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Emerging processing guidelines for solid
electrolytes in the era of oxide-based solid-state
batteriest
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The current most mature, competitive, and dominant battery technology for electric vehicles (EVs) is the
Li-ion battery (LIB). As future EVs will rely on battery technology, further innovation is essential for the
success of mobility electrification towards improving the driving range and reducing the charging time
and price competitiveness. The commonly cited next generation technologies are hybrid and solid-state
batteries (SSBs) enabling high energy densities using lithium. Through a critical approach, we dismantle
the oxide-based solid-state battery electrolytes, their chemistries and ceramic manufacture. We evaluate
the relevance of solid-state electrolytes and their integration into battery types compared to Li-ion
batteries considering a holistic life cycle thinking of sustainable battery production. We evaluate the
relevant oxide-based materials and requirements, the material supply chain, and diverse recycling
concepts. We raise critical questions about the development of oxide-based SSBs mainly for large-scale
production and EV applications, which demand attention to fill current scientific and technological gaps.
Next, we critically discuss three major ceramic synthesis routes toward oxide-based solid electrolytes:
solid-state processing, wet-chemical solution processing, and vapor deposition. In-depth processing
guidelines, hindrances,
advantages and disadvantages of each processing method are introduced, while accounting for four
oxide

and opportunities are highlighted. Through a high-level approach, the

major processing metrics applicable for obtaining high Li-ion conducting solid-state Li
electrolytes: chemistry of the precursors, dopants and stoichiometry, synthesis temperature, and
atmosphere and pressure. We broaden the processing discussion from a single electrolyte component
to electrode/electrolyte tandems examining interfaces during cell fabrication, possible cell architectures,
design-specific processing methods, challenges, and mitigating solutions for both bulk-type batteries
and thin film batteries. Finally, future perspectives and key guidelines for the realization of all SSBs are
analyzed and discussed.

1. Oxide electrolytes for
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solid-state batteries

1.1. Solid-state batteries for electric vehicles: a day late, a
dollar short or will the effort pay off?

With energy demands and oil prices spiking, accelerating the
transition from fossil fuels and internal combustion engine
vehicles to battery production for electric vehicles (EVs) and
renewable energy is a matter of growing urgency. This transi-
tion relies on further improvements in the cost, energy density,
cycle life, safety, and, ideally, recyclability of current batteries.
Rechargeable batteries, which offer safety, long cycle life, and
high energy and power density, have been a long-term goal of
the energy storage community, with cost-effective mass-
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produced Li-ion batteries (LIBs) leading technological innova-
tions and constantly improving on performance. Since the
invention of LIBs in the 1980s and their subsequent commer-
cialization by SONY in 1991, they have been used in a wide
range of applications in our daily lives to power consumer
electronics. However, since 2019, the biggest demand sector for
LIBs has changed mainly to EVs, and today LIBs are powering
millions of vehicles. According to the World Economic Forum,
in 2022, 1 in every 7 passenger cars bought globally was an EV,
ramping up to a total of 10.6 million EV sales globally. In fact,
today’s successfully commercialized EVs can power a ~ 600-km-
long driving range with ~100-kWh-scale LIB stacks (Tesla
model S Plaid).” The current dominant technology for EVs,
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namely LIBs, is the most competitive and mature battery
technology to date and is considered a continuously improving
benchmark. Commercial LIB cells can deliver long cycle life (up
to several thousands of cycles), high charge/discharge rates
(>1C), high energy content (average specific energy/energy
density of ~250 Wh kg™ '/~600 Wh L' and ~140 Wh kg™ '/
~170 Wh L™ " at the cell and pack level, respectively),> and low
capital costs (120 and 151 US$ per kWh in 2022 at the cell and
pack level, respectively).>” In the EV market, the dominant
technology uses lithium nickel cobalt manganese cathodes
(Li(Ni, Co, Mn)O,, NCM) and, to a lesser extent, lithium nickel
cobalt aluminum cathodes (Li(Ni, Co, Al)O,, NCA); however,
due to its avoidance of critical elements and low cost at
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reasonable performance (especially good cycle life), lithium
iron phosphate (LiFePO,, LFP) has proven to be a viable option
for low-cost entry-level EVs and is projected to have a market
share of 60% from 2030 to 2050, with the rest of the market
dominated by NCM and NCA cathodes (Fig. 1a).® The choice of
a graphite anode and a metal-oxide cathode in the present LIB
design shows the physicochemical limitation to reach the US
Department of Energy’s (DOE) EV pack goals of useable specific
energy (C/3) of 235 Wh kg™ and 500 Wh L™ %; 15-year calendar
life; and a cycle life of 1000 deep discharges, among other
requirements, at a cost of 100-125 US$ per kWh (or 75 US$ per
kWh at the cell level).” Nonetheless, extrapolating the current
improvement rate in NCM-based LIBs shows that an average
price of ~$100 per kWh at the pack level (and 300 Wh kg™ ) is
expected by 2026,%71°"% even in the case of raw material price
rises due to constraints within global supply chains and con-
sidering the recent 7% rise in LIB packs from 2021 to 2022,
averaging $151 per kWh and slight forecasted rise to $152 per
kWh in 2023.7** It is important to note that a recent report has
forecasted reaching the DOE pack cost target in 2032.° But will
EVs become cheaper than their combustion-engine counter-
parts? In 2015, the battery made up more than 57% of the total
cost of a midsize U.S. car. By 2024, this value dropped to ~25%
and by 2025, it is expected to be only 20%."> According to
BloombergNEF’s annual battery price survey, LIB pack prices
have fallen 80% from $732 per kWh in 2013 to $151 per kWh in
2022.” As EV demand rises with a 20% compound annual
growth rate for the next decade, it becomes crucial for car-
makers to be able to procure and produce battery packs for EVs
at a larger scale. According to the 2021 electric vehicle battery
supply chain analysis report, the global capacity for LIBs will
increase from 450 GWh in 2020 (and 492 GWh in 2021)* to
>2850 GWh by 2030 (Fig. 1b) and potentially ~6 TWh by
2050.% According to the International Energy Agency, EV sales
are expected to set off in the next decade, reaching a tantalizing
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number of 30 million cars by 2030."® To produce a mass market
of affordable electric cars, Gigafactories (a term coined by Tesla
to refer to factories producing batteries for EVs at a large scale)
as well as large-scale manufacturing approaches are needed. In
2020, more than 75% of the LIB cell production capacity was
attributed to only 7 large companies, with South Korea’s LG
Chem (5 plants, 80 GWh), China’s BYD (6 plants, 60 GWh), and
Japan’s Panasonic (10 plants, 54 GWh) in the lead, but many
more will be needed over the next decade. Currently, battery
manufacturers around the globe have announced the construc-
tion of >80 new gigafactories to produce LIBs, potentially
reaching a production capacity of ~3-4 TWh by 2030."

In conventional LIBs, organic solvents with Li salts have
been used as the electrolyte. This organic electrolyte exhibits
high Li-ion conductivity and has contributed much towards the
cutting-edge performance of LIBs. Nonetheless, the complexity
of the electrolyte constituents, including salts, multiple sol-
vents, and additives, inevitably leads to many safety challenges,
including solid-electrolyte interphase (SEI) formation, electrode
dissolution and corrosion, and electrolyte flammability, espe-
cially when considering the storage of large amounts of energy
in a small volume. Thermal runaway is one such event that
occurs when the battery electrode’s reaction with the electrolyte
becomes self-sustaining, and the reactions enter an autocata-
lytic mode. This situation is responsible for many safety inci-
dents and fires associated with battery operations'®'® and has
necessitated the use of complex control strategies to maintain
battery health. As the future EV will rely on battery technology,
further innovation in LIBs (at the material level, new and
optimized battery design and production) is essential for the
success of mobility electrification towards improving the driv-
ing range and reducing the charging time and price competi-
tiveness, especially in times of rising commodity and electrolyte
prices. Moreover, the next technological breakthrough, from
energy-dense anodes like silicon (Si) and Li-metal anodes to
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Fig. 1 Gravimetric energy density, cost, demand and capacity of Li-ion and Li metal chemistry in 2010-2040. (a) Gravimetric performance of different
batteries for automotive applications. The predicted LIB pack-cost estimates and aggregation of individual expectations throughout 2040. Reproduced
with permission ref. 8. (b) Global lithium battery demand and capacity forecast by sector in 2020-2030. Reproduced with permission ref. 16 and 17.

solid-state electrolytes, in addition to new processing techni-
ques and manufacturing processes for electrodes, electrolytes,
and full battery cells could be a game changer. Thus, although
the cost and performance of LIBs continue to improve, next
generation technology (and beyond) is continuously sought and
developed. In addition to the conventional ‘“lower costs and
improved safety” considerations to secure widespread adop-
tion, several other factors should be kept in mind when con-
sidering the adoption of new technologies in the automotive
sector:

(i) The validation cycles for the incorporation of new tech-
nology for battery manufacturers and automakers can be
lengthy. Historically, it has taken ~4-6 years for a new tech-
nology to be fully commercialized in the automotive sector if
the battery has already been examined on a rigorous test
cycle.'? This realization is important when considering realistic
timelines of new technologies contributing to the global EV
market based on the following maturity stages: advanced
research (~4-5 years), prototyping (~3-4 years), solution

8928 | Chem. Soc. Rev, 2025, 54, 8925-9007

engineering (~1-2 years), solution testing (~2-3 years) and
preparation (~1 year).*°

(ii) A holistic life-cycle perspective from mining to raw-
material processing, cell-component production, and battery-
pack production all the way to the EV and recycling and re-use
at the end of life. Waste management and battery recycling/
repurposing approaches at the battery’s end-of-life (EOL)
(‘spent batteries’, i.e., batteries with a 20% loss of reversible
capacity) to recover as much material as possible or for second-
life applications are currently lacking for both LIBs and next-
generation technologies such as solid-state batteries and
sodium-ion batteries. These are crucial for ensuring a stable
supply chain of valuable secondary resources for critical mate-
rials (e.g., reusable cathode mixtures)/metals (from the cath-
odes, anodes, or electrolytes) and essential for the
sustainability of automotive electrification.”’ Alternatives
should be found for high-priced elements that may drive the
cost ($ per kg, kgCO,.q per kg) and set a lower bound on
battery price.

This journal is © The Royal Society of Chemistry 2025
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(iii) The cell performance must be crucially improved with-
out increasing the material and manufacturing costs for next-
generation battery technologies to be scalable.*” The perfor-
mance of any new technology should exceed that of current
state-of-the-art Li-ion cells and meet the goal of ~400 Wh kg™*
(and ~1000 Wh L"), including a wide operational range, to
justify the transition.

(iv) Providing scalable synthesis protocols for Li-solid state
electrolyte materials at scale and ideal drop-in solutions is of
essence, especially for the oxide-based ones. Conventional LIB
electrodes are typically processed via scalable solution-based
approaches using a slot die or doctor blade as coating techni-
ques. In another reference technology, namely solid oxide fuel
cells, a combination of tape casting, lamination, (co-)sintering
and screen printing is largely used.*® Next-generation ceramic
synthesis technologies for components like solid electrolytes
should be as compatible as possible with the current electrode
production and cell assembly routes for LIBs currently used in
Gigafactories to allow for a smooth technology transition.
Lowering the manufacturing costs by incorporating dry-
processing approaches should be promoted as much as possi-
ble if new technologies allow.>* If ‘drop-in’ technologies are not
possible, the synthesis of electrode and electrolyte materials
should at least be done via scalable and cost-effective technol-
ogies to enable manufacturing at scale (e.g., atmospheric con-
trol should be considered for air-sensitive materials such as Li
metal).

(v) Providing workflows that enable active learning between
cell performance and strategic modulation of material chem-
istry, microstructure, interfaces, and transport/storage proper-
ties helps accelerate battery development. Most of the battery-
related research and development is in one way or the other an
optimization problem. Computational modeling and active
learning like machine-learning are significant to optimize from
chemistry to manufacture and direct how to tailor the relation-
ship between a material’s chemistry, structure, microstructure
and performance, since this is vital to accelerate the discovery
and optimization of future materials and processes.

One of the commonly cited next generation technologies is
solid-state batteries (SSBs). SSBs, which are resistant to self-
ignition, offer several benefits for next-generation energy sto-
rage, including favorable volume energy densities, improved
safety, and decreased charging/discharging duration even at
increased temperature.>® In addition, several solid electrolytes
have been shown to exhibit excellent thermo-chemical stability
and may result in a ~35% increase in specific energy and a
~50% increase in energy density at the cell level®® if the
graphite anode is replaced with a Li-metal anode (if compati-
ble). This improved stability can also improve the volume
efficiency of SSB packs in a module without the need for a
bulky cooling system, simplifying protection and connection;
thus, another increase in the energy density at the battery-
module level is foreseen. Therefore, SSB designs could provide
favorable options for both safety and high energy density for
energy-storage applications. The cell design of a SSB replaces
the polymer separator and liquid electrolyte of a classic LIB

This journal is © The Royal Society of Chemistry 2025
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with a solid-state electrolyte ceramic component, with a mass
fraction potentially as large as ~50 wt% in different cell
designs. It is important to note at this point that there are
various options to bridge the gap between the LIB and SSB
concept, such as operating in hybrid battery concepts, enabled
by solid electrolytes and Li anodes, but maintaining high
diffusion and fast cycling through the use of a liquid electro-
lyte/catholyte on the cathode side. Hence, there are various
design options not solely being restricted to a full SSB for which
a solid electrolyte can be employed addressing also different
technology readiness levels (TRLs) for market introduction.
Concerning the solid electrolyte the focus is on three major
solid-electrolyte material classes, namely, oxides, sulfides, and
polymers. These differ in terms of ionic conductivity; chemical,
electrochemical, thermal, and mechanical stability; and proces-
sability. The first SSB was based on a 1-pm-thick amorphous
lithium phosphorus oxynitride (LiPON) solid electrolyte start-
ing in the late 1990s and a definitive example of successful
demonstration with stable cycling over 10000 cycles with
metallic Li metal under ambient conditions.?” Nonetheless,
several unavoidable yet important questions remain:

Can SSBs outperform state-of-the-art LIBs in terms of major
key performance parameters (namely, energy density, charging
rate, cycle life, safety, cost, lifetime, ease of recyclability)? How
can one economically manufacture bulk-type SSBs to store
>1 GWh of energy in such a way that is cost competitive with
state-of-the-art LIBs?

It is expected that when considering an oxide-based solid
electrolyte and cathode composite processing and associated
cell assembly, the technology transferability is at the lower
end.”® Oxide-based Li-ion conductors can be synthesized using
a variety of ceramic processing methods. The size, microstruc-
ture, and phase of the solid electrolytes can significantly differ
depending upon the processing method selected, which
together affects the thickness, stability, and conductivity of
the solid electrolyte. Manufacturing costs deviate depending
upon the processing metrics required for each method. There-
fore, rational selection and thorough optimization of the fab-
rication process are crucial for optimizing the performance and
efficiency of solid electrolytes.

The objective of this review is to facilitate material and
process selection toward oxide-based SSB design, highlighting
attractive manufacturing strategies suitable for large-scale pro-
duction. Other works summarizing recent progress in inorganic
solid electrolytes and their properties toward SSB application
can be found in ref. 28-35. A previous extended review article
provides strategies for optimizing solid-state electrolytes as well
as emerging strategies for employing high-safety Li-metal
anodes.>® Their roadmap includes descriptions of typical mate-
rial uses and configurations, the advantages and disadvantages
of each route, and potential application issues. A general over-
view of the interfacial challenges and mitigating strategies in
SSBs can be found in recent review articles,®”*° with some
focusing on sulfide-***' or garnet-based SSBs
parative analysis of both sulfide and oxide electrolytes.*” A
more comprehensive discussion on materials, interfaces, and

42744 or a com-
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performance, including advanced characterization techniques
for SSBs, can be found in ref. 46 and 47. In the current review,
we provide a literature analysis on the processing of bulk, thick-,
and thin-film oxide-based electrolytes for SSBs and explore the
processing steps and critical processing parameters towards
achieving low-resistance oxide solid electrolytes. Understand-
ing the changes upon the bulk to thin-film transition of solid-
state electrode and electrolyte materials is of great importance
to both bulk- and thin-film SSB application. Additionally, we
review rational battery architectures of cathode/electrolyte and
Li metal/electrolyte tandems and provide the relevant proces-
sing considerations. In a recent Nature Energy*® review paper,
we presented cost guidelines for SSB production-chain costs
(processing and material costs) based on a reference solid oxide
fuel cell (SOFC) technology. We showed that to meet the desired
costs of US$100 per kW per h at the cell level for advanced high-
performance (350 Wh Kg~') batteries for EVs, inexpensive
large-scale fabrication techniques with reduced processing
temperature, duration, and scrap are required to reach the
target of <US$4 per m” for both the material and processing
costs. Here, we target a perspective of reduction of the oxide
electrolyte thickness, and a cost-effective thin-film fabrication
strategy is discussed with emphasis on the wet-chemical film
deposition technique. We provide an intensive processing
assessment of conventional solid-state processing, wet-
chemical solution processing, and vapor deposition technolo-
gies of oxide SSB electrolytes. Based on that, possible oxide-cell
design options for bulk- and thin-film SSBs are discussed and
evaluated. In the following, Section 1 discusses the choice of
the oxide electrolyte, introduction of the practical ionic-
conductivity limit defined as a function of thickness, area
specific resistance (ASR), and selected oxide materials based
on their ionic conductivity reported as bulk, thick-film, or thin-
film form. We also examine important supply chain, material
supply, recyclability, and re-use of battery-related materials and
components of LIBs and offer recent insights into how the
transition from LIBs to SSBs might affect such issues.

1.2. Material selection and requirements of oxide-based
Li-solid electrolytes

SSBs have three major components: the anode, cathode, and
solid electrolyte. Among the different potential anode materials
(i.e., silicon, graphite, lithium titanate), Li metal is considered
the most promising anode active material owing to its high
theoretical specific capacity (3860 mAh g~ ') and low standard
electrochemical redox potential of —3.04 V vs. the standard
hydrogen electrode (or 0 V vs. Li'/Li), enabling the highest
energy density at the anode side. Another promising option,
which has been explored mostly for sulfide-based SSBs, is a Si-
based anode with a theoretical capacity of 3590 mAh g~ * (for
Liz 75Si) and a lithiation potential of 0.4 V vs. Li*/Li. Si anodes
can be processed as thin films (e.g., with LIiPON*® and LLZO"°
solid electrolytes), as powder-pressed anodes (with 77.5Li,S-
22.5P,S5 as the solid electrolyte),”" and more recently, as sheet-
type Si electrodes (with 75Li,S-25P,S5/LizPS,>* and LigPS;CI>?
solid electrolytes) to serve as anode materials in SSBs. Both Li>*
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and Si>® are emerging anode materials for SSBs that are
expected to undergo substantial volume changes upon metal
stripping/plating and alloying/dealloying, respectively, and will
likely require operation under stack pressure to minimize void
formation and morphological irregularities at the anode/solid-
electrolyte interface. Alternatively, a host scaffold can be used
to accommodate the volume changes and dendrite formation
attributed to effectively lowering the current densities during
plating; however, this will come at the expense of the gravi-
metric energy.>®

The composite cathode is usually comprised of the cathode
active material, transition-metal-based oxides (LiCoO,; LCO,
NCM, NCA, and LFP), ionic and/or electronic conductor addi-
tives (e.g., solid electrolyte, carbon, etc.), and potentially a
polymer binder. As for liquid LIBs, the search for high-
energy-density cathode materials has focused on high-
nickel, low-cobalt layered oxides (NCM, NCA), such as the
benchmarked NMC622 (LiNiyeMn,,C00,0,) and NMC811
(LiNiggMny, ;C0,10,) with a capacity of ~180 and 200 mAh g7,
respectively. An alternative cathode material is LFP with a
practical capacity of 160 mAh g~' and an average voltage of
3.3 V vs. Li'/Li. Although LFP exhibits poorer performance
compared with NMC-type cathodes, its greater service life,
safety, and lower material and synthesis costs have made it a
viable option for low-cost entry-level EVs. Moreover, it has been
reported that by adopting new battery design, LFP-based LIBs
can have 64% volume packing efficiency, leading to pack-level
energies of 135 Wh kg™ "' (and 210 Wh L") when in a cell-to-
pack configuration (“blade battery”, namely wide and short
cells assembled directly into a pack).**

As the manufacturing of SSBs will rely greatly on the material
properties of the solid-electrolyte material class (namely oxides,
sulfides, halides, and/or polymers), it is essential to briefly clarify
some of the major design requirements:>"®

(a) High Li-ion conductivity (>1-10 mS cm ") with negligi-
ble electronic conductivity and grain-boundary resistance over
the entire employed range of Li activity (elemental Li, ar; = 1, to
at least that of LiC0O,, ar; = 107 7°) and temperature (preferably
room temperature) to allow use as a solid-electrolyte membrane
and/or catholyte in thick cathodes.

(b) A wide electrochemical stability window, including a low
reduction potential and high stability against Li metal, is
preferred (e.g., for Li;LazZr,0,, (LLZO), the theoretical and
experimental electrochemical stability windows are 0.05-
2.9 v*? and ~0-6 V*>®" vs. Li, respectively).

(c) Stability against chemical reaction with both electrodes,
especially with elemental Li or Li-alloy during the processing of
battery components (i.e., electrolyte and electrode/electrolyte
tandem), preparation, and operation of the battery cell.

(d) Mechanical stability for both battery cell fabrication
(single layer and multilayer processing) and operation (stack
pressure, temperature), especially considering (i) rigid elec-
trode/electrolyte interface with evolving mechanical stresses;
(ii) contraction and expansion of the electrode’s active material,
which result in volume changes (during lithiation/delithiation
of the cathode, Li plating/stripping), morphological evolution,
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and poor interfacial contact through cycling; and (iii) inter-
phase formation and growth.*>

(e) Matching coefficient of thermal expansion (CTE) of the
oxide-based electrolyte and electrode materials in the case of
high-temperature processing to lower potential residual stress.

(f) Ease of processing and cell manufacturing via sheet-to-
sheet manufacturing. Both cost-effective and scalable manu-
facturing routes are desired.

(g) In terms of safety, the thermal stability of the solid
electrolyte against metallic Li should be high to prevent
potential thermal runaway brought by the reactive Li metal and
oxygen from the oxide solid electrolyte at elevated temperatures®
or evolution of SO, and H,S in the case of sulfide-based solid
electrolytes reacting with moisture or oxidized in air.**

(h) Environmental benignity, non-hygroscopicity, low cost,
and ease of preparation, processing, handling, and potentially
recycling.

Based on the considerations mentioned above, a wide range
of inorganic electrolyte chemistries and structure types have
been considered that satisfy several, but typically not all, of the
criteria mentioned above, including:

(i) Oxides such as NASICON-type Li;., Al Ti, »(PO,4); (LATP)
and Li;.,ALGe, (PO,4); (LAGP), lithium superionic conductor
(LISICON) Lis1,Si;_X.04 (X = P, Al, or Ge),*>®® perovskite
LizcLa,/;;_,TiO3 (LLTO), and garnet-type Li;LazZr,04, (LLZO).

(ii) Sulfides such as Li,S-GeS,-P,Ss, Li;oGeP,S;, (LGPS),
argyrodite-type Lig(P, Sb)SsX (X = Cl, Br, I), Li;P, oMng 1510710 3-

(iii) Polymers (mainly dominated by polyethylene oxide
(PEO)), phosphates (e.g., LiTi,(POy4)s, LiGe,(POy,)s, y-LizPO,).

(iv) Halides (e.g., LiBH,, LiBH,-LiX (X = Cl, Br, or I), LiBH,-
LiNH,, LizAlHj).

These material classes serve as solid electrolytes in SSBs,
either alone or combined, and we thus briefly discuss major
characteristics for each material class below. For comprehen-
sive review, analysis, and outlook on the chemical, electroche-
mical, and mechanical properties of oxide/sulfide (or polymer)
solid (or quasi-solid) electrolytes for diverse battery applica-
tions, please refer to our previous papers.*>®’

1.2.1. Polymers. Solid electrolytes including only polymers
as an elastic matrix with Li salt have also been considered but
are beyond the scope of this review paper and are discussed
elsewhere.®”® In general, although polymers may exhibit
limited ionic conductivity with low Li-ion transference
number,”* they offer favorable and fast processing speeds with
relatively easy adaptability to current battery manufacturing
platforms, including slurry casting and roll-to-roll technologies,
and as a soft medium that can accommodate volume changes
during battery operation. To mitigate some of the challenges
with polymers, composite polymer-ceramic electrolytes have
been proposed and show in some material combination cases
improved transport at high flexibility. However, the overall lack
of electrochemical stability especially towards low voltage
anodes cannot be resolved by composite strategies and manu-
facture remains critical; refer ref. 75 for further discussions.

In practice, polymers are the only solid-state electrolytes that
have seen limited commercial applications thus far such as in
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Bolloré Bluecar™ and Bluebus electric vehicles as public car-
sharing services in cities such as Paris, Indianapolis, and
Singapore.”® In addition, the potential combination of oxides
and sulfides in different cell designs may be the compromise
needed to allow all-solid-state batteries to be feasible both on
the large manufacturing scale and in terms of performance
targets.

1.2.2. Sulfides. The highest room-temperature ionic con-
ductivity on the order of 107> S em ™" with a Li* transference
number of basically 1 was reported in sulfide-based materials.
As a group, sulfides are divided into amorphous glasses and
glass-ceramics as a part of the binary system (100 — x)Li,S-
xP,Ss (LPS), and crystalline sulfides, which contain the largest
number of lithium superionic conductors mostly belonging to
the extensively researched argyrodites LisPSsX (X = Cl, Br, [;
2 mS cm ™ for LigPSsCl and 12 mS em ™" for Lis sPS, 5Cly 5),””
thio-lithium superionic conductor (LISICON)-type materials
such as B-Li;PS, (<1 mS cm™'),”® and the Li;(GeP,S;, (LGPS,
12 mS cm ™' at 27 °C)”® material class. The superior conductivity
of sulfides has been explained by several mechanisms; how-
ever, importantly, the large, highly polarizable sulfur anion acts
as a large bottleneck for diffusion and screens lithium from the
effects of neighboring cations, leading to weaker interactions
between the sulfur species and Li ions, making the conduction
species (Li*) more mobile.’”®! Their combined properties allow
extremely fast Li-ion diffusion as seen in materials such as
Lig.6Sio.6Sbo.4SsI (24 mS cm™' at room temperature) and
Lig 54Si1 74P1.44511.7Clos (25 mS em™' at room temperature),
both with low activation energies.>>** Sulfides are soft and
ductile and thus offer good interfacial contact with electrode
materials at low processing temperatures and ease of proces-
sability and can accommodate, to some extent, volume changes
of the active material during cycling. Nonetheless, the greatest
Achilles heel of sulfides is their poor chemical and electroche-
mical stability against both electrodes (Li-metal anode and
cathode active material), leading to limited interface stability
and high interfacial resistance.®*** Additionally, sulfides suffer
from extreme sensitivity to moisture with toxic H,S gas
evolution,®® which obligates handling in either an inert
environment and/or dry rooms depending on the production
step (i.e., if handled as a powder or as a compact layer). Out of
all the material classes in the sulfide family, argyrodites are
considered the most promising materials for commercial appli-
cations suitable for use as the solid electrolyte and/or catholyte
or anolyte, considering no precious elements are required and
the lower interfacial resistance compared to LGPS; however, the
narrow electrochemical stability window, and thus high inter-
facial resistance at both the anode and cathode sides, requires
further engineering solutions, such as coating layers, oxygen
doping, tailored particle size of the solid electrolyte, or defect-
free processing.5*%

1.2.3. Oxides. (i) Several Li-oxide based materials possess
acceptable room-temperature ionic conductivity on the order of
1 mS cm ™" (as solid electrolytes but not so much when used as
the catholyte in thick cathode composites). For example,
NASICON-type Lij 3Aly3Ti; 7(PO,); (LATP; 0.7 mS cm ' for
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Li; 3Al 3Ti; 5(PO,)3),%”  perovskite  Li,Lag_y)3TiO;  (LLTO;
0.5 mS cm™ ' for Lao_GOLiO_ZZTiO3),88 recently discovered
Li,TaPOg,* and garnet-type Li,LazZr,0;, (LLZO; 2 mS cm ™
for Ligs5Gag 15La3Zr,01,).°>°! (ii) In most oxides, the electro-
chemical stability window is superior with an oxidation
potential higher than ~3 V, which allows their coupling with
high-voltage cathode materials; these oxides also exhibit a low
reduction potential ranging from ~0.05 (LLZO) to 0.69 V
(LiPON) vs. Li'/Li, respectively. (iii) They exhibit relatively high
chemical stability, which negates the need for an inert gas
atmosphere during processing (and, in some cases, allows the
coupling with Li metal). (iv) They exhibit good mechanical
stability with high fracture toughness. Nonetheless, oxides are
also stiff and brittle and suffer from defect-driven mechanical
failures and high elastic modulus (~100-200 GPa) that trans-
lates into poor electrode/electrolyte interfacial contact and
charge transport; in addition, high temperatures are required
for densification and improved contact area between electro-
des. Overall, these factors translate at present into energy-,
time-, and cost-intensive processing with low throughput
related to the high-temperature and long sintering steps (Table
S1, ESIf) compared to state-of-the-art LIBs and roll-to-roll
processing requirements. For NASICON-type LATP and LAGP
as well as perovskite-type LLTO, although sufficient room-
temperature ionic conductivity on the order of mS cm ™' was
reported as well as low sintering temperatures of only 600-
700 °C in the case of LATP and good stability in an ambient
atmosphere, their applicability as solid electrolytes in Li-metal-
based SSBs is limited due to the poor chemical and thermal
stability against Li metal.®*°? Indeed, among Li-oxide solid
electrolytes, only LLZO has demonstrated good stability against
Li metal, with the others exhibiting high grain-boundary resis-
tance and instability against Li-metal anodes. With respect to
intrinsic stability and reactivity, oxide electrolytes represent a
considerable improvement over sulfide electrolytes. At 0 K, the
thermodynamic stability window relative to decomposition into
competing phases can be determined from calculated thermo-
chemical data, as has been demonstrated previously.®>°* For
comparison, sulfides have a narrow intrinsic electrochemical
stability window, typically between 1.5 and 2.7 V; however if
they do not contain transition metals (e.g. LisPSsCl), they may
form passivating interphases against the anode, extending the
useable cathodic range.’* Oxides and polyanionic oxides offer a
broader electrochemical stability window than sulfides, for
example LLZO (0.05-2.9 V), LLTO (1.75-3.7 V), and LATP
(2.16-4.31 V),” providing great promise of improved oxidation
stability.”® In fact, some polyanionic oxides such as phosphates
and borates are stable above 6.0 V; however, the conductivity is
so poor that their use is restricted to cathode coatings or
extremely thin separators.”” The chemical reactivity between
the electrolyte and cathode (active materials) or moisture
sensitivity is similarly suppressed in oxides. Importantly,
chemical reactions occur during cell fabrication as well as
operation. Even with the lower thermodynamic driving force
of the chemical reaction with commonly used cathode materi-
als, oxide electrolytes such as LLZO still face challenges to
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assure stability during cell fabrication.’® This instability stems
from the elevated temperature required for making good solid-
solid contact between the oxide-based solid electrolyte and the
oxide cathode, attributable to the unique and intrinsic nature
of oxides.®”

Bulk-type SSB research has largely progressed, yet continu-
ous research is required to continue to meet performance
targets.”® Several key challenges®” include the Li dendrite
penetration through the solid electrolyte at high current density
(>1 mA cm ?), limiting the fast-charging capability, and
the need for material and cell-manufacturing strategies incor-
porating mechanically stable 10-20 um solid-electrolyte mem-
branes with high room-temperature ionic conductivity (over
107" S em™") and chemo-mechanically stabilized interfaces
with ultrathin Li-metal films and cathode. The high room-
temperature Li-ion conductivity (>10"* S cm™') and low elec-
tronic conductivity, but importantly good electrochemical sta-
bility and compatibility with Li metal, make the oxide Li garnet
an advantageous electrolyte material. While sulfide sheets
exhibit mechanical softness (ductility) and low elastic modulus,
which enable low-temperature densification via high-pressure
calendaring, oxide sheets require high-temperature densifica-
tion and adhesion via sintering, a critical processing step that
can lead to Li loss, chemical interdiffusion at the cathode-
electrolyte interface, and formation of insulating impurity
phases and consequently high interfacial resistance and poor
battery performance. Nonetheless, the art of manufacturing
thin (<20 pm) 30 x 10 cm?® or even 60 x 25 cm” oxide-based
solid-electrolyte sheets that are homogeneous and defect-free,
with no cracking, shrinking, delamination, or warping, requires
herculean efforts and processing science innovation. The
latter implies the need for practical processing options based
on cost-effective and/or low-temperature processing for a
robust unit-cell architecture for large-scale fabrication at cost.
Within the next 10 years, there are hopes for the introduction of
SSBs into the EV market to a wider extent. For all SSBs,
materials (including for interfacial mitigation strategies) and
processing, key factors in manufacturing scalability, cell
configuration/design, and device performance, are all affecting
the battery-cell costs,” with the material cost setting a
lower bound on the battery price, dictating the manufacturing
process. Recently, it was assessed that the performance
gain outweighs both the overall material and manufacturing
costs for SSBs.>* In other words, emphasis on increasing the
cell performance without increasing the material and
manufacturing costs should be a major focus in the next years,
and these factors are thus considered throughout the
paper through evaluation and analysis of materials, cell
designs, and processing routes towards high-performing
oxide-based SSBs.

1.3. How to design for global distribution: practical
conductivity and thickness of oxide electrolytes

To design for global distribution, batteries are expected to meet
their targeted energy density (as well as maximum charging/
discharging rates) over a wide range of operating temperatures
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(approximately —10 to 50 °C). The gravimetric and volumetric contributes to the overall cell resistance according to the
energy densities of Li-metal SSBs are largely determined by the relation R [Q] = L [em]/(c [S em "] x area [cm?]) (where R and
cathode active material mass loading, electrolyte thickness, L are the electrolyte resistance and thickness, respectively, and
amount of excess Li, and components’ density or areal loading. ¢ is the ionic conductivity), a significant decrease in ionic
While the gravimetric energy is more sensitive to the high conductivity can lead to impracticality in using Li oxides as
density of oxide solid electrolytes and thus dependent on the solid electrolytes. Similarly, instead of electrolyte thickness, a
particular solid-electrolyte chemistry used (and its density), the universal metric is typically used, namely the ASR [Q c¢m?],
volumetric energy (highly relevant for EV applications) is more which conveniently gives an upper limit to the thickness (L) of
sensitive to areal loading of the active material and is not solid oxide electrolytes (ASR [Q cm*] = L [em]/s [S cm™']).** 7192
affected by the different solid electrolyte chemistries at a fixed For context, the gold standard, a typical liquid-electrolyte-type
solid-electrolyte thickness.®® The thickness of the solid electro- LIB (LiPFs in EC:DMC) has a 15-40-um-thick separator with a
lyte is related to the area-specific resistance (ASR) and inversely cell resistance in the range of 0.15-0.4 Q, which may increase
related to the solid electrolyte and energy densities. In general, the resistance by one order of magnitude due to the porosity of
a thinner electrolyte is ideal for high energy density, power the separator, considering a typical ionic conductivity of
performance (reduced internal resistance), and rate perfor- 10> S cm ' (although the transference number of 0.3-
mance with shorter times for ion transport across the solid 0.5 may lower the effective ionic conductivity to 3-5 mS em ™,
electrolyte (according to ¢ = L?/D, where ¢ is the Li* diffusion respectively).'®*'** An Arrhenius plot of several Li* conducting
time, L is the solid electrolyte thickness, and D is the Li" oxide solid electrolytes, comparing LiPON, NASICON, perovs-
diffusion constant). More explicitly, given that the electrolyte Kkites, and garnet-type LLZO, is presented in Fig. 2a. The three
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Fig. 2 (a) Arrhenius plot of several oxide electrolytes, including LIPON, NASICON, perovskites, and garnet-type LLZO. The minimum conductivities
required for 1 mm-thick, 10-30 um-thick and 1 pm-thick solid electrolytes assuming a target area specific resistance (ASR) of 3.75 Q cm? are shown.
(b) and (c) Calculated gravimetric energy density (Wh kg™) and volumetric energy density (Wh L™ as a function of electrolyte thickness for the following
systems: Li/LLZO or LLTO/NMC811, Li/LATP/NMC811, Li/LLZO or LLTO/LCO, and Li/LATP/LCO. Due to the density similarity, the energy densities of the
LLZO/LCO and LLZO/NMC systems are same as those of the LLTO/LCO and LLTO/NMC systems.

