVD) methods such as RF magnetron sputtering,
therefore its use in a large-format pouch cell is technically infeasible
[53]. The market potential and scalability are low and LiPON electro-
lytes are currently only used in solid-state micro-batteries used for small
devices [54].

In the case of oxysulphide GSEs, binary systems such as sulphide LPS
in which P,Ss is substituted with P;Os or ByOs, are used to prepare
mixed-glass former (MGF) systems using melt-quenching technique
[55]. Some of the glasses containing P»Os5 exhibited ionic conductivities
as high as 3 mS ecm ™! [56]. Grain boundary-free ionically conductive
oxysulphide and oxynitride SSEs can be formed in homogeneous and
continuous glass forms by casting and drawing [57,58].

Hybrid solid electrolytes (HSE) are composite materials, which have
attracted attention as they combine SPEs and SSEs [59]. In this concept,
the active inorganic fillers participating in ionic conductivity are
encapsulated in polymers that are electrochemical compatible with the
Li metal anode.

3. Solid-state electrolyte (SSE) challenges
3.1. Interface challenges

In a cell, the SSE is in contact with both the cathode and anode.
Excellent contact is required, as poor contact between the SSE and
electrodes will result in poor interface performance, and ionic conduc-
tivity [60]. In general, there are two categories of reactions that affect
interfaces in SSEs. The chemical reactions that occur during the storage
and fabrication process of the cell, and electrochemical reactions that
occur on the electrolyte interfaces while the cell is operating under
applied potentials (charging/discharging) [61]. Additionally, the
chemical instability of the electrolyte materials at their interface, due to
their reaction with ambient air, may limit their applications for
high-energy density SSBs [13]. All interface challenges are briefly dis-
cussed below.

3.1.1. Li anode-SSE interface

Among the diverse spectrum of SSEs, the garnet-type LLZO-based
electrolytes are considered the most appealing candidates on account of
high ionic conductivity, excellent chemical/electrochemical stability
[62-65] and potentially high energy density with good stability against
the metallic Li anode [66,67]. However, various challenges limit the
application of all SSE materials, mostly due to interface issues.

Most SSEs are reduced upon contact with Li, leading to high inter-
facial charge transfer impedance and accelerating dendrite formation
[68]. In the case of chemically stable interfaces (Li/LLZO, Li/Li3PS4), a
significant failure mechanism has been attributed to the growth of
lithium dendrites from inhomogeneous current density distribution
[13]. Due to the rigidity of the garnet-based electrolytes, forming good
contact between the garnet and metallic Li is challenging, resulting in
high resistance in the interface, thereby limiting the performance of
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SSBs.

Perovskite-based materials (such as LLTO), have higher ionic con-
ductivity compared to conventional electrolytes at room temperature
[69]. However, upon contact with Li anode, Ti** is reduced to Ti*® and
increases the electronic conductivity due to the presence of mixed Ti*>
and Tit* ions [70]. The formation of an unstable layer at the Li/elec-
trolyte interface can hinder lithium dendrite propagation. However, Li*
ion transport is also inhibited, increasing cell impedance, and limiting
the cell lifetime [71,72].

Another issue with using a Li anode is the 100 % volume change of Li
metal during charge/discharge, requiring an excess Li metal supply of
20%-300 % [73]. This decrease in the volumetric energy density initi-
ates stresses, shape change, destabilises interfaces, and reduces cycle
life. Volume changes can lead to pressure fluctuations, where localised
stresses at the interfaces (Li/SSE) may result in mechanical failures in
the solid electrolyte, such as cracking, bending, loss of contact, and low
coulombic efficiency during cycling [74].

Sulphide-based electrolytes have high lithium-ion conductivity, but
their electrochemical windows are narrow [75]. At the Li anode, a solid
electrolyte interphase (SEI) is formed that contains decomposed prod-
ucts, such as LiyS, LisP, or LiCl. Due to the notably lower ionic con-
ductivity of the decomposed products, interface resistance increases,
leading to deterioration of the battery performance [76]. Sulphide-based
electrolytes react with Li metal, restricting the use of Li metal at the
anode [77]. Currently, using non-lithium metal anode materials such as
silicon or graphite is the only viable option due to electrochemical sta-
bility [78].

In summary, progressive deterioration of the Li/SSE interface can
occur in most systems; through the high chemical reactivity between Li
metal anode and solid electrolytes, including LATP, LAGP, and LGPS;
poor solid-solid contact between Li metal and a solid electrolyte, such as
LLZO; or considerable volume changes during Li discharge and charge.
Securing good contact between interfaces, enhancing the interface ki-
netics, and maintaining morphological stability between Li/electrolyte
interface is extremely difficult during cycling [79].

Based on the classification proposed for the first time in 2015 [80],
the interfaces between metallic Li and SSEs are classified into 3 groups
according to their electronic and ionic conductivity (Fig. 2): (1) Ther-
modynamically stable interfaces, where no reaction with Li occurs
(Li/LLZO, Li/LLTO); (2) Mixed conducting interfaces, in which ions and
electrons can transport simultaneously (Li/LATP, Li/LAGP); (3) Ioni-
cally conductive but electronically insulating interfaces, where electro-
lytes hinder direct reaction but allow Li-ion conduction (Li/p-LisPSy4). It
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is worth noting that dendrite formation between Li metal and LLZO,
widely reported in Group 1, is less observed in the other two groups [81,
82].

3.1.2. SSE-cathode interface

Among various solid electrolytes, oxide-based solid electrolytes are
considered safe and chemically stable due to their neutrality or lower
reactivity with ambient air [60]. However, garnet-type cubic LLZO
electrolytes are reported to be unstable with the cathode materials such
as lithium cobalt oxides (LCO), lithium nickel manganese cobalt oxides
(NMC), and lithium nickel cobalt aluminium oxides (NCA) when heated
to high temperature during the cell fabrication process [83]. Among
these three cathode materials, LCO shows optimal chemical stability
with LLZO as a solid electrolyte.

The poor chemical stability of glassy sulphide-based electrolytes is
ascribed to their structure, chemical bonding, and nonbridging sulphur
(NBS) units in the glassy network [77]. Poor chemical stability, such as
oxidation from spontaneous chemical reactions, was observed for LigPS4
electrolyte when using NMC and NCA as cathode materials [84,85].

Alongside chemical stability, good electrochemical stability of solid
electrolytes is an additional major factor for commercial adaption. The
electrochemical stability window refers to the stability of the bulk ma-
terial, rather than a specific interface with an active material. However,
the electrochemical decomposition of solid electrolytes typically takes
place at the interface once they experience a potential beyond their
oxidation limit or electrochemical window [86].

In oxide-based electrolytes, the co-sintering process is used to
improve the contact, due to the solid and rigid interface between the
oxide electrolyte and cathode particles. However, this results in new
interphases and further complicates the interfacial behaviour [87,88].
The interfaces that are formed by mutual diffusion during the thermal
process result in high interfacial resistance [89].

The type of cathodes can affect the electrochemical performance and
interfacial behaviours [13] due to the formation of various electro-
chemically decomposed products with different ionic and electronic
transport properties. Once conductive interfaces are formed, continuous
interfacial reactions may occur. LCO cathode in conjunction with oxide
perovskite electrolytes displays 6 times higher interfacial resistance than
the LiMnyO4/0xide perovskite interface [90].

Another reason for the high interfacial resistance and instability of
the solid electrolytes and cathodes in ASSBs is the formation of a space
charge and interdiffusion layer at the interface between the cathode and
solid electrolyte. A significant voltage drop of the LCO/NASICON
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Fig. 2. Illustration of three types of interphases between SSE and metallic lithium. Adapted from Ref. [13].
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interface observed during cell cycling was attributed to the formation of
a lithium depletion zone [91]. LMO and LFP cathode materials strongly
react with garnet-based electrolytes under high potential, but LCO is
stable [13]. So far, LCO has been demonstrated to form more stable
interfaces with LLZO than other active materials, with in-depth studies
on the interfacial impedance and performance of a full cell with
LLZO-LCO cathode composite [86].

The poor performance of the SSBs based on oxide electrolytes is
correlated with several factors: (1) High polarisation resulting from the
poor contact between SSEs and cathode materials; (2) High electrical
resistance of the layer formed during thermal processing; (3) An inter-
phase layer resulting from electrochemical decomposition at high
voltage; (4) The space charge layer effect; while the Li" can move in
SSEs while the host ions are constrained within their original sites, a Li
depletion zone is formed and limits lithium movement in subsequent
discharge processes.

Sulphide-based electrolytes are soft materials and therefore they can
form a conformal contact at their interface with the cathode [92]. Unlike
oxide-based electrolytes, sulphide electrolytes have narrow electro-
chemical stability, and there are considerable differences between the
various sulphide material sub-classes. In addition, sulphides are prone to
reaction at low potentials with lithium metal anode and at higher po-
tentials with the cathode materials [30]. Like oxide-based electrolytes,
in sulphide electrolytes, the space charge layer forms that may nega-
tively affect the cathode and electrolyte interfaces, especially, when
sulphide-based electrolytes and high-voltage oxide cathode are involved
[921.

3.2. Fabrication challenges of SSEs films

In a conventional lithium-ion battery, the typical separator thickness
used with liquid electrolytes is 25 pm [93]. When utilising a solid
electrolyte, reducing thickness becomes essential, leading to decreased
resistance, improved ionic conductivity, and positive effects on general
cell performance [13,60,94,95].