This journal is © The Royal Society of Chemistry 2025 Chem. Soc. Rev,, 2025, 54, 8925-9007 | 8933


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs00358j

Open Access Article. Published on 04 September 2025. Downloaded on 3/28/2026 4:00:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

light grey shaded areas represent the calculated ionic conduc-
tivities for electrolyte thicknesses of 1 mm (pellet), 10-20 um
(e.g., free-standing film), and 1 pm (film deposited on the
substrate) required to reach a targeted ASR of 3.75 Q cm? (value
taken from a LIB system with a 25-um-thick porous separator
soaked in a liquid electrolyte (LiPFs in EC/DMC)). It is evident
that using pellet-type electrolytes for SSBs, as opposed to 1- and
20-pm-thick electrolytes, is simply not a volume-efficient
design, as it leads to high specific resistance, energy loss, and
poor energy density.”® If we assume that the electrolyte compo-
nents should not contribute more than 3.75 Q em” to the total
cell ASR,"® then for a 30-um-thick solid electrolyte, the ionic
conductivity of the LLZO film electrolyte attains the target value
of 8 x 107*Sem ™" (¢ = L/ASR = 0.003/3.75) only over 60 °C, and
for bulk NASICON, bulk LLZO, and bulk and thin-film LLTO,
the operation temperature must be over 25 °C. For an electro-
lyte thickness in the range of 20-10 um, as a result of this
calculation the associated ionic conductivity (67 - 10-20 um) Of the
electrolyte should exceed 5.3 x 10~ *Sem ™" (¢ = L/ASR = 0.002/3.75)
and 2.7 x 10°* S ecm™ ', respectively, over the whole operation
temperature (approximately —10 to 50 °C at minimal stack
pressure).’®®> Nonetheless, none of the here presented electro-
lytes, including conventional liquid electrolytes, cover the
entire temperature range, which can have a noticeable effect
on the cold-weather performance in EVs.'%® At least, solid
electrolytes possess the advantage of improved ionic conduc-
tivity at moderately high temperatures compared with liquid
electrolytes, which undergo severe chemical degradation and
drying.'®” Either way, due to processing challenges, reported
conductivities of 10-20-pm-thick oxide solid electrolytes are
scarce and, when presented, are typically below the targeted
conductivities even at room temperature, thereby requiring
improvement. Decreasing the oxide solid-electrolyte thickness
(e.g., LLZO, LLTO, LATP) toward 1 pm may offer reliable
performance over a wide range of temperatures yet introduce
additional mechanical, handling, and cell-design considera-
tions. In this case, the ionic conductivity (o;-1,m) of the
electrolyte should exceed 2.6 x 107> S em™" (¢ = L/ASR =
0.0001/3.75). In this range, the bulk conductivities of several
oxides (LLZO, LLTO, LATP) meet the threshold over the whole
temperature range. Likewise, the calculated threshold conduc-
tivities based on electrolyte thickness and target ASR can be
used as a specific goal for any solid-electrolyte research for
practical SSB manufacturing and performance validation.
Nevertheless, some reported conductivities from thin-film elec-
trolytes (e.g. amorphous LiPON film) fail to meet the threshold,
resulting in limited rate-performance due to the high ohmic
ASR caused by low conductivity.>”

To make informed decisions about potential oxide-based
SSB designs, we also estimated the gravimetric and volumetric
energy densities as a function of the solid-electrolyte thickness
based on different oxide-based solid electrolyte and cathode
combinations (e.g., LLZO, LLTO, LATP and LCO, NCM, NCA,
respectively). Fig. 2b and c depicts the calculated gravimetric
energy density (Wh kg™') and calculated volumetric energy
density (Wh L") as a function of electrolyte thickness for the
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following systems: Li/LLZO/NMC811, Li/LATP/NMC811, Li/
LLZO/LCO, and Li/LATP/LCO. Theoretical densities of LLZO,
LLTO, LATP, LCO and NMC are 5.07, 5.01, 2.93, 5.05 and
4.77 g em .10 pye to the density similarity, the energy
densities of the LLZO/LCO and LLZO/NMC systems are same as
those of the LLTO/LCO and LLTO/NMC systems. The calcula-
tions assume an all SSB cell with a solid-electrolyte material
(e.g., LLZO or LATP with 95% relative density) combined with a
composite cathode (either NMC811 or LCO active material with
a reasonable stable specific capacity of 180 or 160 mAh g™,
respectively) at 75:25 vol% of cathode: solid electrolyte (100%
dense; solid electrolyte in the composite cathode is the same as
the solid-electrolyte separator). The mass loading or thickness
of the cathode is limited by the sluggish kinetics of ions in the
solid medium. In the following calculation, the areal loading of
the cathode active material was fixed at 4.5 mAh cm 2. The Li-
metal anode excess, namely in the form of Li metal, was set to
25% excess (which in principle necessitates a high Coulombic
efficiency considering the limited Li reservoir), and the calcu-
lated energies were determined for the “as-processed” battery
cell in its fully charged state (see ESIT for all assumptions).
Typically, minimal Li is desired to achieve higher energy
densities. Yet, due to the large volume variation of lithium
metal during plating/stripping, mechanical pulverization of the
lithium metal and associated loss of electrical contact can
occur, leading to poor cycle life and capacity fading; therefore,
sufficiently excess Li is typically introduced."""

As expected, in all cases, the gravimetric and volumetric
energy density increases upon reducing the electrolyte thick-
ness. In the Li/LLZO/NMC811, Li/LATP/NMC811, Li/LLZO/LCO,
and Li/LATP/LCO systems, the gravimetric energy density and
volumetric energy density for a 20-pum-thick solid electrolyte are
340, 404, 326, and 384 Wh kg™* and 1564, 1564, 1547, and
1547 Wh L7, respectively. Achieving the target gravimetric
and volumetric energy densities of 350-500 Wh kg™ ' and
1000 Wh L™, respectively, will require reducing the solid-
electrolyte thickness even further (Fig. 2¢). For instance, redu-
cing the LLZO solid-electrolyte thickness from 20 to 10 um in
the Li/LLZO/LCO cell will increase the gravimetric energy
density to the target value of 358 Wh kg™ ', and reducing the
solid-electrolyte thickness to 15 pm in Li/LLZO/NMCS811, Li/
LATP/NMC811, and Li/LATP/LCO will further increase the
gravimetric energy density to 357, 418, and 396 Wh kg ',
respectively. It must be considered that our calculation pro-
vides an estimation of the upper limit of the solid-electrolyte
thickness required to deliver a certain energy density, yet some
of the assumptions are still difficult to realistically meet. In
realistic scenarios, the chemical, electrochemical, and chemo-
electro-mechanical stability of the battery components and
interfaces, which are a direct result of the chemistries selected,
are also of utmost importance to ensure high coulombic
efficiency and satisfactory cycling performance and stability.
This is especially true considering the rigid and heterogeneous
nature of the solid-solid interfaces, which could result in
challenges including interfacial degradation due to chemical
reactions, electrochemical decomposition and volume
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change."”” "™ In practice, the limited Li excess, which informs
the potential cycle life of the cell (at a certain anodic coulombic
efficiency) before capacity fading, and other considerations
such as electrode/electrolyte degradation (including interfacial
degradation), packing and additional components required at
the cell level (e.g., tapes, laminate films, etc.) and at the pack
and module level will lead to more stringent requirements on
the solid-electrolyte thickness and/or necessitate other design
or cycling protocols (current density, capacity, cutoff voltages,
rest times, etc.)."'®> The former, namely a thinning of the solid
electrolyte below ~20 pm, and de facto to ~10 pm, encapsu-
lates dendrite penetration concerns as well as mechanical,
processing, and cell integration challenges and constraints on
battery design. Moreover, although different solid electrolyte
chemistries are considered in the calculation (i.e., LLZO, LLTO,
LATP), the difference in interfacial stability between Li metal
and the solid electrolytes is not considered and can decrease
the cycle life significantly and hamper the development of high-
energy-density SSBs.

As the solid electrolyte would also serve as the separator
between the anode and cathode components, a thin electrolyte
may lead to other challenges, including Li dendrite propaga-
tion, poor mechanical stability, and difficulties in processing,
handling, and manufacturing. Notably, for defect-free, reliable
large-scale manufacturing, handling and physical abuse toler-
ance, free-standing oxide solid electrolytes at thicknesses lower
than ~20 um might not be realistic, and new battery designs
and architectures will need to be considered. For example, for a
solid electrolyte directly deposited on a cathode electrode,
thinner solid electrolytes on the order of ~5-10 pm are, in
principle, a feasible design. The incorporation of the solid
electrolyte in the composite cathode may lead to tortuous and
longer pathways for the Li'-ion transport and thus require a
faster ionically conducting solid electrolyte (~107> S cm ™) to
compensate for the lower effective ionic conductivity due
to the high tortuosity associated with solid-state cathode
composites.' ' Overall, despite the much wider electroche-
mical window being a huge advantage, there is still room for
improvement in the conductivities of oxide-based solid electro-
lytes, especially at room-to-lower operational temperatures in
order to find the sweet spot of thickness. This entails a low
enough ASR and high energy density and power performance,
while mitigating potential dendrite formation, propagation,
and associated manufacturing challenges when dealing with
a too thin brittle component (unless the cell design accounts
for that; see Section 6).

1.4. Can the material supply chain keep up with the
increasingly growing battery demand for EVs?

According to Elon Musk, in order to maintain and preserve the
electrical power for one day for the entire human population,
there is a need for 100 factories like Gigafactory 1."*° Its final
capacity upon completion was, as of May 2016, planned to be
150 GWh per year of battery packs. In 2024, Tesla delivered
about 1.77 million EVs, and at scale, these factories would
enable companies like Tesla to produce at least 1.5 million EVs
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per year.">" Considering an average EV with 60 kWh of battery
storage, this works out to ~400 discharges per person per year.
To transition the roughly 80 million passenger vehicles sold per
year to an all-electric fleet, roughly 4800 GWh of battery
capacity would have to be produced per year (including recy-
cling of old batteries). How would those numbers play out when
considering the large-scale production of SSBs? SSBs, similar to
LIBs, are “material-dependent” technologies, namely designed
around certain materials that typically account for ~70% of the
total cell costs (half of the cost is attributed to the active
cathode and anode materials).'*> The expeditious growth of
the EV market, estimated to make up 8-14% of the total light-
duty vehicle fleet by 2030 and 25-50% by 2050, and the
consequent increase in battery demand for EVs have brought
to the surface the potential risks associated with the EV battery
supply chain, in particular with the extraction of battery-related
raw materials and the processing and refining of raw materials
into battery-grade precursors. From a material’s perspective,
transitioning to an all-electric fleet running on either hybrid or
all solid state batteries would require the world production of
millions of tons of Li, La, Zr, Ta and/or Ti, P for the solid
electrolyte (e.g., LLZO or LATP) in addition to millions of tons of
Ni, Co, and Mn for the cathode material (e.g., LCO or NMC) per
year, estimated to be hundreds of percentages beyond the
current world production in 2030, necessitating the construc-
tion of new mines and sustainable recycling approaches.'”?
Clearly, the EV battery supply chain is intricate and includes the
following steps: mining and extraction of minerals and raw
materials, processing and refining of raw materials into battery-
grade precursors, manufacturing of battery components (anode
and cathode materials, electrolytes, casting, etc.), production of
battery cells and packs (including electronics, sensors, manage-
ment systems), manufacturing of EVs and integration of battery
and hardware, and recovery of critical materials and/or re-use
of spent batteries.'® The increasing demand for materials
might not only affect the required mining quantities as well
as environmental, geopolitical, and social issues but also
prices, as the global supply (mining and/or refining) of most
critical raw materials (CRMs) for battery-related production is
geographically concentrated, which may limit their
availability.”** Li and Co (and to a lesser extent Ni) are con-
sidered critical elements considering the predicted drastic
increase in the demand for Li batteries for EVs, the current
production capabilities, worldwide reserves, and other supply
risks.'?>124712¢ The global production of Li and Co is domi-
nated by Australia and Chile (~80%), and Congo (59%)
(where mining often involves modern-day slavery, child labor,
hazardous and toxic work conditions, and deaths),'*”'?®
respectively.’> Most of the battery manufacturing occurs in
Asia, where in 2016-2017, ~50% and ~ 80% of the global share
of Li and Co, respectively, were consumed by the rechargeable
battery industry.'”'** In 2021, about 11% of global nickel
production came from Russia, which is one of the world’s
suppliers of high-grade nickel (>=99.98% purity), which is
the specific type needed for producing nickel sulfates required
for battery grade cathode materials. The Ukraine-Russia war
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led to a temporary dramatic price jump, and although
nickel prices are expected to further go down in the future
due to new developments in nickel mining technology,
potential nickel shortage is still considered high risk for LIB
production.”*® The poor geographic diversification and the
short list of major global suppliers (for the extraction stage/
mining and/or processing stage/refining) are at risk of introdu-
cing supply disruptions caused by government policy or social-
political instability, vulnerability to supply reliability, and price
uncertainty.'**

For LIB technology and contingent on the chemistry, LIB
prices are sensitive to lithium, nickel, and cobalt prices.
Indeed, LIB costs have decreased by almost one order of
magnitude over the past 10 years due to manufacturing scaling,
pack engineering, and performance improvements.® Yet, the
prices of lithium, cobalt, and nickel have fluctuated dramati-
cally from $20 per kg (in 01/2017) to ~$82 per kg (in 12/2022),
from ~$30 per kg (2014) to ~$80 per kg (2022) and ~$37 per
kg (02/2023), and from ~$10 per kg (in 2000) to ~$50 per kg
(2007) and ~$30 per kg (in 01/2023), according to the daily
metal prices."*""*? It was recently suggested that the element
price sensitivity is relatively low as a 50% increase in the
commodity price ($ per metric ton) of Li, Co, and Ni, respec-
tively, will lead to a 5.6%, 2.4%, and <4.7% increase in the
price of the NMC 811 battery pack.'” Xu et al. estimated that
from 2020 to 2050 in a more conservative scenario (of LIBs with
NCX cathodes), the global demand for Li, Co, and Ni would
increase by a factor of 17 (to 0.62 Mt), 17 (to 0.62 Mt), and 28 (to
3.7 Mt), respectively, potentially outgrowing global production
capabilities and depleting the known reserves of Li, Ni, and Co
by 2050 or earlier (depending on the chemistries explored),
necessitating an increase in current supplies to meet
demands.® Habib et al.'®* concluded that the demand for Co,
Li, and Ni will surpass their existing reserves by as early as
~2030, which is predicted to translate into a price increase
and/or a sharp shift towards alternative chemistries such as
LFP. Benchmark Mineral Intelligence estimated the 2022 sup-
ply of Li, Co, and Ni versus the 2035 demand and concluded
that 74, 62, and 72 new mines, respectively, are needed to be
built with an average mine site capacities of 45, 5, and 42 kilo
tons to keep up with the exceptional volumes of demand of key
raw materials for EVs and LIBs."** In such cases, not only
supply-demand considerations need to be evaluated but also
the ramp up of production, namely, potential consumption-
production imbalance. New recycling technologies could
reduce the new mining requirement needs, for example to
~59 and ~38 new mines based on the forecasted volumes of
recycled lithium and cobalt, according to
Benchmark."?

But how is material demand expected to change in the case
of large-scale SSB production? From the material availability
and sustainability point of view, Li-based SSBs rely on similar
components as liquid-based LIBs, namely transition-metal-
based cathode materials, carbon (optional) and polymer addi-
tives (optional), and metal current-collector foils (e.g., alumi-
num, copper, but potentially also nickel or stainless steel in the

respectively,
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case of SSBs). The difference may arise from the material and
processing costs of the solid electrolyte (as the separator or as a
part of the cathode composite) and anode materials. Based on
material data from Kravchyk et al.,"** Schneider et al.*® esti-
mated the mass fraction of different oxide-based SSB designs
(cathode-supported and scaffold-type tri-layer Li/LLZO/LCO cell
designs) and determined that the LLZO as a 10-20 pum-thick
separator has the largest weight share with more than 50 wt%,
followed by the cathode active material with ~ 30 wt%, and Li
metal with 2 wt% (the remainder is attributed to the Al and Cu
current collectors). At the elemental composition level, La and
Co accounted for ~67 wt%, Zr ~12 wt%, and Li slightly
below 3 wt% of the total composition. The introduction of
new elements to produce SSBs (and potentially to the recycling
process) requires the assessment of their criticality, which can
be done via their supply risk (SR) and economic importance
(EL, cost and performance) indicators. The supply risk not only
considers the material’s scarcity in the Earth’s crust but
also the global supply (supply concentration, country govern-
ance, import reliance, trade restrictions, and supply-chain
bottlenecks), production criticality, and EOL recycling
capabilities.">* The criticality assessment of materials is espe-
cially important when recycling methods and protocols towards
the recovery of specific elements are developed. Nonetheless, a
high supply risk score may originate from the lack of EOL
recycling and poor sustainability but also from high future
technology demand, regulation risks, political instability, by-
product dependence, etc."> Blengini et al. identified 30 CRMs
(namely SR > 1 and EI > 2.8) as a part of the 2020 European
Union’s list, which included Li, Co, La, natural graphite, Ge,
Ga, Si, Ta, Ti, V, and Mg among others."** The different
materials are typically produced from primary resources by
mining, processing, and refining, component manufacturing
all the way to commercial use and finally recycling, where
batteries are dismantled, and their components are recycled,
leading to secondary raw material sources to produce new
battery active materials. Here again, China is the major global
supplier (either for extraction and mining or for production
and refining) of 66% of the individual critical raw materials,
including Li (44%), La (86%), Ga/Ge (80%), Mg (89%), natural
graphite (69%), Si (66%), Ti (45%), and V (39%) followed by
South Africa (9%); Congo (5%), which is the main global
supplier of Co (59%) and Ta (33%); USA and Australia (3%);
and Chile (2%), which is the main global supplier of Li
(44%)."** Transitioning to hybrid or all SSBs will not only
increase the demand for new CRMs such as La and Ta among
others but also for Li. The increase in the demand for Li is
attributed to the fact that the concentration of Li in inorganic
solid electrolytes is up to 1 order of magnitude higher than in a
conventional liquid electrolyte (1.4 wt% in LLTO, 2.5 wt% in
LATP, and 5.8 wt% in LLZO compared to 0.6 wt% in 1 M LiPFg
in EC/DMC/DEC). This higher concentration of lithium in the
solids will result in an expected additional lithium demand of
about 10-20 g kWh ™" due to the transition from liquid to solid
electrolytes. A similar contribution due to the addition of an
~5-um lithium-metal anode instead of a graphite anode at the
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cell level is expected. Both contributions together are expected
to add up to ~30% of the standard lithium demand for
NMC811 cathode materials (100 ¢ kwh ').>* In a recent
analysis,>® Huang and colleagues estimated that for large-
scale production of solid-state lithium batteries, the cost of
many of the solid electrolytes will have to be reduced by 100
times from the current lab-scale pricing of these precursors,
which still remains at thousands or tens of thousands of $ per
kg. As materials may set a lower bound on the SSB costs, their
availability, the scaling of the precursor material supply chain,
price uncertainty, and volatility may play critical roles in the
scale-up of SSBs, especially when CRMs such as in the case of
Ta-doped LLZO (namely, Li, La, and Ta) are used. The high-
priced Ta element, having a price volatility of 40% in the last
5 years,”” is commonly used as a dopant in LLZO to reduce the
processing temperature while maintaining high ionic conduc-
tivity. Material selection will also play a crucial role in dictating
the manufacturing processing route for the solid electrolyte as
well as in the entire cell design.

The material demand and cost may be difficult to predict
and uncertainties are large, mainly due to difficulties in esti-
mating the future required battery capacity, and thus may vary
significantly depending on the scenario used. For instance, the
expected Li, Co, and Ni demand for EV batteries in 2050 has
been reported to vary between 0.6 and 1.7 Mt, 0.25 and 1.25 Mt,
and 0.6 and 7.6 Mt, respectively.® Nonetheless, material and
precursor selection guidelines should aim to exclude high-
priced elements, such as Ta and Ge, and favor more abundant
alternatives (e.g., argyrodite material class LigPSsX in sulfides,
Al-doped LLZO) when possible. Challenges associated with
bringing new technologies include scaling material production,
which can take several years, as well as supply chain issues
when production capacities are not ramped up to meet
demands. This is the case not only for battery-grade high-
nickel and/or manganese cathodes but also for inorganic solid
electrolytes (e.g., LizPS,, LigPSsCl, LLZO), where no material
supply chain currently exists.

1.5. How to promote holistic life cycle thinking of sustainable
battery production: from liquid to solid?

It is certain that enabling the widespread adoption of SSBs for
EV applications will require performance improvement along-
side cost-effective materials and scalable processing options of
the battery cell components and manufacturing. It will also
require a responsible and holistic life cycle thinking perspective
for the SSB industry from raw material mining to the synthesis
of active materials, electrode production, cell and system
assembly, end-use and EOL recycling, striving towards a circu-
lar economy."*® According to Arthur D. Little (ADL) analysis,"*’
the total annual European LIB recycling market will require
>700 kilo tons of recycling capacity by 2030, which will
increase three-fold by 2040. EOL EV batteries will require
adequate dismantling, handling, storage, transportation, and
recovery policies and protocols that are both economically and
environmentally friendly. Promoting responsible and economic
life-cycle policies of EOL EV batteries (and manufacturing
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scrap) is considered challenging because of uncertainties
in the future EV’s dominant battery chemistry and compo-
nents, including unstandardized sizes and form factors, in
addition to a lack of collection, storage, and transport infra-
structures. Here, EU- and US-wide regulations can better
account for the projected LIB EV growth by enforcing battery
tracking and visibility of the supply chain across all battery
manufacturers."?”

For the last few decades, the recycling and handling of EOL
LIBs, mainly driven by industry, has not been considered
economically profitable given the relatively low material cost,
and no special efforts have been placed on the collection,
storage, and transport of EOL battery waste. Most recently,
the rapidly increasing worldwide demand for LIBs projected at
$135.1 billion by 2031,"*® alongside (i) the fluctuating material
cost due to the global demand and supply chain and (ii) the
uneven distribution and production of the main materials (e.g.,
Li, Co, Mn) in politically sensitive countries, has attracted
tremendous  attention towards re-manufacturing, re-
purposing, recycling, and waste management of batteries or a
combination thereof depending on the battery degradation
status.'?>®?%13971%5 Re-manufacturing or re-purposing of bat-
teries refers to refurbishing batteries for their original auto-
motive use or their reconfiguration for less-demanding
applications (e.g., stationary storage), respectively. Although
such paths are more economically and environmentally desir-
able and should be exhausted before batteries are subjected to
any form of recycling, battery secondary use can only extend
their market lifespan by an additional 8-15 years and ultimately
will require either recycling of EOL EV LIBs and extraction of
critical materials in order to synthesize new battery materials or
disposal and waste management.'?>'® By 2025, the worldwide
recycling capacity of LIBs is expected to be approximately half
of the 700000 tons of batteries reaching EOL, not necessarily
due to lack of recycling capacity but rather due to lower
volumes of production scrap and low collection rates of EOL
batteries, which does not make it profitable to extract all the
substances, leading to current US recycling capacities for LIBs
of only ~ 5%, compared to the 99% recycling rate of lead-acid
batteries."*>'*>'%” LIBs are not designed for easy and efficient
recycling with only ~25-40% of LIBs able to be recycled in an
effective way.'*>'**'"”  Nonetheless, similar to lead-acid
batteries, policies (e.g., requirement of identifiers, standardiza-
tion of cell modules, and incentivizing production-to-recycling
manufacturing processes)'**'4114%147 and regulations for the
recycling of LIBs can ensure sufficient collection and
recycling rates.

1.5.1. From liquid. Two established LIB recycling technol-
ogies are the pyrometallurgical and hydrometallurgical meth-
ods, which have been explored at the industrial level; however,
energy, environmental (high greenhouse gas emissions), and
profitability considerations have limited their widespread
adoption in the context of LIB recycling. A third method, direct
recycling, has received considerable attention recently as it can
potentially offer ~80% lower energy consumption with 1/5 less
greenhouse gas emissions compared to the conventional
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methods.**”

The pyrometallurgical, hydrometallurgical, and
direct recycling methods are briefly discussed below in the
context of LIB recycling.

The elemental recycling of LIBs typically consists of a
combination of pretreatments and metal-extraction processes.
The pretreatments include (i) dismantling and discharging of
the battery to secure personnel safety by eliminating the risk of
electric shocks and fire and explosion hazards due to the
flammability and ignition of the organic compound, (ii)
mechanical pretreatment (e.g., pack/module disassembly if
applicable, shredding/crushing, and sieving) of battery compo-
nents such as steel casting, metal foils, plastic, and black mass
based on their physical properties (e.g:, size, density, conduc-
tivity, magnetic properties, etc.). The mechanical-separation
process aims to maximize the extraction of the “black mass”,
which is the valuable mixture of the cathode and anode active
materials. Subsequently, (iii) a mild thermal treatment and/or
washing steps are performed to dissolve, decompose, and
evaporate the organic binders and/or liquid electrolytes and
potentially carbon species.’**'*! Next, a metal-extraction pro-
cess, such as pyrometallurgical or hydrometallurgical, or a
combination thereof, is undertaken. The pyrometallurgical
method, which requires fewer mechanical-separation steps, is
a simpler and mature commercial technique that uses high-
temperature furnaces to decompose the battery materials,
reducing the metal oxides and forming a mixture of molten
slag (typically containing metals such as Li, Al, Mn) and metal
alloys (typically containing Cu, Ni, Co, Fe, etc.).® The ‘smelting’
process of entire battery cells and modules, which evaporates
the electrolyte and burns off the remaining organic compo-
nents, is used as an additional energy source during the
thermal process. The hydrometallurgical method uses different
acid-based leaching procedures followed by a metal-separation
step such as precipitation of impurities (to recover Al, Fe, Cu),
solvent extraction (for the recovery of Mn, Co, Ni), ion
exchange, and precipitation (e.g., to recover Li with Na,CO; or
NazPO,) to potentially recover critical elements (99% for Ni, Co,
and Mn) and synthesize new battery precursors from waste.®?
Typically, the pyrometallurgical process is followed by a refin-
ing step such as hydrometallurgy to separate and recover metal
salts from alloys.**""** An alternative recycling path, currently
at the lab-scale level, with economic and environmental advan-
tages is the direct recycling process,"*® where the cathode
materials are recovered and regenerated to the pristine stage
while maintaining their structural integrity (no chemical break-
down) by means of re-lithiation and hydrothermal
treatments.®'** It has been suggested that hydrothermal regen-
eration may also be used to recover solid electrolytes, negating
the need to pre-separate co-sintered cathode-solid electrolyte
composites.'®® Direct recycling has an even higher energetic
and economic value considering that EOL EV LIBs typically still
retain 80% of their original capacity. In fact, it has been
estimated that in the case of LIBs, the direct-recycling approach
has prevailed in terms of all major metrics, including energy
efficiency, recycling ease, low emissions, and low cost, when
compared to the pyro- and hydro-metallurgical processes, but
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fell short in the demanding requirements of a streamlined
recycling infrastructure, considering the lack of prior labelling,
collection regulations, transport, storage, and international
sorting and separation procedures.’*® Overall, the approach
remains unclear towards its economic and technical feasibility.

1.5.2. To solid. To incentivize the recycling of Li-metal
SSBs, the elements selected and their respective concentration,
recycling rate, recycling efficiency, and carbon footprint should
result in a feasible economic workflow. The workflow should
include flexible, robust, and high-efficiency recycling technolo-
gies in addition to technical considerations such as production,
collection, transportation all the way to secondary use and,
ultimately, recycling. The recycling of SSBs will require adjust-
ments and re-evaluation of current recycling procedures and
business models associated with the recycling of conventional
LIBs, especially considering that cell chemistry and design may
vary significantly from the liquid electrolyte and from one solid-
electrolyte material class to another and within each material
class itself. For instance, the liquid electrolyte in a conventional
LIB is typically not recovered and is washed away by solvents
(e.g., N-methyl-2-pyrrolidone) due to cost considerations (esti-
mated at $12-20 per kg material costs of LiPFs in organic
solvents, making up to 10-15% weight fraction of the LIB
cell).”® In contrast, the material costs of oxide-based solid
electrolytes (estimated to be $2000 per kg to $50 per kg
depending on the production scale)*® will likely necessitate
their recovery.'*® In addition, compared to traditional LIBs,
SSBs will potentially introduce new designs, components, and
elements, which are in part considered CRMs (e.g., Ta, La, Ge,
etc.) and Li, which is found in all three major components of
the SSB, namely the anode, electrolyte, and cathode, either in
its metallic or ionic form as a part of a ceramic component.
Moreover, SSBs do not only introduce a new component,
namely the solid electrolyte, but may also introduce a cathode
composite, where both the cathode active material and solid
electrolyte are intimately mixed, which complicates the
mechanical-separation process.

Oxide solid electrolytes can potentially pose less safety risks
(less harmful fumes, no hydrofluoric acid formation, no fluor-
ine, or phosphorus compounds) compared to liquid electro-
Iytes. They can also be handled under ambient conditions and
potentially have a positive economic effect on transport issues
to recycling facilities, which otherwise (i.e., in the case of liquid
electrolytes) require stringent testing and regulations asso-
ciated with road, air, and sea shipments considering the risk
of thermal runaway. However, the recycling of oxide-based SSBs
using either the pyrometallurgical or hydrometallurgical
method and the recovery of valuable metals such as La, Ta,
Ge, Ti, Zr, Sn, or rare-earth metals can present challenges due
to the difficulty in separating these metals from the smelted
alloy and/or slag and their potential for interference with the
solvent-extraction process, respectively, and require adjust-
ments of current recycling technologies.’*>'** For instance,
for the hydrometallurgy method, the traditional pretreatment
including mechanical handling and separation is the main
practical method currently used to separate and recover the
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black mass but may become challenging when introducing
oxide solid electrolytes to the system, considering both their
intimate contact with other components of the cell (cathode/
anode) and their brittleness and potential damage expected
during the shredding and crushing treatments. In that respect,
the pyrometallurgical method, which does not require a
mechanical-separation pretreatment, shows a substantial gain
towards recycling SSBs, which can be fed directly at the battery
packs and modules, but is also considered a high-energy
demanding technology with low recovery rates that produces
significant amounts of CO,."*° Moreover, as SSBs are not
flammable and thus do not contribute to exothermic reactions
and cannot supply a significant portion of the process energy, it
is less likely that such an approach will be cost effective.

The cathode in conventional LIBs makes up ~30-50% of
the total battery mass and ~50% of the total EV battery costs
and contains most of the critical metals of importance. Thus, it
comes as no surprise that the current recycling focus is on
recovering valuable metals from the cathode material, in parti-
cular Co, with significant irrecoverable losses of the anode,
electrolyte, copper, aluminum, and plastics. In principle, as in
the recycling of LIBs, the recovery of metallic components in
their different chemical forms from the cathode materials in
SSBs can be achieved via pyrometallurgical recycling (e.g, to
recover Co, Ni, Cu) and/or hydrometallurgical recycling (e.g:, to
recover Co, Ni, Mn, Cu). Some elements such as Al and graphite
cannot be recovered via pyrometallurgical recycling or their
recycling may become potentially economical in the future (e.g.,
Li, Mn, Si, graphite).® Even in the case of the hydrometallurgi-
cal recycling process, which has relatively low recovery rates, it
is still economically viable when focused on the recovery of
cathode materials containing Co (and to some extent Al) but
not so much for cathode materials containing Fe and Mn, such
as LFP and LMO, or any other elements, which are typically
cheaper to mine rather than recycle.'”*'*® The transition to
cobalt-free SSBs may offer economic and social advantages but
will require creating new business models and corresponding
recycling procedures that can demonstrate economically and
environmentally efficient recycling protocols of other materials
as much as possible and at a certain scale. For instance, the
disposal fee of low-value cathode chemistries (e.g., LFP) is
higher than that for NMC, which balances the overall expected
revenue from the disposal fee and from the recovered recycled
materials.">” Compared to pyrometallurgical recycling, hydro-
metallurgical recycling is a more expensive, less mature tech-
nology; however, it is associated with higher recovery rates
(>90%) of high-purity materials with lower energy costs and
CO, emissions and shows more flexibility in terms of recycling
different cathode chemistries.'*>**" Moreover, the hydrometal-
lurgical methods may enable oxide-based SSB recycling by
carefully controlling the leaching (e.g., counter anions, chela-
tion agents, extractants) and precipitation processes to recover
both cathode and solid-electrolyte precursor compounds.'*®
According to Schwich et al., through a multistep hydrometal-
lurgical process of LLZO and cathode composite black mass,
elements such as La, Zr, and Ta can be potentially recovered by
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using an aggressive leaching solution (e.g., strong acid) fol-
lowed by specific element precipitation steps at varied pH
values to allow for the extraction of the following metals (in
the order given): Ta, Cu, Zr, Al and Fe, La, Co-Ni-Mn, and
ultimately Li."** Nonetheless, the introduction of new oxide-
cathode composites, with intimate contact between the solid
electrolyte and cathode components, will impose new hurdles,
complicating the recycling process and requiring the develop-
ment of new recycling processes to selectively separate and
precipitate the solid electrolyte from the cathode components.
Moreover, the proposed approach requires experimental vali-
dation, and its economic viability has not been analyzed. It
should also be noted that strong acid-based leaching may have
high extraction efficiencies for diverse transition-metal oxides;
however, it also generates large amounts of waste solutions that
will require special handling, treatments, and disposal. In the
common hydrometallurgical process, organic acids have been
used to address toxic fumes and generate biodegradable waste;
however, their efficiency in extracting metals from LLZO and
composite cathodes is expected to be limited.'*®

An alternative recycling path, currently at the lab-scale level,
with economic and environmental advantages is the direct
recycling process,"*® where the cathode materials are recovered
and regenerated to the pristine stage while maintaining their
structural integrity (no chemical breakdown) by means of re-
lithiation and hydrothermal treatments; however, this
approach is in its infancy and requires further development,
especially to achieve economically viable recycling of oxide-
based SSBs.*'*° Once different SSB cell concepts and designs
(including hybrid designs) are considered with different oxide
components in the solid electrolyte and cathode composite
(e.g., LLZO as the solid electrolyte and LATP as the ionic
conductor in the cathode composite layer), new recycling
strategies must be developed. In a conventional LIB direct
recycling process, after the dismantling of the batteries, the
electrode active material (mainly the cathode powder) can be
extracted via simple solvent dissolution or thermal decomposi-
tion methods to remove the binder, carbon, salts, and other
additives. While for sulfide-based solid electrolytes, such dis-
solution approaches are feasible even with low-cost solvents
such as alcohols, this step can be challenging in an oxide-based
all SSB considering the co-sintering of the composite cathode
and the solid electrolyte, which is performed to ensure
chemical bonding but is expected to be a major hurdle towards
the mechanical-separation process, which will be difficult to
achieve. The follow-up step will involve the regeneration of
active battery materials and structural reordering via re-
lithiation. In addition, oxide-based solid electrolytes handled
under ambient conditions may suffer from degradation due to
Li'/H" exchange in the presence of H,0O and CO,, requiring
subsequent thermal treatment for structure and conductivity

recovery.'*®

1.6. Solid-state batteries: mass market or niche applications?

The global battery market size was estimated to be $104.31
billion in 2022 and is projected to reach $329.84 billion by
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2030."*° Although SSB market predictions should be consid-
ered with a degree of skepticism, according to the Grand View
Research Report, the global solid-state battery market is
expected to reach $87.5 billion by 2027'°° with the global
thin-film battery market, projected to grow tremendously in
the future (with a compound annual growth rate (CAGR) of
35.52% between 2020 and 2027), estimated to reach $5.2 billion
by 2027.**" The latter is attributed to the growing need for
miniaturization of electronic devices and wearable devices,
wireless internet of things (IoT) sensors, and implantables.
SSBs can be classified into two main categories based on the
scale of the electrolyte and electrode dimensions, namely the
footprint area and volume: (i) bulk-type full-battery cells with
tens of micrometers in thickness and a footprint of 20-
9000 mm® and (ii) thin-film battery unit cells with a total
thickness of hundreds of nanometers and a footprint of 1-
10 mm® (a few to tens of mm?® footprint area of substrate)
(Fig. 3)."* The architecture and processing of a SSB are thereby
determined by the tradeoffs between the desired energy den-
sity, power density, dimensions, and price, all tailored to the
given application. For instance, for EV applications (~350-500
Wh kg™ ! and 600-1150 Wh L™ ") and battery-pack costs of <100
USS$ per kWh, bulk-type SSB cell components roughly require a
composite cathode with a thickness of <200 um, a <20-um-
thick electrolyte, and an anode with a thickness of tens of
micrometers (Fig. 3) to offer a competitive alternative to LIBs
with improved energy densities and safety and faster charging.
In fact, SSBs based on Li metal and polymer electrolytes have
already seen commercial use in electric buses and stationary
applications developed by BlueSolutions'®® and are being
developed at the material, component, and cell/pack-
manufacturing levels in large public companies, startups, and
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private companies. Private companies include but are not
limited to companies such as IONIC Materials (Li/graphite,
polymer SE), ProLogium (Li/graphite/Si, oxide ceramic SE),
SolidPower (Li/Si, sulfide ceramic SE), ilika (Si, oxide ceramic
SE), and QuantumScape (anode-free, ceramic SE, gel catholyte),
with partnerships and investments from Hyundai, Mitsubishi,
Renault, A123, Mercedes-Benz, BMW, Ford, Samsung,
Honda, Jaguar, Land Rover, and Volkswagen.'>* In contrast,
for various compact low-power applications that require small,
lightweight, and autonomous energy sources (e.g., medical
implants, wearable and hearable smart electronics, and wire-
less IoT devices), rechargeable thin-film batteries with
improved safety and shape flexibility, high ionic conductivities
(>1077 S m™ "), mechanical integrity, and extended battery life
are needed. Thin-film batteries based on traditional liquid-
based LIB technologies typically have a limiting coin-cell shape
and are not suitable for on-chip applications due to size and
leakage constraints. Thin-film batteries based on lithium-poly-
mer chemistries offer more shape flexibility but suffer from
poor volumetric energy density. Finally, solid-state thin-film
batteries offer scope for miniaturization and flexibility towards
diverse on-chip integration via layer-on-layer stacked or inter-
digitated architectures on a substrate (Fig. 3). One of the most
extensively studied thin-film Li-based solid electrolytes is
lithium phosphorus oxynitride glass, LiPON, discovered 30
years ago by Bates and co-workers at Oak Ridge National
Laboratory.”>> ™7 Since that time, LiPON, deposited mainly
through sputtering, has gained tremendous success as the first
and only commercialized thin-film solid-state electrolyte for
thin-film battery applications.'”®'*® The widespread use of
LiPON in thin-film solid-state batteries has been enabled by
the demonstration of its outstanding long-term cyclability
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Fig. 3 Major requirement differences between bulk and micro solid-state batteries, in terms of thickness [uml, footprint area [mm?], energy density

[Wh kg™ and Wh L™ and power consumption [W] in major applications.
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(>10" cycles) and stability towards a metallic lithium anode
when paired with the high-voltage LiNi,sMn, 0, cathode,
despite the low volumetric energy density, a common challenge
for all thin-film solid-state batteries.”” Extensive efforts are
being placed on the practical processing of (favorably) an
anode-free thin-film battery configuration, where the lithium-
metal anode is formed upon the first charge of the thin-film
battery. Solid-state thin-film batteries based on LiPON as the
solid electrolyte can potentially be incorporated in the billions
of miniaturized electronic devices and sensors manufactured
every year. For solid-state thin-film batteries (as well as bulk-
type SSBs), the most important energy-density metric is the
volumetric energy density (Wh L"), followed by fast charging
and long cycle life. Thus, the search for a solid-state thin-film
battery chemistry and design with outstanding energy storage
per unit volume remains ongoing.

Throughout Section 1, critical questions were raised to help
form guidelines towards the development of oxide-based SSBs,
mainly for large-scale production and EV applications. Moti-
vated by the realization and importance of the cost-effective
processability and subsequent cell design and overall perfor-
mance of Li oxides, we shift gears and take a deep dive into
discussing the different processing approaches and their
associated solid-electrolyte thickness ranges. Approaches to
processing  solid-state electrolytes using three major
ceramic fabrication methods are discussed in Sections 2, 3,
and 4 (Fig. 4): solid-state processing, wet-chemical solution
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processing, and vapor deposition technologies, respectively.
These sections are not intended to present an exhaustive review
of the processing conditions of each material, but to put into
perspective the effects of the different deposition parameters in
Li-ion thin- and thick-film conductors using examples from the
literature. For example, we include quantitative comparisons of
processing methods, achievable conductivities, film thick-
nesses, processing temperatures, and interfacial resistances
for key oxide electrolytes (LLZO, LLTO, LATP, LAGP, and
LiPON) in Tables S1-S4 (ESIt). Additionally, we provide general
processing guidelines (Sections 2-4) and metrics (Section 5)
that can serve as a starting processing guide of solid-state
electrolyte films and conclude this section by highlighting the
most needed and promising research directions. The
rational solid-state battery architecture and design as well as
scalable fabrication and processing are critical for the future
implementation of SSBs, either bulk-type or thin-film batteries,
and differ considerably depending on the electrochemical
requirements. Also, many of the processing ceramic guidelines
of the Li-oxide based components can directly be imple-
mented for hybrid battery designs as well. In Section 6, we
discuss different possible architectures of Li-metal-oxide-
based SSBs that stem from all the considerations raised in
the previous sections. Future perspectives and guidelines
are offered towards the most promising oxide materials,
cell designs, processing routes, and holistic sustainable
approaches.
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Fig. 4 A pedagogical approach to processing solid-state electrolytes using three major ceramic fabrication methods: solid-state processing, wet-

chemical solution processing, and vapor deposition technologies.
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2. Conventional solid-state processing
of oxide-based electrolytes

The most widely used method to prepare polycrystalline solid-
oxide electrolytes is solid-state processing, where a mixture of
solid starting materials react to produce a new Li-metal oxide
phase. This process involves the decomposition of the solid
precursors and chemical reactions between intermediate solids
via diffusion as well as possible species reactions with the
atmosphere. This simple and direct method, to transform solid
reactants into a final product, produces a large volume of
powder electrolytes and can be used to prepare a wide variety
of ceramic compounds.'®*'®" Solid-state processing is espe-
cially advantageous for complex ceramic production, as it
allows for precise control over both stoichiometry and phase
composition. There are also fewer restrictions on precursor
selection for the solid-state method compared to the sol-gel
route, where the solubility and precipitation rates must be
controlled (refer to Section 3)."°*'®® Carbonates, hydroxides,
nitrates, sulfates, acetates, oxalates, alkoxides, and other metal
salts can all be used to produce simple or complex oxide
electrolyte powders.'®* The high processing temperatures dur-
ing the solid-state synthesis decompose most anionic groups,
causing the byproducts to evolve into the gas phase. The
process minimizes residual organics, resulting in high-purity
powder products. In addition, solid-state processing does not
require a high-vacuum atmosphere to achieve a uniform micro-
structure, which is beneficial for practical applications. The
oxidation states of the metal ions can also be controlled based
on the atmosphere and reactant selection, which aids in fine-
tuning of complex transition-metal oxides."®®> Because of these
advantages, solid-state reactions have been widely applied in
developing multi-element Li-oxide electrolyte materials, includ-
ing perovskite LLTO,'®® garnet LLZO'® and NASICON-type
LATP,'®® and crystalline LiPON'®® powders and pellets. How-
ever, solid-state processing also has several limitations, includ-
ing the sluggish reaction and diffusion rates, loss of reactants
at high temperature, and difficulty of particle-size control.
The reaction may proceed very slowly; therefore, controlling
the reaction temperature and/or mixing quality can affect the
processing duration and final-product quality."” Because solid-
state reactions occur by nature in the solid phase, high tem-
peratures are generally required to initiate solid state diffusion
and overcome the activation energy for decomposition.'®*
Based on the Vogel-Tammann-Fulcher (VIF) equation, which
provides the Arrhenius relaxation process of material-transport
properties (i.e., viscosity),'”! the relation between the melting
point (Ty,) and the glass-transition temperature (T,) is repre-
sented by the “T,/T,, = 2/3 rule”.'’? As a consequence, the
reaction temperature is typically maintained at 1/2 to 2/3 of the
lowest melting point of the reactants to obtain the desired
electrolyte phase and density.””®> The high temperatures
required for the solid-state processing routes make them less
cost-effective’’* unless producing materials on a large, indus-
trial scale. In addition, the starting materials should have large
surface areas (small particles) to maximize contact of reactants
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and achieve a homogeneous product. Therefore, additional
processing steps including thorough grinding and mixing are
always necessary to reduce the particle size and realize a well-
dispersed mixture of reactants,’®® which also increase the
processing complexity and costs. Specific to Li-oxide based
ceramics is the fact that increasing the temperature would
induce the formidable disadvantage of Li evaporation (boiling
point of Li: 1330 °C, refer to Section 2.3), resulting in the
production of a non-uniform or undesired phase or
microstructure.

In the following, this section will review the details of the
conventional solid-state processing steps specific for Li-oxide
solid electrolytes. The two major sample forms such as pellet-
type and tape electrolytes are discussed, as well as the proces-
sing characteristics and respective processing steps. Advanced
processing techniques that aim to overcome the aforemen-
tioned limitations of conventional solid-state processing are
also introduced.

2.1. Processing guidelines of solid-electrolyte pellets

Solid-state processing generally produces dense and thick
pellet-type electrolytes (300 pm-1 mm in thickness) from the
solid-state diffusion reactions of powders. For the practical
application of solid-state electrolytes, with the aim of replacing
liquid electrolyte-polymer separator systems (~20 pum), bulk
pellets, given their dimensions, are less advantageous because
of the reduction in volumetric and gravimetric energy density.
However, pellet electrolytes can serve as a good model system to
develop and optimize electrolyte materials in terms of their
chemistry, targeted phases and processing protocols. In gen-
eral, pellet preparation consists of two distinct processing steps
(Fig. 5a): (i) powder synthesis (calcination) and (ii) pellet
densification (sintering). The former includes the removal of
unnecessary compounds and the desired phase formation as a
Li oxide in powder form, and the latter involves densification
and grain growth of the green body to achieve high relative
density.

(i) Powder synthesis: the solid-state reaction route for pow-
der synthesis includes one or multiple mechanical mixing/
grinding/packing and high-temperature calcination steps.'”>
Grinding and packing before calcination can maximize the
contact area between the precursor particles to achieve rapid
reaction rates. High-temperature calcination helps solid-solid
reactions proceed at an appreciable rate."”> Optimum calcina-
tion temperatures are often determined using a combination of
thermogravimetric and calorimetric techniques to determine
when precursors have reacted off. For undoped LLZO, the
initial phase of the Li-garnet structure forms at 800 °C once
the Li precursor decomposes and impurity phases such as
La,0; or La,Zr,0 are detected (Fig. 5b). At higher temperature,
cubic LLZO becomes the dominant phase from 950 °C to
1150 °C, as the thermal energy accelerates the conversion
reaction and phase transition.'”® During the passive cooling
process, the cubic-to-tetragonal transition (tetragonal distor-
tion) often occurs near 650 °C."7° The ionic conductivity of
tetragonal LLZO is 4-5 orders lower than that of cubic LLZO;

This journal is © The Royal Society of Chemistry 2025
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fast and effective pellet densification.

the unfavorable phase change is often prevented by aliovalent
dopants such as Ta, Al, and Ga.'”” Similarly, the LLTO electro-
lyte starts to form above the precursor decomposition tempera-
ture of 750 °C'7® and crystallizes in its perovskite structure at
approximately 950 °C, forming the tetragonal phase (Fig. 5b)."”°
Cubic perovskite LLTO can only be obtained under limited

This journal is © The Royal Society of Chemistry 2025

conditions with controlled Li stoichiometry*®® or through rapid

quenching;'®" however, both tetragonal and cubic phase LLTO
showed comparable ionic conductivity, in contrast to LLZO.'®
LATP synthesis generally requires lower calcination tempera-
ture (~700 °C) than the synthesis of Li-garnet or Li-perovskite
oxides (Fig. 5b). The Li-precursor decomposition occurs near
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500 °C; however, to avoid impurity phases such as titanates
(TiO,) of anatase or rutile phase, or titanium phosphate
(TiP,0;), a heating temperature above 700 °C is required for
LATP."®® As such, the powder calcination process requires a
high enough temperature above the decomposition/reaction
temperature of the precursors to attain the desired electrolyte
composition. Physical grinding should be repeated in between
powder calcination not only to regularly mix the raw materials
but also to obtain a smaller particle size and favorable phase of
electrolyte powders. Conventional solid-state reaction produces
powder particle sizes in the sub-micron to tens of micrometer
range after the calcination as the high-temperature process
promotes the particle size growth of Li ceramic oxides.'®*'8
Barai et al. observed that the LLZO particle size can increase by
10 fold during the powder calcination process at 900 °C.'%® As
the precursor decomposition and solid-solid reactions are
kinetically limited, decreasing the particle size is essential to
enable fast and homogeneous powder calcination.'®* In addi-
tion, the size distribution of the oxide ceramic particles later
affects the sintering ability and the final microstructure,'8”'88
For these reasons, particles with average sizes in the nanoscale
range are targeted using planetary ball-milling (500-900 nm
example of LLZO) or high-energy ball-milling (200-400 nm
example of LLZO)."®® For example, Lee et al. demonstrated that
increasing the rotation speed of ball-milling can decrease the
LLZO particle size to 668 nm on average,'”® and Wood et al.
showed that the combination of an aprotic solvent and surfac-
tants can further reduce the particle size to 220 nm.""

(ii) Pellet densification: after calcination of the powder, a
green body is prepared by cold-pressing the powder to a
compact, and densification is achieved by firing the sample
at higher temperature. The optimum sintering temperature is
generally around 2/3 of the materials’ melting temperature,®*
frequently extended to Li ceramic oxides. By slowly increasing
the temperature, the densification, which is the increase in the
density of a material, can proceed along the following stages of
the sintering process: neck growth (relative density ~65%),
pore redistribution (~90%), and pore shrinkage (~98%) steps
(Fig. 5¢)."*? For solid-state battery (SSB) applications, the cera-
mic electrolyte should ideally achieve around 95% of its theo-
retical density.">® During the heating stage, densification and
grain growth processes occur simultaneously and compete with
each other. Excessively high temperatures often lead to the
formation of large grains.'**'®> As the densification rate gen-
erally decreases with increasing grain size (ie., the scaling
laws),"*® it leads to a reduction in relative density and mechan-
ical strength. Conversely, at too low sintering temperatures,
limited neck growth results in insufficient contact at
grain boundaries,"®” lowering the final pellet density as well.
Therefore, the sintering process should be carefully tuned to
selectively enhance the densifying mechanisms. The thermo-
dynamic driving force for sintering is the reduction of excessive
surface energy, which occurs as interfaces decrease, which
coincides with the straightening of the grain boundaries over
sintering time. Overall, the kinetics of the process is often
governed by material transport through the grain boundary
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and volume diffusion. Therefore, processing parameters such
as temperature, particle size, composition, and atmosphere can
directly affect the thermodynamics and kinetics of the densifi-
cation process.'® The sintering of LLZO typically requires a
sintering temperature of 1050-1230 °C and a duration of 5-36 h to
achieve a high relative density (>95%) (Table S1, ESIT)."**2% A
smaller particle size helps to promote the close contact of powders
and the material transport from inner grains to pores.”’* However,
at the same time, too small a particle size may reduce the green-
body density and cause poor neck growth during the initial stage
of densification.”®> Cheng and co-workers compared the particle
size effect on pellet densification, suggesting that reducing the
average particle size from 10 to 1 pm can result in high relative
densities of up to 94% at lowered sintering temperature (1100 °C
for LLZO).>* Instead of using a standard sintering strategy at a
single temperature, a two-step sintering process can be beneficial
for producing highly dense electrolytes with small grain sizes.***
This approach involves a short high-temperature sintering phase
followed by an extended low-temperature phase, which promotes
initial neck growth while suppressing excessive grain growth to
maximize densification. The refined grain structure resulting
from this method can minimize lithium-ion blocking at grain
boundaries, thus enhancing the total ionic conductivity. By utiliz-
ing the two-step process—sintering at 1250 °C for 10 min,
followed by 1150 °C for 5 h— Huang and colleagues achieved a
high relative density of 98% in Ta-doped LLZO.>** This high
density, coupled with fine grains, reduced intergranular voids
and improved the percolation pathways for lithium transport,
leading to improved electrochemical performance.

The selection of dopant species is also important to achieve
higher density and better microstructure of the ceramic Li-
oxide based pellet. In ceramic science, it is generally accepted
that extrinsic doping with solid solutes reduces the average
grain size, as solute drag effects counteract the active grain
growth during densification.'®**°® Guo and co-workers found
that the grain size of Y-doped LLZO decreases with increasing Y
doping ratios, while pore removal occurs more rapidly.”°® This
observation supports the competing effects of densification
and coarsening during the later stages of sintering, highlight-
ing the role of dopants in regulating excessive grain growth.
Smaller and more uniform grains, facilitated by dopants, are
beneficial for suppressing interfacial resistance at grain bound-
aries, thus improving the overall ionic conductivity. However,
dopants do not always influence the sintering process uni-
formly. For instance, gallium (Ga)-doped LLZO severely suffers
from abnormal grain growth (AGG) and low resulting density,
whereas Ta doping enables uniform distribution of the grain
size and high relative density.>®” This disparity arises because
excess Ga ions segregate at the grain boundaries and form a
LiGaO, secondary phase.>*® While this particular phase acts as
a sintering aid, its localized presence enhances the abnormal
growth of specific grains rather than promoting uniformity in
pellets."®* Such nonuniform microstructures can introduce
local transport bottlenecks, impeding ion mobility and redu-
cing reproducibility in electrochemical performance. Another
simple approach to affect the density is through the use of pure
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0, as the processing atmosphere.”*® Li and coworkers prepared
Ta-doped LLZO in an O, atmosphere, obtaining a 96% packing
density of the LLZO pellets.>'® Flowing O, contributed to the
grain boundary-to-pore mass transport and enhanced the den-
sification mechanisms.'®® Increased densification under con-
trolled atmospheres minimizes intergranular porosity, which in
turn reduces the tortuosity of Li-ion pathways. Compared with
LLZO, there have been limited systematic studies on the
sintering behavior of Li-perovskite LLTO or NASICON-type
LATP; however, similar trends were observed based on the
common material characteristics. The sintering of LLTO is
generally performed at 1100-1350 °C for 2-24 h (Table S1,
ESIt).2'"?'> Above 1200 °C, the relative density generally
exceeds 95% and further sintering is dominated by grain
growth.>'> Some studies have reported the maximum relative
density at the intermediate temperature of 1200 °C;*"? the bell-
shape dependence might originate from the faster coarsening
step at higher temperatures. Similarly, LATP requires conven-
tional sintering in the temperature range of 800-1100 °C (Table
S1, ESIY). The relative density of 80% at 760 °C can increase up
to 92-95% at higher temperatures of 780-840 °C; however, the
sample contains secondary phases as reaction
intermediates.”™ In comparison, the use of a higher tempera-
ture of 1080 °C can produce a phase-pure electrolyte pellet but
with slightly lower relative density (89.9%), possibly due to the
rapid grain growth.””® These examples highlight the impor-
tance of balancing densification and grain growth to optimize
both structural integrity and electrochemical functionality in
solid electrolyte systems.

Overall, a highly dense pellet achieved from the sintering
step enhances various electrical, chemical, and mechanical
properties of the electrolyte. Multidimensional defects, such
as pores and grain boundaries, are often considered as the
major bottleneck for Li* ion transport>'®*'” and electrochemi-
cal stability,”**'® due to the low ionic conductivity and high
electronic conductivity at such interfaces.>'>**° Therefore, the
pellet density directly affects the charge transport properties of
the final electrolyte products.*”' For instance, increasing the
relative density from 85% to 98% leads to a two order of
magnitude increase in the total ionic conductivity of the cubic
LLZO electrolyte from 9.4 x 107 ° to 3.4 x 10°* S em '.>*?
Similarly, the grain-boundary ionic conductivity of LLTO
improves by over 3 times upon increasing the sintering tem-
perature (1.5 x 107> S cm™ " at 1200 °C to 5 x 107> S cm™ " at
1350 °C) based on the close contact of the boundaries.'?
Increased density not only facilitates ion transport but also
strengthens the interfacial connectivity between grains, mini-
mizing resistive bottlenecks across the bulk electrolyte. Increas-
ing the pellet density is beneficial for improving the chemical
stability of electrolyte pellets. The reactions between a Li-oxide
electrolyte and H,0/CO, preferentially occur at grain bound-
aries and pore surfaces;*** therefore, highly dense pellets
(~96% density) showed better air stability with the high
conductivity (3.06 x 107* S cm™') maintained even after 3
months of air exposure (initially 4.48 x 10~* S ecm ').**
Microstructural compactness also plays a crucial role in

few
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suppressing the reactions at surfaces and interfaces, which
are otherwise vulnerable to degradation during storage and
cycling. Microstructural features and interfaces, including
grain boundaries and pore characteristics, also influence the
short-circuiting of Li oxide electrolytes, as such interfaces can
act as nucleation sites”'® and percolation pathways**® for Li
metal penetration. To address this issue, Wang and colleagues
demonstrated that increasing the sintering temperature of
LLZO from 1120 °C to 1180 °C improved the relative density
of the pellet from 87.5% to 93.9%, subsequently enhancing the
critical current density from below 0.1 mA cm > to 0.5 mA
ecm >.%*° These results underscore the relationship between
mechanical integrity and electrochemical robustness, as higher
density reduces the possibility of filament growth and cell
failure. Finally, high-density samples often ensure improved
mechanical properties, including the elastic modulus, hard-
ness, and fracture toughness. For example, the elastic modulus
of LATP-pellet electrolytes exhibited well-matched proportion-
ality to the sintering temperature (118 GPa at 950 °C and 127
GPa at 1100 °C sintering), as the pore reduction has a beneficial
role on the physical contact of grains.**” The Vickers hardness
or fracture toughness can also be improved by optimizing the
sintering process of LATP or LLZO,**”**® both empowered by
the facile densification.

While the engineering of pellet-type Li-oxide electrolytes has
relied on solid-state processing techniques, the conventional
approaches still have limitations in terms of achieving a small
sample thickness of the electrolyte ceramic that can be realis-
tically polished down to, at the thinnest, hundreds of
micrometers.>*® Therefore, pellet-type samples are primarily
suitable for model studies to test various characteristics of Li-
oxide electrolytes,>*° but not ideal for practical applications in
current battery systems. To bridge this gap, the following
strategies for tape fabrication are designed to employ the
merits of solid-state processing for powder preparation, while
optimizing further parameters to produce electrolytes with a
reduced thickness range. To bridge this gap between model
systems and realistic battery form factors, the following strate-
gies for thick-film fabrication are designed to retain the com-
positional and microstructural advantages of solid-state
synthesis while enabling scalable electrolyte architectures with
reduced thickness.

2.2. Thick-film fabrication: tape casting and aerosol
deposition techniques towards low-resistance solid electrolytes

In the previous section, pellet-type Li-oxide electrolytes
were mentioned as showing promising ionic conductivity
(~107* S em™ ) at room temperature. However, the thickness
(~1 mm) of the electrolyte pellets exceeds the market require-
ment for high-energy applications. Electrolyte sheet thick-
nesses of <28 pum for LLZO and LLTO, and <65 pum for
LATP are necessary to achieve an energy density of 300 Wh
kg ! for Li/LCO cells. Likewise, thicknesses of <4 um for LLZO
and LLTO, and <21 um for LATP are needed to realize an
energy density of 400 Wh kg™ ' for Li/NCM811 batteries
(Fig. 2b). Because pellet-type electrolytes have definite
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limitations in terms of thickness reduction, different proces-
sing routes must be considered to design thinner electrolyte
sheets either by tape casting or by aerosol deposition technol-
ogies (Fig. 4).

Tape casting has been widely used in the manufacturing of
electrolyte sheets and has a long history in ceramic processing
science for a variety of functional ceramic products. In solid-
oxide fuel cells, anode-supported electrolyte multilayer cells
have been successfully prepared using the tape-casting and
sintering process.**"*** The process involves the following
steps: (i) slurry preparation, (ii) slurry coating, and (iii) drying
and sintering. In the slurry-preparation step, as-synthesized
electrolyte powders are dispersed with solvents and binder
materials to form electrolyte slurry. The electrolyte slurry con-
tains various ingredients, including solvents, binders, surfac-
tants and additives. In slurry coating, the slurry mixture is
coated on a carrier substrate or film (e.g., Mylar (polyethylene
terephthalate (PET)) film) using casting tools such as a doctor
blade or rod coater. The tape thickness can be controlled by
adjusting the blade casting thickness and/or slurry viscosity.>*?
In drying and sintering, the coated tape (also called ‘“‘green
tape”) is dried and sintered at high temperature to obtain a
free-standing electrolyte ceramic separator.>** The tape quality
is affected by the materials (solvent, dispersant, binder, plasti-
cizer, and substrate) and engineering parameters for electrolyte
materials during tape casting (namely, particle size, electrolyte
composition, slurry solid content, slurry viscosity, substrate
wetting, and tape pressing).>*®> Laine and coworkers used 90-
nm-grain sized LLZO nanoparticles and prepared slurry, which
was tape-cast on a Mylar (PET) substrate and peeled off to
produce a free-standing membrane tape.*'* Nonetheless, a
green tape with low thickness presents challenges for obtaining
a favorable microstructure and high ionic conductivity, given
that the tape has a much higher surface to volume ratio,
leading to faster Li evaporation.?*® This elevated Li volatility
can disrupt local stoichiometry during sintering, promoting the
formation of secondary phases or excessive grain boundary
defects that hinder Li-ion percolation pathways and ultimately
reduce conductivity. To mitigate the problems caused by Li
loss, excess Li (7.5-10 wt%) should be added to the initial slurry
powder. The sintering temperature and duration should be also
reduced compared with those used in the pellet preparation
process. Based on this knowledge, LLZO sheets with a thickness
of <30 pm and a theoretical density of 94% were successfully
fabricated using tape-casting and sintering at 1090 °C for 1 h,
achieving a high ionic conductivity of 2.0 x 10™* S cm ™' (Table
S1, ESI1).2%¢ In later studies, smaller initial particle sizes and
higher sintering temperature enabled the processing duration
to be further decreased below 1 h (1130 °C, 0.3 h) to obtain a
LLZO sheet with low thickness (25 pm) and high bulk ionic
conductivity (1.3 x 107> § em ™ ).>** A similar route has been
demonstrated for LLTO tape preparation. The thickness of
the LLTO sheet electrolyte was successfully reduced to 25 um
with slurry casting of 3100 mPa s viscous slurry, followed by
pressing at 100 °C and sintering at 1260 °C. The high density of
the sheet enabled clear transparency, high ionic conductivity
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(20 x 107> S ecm™'), and superior mechanical property
(208 MPa) (Table S1, ESI{).'®® Recently, a few noticeable
advances have been made to produce the 3D-structured multi-
layer tape of LLZO. The Wachsman and Hu team successfully
prepared a tri-layer (porous-dense-porous) structure of LLZO
electrolytes by employing a sacrificial pore former (poly(methyl
methacrylate (PMMA) beads).'”" The slurry containing the
porogen particles was coated on both sides of the dense LLZO
electrolyte tape, generating a porosity of 70% to build the 3D
scaffold for electrode materials.>*” The structure allowed the
electrolyte thickness to be reduced to less than 20 pm with a
reasonable conductivity (2.2 x 10°* S em™")**” and helped to
form close physical contact between the electrode materials,
decreasing the interface resistance to ~7 Q cm”'® This
suggests that the extended surface area of porous LLZO can
facilitate both ionic transport within the electrolyte and charge
transfer at the electrolyte/Li interfaces, thus optimizing anode
symmetrical cell performance.

Another unique approach for prepare thin oxide electrolyte
is the powder aerosol deposition. The powder aerosol deposi-
tion is a powder-based processing method to prepare ceramic
films using fine particles at relatively low deposition rates
(~10 mm?® min~").>**>*° In this process, micron-sized ceramic
particles are mixed with a carrier gas, accelerated to a speed of
several hundred meters per second by gas flow, and sprayed
into the deposition chamber. The technique enables a wide
range of thicknesses between 1 and 100 um for substrate-
supported ceramic films (Fig. 4). In addition, the particles in
an aerosol flow deposit with high kinetic energy, forming a
dense film even without post-heat treatment.”*! Based on the
motivation, Ahn and coworkers successfully fabricated a 20 pum
thick LLZO film by aerosol deposition.>*° However, without an
annealing process, the achievable ionic conductivity was too
low, 1.0 x 107® S em ™" (at 140 °C), because of the small grain
size of the electrolyte particles and their high reactivity with
moisture.>*® A similar trend was observed in Ta-doped LLZO
films, which exhibited a conductivity of 2.0 x 1077 S cm™ " at
room temperature. Thus, the deposited film prepared using the
aerosol technique was treated at 600 °C, and the annealing led
to a strong recovery of the conductivity up to 7.0 x 107> Scem ™"
as thermal treatment promoted crystallization and reduced
boundary resistance by grain growth.>*® Using the same tech-
nique, a LLTO film electrolyte with a thickness of 10-20 um was
fabricated as well by sintering at 1200 °C; however, a total ionic
conductivity of only 6.38 x 10”7 S cm " was achieved.***

Despite engineering advancements, the understanding of
the optimum tape production process remains limited, with no
standardized procedures established. In addition, due to a high
surface-to-volume ratio, the surface chemistry changes or sur-
face impurities such as Li,CO; would later affect negatively the
electrical, chemical, and mechanical properties of the final
electrolytes. Given that tape fabrication techniques for Li-
oxide electrolytes are at a relatively early stage of development
compared to pellet processing, further detailed characteriza-
tion and testing of the tapes are recommended. As there is a
clear limitation of pellet-type samples for market applications,
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more research attention should be focused on developing the
tape fabrication process. However, considering the low deposi-
tion rate and high price tag of current tape production techni-
ques, they are less likely to be used for mass production of solid
electrolytes, but perhaps in the short-run more suited for thin
cathode coating layers.

2.3. Towards phase-pure Li-oxide electrolytes: controlling Li
stoichiometry in sintering

To obtain electrolytes with higher Li* conductivity and the
desired phase and microstructure, many studies have been
conducted to adjust the precursors, dopants,>*® Li
content,”** %’ and other processing metrics (such as the sinter-
ing temperature, pressure, or atmosphere)***—each of which
directly influences grain growth, phase stability, and defect
concentrations that govern Li-ion transport. Despite the trials,
the mass loss due to Li evaporation during pellet sintering is
still inevitable due to the high temperature (~1050-1250 °C)
and long duration (~8-36 h) of the sintering process required
to promote the transition to favorable phases and a dense
microstructure.”*®?*° For example, a sintering temperature
above 1100 °C is typically adopted to prepare the LLZO electro-
lyte because the transition to the high Li" conducting cubic
phase (compared to the low Li" conducting tetragonal phase)
completes at 1130-1150 °C without doping (Fig. 5b).">> Simi-
larly, LLTO perovskites reach the complete conversion above a
final sintering temperature of 1350 °C to remove the inter-
mediate reaction species (i.e., LiTiO,),*'* enabling a grain bulk
Li* conductivity of ~107* S em™"'."****° However, increasing
the sintering temperature and duration will generally trigger Li
evaporation while processing the solid electrolytes; also it leads
to grain growth affecting the microstructure and electrochem-
istry severly.>®" In LLTO electrolytes, the relative sintered den-
sity increased from ~75% to 99% upon increasing the
sintering temperature from 1100 °C to 1250 °C and above.
Grain growth becomes prominent at higher temperatures,
where the average grain size remained at 1 pm at 1200 °C
and below and sharply increased to 5 pm at 1350 °C. In
contrast, the amount of Li loss followed the opposite trend of
negligible Li loss (1100 °C) to 23% loss (1350 °C). This high-
lights a critical processing trade-off, where moderate sintering
at 1200 °C balances densification and phase formation while
limiting Li loss and excessive grain growth, enabling optimal
percolation paths for Li-ion transport. As a result, the sintered
LLTO pellet at an intermediate temperature of 1200 °C exhib-
ited the highest grain conductivity of 1.2 x 107> § cm™*.>'* A
similar trend was also observed for LLZO electrolytes; at
temperatures above 1250 °C, the formation of the Li-deficient
La,Zr,0, phase becomes significant due to severe Li evapora-
tion, which destabilizes the cubic garnet framework and leads
to a parasitic pyrochlore-type phase that exhibits negligible Li-
ion conductivity.>*?

Two engineering approaches have been adopted to mitigate
the problem of Li loss during the synthesis. One typical
solution is to cover the green pellet with its mother powder,
which has the same composition as the green body. The mother

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review Article

powder acts as a sacrificial component to protect the green
pellet to form the desired phase, readily supply Li around the
grains, and sometimes protect the cation redox states during
sintering. The mass amount of the mother powder usually
reaches a 1:1 ratio with the sample, and the powder cannot be
reused.”> Therefore, the extra use of electrolyte powders con-
taining rare-earth elements (La in LLZO and LLTO) results in
high processing costs.>****> Recently, low-cost Li-containing
compounds have been selected to replace the expensive elec-
trolyte mother powder. For example, Li,CO; separated from the
sample can provide a Li,O atmosphere above 730 °C, compen-
sating for Li loss during the sintering step.?” In addition, the
(Li»0)0.733~(Zr05)0.26; mother bed powder, when used instead
of the mother LLZO bed powder, supported the pellet densifi-
cation process, achieving a relative density of 95% with a
conductivity of 5.7 x 10°* S em '.?*® However, this method
does not allow for precise control of Li evaporation, and hence
the sample quality may vary significantly across different
batches. The second engineering approach to mitigate the Li
loss is to sinter solid electrolytes using fast sintering techniques
(detailed in Section 2.4), where the loss of Li can be effectively
suppressed due to the extremely short thermal exposure times
(seconds to minutes), which reduce both evaporation and grain
growth.

2.4. Improving ionic conductivity through advanced
densification strategies

Recent reports suggest that intrinsic/extrinsic defect features
(including pores, cracks, dislocations, and grain/phase bound-
aries) can contribute to undesirable resistance in polycrystal-
line solid-oxide electrolytes. Increasing the relative density of
the solid electrolytes and minimizing microstructural defects
have been pursued to minimize the interfacial and grain-
boundary resistances of solid electrolytes.>®” For instance, the
grain conductivity of LLTO is ~107* S cm ™' at room tempera-
ture; however, its grain-boundary conductivity is less than 107
S em™’, reducing the total conductivity of LLTO electrolytes by
2-3 orders of magnitude.””” To overcome the limitation of
conventional solid-state synthesis and cold-press-based con-
ventional sintering, two additional key approaches to further
enhance the solid-electrolyte pellet density have been intro-
duced: (i) advanced sintering tools and (ii) sintering additives.

(i) Advanced sintering tools: hot pressing,>*®**° field-
assisted sintering technique (FAST),>**>®! spark plasma sinter-
ing (SPS),?¢*2%° ultrafast high temperature sintering (UHS),>**
and plasma activated sintering (PAS)*® techniques enable fast
and effective pellet densification through sealing of the electro-
Iyte powder in a closed chamber, compression by a high
pressure, and heating simultaneously to repress the mass loss
(Fig. 5¢). Hot pressing is conducted by loading the electrolyte
powder into a graphite die and then heating and pressing at the
same time. The resulting product is removed from the press
and heated again to eliminate residual graphite on the surface
and thus unwanted electronic conductivity.>*® Hot pressing
with a uniaxial pressure (62 MPa, 1100 °C) enabled Al-doped
LLZO to achieve an extremely high theoretical packing density
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of 99%, with only a few impurities (less than 1 wt% La,Zr,0-).
The low impurity ratio also substantiates that the hot-pressing
process is effective not only for pellet densification but also to
prevent Li loss during sintering. The high pellet density low-
ered the contribution of the grain-boundary resistance to below
8% of the total resistance, consequently realizing a total ionic
conductivity of 3.7 x 10™* S cm ™" at room temperature.”*® SPS
employs a pulsed DC current directly passing through the
graphite dies to generate spark and plasma between electrolyte
particles under loading uniaxial pressure.>®” This technique
allows rapid densification of ceramic pellets as Joule heating
results in a fast heating rate (up to 600 °C min~ '), which is an
order-of-magnitude faster than that of conventional sintering.
For LATP electrolytes, SPS can be applied to densify the pellet
using a pulsed current of 700-800 A under a pressure of ~30 MPa,
which corresponds to a high heating rate of 100 °C min™".
The temperature was maintained at 1100 °C for 10 min.
Compared with the conventional sintering process (1000 °C,
2 h), SPS enhanced the relative density of the LATP pellet up to
97% (conventional sintering: ~ 85%).2°® Similarly, a high den-
sity of 99.4% can be obtained in LATP electrolytes by employing
SPS sintering, resulting in a conductivity of up to 1 X
107 S em ™ '.?°° Most recently, Wang et al. published pioneering
work on ultrafast high temperature sintering (UHS), which
features a high heating/cooling rate (~10> to 10* °C min™")
and a high sintering temperature (up to 3000 °C). By supplying
high thermal energy using resistive Joule heating carbon strips,
rapid reactive sintering of the pellet can be performed within
~10 s. Thereby, the technique effectively decreased the Li loss
by <4 mol% for LLZO pellet samples while maintaining a high
ionic conductivity (1 x 107% S em™").*** This work illustrates
the generality to other Li-oxide electrolytes; LATP and LLTO
electrolytes can be produced directly from green pellets within
1 min of sintering. The same research group also demonstrated
that the ultrafast sintering technique could improve the elec-
trolyte processing, making highly conducting and dense tapes
in as little as 3s.””° As such, the fast sintering process helps to
prevent significant Li evaporation at high temperatures and
significantly shortens the processing time; however, the cost
effectiveness and scalability of these solid-state processing
methods are yet to be determined.