For glass-ceramic and ceramic materials, the most straightforward
bulk-forming method involves preparing a pellet by cold pressing [96].
However, pressing powder in a die is typically suitable only at a labo-
ratory scale and is insufficient for producing the thin samples required
for mass production. Considering the continuous nature of thin film
fabrication, batch-type processes (forming or sintering) might not be
suitable for commercial manufacturing. Identification of challenges and
resolving issues associated with forming, densification, and sintering
methods are crucial for achieving a fully dense monolithic material. The
current primary processing challenge involves transitioning from pel-
lets, which serve as basic model systems, to a continuously homoge-
neous, dense, crack-free, and phase-pure film [11].

Stability is another challenge in solid-state electrolyte processing,
defined as the ability to maintain morphology, composition, and struc-
ture after being exposed to other battery constituents. Most stability
concerns, including chemical, electrochemical, mechanical, and ther-
mal, have been previously reviewed [13]. Chemical stability remains a
significant challenge for oxide- and sulphide-based materials, especially
in the context of green body forming. Thin film processing and scalable
electrode manufacturing will require the use of dry/wet processes in
conjunction with binders and other inorganic or organic additives.

Most sulphide-based electrolytes pose safety concerns and must be
handled with care because these materials are sensitive to humid air and
can react with moisture to produce poisonous HsS gas [94]. Conse-
quently, all forming and processing must take place under an inert gas
atmosphere (<5 ppm O3). Some oxides such as Fe;O3, ZnO, and BiyO3
and lithium halide additives have been shown to potentially improve the
chemical and electrochemical stability of sulphide SSEs and partially
suppress the generation of HyS in humid air [94,97].
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3.2.1. Solvent-based systems

Commercial Li-ion battery electrodes are manufactured using a
slurry casting process in a roll-to-roll manufacturing method. The slurry,
containing active material, conductive carbon, and binder in a solvent, is
cast onto a metallic current collector. Typically, a toxic N-methyl-2-
pyrrolidone (NMP) solvent [98], is uniformly mixed with a poly-
vinylidene fluoride (PVDF) binder, a conductive agent, and the active
material [99].

From a ceramic perspective, the binders used for conventional
lithium batteries are not those typically considered for ceramic body
forming. Green body formation requires inert binders, which provide
strength by bridging the particles. Complete absence of binder is un-
desirable as there would be no soft matrix to buffer the expansion and
contraction of rigid crystalline particles of the active material. After
green forming, a debinding step is conducted at a controlled heating rate
to remove the organic binder. The formed brown body is then sintered
(at 80-90 % of melting temperature) to consolidate the material without
melting the particles, achieving the final dense microstructure. Addi-
tional post-processing steps such as machining, grinding, and polishing
can be carried out to ensure the parts have the desired surface finish and
comply with required tolerances.

The use of more environmentally friendly binders, which decompose
thermally into residual ash and release non-toxic gases, is desired.
Several alternatives to fluoropolymers that are ethanol processable and
fluorine-free have been identified [100]. Binders such as polyacrylates,
aliphatic polymers and oligo- and polysaccharides are commonly used in
ceramic forming and processing. Depending on the sintering atmosphere
choice, various systems can be implemented. During firing, the binder
can be removed through vaporisation to avoid combustion of the poly-
meric binder, resulting in an ash-free and water-free system [101].

Both oxide- and sulphide-based electrolytes suffer from a nucleo-
philic attack of polar functional groups of aqueous and polar organic
solvents, limiting their processing to less polar or preferably non-polar
options [97]. AI-LLZO was treated with various solvents; Li leaching
was high for primary alcohols (MeOH, EtOH, n-PrOH) and less pro-
nounced for the nonpolar organic solvents (i-PrOH, AcN, c-Hex) [102].
Irreversible Li-ion loss due to a Lit/H"' cation exchange process is
well-known for LLZO upon solvent immersion. The use of nonpolar
solvents aided in preserving the crystal structure. A similar study was
also conducted on Ta-LLZO [103] where several common organic sol-
vents with typical functional groups were tested. Li leaching and lattice
swelling occurred in all solvents; however, the electrolyte was much
more stable in weaker acidic compounds such as 1,3-dioxane and
n-hexane.

A solvent compatibility trial towards sulphide SSE (LiyP3S11) was
reported [104] with 9 common solvents (such as MEK, THF, NMP, DMF)
to examine the stability of an LPS electrolyte. Chemical degradation was
observed in most cases as the electrolyte is extremely reactive with polar
solvents such as N-methyl-2-pyrrolidinone (NMP). Crystalline properties
were retained only by using nonpolar toluene (TOL) and p-xylene (XYL).
Sulphide SSEs have outstanding processability due to their softer nature.
However, poor chemical stability towards solvents and binders may
significantly limit their large-scale manufacturing compared to oxide
SSEs [105].

3.2.2. Aqueous-based systems

In wet processing methods, aqueous processing offers several ad-
vantages over the use of organic solvents. Water is a green solvent, with
low-cost and health and safety risks as it is non-toxic and non-
flammable. It is believed that less expensive and environmentally
friendly solvents, including water, could eliminate the large capital cost
associated with solvent recovery systems for most solvents [106].
However, aqueous processing also has disadvantages due to extended
drying times, low tolerance to changes (pH, temperature) and limitation
in binder choice.

Upon contact with water, the surface of active material particles is
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altered, notably by the formation of LiOH and Li»COs species, which
deteriorate the reversible capacity and cycle performance [107]. Garnet
solid electrolytes which are stable in air, have been found to form a
passive surface layer in contact with humid air. This not only poses
challenges during processing but impairs the battery performance. It
was reported that polar solvents in a slurry-based wet-processing of the
LLZO, for example, tape-casting, result in irreversible Li-ion loss of the
pristine material [102]. This instability against moisture is attributed to
the Li*/H"' exchange reaction between the material and water [17].
Because of the low stability of electrolytes in water, aqueous-based
compositions are not recommended for SSE manufacturing.

3.2.3. Lithium loss mitigation strategies in oxide SSEs

Scalable manufacturing of SSEs is prevented by the effort required to
maintain the necessary high lithium content. Once a green body is
formed, solid electrolytes, particularly oxide-based materials such as
LLZO and LATP, can be formed and sintered similarly to traditional
oxide ceramics. However, due to the volatility of lithium, maintaining
the correct stoichiometry is challenging with typical high-temperature
processes. Faster and lower temperature sintering processes are sug-
gested to reduce processing costs and volatilisation, and to increase
energy efficiency. Maintaining high density and conductivity can be
achieved through mitigation strategies which include lowering the sin-
tering temperature and time [106].

Li loss from the system impedes densification [108]. Common
methods to reduce Li loss includes enclosing the material in sealed
crucibles, burying the green part in a parent powder [108-110], doping
pellets with additional lithium [111] or a lithium-containing sintering
aid [108,112]. Since covering with a sacrificial parent powder is not
expected to be a viable solution at the large manufacturing scale, other
options must be explored. Due to the costs of using additional sources of
volatile ions and the difficulty of industrial scaling of such a process, an
alternative approach of reducing the sintering temperature and duration
is suggested, offering additional efficiency benefits for large-scale
manufacturing.

Sintering aids are inorganic lithium-ion conductors used in liquid-
phase sintering. These materials undergo sintering with the electro-
chemically active material to yield fused particles in a sintered material.
Sintering aids maintain liquid phases at high temperatures, reducing the
crystallisation temperature and enhancing the densification of ceramics
to some extent. Liquid-phase sintering is a viable technique to improve
the density of sintered electrolytes [113]. Commonly used sintering aids
with a low melting point are oxides such as ZnO, MgO, and B2O3 [114]
or lithium salts such as LiyO, LigPOg4, LisBO3 [115], LiBO, or LIF
[116-118].

Sintering aids form a glass-like phase at grain boundaries to improve
contact between grains and lower the grain-boundary resistance. Al-
LLZO sintered with the addition of MgO (0-7 wt%) as a sintering aid
resulted in sheets with densities of up to ~91 % [119]. The formation of
an Al,03-LisO eutectic was suggested to enhance the sintering rate of
Al-LLZO at the temperature of 1055 °C [120]. In another case, Al-LLZO
was sintered with 1 wt% of sintering aids such as LigBOs, Li3PO4 and
Li4SiO4 at 900 °C for 36 h or 1200 °C for 12 h, with a sacrificial parent
powder, the highest theoretical density of 96 % and ionic conductivity
achieved for pellets sintered at 1200 °C using Li4SiO4 [112]. The addi-
tion of sintering aids appears to improve density, structural integrity,
and ionic conductivity.

Compatibility of Li3BO3 with LLZO and Nb-LLZO was confirmed with
dilatometric analysis which showed the onset of sintering as low as
710°C [115]. LiBO3 and LigBOg aids were used to enhance the density of
LLZO and structures with larger grain size and enhanced electrical
conductivity at 900 °C sintering temperature [121]. In general, the ac-
tion mechanisms of sintering aids are reflected in increasing density and
promoting Li* transport at grain boundaries. The addition of sintering
aids appears to improve the density, structural integrity, and ionic
conductivity.
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4. Processing of solid-state electrolytes
4.1. Forming

The forming step is the physical process whereby the ceramic ma-
terial is transformed from a suspension or powder paste to a green
(unsintered) body. In the case of crystalline materials, such as oxide
SSEs, the green density is crucial and determines the amount of
shrinkage required to densify a ceramic body. Higher powder packing
density leads to higher density after sintering.

Oxide-based polycrystalline SSEs require high-temperature
(>600 °C) sintering to improve the particle-particle contact,
enhancing ionic conductivity. These materials can be treated as any
other oxide (ceramic) and can be formed into a green body and sintered
through various methods. Among all SSE compositions, the garnet-based
Ta-, Ga-, Al-doped LLZO and LATP electrolytes have been most studied
[95].