Another interesting technique is cold sintering. Cold press-
ing techniques aim to achieve an ~ 10-times-lower temperature
than conventional sintering methods, by leveraging liquid
phase dissolution/reprecipitation in conjunction with applied
pressure. The process involves four key steps: liquid phase
formation, phase redistribution, material precipitation, and
final densification.””" Ceramic powders are initially wetted to
establish a liquid phase at the particle interfaces. This liquid
phase dissolves the sharp edges of particles and promotes their
rearrangement under mild pressure and temperature. Once the
liquid phase fully diffuses into pores due to enhanced mass
transport, the rearranged microstructure with reduced porosity
can then be stabilized through a subsequent solution-
precipitation reaction to form a dense solid.>”"*”> Cold sinter-
ing has been adopted in a variety of simple and complex oxide
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materials. For instance, the proton conductor BaTiO; generally
requires high-temperature sintering above 1200 °C to reach
>90% relative density. In contrast, the cold sintering process
only requires a reaction temperature of 180 °C to achieve >95%
density of the sample.””” In Li-oxide materials, the Randall
team demonstrated that a density of 85-90% in LLZO compo-
site samples could be achieved through sintering at 120 °C for
1.5 h in a DMF-based mixture.>”*> The team applied a similar
approach in LATP-composite-electrolyte pellets and showed
that 90% densification was possible at 130 °C in a water-
based mixture pellet, which realized a conductivity of 10™* S
em™ ' in celllevel applications.””* Cold sintering has the
potential to reduce costs in solid-state processing by enabling
extremely low sintering temperatures, benefiting not only pellet
production but also ceramic tape fabrication. The reduced
temperature can also enhance compatibility in co-sintering
with a wide range of cathode materials, where flexibility has
been limited by parasitic cation interdiffusion and secondary
phase formation due to elevated sintering temperatures. Based
on these merits, further investigations would be valuable to
further elucidate the cold-sintering mechanisms and evaluate
the impact of cold sintering on electrochemical properties, for
instance, how solvent selection affects liquid phase composi-
tion and modifies grain boundary type and chemistry in Li
oxide electrolytes.

(ii) Sintering additives: sintering additives, chemical species
that remain at the grain-grain interface and promote densifica-
tion, can be introduced either during the precursor stages or
just before the sintering process.?’> Sintering additives for Li
oxide electrolytes should generally possess sufficient ionic
conductivity to avoid significantly hindering total conductivity,
while also exhibiting low electronic conductivity to preserve
single-ion conducting behavior. A typical sintering additive for
LLZO is alumina (y-Al,O3). Upon adding Al,Oj3, it forms a liquid
phase during the sintering process by reacting with the pre-
cursors. The liquid-phase-assisted sintering can increase the
packing density (up to 98%), as the liquids fill in the regions
between the grains, which locally changes the effective grain-
boundary/grain sintering pressure and expels the residual
pores in solid-electrolyte pellets.**® Likewise, other sintering
agents are observed to have effects, changing the grain bound-
ary types and the relative density of oxide electrolytes. Li,O
additives lead to the development of glassy phases at the LLZO
grain boundaries and facilitate liquid-phase sintering, increas-
ing the relative density to 97.3%. The maximum Li" conductiv-
ity with the optimum concentration of Li,O (6 wt%) reached
6.4 x 10" S em ' at room temperature.”’® In addition, the
inclusion of SiO, in LLTO promoted new intergranular phase
formation and enhanced grain boundary conductivity. The
lithium silicate phases created at the boundaries acted as
sintering aids, improving grain contacts during sintering, but
without significantly reducing Li* ion conductivity. The total
conductivity increased to nearly 10°* S cm ™" at 30 °C with the
addition of 5 vol% SiO,; however, further SiO, addition led to a
decline in conductivity as the amorphous phase was less
conductive than LLTO.*”” It is noteworthy that sintering agents
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are effective not only for increasing the pellet density but also
for decreasing the sintering temperature and speed. Because
the high porosity in ceramic electrolytes is driven by the severe
volatilization of Li components, decreasing the sintering tem-
perature is an alternative route to obtain higher pellet density
and ionic conductivity of electrolytes, thus making sintering
additives and dopants an important strategic factor. Li;BO; is a
sintering additive that forms a liquid phase at 750 °C, resulting
in sintering temperatures with densification as low as 800-
900 °C. During the sintering process, Li;BO3 does not react with
the electrolyte and forms a separate liquid phase. The rearran-
gement and grain growth of LLZO particles can be promoted
through the intergranular liquid phase. In addition, after
sintering, Li;BO; remains as an amorphous phase at the grain
boundary, forming a Li-conducting thin layer and increasing
the pellet density. As a result, a LLZO-Li3;BO; electrolyte rea-
lized a reasonable ionic conductivity of 1 x 10™* S cm™" even
with a much lower sintering temperature of 900 °C.>’® The
same strategy can also be applied in densification for the tape.
Jonson and colleagues adopted 0.5 wt % Li;BO; additive in
their 150-um LLZO tape and achieved high density (~90%) and
conductivity (2.83 x 107* S em™") at lower-temperature sinter-
ing (1000 °C).*”° In addition, sintering agents with higher
melting point have been proven to reduce the sintering tem-
perature by creating a eutectic composite with solid-electrolyte
precursors.”®® For example, the incorporation of Al helps to
form a Li'-conducting thin layer (Li,0-ZrO,-Al,O; eutectic) in
the grain-boundary regions, promoting the liquid-phase densi-
fication. The phase assists in increasing the density of LLZO
pellets from 2.6 (without Al) to 4.4 g cm ™ (with Al) and also
shortening the sintering time from 36 to 6 h at 1200 °C. In
addition, the formation of the eutectic phase leads to the
simultaneous replacement of AI** with Li* and increases the
empty structural sites in the lattice. This increases the ionic
conductivity of both the grain and grain-boundary regions,
resulting in a total conductivity of 2.0 x 10°* S ecm ™' at room
temperature.”®® Similarly, additives with higher melting points
such as Li,;SiO, (1255 °C) and LizPO, (873 °C) are also effective
for producing highly dense (>96%) and ionically conducting
(~6.1 x 107* S cm™*) LLZO electrolytes.***

In brief, solid-state processing methods have been widely
applied to obtain Li solid-oxide electrolytes with high-
throughput or at large scale at lower cost. Solid-state Li electro-
lytes can be easily synthesized via a simple mixing and baking
process with solid metal salts. In addition, advanced processing
techniques have been adopted to achieve thinner, phase-pure,
and highly dense electrolyte ceramic products. Despite the
great advantages of conventional or advanced solid-state pro-
cessing techniques, these methods still face difficulties in
terms of achieving good control over the electrolyte particle
size (i.e., nanocrystalline powders) or morphology compared to
solution-based techniques. This issue stems from the limita-
tion of the sub-solidus process itself and is not easily solvable
simply by advancing the engineering parameters. The weakness
of the processing methods mentioned above has motivated the
development of alternative fabrication approaches such as wet-
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chemical solution-based synthesis (Section 3) or vapor deposi-
tion technology (Section 4).

3. Wet-chemical solution processing
of solid electrolytes

Wet-chemical solution-based methods, used for either powder
synthesis or film deposition, are appealing because of their
reduced processing costs and high scalability, avoiding the
need for an expensive vacuum chamber or high-energy source
such as those needed in vacuum-based deposition methods.
These features are a tremendous advantage for solid-electrolyte
manufacturing, where high production capacity is required.
Moreover, Li-oxide solid-electrolyte films processed via wet-
chemical techniques may easily achieve a thickness range of
the solid electrolyte that is comparable to or thinner than the
polymer separator (~20 pm) in traditional Li-ion batteries,
ranging from sub-micron to several micrometers, overlapping
with the typical thickness achieved by both vacuum-based
deposition techniques (< ~1 pm) and solid-state synthesis
(1 pm-1 mm) (Fig. 4). Wet-chemical synthesis, benefiting from
the high adaptability of the chemical composition and proces-
sing conditions (e.g., deposition temperature and time), can be
defined majorly as consisting of three steps (Fig. 6a): (i)
solution-phase mixing, (ii) deposition, and (iii) post-
processing. In (i) solution-phase mixing, the precursor solution
is prepared by dissolving salts, carboxylates, and metallo-
organic compounds in organic (or less commonly inorganic)
solvents. In (ii) deposition, spin/dip coating, spray pyrolysis,
chemical bath deposition, or more sophisticated direct writing
methods are used to obtain the desired coverage of films.
Finally, in (iii) post-processing, heat treatment is performed
under a specific atmosphere to reach the desired phase. Post-
processing can be of particular interest for automated high-
throughput material synthesis and can reduce the material
discovery and optimization time. For instance, the optimal
ionic conductivities of many current state-of-the-art solid elec-
trolytes, such as LLZO and LLTO, have been achieved by adding
one or more external cation dopants. In principle, the process
of surveying available dopants is possible with both traditional
solid-state synthesis and wet-chemical methods; however,
solid-state synthesis generally requires a longer time with
multi-step mechanical milling and higher temperatures for
the calcination and sintering steps than those required for
annealing solution-processed films. With automatic controlled
wet-chemical solution-based deposition, many parameters
and film properties such as the chemical composition, density,
crystallinity, near-order chemistry and structure, and inter-
atomic bonding can be readily tailored, thereby accelerating
the material optimization process, which is not easily
achievable with vacuum-based processing that requires target
synthesis. To date, most of the oxide-based solid electrolytes,
including perovskite-type LLTO,****° garnet-type LLZO,>?°>%*
NASICON-type LATP,>**"*°® LAGP,**° and LiPON,*® have been
synthesized via wet-chemical solution-based processing routes
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gel, and sequential decomposition synthesis (SDS). Reproduced with permission ref. 318.

as powders (and further processed as ceramic pellets). Among
them, LLTO,301_303 LLZO’162,248,304—309 LATP,310_314 and
LAGP*" have also been deposited as films via solution-based
methods (Table S2, ESIT). Among these electrolytes, the proces-
sing of pure oxide-based LLTO and LLZO has advanced faster
than that of polyanionic oxides, LiPON, and LATP, mostly due
to the limited selection availability of phosphate-based precur-
sors. So far, the ionic conductivities achieved for solution-
processed films are generally lower (~10° to 10" % S em ™) than
those achieved by solid-state processing (~10* to 107> S cm ™),
which can be mainly explained by the larger grain-boundary-to-
grain volume ratios and often an insufficient lithiation in the
films after post-processing, which is still to be worked on.****"
Interestingly, for LLTO films, the highest ionic conductivity
achieved is 1.78 x 107> S cm™ ' when processed at low tempera-
ture (500 °C) in the amorphous state,*®* indicating the possibility
of enhancing film conduction by eliminating the grain-boundary
area with reduced processing temperature.

3.1. Wet-chemical processing steps for solid-electrolyte film
deposition

Solution processing can be generally classified into two types
based on the final forms of the materials obtained: (i) techni-
ques to synthesize powders/particles and (ii) techniques to
deposit films. For the first type, sol-gel, Pechini,
precipitation methods are the most prominent examples that
have been used to synthesize a variety of ceramic oxide
powders.>"®**! These techniques generally involve the use of
inorganic or metallo-organic precursors and solvents with

or co-
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desired solubility and evaporation points to prepare at least
two precursor solutions.**>*** Then, the precursor solutions
are mixed in single- or sequential multi-steps and undergo
hydrolysis and condensation to form an inorganic complex
composed of oxo (M-O-M) bonds. Usually, for inorganic salt
precursors, hydrolysis proceeds via the removal of a proton
from an aqua ion [M(OH,),Jz" to form hydroxo (-OH) or oxo
(=0) ligands; condensation reactions involving hydroxo
ligands result in the formation of bridging hydroxyl
(M-p(OH)-M) or oxo (M-O-M) bonds.?**?** The next step
involves heat treatment at an elevated temperature where the
solvents evaporate, and the resultant inorganic complex under-
goes further decomposition to form the desired oxides in
powder form.***> These synthesized powders can be further
pressed into pellets or mixed with tape-casting solvents for
solid-state synthesis in pellet/tape-casting forms followed by
the sintering step (Fig. 6b,*'® as detailed in Section 3). In
contrast, wet-chemical solution processing can be applied for
thin- or thick-film deposition within the thickness range of
100 nm to 10 um (Fig. 4).>***** Similar to aforementioned
powder synthesis, the precursor solution is prepared with
inorganic or metallo-organic precursor salts and solvents
with desired solubility and evaporation points. In some cases,
the pH of the solvents is also a consideration as it can
play a significant role in the phase-formation process and
activation of condensation reactions or affect the final film
morphology.*****” However, unlike the wet-chemical solution-
processed powders, which require an additional heat-treatment
step at a higher temperature to form sintered tapes or pellets,
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wet-chemical solution-deposited films only require single-step
annealing and no sintering to complete phase formation with a
dense nanocrystalline microstructure at reduced temperature
(generally 1/2 to 2/3 of the sintering temperature required by
solid-state synthesis).>**28

In general, there are three major steps for all the solution-
based film-deposition methods:*** (i) precursor-solution pre-
paration, (ii) solution transfer and deposition, and (iii)
post-processing and crystallization. The precursor-solution pre-
paration involves mixing and dissolving the precursor salts in
the solvents and constantly stirring for hours or days to ensure
complete mixing. The precursors can be dissolved in the
solvents at once or, if the objective is to obtain a gel, two or
more separate solutions need to be prepared first (form the
“sol”) followed by a second mixing step to form a gel. Addi-
tional dilution may be required to reach the desired concen-
tration and pH prior to deposition.**>*®” Since solution-
processed films skip pressing and sintering after phase for-
mation, their residual strain, microstructure, and short-range
chemical order are highly influenced by the choice of precur-
sors and solvents—factors that can significantly impact Li-ion
conductivity or transference number, as shown in studies on
solution-derived LLZO films and their TTT diagrams and phase
evolution.**”*% For LLTO films processed by spin coating, it
has been reported that the ionic conductivity can be varied by
two orders of magnitude if different precursor salts are
selected, despite the amorphous nature of all the films.”®* This
study indicates that precursors may alter the near-order struc-
ture and chemistry and that various amorphous phases can
exist with the same film chemistry.>®® This is also in line with
classic processing knowledge on other wet-chemically derived
binary oxide ceramics.??**%9329330 The solution-transfer and
deposition step can be classified into five main categories
depending on the deposition technique: dip coating, spin
coating, spray pyrolysis, chemical bath deposition, and direct
writing (e.g., inkjet printing). Even with the same solution
chemistry, the variation of the deposition route may affect the
deposited droplet size and shape and therefore the microstruc-
ture and grain size/shape, which can later lead to differences in
film’s transport properties and affect the performance of solid-
state batteries.**" For example, Bitzer et al. reported that the
precursor solution concentration can affect the film density
and surface morphology of LLZO thin films deposited by spin
coating. A solution with too low a concentration (<0.02 mol
L") can lead to inhomogeneous coverage of the substrate
surface, whereas a solution with too high a concentration
(<0.08 mol L") can lead to undesirable cracks, which can
potentially be detrimental to ion conduction.*** Finally, in post-
processing and crystallization, the deposited film is generally
subjected to a post-annealing treatment to reach the desired
phases and microstructure via nucleation and grain growth. For
Li-oxide solid-electrolyte films, the annealing temperature is
generally set between 500 °C and 1000 °C to form amorphous,
biphasic, or crystalline films,>8%28%:291,292,307-309,323,332 Becayge
ceramic films by their nature do not require sintering to
complete the densification step, the post-annealing
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temperature is notably lower than that for pellets or tapes
processed by solid-state synthesis routes.>*® The benefits of
this lower temperature are two-fold. First, from a mass manu-
facturing viewpoint, the required thermal budget for proces-
sing is lowered. Second, from a film chemistry perspective, the
risk of reaction or dopant interdiffusion is reduced at the solid
electrolyte and electrode interfaces, which generally occurs at
elevated temperature, and undesired lithium evaporation at
high temperature is prevented.

3.2. Further room for improvement: hindrances and
opportunities for wet-chemical processing

Despite the abovementioned characteristics and strengths of
wet-chemical solution-processed electrolyte films, the limited
control over the surface morphology as well as the roughness
and crack formation during drying and post-annealing have
long posed challenges.*** A promising strategy to address these
challenges is to employ single- or multi-step temperature- or
pH-controlled chemical reactions, either to deposit all precur-
sor salts simultaneously or to guide drying and densification
through sequential sub-reactions.*** This approach can be
particularly attractive for deposition involving Li, as Li salts
possess a wide and relatively low decomposition temperature
range (i.e., 100 °C to 550 °C)*** compared to other metal salts
that are often used in solid-electrolyte synthesis (e.g., Zr, Ti,
La),>***7 which have typical decomposition temperatures
higher than 250 °C. For instance, recent work on sequential
deposition synthesis (SDS) has demonstrated that the reaction
of the Li salt can be separated from the non-lithiated ceramic
formation, which would result in lithiation of the material at a
higher temperature via a two-step pyrolysis reaction.*** In the
first pyrolysis reaction, the undecomposed Li salt melted and
acted as a grain-boundary agent to mitigate cracks, promote
densification, and improve the overall film density.**” Here, the
role of lithium is similar to that previously observed in bulk-
type LLZO pellets, where Li,O is added to form glassy-like
phases at the grain boundary and promote densification owing
to the effect coined “liquid-phase sintering”.””® Similarly, Li
has been incorporated as a dopant in gadolinium-doped ceria
(Cep.9Gdy.101.05) to improve the film density and reduce the
sintering temperature.®*® This technique also helps bring the
wet-chemical solution-processed solid electrolyte to the
~1-10-pm thickness range with high density and film
quality,**® which can be favorable for future solid-state battery
architecture to optimize the energy density and ensure safety
but is generally less reachable with most vacuum-based
methods.**'?*° In addition, wet-chemical solution-based pro-
cessing often results in lower chemical and phase purity
compared with most vacuum-processing techniques. For exam-
ple, garnet-type LLZO, a material that is extremely moisture
sensitive, requires high-purity non-aqueous solvents to avoid
proton exchange with Li ions, which can significantly reduce
the Li-ion conductivity, especially along grain boundaries.***>*!
Solution-based processing also shares issues that are generally
observed in vacuum-based processing, such as Li loss during
deposition and high-temperature post-annealing, and it often
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results in local de-lithiated phases with a significant reduction
in Li conduction.**> Two possible methods can potentially help
overcome this challenge: (i) the use of an over-lithiated pre-
cursor solution before deposition and (ii) reduction of the post-
annealing or post-processing temperature to avoid Li evapora-
tion at high temperature. Regarding the first approach, wet-
chemical solution processing offers an advantage of easy
adjustment of the lithiation degree in precursor solutions,
similar to how an excess Li precursor (10-20 wt%) is adopted
to compensate for Li loss during calcination and sintering
processes in conventional solid-state synthesis and pellet den-
sification. However, special attention is required to optimize
the synthesis protocol and the lithiation degree. Otherwise, too
much over-lithiation in the precursor solution may lead to
considerable pore formation during decomposition of the salts
stemming from the generation of gaseous phase decomposi-
tion byproducts and lead to decreased film density and poor
film quality.*** Regarding the second option, grain-boundary-
free amorphous solid-electrolyte films may possess the advan-
tage of lower processing temperature requirements and the
avoidance of defective grain boundaries. In particular, wet-
chemical methods can be especially suitable for amorphous
film processing as they are more scalable and cost-efficient
than vacuum-based deposition techniques. LLZO has been
successfully deposited also in an amorphous phase.??73093%3
In addition, the low deposition temperature (mostly room
temperature or <300 °C) of wet-chemical methods offers a
natural benefit compared with solid-state methods that require
high-temperature sintering (commonly > 1000 °C), which is not
suitable for amorphous structure synthesis (Table S2, ESIT).
From a practical perspective, the nature of the grain-boundary-
free structure may further improve the mechanical toughness
and resistance toward dendrite propagation of the film as
compared to its crystalline forms.>** For instance, a nanoin-
dentation study on RF-sputtered LiPON films indicates the high
ductility of LiPON films and the ability to recover deformation
over time compared to crystalline solid-state electrolyte con-
ductors, such as crystalline LLZO and crystalline LLTO.**
Further investigations are needed to understand whether the
observed mechanical behavior holds for wet-chemical pro-
cessed amorphous electrolyte films.

3.3. General processing steps for diverse solid-electrolyte
deposition techniques

Here, we briefly discuss the general processing steps and major
considerations for the five aforementioned deposition techni-
ques, namely, dip coating, spin coating, spray pyrolysis (e.g.,
SDS), chemical bath deposition, and direct writing. These
techniques do not support the deposition of free-standing
electrolyte films, and direct deposition on cathodes or cath-
olytes is required to integrate these solid-electrolyte films into
all-solid-state batteries.

Spin coating represents the most frequently applied techni-
que by far in the solution processing of solid-state
electrolytes,>®>?82917293,327,332 This method takes advantage
of centrifugal force through rotation of the substrates (usually
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on a spin coater) to uniformly spread the deposited solution to
the designated coverage area and form the initial film. Gen-
erally, the spin-coating process can be divided into three major
stages:*** (1) dispensing of the coating solution, (2) fluid-flow-
dominated thinning, and (3) solvent evaporation and coating
“setting”’ (i.e., decomposition of the precursors to form solvent-
free amorphous films). During the first stage, a quantity of the
desired coating solution is dispensed onto a smooth substrate
with a pipette or syringe. At this stage, the spin coater can be set
at low spin speed to facilitate the outflow of the solution to fully
wet the substrate surface. In the second stage, the spinning
speed of the spin coater is accelerated (e.g., to thousands of
rotations per minute) and held for a set time (often 30 s to
2 min) to allow the combined effect of fluid flow and solvent
evaporation to leave a very thin and uniform layer (usually a few
tens of nanometers) of coated material on the substrate. The as-
deposited film then enters the third stage of processing, which
generally includes drying (typically at 80-400 °C) and calcina-
tion (typically 150-500 °C) at elevated temperatures that enable
solvent evaporation and decomposition of precursors but that
are not high enough to crystallize the film or form any unde-
sired phases.**® Therefore, the film is usually in a solvent-free
amorphous state.?®>?°" The amorphous nature can suppress
grain boundary resistance, yet may limit long-range Li-ion
conduction due to structural disorder. Generally, the drying
and calcination step of a single deposited layer can take 2 min
to 2 h.?8%?83:293 Ag the single deposition from spin coating
results in a layer that is too thin (<100 nm) to be used as a solid
electrolyte for battery applications, deposition of multiple
layers is generally required, which is achieved by repeating
the aforementioned three stages.**>*°'2929 Importantly, com-
plete drying and precursor decomposition during the third
stage are required before starting the next round of deposition;
this step will not only improve the film density but also reduce
the number of chemical impurities remaining in each layer,
which can be difficult to remove in the later phase—formation
stage. Incomplete removal of residual organics or nitrates can
result in microstructural inhomogeneities such as porosity or
secondary phases, which degrade ionic conductivity. By repeat-
ing the coating steps, film thicknesses between 50 nm and
1 pm can be achieved for several solid-electrolyte materials,
including LLZO’2917293,347 LLTO’282,283,285,287,303,348,349 and
LATP.>°%*%7332 T¢ date, the ionic conductivity achieved by
spin-coated LLZO is on the order of 107° S cm ™" for various
amorphous and nanocrystalline phases, comparable to the
value achieved by other wet-chemical techniques.??'7293:347
For LLTO films, spin coating has led to greater variation in
the room-temperature Li-ion conductivity, which ranges from
1079 to 1075 S Cm71.2827283'2857287'3037348’349 ThiS range iS pOSSi'
ble because of the large difference in grain-boundary areas in
nanocrystalline and amorphous LLTO films. Notably, the grain-
boundary resistance of LLTO is significant and often places a
limit on the total ionic conductivity that LLTO can
217,350,351 Ror this reason, grain-boundary-free amor-
phous LLTO films exhibit better transport properties than their
crystalline counterparts.”®»?%° Other factors, such as the

achieve.
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precursor salt selection®®® and deposited film thickness,*** can
also affect the conductivity of the films. For spin coating, the
surface morphology of each previous layer (or of the substrate
for the first layer) can greatly affect the film coverage and
morphology of the later layers.**® Therefore, ensuring the
wettability of the substrate is vital for enabling a good start of
film deposition. Several modifications can be made to improve
the solution wetting, including pre-surface treatment of
the substrate to change its nature from hydrophobic to
hydrophilic or vice versa,”*® and adding a surfactant to the
solution formulation to facilitate fluid-thinning processing
without interfering with the phase formation.>***%*** For
instance, Triton X-100 has been added to precursor solutions
during LLZO deposition®®® and the triblock copolymer
[H(CH,CH,0),(CH,CH(CHj3)0),,(CH,CH,0),,H) with n/m = 20/
70 has been used in LLTO deposition,**® resulting in better film
morphology with a smoother surface and fewer pores in each
layer. These morphological improvements reduce defect den-
sity and promote more homogeneous ionic pathways, thereby
improving film-level conductivity and interfacial contact with
electrodes. Compared with other wet-chemical solution-
processing and vapor-deposition techniques, spin coating can
be advantageous as it can provide high film quality for thick-
nesses even up to 1 um; however, the increased thickness
requires multi-layer deposition, which can extend the proces-
sing time to days.’*® One major disadvantage of spin coating is
that it poses a limitation on the size of the substrate. As the
substrate size increases, the high-speed spinning and film
thinning become more difficult. A more pronounced thickness
gradient from the substrate center to the rims can also be
observed with increasing substrate size. In addition, the mate-
rial efficiency of spin coating is considerably lower than that of
other solution-processing methods, such as dip coating or
spray pyrolysis, as more than 95% of the precursor materials
can be flung off and disposed of during the spin process.**> In
addition, spin coating has limited applicability for non-flat
surfaces®*® and, thus, may not be the best choice for 3D battery
designs. Nonetheless, its ability to form controlled microstruc-
tures with tunable porosity and thickness profiles makes it a
powerful platform for systematic investigation of structure-
property relationships in thin-film electrolytes.

Dip coating is another common wet-chemical solution-
based deposition method that requires less complex and less
expensive experimental settings and usually requires less time
to complete deposition than other wet-chemical solution-based
deposition techniques, such as spin coating. Dip coating gen-
erally involves dipping the substrate in and out of the pre-
mixed precursor solution vertically at a designated moving
speed. The microstructure of films processed by dip coating
generally depends on several factors,****** including (1) the
chemical structure (molecule size, organic chain length) and
concentration of the precursors in the solution; (2) the reactiv-
ity of the precursors, including the condensation or aggregation
rates; (3) the time scale of the deposition process; and (4) the
magnitude of the shear forces and capillary forces that accom-
pany film deposition, which are related to the surface tension
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of the solvent and can result in different thickness gradients
and surface microstructures. All these factors are interdepen-
dent and can also affect the local packing density and film
thicknesses. The film thickness is also determined by the
competition between the surface tension, gravity, and viscosity
of the solution.’**?**? Usually, faster withdrawing of the sub-
strate leads to thicker films; however, a very slow withdrawing
speed can also result in thick films if the “capillarity regime” is
applied, where the solvent evaporation is faster than the move-
ment of the drying line, leading to continuous feeding of the
solution to films.*>* To date, dip coating has been successfully
applied in the deposition of solid electrolytes such as
LLZO*****" and LLTO,**® with film thicknesses up to 1 pm
achieved. Specifically, dip-coated crystalline cubic LLZO films
with lithium dodecylsulfate added as an ionic surfactant during
synthesis and Li,CO; powders presented in annealing crucibles
exhibit a dense microstructure with an ionic conductivity of
2.4 x 10°° S ecm™" at room temperature,>*® comparable to the
conductivity achieved by other wet-chemical processing meth-
ods. Another example of dip-coated crystalline LLTO films show
a limited conductivity of 1073-1077 S em ™" at 120 °C.>** These
conductivities are considerably lower than those reported for
LLTO pellets and even LLTO films deposited by spin coating,
mainly due to the porosity in the film and small crystallite sizes
that lead to a large grain-boundary area, and undesirably
increase the contribution of the grain-boundary resistance.
Overall, modifications (e.g., adding a surfactant, reducing the
deposition thickness) are needed to obtain dense films with
spin coating. There are also a few variations of traditional dip-
coating techniques including (1) drain coating,**® which
involves removing the solution at a constant draining rate
instead of lifting the substrate; (2) angle-dependent dip
coating,**”**® which involves dipping the substrate in and
out of the solution at a non-vertical angle; and (3) non-planar
substrate dip coating,**° which uses a non-planar substrate
(e.g., rods) and could potentially be of interest for certain
battery designs, such as cylinder batteries.

Another important solution-processing technique is spray
pyrolysis (i.e., SDS, if multi-step decomposition and phase
synthesis is involved). The spray pyrolysis process can be
broken down into several sub-processes that consist of>>3:*¢°
(1) generation of solution from a bulk liquid to form an
ensemble of small spherical liquid droplets, (2) transport of
the droplets to the substrate surface, and (3) nucleation and
aggregation of the droplets to reach the desired film thickness
(Fig. 6b). During the first step, the precursor solution is gen-
erally fed by a syringe into an atomizer (spray nozzle) with pre-
set pressure and forms a uniform dispersion of liquid droplets.
Here, the inlet/outlet design and internal gas flow of the
atomizer can change the droplet size and later affect the
decomposition dynamics and density of the deposited
film.>®%*%! For the second step, the generated liquid droplets
are deposited onto substrate surfaces with externally applied
gas pressures. By changing the gas pressure, the deposition rate
and coverage area can be adjusted. In some cases, additional
external forces such as electromagnetic forces can be applied to
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facilitate the deposition process and adjust the direction of the
droplets. Typically, the deposition proceeds with the substrate
placed on a hot plate and the temperature set around solvent-
evaporation and precursor-salt-decomposition points.**°
This enables the third step of film growth and phase formation
with continuous removal of gaseous byproducts during
deposition,**® which, compared with other wet-chemical
solution-processing techniques such as spin coating and dip
coating, reduces the porosity of the film while enabling the
deposition of larger thickness ranges (ie., up to tens of
microns) in comparatively shorter deposition times. For
instance, a recent study demonstrated that 1-10-um-thick cubic
phase LLZO electrolyte films can be synthesized via SDS within
1 h.*** This thickness range has never been accessed using
other thin-film processing methods (e.g:, spin coating, pulsed
laser deposition, etc.) or solid-state synthesis methods (e.g.,
tape casting).’®> These characteristics of spray pyrolysis can be
particularly advantageous for solid-electrolyte manufacturing,
which requires a dense layer of micrometer thickness to be
processed in a reasonable time frame.**"**° In addition,
sprayed films can, in principle, be easily transferred to indus-
trial standard roll-to-roll battery manufacturing, reducing the
setup and process changing costs. In addition, spray pyrolysis
can be used for substrates that do not lend themselves to spin
coating, including substrates with uneven or 3D surfaces or
those with larger coverage of pores and area requirements.?*?
From the film-quality perspective, the sprayed films typically
result in lower defect densities than spin-coated films,*** as
spin coating allows for air to become entrapped in the features
under the advancing liquid wavefront.**® However, spray pyr-
olysis requires more sophisticated equipment than spin coat-
ing or dip coating and has more parameters to optimize in
order to obtain a dense film with the desired microstructure,
local chemistry, and phases. For these reasons, only recently, a
few studies on the aerosol deposition of LATP*** and LAGP***
or spray pyrolysis of LLZO*>*”*°° have been reported. The Li-ion
conductivities achieved were all on the order of 107° S
em 1201364365 comparable to those of films deposited by other
wet-chemical methods; nevertheless, the conductivities are still
one-two-orders-of-magnitude below those achieved for solid-
state-synthesized pellets/tapes. Given the early-stage develop-
ment and limited reports of spray techniques applied to Li-
solid electrolyte processing, we anticipate that there is sub-
stantial room to improve the transport properties of spray films
in the next decade. Another drawback of spray pyrolysis is its
poor control of the film surface roughness as compared to spin
coating or dip coating. For instance, recent work on SDS-
processed LLZO films indicated a roughness (R,) of 0.4 pm.
Depending on the design and size scale of the battery, the high
roughness of the electrolyte film may be beneficial for lowering
the interfacial resistance between the electrode and the solid
electrolyte. However, it may also induce unnecessary processing
errors when applied to batteries with smaller size scales (i.e.,
thin-film and on-chip batteries).

Chemical bath deposition and direct writing techniques are
two types of techniques first developed for deposition of
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inorganic films but less frequently visited in the field of solid-
state electrolytes. Chemical bath deposition usually proceeds by
immersing the substrate in a precursor solution (one time or
multiple times), and by controlling the temperature, solution
concentration, and pH, solid phases can be exsolved and grown
on the substrate without any subsequent heat treatment.?>**%®
This technique has been mostly used to synthesize sulfide,
selenide, and other non-oxide films for many years;**”**® only
in the past 30 years has it begun to be applied to single and
binary oxide films®***% with no reported use in more complex
oxide-based solid electrolytes to date. In contrast, direct writing
such as inkjet printing is a fairly new technique that was only
recently developed.’’*?”" The major challenge in applying
printing techniques to deposit a patterned thin-film electrolyte
layer is the formulation of suitable inks.>”> The ink chemistry
determines not only the phases and microstructure character-
istics of the films but also the stability and precision of the
printed patterns.*>® Thus, careful selection of compatible sub-
strates is also required for different ink formulation. With
further research, these techniques can be coupled with auto-
mated manufacturing routes and are of great interest for 3D
thin-film batteries.>”*%7*

3.4. Tuning the processing parameters of wet-chemical-
processed solid-electrolyte films

All the different processing techniques share a few parameters
that can critically affect the film quality, phase formation, and
transport properties of the film. Most of these parameters can
be easily tuned but are dependent on each other; therefore,
holistic experimental design is always required to optimize film
deposition. Specifically, these parameters can be classified into
three categories based on the processing stages (i.e., precursor
solution preparation, solution transfer and deposition, and
post-processing and crystallization into the desired phase) with
which they are associated. In the precursor solution prepara-
tion stage, we identify three major parameters:

(i) Precursor salt chemistry: precursor salt chemistry plays a
foundational role in determining the quality and performance
of solid electrolyte films prepared via solution-based deposition
methods. The choice of the precursor strongly influences the
phase purity, microstructure, and resulting ionic conductivity
of the final film.>®®> To enable effective film formation, pre-
cursor salts must generally meet three criteria:

(1) they should contain the target cations in the correct
stoichiometry;

(2) their decomposition byproducts should evaporate cleanly
during annealing without leaving carbonaceous or reactive
residues; and

(3) they should be sufficiently soluble and chemically stable
in solvents for extended periods (ideally several weeks), without
reacting prematurely with other precursors in the solution.

These requirements constrain the number of viable chemis-
tries, particularly for complex multi-cation systems. Developing
stable and compatible precursors for compositions like LLZO
and LLTO—each involving at least three distinct cations—is
especially challenging and often requires extensive screening
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and optimization. For phosphate-based electrolytes such as
LIPON and NASICON-type materials (e.g., LATP and LAGP),
the scarcity of soluble and reactive phosphate precursors has
limited their development using solution-based methods.
Lithium-containing films often require compensation for Li
volatility during the post-annealing step. For example, in LLZO
systems, up to 10-30 wt% excess lithium is commonly added to
the precursor solution—and in some SDS-based processes, this
excess can reach 250 wt%—to achieve desired stoichiometry
and avoid lithium deficiency in the final phase 8?8?9129
Despite the high Li excess, the overall Li consumption remains
relatively low due to the thin nature of the resulting films
(~10 pum), especially when compared to conventional bulk
processing methods involving millimeter-scale electrolytes.
The selection of precursor salts can also have a substantial
effect on the phase formation and crystallization of films. For
example, Zhang et al. reported that the conductivity of spin-
coated amorphous LLTO films can vary by up to two orders of
magnitude (from 107 S cm™ " to 10 ° S em™ ') with changes in
the precursor and solvent selection.”®® Another example of a
spin-coated perovskite-type BaSrTiO; film demonstrated that
selecting different precursors and synthesis routes can lead to
notable variation in the crystallinity and film density.>”> These
are attributed to differences in the decomposition pathways
and volatility of precursors, which determine the phase stabili-
zation and homogeneity of the film. In general, organic pre-
cursors with longer chain length and higher boiling point
typically require higher temperature to complete the decom-
position step. These features can also lead to an increase in
local structural entropy and affect the onset crystallization and
phase evolution kinetics when transitioning from amorphous
to crystalline states.**° The retained organic content can also
delay crystallization to a higher temperature and result in an
increased nucleation energy barrier, which can affect the
nucleation behavior (homogeneous versus heterogeneous).”®
In some cases for multi-cation films, the decomposition tem-
perature of precursor salts may be different and can result in
the formation of intermediate phases. The intermediate phase
may lower the driving force for final phase formation, and the
transport properties may degrade if a residual intermediate
phase is present in the final film.*** These residual phases may
act as blocking domains at the grain boundaries, impeding
long-range lithium transport and thus reducing effective ionic
conductivity.