Glassy and glass-ceramic materials have low grain boundary resis-
tance and can be processed at lower temperatures compared to crys-
talline oxide SSEs. The formability of sulphide systems may result in
improved interfacial contact [42,122] by using pressure and tempera-
ture to create low-impedance interfaces with electrode materials [123].
Instead of using melt-quenching method, mechanochemical milling
(MCM) can be used to produce glasses without the evaporation of the
active material [124]. MCM glasses are typically milled at high speeds
for prolonged periods to achieve the loss of crystalline structure in the
material [125,126]. The resulting powder can be used in all common
ceramic forming methods such as tape casting or hot pressing.

While oxide SSEs are stable in air, sulphide SSEs are prone to reaction
with moisture to produce toxic HyS gas, limiting their immediate scal-
ability [127]. Due to the poor chemical stability of sulphide SSEs, a dry
inert gas atmosphere is required for all processing steps to maintain
safety standards [128,129]. The necessity of using an argon-filled glo-
vebox increases the cost. Safety risks exist even post-processing, as
accidental battery damage can lead to HyS and SO, formation [130].

4.1.1. Thin film deposition techniques

Currently, thin film SSEs fabricated with amorphous LiPON, or
LiPON-derivatives (lithium phosphorus oxynitride) are used in
commercially available rechargeable micro-batteries such as implant-
able medicine and smart devices [54] and are produced by companies
such as Cymbet [131], Ilika [132] and Excellatron [53]. However, the
use of thin film deposition technologies is currently limited to
small-scale applications due to the high investment costs of vacuum
deposition processes such as RF magnetron sputtering [53,133].

High-quality dense self-standing LLZO thin films have been suc-
cessfully fabricated using pulsed laser deposition (PLD) [134-136],
chemical vapour deposition (CVD) [137], metal-organic vapour depo-
sition (MOCVD) [137], atomic layer deposition (ALD) [138], magnetron
sputtering [139,140], and sol-gel deposition [141,142]. These methods
enable the homogeneous growth of thin films (0.2-1 pm) over large
areas with high deposition rates and high purity [143]. Although
methods such as magnetron sputtering and PLD can result in a
high-density LLZO film, Li loss during deposition remains a challenge
and a non-conductive pyrochlore phase (LayZryO7) tends to form in
lithium-deficient films upon crystallisation.

Physical vapour deposition (PVD) methods such as pulse laser
deposition (PLD) have been used extensively to prepare sulphide-based
thin SSEs. However, the atmosphere in which sulphide materials are
processed requires special consideration due to the extreme sensitivity
of the compounds to ambient moisture content [144]. A 50-70 nm thin
80Li»S-20P5S5 solid electrolyte (SE) films were successfully coated on an
LCO cathode under an argon atmosphere [145].

The reported films vary from dense and crack-free to highly porous
structures. In the case of sol-gel deposition, outgassing organics from the
films can cause pores and cracks [136]. Despite much-conducted
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research, detailed parameter studies are still missing in the field of SSE
thin film processing. Most successful depositions have been demon-
strated only at a laboratory scale; but all thin film deposition methods
consist of complicated multiple steps, which are expensive and
time-consuming, making them unsuitable for large-scale SSEs
manufacturing.

4.1.2. Tape casting

Tape-casting has emerged as a promising candidate for the scalable
and low-cost commercial fabrication of SSE layers because this tech-
nique is not limited to the preparation of single-layer ceramic SSEs.
Repeating casting steps or using roll-to-roll processes can lead to multi-
layered, co-sintered materials [30]. In this method, ceramic powder is
mixed into a slurry with addition of a solvent, an organic binder, and
often a plasticizer to improve the green strength. The slurry is then
spread into thin sections using an automated doctor blade coater.

Conventionally tape cast-sintering of 22-25 pm thick and dense
(94-95 %) Al- and Ga-LLZO flexible films resulted in ambient ionic
conductivities as high as 1.3 mS cm ™! [146,147]. The packing density of
dried green films (~45 pm thickness) was improved by
thermo-compressing under nitrogen before sintering. Al-LLZO films can
also be tape-cast and sintered in ambient air [148]. Cross-sectional SEM
micrographs of the Al-LLZO air-sintered films (Fig. 3) showed nanosized
pores formed between primary Al-LLZO particles.

A summary of SSEs prepared by tape casting is presented in Table 1.
Factors to be considered in the satisfactory preparation of green tape
cast sheets include: (1) slurry viscosity controlled by the ratio of the
components (powders, binder, plasticizer, dispersant, solvent); (2) dry-
ing and debinding conditions to obtain flat and homogeneous tape; (3)
choice of sintering temperature and time for final tape densification. In
the case of oxide SSEs, the choice of solvent and binder did not have a
considerable effect on the final properties of the sintered electrolyte, and
the properties of green tapes should not be used as a proxy for the quality
of the final sintered part [119]. Considering the final part must be
debinded followed by sintering, attention should also be paid to the
sintering atmosphere.
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Wet processing of sulphide SSEs is complex due to difficulties in
finding matched pairs of sulphide SSEs, solvents, and polymeric binders
[149]. Highly reactive sulphide SSEs decompose in contact with solvents
that are commonly used in tape-casting; these include water and other
organic solvents with a polarity index >4.0 [150]. This limitation nar-
rows down the selection of binders that need to be soluble in the solvent,
inert in contact with the SSE, and capable of maintaining the ionic
conductivities of SSE as much as possible [105].

Examples of tape-cast Li-ion conducting HSEs also include films
fabricated using sulphides as active material. Encapsulated in various
polymers (PEO, PVDF, NBR, SEBS), Li;P3S;; powder was tape cast using
xylene as a solvent [104]. Thick films (~50 pm) displaying high room
temperature conductivity (0.7 mS cm™') and good stability with a Li
metal anode were prepared. Defect-free LPSCI films of 50 pm thickness
were prepared using ~5 wt% of NBR binder in a mixture of toluene and
isobutyl isobutyrate as a solvent [150]. The binder did not negatively
affect the ionic conductivity (~1.12 mS cm ™) of the film as the prop-
erties were comparable to a cold-pressed, binder-free, thick LPSCI pellet
(~1.10 mS em™ 1.

4.1.3. Screen printing

In this method, a rubber blade called a squeegee is pulled across the
top of the screen covered with a thin mesh. The blade pushes a shear-
thinning ink with low viscosity through the mesh onto the surface of
the substrate. Screen printing can be easily combined with tape casting
for composite preparation, for example, to screen print an additional
conductive buffer layer on top of a pre-sintered or raw substrate cast
tape [157].

There are examples of cathodes or interlayers being fabricated on top
of an SSE by screen-printing through the development of shear-thinning
inks. A 10 pm thick cathode layer of LCO and Li3BOs3 (75:25 wt%) was
screen printed onto a pellet of Nb-LLZO (Fig. 4) [158]. The interface
between the cathode and electrolyte was improved by annealing the
sample at 700 °C for 1 h to remove all binders and melt the Li3BOs. In
another example, an LCO cathode (50 pm) was screen printed on top of a
Ta-LLZO sintered pellet (300 pm) [159]. Co-sintering was performed at

Fig. 3. SEM micrographs of the as-cast and cold-pressed Al-LLZO sheet electrolytes. (a) Cross section of the as-cast sheet electrolyte, (b) enlarged view of part of the
cross-section shown in (a), (c) cross-section of a 150 MPa cold-pressed sheet (inset: EDS mapping of La), and (d) enlarged view of part of the cross-section shown in

(c). Adapted from Ref. [148].
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Table 1
Examples of fabrication of oxide-based SSEs by tape casting.
Active Dispersant Binder Plasticizer Solvent Sintering Sintering conditions Thickness Sintered Ref.
material aid (pm) Density
(%)
Al-Ta- BYK 180 PVB98 PEG400 Ethanol 1175 °C 10 h, air 50-240 92.8 [111]
LLZO Butanone
LLZTO - Polyacrylic resin Methyl benzoate Ethanol 1.2 wt% 1100 °C 6 h, air, ~200 ~99 [151]
Butyl acetate Li,O sacrificial powder

Al-LLZO - PVB98 Benzyl-butyl Ethanol - 1090 °C 1.5 h, Ar 25-55 ~95 [152]
phthalate (BBP) Acetone

Al-LLZO Dispex Ultra PA Methylcellulose PEG300 Water 5 wt% 1115°C 3 h, Ar ~100 91.1 [119]

4560 Ethanol MgO

Al-LLZO Polyacrylic acid PVB Benzyl-butyl Ethanol - 1090 °C1 h, N, 22 94 [146]
phthalate (BBP) Acetone

Ga-LLZO Polyacrylic acid PVB Benzyl-butyl Ethanol 1139°C 0.3 h, Ny 25 95 [147]
phthalate (BBP) Acetone

LLTO Triethanolamine PVB BBP Ethanol - 500 °C 2 h, 1050 °C 25 N/A [153]

2h,
1260 °C 12 h, air

LLZNbO Menhaden oil Ethylcellulose PEG400 Ethanol 0.5 wt% 1000C, 6 h, Ar 150-175 90.8 [154]
Dibutyl phthalate Toluene LizBO3

Al-Ta- - Methylcellulose PEG, Glycerol Water 1175 °C 4 h, air ~150 ~90 [106]

LLZO
LATP Hallotannin Polymethyl- PEG4000 Acetylacetone 1100 °C 2 h, air 20 95 [155]
methacrylate Dibutyl phthalate Isopropanol

LATP-AP Menhaden oil PVB-VA-VAc BBP Ethanol 450°C 1 h, 1080 °C 40 >90 [156]

PEG Xylene 1h

v 10 um

Fig. 4. Cross-sectional SEM images of (a) secondary electron and (b) backscattering electron images of the interface between the positive electrode layer and the Nb-

LLZO solid electrolyte [158].

1050 °C in air for 30 min and resulted in much lower area resistance
during charge and discharge cycling.