(ii) Solvent: in general, the solvent should be non-
reactive to precursor salts over the range of temperature
between deposition and solvent evaporation. To date, the
most commonly used solvents include 1-propanol,°3% 2-
methoxyethanol,**>?8>292293296:335 ethanol,>*'*% ethylene glycol,”**
and citric/nitric/acetic acid.>*®>3285287,296,327,332,348,315,377381 geyera]
additional factors need to be considered when selecting sol-
vents, such as the functional groups of the organic solvents,
which can affect the solubility of the precursor salt; the chain
length of the organics, which can lead to variation in the
evaporation temperature and alter the film-densification pro-
cess; and the chemical safety in terms of human health and the
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environment. In particular, for multi-layer spin coating, the
solvent-evaporation temperature is linked to the temperature of
the intermediate heating step between the deposition of each
layer. For spray pyrolysis, the hot-plate temperature is generally
set to enable complete evaporation of the solvents (close to the
solvent-evaporation point).>*® Variation in the solvent chemis-
try may result in changes in the initial amorphous near-order
structures and subsequently the crystalline characteristics such
as the microstructure/grain boundary chemistry, which can
lead to a significant difference in structural properties and
electrochemical performance. For instance, a study on a sol-
gel-synthesized LiNij gC0,,0, lithium-ion battery cathode
examined the effect of the solvent (ethanol, 1-propanol,
1-butanol, and water) on the structure and electrochemical
properties.’®* The structural homogeneity (in the form of
hexagonal ordering) was shown to be affected by the solvent
selection, resulting in a notable difference in the electrode
cycling performance with a discharge capacity ranging from
190 mAh g~ * (ethanol as solvent) to 154 mAh g * (water as
solvent). This observation indicates that solvent chemistry can
strongly influence the initial formation of a chelation complex,
which decides the homogeneity of the materials during crystal-
lization, thereby linking solvent choice directly to battery
performance.>%

(iii) Solution pH and concentration: the pH of the precursor
solution is critical as some salts or gels require particular pH
ranges to dissolve or remain stably suspended in solvents.
Normally, monomeric aqueous ions are the only stable species
at low pH, and various monomeric or oligomeric anions are the
only species observed at high pH. At intermediate pH, well-
defined polynuclear ions are often the stable solution species;
however, the metal solubility is normally limited in this range
and, when exceeded, results in the precipitation of oxyhydr-
oxides or oxides.*** The concentration of the precursor solution
can affect the film density as residual solvents are evaporating
out from films during intermediate or post-heat-treatment
steps. A higher solution concentration can result in less organic
evaporation per film volume and reduce the porosity; however,
in cases with gradual solvent removal, such as multi-layer spin
coating or spray pyrolysis, a reduced solution concentration can
be preferred to enable reduced nuclei sizes and deposition of
thin and dense layers with a reduced rate of deposition (but too
low of a concentration can lead to inhomogeneous coverage on
the substrate).>*" It is also important to mention that many wet-
chemical processes require the preparation of more than one
precursor solution before mixing them for final deposition,
which allows the creation of transfer reactions from liquid
precursors with more unstable salt dissolutions over time. In
this sense, the concentration or relative concentration of dif-
ferent solutions can be interdependent and affect the chemistry
and film properties in a more complicated manner. In addition,
the solution concentration can also affect the phases and
crystallization temperature of the as-deposited films. For
instance, Joshi and Mecartney reported that in the case of
LiNbO; films, a diluted precursor solution with a larger amount
of water promoted homogeneous nucleation and allowed for
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substantial grain growth.>*®*** It was postulated that the high
amount of water increased the concentration of the amorphous
building blocks in the sol through hydrolysis, which subse-
quently promoted early crystallization and allowed for more
extended grain growth. In contrast, with lower water content in
the precursor solution, the crystallization shifted to a higher
temperature, resulting in heterogeneous nucleation and grain
growth to a smaller extent. As discussed above, the film micro-
structure and grain sizes can greatly affect the ionic transport
properties of the films. For example, the reduced ionic con-
ductivity observed in LLTO thin films (as compared to LLTO
pellets) has been attributed to their large grain boundary area
and small grain sizes. Altering the nucleation and growth
kinetics may be a possible way to help optimize the grain
microstructure and improve the ionic conductivity. The pH
and concentration of the solution can generally be adjusted
during the precursor dissolution step by adding one more
nonreactive solvent.”®>>%7381

In the solution deposition stage, there are two major
parameters:

(i) Substrate selection: in principle, substrates for solution
deposition are required to be chemically non-reactive against
the deposited solution and the formed film up to the highest
heat-treatment temperature. Substrates for wet-chemical film
deposition can be classified into two categories: (1) battery
components adjacent to the solid-electrolyte layer in a working
battery and (2) supporting substrates that do not participate in
electrochemical reactions during battery cycling. In the first
category, candidate substrates include oxide-based or alloy-
based battery cathode (e.g., LiCoO,, NMC, etc.) and anode
(e.g., Si, SiOy, Si/C, etc.) materials printed on current collectors
or in free-standing thick film, tape, or pellet forms, which can
all be used directly as substrates for wet-chemical film deposi-
tion. When using electrode materials as the substrate, it is
critical to ensure the chemical compatibility and thermody-
namic stability between the electrode materials and the depos-
ited solution, especially at the elevated calcination or post-
annealing temperature. In the second category, supporting
films that are porous and non-reactive (with Li, the solid
electrolyte, and the cathode or anode) such as porous oxides
(e.g., CeO,) or porous carbon paper could be considered as
potential supporting substrates for wet-chemical deposition.
The porous supporting substrate should ideally function as a
mechanical supporting layer for wet-chemical electrolyte film
deposition while not interfering with the ionic conduction
between the electrode and the electrolyte after battery integra-
tion. Practically, the substrate selection for Li-oxide solid
electrolytes is limited, as Li can easily alloy with most of the
metal substrates and can diffuse into many oxide substrates,
resulting in off-stoichiometry in films at elevated temperature.
Additionally, for certain materials, such as LLZO, many metal
cations can diffuse into the solid-electrolyte film layer as
dopants during the annealing step, further limiting the sub-
strate selection. For instance, reports have shown significant
Co diffusion into the cubic LLZO layer upon annealing above
700 °C (generally required to achieve a highly conductive cubic
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phase), limiting the use of Co-containing cathodes, such as
LiCoO, and NMC, as substrates for the solution deposition of
crystalline cubic LLZO. Such interfacial reactions result in the
formation of resistive phases that hinder ionic and electronic
transport across the film-substrate interfaces. For epitaxial film
deposition (this method is less commonly visited for solution-
processing routes but can theoretically be achieved if the
parameters are finely tuned), a single-crystal substrate with
certain crystal orientation is required to enable orientated
growth.”®* Additional surface properties of the substrates, such
as wettability, surface roughness, and lattice mismatch micro-
strains between the substrate and the film, can be critical in
determining the microstructure of the films.*****> If necessary,
surfactants (e.g., lithium dodecylsulfate,>® Triton X-100,>°>
and triblock copolymer (H(CH,CH,0),(CH,CH(CH3)O),,
(CH,CH,0),H) with n/m = 20/70)**® can be added to improve
the wettability of the precursor solution and reduce the for-
mation of pores, thus enhancing the ionic conduc-
tivity.29%2923% An additional buffer layer may also be applied
to the substrate before film deposition to reduce lattice mis-
match strain and facilitate epitaxial growth if desired.**¢*%”

(ii) Rate of deposition: it is generally observed that reducing
the rate of deposition results in higher film density (low
porosity) in solution-processed films, as it allows extensive
control over the film drying process with a longer time to fully
evaporate organic solvents and decompose precursor salts.
More specifically, for spin coating and dip coating, reducing
the film thickness per deposited layer provides more room for
complete solvent evaporation within each layer before the final
annealing step at a higher temperature and this reduces the
drying stress, which can cause crack formation if exceeding a
critical stress value.*®®3% Similarly, for spray pyrolysis, a slower
solution/droplet deposition rate enables more complete solvent
evaporation and precursor decomposition per precipitate and
per thickness grown and therefore improves the density of the
deposited film.**® The improved film density can undoubtedly
improve the overall ionic conductivity,>**° which is crucial for
reducing the risk of dendrite formation and propagation.

In the post-processing stage, four parameters can critically
affect the final film properties:

(i) Temperature: the final annealing temperature not only
determines the phase and crystallinity of the film but can be
critical in determining the rate of Li evaporation and inter-
diffusion or alloying between the as-deposited electrolyte film
and the substrate (or electrodes). Generally, a lower annealing
temperature is always preferred for economical scalability
reasons. As a result, amorphous films with a much lower
processing temperature can be advantageous over their crystal-
line counterparts when the ionic conductivities of both phases
are comparable. For instance, for wet-chemically solution-
processed LLTO films, the annealing temperatures required
to obtain conductive crystalline phases range between 700 and
900 °C;*®7:303348:355 in contrast, amorphous phases can be
synthesized at a much lower temperature of ~500 °C (con-
tingent upon the precursors decomposed).”®>?%>*% Interest-
ingly, both wet-chemical-processed crystalline and amorphous
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LLTO films can achieve conductivity on the order of
107> S cm .?%>*%” This implies that sufficient short-range
ordering of the conduction pathways in amorphous phases
may be retained to support effective Li* migration, despite
the absence of long-range crystallinity. Thus, for scalable
manufacturing, it may be preferred to process LLTO films in
amorphous states using wet-chemical methods because of the
higher conductivity and reduced processing temperature.

(ii) Time: the annealing time and annealing temperature are
interdependent. As traditional time-temperature-transforma-
tion (TTT) diagrams illustrate, to reach the same phases, a
higher annealing temperature requires a shorter annealing
time and vice versa.>*®??>° However, even when characterized
as the same phase, different annealing time-temperature com-
binations may, for example, lead to small variations in the Li or
O non-stoichiometry and result in micro-strain and micro-
stress,®" which can affect the transport properties. The inter-
dependent effect of the annealing time and temperature has
not yet been quantitatively studied for Li electrolyte films and
requires additional attention.

(iii) Heating/cooling rate: if the rate of heating or cooling is
too high, macro-cracks can be formed on the films either due to
fast residual organic/gas evaporation or due to uneven thermal
expansion and contraction. Micro-cracks can result in a
reduction in the ionic conductivities and lower the dendrite
suppression resistance. In general, to minimize the formation
of micro-cracks, heating rates below 5 °C min~' are often
applied for Li-oxide films during the solvent removal and
precursor decomposition process. However, it should also be
noted that if the ramp rate in the high-temperature region is
too low, the Li stoichiometry in the film can be adversely
affected as it leaves larger time windows for Li evaporation.
Considering this effect, multi-heating-rate annealing programs
may further improve the film density while preserving the
desired film chemistry. The different heating rates can also
result in different film microstructures and affect the ionic
conductivities. For example, Wu et al. reported that applying
rapid thermal annealing in the post-annealing process (after
solvent drying and precursor decomposition of each spin-
coated layer) can result in a smaller-grain, denser film and an
overall higher ionic conductivity (2.7 x 107 ® S cm ') compared
with films processed by conventional furnace annealing (1.4 x
107% S em ™) for spin-coated LLTO.>*°

(iv) Atmosphere: the most commonly used calcination or
annealing atmospheres for Li-oxide electrolyte films include
pure oxygen, (dry) air,>***° and argon.?®*?*>*' Among these
atmospheres, moisture and carbon dioxide are avoided to
prevent surface degradation and Li-carbonate formation, espe-
cially for LLZO films. In some cases where metal (e.g., steel)
substrates are used, an argon atmosphere can be preferred to
avoid undesired substrate oxidation, which can ‘“absorb” a
significant amount of Li and result in a Li deficit in electrolyte
films.>** The gas atmosphere can affect the film chemistry,
especially the oxygen stoichiometry, and may require adjust-
ment of the annealing temperature to achieve the same
phase and material properties.>> The variation in oxygen
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stoichiometry can affect the Li stoichiometry and generate
additional electrons and may affect the electronic conductivity,
and thus the transference number, of the film.?'”% As
reported in a recent study, high electronic conductivities may
be the origin for Li-dendrite growth.>”® Further studies are
needed to clarify the effect of the annealing atmosphere and
oxygen partial pressure on the transport and electrochemical
properties of solid-electrolyte films.

In short, recent advances in wet-chemically solution-
processed solid-electrolyte films show great promise towards
industrial upscaling with reduced processing cost and lowered
thermal budget. In particular, chemical-solution-based proces-
sing could be integrated with automated high-throughput
material synthesis to further accelerate material discovery and
property optimization. However, inherent issues such as drying
cracks and poor film density require more research efforts;
innovative processing protocols, such as multi-step reactions,
can be encouraging in improving electrolyte quality. Among the
five techniques surveyed in this section, spin coating and dip
coating are the most developed for solid-electrolyte processing
reported for LLZO, LLTO, LATP, and LAGP films over the past
two decades and can result in films with thicknesses of 50 nm
to 2 um. These techniques require less complicated setups and
are appropriate for lab-scale testing demonstrations; however,
the small coverage area per deposition and comparably low
deposition rate limit their application for large-scale produc-
tion. In contrast, spray pyrolysis (or SDS), although applied in
ceramic oxide film deposition for many decades, is fairly new
for Li-electrolyte deposition with only a recent demonstration
of LLZO films that can reach a thickness of 1-10 pum.3'8362
Admittedly, this technique requires a more complicated experi-
mental setup and has more deposition parameters that need to
be optimized than dip or spin coating. Nevertheless, spray
pyrolysis (or SDS) may be promising for efficient and scalable
industrial processing as it offers a high coverage area per
deposition with a high deposition speed (less time required
to reach the same thickness).

In addition, the newly developed inkjet-printing technique,
together with 3D printing, may be of particular interest for 3D
thin-film battery design. Given the early stage of its develop-
ment, attention should be paid to developing stable ink che-
mistries with high precision of the printed patterns. To date,
the conductivities achieved by wet-chemical-processed electro-
Iyte films are still lower than those of solid-state-synthesized
ceramic pellets/tapes, mostly due to the insufficient film lithia-
tion and large grain boundary areas within the film. Grain
boundaries often serve as barriers to Li-ion transport, especially
when dopant segregation occurs, emphasizing the need for
grain-boundary-targeted engineering or post-treatments such
as controlled atmosphere annealing or chemical doping.

In conclusion, to further improve the structure and trans-
port properties of solution-processed electrolyte films and
accelerate the academia-to-industry knowledge transfer for
crystalline electrolytes, additional attention should also be paid
to tailoring the grain-boundary chemistry and optimizing its
electronic structure and ionic transport properties, as it may
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result in significant variation of the dendrite resistance and
conduction. Both precursor chemistries and formation of the
oxides, as well as evolution of the local near-order structure
from an amorphous to a crystalline nanostructure of wet-
chemically processed films and electrochemical stability,
require additional clarification. For example, partial crystal-
linity or retained amorphous regions can either aid or hinder
Li-ion transport depending on their connectivity and Li solu-
bility, calling for in situ structural probes to resolve the active
transport pathways. Low-temperature wet-chemically solution-
processed grain-boundary-free amorphous electrolytes could
also be a potential option to improve battery safety with
enhanced resistance toward dendrite propagation while main-
taining high power density. To further proceed, we suggest
developing more time-temperature-transformation (TTT) dia-
grams to systematically understand the phase formation and
evolution from the solution phases to synthesized solid films
and comparing these diagrams with ion-transport properties
and transference measurements per phase equivalents, to aid
in reducing the cost and time associated with phase and
conduction optimization. Overall, wet-chemically derived Li-
oxide electrolyte films show strong market potential due to
their low cost, fast processability, and compatibility with roll-to-
roll manufacturing. One may also mention that there are
decades of ceramic wet chemically derived products that made
it as films to the market as functional ceramics, and industry
has the knowledge for processing. However, it needs a targeted
approach to transfer more Li-oxide based chemistries from the
lab to role-to-role processed products in plants.

4. Vapor deposition technologies for
thin-film solid electrolytes

4.1. Physical vapor deposition of thin-film solid electrolytes

The most common physical vapor deposition (PVD) techniques
to process solid-state electrolytes in a thin-film form (<1 pum)
are radio-frequency (RF) magnetron sputtering (Fig. 7a), pulsed
laser deposition (PLD) (Fig. 7b),>** and, to a lesser extent,
electron-beam evaporation.>*>3°® The literature contains com-
prehensive reviews on the basics and fundamentals of PLD
and sputtering and the readers are advised to refer to
these.>**?9774% RF gsputtering and PLD techniques provide a
stoichiometric transfer of a high-melting-point material from a
single or several ceramic targets to dense, multi-cation films
with low surface roughness (~0.4-10 nm). Typically, PVD
methodologies can produce films ranging from a few tens of
nanometers to several micrometers in thickness (Table S3,
ESIt), and have thus far been successfully integrated
mainly in the fabrication chain of LiPON-based solid-state
thin-film batteries owing to the ease of amorphous film
fabrication.'*>™*” LiPON offers a wide electrochemical stability
window (0-5 V vs. Li*/Li),"°" reasonable room-temperature
single-ion conductivity (107° S em™"),"**"° high electronic
resistivity (~10"* Q ¢m),** and ease of dense thin-film proces-
sability via sputtering. Despite its success, extensive efforts are

8958 | Chem. Soc. Rev., 2025, 54, 8925-9007

View Article Online

Chem Soc Rev

being placed on the practical processing of (favorably) lithium-
stable, high-total-ionic-conductivity (>10"° S em™") Li oxides
with enhanced electrochemical stability (ideally from approxi-
mately —0.5 to 5 V) from millimeter-sized pellets to thin-film
forms."® Thin films of NASICON-,***% perovskite-,"°® and
garnet**-type structures have been slowly garnering more scien-
tific attention and are being processed using a variety of thin-
film deposition methods, either in amorphous or in crystalline
state (Table S3, ESI1).""” To date, the limited applicability of
PVD-deposited solid electrolytes in microfabricated batteries is
related to the restricted PVD-deposited cathode thickness
determined by the lithium diffusion coefficient resulting in a
2D geometry, providing lower gravimetric and volumetric
energy densities. However, there is no fundamental reason to
neglect the possibility of scaling-up PVD techniques to inte-
grate solid electrolytes with thicknesses in the range of 0.5-
5 um with state-of-the-art cathodes and anodes deposited using
non-PVD type techniques, contingent upon efficient cell design
and electrode/electrolyte processing adjustments.*%®

RF sputtering and PLD techniques rely on vapor formation
from a ceramic target, induced by ion- and photon-
bombardment, respectively, at very low pressures (typically
~107*-10"" mbar, respectively) producing particle ejection,
which later condensates onto a substrate. PLD usually offers
a better stoichiometric transfer from the ceramic target than RF
sputtering, which requires careful calibration for each cation.
One of the main advantages of these techniques lies in the
potential of lowering the processing temperature attributed to
the high energy distribution of the ejected particles (i.e., “the
plume’”). At an atomic level, this lowered temperature even
enables the stabilization of out-of-equilibrium phases, allowing
the formation of desired phases that would otherwise be
thermodynamically unfavorable. This feature allows film
crystallization to be stabilized at lower temperature for some
ceramic materials when compared to classic ceramic proces-
sing via solid-state reactions (see Section 2) and has the
advantage of potentially avoiding post-annealing steps. For
instance, PLD-grown epitaxial LLTO films were synthesized at
temperatures as low as 750 °C, compared with classical pellet
sintering above 1200 °C."*° Although both PLD and sputtering
typically yield deposition rates on the order of ~1-10 nm
min~", sputtering can induce a higher gas ionization degree
and broader spatial extent of the ablation source (larger uni-
form sputtering area up to 8”, depending on the chamber and
target size vs. the few mm? per pulse in PLD) and is therefore
more suitable in terms of scalability. The importance of the
higher ionization degree induced on the surrounding gas has
been well established in sputtered LiPON films, where higher
incorporation of N during film growth*'>*'" led to higher ionic
conductivities compared with those of PLD-grown films.*'**'?
It remains to be seen whether recent advances in industrial PLD
systems working at rates of hundreds of Hz at the large wafer
scale with growth rates in the nm s ' range can compete with
well-established RF. As in conventional solid-state processing,
the deposition conditions must be optimized for every material
and technique, especially considering that the chamber shape
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Fig. 7 Physical vapor deposition (PVD) techniques for solid-state electrolyte processing: (a) radio-frequency (RF) magnetron sputtering and (b) pulsed
laser deposition (PLD). (c)—-(h) Critical processing parameters of solid electrolytes prepared via the PVD technique: ceramic target composition, substrate
temperature, deposition rate, ambient pressure in the chamber, energy of the deposited particles, and post-annealing steps.

can have an effect, for instance, on the sputtering processes.***
Even for a mature technology like LiPON, any processing that
does not produce an amorphous dense film with precise
Li/P and O/N ratios results in significantly lower ionic
conduction.”®"® Nonetheless, the major issue remains the
several-orders-of-magnitude decrease in the ionic conductivity
attributed to the transition from bulky pellets to thin films of
the solid electrolyte.*'* This difference can be explained by the

This journal is © The Royal Society of Chemistry 2025

previously mentioned great technical challenges in the proces-
sing of Li-oxide thin-film ceramics due to the high volatility of
Li and complex interconnected reactions between the different
deposition parameters,
films.*" As a result, a practical configuration of LiPON neces-
sitates an electrolyte that is not thicker than ~1 pm (with an
area of 1 cm?), leading to a cell resistance in the range of tens to
hundreds of Q. Consequentially, a thin-film solid electrolyte

often leading to off-stoichiometric
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with a thickness of 0.5-1 pm and an ionic conductivity on the
order of ~107*-107> S em ™" should potentially enable wider
adoption and integration of thin-film solid electrolytes in
micro-battery applications. Lowering the electrolyte resistance
by improving the ionic conductivity and optimizing the thick-
ness and contact area using 3D architectures may lead to a
reduction of the overall cell resistance.*'® Moreover, by short-
ening the ion-migration path and undamming the bottleneck
of charge transfer at the electrolyte-electrode interfaces, faster
charge and discharge rates may be achieved (currently limited
to 2C in commercial LiPON-based thin-film batteries,*"”
although rates up to 5C have been reported).”””**® Practically
speaking, the use of thin-film processing techniques opens the
door for further reduction of the electrolyte thickness, which in
turn can be translated into further increases in the gravimetric
and volumetric energy densities and power densities of the
batteries.

4.1.1. Critical processing parameters of solid electrolytes
prepared via physical vapor deposition. Several critical issues
can deteriorate the material properties, and consequently the
electrochemical performance, of Li-based thin-film ceramics,
including poor microstructure control, mainly determined by
the deposition method and processing steps;*'**'***° possible
interfacial reactions with the substrate or adjacent layers;**° the
film density and crystallinity, including parameters such as the
amorphous-to-crystalline fraction;**>**! the grain size and
orientation;*** and secondary phases or local structural defor-
mation and Li depletion at grain boundaries.****** Although
some of these pressing factors are intrinsic to the material
selected, in most cases, by controlling standard parameters,
such as the temperature, gas type and pressure, and energy of
the ejected particles, some of the aforementioned issues can be
alleviated. Therefore, an in-depth understanding of solid-state
electrolyte thin-film processing is required to improve the
electrochemical properties towards phase-stability engineering.

The steps to achieve solid-electrolyte thin films synthesized
using PVD methodologies start with the preparation of the
ceramic targets, followed by a deposition step under the desired
conditions, usually without the need for a post-annealing step.
Overall, for both PLD and sputtering, the following main set of
fundamental parameters can be controlled (Fig. 7c-h):*** (i)
ceramic target composition, (ii) substrate temperature, (iii)
deposition rate, (iv) ambient pressure in the chamber, (v)
energy of the deposited particles, and (vi) post-annealing steps
(if required). Another important parameter is the substrate
supporting the thin-film electrolyte, which can be either a
functional layer (i.e., cathode layer) or other type of substrate
(Si, stainless steel). Given that the most important concern in
the processing of Li-based thin-film electrolytes is the fine
control of the lithium concentration for both techniques, the
optimization steps should target mitigation of Li loss during
deposition and film crystallization. Li loss occurs mainly for
two reasons: non-stoichiometric transfer from the ceramic
target to the substrate or re-sputtering from the film once
deposited, especially at high temperatures. However, it is
important to note that the processing parameters cannot be

8960 | Chem. Soc. Rev., 2025, 54, 8925-9007

View Article Online

Chem Soc Rev

optimized independently of one another. We aim to illustrate
here the complex interdependency of the aforementioned
parameters and the consequences on the film crystallinity
and morphology and the effects on the electrochemical
performance.

(i) Ceramic target(s) composition: PVD techniques transfer a
material from a ceramic pellet to a thin-film form through the
rapid ejection of particulates via the production of a plume or
plasma with a specific stoichiometry similar to that of the
ceramic pellet. One common strategy in large-scale ceramic
processing to tackle Li loss is to add 5-15 mol% of extra lithium
during the processing of the ceramic chemistry (Fig. 7c). Often
these amounts are sufficient to accommodate for the Li loss
during sintering and enable the synthesis of dense pellets and
stabilized phases (see discussion in Section 2.3). Notably,
further overlithiation beyond >15 mol% leads pellet micro-
structures to crumble and fall apart in most Li solid-state
conductor oxide electrolytes. An illustrative case of the direct
overlithiation of the pellet and subsequent deposition can be
found for LLTO. A 10-20 mol% Li excess in the target (that was
not incorporated into the perovskite structure but rather
enriched the grain boundaries, leading to a relative density
over 90%) enhanced the conductivity of the films by a factor of
10,"" and adequate parameter optimization led to an improve-
ment of the ionic conductivity of epitaxial films up to 6.7 X
107" S em™'.**® This improvement in conductivity is closely
linked to the increased local Li content at grain boundaries,
which lowers the activation energy for Li-ion hopping across
the grain boundaries and enhances total ionic conductivity.
However, other reports systematically show that increasing the
Li concentration in the target led to a mixed phase of LLTO and
Li,TiO; in the target (no density reported) and, despite this
extra Li, resulted in decreased secondary TiO, phases in the
films (their porous morphology upon processing with the target
with the highest Li concentrations precluded any electrical
characterization).**® Despite this, an optimal Li concentration
in the target followed by an adequate optimization protocol can
lead to dense epitaxial films with higher ionic conductivity in
LLTO.*”® In other materials, such as LLZO, this particular
strategy by itself does not seem to be effective enough to
stabilize the cubic phase.'®® A viable strategy to compensate
Li loss during deposition is to introduce a Li-rich secondary
target, either via co-deposition (e.g., RF sputtering, Fig. 7c) or by
sequential multilayer deposition (e.g., PLD, Fig. 7d). For
instance, adding extra secondary targets such as Li,O for
sputtering®*®*?” or LizN for PLD** has been successfully
employed to control the Li content in LLZO films and ensure
the formation of the target fast-conducting cubic LLZO phase.
The latter resulted in the highest ionic conductivities obtained
thus far for LLZO films of ~107> S cm ™" after a post-annealing
step at high O, partial pressures.****° Similar to bulk-type
synthesis, these studies also employed the addition of dopants
as a strategy to reduce the crystallization temperature and
increase the film density. This strategy has been demonstrated
through the use of aluminum (Al), either by doping the PLD

target*'* or by co-sputtering from an Al target,**® and Ga, by

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs00358j

Open Access Article. Published on 04 September 2025. Downloaded on 3/28/2026 4:00:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

sputtering an extra layer of Ga,0;.**” Dopants such as AI** or
Ga®" typically occupy Li* sites and reduce the temperature
required for cubic phase formation while improving micro-
structural uniformity, which in turn enhances ionic conductiv-
ity. However, it is important to precisely control the amount of
extra Li and dopants present, as a high Li concentration or
inhomogeneous Li distribution can lead to high porosity and
secondary phases at grain boundaries** or cubic
polymorphism**® or modify the near-order local environments
in amorphous films,*****° which are overall detrimental to the
ionic conductivity.

(ii) Substrate temperature: the substrate temperature, which
affects the mobility of atoms deposited on the substrate and the
probability for nucleation and growth, can largely determine
the phase (amorphous or crystalline) of the deposited film and
its chemical and electrochemical properties (Fig. 7e).>** LiPON,
mainly deposited through sputtering, provides an excellent
example, where the amorphous nature of the thin film keeps
the processing temperature (typically, room temperature) and
manufacturing costs relatively low. Moreover, dense and grain-
boundary-free films have been shown to be advantageous for Li-
oxide films by introducing isotropic properties and obviating
grain-boundary resistance, alleviating Li-dendrite propagation
upon cycling,"*' and improving the electrochemical stability
window and stability against Li metal,*** ionic conductivity,
and critical current density.”*° PVD-deposited LATP films,
which have not been as thoroughly investigated as perovskite-
and garnet-based electrolytes, exhibit an ionic conductivity of
2.46 x 107> S ecm™ " and a low activation energy of 0.25 eV for
pure amorphous films deposited by sputtering at 300 °C in a
combined atmosphere of 1 Pa Ar and 0,.*** Polycrystalline
LATP fabricated by PLD at 700 °C and 80 mTorr O, exhibited an
ionic conductivity of 107® S em ™" and a high activation energy
of 0.53 eV, and annealing of these films at 800 °C for 5 h in air
resulted in conductivities as high as 10™* S em™* and a low
activation energy of 0.37 eV due to the formation of an
amorphous intergranular Li- and P-rich phase."®> Nonetheless,
for sputtered or PLD-deposited LLZO, amorphous films
exhibited a wide range of relatively low ionic conductivities of
~107%-10"° S cm™'. However, it remains unclear whether
the network former-to-building block structure in PLD films
has been sufficiently defined, as follow-up studies on
amorphous LLZO synthesized via wet-chemical routes suggest
unresolved structural details.**’ % Numerous attempts to
increase the room-temperature ionic conductivity by film
crystallization,”*"**> where the substrate temperature was
increased above 500 °C,*** often led to delithiated pyrochlore
phases, hindering the potential higher conductivity of the LLZO
crystalline phases. In some cases, as for LLTO, the phase
formation depends not only on the substrate temperature but
also on the gas pressure.*’® Interestingly, it has been shown
that amorphous LLTO films can be deposited up to 700 °C by
PLD but only up to ~400-500 °C by sputtering.*°® We speculate
that the different kinetic energies of the species ablated from
the target during PLD compared with those for sputtering
translates into a different near-order structure, thereby
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affecting the amorphous-to-crystalline temperature window,
although more studies are needed for confirmation.

(iii) Deposition rate: the deposition rate is largely deter-
mined by the amount of material ablated from the target, i.e.,
the kinetics of the plasma in sputtering and the laser energy in
PLD (Fig. 7f), and is typically on the order of ~1-10 nm min ™,
far behind that of state-of-the-art coating technologies such as
tape casting and slot-die coating (1-100 m* min~*). Because the
energy source in PLD is pulsed, there is an extra parameter to
tune the relationship between the kinetics of the impinging
particles and the thermodynamics of the adatoms deposited at
the substrate. This effect is more relevant at high temperatures,
where both energies are comparable. At low temperatures,
however, the surface diffusion is hindered and therefore the
kinetic energies of the particle play a major role. For instance,
proper optimization of the frequency at high temperatures
(>1000 °C) leads to single-phase LLTO films that otherwise
include secondary phases.**®

(iv) Gas type and pressure: in general, the gas pressure in the
chamber has a double purpose (Fig. 7g). The first purpose is to
provide reactive species that can be incorporated into the film,
such as an O, atmosphere for oxides to compensate for oxygen
loss during film deposition and a N, atmosphere in nitrides
(e.g., LiPON). In the latter, the incorporation of N, in the
structure from 0 at% to 6 at% is crucial for improving the ionic
conductivity of the film by a factor of up to 45.>>"° Interest-
ingly, amorphous LLTO films, mainly deposited at room tem-
perature by PLD, exhibit conductivities as high as 8.8 x 107* S
cm 1.*?>° However, these films suffer from high electronic
conductivity and require higher O, pressures (0.1-0.2 Torr)
and deposition temperatures of ~300-400 °C to reduce the
presence of oxygen vacancies and, thus, the electronic conduc-
tivity of the films.*>*****3® Further increasing the deposition
temperature leads to the onset of crystallization and reduces
the ionic conductivity.””” While at room temperature, this
lithiation degree has been shown to strongly depend on the O,
pressure,’®® the effect is less pronounced at the higher tem-
peratures needed to achieve epitaxial grain-boundary-free
films, and therefore, the lithiation control is more
challenging.*®>**® The second purpose of the gas is to reduce
the kinetic energy of the evaporated species. At high deposition
pressures, the ejected species suffer a decrease in their kinetic
energy and are scattered towards larger angles. For Li ions,
which are even lighter than oxygen and volatile, the high
pressure reduces the probability of reaching the substrate,
leading to an overall Li non-stoichiometry. This Li deficiency
can induce the formation of secondary phases and lower the
ionic conductivity. At the same time, higher pressures can also
help prevent Li loss in the deposited substrate. This delicate
balance can be overcome by splitting the deposition step,
performed in the PLD chamber at low temperatures (T <
300 °C), and the crystallization step (if required), performed
ex situ in a furnace under higher O, partial pressure.****>°

(v) Energy of the incoming particle flux: another way of
controlling the kinetic energy is through the applied power
on the plasma (W cm2), in the sputtering case, or the laser
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fluence (J cm™?), for PLD (Fig. 7g). A perfect example of the
intricate relationships among these parameters is found for
LLTO, where lowering the background pressure and increasing
the laser fluence led to a decrease in the temperature required
to achieve epitaxial films.*°® However, too low a pressure (or too
high) can lead to undesired ion-blocking secondary phases
such as TiO, and Li,Ti,O; in the case of LLTO, lowering the
grain boundary conductivity and thus the total ionic
conductivity."” Another strategy to mitigate the effect of
high-energy particles reaching the substrate and causing re-
sputtering of species (Li loss, especially at high temperature,
but also oxygen defects) is the use of off-axis geometries,
limiting the number of precipitates that can cause short-
circuiting or make further device integration difficult.**>*3°

(vi) Post-annealing step: usually, PVD techniques use the
advantage of the high kinetic energy of the ejected particles to
stabilize out-of-equilibrium phases, thereby avoiding extra pro-
cessing stages. However, the use of a post-annealing step is
recommended when a thermodynamic equilibrium driving
force is desired to induce or stabilize a phase transition or if
high O, partial pressure is needed to minimize Li loss at higher
temperatures (Fig. 7h).*"***° For example, LLZO films depos-
ited under the same conditions at room temperature and ex situ
crystallized at pressures as low as 1 mbar mainly consisted of a
delithiated La,Zr,O, phase, whereas a higher pressure of
200 mbar led to the evolution of cubic LLZO.**° The improved
crystallization at elevated oxygen pressures is attributed to
suppression of Li volatilization and the stabilization of the
high-conductivity cubic phase. For LATP, a post-annealing step
at 800 °C for 5 h led to the formation of an intergranular Li- and
P-rich phase and conductivities as high as 10™* S em ™" with a
low activation energy of 0.37 eV."°> A post-annealing step is also
useful to decompose, diffuse, and densify Li-rich layers (Li,O,
Li;N) into the solid-electrolyte host at pressures high enough to
avoid Li losses.*'***° Similarly to UHS processes in bulk
systems, there are fast crystallization techniques, such as rapid
thermal processing (RTP)*****' and flash lamp annealing
(FLA),*** that can be used to induce the fast crystallization of
PVD-deposited solid electrolytes. These techniques are mainly
based on a highly energetic light source, and, despite being
widely applied in other fields, their application in SSBs remains
essentially unexplored.*****3

Additional considerations must be kept in mind in the thin-
film solid-state electrolyte processing chain: most of the avail-
able thin-film deposition equipment is not directly connected
to an inert atmosphere that prevents the exposure of the films
to ambience. In addition, the characterization of the films also
adds exposure time that will affect the film stoichiometry and
morphology.*****>*** Ambient exposure is also an issue for
other techniques, such as pellet processing; however, the larger
surface-to-volume ratio in thin films results in a stronger effect
on the formation of LiOH and Li,CO; at the surface of the
films. This results in proton exchange with the lattice,
negatively affecting the interfacial resistance and overall stabi-
lity of the film.*'>**° Although this phenomenon has been
largely shown to occur preferentially at the surface of bulk-
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type LLZO pellets, the larger surface-to-volume ratio and
reduced thickness of the layers make it a more critical issue
in the thin-film form. Although more dedicated equipment
minimizing air exposure between deposition and characteriza-
tion stages is essential, other strategies, such as the aforemen-
tioned dopant inclusion, can help to mitigate this effect. For
example, doping LLZO films with Al results in a more stable
lattice parameter with extended exposure time than for the
undoped film, as further corroborated by measuring the Li
content in the film.**°

Overall, the processing of thin-film solid-state electrolytes is
challenging because of the very complex interconnection
between the different deposition parameters. At this stage,
further investigations are needed to correlate the role of
dopants, the processing conditions, and the film microstruc-
ture and performance at the atomic level by employing the
most recent advancements in electron microscopy (especially
cryo TEM)***™**” and atom probe tomography.*****° Research
efforts in the last few years combining the aforementioned
strategies are paving the way towards a better understanding of
the deposition conditions and overall improvement of thin-film
solid-state electrolyte quality, as summarized in Table S3 (ESIt).
The analysis of the literature body presented shows that most
studies have investigated the effect of different deposition
parameters to achieve dense, homogeneous films and their
effects on the ionic and electronic conductivities of the films.
For example, it has been shown that, despite the wide distribu-
tions of conductivities obtained for LATP, LLZO, and LLTO
electrolyte thin films across different PVD methodologies and
research groups, amorphous LLTO (conductivity of ~10"* S
cm ') stands out over its polycrystalline counterpart (reflecting
more general issues with grain-boundary conduction) and
exhibits conductivities similar to that of epitaxial LLTO,**®
whereas LLZO and LATP polycrystalline thin films****1442¢
exhibit higher ionic conductivities (~10"*-10"> S cm "' and
107" S em™', respectively) than the amorphous phases
reported so far (~107%-1077 S em ! and ~10"° S cm ™,
respectively),34>40%:433:434,430,451 Thege comparisons emphasize
the significance of the microstructure: grain boundaries can
either assist or impede ion transport depending on their
chemistry and continuity, while the amorphous structure
avoids grain boundaries but may suffer from lower overall Li
ion transport. The research community should focus on the
lack of material development and characterization at the
atomic level while moving forward to device integration. In
particular, amorphous solid electrolytes beyond LiPON exhibit
consistently higher conductivities and appear to be promising
for the next breakthrough in all-solid-state batteries. Polycrys-
talline films (or even epitaxial films, although less attractive for
the industry) require further understanding of the microstruc-
ture and the role of grain boundaries, and solutions are needed
at the processing level to overcome the current limitations.

4.2. Chemical vapor deposition of thin-film solid electrolytes

Chemical vapor deposition (CVD) technologies have often been
applied for thin-film deposition not only on planar substrates

This journal is © The Royal Society of Chemistry 2025
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but also on complex 3D structures. Their biggest advantage over
wet-chemical and PVD processes is the capability to deliver
uniform, conformal, pure, and dense thin-film structures,
which should, in principle, be highly beneficial for achieving
high-performance Li-oxide solid-electrolyte thin films. Among
their other advantages, some CVD techniques (e.g. atomic layer
deposition) usually do not require the high deposition tem-
perature needed for PVD techniques, thereby making CVD
favorable for simultaneously depositing multilayers with differ-
ent thermal stress, e.g., cathode, solid-electrolyte, and anode
layers within solid-state thin film battery structures. Further
advantages include a moderate deposition rate (1-100 nm
min~") and moderate vacuum deposition conditions. However,
the expensive vacuum supplies and equipment and the high
cost and toxic ultra-pure precursors make CVD a high-cost
solution for large-scale thin-film manufacturing. Moreover,
although 5” wafer-scale high-quality CVD of graphene with
thin-film size has been reported,*>> wafer-scale (>1 x 1 cm?)
Li-oxide solid-electrolyte thin films have not been reported
to date.

Several CVD methods have been used for Li-oxide solid-
electrolyte thin-film deposition, including metal organic
chemical vapor deposition (MOCVD),*** CO2-laser assisted
CVD,*** plasma-enhanced MOCVD,**® thermal atomic layer
deposition (ALD),**” and plasma-assisted ALD.**® In a typical
CVD process, as shown in Fig. 8a, the ultra-pure gaseous
precursors, reacting gas (e.g., O, or O; for oxide growth, NH;
for nitride growth, N, for LiPON growth), and non-reactive
carrier gas (e.g., N, for nitride growth and Ar for oxide growth)
are separately supplied and pre-mixed in a mixing chamber
called the precursor delivery system. The precursors then flow
simultaneously into the reaction chamber under vacuum con-
ditions, pass over the surface of the heated substrate where they
adsorb on the surface, diffuse across it, and then undergo
chemical reactions or pyrolysis; subsequently, gaseous by-
products are removed from the reaction chamber. The reaction
activation energy can be thermal energy (generated through
high-temperature or radiant heating), photon energy (gener-
ated by a high-power laser), or plasma energy (inert gas plasma
produced by electrical energy). CVD methods require an ultra-
high base vacuum in the reaction chamber before the gas-phase
reaction to ensure the deposition of high-purity thin films. The
precursors and related delivery systems also play a determining
role in the film quality and performance. The precursors are
versatile and can be either solid, liquid, or gaseous but must all
be vaporized for the gaseous reaction process, unlike using
ceramic targets for RF sputtering®> and PLD.*'**** For deposi-
tion of Li-oxide solid-electrolyte thin films, ultra-pure metal
organic compounds are usually used as the metal-element
source because of the low melting point and high volatility
(to avoid high-temperature heating of the delivery pipelines)
with the required thermal stability. In the precursor mixing
chamber, the different vapor pressures or mole ratio of differ-
ent precursors must also be optimized to obtain the correct
composition and stoichiometry, particularly for multi-element
compounds. Inducing laser flash evaporation in a delivery
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system not only allows for rapid heating of the solid precursors
by absorption of infrared laser radiation but can also achieve
the stoichiometric growth of multi-element compounds over
the entire growth period. Thus, CO,-laser-assisted CVD com-
bined with laser technology to evaporate solid precursors is
used to differentiate the general CVD processes. After that, the
deposition pressure (or vacuum of the reaction chamber) and
temperature together control the reaction kinetics for thin-film
deposition. The deposition pressure for CVD-processed thin
films is maintained via the precursor gases, reacting gas, and
carrier gas, ranging from hundreds to thousands of Pascals,
which is more moderate than that for high-vacuum PVD; the
deposition temperature is usually several 100 °C and generally
below 900 °C, which is typically lower than that of solid-state
reaction processes. Furthermore, introducing the plasma tech-
nique to activate the reaction by transferring the energy of the
plasma to the precursors and then inducing free-radical for-
mation can lead to a lower deposition temperature via the
radical reaction mechanism, compared with the thermal driv-
ing reaction via thermal CVD. It is possible to lower the
deposition temperature to room temperature when combined
with plasma and high-vacuum techniques (for example, the
room-temperature deposition of ZnO thin films by high-
vacuum plasma-assisted CVD**°). However, to date, there have
been no reports that Li-oxide solid-electrolyte thin films can be
deposited at or near room temperature, likely because of the
precursor condensation in the reaction chamber at room
temperature.

ALD is a sub-set of CVD; however, the tremendous difference
is that ALD involves a sequence of surface self-limiting reac-
tions to grow uniform and conformal thin films at low tem-
perature sequentially layer-by-layer through separately
delivering gaseous precursors. (In contrast, CVD is a continu-
ous process with linear growth with all the gaseous precursors
mixing together and reacting). In a typical ALD process shown
in Fig. 8b, each precursor is individually introduced into the
reaction chamber with a carrier gas, one at a time (which is
called pulse time), and all the precursor gas pulses are sepa-
rated by carrier gas purge (which is called purge time) to
remove any residual gases and by-products before the next
sub-cycle. Overall, ALD is a self-terminating process, depositing
one atomic layer at a time, depending on a sufficient dose of
reactants rather than the controlled flux of reactants in CVD
resulting in a continuous process with linear growth. ALD is a
very well-established technique for simple binary systems (i.e.,
TiO,). However, fundamental knowledge is still needed to
understand the complex deposition processes for multi-
element compounds (e.g., the quaternary systems LLZO and
LLTO), including optimization of each single process and
alternating different layers, e.g., Li,O, La,03, ZrO, and Al,0;
layers for Al-LLZO.**° Briefly, for amorphous thin films (such as
LiPON), ALD usually occurs at low temperatures (typically
below 300 °C, Table S4, ESIt), where high uniformity and
conformity are achieved. These features make it favorable to
deposit a thin interfacial layer between the electrode and the
electrolyte to improve the stability and performance.*®*™*% The
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Fig. 8 Chemical vapor deposition (CVD) techniques for solid-state electrolyte processing: (a) typical CVD steps from precursors to the target film; (b)
typical steps during atomic layer deposition (ALD); and (c) critical processing parameters of solid electrolytes prepared via CVD and ALD techniques.

lower deposition temperature can also be beneficial when
depositing on flexible substrates for flexible thin-film batteries.
To obtain the desired crystallinity in Li-oxide-based solid
electrolytes such as LLTO and LLZO, a high-temperature
post-annealing step is needed but might lead to some issues
such as Li loss, structure/morphology evolution from a
dense and amorphous structure to a coarse-grained and crystal-
line structure, and unwanted reactions between the thin films
and substrates. The details are discussed in the parameters
section.
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To date, solid-electrolyte thin films such as garnet
LLZO,**>** LisLazTa,0;, (LLTa0),* perovskite LLTO,*”
LiPON,”*?7>72733¢ and Li nitride*®® have been deposited via
CVD or ALD methods. The deposition conditions and film
properties are indicated in Table S4 (ESIT). Most of these films
were deposited at low temperature in the range of 225-330 °C
by ALD and at moderate temperature in the range of 450-700 °C
by CVD (Fig. 8c); exhibit dense, uniform, pinhole-free, and even
conformal morphology; possess an amorphous or crystalline
structure; and exhibit ionic conductivities of 107%-107° S cm™*
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(Table S4, ESIT). For LLZO and LLTO, a post-annealing step at
500-800 °C was required to achieve the crystalline phase. Some
of these solid-electrolyte thin films have been processed in
planar or 3D thin-film batteries, e.g., a solid-state battery
fabricated with a Li,Ti;O;, cathode, a 70-nm-thick ALD LiPON
solid electrolyte, and a metallic lithium anode.*®> Among the
Li-oxide solid-electrolyte thin films prepared using CVD/ALD,
the highest ionic conductivity of 3.8 x 107> S em™" was
achieved for cubic LisLas;Ta,0,, films via CO,-laser-assisted
CVD at 700 °C, which is only approximately 3.5-times lower
than the highest reported value for the bulk sample.*>® The
higher Li-ion conductivity can be attributed to the high quality
(high density and purity, crystallinity, chemical composition) of
the films, as the ionic conductivity not only depends on
compositional factors but also on the microstructure. Further-
more, a moderate deposition rate of ~4 nm min~" and a low
deposition rate of 0.7-1 A per cycle (on the order of 0.1 nm
min ") have been observed for CVD and ALD methods, respec-
tively. However, the highest deposition rate of approximately 20
pum h™' (~333 nm min ') was achieved for MOCVD-
synthesized LLZO films,** which is one to two orders of
magnitude greater than that of PLD-synthesized LLZO
films.**° However, the poor quality of those LLZO films, includ-
ing a granular and non-continuous structure and faceted large-
sized grains, makes it impossible to build current collectors to
test the ionic conductivity. In addition, to ensure the desired
crystallinity, one-step high-temperature deposition (e.g., a cubic
LLTaO film prepared by CVD at 900 °C***) or a two-step low-
temperature deposition followed by a post-annealing process
(e.g., cubic LLTaO film prepared by CVD at 700 °C and post-
annealed at 650 °C,*** cubic LLZO-Al prepared by ALD at 225 °C
and post-annealed at 550 °C*®°) is needed. In this case, Li loss is
unavoidable at elevated temperature and often results in a
delithiated phase or second phase, granular structure, and
coarse-grained morphology; these properties can significantly
reduce the ionic conductivity. Considering the Li content,
stoichiometry, and crystallinity of CVD/ALD films, the most
used strategy is the incorporation of excess Li precursors to
compensate for Li loss, thus enabling easy adjustment of the
stoichiometry of films with one-step high-temperature deposi-
tion. For example, stoichiometric tetragonal LLZO films were
obtained by using 50 mol% excess of the Li precursor in a one-
step CVD process at 700 °C,*>* which is much more than that
for the solid-state process (~10-20 mol% excess of the Li
precursor) for preparing solid-electrolyte pellets because the
large surface-to-volume ratio in the thin films induces more Li
loss. Another strategy involves a two-step method: low-
temperature deposition followed by a post-annealing process.
For example, the deposition temperature of amorphous
Lis 2gLazZry015Al0 54 (LLZO-Al) can be lowered to 225 °C via a
thermal ALD process; then, cubic LLZO-Al is formed by anneal-
ing the ALD amorphous film at 555 °C with 400% excess Li
precursor (the Li-ion conductivity was not reported).”®” It is
worth noting that in the high-temperature-processed crystalline
CVD/ALD films, special attention should be paid to the mor-
phology and microstructure, as excess Li evaporation and long-
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range diffusion may lead to segregation of the dense structure
and disrupt the film continuity, resulting in island or coarse-
grained porous morphology, thus degrading the film perfor-
mance. Such morphological degradation introduces tortuous
ion pathways, poor electrode-electrolyte contact, and non-
uniform current distribution, ultimately increasing resistance
and reducing cycling stability.

In summary, CVD and ALD methods are favorable for the
deposition of amorphous to crystalline Li-oxide solid-electrolyte
thin films with high uniformity, conformality, purity, and
density at low temperature. Especially for conformal deposition
onto 3D structures to manufacture 3D thin-film Dbatteries,
which is impossible using the aforementioned wet-chemical
and PVD processes, ALD is the ultimate choice; it is also ideal
for creating protective coatings at interfaces (e.g. towards the
cathode or anode for various battery designs). To obtain the
desired crystallinity, high-temperature deposition or a post-
annealing process is still needed, which can introduce
issues of Li loss, morphology/microstructure evolution, and
interactions between the films and substrates and, in turn,
affect the electrochemical performance of the film. Although
some strategies have been developed to compensate for the Li
loss, maintain the stoichiometry, and modify the film micro-
structure, appropriate deposition conditions are still necessary
to obtain high-quality, large-scale solid-electrolyte thin films.
Currently, there have been no reports on wafer-scale Li-oxide
solid-electrolyte thin films prepared by CVD/ALD; however,
wafer-scale semiconducting films (e.g., MoS,, WS,) up to 8’
have been prepared by MOCVD and ALD.***“**® Thus, a
better understanding of the deposition conditions—-structure-
performance relationship is a prerequisite for achieving
these goals.

4.2.1. Critical processing parameters of solid-electrolyte
deposition via CVD. The CVD and ALD processing parameters,
including the selected precursors, gas flow, pressure, substrate
temperature, and deposition time, have a critical effect on the
film properties (i.e., the composition, thickness, crystallinity,
density, and morphology/microstructure) as well as on the film
performance such as ionic conductivity. For instance, the
deposition temperature and reacting gas partial pressure have
been shown to affect the crystal structure of Li;LazZr,04, thin
films when deposited by CO,-laser-assisted CVD.*** Consider-
ing the complexity of the interdependency of many parameters,
different results are often obtained for the same precursor,
making comparison of the results from different systems
difficult. Thus, a detailed understanding of the CVD/ALD
processing is critical to enable the rational design of Li-oxide
solid-electrolyte films. The growth of functional films with
desired properties requires a good understanding of the rela-
tionships between the processing parameters and the resultant
structures of the deposited film. We introduce the main pro-
cessing parameters (Fig. 8c), including (i) precursors, (ii) pres-
sure or reacting gas partial pressure in the reaction chamber,
(iii) deposition temperature, and (iv) post-annealing process,
and discuss their effects on the film stoichiometry, crystallinity,
and morphology and overall electrochemical performance. We
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aim to provide links between the chemistry, deposition
method, and characteristics of Li-oxide solid-electrolyte films.

(i) Precursors: precursors for Li-oxide solid-electrolyte thin
films prepared by CVD and ALD are usually metal-organic
compounds because of their low melting/boiling points, as
shown in Table S4 (ESIt). To simply and directly deliver the
precursors into the reaction chamber, gaseous metal-organic
precursors at room temperature are always the first choice but
are scarce. Thus, solid and liquid precursors are most often
used with thermal vaporization or bubbling. As shown in the
table, liquid or very-low-melting-point (< 100 °C) precursors are
bubbled at room temperature or with low-temperature heating
(<100 °C), and the solid precursors with a melting point above
150 °C are heated and melted at temperatures above 150 °C.
This type of delivery system shows poor mass flow control over
the long term; therefore, constant heating of the pipelines is
required to prevent precursor condensation. Integration of
other techniques such as plasma/laser techniques with the
precursor delivery system can widen the precursor pool and
promise a constant flow rate of precursors. For instance, the
CO,-laser technique was used to instantaneously vaporize the
high-melting-point solid precursors (e.g., Li(TMHD), La(acac),
Zr(acac)) by absorption of infrared laser radiation, which has a
long wavelength and can be used for direct heating, melting,
and vaporization of solids.”****> Additionally, the N, plasma
technique was used to advance nitrogen incorporation into
Li;PO, by forming a double bond (P—N-P, doubly coordinated
nitrogen) or three single bonds (P-N<, triply coordinated
nitrogen) during the ALD process.”*>”*

To deposit multi-element compounds such as quaternary
systems (e.g., LLTO, LLZO), the precursors must be carefully
selected to avoid unwanted reactions, incompatible tempera-
ture requirements, and impurities. In general, each element in
the target compound has its own precursor; however, it is also
possible for two elements in the target com pound to be derived
from one precursor. For instance, the simultaneous incorpora-
tion of phosphorus and nitrogen in a LiPON film has been
achieved using a single-source precursor of diethyl phosphor-
amidate (DEPA, H,NP(O)(OC,Hs),)), and the obtained
Lip.05P03.00No.60 film exhibited an ionic conductivity of 6.6 X
1077 S em ' (25 °C) and an activation energy of 0.55 eV.*®’
Using a single precursor (e.g., lithium hexamethyldisilazide
(LiIHMDS) containing Li and Si cations, diethyl phosphorami-
date (DEPA) containing P and N elements) can simplify the
overall ALD process but also create possible precursor redun-
dancy during cycling.>**%° Furthermore, incomplete decompo-
sition of the precursors results in unwanted components
appearing as impurities incorporated into the grown films,
which can affect the film properties. For instance, carbon
residues were induced in Lig 3,La4 30TiO, ALD films due to the
incomplete decomposition of the precursor, which were as little
as 1.9 at% when using LiO’Bu with less carbon in comparison
with Li(thd) with more carbon.*®” As another example, a
trimethylphosphate (TMP) precursor could not fully react with
LiO*Bu-terminated surface ligands, resulting in carbon residue
in LiPON films.**® The residues in the grown films have been
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characterized by XPS or time-of-flight elastic recoil detection
analysis (TOF-ERDA); however, understanding of the effect of
the residues on the film morphology, microstructure, and
properties remains lacking. In addition, the precursor delivery
order for ALD processes not only affects the film composition
and purity but also the microstructure and morphology. For
instance, the amorphous Liy 3,La, 3TiO, film with the precursor
delivery order of (TiCl, + H,0)-(La(thd); + O3)-(LiO‘Bu + H,0)
exhibited improved surface smoothness and higher uniformity
than the film with the delivery order of (TiCl, + H,O)-(LiO‘Bu +
H,0)-(La(thd); + 03).*>” The effect of the precursor delivery
order (or each precursor’s reaction order) on the electrochemi-
cal performance of the film has not been discussed. Most
importantly, because of the different reaction energy from
different surface termination, some precursors may only be
reactive to the specific surface termination. Even when using
the same precursors, incorrect surface-terminated species will
not initiate the next sub-cycle reaction. Thus, a thorough
understanding of the effects of precursors, including the coor-
dinating organic-functional groups, physical properties, and
delivery order, on the morphology, composition, and electro-
chemical properties is still needed to pursue high-quality Li-
oxide solid-electrolyte films.

(ii) Total pressure or reacting gas partial pressure in the
reaction chamber: before delivery of the precursors, the reac-
tion chamber is usually pumped down to a maximum pressure
of <1.33 x 10”7 mbar to remove any potential contamination.
The total pressure of a CVD chamber is stabilized with gaseous
precursors, reacting gas, and non-reactive carrier gas and is
maintained within a range of several to tens of mbar to keep all
the precursors vaporized. A high total pressure will induce a low
gas-flow velocity (inversely related to the pressure) and a thick
boundary layer, which limit precursor diffusion into the sub-
strate surface as well as by-product diffusion away from the
surface; thus, the chemical-reaction kinetics is mass-transport
controlled. At low pressure, the surface chemical reaction is the
growth-rate determining step and the mass transport is far less
critical than at high pressure. When lowering the total pressure
at the expense of the partial pressure of the gaseous precursors,
the surface chemical-reaction kinetics is proportional to the
partial pressure of the gaseous precursors. This means that
both nucleation rate and uniformity of initial film growth are
directly impacted by precursor availability (mass transport)
dynamics. Overall, the total pressure, reacting gas partial
pressure, and partial pressure of the gaseous precursors all
affect the chemical-reaction kinetics, surface nucleation, and
subsequent film growth, thereby affecting the film stoichiome-
try, structure, and morphology.****** For instance, lowering the
total pressure from 20 to 5 mbar resulted in a microstructure
change from a coarse-grained to a fine-grained structure of
garnet-type LisLa;Ta,04,.*>®> Reducing only the partial pressure
of the gaseous precursor (Mo(CO)e) from 1 x 10 > t0 5.6 x 10>
mbar while keeping the total pressure constant induced a lower
growth rate (from 1.3 to 0.15 nm min~") and higher conform-
ality of MoS,.**” Reducing the partial pressure of the reacting
oxygen gas from 40% to 8% induced the formation of a Li-poor
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phase with fluorite-type related structure in a polycrystalline
tetragonal Li,La;Zr,0;, film.*>* Thus, reducing the total pres-
sure by reducing the carrier gas flow is beneficial to maintain
the growth rate and film properties of CVD-processed films.
ALD is a selflimiting reaction; the surface saturated
reaction will stop once the surface reactive sites are entirely
depleted. Higher pressure induces a high conversion of
surface sites, resulting in a shorter cycle time to complete the
surface reaction and may thus lead to a high deposition rate,
uniformity, and conformity. For instance, upon increasing the
total pressure from 0.267 to 1.333 mbar, the deposition
rate of ALD-processed Al,O; thin films increased from
0.89 A per cycle to 0.96 A per cycle, and better uniformity and
higher conformity were observed.”’® However, the effect
of the total pressure on the deposition rate and film properties
of solid electrolytes has hardly been investigated. The
total pressure is usually set at several mbar to enable vaporiza-
tion of all the precursors. For example, the reactor pressure
of 3 mbar can be applied for vaporization of the solid pre-
cursors La(thd);, LiO‘Bu, TMA, and TiCl, at 225 °C.**” In
summary, careful tuning of total and partial pressures allows
for balancing precursor delivery, film uniformity, and micro-
structural evolution, especially in multi-component Li-oxide
systems where precise stoichiometry is critical for ionic
conductivity.

(iii) Deposition temperature: the deposition temperature has
a crucial effect on the crystallinity, morphology, and Li content
of Li-oxide solid-electrolyte thin films. As CVD methods rely on
gas-phase chemical reaction, the decomposition temperature of
the precursors and the activation energy of the surface
chemical reaction determine the lowest deposition tempera-
ture, and the homogeneous bulk reaction resulting in the gas-
phase precipitation determines the highest deposition tem-
perature. In a general thermal CVD, at low deposition tempera-
ture and low pressure, the surface reaction kinetics is the
limiting step because of the surplus of reactants at the surface;
in contrast, at high deposition temperature and high pressure,
mass transport with the diffusion of reactants through the
boundary layer is the limiting step because of the lower gas
velocity at higher pressure and faster gas-phase precipitation at
higher temperature.””* Metal-organic precursors for Li-oxide
solid-electrolyte thin films are thermally stable, thus having the
lowest deposition temperature as high as 450 °C, as shown in
Table S4 (ESIt). Increasing the deposition temperature of CVD
not only changes the crystallinity and morphology of the grown
films but also introduces some problems such as Li loss,
delithiated phases, and microstructure evolution.*®> For exam-
ple, crystal-structure evolution of Li,;La;Zr,0;, films by MOCVD
was observed from a tetragonal structure (800 °C) to a cubic
structure (950 °C) to a delithiated phase La,Zr,0, (1000 °C) with
increasing deposition temperature.’®® In addition to crystal-
structure changes, morphology changes of LisLa;Ta,0,, films
were also observed from amorphous-like to fine- and coarse-
grained to coarse-grained with particulates on top upon
increasing the deposition temperature from 600 to 900 °C.*>
As mentioned above, using plasma to activate the chemical
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reaction can significantly lower the deposition temperature by
opening up a new reaction pathway such as radical reaction.
For instance, the deposition temperature of amorphous LiPON
was lowered to 180 °C by introducing N,-H,-Ar plasma,
and the obtained film exhibited comparable ionic conductivity
(~107% S em ™) to other films deposited by MOCVD and RF
sputtering.**® To maintain the Li content and desired stoichio-
metry of Li-oxide solid-electrolyte films deposited at high
temperature, tuning the mole ratio of Li precursors (usually, a
lithium excess of 50% mol) is preferred in CVD.**>*”?> Proper
optimization of CVD parameters such as the reacting pressure,
deposition temperature, and molar ratio of precursors can be
used to precisely control the film stoichiometry, structure, and
morphology.

For ALD, the deposition temperature must be not only high
enough to activate the surface chemical reaction and avoid
condensation of the gaseous precursors on the substrate sur-
face but also low enough to avoid self-decomposition of the
precursors during adsorption processes. The deposition tem-
perature affects the crystallinity of the grown films, as they
undergo phase transition from an amorphous to a crystalline
phase or from a crystalline phase to another crystalline phase at
characteristic temperatures.*”® Usually, a temperature of 225-
300 °C is selected as the deposition temperature for ALD Li-
oxide solid-electrolyte thin films (as shown in Table S4, ESIY),
which falls within the ALD window for all the sub-cycles of
different precursors. Thus, an amorphous structure is always
obtained because of the low deposition temperature. For
instance, amorphous LizN,*”* Li-tantalite (Li5;Ta0,),"”> Li,O-
ALO; (LipeAl;00,),"® LizP0O,,*7"8 Li silicate (Li,.0SiO5.),"”°
LLZO,**° LLTO,*” and LiPON*® films were successfully depos-
ited at 225-300 °C. In terms of multi-element compounds,
stoichiometry of the grown films can be obtained by simply
tuning each ALD sub-cycle. Therefore, ALD is favorable for the
deposition of amorphous films with the desired stoichiometry
of multi-element compounds. For example, stoichiometric
Lig pglazZr,04,Al0 54 With an amorphous structure was depos-
ited on a Si substrate at 225 °C by tuning and combining each
sub-cycle of Li,O, La,03, ZrO,, and Al,O;. The obtained films
with high density and uniformity and low carbon residue
content (<1 at%) exhibited an ionic conductivity of 1.2 x
107° S em ™" at 100 °C with an activation energy of 0.63 eV.**°
If a crystalline phase is desired, a high-temperature post-
annealing step should be performed. In this case, the morphol-
ogy and Li content will be changed because of Li loss at elevated
temperature. The Li content in the grown films can be
increased by simply increasing the dose of the Li precursor to
compensate for the Li loss during post-annealing processes.
The effect of post-annealing will be discussed in the following
section. Furthermore, the effects of the deposition temperature
on the deposition rate, impurity content, and film orientation
have been investigated for semiconducting materials, e.g.,
Al,0;,"%° but have barely been studied for Li-oxide solid elec-
trolytes, potentially due to the relatively new application of Li-
oxide solid electrolytes and the complexity of their multi-
element composition. Regardless of the crystallinity, the
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deposition temperature of ALD processes is much lower than
that of PLD, wet-chemical, and solid-state processes.

(iv) Post-annealing: as mentioned above, ALD processes are
typically performed below 300 °C, which results in amorphous
films. To obtain a high ionically conductive crystalline phase
(e.g., cubic garnet LLZO and cubic perovskite LLTO), post-
annealing at high temperature is generally performed. The
post-annealing conditions will affect the composition and
microstructure of Li-oxide solid-electrolyte films through Li
evaporation, which will in turn affect the ionic/electronic con-
ductivity. For instance, a stoichiometric structure of crystalline
Lip 33La0557TiO; was obtained after annealing the stoichio-
metric structure of amorphous Li, 3,La4 3,TiO, at 800 °C in O,
for 3 h.**” Ssimultaneously, a titanium-containing second phase
was obtained in the annealed films due to the Li loss. To
mitigate the Li loss and tune the composition of annealed
films, excess Li content in the grown films is needed, which
means excess Li precursors are required during deposition of
the amorphous film. Notably, much more Li excess is needed in
thin films than in bulk electrolytes (typically 10-20 mol%)
because of the large ratio of surface to depth in thin
films. For instance, an excess Li content of 400 mol% was
needed to obtain the cubic phase of Lig,gLasZr,0O1,Alp54 by
annealing the grown films at 555 °C.**° However, evaporation
and long-range diffusion of excess Li during annealing can lead
to the segregation of the dense film into a granular structure or
even cracks, thus disrupting the film continuity and affecting
the ionic conductivity. ALD offers the promise of low-
temperature fabrication of amorphous thin films. Tuning the
stoichiometry of crystalline structures with post-annealing at
moderate temperature is possible; however, the microstructural
evolution of the thin films during annealing remains a
major issue.

In short, CVD and ALD are versatile techniques for deposit-
ing amorphous Li-oxide solid-electrolyte thin films under low
temperature and moderate vacuum conditions. Moreover, the
morphology and structure are well controlled, including the
stoichiometry, density, conformality, and uniformity. However,
there are several challenges regarding the crystallinity, micro-
structure, and ionic conductivity, especially for crystalline Li-
oxide solid-electrolyte CVD/ALD films. The possibility of high
conformal deposition positions CVD and ALD as promising
thin-film coating processes for complex 3D substrates for 3D
all-solid-state thin-film batteries. Further challenges include
the inherent low deposition rate, which is on the order of
0.1 nm min~* for ALD and tens of nm min ' for CVD, and the
expensive and toxic ultra-pure precursors with low operability,
which inhibit the process scalability. Most importantly, Li loss
and the resulting granular structure at elevated temperature are
unavoidable. Two strategies have been used to resolve the Li
loss issue: the use of an excess amount of Li precursors and
lowering of the processing temperature through combination
with plasma and laser techniques. In addition to the developed
strategies, new methods need to be investigated to resolve the
Li loss accompanied by structure evolution. To date, CVD/ALD
methods are more popular for coating a thin protective layer on
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the surface of electrode materials to resolve interfacial issues in

all-solid-state batteries.*®~83

5. Processing metrics for high-
performance oxide-based solid
electrolytes

Based on the detailed discussion and data for each individual
fabrication method, namely solid-state processing (Section 2),
wet-chemical solution processing (Section 3), and vapor deposi-
tion technologies (Section 4), we would now like to discuss the
advantages and disadvantages of each processing method and
present an overview of the major processing metrics relevant to
obtaining high Li-ion conducting solid-state Li oxide electro-
Iytes (LLZO, LLTO, LATP/LAGP, and LiPON). Previous reviews
on Li oxide processing often examine individual methods in
isolation, requiring readers to assess different processing
metrics for each technique separately. This section aims to
provide a comprehensive overview, offering a unified evalua-
tion rubric to help select the most suitable techniques and
relevant parameters for various material development objec-
tives. Moreover, by addressing these parameters collectively, we
emphasize their interdependence—some relationships are
applicable broadly across all techniques, while others are
unique to specific methods. This integrated approach provides
a clearer understanding of how the factors interact, enabling
readers to make more informed decisions when optimizing
processing conditions for each technique. The following gen-
eral processing metrics are considered: processing tempera-
ture, chemistry of the precursors, dopants and stoichiometry,
and atmosphere and pressure to synthesize a Li-based oxide
electrolyte ceramic.

5.1. Processing temperature

5.1.1. Processing temperature for powder -calcination.
Solid-state processing relies on the physical mixing of precursor
powders and subsequent ionic diffusion activation at a high
temperature across solid particles.'”> Here, the ionic carriers of
the precursors should diffuse across their particle boundaries
only through slow solid diffusion to form a new solid com-
pound. Moreover, the precursors, mostly metal oxides, for
solid-state synthesis require high decomposition temperatures
up to 750 °C (Li,CO3; decomposition). Therefore, a high calcina-
tion temperature with a long holding time is essential to obtain
the desired phase electrolyte powders via the solid-state route.
Despite the high temperature requirements, the early develop-
ment of Li oxide electrolytes has often relied on solid-state
methods due to their relative simplicity. The calcination of
LLZO typically starts at 750 °C with the tetragonal phase and
generally requires a temperature of above 950 °C to stabilize the
highly conductive cubic phase.’*®2°° The calcination of LLTO
occurs at temperatures over 800 °C to remove unfavorable
secondary phases,*®***®> and that of LATP requires a tempera-
ture above 700 °C'®* to decompose the solid precursors and
obtain pure phases. Although temperature requirements to
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produce phase-pure electrolytes have been suggested, there are
still limited reports on the optimum calcination protocols for
each electrolyte. For instance, the calcination temperatures for
cubic LLZO vary widely from 900 to 1130 °C, and the duration
also ranges from 3 to 12 h. In general, higher temperatures
allow for shorter duration, while lower temperatures require
longer dwell times, but not all studies consistently followed this
trend. Additionally, some works used a single calcination,
whereas others conducted multiple calcinations to prepare
the same phase powders.*®® Solid-state methods allow an easy
development of complex Li solid-oxide electrolytes and enable
large volume scaling. However, the high temperature and long
duration deteriorate the practicality in production; therefore,
temperature optimization would be beneficial to boost the
advantage of solid-state processing.

To decrease the processing temperature, alternative routes
based on wet-chemical solution processing have been studied
to synthesize the solid-electrolyte powders.>*>¢13> et-
chemical solution processing methods such as sol-gel or
Pechini methods enable the formation of ceramic powders
from a solution of dissolved precursors. Because the lattice
diffusion between precursors proceeds directly in the liquid/gel
state, a lower calcination temperature is generally needed
compared to that required for solid-state synthesis methods.
In addition, common precursors used for sol-gel processing
have lower decomposition temperatures (e.g., 550 °C for LiNO3),
promoting the calcination at lower temperature. For example,
van den Broek et al. applied the sol-gel route to calcine and
synthesize cubic LLZO at 650 °C, which is 100-300 °C lower
than that of the solid-state methods.*®” In addition, the phase
homogeneity of LLZO powders can be improved with sol-gel
processing (pure cubic phase at 950 °C), whereas the solid-state
method produces a mixture of cubic and tetragonal powders at
the same temperature.*®® In the case of sol-gel-based LLTO
synthesis, the calcination temperature can be decreased down
to 650 °C,*®? whereas the solid-state-based method requires a
temperature of 800 °C or above to achieve the same phase.**°

Overall, solid-state reactions are easy to develop and eco-
nomical as they are based on inexpensive precursors but
require high calcination temperature. Solution-based methods
can produce high-purity and homogeneous powder products;
however, the reactions are relatively complex to control.**" Due
to their distinctive advantages and drawbacks, there exists no
standardized powder processing route for Li solid-electrolyte
materials. In addition, there are other promising powder synth-
esis methods (e.g., fluid-solid reactions, drying/precipitation,
hydrothermal synthesis, emulsion process, microwave synth-
esis, and plasma synthesis) that have the potential to overcome
the drawbacks and further reduce the calcination temperature.
These methods, however, have not yet been systematically
studied for Li solid-electrolyte powder syntheses.

5.1.2. Processing temperature to sinter dense pellets. Dif-
ferent powder properties also affect the final sintering tempera-
ture and time for Li-oxide electrolytes. A cold-pressed LLZO
green body from solid-state reactions requires sintering at
1050-1250 °C for 2-36 h to achieve a high enough relative
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density (>95%).>°>**>*%* LLTO should reach up to 1350 °C
during the sintering process and realize a high-density and
pure-tetragonal-phase pervoskite.'®®>>° Sintering temperatures
not only play a key role in forming a favorable dense micro-
structure but also influence Li* conductivity by altering the
mesoscopic ordering for ion percolation pathways.>*® At suffi-
ciently high temperatures, grain growth leads to improved neck
formation between particles, enhancing Li* transport across
grain boundaries by reducing the boundary area. NASICON-
type LATP requires a temperature of higher than 1100 °C to
obtain high-ionic-conducting (7 x 107* S ecm™") electrolyte
pellets based on high-density and interconnected Li" conduc-
tion pathways.”**"% However, increasing the sintering tem-
perature and duration will in general trigger Li evaporation
while processing the solid electrolytes.”®" For example, the
pyrochlore lanthanum zirconate (La,Zr,0,) phase can form
due to excessive Li loss of LLZO. Any temperature above
1250 °C results in a significant Li loss and forms the Li-
deficient pyrochlore secondary phase, decreasing the total
conductivity of LLZO pellets.>***¢ Similarly, Li loss of LLTO
can trigger the formation of Li-deficient TiO, or La,Ti,O,
secondary phases above 1350 °C.>"? Therefore, there exist
optimal sintering temperature ranges to balance faster ionic
diffusion to achieve higher density and lower Li evaporation to
obtain phase-pure electrolyte materials.*®”

To further decrease the sintering temperature, time, and
costs, solution-based powder production could also be bene-
ficial based on the smaller electrolyte particle sizes. The
solution-based method is easy to control the size and morphol-
ogy of the powder particles. The mechanism of powder synth-
esis via the sol-gel process includes two key steps: hydrolysis
and polycondensation.””® By controlling the condensation
rates, the electrolyte particle size can be tuned from few tens
of nanometers to a few microns.**® Smaller particles generally
have a greater driving force for densification and grain growth
due to the larger surface area of the green body.?°> Therefore,
lower sintering temperatures (900-1100 °C) and shorter heat-
treatment times (<12 h) are required for Li oxide powders from
solution-based routes.,>*®?%*°° compared to those synthesized
via a solid-state reaction process.**® For example, with a sol-gel
method to produce the electrolyte powders, cubic-phase highly
dense (96.4%) LLZO pellets can be obtained by sintering at
1040 °C for 3 h. This processing temperature is approximately
10-210 °C lower than that for ceramics from solid-state
reactions.”®" Similarly, a LLZO pellet was successfully sintered
within a greatly reduced time of 20 min at the same tempera-
ture (1130 °C), enabled by a 100-nm-sized nano-powder synthe-
sized through the sol-gel processing route.”®*

Some advanced sintering techniques can also be employed
to decrease the sintering temperature further by promoting the
mass transport with external bias (e.g., pressure, electric field).
For instance, hot-pressing studies with LLZO pellets were
successful in reducing the sintering temperature down to
1000 °C,** which is 50-250 °C lower than that for cold-
pressed samples. SPS techniques using LATP electrolytes also
used lower temperature (1000 °C) than conventional sintering
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(1080 °C).>'>?°® As lowering the sintering temperature was
shown to be important for maintaining the pure phase of the
electrolytes, systematic optimization studies combining these
techniques would be encouraging to further reduce the pellet
sintering temperature.