In the case of interlayers, a thin (10 pm) phase transition layer was
fabricated by screen printing on the interface between LLZ0O-0.3B203/
LiMny04 (LMO) [38]. The layer was a mix of 50:50 (wt.%) LiMn»04 and
LLZ0-0.3B,03 powder with ethyl cellulose as a binder. Grain boundary
resistance was reduced at the interlayer by annealing the sample at
700 °C for 1 h.

To address issues with lithium dendrite formation and poor interfa-
cial wetting between the Li-metal anode and the solid electrolyte an
amorphous LizBO3 (LBO) glassy interlayer (~5 pm) was screen printed
onto an LLZTO pellet and annealed at 725 °C for 1 h [160]. Interfacial
conductivity increased by 10 times and the cell showed no sign of severe
defects, confirming the positive role of the LBO interlayer in preventing
the Li-dendrite penetration.

4.1.4. Electrophoretic deposition

In electrophoretic deposition (EPD) method, the material is dispersed
into a suspension, typically an organic solvent. An electric field is then
applied to force the deposition of the powder onto an oppositely charged
conductive substrate. Electrophoretic deposition (EPD) is a method with
a high TRL and has been demonstrated in industrial operations to
manufacture beta alumina (Na-p"-Al,03) electrolytes for sodium-sulphur
cells and surface coatings in automotive industry [161].

A composite separator (25 pm thick) was manufactured through the
co-deposition of LLZTO particles with a PVDF-HFP colloid using an
applied field of 72 V [162]. Additionally, there is an example of LPS thin
films (10-100 pm thick) produced from LPS precursor (LizS-P2Ss) dis-
solved in a non-polar dehydrated ethyl propionate (EP), followed by
warm pressing at 220 °C [163].

4.1.5. Aerosol deposition

In this technique, a carrier gas accelerates and transports
micrometre-sized powders, which are directly sprayed onto the surface
intended for coating. The process does not require binders or solvents to
prepare uniform dense films ranging from 1 to 100 pm in thickness.
Aerosol deposition is a low-cost manufacturing method that operates at
ambient temperature. However, the process necessitates the use of a
deposition chamber.

Using powder aerosol deposition method, 30 pm thick Al-Ta-LLZO
films were prepared on a copper substrate (Fig. 5). After deposition,
surface roughness was reduced through polishing, eliminating noncon-
ductive LioCO3 residual and ensuring a homogeneous electrical field
distribution [164].

The microstructure and density of the fabricated films are signifi-
cantly influenced by the size and the morphology of raw powder. Con-
trolling the particle size distribution and employing post-annealing
processes can enhance the conductivity of the SSE films [165]. For
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500 nm

Fig. 5. Fractured cross-sectional SEM images of the Al-Ta-LLZO film in (a) the as-deposition state before and (b-d) after polishing. c-d) Higher magnifications

validate the dense and nanocrystalline structure of the films [164].

instance, 20 pm thick Al-LLZO films, prepared by powder aerosol
deposition without an annealing process, exhibited limited ionic con-
ductivity, reaching only 1078 S em™! even at 140 °C [166]. However,
post annealing of Al-Ta-LLZO films (~10 pm thickness) at 600 °C
restored the ionic conductivity to the bulk value [167].

4.1.6. Hot powder rolling

Hot powder rolling or dry pressing offers an alternative method for
thick film fabrication. In this technique, only electrochemically active
components are utilised, eliminating the need for drying and solvent
recovery steps, which significantly reduces both cost and time [168].
Because this method involves minimal solvent handling, it can be
employed in solvent-free conditions [169,170] or even completely
solvent-free and/or binder-free settings [171], making it highly versatile
for SSEs manufacturing.

This approach has been successfully applied not only in the fabri-
cation of solvent-free cathodes [172,173] but also in the manufacturing
of composite electrolyte membranes (PEO/LLZTO) [174]. For instance,
a high ionically conductive sulphide SSE was developed by homogenous
mixing of LiPSCl and PTFE (0.2 wt%) powder and subjecting it to hot
calendaring at 80 °C, resulting in a flexible film with a thickness of 30
pm [175]. To further enhance performance, an additional magnetron
sputtered AlyOs interlayer was introduced at the SSE/Li interface,
improving the anodic stability and suppress internal short circuits.

4.1.7. Additive manufacturing

Additive Manufacturing (AM) may offer significant benefits over
conventional forming methods, including the flexibility of digital
manufacturing, reduced material waste, and lighter components. It also
provided innovative opportunities for manufacturing advanced com-
ponents without the need for complex tooling, leading to a reduction in
both manufacturing costs and process lead time. Currently, various AM
technologies are being evaluated for producing ceramic parts. However,
selecting the correct process to match the intended end application is a
multi-stage procedure. The choice depends on the desired material’s
properties such as density, surface finish, size, and geometry. In general,
the implementation of AM within the ceramic industries has been slower
compared to the metal and polymer AM technologies. Printed ceramic
parts face challenges such as low levels of surface quality, resolution,
and mechanical properties compared to conventionally produced com-
ponents [176].

The emerging AM techniques have revolutionized the device
manufacturing sector for electrochemical energy storage. They offer
advantages over traditional routes, including their ability for repeatable
production of the entire device (electrode/electrolyte/current collec-
tors/packaging). This capability reduces costs and improves the quality

of the final product. Additionally, the use of AM enables manufacturers
to modify the printed geometries and structures, removing the conven-
tional constraints. This flexibility allows them to surpass the energy-
power limits of current SSB systems by adjusting the initial character-
istics of the resin/slurry, such as viscosity, composition and printing
parameters [177].

Multiple LLZO ink formulations were developed for AM of solid
electrolyte microstructures with various properties [178]. The formu-
lated inks were categorized into 2 types: the first formulation was
designed for conformal printing, possessing rheological properties
required for planar battery architectures [179]. The second type of ink
was formulated based on a binder system, giving it Bingham plasticity,
ideal for printing self-supporting structures with a high aspect ratio. To
demonstrate the range of LLZO electrolyte structures attainable and
their variation based on the ink rheology, both inks were printed on
LLZO substrates in various pattern arrays. Fig. 6 illustrates a schematic
of the 3D printing process of solid electrolyte structures, enabling the
printing of a wide variety of ordered, high surface area structures. The
stacked-array pattern creates a higher surface area within the electrolyte
to combine with a Li metal electrode compared to traditional planar
structures. This results in the reduced interfacial resistance in the full
cell. The notable decrease in the full cell resistance due to improved
interfacial contact areas can lead to higher energy and power density of
a battery with solid electrolyte. This study demonstrated the applica-
bility of traditional ceramic tape casting recipes in AM of solid electro-
lytes and outlined a roadmap for further advancements in
manufacturing of ceramic SSEs [179].

Stereolithography (SLA) was emerged as the preferred technique to
produce LAGP ceramic electrolytes using glass feedstock [180]. Unlike
other AM methods based on light processing, SLA has shown its ad-
vantages by overcoming some limitations seen in more commonly used
methods like robocasting. Robocasting technique suffers from poor
resolution (typically in the order of 100 s of a micrometre) and
low-quality surface finishing.

Light-based processing or VAT Photo Polymerisation (VPP) tech-
niques including SLA, Digital Light Processing (DLP), and (Liquid crystal
Display (LCD) utilise non-aqueous photosensitive ceramic suspensions,
which are formulated with (meth)acrylate or epoxy photo-
polymerisable monomers and oligomers alongside other additives such
as photo/co-initiator systems [181]. SLA, the oldest among the VPP
techniques, employs a laser beam for a point-by-point scanning process
to cure the ceramic resin. On the other hand, DLP and LCD, the most
recent development, project light in the form of a 2D image to cure the
binder plane-by-plane [182].

The ionic conductivity of SLA-printed electrolytes was found to be in
good agreement with LAGP fabricated by conventional techniques (6.42



J. Minkiewicz et al.

——
Increase
height

LLZ Tape Substrate

Solid State Battery

Open Ceramics 16 (2023) 100497

Additional
Patterns/Inks

3D-Printed Burnout +
LLZ Scaffold Sinter

—

electrodes

Fig. 6. Overview of cell fabrication y using 3D-printing route. Adapted from [178].

x 107 S em™2) [180]. In the subsequent step (Fig. 7), corrugated
membranes with a 15 % increased interfacial area were printed using
the LAGP-formulated resin. These membranes exhibited an equivalent
reduction in the area-specific resistance. Moreover, symmetrical cells
with lithium metal electrodes were employed to investigate the stripping
and plating behaviour of the printed coated electrolytes. The cells
showed stable cycling performance over 250 h, demonstrating the sta-
bility of the designed cells.

Polymer/ceramic composite electrolytes, comprising ionically con-
ducting or insulating ceramics within polymer matrices, are currently
key areas of interest in the SSBs industry. These composites have long

—

Effective area: 2.83 cm?

(a)

been explored as a means to enhance both polymer conductivity and the
mechanical properties of the SSEs. The highest values for conductivity in
these studies were achieved when nano-sized ceramic powder was uti-
lised, enabling AM technologies to print polymer/ceramic composite
effectively [183].

Negative Ceramic AM represents another manufacturing approach
involving AM sacrificial polymer moulds that are impregnated with a
ceramic slurry by investment gel casting [184] or investment casting
[185]. In the following step, the polymer moulds are subsequently
removed through a procedure involving either heating or dissolution.
The resulting scaffolds are then filled with an inert polymer to enhance

Effective area: 3.28 cm?

Fig. 7. Reference and corrugated LAGP parts - (a) and (b): 3D CAD drawings, (c) and (d): as-printed and (e) and (f): after debinding and sintering. Adapted

from Ref. [180].
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their mechanical strength [186]. The main advantage of these methods
is the use of polymer AM, which is often more accessible and
cost-effective compared to direct additive manufacturing of ceramics.
Additionally, these polymer moulds can be manufactured using various
AM technologies, such as Stereolithography (SLA) [187,188], Fused
Deposition Modelling (FDM) [185,189,190] or Material Jetting (MJ)
[191,192].

In a recent collaboration involving Lucideon, KWSP, and Lough-
borough University, two complementary technologies of AM and con-
tactless Field Enhanced Sintering (c-Flash) have been investigated for
manufacturing textured and specially designed solid electrolyte films for
both Li-ion and Na-ion batteries [193]. This innovative manufacturing
approach can address technological challenges, including those related
to solid-state batteries, thin film processing, improving electro-
lyte/electrode interfacial area and reducing ion volatilisation. This
project also aimed to enhance resources and energy efficiency by
exploring the potential combination of two novel and highly efficient
technologies, exploiting the strengths of both systems.

4.2. Sintering

Oxide-based crystalline SSEs can be sintered using traditional tech-
niques, typically in a conventional furnace or kiln. In this process,
samples are heated by convection and/or radiation techniques in fur-
naces. Sintering is a crucial step for crystalline electrolyte materials as it
enhances mechanical strength, reduces porosity, and lowers grain
boundary resistance, consequently improving ionic conductivity. How-
ever, optimising the sintering conditions poses a significant challenge in
the development of crystalline SSEs.

4.2.1. Conventional sintering

Conventional sintering methods can draw on centuries of experience
with large-scale batch-based or continuous furnaces used in the tradi-
tional and technical ceramics industries. Options exist for combining
furnaces with different sintering atmospheres, from vacuum to reducing.
Options even exist in the marketplace for combining a controlled at-
mosphere with continuous manufacturing using sequential airlocks. The
sintering rate, densification and any initial binder burnout are
controlled through the furnace temperature profile.

For oxide ceramics, the sintering temperature is typically over
1000 °C, coupled with conventional heating rates of 1-20 °C min ™. This
results in a slow and energy-intensive sintering process. Samples typi-
cally require dwelling at the sintering temperature for a significant
period of time (several hours, up to days) to produce parts near the full
theoretical density [194].

For electrolyte materials, the volatility of charge carriers such as
lithium results in significant loss of the elements over the sintering
duration, this changes the electrolyte’s stoichiometry and produces
phase impurities which reduce the electrolyte ionic conductivity and
performance [108]. Doping with an excess of volatile elements or using
other mitigation strategies can reduce the material degradation issues
but such methods add expenses to a cost-sensitive process. Attempts are
made to develop faster or lower temperature methods for sintering ce-
ramics, in the case of electrolytes, these methods are also beneficial by
reducing the loss of volatile ions.

Conventional sintering conditions (1100-1220 °C for 10-20 h) were
investigated to understand the relationship between grain size, density,
lithium content and ionic conductivity of Al-LLZO pellets [109]. It was
concluded that a combination of high lithium content and densification
is required for high ionic conductivity.

An investigation into LLZO powder processing and pellet sintering
optimisation has found that small particle sizes (<2 pm) were key to
enhancing densification, allowing the use of short sintering time at high-
temperatures to reach high densification (~96 %) while minimising
lithium loss [108].
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4.2.2. Hot pressing

Hot pressing simultaneously applies uniaxial pressure and heating.
Uniaxial pressure is applied by driven punches, with an enclosing die
heated either through surrounding heating elements or inductive heat-
ing of the die itself. The method can rapidly consolidate and sinter
powders into dense monoliths in a single step, making it a viable method
to form half and full-solid cells by hot-pressing composite cathodes on
top of the SSE [195].

Hot pressing has been successfully used to produce dense Al-LLZO
pellets at temperatures below conventional firing temperatures
(1000 °C) under 40 MPa and argon atmosphere with a typical duration
of around 1 h [196]. Post-sintering of the pellet (98 % theoretical den-
sity) was performed by heating at 1000 °C under an air atmosphere to
remove graphite contamination.

LAGP pellets (99 % theoretical density) were hot pressed under
moderate pressure of 56 MPa and temperature of 650 °C for 1 h under an
argon atmosphere [195]. A full solid cell was also produced by hot
pressing, a composite cathode of LFP/LAGP onto LAGP powder followed
by hot pressing lithium metal onto the resulting composite using a
PEO-LIiTFSI interlayer to prevent LAGP from reacting with lithium
directly.

4.2.3. Spark plasma sintering

Success from hot-pressing of SSEs has led to using Spark plasma
sintering (SPS) with heating rates and pressures (when using non-
graphite dies) above those enabled by a typical hot-press. SPS is an
advanced sintering technique, which uses the simultaneous application
of uniaxial pressure and pulsed electrical current to densify powder
compacts. Heating rates of up to 600 °C min~! are more than an order of
magnitude greater than that achieved with conventional sintering
methods. SPS offers advantages which include faster densification, clean
grain boundaries, good grain-to-grain bonding, and minimum grain
growth which allows the retention of nanosized particles during
sintering.

SPS has significant advantages over conventional sintering for pro-
ducing pellet SSEs and for assembling solid-state batteries, with typical
dwell durations of 10 min at peak temperature, avoiding the loss of
lithium and limiting side reactions. Ta-LLZO was SPSed in graphite foil-
coated TZM die alongside Ta-LLZO/LCO powder to form the electrolyte
with a composite cathode [197]. The powders were pre-pressed before
sintering under an argon atmosphere at 675 °C and 440 MPa for 10 min.
Post polishing the layer thicknesses of Ta-LLZO and Ta-LLZO/LCO were
1 mm and 0.2 m, respectively and compact samples had a relative
density of 95 %.

Similar results were obtained for a composite cathode of LTO/Ta-
LLZO and LCO/Ta-Al-LLZO sintered using SPS [198,199]. In both
cases, half-cells were sintered within 10 min, in temperatures ranging
from 300 to 1000 °C under a vacuum and an argon atmosphere. The
LCO/Ta-Al-LLZO composite had a thickness of up to ~55 pm and a
density of 95 % at 750 °C.

A review [14] on the applications of SPS for all solid-state batteries
noted successful densification of garnet pellets, NASICON and
perovskite-based SSEs with dwell periods typically less than 10 min with
pressure around ~50 MPa. Cathodes are successfully sintered by SPS,
promoting better interfaces between the active material and conductive
carbon. All solid-state cells assembled via SPS also show increased
conductivity and cycle performance over conventionally sintered stacks
due to improved particle contact and low interfacial resistance.

Despite the use of SPS in other industries to produce pellets of size
greater than 15 mm, there is a lack of reported large-diameter SSEs in
the literature. As with hot pressing, the batched nature of the SPS limits
mass production, although automation of die loading/unloading and
multiple cavity dies are available. With large samples, thermal gradients
may present an issue, although commercial modelling solutions are
available to help mitigate this risk. The viability of SPS to sinter thin SSE
layers is still questionable due to the high uniaxial forces applied.
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4.2.4. Cold sintering

Cold sintering (or CSP) is a low-temperature consolidation and sin-
tering method that combines high applied pressure to a partially sol-
vated ceramic mixture at low temperatures (typically <300 °C) to form a
sintered body. Consolidation and sintering occur through compaction
and particle rearrangement followed by pressure-solution creep [200].

LATP pellets of densities up to 93 % were prepared by cold sintering
and post-annealing [201]. First densification was done at 120 °C, using a
range of solvent mixtures (water, acetic acid, DMSO and NMP) and then
followed by annealing at 650 °C. Yet, pellets yielded a poor ionic con-
ductivity of 8.04 x 107> S em™! compared to bulk values reaching
>1073S em ! [32]. No sintering behaviour (no neck growth) occurred
with NMP on its own, while water evaporated too quickly at the tem-
perature used. Densification was successfully conducted by using a
mixture of NMP with acetic acid.

Al-LLZO was cold sintered in a stainless-steel die at 50-300 °C (10 °C
min~?!) with a hold at the maximum temperature under a pressure of
510 MPa for 15-60 min [202]. Sample density increased from 2.43 g
em™2 to 3.29 g em™2 with increasing temperature (50-250 °C), with
density declining at 300 °C to 3.15 g cm ™ due to rapid evaporation of
the transient phase. The ionic conductivity of samples improved with
density but remained poor compared to conventional sintering, this was
attributed to higher porosity, lithium-proton exchange, and uncon-
trolled Al diffusion during the synthesis of the AL-LLZO powder.

In another example, Al-LLZO was cold sintered with water or nitric
acid and pressed in a 10 mm die at 350 °C, 350 MPa for 5 h [203]. Pellets
were heat treated at 200 °C for 6 h post sintering. Densities of up to 87.7
% were achieved, and ionic conductivity remained poor which was
attributed to the incongruent dissolution of Al and Li, leading to the
precipitation of secondary phases rather than LLZO.

Cold sintering is promising for low temperature (and energy con-
sumption) densification of SSEs. The key challenge in scaling up this
method lies in the necessity of applying higher pressures to form larger
samples. While the processes could theoretically be applied to a roller-
based system and performed continuously, no works have been pub-
lished in this area yet.

4.2.5. Microwave sintering

Microwave sintering is a non-contact sintering method where volu-
metric heating of the sample occurs internally through microwave ab-
sorption. Heating is more efficient and faster than typical conventional
heating through convection and radiation.

AL-LLZO was reactively sintered from its constituent oxides in a
microwave oven at 2.45 GHz, over a range of temperatures
(1000-1200 °C) under nitrogen [204]. The highest relative density of
89.3 % was achieved by sintering at 1200 °C for 3 h.