5.1.3. Processing temperature for film production. Wet-
chemical solution processing enables the fabrication of thin-
to-thick films from solution using techniques such as dip
coating, spin coating, sequential deposition synthesis, or spray
pyrolysis. In this case, the classic calcination and sintering
steps are not needed, as a direct transfer from the liquid
precursor to a solidified body via condensation, nucleation,
and growth can be achieved. As a consequence, these synthesis
routes do not require a high processing temperature and long
processing time compared to the powder-based tape processing
methods (e.g., tape casting). The solution-based techniques
commonly require solidification below 400 °C and phase
stabilization at temperatures between 500 and 1000 °C for most
Li-electrolyte films with a duration of a few minutes to hours.>*?
For instance, an amorphous LLTO film was prepared using a
spin-coating method at 500 °C after 350 °C of solidification,>®>
and crystalline phases of LLTO were formed between 700 and
900 °C.>*®3% Similarly, sequential deposition synthesis of a
LLZO thick film can be performed at 280-350 °C for film
deposition, 350-550 °C for salt decomposition, and 550-
800 °C for phase stabilization, resulting in a crystalline cubic
LLZO film above 750 °C.*°®*'® Both temperatures are much
lower than those for producing LLZO (>1050 °C) and LLTO
(~1350 °C) electrolyte pellets. Even though the trials to
decrease the processing temperature were effective, the techni-
ques are still not free from the common problems of Li loss
once exposed to high temperature.*** Such Li volatility can lead
to stoichiometric imbalance, which degrades ionic transport by
forming electrically insulating or low-conductivity secondary
phases. For instance, increasing the annealing temperature of
the LLZO film above 850 °C causes severe Li loss and yields the
La,Zr,0, phase.*'® Zhu and co-workers developed time-tempera-
ture-transformation (TTT) diagrams specific to the chemistry and
precursors used, providing guidance on phase stability and
optimal time-temperature conditions during post-annealing
(Fig. 9).>* Further investigations aimed at providing a compre-
hensive understanding of how temperature affects stoichiometry
and phase formation are recommended to optimize the proces-
sing conditions for wet-chemically derived films.

In thin-film processing using vapor deposition techniques,
the electrolytes are more sensitive to the substrate temperature
because of the short diffusion length of the film; it is easy to
reach the phase but there is a risk of losing stoichiometry.’**
Generally, processing temperatures for vapor deposition tech-
niques are lower than those for solid-state processing or wet-
chemical solution-processing methods. This is because the
high energy of the depositing particles enables the stabilization
of out-of-equilibrium phases, supporting the synthesis of the
desired phase at low temperature. A crystalline LLZO film can
be obtained when the deposition temperature is above 500 °C
using PLD.**> The deposition temperature can be further
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Fig. 9 Time-temperature—transformation (TTT) diagram for LLZO trans-
forming from the amorphous to crystalline cubic phase. The 1%, 25%, 50%,
75%, and 99% iso-phase lines are presented. Specifically, the 1%, 50% and
99% iso-phase lines are indicated as the beginning, mid-point, and final
stage of the phase transformation from amorphous to crystalline cLLZO.
The annealing condition of 500 °C, 10 h is highlighted. Schematic illustra-
tions of the phase compositions at each crystallization stage are provided.
cLLZO, cubic phase LLZO; tLLZO, tetragonal LLZO; alLLZO, amorphous
LLZO. Reproduced with permission ref. 309.

decreased down to 300 °C if an additional annealing step is
introduced.*'* A crystalline perovskite LLTO thin film can be
obtained at approximately 750-850 °C using the same
technique.*”® A polycrystalline LATP film was prepared at
700 °C, and the ionic conductivity was further enhanced with
annealing at 800 °C.°” The same benefit of processing-
temperature reduction is also achievable with CVD/ALD pro-
cesses, generally requiring low processing temperatures ran-
ging from 200 to 950 °C: 225-330 °C for ALD and 450-950 °C for
CVD for LLZO and LLTO, respectively.*>*>% For example, the
crystallization and phase transformation of a LLZO film were
observed at 800 °C for the tetragonal phase and 950 °C for the
cubic phase.*”® A LLTO thin film was deposited at 600-
900 °C*® using MOCVD methods. Despite the benefit of
temperature reduction, the ionic conductivity of the Li-oxide
thin films is reduced by several orders of magnitude compared
with that of the bulk electrolytes. For example, a 170-nm LLTO
film grown by PLD exhibited a room-temperature ionic con-
ductivity of 2.2 x 107® S em™*, which is two to three orders of
magnitude lower than that of pellet-based electrolytes (~10> S
em™').*"> There are no clear explanations for the conductivity
drop; however, one possible reason could be the high Li
volatility causing the formation of non-stoichiometric films
during deposition.*’* The phase of film electrolytes can also
be easily changed because of the active Li loss at high deposi-
tion temperature. In LLZO thin-film electrolytes prepared using
PLD, a Li-deficient La,Zr,0, phase emerged above the substrate
temperature of 750 °C. In addition, a LLZO film prepared using
MOCVD exhibited severe Li loss above 1000 °C. Both these
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phenomena lead to a decrease in the total ionic conductivity.*>?
Therefore, the film processing temperature should be carefully
optimized to achieve balance between the phase evolution and
lithiation degree of the samples.

5.2. Chemistry of precursors and solvents

Precursors directly affect the phases and microstructures of the
solid electrolytes. However, the unique thermodynamic nature
such as the solubility, chemical reactivity, and decomposition
energy of each precursor has not been investigated in a thor-
ough manner. For solid-state processing, base cations are
supplied as ionic compounds with oxide (0*7), hydroxide
(OH™), carbonate (CO5>7), nitrate (NO; ), acetate (COOH "), or
other anion groups.’®’>% Generally, the precursors first
undergo thermal decomposition reactions from their original
anionic composition into oxides before formulating electrolyte
grains. Hood and co-workers have roughly estimated the reac-
tion thermodynamics of different precursors based on their
decomposition temperature.*'® In a more systematic manner,
the reaction Gibbs free energy of thermal decomposition
should be considered to evaluate the conversion reactions of
the precursors into the oxides. For example, LiOH has the
lowest Gibbs free energy change at 1000 °C among LiOH,
Li,CO;, and LiNO; and is favorable to employ to promote the
conversion reaction to highly conducting LLZO.>*” The choice
of precursors also critically influences the quality of wet-
chemical powder processing. The crucial part in wet-chemical
solution processing is to prepare a well-mixed high-quality
solution; therefore, metal carboxylates (COOR™) and alkoxides
(OR7) are often used as the anion pair because of their high
solubility in organic solvents. Because of the strict limitation in
terms of solubility to select precursors, there is a relatively
limited number of salt precursors that can be employed for
solution-based processing.

Similarly, selecting appropriate solution components for
wet-chemically produced film electrolytes is crucial. Many salt
anions used in these routes, including nitrates (NO; ), nitrides
(N37), carboxylates (COOR ™), alkoxides(OR™), or even halides
(X7), commonly require high decomposition temperatures,®'®
often necessitating solvents with equally high thermal stability
to ensure the complete conversion of reactants. Unfortunately,
achieving these properties typically relies on organic solvents,
which are often heavy, viscous, and sometimes hazardous.*'®
Exploring alternative precursor chemistries with lower decom-
position temperatures is critical to more efficiently drive the
conversion from precursors to metal oxides. The choice of
precursors critically influences the quality of wet-chemical
powder processing, as well as the specific TTT diagrams
governing phase formation and crystallization. These aspects
yet remain a relatively underexplored area in ceramic science.
In addition, the thermal-decomposition mechanism of precur-
sors can also affect the final phase and ionic conductivity of
electrolytes. For instance, the ionic conductivity of the LLTO
film prepared from all-alkoxide precursors was 1.78 X
10> S cm™', whereas that prepared from an acetate and
alkoxide mixture was only 1.86 x 10~ S ecm™ . The difference
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was attributed to the different thermal decomposition mechan-
isms of alkoxides and acetates; the acetates decomposed with a
two-step reaction via carbonate formation and formed a phase
with low ion conduction.?®® Lastly, controlling the drying
process is also both essential and challenging to prevent cracks
during film formation. Regardless of the film production techni-
ques employed, effectively managing shrinkage and volume
changes as different metal salts convert into multicomponent
metal oxides is vital for achieving the desired microstructure. As
such, both the solubility and decomposition properties should be
simultaneously considered, resulting in greater complexity to
discover and evaluate electrolyte precursors.

Precursor selection for vapor deposition methods, particu-
larly CVD processes, is also important to induce facile chemical
flow in the deposition system. Generally, precursors with low
melting and vaporization temperatures are favored, including
organic (O‘Bu~,*°® dpm~,*>* thd~>°®) or halide (C1>°°) anion
groups. Liquid or gas phase precursors would also be recom-
mended; however, the candidates are too scarce, considering
the heavy nature of metal elements. To deposit phase-pure
multi-element Li electrolyte compounds, the precursor chem-
istry and delivery order are vital. Recalling from the previous
section, some anion groups (thd ™) leave more carbon residue
than others (O'Bu”) due to the incomplete decomposition
during deposition, which affects the microstructure and chemistry
of the film products.*>®** In addition, the delivery order of the
precursors can change the electrochemical properties of CVD films,
as the step-wise decomposition of precursors produces different
surface chemistries on the film, affecting the reaction thermody-
namics and later film homogeneity.>® Thus, obtaining a deeper
understanding of the effect of the organic-functional anion groups
and their decomposition reactions is important to ensure favorable
microstructure and chemistry of CVD-grown films.

Solvent combination with precursor chemistry can play
significant roles in some processing routes utilizing solvents.
In solid-state reaction routes, organic solvents like ethanol and
2-propanol are commonly used during powder processing to
reduce interparticle friction and ensure uniform mixing of solid
precursors. Aqueous solvents cannot be widely applied because
they react with solid oxides and cause ion exchange of Li'/H",
creating a thermally unstable electrolyte and ionically insulat-
ing by-product (lithium hydroxide: LiOH).?°®*'! Recently, the
selection of solvents with surfactants was proven to be effective
to change the distribution of the electrolyte particle size, later
affecting the densification process. Wood and colleagues
showed that the combination of acetonitrile with surfactants
can reduce the LLZO powder particle size down to 220 nm
and result in a high pellet density at a lower sintering tempera-
ture of 1000 °C.'°' As such, solvent selection can affect the
chemistry and microstructure of the final electrolyte products
in solid-state processing. In addition, solvents affect the
uniformity of materials for solution-based processing such as
sol-gel synthesis, electrospinning, or sequential deposition
synthesis.”'® The solvent serves substantial roles in terms of
the (i) dissolution of precursors, (ii) diffusion of the reactants,
(iii) nucleation of crystallites, and (iv) crystal growth from the

Chem. Soc. Rev., 2025, 54, 8925-9007 | 8971


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs00358j

Open Access Article. Published on 04 September 2025. Downloaded on 3/28/2026 4:00:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

nuclei in metal oxide processing.”'**™ In general, solvents
such as 1-propanol, 2-methoxyethanol, and citric/nitric/acetic
acids are used based on the high solubility of the precursors.
The evaporation temperature of the solvents has been shown to
be important to maintain a uniformly mixed solution during
thermal decomposition steps. However, our understanding of
the effect of the solvent on the chemistry of the final Li-oxide
electrolytes remains limited compared to this knowledge for
electrode processing. To facilitate the market entry of the oxide
electrolytes produced through solution-based wet chemical
methods, extensive exploration of precursor screening and test
synthesis is required. This includes investigating the use of
environmentally friendly organic materials and reagents in the
manufacturing process.

5.3. Li stoichiometry and dopants

Controlling the stoichiometric ratio of precursors is the knob to
manipulate the phase and microstructure of solid
electrolytes.”™® One of the well-known approaches to compen-
sate for Li loss during sintering is to provide an excess stoichio-
metric amount of Li precursors for synthesizing the solid
electrolytes. Li evaporation initiates from interfacial regions
such as grain boundaries and expands into the surface of
grains;>'® excessive Li precursor usage can prevent secondary
phase formation and decrease the resistance of grains and
grain boundaries.>****" However, when the excess Li is more
than enough, some of the Li will gather in the grain-boundary
region. For example, in LLZO, excessive Li can cause a decrease
in the relative density and ionic conduction.””” Many studies
indicate that sintering ~1-mm-thick pellets from both solid-
state processing and solution-based powder synthesis requires
10-20 wt% excess Li,>**?*> where additional Li can be intro-
duced either during the precursor stage or added separately
prior to the sintering process. For different processing techni-
ques, further addition of excess Li is sometimes required to
compensate for Li evaporation. Wet-chemical-derived films are
more readily adapted to the Li level in the final film state, as
adjustments can be easily made at the precursor mixture stage.
For example, flame spray pyrolysis requires 50 wt% excess Li to
balance the Li stoichiometric amount,**® and 30 mol% excess
Li was selected for nebulized spray pyrolysis studies, all added
in the precursor solutions.**> Moreover, if the film does not
require additional annealing and the deposition temperature
remains low, optimal stoichiometry can also be achieved with-
out the need for excess Li.*'® Thin films prepared from vapor
deposition techniques are more vulnerable to Li loss due to
their short diffusion length to the grain boundaries. The targets
for PVD generally contain 10-20 wt% excess Li.*'® An additional
Li source can be incorporated using multilayer deposition
techniques, which introduce a Li-rich interlayer (such as LizN
or Li,0) between the electrolyte layers. These layers decompose
during the post-annealing process, further compensating for
the Li evaporation.”'* Lastly, a similar approach is needed for
CVD, with the addition of 50 wt% to 400 wt% excess Li
precursors for film fabrication.*”>>%
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Dopants are frequently added in solid electrolytes to stabi-
lize a favorable microstructure or phase of the solid electrolytes
and improve the ionic conductivity.****'7~>!° Dopants, incor-
porated by substituting for a base element of the electrolytes,
can be supplied as precursors alongside the base precursors
when processing solid-oxide electrolytes. The ionic conductivity
of an electrolyte is proportional to the charge-carrier concen-
tration and the mobility of the charged ion. Heterogeneous
atom doping can affect the Li-ion conductivity either by manip-
ulating the lattice structure or by creating additional Li ionic
carriers. This effect is not confined to a single processing
method; rather, it is applicable across all range of techniques.
For example, doping of large cations (Sr and Ba) at La sites of
LLTO increases the ionic conductivity because large-sized
dopant ions expand the lattice, enlarging the bottleneck size
for Li* migration and promoting the Li-ion mobility.>**>*°
Similarly, the AI** cation in the LATP system can be replaced
by trivalent cations (Ga, Sc, Y) of larger ionic radii, which
increases the lattice parameter and Li-ion conductivity.>*">2?
In LLZO electrolytes, divalent doping (Sr and Ba) at the La site
increases the Li-ion mobility in a similar way by enlarging the
crystal lattice.>*>*** In contrast, hetero-valent dopants contri-
bute to the enhanced conductivity typically by increasing ionic
carrier concentration. Trivalent dopants (Al, Ga) substitute for
Li" and provide Li vacancies in the LLZO crystal lattice to
ensure charge neutrality of the crystal lattice.>*>**® Doping of
supervalent cations (Ta, Nb, Sb, Bi) at the Zr site increases Li
vacancy population as well as affecting disorderliness in the
framework.,”*®>'%°%” both of which positively affect ionic con-
ductivity from carrier (Li vacancy) enrichment. Dopants can not
only enhance the ionic conductivity but also reduce the proces-
sing temperature. The ease of Li" diffusion in doped electrolyte
materials can stabilize the pure phase and aid in the formation
of dense electrolytes under lower processing temperature. Fast-
ion-conducting Al-doped LLZO phases (~3 x 10°* S cm ™)
were achieved with a final sintering temperature of
<1100 °C.>*® Ga was also found to stabilize a similar cubic
phase at a low synthesis temperature of approximately 1000 °C
and a sintering temperature of approximately 1100 °C.>>
Despite their proven benefits in enhancing ionic conductivity
and lowering processing temperatures, the fundamental under-
standing of dopant behavior in these materials remains lim-
ited. For example, although Al and Ga migrate to the same
lattice site of LLZO, their segregation tendencies to the grain
boundary are significantly different, forming different
microstructures.®® Different segregation trends of dopants
can influence the defect distribution and electrochemical prop-
erties of Li oxide electrolytes. For instance, Chu and colleagues
demonstrated that the incorporation of Ta in LLZO promotes
its segregation and alters the space charge distribution at the
grain boundaries. This segregation effect subsequently modi-
fies the local ionic conductivity and electronic conductivity of
the grain boundaries, affecting the short-circuit endurance of
the electrolytes.”®® In addition, some dopants can cause differ-
ent grain-growth behavior (i.e., abnormal grain growth in Ga-
doped LLZO?*”). Other dopants can cause electrochemical
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decomposition that instigates a detrimental failure of the
electrolyte (i.e., Nb reduction in Nb-doped LLZO).>*° Therefore,
careful approaches in dopant selection are required based on
thorough investigations of multiple factors other than the ionic
conductivity or processing temperature.

5.4. Atmosphere and pressure

In general, Li oxide electrolytes produced by solid-state synth-
esis, wet-chemical processing, and vapor deposition techniques
should be either fully fabricated or treated at the final stage in a
moisture-free atmosphere. This is necessary due to the high
reactivity of Li* with the H" from moisture, which can signifi-
cantly reduce the Li-ion conductivity.”*" For example, the
exchanged protons distort the Li-O octahedral bond of LLZO
and reduce the occupancy of Li on the octahedral sites of the
bulk phase, which leads to fewer mobile Li ions in the crystal
lattices. After ion exchange, the amorphous phase such as
LiAlO, can be formed from Li* extracted from the lattice and
dissolved into the grain boundaries, which acts as an ion-
blocking layer at the boundaries. As such, H' not only reacts
with bulk grains but also with grain boundaries, lowering the
total (bulk + grain-boundary) conductivities of the garnets.>**
Moreover, lithium hydroxide (LiOH), a side product obtained by
switching the cation, also accelerates the formation of highly
insulating lithium carbonate (Li,CO;) and passivates both
surfaces and grain boundaries of Li-oxide electrolytes, deterior-
ating Li* transport at various interfaces.>** To minimize impu-
rities from ambient air exposure, it is essential to limit contact
with water and CO, during processing. A post-treatment step is
also recommended to remove any impurities that may have
formed. Pure oxygen (O,) sintering can meaningfully enhance
both the density and ionic conductivity of Li oxide solid
electrolytes. Flowing O, is known to facilitate sintering by
filling the pores with pure O,. The subsequent disappearance
of pores is facilitated by the good solubility and diffusivity of
oxygen through atomic O migration via lattice diffusion or
vacancy transport.>'® An overall ionic conductivity of LLZO as
high as 7.4 x 107* S cm™" was achieved, higher than that of
materials sintered in other atmospheres.*'° In addition, sinter-
ing under flowing pure oxygen prevents Li'/H" exchange in Li-
oxide electrolytes and reduces secondary phase formation.”**
Then, the grain-boundary conductivity of LLTO electrolytes
increased upon replacing the atmosphere of air (1.5 x 107> S
cm ') with oxygen (7.4 x 107> S cm™").>** Except for reports on
oxygen sintering, there have been few phenomenological trends
observed with other gas atmospheres. Employing an argon (Ar)
atmosphere during sintering was shown to be effective for
achieving the phase evolution of Li-oxide electrolytes. For Ta-
doped LLZO, a pure cubic phase was obtained when sintering
at 1150 °C for 10 h under an Ar atmosphere (2.21 x 107> S
cm '), whereas some tetragonal phase was formed for the air-
sintered samples (2.08 x 10> S cm™').>**> Moreover, Paolella
and co-workers were able to control the thermal decomposition
equilibrium of the precursors by controlling the atmosphere
carbon dioxide (CO,). By increasing the CO, partial pressure,
the Li,CO; decomposition rate could be slowed down and the
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Li loss was reduced during the high-temperature calcination.*>*
Lastly, previous studies on oxygen-ion and proton-conducting
oxides have indicated that processing atmospheres can also
impact defect distribution and ionic conductivity in electro-
Iytes. Li oxides are expected to behave similarly, given
their favorable exchange of lattice oxygens with the surround-
ing environment.>*® LLZO pellets produced via solid-state
methods exhibited a clear dependency of their bulk electrical
properties on oxygen partial pressure. The authors showed that
Li" ion conductivity increased as oxygen partial pressure
decreased, due to the dynamic variation in Li vacancy concen-
tration within the lattice. This effect was observed not only at
high temperatures (>300 °C), but also at lower temperatures
(~90 °C), underscoring the critical role of the oxygen environ-
ment in influencing charge carrier equilibrium.>"® Similarly,
LLTO pellets exhibited improved ionic conductivity at the
grain boundaries when sintered under low oxygen pressure
atmospheres.”’” This enhancement was possible due to the
increased electron population from oxygen vacancy formation,
which had a selective effect on the grain boundary conduction.
Despite some early demonstrations, there are a limited number
of studies examining the effects of processing atmosphere
beyond its influence on the bulk microstructure and phase;
therefore, further exploration in this area is highly
recommended.

Next, the processing pressure is another important para-
meter that should be carefully tuned depending on the proces-
sing methods. Employing enough pressure during the sintering
process helps to reduce the amount of Li evaporation and
stabilizes the stoichiometric structures.>***¢' Electrolytes can
be sintered using special processing techniques such as hot
pressing, field-assisted sintering technique (FAST), or SPS,
which commonly leverage the benefit of applied pressure. For
instance, hot-pressing sintering simultaneously applies heat
and pressure. A cubic-phase LLZO pellet can be fabricated by
hot pressing the pellet green body at 40 MPa for 1 h under
flowing Ar, requiring relatively low temperature and short
duration.>*® However, applying high pressure during the mate-
rial fabrication often results in remaining residual stress, which
affects the properties of oxide electrolytes. Ta-doped LLZO,
prepared by SPS (with a pressure of 25 MPa), exhibited a
residual stress of more than 200 MPa, causing the distortion
of X-ray diffraction profiles.”®” The effect of residual stress on
material properties has not been clearly understood in Li-oxide
electrolytes. However, residual stress has been reported to

influence the mechanical hardness®*® and local ionic
conductivity,>*”>* of electrolytes, and thus should be carefully
considered.

In vapor deposition techniques, especially for CVD, all the
precursors are in the gaseous phase and should be ultra-pure.
The atmosphere for CVD is composed of the precursor gases,
reacting gases (O, or O; for oxides, N, for LiPON growth), and
carrier gases (Ar for oxide and LiPON growth), which are pre-
mixed in a chamber and flow simultaneously in the deposition
chamber. For example, LiPON ALD films can be deposited at
250 °C using a gas mixture of lithium ter¢-butoxide (LiO‘Bu),
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TMP, N, reacting gas, and Ar carrier gas, resulting in a 20 to
80 nm film with an ionic conductivity of 1.45 x 1077 S cm™*.*%*
Moreover, thin-film electrolytes are more susceptible to
changes in their stoichiometry and morphology under ambient
air due to the high surface to bulk ratio of the film; therefore,
the processing pressure should be carefully controlled as
compared to pellet-type electrolytes. In vapor deposition tech-
niques such as sputtering or PLD, too low a deposition pressure
increases the mean free path of evaporated materials and
promotes mobility of surface adatoms, resulting in a rough
surface of film electrolytes.>*® In contrast, too high a back-
ground pressure decreases the kinetic energy of ejected species,
resulting in the loss of a larger amount of the target by
scattering to wider angles.>** Wang and colleagues demon-
strated that the surface morphology of a LiMn, 5Nij 50,
(LMNO) electrode film changed upon increasing the back-
ground pressure from 0.2 to 0.3 mbar, and the roughness
noticeably increased over 0.3 mbar.’** Similarly, the optimum
pressure still needs to be studied for electrolyte films, consider-
ing the laser fluence, target-substrate distance, and deposition
temperature. In addition to the total pressure, the oxygen
partial pressure during PVD or CVD processing can affect the
microstructure of oxide electrolytes.****”> In LLTO thin films,
Ti*" cations reduce to Ti*", creating oxygen vacancies at low
oxygen pressure and increasing the local electronic
conductivity.**® For example, the electronic conductivity of
LLTO thin-film is relatively high at 4.0 x 107> S ecm™" under
a lower atmospheric pressure of 5 x 10~° Torr, while high
pressure (0.1 Torr) can decrease the electronic conductivity to
3.5 x 107 S em~*.#23%% Also in CVD, a tetragonal-phase LLZO
film was successfully deposited at 700 °C with an O, partial
pressure of 40% among the total gas flow, whereas if the oxygen
partial pressure was reduced to 8%, a Li-poor fluorite-type
phase was instead formed.*”> Therefore, adequate pressure
should be used to obtain pure and dense thin-film
electrolytes.*>%343

To aid in the comparison of different synthesis strategies for
oxide Li-ion conductors, Table S5 (ESI) summarizes represen-
tative examples of Li-oxide electrolyte thin- and thick-films
fabricated via various wet-chemical and vapor-phase techni-
ques. The table highlights key processing metrics—precursor
chemistry, dopants and stoichiometry, synthesis temperature,
atmosphere and pressure, and film thickness—alongside the
measured room-temperature ionic conductivities. This com-
parative overview is intended to help identify promising
material-processing combinations that balance performance
with practical considerations such as process scalability, ther-
mal budget, and structural integrity. For benchmarking, data
for bulk ceramics processed via tape casting have also been
included to reflect practically relevant configurations for multi-
layer battery devices, while pellet-based metrics are excluded
due to their excessive thickness and limited applicability.

While lab-scale demonstrations of solid-state electrolytes
have shown great promise, large-scale manufacturing of all-
solid-state batteries (ASSBs) remains a significant challenge
due to differences in processing routes and infrastructure
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compatibility with existing Li-ion battery production lines
(Table S6, ESIY).

Following this processing-focused discussion of solid elec-
trolytes, we now turn to full-cell configurations, where the
compatibility between solid-state electrolytes and electrode
materials—along with composite cathode preparation and
interfacial design—plays a critical role in overall battery
performance.

6. Processing Li-metal-oxide-based
solid-state batteries

Oxide solid electrolytes with thicknesses ranging from 1000 pm
down to 0.1 um can be processed using one of the following
major methods: solid-state processing (1 pm-1 mm; Section 2),
wet-chemical deposition (0.1-10 pm, Section 3), or vacuum-
based deposition (<1 pum, Section 4) (Fig. 4). Such processing
methods, which differ in terms of thickness range, processing
temperature, and scalability, have a direct effect on the full-cell
design for the integration of the oxide electrolyte with the
cathode and Li-metal anode. While it is preferable for the solid
electrolyte to be as thin as possible (while still maintaining the
desired properties and functionality) and the anode to be based
on a high-capacity material, the cathode composite is the most
voluminous component of the battery cell, and the design of
the cathode, including the use of a small amount of liquid/gel
electrolyte as the catholyte or anolyte, largely determines the
battery performance (areal capacity, gravimetric and volumetric
energy). It is thus critical to evaluate the optimal cathode
composite material, composition, size/distribution, and thick-
ness to allow for high loading of the active material while
maintaining sufficient ionic and electronic conductivity (low
tortuosity) to ensure high capacity and charging rates. In a
bulk-type SSB, typical components include a 100 pum-thick
cathode, a 1-20-um electrolyte, a 1-30-um Li anode (formed
after charging), and a 10 pm-thick current collector (Fig. 3).>**
In contrast, the total thickness of a thin-film battery unit cell is
on the order of 1 pm, consisting of several-hundred-nanometer-
thick electrodes, a few-hundred-nanometer-thick electrolyte,
and a CC.

To date, benchmark SSB materials and architectures
remain unclear, and the fabrication of Li-metal-oxide-based
SSB designs entails several challenges related to the high-
elasticcmodulus Li oxides and the additional high-
temperature processing necessary to improve the cathode/elec-
trolyte contact area. First, mechanical degradation due to
cracking must be considered, which is affected by interfacial
stresses due to the mismatch in the thermal expansion coeffi-
cient between the electrolyte and cathode components during
heat treatment.>*>>® Second, there is the risk of interdiffusion
and undesired interphase formation, e.g., the formation of
La,Zr,0; and LaCoO, between the LLZO electrolyte and
the LCO cathode, which significantly increase the interfacial
resistance.’*”>*® Third, electrochemical and mechanical
interfacial degradation during cycling due to limited
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electrochemical stability of electrolyte materials and/or volume
expansion of electrode materials must be considered.>**>* In
addition, the challenges associated with using lithium metal as
an anode material, including the formation and propagation of
Li dendrites, will require further understanding of the funda-
mental mechanisms and innovative ideas to mitigate or man-
age short-circuit failure due to dendrite propagation.”
Therefore, careful selection of battery materials, design, and
processing routes for Li-metal-oxide-based SSBs is crucial for
capacity utilization, rate performance, and lifetime. In this
section, we discuss the general processing metrics for elec-
trode/electrolyte interfaces during cell fabrication, and possible
cell architectures, design-specific processing methods, chal-
lenges, and mitigating solutions are examined for both bulk-
type batteries and thin-film batteries.

6.1. Bulk-type solid-state batteries

For bulk-type solid-state batteries, the cathode and/or cathode/
electrolyte can be prepared via either wet or dry processing.**
The first approach, which has the highest commercial maturity
and is also used to produce cathode sheets for LIBs, is based on
the mixing of the cathode active material (CAM) with a binder
(e.g., PVDF, PVB), a solvent (e.g., NMP, IPA, ethanol), and
potentially surfactants (to adjust for viscosity) and/or electronic
conductive additives (e.g., carbon). Nonetheless, the broad
knowledge about cathode sheet production gained through
the development of LIB production is not entirely compatible
as no solid-electrolyte component was accounted for in the
process. In SSBs, the solid electrolyte is also added to the slurry;
however, the brittle nature of oxides necessitates the introduc-
tion of a high-temperature sintering step to secure maximum
electrolyte-CAM phase contacts and achieve improved Li-ion
transport, low grain boundary resistance and low overall por-
osity of the composite cathode. Nonetheless, the high-
temperature processing step may lead to side reactions due to
CAM decomposition and high interfacial resistance and may
increase processing costs. Avoiding the sintering step by using
low-melting-point sintering agents (e.g., Li;BO;)*”*°>* was sug-
gested to reduce the sintering temperature from 1050 °C to
700-750 °C but had the consequences of decreased active
material loading and high interfacial resistance.>®**>** The
carbon decomposes or burns out at temperatures as low as
500 °C in oxygen-containing atmospheres, restricting the direct
use of carbon-based conductive additives in standard oxide-SSB
processing. The cathode composite may also serve as a mechan-
ical support for the deposition of a dense and thin oxide solid
electrolyte (<20-um thickness) with one of the following anode
architectures: Li-free, dense Li layer, or scaffold-type design to
accommodate the volume changes associated with stripping/
plating of Li metal during cell discharge/charge. A porous/
dense/porous tri-layer scaffold-type design has also been
proposed to accommodate the anode and cathode from two
sides of the dense solid electrolyte but suffers from low cathode
loading and thus low cathode areal capacities. An alternative
processing route is dry processing (extrusion, dry calendaring,
dry spraying, etc.), which obviates the need for the time- and
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space-consuming solvent drying associated with wet chemical
processing. Such processes show promise for soft sulfide solid
electrolytes®*?*3>°¢ byt may be challenging to develop for
oxide-based composite cathodes unless used as a coating
technique for the CAM.**” The introduction of the oxide-
based solid electrolyte to the cathode remains an unresolved
processing challenge and is thus the major focus of this
section.

6.1.1. Processing metrics of the electrolyte/cathode. The
cathode composition for bulk-type batteries is typically a com-
posite of an active material (e.g. LiCoO,, LCO), an ion conductor
(e.g- garnet Li;La3Zr,04,, LLZO), and an electronic conductor (if
the electronic conductivity of the active material is
insufficient).*>%>°°%5%9 In the ideal composite cathode, the
two phases of cathode and electrolyte must be 3D connected
with a high packing density, ensuring continuous conducting
pathways for Li-ion and electron flow during the charging/
discharging process.’®® The cathode performance is deter-
mined by the degree of charge and mass transport (i.e. mixed
ionic and electronic conductivities) within the composite
cathode.”® Ions are transported through the electrolyte, and
electron paths are usually provided by the partial electronic
conductivity of the active cathode materials or/and a small
fraction of conductive additives.

The selection of electronically conductive additives in bulk-
type oxide-based solid-state batteries is a critical factor that
directly influences processing strategies. While carbon-based
additives such as carbon black are widely used in lithium-ion
cathodes to ensure percolating electronic pathways, they are
often incompatible with the high-temperature sintering
(>700 °C) required for densifying oxide-based solid electrolytes
and cathodes, and their interfaces. Carbon decomposes or
combusts above 500 °C in oxidizing environments, leading to
poor or little electrical connectivity in the final cathode. To
address this, alternative strategies have been proposed. These
include low-temperature sintering in inert or reducing atmo-
spheres (e.g., Ar or Ar/H,), where carbon decomposition can be
suppressed, allowing retention of electronic pathways. Another
approach is the use of thermally stable oxide-based conductors
such as indium tin oxide (ITO), which can be co-sintered
with cathode and electrolyte materials. For example, a compo-
site cathode consisting of NMC811, LiBO, glass, and ITO has
been shown to retain conductivity after high-temperature
treatment.>®> Alternatively, electronic conductors can be intro-
duced post-sintering through infiltration methods.’®* More
recently, a promising strategy has gained attention: redesigning
the cathode composition to include materials with inherently
high levels of mixed ionic and electronic conductivity
(MIEC).>**">°° This eliminates the need for separate conductive
additives, potentially enhancing interfacial stability and
long-term performance. This concept parallels the transition
from electronically conductive La; ,Sr,MnO;;; to MIEC
La,_,Sr,Co;_yFey0;.5 in solid oxide fuel cells and is being
actively explored for all-solid-state battery cathodes.

If assuming that the Li/electrolyte interfacial impedance is
not a limiting step for the overall cell resistance, then the
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overall cathode impedance determines the polarization resis-
tance or overpotential during charge and discharge. In general,
the electrolyte/cathode interface has several key requirements
to achieve good cathode performance. The first criterion is a
mechanically, chemically, and electrochemically stable inter-
face between the electrolyte and the cathode to achieve a
rechargeable battery that delivers the expected specific capacity
during initial and long cycling at given test parameters.’®”>®
Such interfacial contact is typically made through the densifi-
cation process, starting with casting (similar to deposition or
coating) and lamination (similar to calendaring) and followed
by sintering to physically connect the cathode/electrolyte. Con-
ventionally, the oxide electrolyte requires a high temperature to
densify interfacial bonding with other oxides, i.e., the CAM, and
thus, there are thermodynamic driving forces for chemical
mixing at the interface, which can lead to undesired interphase
formation. Therefore, the initial selection of the electrolyte and
cathode material should be based on their good chemical
compatibility while allowing interfacial densification. Another
interfacial instability mechanism is the electrochemical decom-
position of the catholyte (solid electrolyte in cathode compo-
site) beyond its oxidation potential. LLZO, LLTO, and LATP/
LAGP have theoretical oxidation potentials of 2.9, 3.7, and
4.2 V, respectively.®® Beyond these potentials, the electrolytes
and catholytes are subjected to oxidation into undesired inter-
phases that are ionically and/or electronically insulating, which
increases the cathode impedance and overpotential. Depending
on the nature of the interphase, however, it can stabilize the
interface. The areal specific resistance (ASR) can be used as a
measure to characterize the interfacial stability related to the
initial performance of SSBs.?$>°%3%9570571 The target ASR
values from a cell comprising the cathode/electrolyte/anode is
less than 40 Q cm” to allow cycling at 1C with more than 90%
energy efficiency.””> Below, we specifically focus on the proces-
sing metrics that can affect the composition and microstruc-
ture of the cathode composite and cathode/electrolyte
interfaces. We mainly exemplify the conventional oxide com-
posite processing followed by sintering at high temperature to
discuss the metrics, including the (i) chemistry and compat-
ibility, (ii) temperature and time, and (iii) atmosphere.

(i) Chemistry and compatibility: the selection of the initial
chemistry of the cathode components plays a decisive role in
controlling the interdiffusion at electrolyte/cathode interfaces
during processing, especially that involving elevated tempera-
ture. If other insulating compounds form at the interface, the
as-fabricated cells will exhibit a high overpotential or ASR. As a
result, the theoretically expected specific capacity (100% utili-
zation) of the active materials cannot be achieved even at low
current density (e.g. <0.1 mA cm™?) at room temperature. Such
chemical incompatibility can be resolved via compositional
tuning of the solid electrolyte, which can therefore improve
the cell impedance and specific capacity. For example, Ohta
et al. studied the effect of Sr (x = 0-1) in LLZO (Lie.4,Aly.)(-
Laz_,S1,)(Zry_,,Nb,)O;, on the chemical compatibility with
NMC111 (LiNiy;sMny;3C04/30,) and battery performance.’>>*
Above Sr substitutions of 0.1, the formation of La-containing
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interphases such as LaNiOz and La,(Ni sLig 5)O, is prevented,
resulting in an order-of-magnitude lowered ASR and a signifi-
cant increase in cathode utilization compared to that of LLZO
with Sr = 0. Likewise, a core-shell structure (Sr-rich, La-
deficient shell in the above case) of a solid electrolyte can
suppress undesired chemical reaction by substituting the
stable cation in the shell, thus working as a diffusion barrier
during high-temperature sintering.