Microwave heating is widely used across multiple industries for
continuous drying processes; however, it has seen limited adoption for
high-temperature processes such as sintering, due to the difficulty of
preventing thermal gradients across a large bulk sample. The use of a

(a)
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susceptor or hybrid heating can be used to alleviate thermal gradients.
When considering thin films these gradients will be less severe. Despite
the attractiveness of microwave sintering, the number of published
literature on the sintering of ceramic and specifically battery ceramics
such as electrolytes remains limited.

4.2.6. Ultrafast High temperature sintering

Ultrafast high-temperature sintering (UHS) has been reported as a
novel method for rapidly sintering ceramic pellets (Fig. 8) [205]. This
method is a re-visit of traditional fast firing, using carbon foils under
resistance heating to rapidly sinter multiple small pellets (~5 mm
diameter), sandwiched between foil layers. Typical process duration is
less than 30 s, reaching temperatures of up to 3000 °C. Nitrogen or argon
atmospheres are used to limit oxidation and degradation of carbon foils.
In one case the carbon foils were replaced with tungsten, using an SPS
system to meet the increased current demand [206].

The method was used to sinter pellets of Ta-LLZO (~97 %), LATP
(>90 %) and LLTO (>94 %) from constituent oxides [205]. Due to very
fast sintering in less than 1 min, lithium loss for Ta-LLZO samples was
less than 4 % compared to over 99 % loss for samples sintered in a
conventional furnace (Fig. 9).

UHS was used to sinter Ta-LLZO discs (green density of 68 %),
reaching a relative density of 93 % after 10 s of heating via the carbon
felt [207]. Partial melting of the sample was observed when high cur-
rents were applied to the carbon felt.

UHS is highly attractive for sintering SSE materials due to its fast-
heating rates that avoid Li loss. While fast-firing methods typically
have thermal homogeneity issues with large bulk samples, pellets or thin
films should not present a challenge. The current method of UHS relies
on batch production. Potential adaption to continuous manufacturing
with samples passing between the heater elements in succession is more
attractive to mass production but it is unlikely that it would be possible
to fully surround the sample with the heating strips such as in a batched
operation. While the positive effects of the rapid heating rates have been
displayed, potential deleterious effects such as mechanical stress from
thermal shock need to be investigated, especially on larger samples.
Similar methods have been used to clean the surface of LLZO electrolytes
from contaminants such as LipCO3 [208].

4.2.7. Flash sintering

Under flash sintering, an electric field is applied across a ceramic
sample, using a pair of electrodes, causing rapid Joule heating of the
sample. Most ceramics have a negative temperature coefficient of re-
sistivity, as the ceramic heats its resistance decreases resulting in a
runaway process of increasing power dissipation unless curtailed [209].

High electric fields (1 MHz) improved the sintering of LAGP by over
40 % by enhancing the crystallisation of the powder before sintering
[210]. However, no significant effect was observed for the use of a high
field during the sintering process itself.

LLTO was flash sintered in between two electrode plates (tungsten or

UHS Synthesis (Reaction + Sintering)

Salt or Oxide
Precursors

Pressed Green Pellet

(b)

T

up to 3,000 °C,~10 s

Sintered
Component

Reacting & Sintering

Fig. 8. (a) Schematic of the UHS synthesis process, (b) Photographs of the UHS sintering setup at room temperature without applying current, and (c) at

~1500 °C [205].
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Fig. 9. (a) The typical temperature profile of the UHS process. The whole process takes <1 min. The SEM images demonstrate the reaction process of the LLZTO
ceramic over a 10-s isothermal hold of UHS sintering. RT, room temperature. Fracture cross-sectional SEM images of (b) UHS-sintered and (c) conventional fur-
nace-sintered LLZTO. (d) Li loss of different LLZTO samples sintered from precursors with 0, 10, and 20 % excess Li utilising the UHS technique and a conventional
furnace. (e) Pictures of various ceramics sintered by the UHS technique in ~10 s [205].

platinum) under an argon atmosphere or with a 5.18 % O, in an argon
mix [211]. The furnace was ramped with a fixed voltage from 60 to 125
V till a flash occurred. Sintered samples had inferior conductivity to the
conventionally sintered sample. Microstructural homogeneity was
observed in samples with a thin band of densely sintered material sur-
rounded by an un-sintered area.

Al-LLZO dog-bone shaped samples were flash sintered at a furnace
temperature of 850 °C, a DC field of 40 V cm ™! and a maximum current
of 190 mA mm ™2 before shutting off after 15 s [212]. A final relative
density of 96.5 % was achieved. A separate investigation with similar
parameters (850 °C, 200 mA mm~% 40-100 V cm’l) reported similar
densities for all electric field strengths with the highest density of 92.4 %
reported for 60 V cm ! (Fig. 10) [213]. At the field strengths of >80 V
em ! the formation of the lithium-deficient pyrochlore (LagZr;07) was
detected.

FS can also be used to conduct the reactive sintering of precursor
compounds into the final compound in a single step. Flash sintering of
Al-LLZO from its constituent oxides was conducted at 682 °C, with a DC
field of 50 V and a maximum of 200 mA mm 2. The flash sintered
sample had a relative density of 86 %. The method has since been used to
reactively sinter LLTO [214], boron-doped LLZO [215], and anode
material LTO [216].

Retaining microstructural homogeneity even on small samples is
challenging and the potential is still being investigated [209]. FS is an
attractive method for processing SSEs due to its exceptionally rapid
times. However, up to this point, sample sizes have remained small, and
there are no reported applications of these films.

4.2.8. Photonic sintering

Photonic sintering based on UV and IR radiation is currently widely
used in the manufacturing of printed circuit boards and thin oxide films.
These methods are suitable for continuous manufacturing and the
handling of delicate films and are amenable to continuous
manufacturing. However, these methods are not suitable for thick films
due to large thermal gradients induced at the sample surface.

This rapid thermal processing method with lower heating rates than
typical photonic sintering is presented in Fig. 11 [217]. Tungsten
halogen lamps were used to sinter an LCO/LLZO composite cathode
layer (~30 pm) screen printed on top of a previously sintered LLZO layer
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(~500 pm, 11.5 mm in diameter). Optimisation of the heating profile
was required to enable densification of the cathode layer without
cracking the LLZO layer. The total optimised heating time was 7 min 15 s
to a maximum temperature of 1000 °C, cooling to room temperature in a
further 15 s. During sintering, the thickness of the printed layer
decreased to approximately 13 pm, achieving a density of 85 % with
macropores in the cathode layer.

4.2.9. Laser sintering

Laser sintering is an ultrafast sintering method based on CO; laser
scanning with the assistance of a heating stage. The method was used to
sinter thick Ta-LLZO films (~300 pm) [218]. Post-sintering the films
were reduced in thickness to ~150 pm with a relative density of ~96 %
(Fig. 12). The raster pastern of the laser (6 mm s~L, 300 pm between
scanning lines) produced a peak and trough arrangement in the sintered
sample, this could potentially be mitigated by adjustment of the laser
scanning parameters or may be beneficial in increasing the contact area
between the electrolyte and other SSB components. A heating bed set to
1000 °C below the film was used to prevent cracking of the sample from
induced thermal gradients.

Laser sintering is an attractive non-contact sintering method but
requires significant additional heating of the substrate to prevent ther-
mal gradients from cracking the sample. Significant texturing of the
sample surface due to the raster pattern will be detrimental, however,
fine texturing is likely advantageous in enhancing surface contact as it
has been proposed for 3D printed structures [219].

5. Scale-up of SSEs and future outlook
5.1. Forming — oxide and sulphide-based SSEs

Manufacturing of <25 pm thick SSEs with high-quality morphology
and low interfacial impedance is desired and interest has grown since
the development of commercial micro-batteries using LiPON as an SSE.
All PVD processes are based on evaporating the solid coating material
and transferring it onto a target substrate under vacuum conditions to
create an atomic layer film. Current existing thin film deposition
methods are difficult to scale up since the instruments are large,
expensive, slow and operate as batch production. However, batch PVD
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Fig. 10. SEM images of the cross-sectional area of the flash sintered samples in the electric fields of (a) 40, (b) 60, (c) 80, and (d) 100 V.cm—1 (e) Conventional

sintered [213].

systems such as radio frequency (RF) magnetron sputtering should not
be overlooked since they are still suitable for R&D and small-scale
manufacturing of bespoke micro-battery products of custom geome-
tries such as batteries for small medical devices.

For large-scale manufacturing of SSEs, wet-forming methods seem to
be the most suitable. Tape casting and screen printing are two of the
most common commercial methods of high TRL used for the preparation
of ceramic films and coatings. Both methods enable the manufacturing
of large areas of desired film thickness (<25 pm) [93], especially when
combined with post-forming cold pressing or calendaring steps before
sintering [146,147]. Both methods are also well-established technolo-
gies widely used in manufacturing free-standing films such as
multi-layer ceramic capacitors (MLCC) and solid oxide fuel cells (SOFC)
[220,221].

Electrophoretic deposition (EPD) is a batch process which is
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commercially used to produce ion-conductive Na-B"-Al,O3 solid elec-
trolytes in various shapes and sizes for sodium battery development
[161]. This method requires solvent and removes the need for organic
binders which could allow for manufacturing high ionically conductive
glass-ceramic structures [222]. By using non-polar solvents for disper-
sions, the method is suitable for aqueous-sensitive compositions
including some crystalline and glass-ceramic oxide-type or
sulphide-type SSEs. The thickness of deposited films depends on pro-
cessing time under applied constant current density and a layer of 20 pm
can be obtained in just 15 s [163].

In general, all solvent-free methods are attractive since they avoid
the need for a drying process during manufacturing. However, in the
case of powder rolling, expensive ambient and hot rolling steps are
required to melt the polymer binder particles and to press the neigh-
bouring particles together [173]. During an ambient temperature
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after sintering and
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cathode

—electrolyte
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Fig. 11. Schematic view of the screen-printed half-cell (left) with a composite cathode of LLZO and LCO on an LLZO electrolyte, shown in an RTP sintering process,
where radiation heats the sample and causes the cathode to sinter. The half-cell with a densified cathode (right) is finally contacted with an indium metal

anode [217].

Fig. 12. (a) Optical images of a pristine LLZTO film, a laser sintered film, and a
3D measurement image of the laser sintered LLZTO film; (b) SEM image of the
cross-section of a laser sintered film and zoom images of a peak and a
trough [218].

pressing step, high pressures of 20-500 MPa, are necessary to obtain
free-standing solvent-free films [223]. Additionally, to achieve more
uniform powder packing distribution, larger binder content might be
required (20-50 wt%), which might result in a prolonged binder
burnout procedure.

Alternatively, dry aerosol deposition and additive manufacturing
methods of lower TRL should be considered. The dry aerosol deposition
could be an attractive deposition method suitable for sulphide-SSEs
which are not stable against most solvents and do not require sintering.

Large-scale manufacturing of SSEs will have to depend on methods of
low capital cost which might be capable of only thick film
manufacturing. However, Oxide SSEs can be thinned down by calen-
daring followed by grinding/polishing steps after sintering to ensure low
surface roughness and good contact with the electrodes [161]. In a
composite approach, the cathode and SSE may be co-extruded or
co-deposited as one composite material [6] allowing for the formation of
stable interfaces during processing and cycling.

Viable solutions for the production chains of sulphide and oxide SSBs
based on the manufacturing of SOFC and MLCC were reviewed [170]
and different scenarios for SSE fabrication are presented in Fig. 13. This
work was followed by a systematic evaluation of ceramic processing
technologies regarding the large-scale manufacturing of SSBs [224]. Wet
processing methods of low capital cost can easily be scaled up, while
solvent-free deposition methods such as powder rolling, and aerosol
deposition methods require further developments to reach acceptable
maturity levels for mass production [224]. Based on requirements for
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large-scale manufacturing, tape casting and screen printing were sug-
gested by Fraunhofer Institute in the Solid-State Battery Roadmap
2035+ as the methods of choice that would fit the SSE manufacturing
strategy [30]. Yet, in the case of sulphide-based SSEs, special attention
would have to be paid to additional costs associated with the need for an
inert atmosphere for all processing steps from mixing to cell assembly
[225-227].

Additive manufacturing (AM) is seen as an interesting novel alter-
native since formulations can be either solvent-based or of low-solvent
content. Independent products can be formed layer by layer into a
thin green sheet of any geometry and would not require additional
calendaring, just debinding and sintering. Dense layers (~10 pm, single
layer) of 3D printed LLZO electrolyte have been demonstrated using a
solvent-based ink formulation [219].

AM is believed to be the future for manufacturing consumer goods as
3D printing technologies are developing quickly, and are growing faster,
and cheaper. One of the main challenges for AM is the limitation in high-
resolution (down to nanoscale) manufacturing. However, this issue is
slowly being tackled and so far, a novel 3D printing technology, such as
Ultra-Precise Deposition (UPD) was reported to print high-quality mi-
croelectronics parts with a fine resolution as low as 1 pm [228].

The electrochemical properties of the SSE will be defined by the
choice of the forming method as the green body is key to the final per-
formance. Manufacturing methods of supported and free-standing flat
SSE films of any thickness are summarised in Table 2.

5.2. Sintering — oxide-based SSEs

Several techniques have been successfully used in sintering oxide
SSEs to high densities and good ionic conductivities in a short time and
at low temperatures [215,217,218]. Yet, the scalability of these methods
is questionable.

Conventional sintering requires long processing times, however, re-
mains a technique of low risk due to strategies that can be adapted to
mitigate Li loss, for instance, the use of sintering aids. Conventional
sintering has many other advantages such as low capital, higher
throughput, continuous operation, and lower operating costs compared
to other methods.

Truly rapid methods are hot pressing and SPS which presented good
results when sintering oxide SSE pellets. Both methods can be automated
and may be potentially viable for the small-scale manufacturing of coin
cell-sized materials, especially when co-sintering is desired. One of the
issues with using graphite dies in SPS and hot pressing is contamination
and graphite diffusion into the sample resulting in poor performance of
the final material [229,230]. To mitigate contamination, additional
post-sintering thermal treatment steps or the use of tungsten carbide dies
are required. While hot pressing and SPS are suitable for the sintering of
pellet geometries their ability to process thin films is limited by the
constraints of the die and uniaxial pressure. Aside from the potential
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Fig. 13. Process chains for solid electrolyte separator fabrication [170].

challenges of trying to process thin substrates via hot pressing, the
batched nature of hot pressing makes scaled-up manufacturing cost
prohibitive.

Ultrafast High-temperature Sintering (UHS) is another batch pro-
cessing method which uses high heating rates. The technique is pressure-
less; however, the green body is sandwiched between carbon felts and
Joule heating provides sufficient heat for sintering [231]. Since the
sample is in contact with the heating elements, contamination is
unavoidable.

Microwave sintering is a method of high interest yet remains a niche
technique in ceramics processing. Microwave heating has many ad-
vantages, such as time and energy savings, high heating rates (>400 °C
min~1), and reduced processing time and temperature [232]. Compared
to previous methods no contact with heating elements is needed and no
contamination occurs. High-temperature gradients pose an issue in
thicker samples [233], however, this might not be the case when sin-
tering thin films.

Flash Sintering, while still in development, has the potential for large
improvements in both the duration of the sintering process and the low
temperatures required. Both contactless flash sintering and continuous
contact-based flash sintering provide potentially scalable routes for
large-scale manufacturing with additional potential for co-sintering.
Scaling up of flash sintering through the simultaneous connection of
multiple samples is possible, however, applying consistent electrode
contact to multiple samples at once provides a notable engineering
challenge. A more amenable method is the use of rolling electrodes with
the sample continually passing between the electrodes, this has been
demonstrated on whiteware samples [234], and the difficulty of pro-
cessing thin films would add additional complications. Another more
applicable method of flash sintering is the use of non-contacting elec-
trodes, with an electric arc rastered across the sample surface
[235-237]. As the top electrode does not make physical contact with the
sample surface, the process is suitable for continuous manufacturing and
is potentially more suitable for handling delicate thin films.

Laser sintering uses localised surface heating and can introduce
surface texture, which may be beneficial for improving interfacial

contact, but literature is limited on this topic. Due to the localised sur-
face heating of laser methods, co-sintering is unlikely to be viable unless
thin layers are used. The method is more appropriate for sintering layers
in turn followed by stacking.

Cold sintering is the lowest temperature method for densification
and is based on the use of liquid phase, pressure, and heat to achieve
dense ceramics. Selection of an appropriate liquid phase that does not
negatively affect the sample ionic conductivity can be challenging. The
use of an aqueous solvent (acidic or alkaline), particularly for the pro-
cessing of lithium materials needs to be addressed due to the risk of Li*/
H' exchange, solutions to reverse exchange have been reviewed [111,
2.38]. However, any post-process annealing steps or additional doping
methods have associated additional process costs. The current depen-
dence on the use of isostatic pressing to provide pressure during densi-
fication limits the method to batch production of pellets. Adaption of the
method to lower pressures may enable the use of a hot calendaring
approach. If cold sintering can be engineered to continuous thin-film
manufacturing and its scale-up challenges are addressed, its benefits
would include low volatilisation and energy consumption that would be
hard to surpass with any other current sintering method.

While batch sintering has advantages in enabling gradual scaling up
of manufacturing, continuous methods are more suited to labour
reduction through automation. Any alternative method for conventional
sintering, suitable for large-scale industrial manufacturing, would need
to be easily scalable and applicable to thin films. It is worth noting that
the ability to co-sinter and assemble or sinter multiple parts of a cell
together adds a large additional value proposition.

Composite cathode materials may be formed by sintering the cathode
with solid electrolytes at high temperatures. Co-sintering can improve
the contact of cathode material and solid electrolyte [239], however, it
may lead to an increase in resistance due to the chemical instability
between the oxide electrolyte and interfaces [240]. Equally
high-temperature sintering may result in Li loss particularly when
dealing with thin films since they possess higher surface-to-volume ra-
tios. Substantial Li loss can lead to the formation of secondary phases at
the interfaces. Alongside this, a high-temperature process would
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Summary of sintering methods for oxide-based SSEs.

Advantages

Disadvantages

Non-batched
operation feasible

Mitigations &
Considerations

Table 2 Table 3
Summary of forming methods for oxide- and sulphide-based SSEs.
Process Thickness Advantages Disadvantages Method
range
Thin film <10 pm - Deposition rate - Vacuum required
deposition controllable down to - Slow deposition R
Conventional
methods the nanometre rates Sintering
- High quality - High capital cost
- Large range of - Batch-based
stoichiometries - Support required
- No post-treatment
required
Tape casting 10-240 ym - Easy control over the - Solvent-based
thickness - Requires solvent
- Reproducible and recovery system
hlghl'y homogeneous - Requ1res.a Microwave
slurries can be calendaring step L
produced to reduce porosity Sintering
- Large area covered - Requires high-
easily with coatings temperature
sintering
Screen-printing 5-50 pm - Thin coating layers - Screen clogging
- Adaptable to various may be an issue if .
shape using fine powders Pho'tom?
- Multiple layers can - Requires a binder Sintering
be applied and solvent to
- Reproducible and prepare a shear-
quick thinning ink
- Simple equipment - Requires a
calendaring step
to reduce porosity Laser Sintering
Electrophoretic <30 pm - Easy control over the - Solvent-based
Deposition thickness - Requires stable
(EPD) - Easy and low cost dispersions
- Only substrate-
based coatings
Aerosol 1-100 pm - Ability to prepare - High capital cost
deposition thinner films due to high
- High deposition voltage us
rates - Requires a
deposition
Contactless
chamber
Hot powder >50 pm - Ability to prepare - High capital cost FFaSh .
. X . Sintering
rolling solvent-free films due to high (FS)
- High deposition voltage use
rates
Additive >10 pm - Easy control over the - Printing resolution
Manufacturing thickness - Nozzle clogging
(AM) - Large printing areas

introduce a higher cost than a scaled-up process.

In short, the use of sintering aids along with conventional sintering
may currently be the only widely applicable option for the densification
of oxide-based SSEs. With existing mitigation strategies, the possibility
of reducing sintering temperature and time, or limiting excessive vola-
tilisation of lithium, conventional sintering of SSEs or composite mate-

rials is possible.

Spark Plasma
Sintering
(SPS)

Hot Pressing

Approaches applicable to larger samples or thin films are especially Contact Flash
limited in literature to date, with most methods using small, thick pel- f;;;e“ng

lets. Data available from pellet analysis is useful only for proof-of-
concept; the performance of these samples does not represent a thin
film optimised for electrochemical performance. Significant work needs
to be conducted to optimise forming and sintering of thin oxide SSEs.
The advantages, disadvantages, and mitigation strategies of all sintering

methods are presented in Table 3.

5.3. Future industrial outlook

All research on the processing, specially forming and sintering of

Cold sintering
(&3]

electrolyte materials, holds values. However, certain methods are
currently more suitable for commercialisation than others.

The production of solid-state electrolytes for solid-state batteries
constitutes a complex and ever-evolving field of research and
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Non-contact
Continuous
and Batch
operated kilns
available
Adaptable to
variable
sintering
atmospheres

Non-contact

Non-contact
Low furnace
temperature
requirement

Non-contact
Low furnace
temperature
requirement

Sliding
contact or no
contact
Rapid
sintering at
reduced
furnace
temperatures

Large time and
temperature
reduction

Time and
temperature
reduction

Pressureless
Rapid
sintering at
reduced
furnace
temperatures

High energy and
time costs due to
conventional
sintering duration
- Prolonged
exposure to high-
temperature con-
ditions resulting
in loss of volatile
species
Need sealed
cavity
Internal to outside
thermal gradients
- Absorption
material
dependent
Thin films only
due to low-depth
penetration
May need
additional heating
of substrate to
mitigate thermal
gradients
- Limited depth
penetration
without damage
to the top surface
— - May need
additional heating
of substrate to
mitigate thermal
gradients
- Low throughput
- Thermal gradients
(geometry,
material
dependent)

Batched operation

limited

- Die

contamination.

Expensive

hardware

- Die
contamination

- Requires good
electrical contact
to sample
Challenges in
applying
electrodes at a
large scale or
multiple samples
at once

- Thermal gradients

Sintering aids can
be used to reduce
sintering
temperature and
duration

- Additional doping
and containment
can limit volatile
species loss

Despite wide
deployment for
drying processes,
limited off-the-
shelf solutions for
temperature range
for sintering
Applicable to thin
films

- Can cause surface
texturing

- No published
works on SSE
materials

Automation of die
loading and
unloading
possible

Less significant
time reduction
than SPS but
lower hardware
cost

- Methods to make
the process
adaptable to
continuous
manufacturing
have been made.
Sliding/rolling
electrodes

Contactless

version available

(geometry,
material
dependent)
Low operation - Solvent required - Rapidly
temperature - Additional developing area
thermal treatment due to low energy
needed for of operation
burnout

(continued on next page)
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Table 3 (continued)

Method Advantages Disadvantages Mitigations &
Non-batched Considerations
operation feasible

- Method may be
able to be adapted
to other processes
to aid
densification

Ultrafast High- - Pressureless - Sample in contact - Continuous

temperature - High heating with heating foils, manufacturing

Sintering rates contamination would require not

(UHS) potential having the heating
coils in direct
contact

development. Mitigating the risks associated with these processes for
large-scale manufacturing is a crucial step in ensuring the successful
transition from laboratory or pilot-scale experiments to full-scale com-
mercial production. Given that our understanding of SSE materials is not
yet fully comprehensive, reducing risks is accomplished by integrating
these materials with well-established processing technologies.

Low-risk production methods are those already prevalent in the in-
dustry, utilising equipment from established manufacturers and in-
tegrators. In the ceramic industry, these methods align with those used
in the production of MLCCs and SOFCs. This includes techniques such as
screen printing, tape casting, and conventional sintering in batch or
continuous kilns. However, it is essential to recognise the knowledge
inherent in these existing industries likely needs to be transferred to
solid-state battery manufacturers for seamless integration and successful
production.

Research collaboration between academia and industry is essential
for bridging the gap between fundamental research and large-scale
production. While academic research often focuses on emerging areas
and fundamental science, industry-aligned research concentrates on
process optimisation. In established processes, there are significant op-
portunities for understanding the fundamental principles behind opti-
mising binders and solvent pairing for enhanced processability,
formation and densification of green bodies. This includes aspects like
viscosity control, dispersion stability, solid loading of suspensions, and
drying or curing characteristics. Improvements in sintering, aided by
new technologies, dopants, and optimised conditions such as atmo-
sphere, firing profiles, time, and temperature, are also vital.

As the limits of conventional technologies become apparent, the
appetite for new technologies will grow. For instance, AM can revolu-
tionise SSE production by enabling intricate structures and customised
designs. However, challenges in forming ceramic materials need to be
resolved as this technology is still in its infancy compared to forming
metal or polymer components.

For large-scale SSE manufacturing, the initial stage involves estab-
lishing pilot production using available technologies and adapting them
to address potential issues. This might include conducting risk assess-
ments to identify bottlenecks, adapting equipment from lithium polymer
battery production, and exploring roll-to-roll manufacturing. Pilot scale
production must meet quality standards and specifications, paving the
way for further scale-up with limited process changes.

The moisture sensitivity of sulphite SSEs presents a barrier to scale-
up, necessitating processing under inert atmospheres. Overcoming sta-
bility issues would alleviate these barriers. Challenges related to oxide
SSEs include sintering requirements and lithium volatilisation. The
commercialisation of Na-"-Al,03 SSEs in molten sodium batteries in the
1970s serves as a relevant example, showcasing the potential for over-
coming similar hurdles [241,242].

Considering the supply chain for raw materials and SSE synthesis is
crucial for manufacturing at scale. Availability, cost, and energy security
considerations are vital factors in production planning.
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The authors plan an extensive research journey focused on revali-
dating and optimising existing techniques. This includes evaluating
different solvent and binder systems, expediting critical drying stages,
and exploring the impact of sintering aids and dopants on material
performance. Their commitment extends to adopting innovative sin-
tering technologies like Flash Sintering and exploring alternative tech-
niques like Additive Manufacturing. The exceptional design freedom
inherent in AM can facilitate thin film deposition aiming for inter-
penetrating 3D structures of electrolytes and electrodes in solid-state
batteries, removing the conventional constraints and breaking the
energy-power limit of current systems. This comprehensive approach
aims to advance solid-state batteries and foster their widespread appli-
cation across diverse domains.

6. Conclusions

The challenges associated with the commercialisation of SSEs,
including interface issues, and the overview of the prospective methods
of manufacturing oxide- and sulphide-based SSEs, have been discussed.

Two main processing routes, forming and sintering methods, have
been identified to produce dense SSE materials. While oxide SSEs are
stable in air, sulphide SSEs are chemically unstable in ambient air,
moisture, and most non-polar organic solvents. As a result, processing
sulphide SSEs is currently limited to dry methods under an inert atmo-
sphere. Small-scale manufacturing of custom thin oxide and sulphide
SSE films can be achieved through techniques like Physical Vapour
Deposition (PVD) and Chemical Vapour Deposition (CVD). However,
these thin film methods are likely cost-prohibitive for large-scale
production.

Wet methods such as tape casting and screen printing are widely
used across multiple industries to produce films, with a wide tolerance.
The challenge lies in the development and optimisation of a suitable
slurry or inks, especially in identifying appropriate binder and solvent
systems. Additive Manufacturing (AM) is a low-energy process that
provides design freedom and can offer a reduction in tooling cost in the
future. However, ceramic AM technology is not as mature as polymer or
metal AM, but it is steadily advancing. With ongoing research and
development efforts, ceramic AM technology is expected to play an
increasingly important role in the manufacturing of complex geometries
and highly customized Solid-State Batteries (SSBs).

Hot-pressing and SPS have successfully densified oxide SSE pellets in
short timeframes and are suitable for co-sintering and assembling all-
solid-state cells. However, their low throughput rate, combined with
high hardware cost makes these processes untenable for scaling up, a
limitation shared by most of the pressure-dependent sintering tech-
niques. Continuous and large-scale batched sintering processes show the
most potential for successful application. Other methods such as flash
sintering, laser sintering, and microwave sintering offer advantages in
sintering rate over conventional furnaces, but these techniques are still
in the development stages, particularly for SSE applications.

Limited information is available in the literature regarding the
required level of densification, especially for film-based approaches
compared to pellet approaches. Details about the duration and tem-
perature required to achieve near-fully dense electrolytes under con-
ventional sintering conditions are scares. However, conventional
sintering still poses much lower risks compared to novel sintering
methods, which require further development to achieve high TRL.

In the authors’ view, large-scale manufacturing of SSEs can be
accomplished through existing conventional processing methods uti-
lised in the ceramic industry, which are inherently scalable to high
production volumes. For exceptionally novel materials with unique
properties such as sulphides, it might be necessary to develop specialised
processing methods or extensively adapt existing ones to meet the pro-
duction requirements. Collaborative efforts between industry and aca-
demic experts in materials science and manufacturing will be vital to
determine appropriate paths for large-scale production of these
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