(ii) Temperature and time: the temperature is the main
thermodynamic driving force for both densification (i.e., micro-
structure) and elemental interdiffusion (i.e., chemical compat-
ibility) in oxide-based cathode composite fabrication. The
densification temperature of the oxide electrolyte and oxide
active material composite is mostly determined by the electro-
Iyte due to it having a higher melting point than common oxide
active materials. In conventional solid-state sintering using pre-
calcined powders, densification typically requires high tem-
peratures (> 1000 °C) for several hours. However, many cathode
composite systems—such as LLZO, LLTO, and LATP combined
with NMCs or LFP—suffer from poor chemical compatibility at
these conditions, posing a major technical barrier to the
development of oxide-based solid-state batteries.’”® Addition-
ally, some Li-containing compounds (e.g. LLZO:Al) are sub-
jected to the increased vapor pressure of Li (in the form of
Li,O) at elevated temperature (>900 °C) and become Li-
deficient La,Zr,0, phases, impeding overall densification.>”*
Excess Li sources, typically 10-20 wt%, are used in starting
precursors to balance the Li loss during LLZO synthesis.””> To
achieve densification and chemical compatibility at the cath-
ode/electrolyte interface at reduced temperature and time,
other ceramic processing approaches with alternative ceramic
processing approaches that apply external sintering forces,
such as spark plasma sintering (SPS), can be employed. One
of the earliest examples of prototype bulk-type solid-state
batteries was assembled using SPS, where a thick electrolyte
pellet of Li; 5Al, sGeq 5(PO,4); was co-sintered with LizV,(PO,); as
the cathode and carbon as the anode.>”® This configuration
demonstrated stable cycling and promising electrochemical
performance, achieving a surface capacity of ~ 2.2 mAh
cm 2, While the thick electrolyte limits practical energy den-
sity, this co-pressed structure is useful for laboratory-scale
evaluation and highlights the versatility of pressure-assisted
sintering routes. For the cathode composite of LCO/LLZO, good
densification with limited chemical interdiffusion has been
demonstrated using FAST/SPS®”” and UHS.*’® The addition of
sintering additives helps to reduce the required densification
temperature by promoting liquid-phase sintering and acceler-
ating the kinetics of densification compared with that of pure
solid-state sintering. A common sintering additive of Li;BO;
(LBO) or slightly modified LBO (e.g. Li, 3Co;Bo.303) compound
has been used to densify the cathode composite at tempera-
tures between 700 °C and 800 °C.>**°78

(iii) Atmosphere: the gas environment has been shown to be
one of the critical parameters for cathode/electrolyte interfacial
stability during processing. LATP and LLTO are intrinsically
stable in ambient air, whereas LLZO forms a Li,CO; layer on
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the surface as it reacts with H,0O(g) and CO,(g) at room
temperature. For NMC/LLZO interfaces, several studies have
confirmed the formation of a second phase in air at tempera-
tures above 500 °C.>**”° To isolate the contributions to inter-
facial degradation, Kim et al tested the effect of gas
composition (air, oxygen, nitrogen, carbon dioxide) and humid-
ity on the interphase formation at temperatures between 300 °C
and 700 °C.>* Dry oxygen was shown to be the most suitable
atmosphere to sinter the NMC/LLZO interface, delivering better
interface stability (without second-phase formation up to
700 °C) and a lower ASR of 130 Q ¢cm” than nitrogen, carbon
dioxide, and humidified O,.

6.1.2. Processing  bulk-type  batteries: electrolyte-
supported, cathode-supported, and other cell designs. The
procedure of tape-casting, lamination, and sintering has been
demonstrated to result in the successful fabrication of 25-pm-
thick, dense, free-standing LLZO electrolytes with ionic con-
ductivities as high as 1 mS ecm™".*¢?°"*81 However, such thin
ceramics (10-30-pum thick) (Fig. 10a) may experience cracking
during further processing steps. Moreover, the Li-ion pathway
should be secured by developing good bonding between the
catholyte, electrolyte, and anolyte without disconnection. One
of the cell components (catholyte, anolyte, cathode composite
(CC)) should thus be selected to withstand mechanical failure
with good charge transport and stabilize the cell robustness,
similar to how an organic binder serves as a mechanical binder
in the LIB system.

6.1.2.1. Bi- or trilayer electrolyte-supported cell. One strategy
is to prepare the cell with an additional porous LLZO anolyte
and/or catholyte to fabricate a bi- or trilayer framework (por-
ous|dense LLZO or porous|dense|porous LLZO (Fig. 10b)). The
trilayer LLZO electrolyte composed of a 20-um-thick dense
LLZO film sandwiched between two 50-pm-thick porous LLZO
films was shown to enhance the mechanical strength (breaking
force) by 10 times compared with that of a 20-um-thick free-
standing dense LLZO film (Fig. 10c).'®! The trilayer Li-LLZO-Li
symmetric cell configuration demonstrates extremely high-rate
Li cycling up to 60 mA cm ™ and high capacity per cycle of up to
30 mAh cm ? without external pressure and dendrite
formation.>®* For the full cell, conventional liquid containing
the NMC cathode composite with an areal capacity of
2.3 mAh cm™? has been assembled with the LLZO framework,
demonstrating successful cycling over 500 times at a current
density of 2.3 mA em™? and over 350 times at a current density
of 1.15 mA ecm > and delivering 72% and 89% of the nominal
capacity of the cathode, respectively (Fig. 10d). Despite the
promising performance of hybrid oxide batteries based on the
LLZO framework, there have been limited studies on an all-
oxide cell architecture without a liquid electrolyte and with
large cell footprint (e.g., 5 x 5 cm? or larger).

Another opportunity for the fabrication of a full cell using
the trilayer LLZO-electrolyte-supported framework is infiltra-
tion of the cathode active materials into the porous catholyte
with post-annealing to obtain crystallized and densified cath-
ode active materials on the catholyte without the addition of a
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liquid electrolyte®®*>** (Fig. 10e). Earlier works reported inter-
facial densification between the porous LLZO catholyte and
cathode active materials at low annealing temperatures of 600-
740 °C with promising initial cycling capacities.’®***** However,
because the active materials are synthesized from the precursor
solution inside the pores in the porous scaffold, multiple
infiltration and heating processes are often repeated to
increase the active material loading and to establish continu-
ous electronic pathways throughout the active materials.*®* The
typically achieved cathode loading remains as low as a few mg
em 2 or less than 1 mAh ecm™2.>%¥*°%> To improve the cathode
loading, a highly porous catholyte together with multiple
infiltration-heating processes is needed. Fabrication of a highly
porous LLZO catholyte (more than 70 vol%) has been achieved
using the freeze-tape-casting process,*®' which can be poten-
tially used for preparing high-loading oxide cathode compo-
sites. Another challenge for high-loading cathodes using
infiltration is the large volume change from the liquid (starting
precursors) to solid (active material) during the annealing
process. Despite multiple infiltrations, this process may not
be suitable for the fabrication of nearly dense cathodes because
of the remaining pores.>®

Similarly, bilayer LLZO electrolytes with a total thickness of
105 um (including a 35-um-thick dense layer and the 70-um-
thick porous anolyte) have been shown to be an alternative
electrolyte-supported framework as they also provide adequate
mechanical strength.”®” The bilayer architecture consists of a
dense side for the high loading cathode with a liquid catholyte
and a porous anolyte for Li deposition.’®*® To fabricate the
cathode composite without the liquid catholyte, one can screen
print slurry/paste on the bilayer, followed by sintering of the
cathode composite onto the dense side of the bilayer (Fig. 10e).
This is a feasible approach as successful co-sintering of layered
oxides (LiCoO,, LiNiMnCoO,) with LLZO has been demon-
strated with a sintered LLZO pellet.>>****%78587 [n general,
the composite slurry/ink includes active material powder
(LCO or NMC), LLZO, and binder solution, which is screen-
printed onto the sintered LLZO pellet (300-1000 pm in thick-
ness) and co-sintered at elevated temperature (700-1050 °C) to
densify the cathode composite of 20-100-um thickness. If
Li;BO; (LBO) additive is added to the slurry, the sintering
temperature can be reduced to 700-750 °C from
1050 °C.>**>* It has also been shown that the introduction of
Li.3C07Bo30; (LCBO) into the LCO/LLZO mixed cathode
results in a low interfacial resistance due to LCBO possessing
a higher ionic conductivity than LBO.?’® In addition, the active
material loading can be adjusted by modifying the composition
ratio in the slurry and/or the printed thickness. For example,
the LCO loading achieved was 1.0 mg cm ™ in the 20-um-thick
LCO-LLZO-Li, 5Co 7Bo.30; cathode composite®”® but 12.6 mg
cm 2 (areal capacity of up to 1.63 mAh cm ?) in the 50-um-
thick LCO-LLZO cathode composite,”®” and the NMC loading
was 5.7 mg cm 2 (areal capacity of up to 0.7 mAh cm™?) in the
100-pum-thick NMC811-LLZO-LBO cathode composite.>** Such
examples of achieving a good areal capacity and the desired
thicknesses indicate that this method may allow processing of
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Fig. 10 Recent progress in the electrolyte-supported cell architecture and potential processing scenarios for all solid-state batteries. (a) Translucent,
flexible, sintered cubic-LLZO free-standing film. Reproduced with permission ref. 202. (b) Trilayer porous|dense|porous LLZO. (c) Comparison of
mechanical strength (breaking force) between the porous (50 mm)|dense (20 mm)|porous LLZO (50 mm) and dense LLZO (20 mm). Reproduced with

permission ref. 101. (d) Cycling performance of the electrolyte-supported

full cell with a NMC cathode composite (liquid catholyte). Reproduced with

permission ref. 582. (e) Potential processing routes for an infiltrated and screen-printed (all solid-state) cell using an electrolyte-supported cell

framework.

such cathode composites in the bilayer LLZO electrolyte-
supported framework.

6.1.2.2. Composite cathodes as self-supported cells. Tape-
casting and sintering: the cathode-supported architecture
employs a dense cathode composite of 45-200-pm thickness

8978 | Chem. Soc. Rev., 2025, 54, 8925-9007

as a mechanical support, where the electrolyte can be either (i)
deposited directly on top of the composite cathode or (ii) co-
processed together with the cathode composite.>”* Both strate-
gies can be attractive in terms of the overall mechanical
stability of the cell compared to electrolyte-supported frame-
works due to the thick and dense mechanical support. Thus, a
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battery cell and pack (series of cells connected for desired
energy) might withstand mechanical shock/cracking with
increased cell footprint. The main challenge of developing a
cathode-supported cell architecture is the limited success of
fabricating a cathode composite that is fully dense, practically
thin, scaled in area, and electrochemically functional. The
limited success reported stems from the chemical compatibility
issue, as discussed in previous sections. Only recently, a
cathode chemistry consisting of a layered cathode, e.g., LiCoO,
(LCO), together with Lig 45Al4 o5LazZr; ¢Ta,.401, has been shown
to possess a reaction-free interphase and dense microstructure

200 pm-thick LCO-LLZO

View Article Online

Review Article

(relative density >90%) when fabricated using the tape-casting
process followed by conventional sintering at 1050 °C in air
(Fig. 11a).”®® This method resulted in free-standing membranes
with a thickness range of 70-200 um, demonstrating the
capability of fabricating an ideal cathode composite thickness
range with a high loading capability of up to 4.8 mAh (Fig. 11b).
By implementing a concentration gradient of LLZO and LCO
over the 100-pm-thick cathode composite, the membrane
was able to achieve a high active material utilization (99%,
2.8 mAh cm™?) together with a bilayer electrolyte (50-um-thick
PEO and 200-um-thick LLZO pellet) and a Li-metal anode

70 pum-thick
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Sintered Cathode
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N Cathode/electrolyte
co-sintered
Co-sintered cell
—> Electrolyte

depositedand annealed

Deposited cell

Fig. 11 Recent progress in the cathode-supported cell architecture and the potential processing scenario for all solid-state batteries. (a) As-sintered
LiCoO,-LLZO composite cathode (free-standing or self-supported). (b) Cross-sectional SEM micrograph of 200 um-thick (theoretical capacity: 4.8
mAh) and 70 um-thick (theoretical capacity: 3 mAh) composite cathodes. (c) and (d) Tested model hybrid cell including the LCO-LLZO composite
cathode, PEO as the catholyte, and LLZO as the separator. (d) Discharge curves of the 100 pm-thick composite cathode, showing nearly 100% utilization
of capacity with the Li metal anode. (a)—(d) Reproduced with permission ref. 588. (e) and (f) Potential processing routes for the co-sintered and deposited

(all solid-state) cathode half-cell.
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(Fig. 11c and d).”®® Nonetheless, several studies have reported
the undesired reaction between LCO and LLZO such as the
formation of La,Zr,0, or LaCoO; during high-temperature
processing.>**°! It should also be noted that particle size
affects the reactivity. An ideal cathode composite requires small
LLZO particles (several 100 nm) as ion-conduction pathways
into the composite cathode to achieve high CAM loadings;
however, this modification results in increased reactivity,
thereby promoting secondary phase formation.>®* Further
research is necessary to clarify the effect of the specific compo-
sition (i.e., doping) and particle size of the LLZO electrolyte on
the chemical compatibility with common cathode active mate-
rials (e.g., LCO, NMC) and achievable capacity during battery
cycling. For characterization of the interphase, both XRD and
Raman spectroscopy should be used to identify the secondary
phase formation as Co diffusion into LLZO is difficult to detect
using XRD.** In addition, more advanced techniques such as
TOF-SIMS,*> XPS,”®® TEM-EDS,”” XAS,”®* XANES, and
EXAFS®”® can be used to capture a minor phase. Based on the
practice above, more effort should be focused on discovering
new chemically compatible cathode chemistries and feasible
processing methods for fabrication of electrochemically func-
tional self-supported cathode composites.

Spray pyrolysis: another strategy to prepare a self-supporting
composite cathode for a cathode-supported cell design is the
spray pyrolysis technique. In principle, spray pyrolysis (e.g:,
sequential deposition synthesis; SDS) can be tailored to other
chemistries, including cathode deposition, by consideration of
the points mentioned in Section 3: (i) precursor salt chemistry,
(ii) solvent, and (iii) solution pH and concentration. For typical
cathodes (e.g:, LiCoO, or LiNi,Mn,C0,0,), each of the precursor
salts must be chemically stable in solution with each other. The
chemical compatibility should also be considered when select-
ing the solvents of the system in addition to selecting solvents
with boiling points near the temperature of the heated sub-
strate. Here, the ideal substrate material is a thin metal foil as
the CC (e.g., aluminum or stainless foil).**> The concentration
of the cathode precursor salts should be determined in the
same manner as one might determine the concentration of
electrolyte precursor salts. The fabrication of composite cath-
odes that contain both the CAM and electrolyte may present a
challenge. The design objective of composite cathodes is to
obtain a dense microstructure with electronic and ionic perco-
lation without phase mixing or interfacial reactions to increase
the capacity utilization. However, if the precursor salts of both
the cathode and electrolyte are in the same solution, there is a
large opportunity for chemical compatibility complications.
Instead, to create a composite cathode, there is the possibility
of employing co-deposition, where each solution (the cathode
solution and electrolyte solution) is atomized through different
spray heads onto the same substrate at the same time or
sequentially. This tactic avoids chemical compatibility compli-
cations between the two solutions but presents the added
challenge of orienting both spray heads to the same substrate
as well as ensuring that each distribution of droplets uniformly
coats the substrate. In addition, if a simultaneous deposition
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approach is used, possible reactions forming phases other than
the pure phase (e.g., LLZO and LCO) and whether the desired
material forms at all must be considered. The composite film
must be carefully evaluated in terms of density, elemental
distribution, active material loading, and electrical and ionic
conductivity to ensure that this novel co-deposition strategy
achieves the goals of composite electrodes. In principle, each of
these challenges may be overcome to achieve a promising
cathode composite via spray pyrolysis or SDS that would be
very challenging to achieve using another wet-chemical
method.

Aerosol deposition: for the production of LIBs, the use of
further processing techniques such as solvent-free or solvent-
reduced technologies can also be considered. First, the CAM,
SE, additives, and a binder can be heated in an extruder to form
a viscous mixture that can then be extruded and calendared
onto a CC. Second, the CAM and SE together with different
additives and a binder can be processed by dry calendaring as a
Maxwell-type material. As the mixture exhibits a simple viscoe-
lastic behavior, it can be directly calendared onto a CC. Third,
dry spraying techniques can be used to spray a mixture onto a
CC followed by hot calendering.>*> One example for the latter is
aerosol deposition. The oxide ceramic sub-um particles become
accelerated at room temperature onto a substrate, where they
fracture into nanocrystallites and merge into a dense film due
to the high impact of the post-launched particles. For example,
aerosol deposition was used to deposit NMC and LCO onto
LLZO pellets.>**>” For more practical use, deposition of the
cathode should be first performed on thin metallic substrates
(e.g., copper) followed by LLZO and Li deposition. Nazarenus
et al®®® fabricated 30-um-thick LLZO films on copper sub-
strates at room temperature and reported an ionic conductivity
of 0.046 mS cm™ " after post-annealing at 400 °C for 1 h. For
these production methods, the presumed advantages are a
reduction in cost and energy because no solvents are used
(and therefore the drying process is eliminated) and because
aerosol deposition is known to have high deposition rates of up
to 1-2 um min~".>°® In addition, there are established proces-
sing routes for polymer electrolytes, which can be adapted.
However, producing uniform films with high microstructural
densities and the desired ionic/electronic conductivities
remains a challenge. Further research on processing the cath-
ode support is needed, and then, the entire processing chain
can be adjusted and examined.>** Possible processing routes to
fabricate self-supported composite cathodes would enable
further processing of solid electrolytes on the cathode as a
substrate, which will be considered in more detail in the
following.

6.1.2.3. Processing of the cathode-supported half-cell. The
fabrication of the electrolyte is the next step to make a cathode
half-cell configuration (cathode composite/electrolyte bilayer)
prior to the fabrication of the Li anode. This can be potentially
achieved using the methods used for the self-supported cath-
ode composite, namely tape-casting, spray pyrolysis, or aerosol
deposition. We have selected the following processing
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strategies as a potential recipe of cathode-supported half-cell
architectures:

(i) Co-sintering electrolyte and cathode composite multilayer
laminates (Fig. 11e).

(i) Thin-film electrolyte deposition (e.g., spray pyrolysis) on
a self-supported cathode composite (Fig. 11f).

In the tape-casting process for the cathode half-cell fabrica-
tion, an electrolyte tape is laminated onto a cathode composite
tape with desired pressure and thickness, and then, the lami-
nated tapes (laminates) are placed in a furnace for binder burn-
out and a further co-sintering process. The first step removes
any inactive ingredients (binder, solvent, and dispersant) used
in the slurry for tape-casting and the second step co-densifies
the laminates. Even if the use of chemically compatible com-
ponents is assumed, in general, co-sintering a multilayer cera-
mic from the tape-casting process involves a high level of
complexity as sintering a ceramic multilayer typically results
in incomplete densification, warpage, and/or cracking due to
the mismatch in the shrinkage and strain rate during
sintering.’®*®°> The amount of distortion is governed by the
sintering strain rate mismatch among the individual layers, the
layer thickness ratio, and the viscosity ratio. Applying pressure
by mechanical load (e.g., zirconia or alumina setter) to the
specimen during co-sintering is a well-known approach to
avoid such deformation. Care must be taken when applying
the pressure because during sintering, a ceramic is elastic or
brittle at low temperature and shows linear viscous behavior at
high temperature. Thus, the ideal time for loading is, when the
viscosity is sufficiently low to allow creep deformation by
viscous flow. To apply the load above a certain temperature,
special design of sintering arches is suggested.’® Nonetheless,
one can achieve quite a flat ceramic multilayer cell (e.g. anode-
supported solid oxide fuel cell) of 55 um thickness variation in
5 cm by applying mechanical load during sintering process.®*
The effect of applied pressure loads with respect to the compo-
sition (i.e., particle size, binder/solvent ratio), thickness, and
viscosity of the individual layer on the co-sintering behavior
(degree of densification and warpage) of cells should be inves-
tigated for optimal load condition. The flatness of the planar
cell is crucial for the cell-to-pack performance as a flatter cell
offers a greater contact area between the cells, thus maximizing
the energy density of the battery pack. Thus, fabrication of a flat
unit-cell is very important for commercialization of planar-type
Li-metal-oxide-based SSBs.

Another approach is to use the film deposition technique on
a self-supported cathode composite (Fig. 11f). For example, the
spray pyrolysis method, as opposed to PVD methods, is not
dependent on substrate roughness and is able to produce LLZO
electrolyte films with a thickness of 1-10 pm at low processing
temperatures (<750 °C).>'® However, it should be noted that
the as-deposited film is amorphous with ionic conductivities on
the order of 10°°-1077 S em '.3>°° By implementing a post-
annealing step, the amorphous LLZO can gradually crystallize
as a cubic phase.’*®?*'®3*> Furthermore, there are several
degrees of compatibility that must match between spray pyro-
lysis and the cathode composite substrate. For example, a
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100-um-thick LCO-LLZO sintered cathode composite®®® is a
feasible option as a substrate for depositing the LLZO electro-
Iyte using SDS if the sintered substrate is mechanically rigid
enough to survive against cracking and convective air currents.
The surface roughness should also be considered, especially
when depositing films that are only a few micrometers thick.
The thickness of the electrolyte should be sufficient to provide a
continuous, dense, and uniform film on the cathode substrate.
A typical thickness of ~1 pm is needed if the surface roughness
is less than 0.5 pm. However, a thicker electrolyte may be
needed on a substrate with higher surface roughness. To
ensure that the temperature of the cathode substrate is appro-
priate to decompose the droplets from the spray head, the heat
source must be at a higher temperature to account for the
convective cooling from the carrier gas. The cathode substrate
must be tailored to withstand the higher temperature of the
heating source and the thermal gradient within the layer to
resist cracking. For example, to fabricate LCO from lithium
nitrate and cobalt nitrate (decomposition temperature of
280 °C),°** the film must reach 400 °C.°°* This is advantageous
as the LCO film can be heated to the required temperature and
then subsequently cooled to ~300 °C*'® for an independent
deposition of the LLZO film. In addition, the thermal conduc-
tivity, thinness, and temperature stability of LCO likely result in
the temperature of the LCO being sufficient to decompose the
LLZO precursors; thus, the desired LLZO layer develops.®®® This
step is followed by a post-annealing step to crystallize the
amorphous LLZO into the cubic-LLZO phase for high conduc-
tivity. The sequence of annealing should be selected to reduce
the thermal stresses on both layers to prevent cracking, e.g.,
applying the electrolyte layer to a high-temperature-sintered
cathode composite substrate and heating both at the same time
would only sinter the electrolyte layer. If the as-deposited
amorphous electrolyte layer is preferred, additional annealing
steps can be omitted.

Spray pyrolysis is a promising method to create all-solid-
state battery architectures but has not yet been extensively
examined in the battery community. Commercially purchased
spray pyrolysis equipment can be relatively expensive and is
typically custom-made for any given application, leading to
greater time and money investment compared to other estab-
lished methods. For example, a commercial research-scale
spray pyrolysis system costs ~120000 USD; instead, spray
nozzles from other fields, e.g. automotive, can be repurposed
to create a “home-made” spray pyrolysis system at reduced cost
but with much greater time investment. A further reason for the
lack of widespread application of spray pyrolysis is the infra-
structure needed, including a large amount of carrier gas for
the multi-hour deposition, a heating source capable of reaching
~400 °C under the convective cooling effect of the spray-head
carrier gas, and safe handling of the sometimes corrosive
droplets and decomposition products after droplet atomiza-
tion. In principle, spray pyrolysis can be scaled-up easily by
mounting the spray head on a 2D actuator to deposit onto
a large substrate; in practice, it is not trivial to maintain
uniform film coverage over a large area. A further challenge is
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that spray-pyrolyzed films ideally need to be deposited on thin
metallic substrates as the films are not mechanically robust
enough to be fabricated as free-standing films.

6.1.3. Processing metrics for the lithium-metal anode.
The advantages of lithium metal, often regarded as the
ultimate anode material for high-energy-density batteries,
have been known for decades.’®®*®®” Li metal possesses a
number of beneficial properties including its highly reducing
nature—easily shedding electrons and Li ions, as manifested by
the low electrochemical potential (—3.04 V vs. the standard
hydrogen electrode), high theoretical capacity (2061 mAh cm >
or 3860 mAh g '), and low density (0.534 gr cm™® at room
temperature). Since the 1970s, tremendous efforts have been
placed on the integration of Li metal into batteries; however,
the commercial production of Li-metal batteries has been
halted by numerous challenges associated with their long-
term electrochemical cycling, such as high reactivity,
instability of the SEI, and dendrite formation as well as
related safety concerns.®®*®®” Recently, new opportunities
have been presented by highly conductive oxide-based solid
electrolytes, some that show good electrochemical
compatibility with lithium metal, including garnet-type LLZO
and oxynitride LiPON.®°®%® Although these new solid
electrolytes show promise for Li-metal batteries, precisely
controlling the initial deposition of lithium as well as the
interface between the highly reducing anode and the oxide-
based solid electrolyte proves challenging.?”**°'® Accordingly,
there are several key requirements for the solid-electrolyte/
lithium-metal interface to ensure close-to-ideal performance
of all-solid-state batteries. The first is the chemical and
electrochemical stability of the solid electrolyte against highly
corrosive Li metal. The solid electrolyte should possess
excellent chemical stability and low reduction potential vs.
Li'/Li or negligible thermodynamic driving forces to be
reduced at 0 V. At voltages below the reduction potential,
solid electrolytes are decomposed from a stoichiometric
compound, leading to undesired phases with either Li"
conductivity lower than that of the solid electrolyte or
electronic interphases. This conversion causes an increase in
the charge-transport resistance, acting as a barrier for Li-ion
transport across the interface. LLZO has one of the lowest
reduction potentials of 0.05 V vs. Li'/Li and thus outstanding
stability toward Li metal, whereas Ge**- and Ti*'-containing
oxide electrolytes, including perovskite LizLa,;; ,TiO; and
Liy 5Aly 5Ge; 5(PO,);3, are decomposed at 1.7 and 2.7 V by Li
and form unfavorable electronically conducting interphases.
The latter can cause continued side reactions electrochemically
and eventual short-circuiting. The next requirement is
mechanical stability against volume change during Li cycling.
The ideal performance at the solid-electrolyte/Li-metal interface
involves the ability to reversibly plate and strip approximately
20 pm of lithium metal. In a planar battery configuration, a 20-
um-thick anode over a 1 cm? area could theoretically store
4.12 mAh of electricity; yet, from empirical data, lithium
generally non-uniformly deposits and strips at the interface.
This often leads to loss of physical contact at the interface.
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Another requirement is that lithium metal must favorably
adhere to the surface of the solid electrolyte with good
lithium wettability. Recently, it was shown that lithium metal
favorably wets a number of s-block, p-block, and d-block
elements; AG, represents the spontaneity of the reaction
between lithium metal and the element of choice at a fixed
temperature. Negative values for AG, specify favorable Gibbs
formation for newly formed bonds between the element and
lithium metal, which boost the lithium wettability at the
interface. Overall, by considering chemical/electrochemical
and mechanical stability, and wetting properties, Li" must be
able to move reversibly and quickly across the interface
together with the solid-electrolyte/lithium-metal interface pos-
sessing an area-specific resistance (ASR) of 1 Q cm?.°%*

If proper care were maintained during the deposition of
lithium-metal anodes, several issues may be overcome during
battery operation. Below, we specifically focus on the proces-
sing metrics to control the performance of lithium metal as an
anode on oxide-based solid electrolytes. These metrics are also
discussed considering three methods to form solid-electrolyte/
lithium-metal interfaces, namely thermal evaporation, thermal
lamination, and in situ plating. Thermal evaporation is a
physical vapor deposition process from a lithium source to
the target sample under vacuum conditions. Thermal lamina-
tion uses a commercially available pre-deposited lithium foil on
a copper CC, which is directly applied to the electrolyte-
supported or cathode-supported cells, and physical contact is
made via heat treatment at near the melting point of lithium.
Lithium metal has a melting point of 180.5 °C. The use of heat
is one of the most common methods for depositing a lithium-
metal anode on solid electrolytes.®’" Finally, lithium metal can
be formed or plated i situ solely from the CAM, which does not
require excess lithium from thermal evaporation or thermal
lamination. We also focus on possible issues that may arise if
proper care is overlooked during the deposition of lithium-
metal anodes.

6.1.3.1. Precursors. The deposition of lithium anodes gener-
ally starts with lithium metal with a purity >99.8%. In some
cases, lithium metal is pre-deposited onto a copper CC using
electrodeposition of halogenated lithium salts (e.g., lithium
bis(trifluoromethylsulfonyl)imide, lithium hexafluoropho-
sphate) with thicknesses ranging from 1 to 50 um.*">*'* An
electrodeposited lithium anode generally has low purity
(<99%) and significantly higher surface roughness than ther-
mally evaporated lithium-metal anodes.

6.1.3.2. Vapor pressure of lithium. The vapor pressure of
lithium metal can be used to direct the deposition of Li-metal
anodes onto solid electrolytes or copper CCs using processes
such as thermal evaporation. As a bottom-up approach, the
advantage of the deposition over physical lamination of lithium
is the ability to control the thickness with high microstructural
density. Thus, thermal evaporation of lithium metal has been
used in thin-film all-solid-state battery research since the 1980s
owing to its target thickness of several micrometers and high
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packing density of lithium in the film (>0.5 g cm™>).®'> The
technique is based on physical deposition, where lithium
evaporates under designed thermal and vacuum conditions
and then diffuses to and condenses on the unheated surface
of the target substrate. The heating source is electrical resis-
tance, an electron beam, or a laser that supplies enough energy
to cause the lithium metal to exert vapor pressure and con-
dense onto a solid substrate.®’® Using this technique, the
thickness and deposition rate can be easily manipulated by
tuning the heating temperature (energy), vacuum level, and the
distance between the source and the substrate. For example,
Meunier et al. fabricated 5 um of lithium anode in 5 min under
5 x 107° Pa vacuum conditions at a source temperature of
700 K for a thin-film all-solid-battery on a B,03-0.8Li,O-
0.8Li,SO, solid electrolyte.1 Similarly, lithium-metal anodes
for LiPON-based thin-film batteries were deposited by thermal
evaporation with thicknesses between 0.5 and 5 pm.>”> In some
cases, lithium metal is directly deposited onto copper CCs with
thicknesses ranging between 1 and 30 pum; the CC is then
thermally laminated to the top surface of the solid electrolyte.

6.1.3.3. Atmosphere. Lithium metal is notoriously reactive
with O,, N,, CO,, and H,O0 in the air and thus requires special
care while being processed into an anode. In fact, lithium
reacts faster with N,, H,0, and CO, to form LizN, LiOH, and
Li,CO; at room temperature. The reaction with O, occurs at
higher temperature to form Li,O or Li,O,. The formation of
these irreversible phases may compromise the deposited capa-
city of the anode. For thermal lamination, lithium metal must
be applied under an inert atmosphere (e.g. ultrapure argon) to
avoid any unnecessary oxidation of the lithium metal. For
thermal evaporation, the vacuum pressure must be carefully
tuned to <10 ° Torr; any residual oxygen leads to the for-
mation of lithium oxide during the processing. In some cases,
the oxide layer on Li metal can be removed via a polishing
procedure under ultrapure argon. It should be noted that
species such as H,O can still migrate into the cell and react
with the lithium-metal anode during electrochemical cycling if
the anode/current collector is not properly sealed. For instance,
H,O has been shown to directly diffuse through sputtered
copper CCs, which were directly deposited onto solid electro-
lytes in order to plate lithium-metal anodes in situ from the
cathode in Cu/LiPON/LiCoO, cells.°”” In this method, a
lithium-metal anode is plated between the solid electrolyte
and a copper CC during the initial charge. The key to this
method lies in the deposition of a lithium-diffusion-blocking
overlayer (on top of the copper CC), which seals the anode from
gaseous species (e.g. O, and H,0) and guides the deposition
and stripping of lithium metal. This lithium-diffusion-blocking
overlayer usually consists of 0.3-1 um of LiPON or 6 um of
parylene C.°™® To put this metric into perspective, a relatively
short cycle life was observed in “lithium-free” battery cells
without an O,-tight overlayer, whereas cells including
this overlayer could charge/discharge for over 1000 cycles at
1 mA cm~? and for over 500 cycles at 5 mA cm™> between 4.2
and 3.0 V."* These results indicate that even the slightest

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review Article

change in the atmosphere (and any exposure to O, or H,0)
can significantly affect the deposition of lithium-metal anodes
as well as their long-term performance.

6.1.3.4. Pressure. In some cases, the lithium-metal anode is
pressed against the solid electrolyte to form the solid electro-
Iyte/anode interface, followed by heating at >180 °C in most
cases to effectively laminate the lithium metal to the surface of
the solid electrolyte. When applying pressure to affix the
lithium metal to a solid electrolyte, the pressure applied must
be low enough to avoid cracking or laceration in the solid
electrolyte.

6.1.3.5. Effect of temperature on lithium-metal deposition. In
this process, lithium metal is pre-deposited onto a copper CC
via extrusion (thicknesses of > 20 um), electrodeposition
(thicknesses of 1-50 pm), or evaporation (thicknesses of
<20 pm). Next, the lithium metal is directly laminated on the
surface of a solid-state electrolyte by thermally heating the CC/
lithium metal to temperatures >180 °C for >15 min for
lithium to wet the surface.®*®®*° Lithium lamination has the
obvious advantage of being a relatively fast method that is mass
manufacturable; however, one of the main drawbacks of this
method is the high cost of thin-metal preparation compared
with processing of millimeter-thick lithium foil.

6.1.3.6. Lithium packing density. Lithium metal has a theo-
retical density of 0.534 g cm 3. Thermal evaporation of
lithium-metal anodes onto polished CCs or smooth solid
electrolytes results in the highest packing density, close to the
theoretical density of lithium. Thermally laminated lithium-
metal anodes can have surface roughness or pits, decreasing
the total packing density of lithium metal. In “anode-free”
batteries, in situ deposited lithium metal gradually redistri-
butes across the interface and, in some cases, dewets from
the surface of the solid-electrolyte interface, lowering the pack-
ing density of the lithium-metal anode. For instance, wrinkled
or pitted surfaces were observed for LiPON-based thin-film
batteries.®’” As lithium is cycled between the anode and the
cathode, the packing density generally decreases due to the
redistribution of lithium and the gradual formation of off
phases (e.g. Li,O). The lithium packing density at the anode
can be improved by applying pressure to the entire cell.

6.1.3.7. Interfacial treatment. The chemistry of the solid-
electrolyte/lithium-metal interface is among the most impor-
tant and most difficult to control. Here, highly reducing
lithium metal meets the oxide-based solid electrolyte and either
wets the surface of the electrolyte or is repelled from the
surface. As noted, lithium metal preferentially adheres to
several elements; however, with most oxide-based solid electro-
Iytes, such as doped Li;LazZr,Oq,, Li;.AlLTi,(PO,);, and
Li,La,/3,TiO3, an artificial “lithiophilic” surface layer that is
stable with lithium metal is needed to ensure a Li*-conducting
and e -insulating interface. For instance, lithium garnets gen-
erally form a surface carbonate (Li,CO;), which leads to poor Li
wetting. This layer can be removed by a thermal treatment
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under argon at 400-600 °C. Another common pretreatment is
the addition of an ultrathin buffer layer such as Al,O; or
germanium to improve the contact between lithium metal
and the solid electrolyte. When lithiated, this interlayer
becomes either ionic conducting or mixed ionic and electronic
conducting to stabilize the interphase, which is discussed in
greater detail with practical examples in the next section.
6.1.4. Processing of lithium-metal anodes, challenges,
and mitigation. Li-metal anodes may enable the realization of
sought-after high-energy-density SSBs but require the detection
and mitigation of lithium dendrites, which can shorten the
lifespan of the battery and cause safety issues, and
establishment of manufacturing plants with scalable and
cost-effective lithium production methods that account for its
high reactivity and adhesive properties. A vacuum or inert gas
atmosphere (or at least a dry atmosphere) and stringent safety
protocols will likely be required to account for the high
reactivity of the Li metal with nitrogen, oxygen, and moisture.
In the processing chain and independent of the cell-design
concept, the Li-anode manufacturing will likely be considered
separately from the cathode/solid electrolyte tandem and is
visioned to be stacked with the cathode/solid electrolyte half-
cell. There are several potential design concepts for Li-metal
anodes, e.g., (i) direct application via mechanically extruded
lithium (~100-pum thickness) or via molten lithium; (ii) inactive
scaffold-supported design; and (iii) Li-free design, where direct
Li plating occurs on the CC or on a 3D host structure/CC. The
processing of direct Li-metal application can be done via dry
extrusion or molten lithium processing. In the former, lithium
foil passes through an extruder and several subsequent
calendaring steps to reduce its thickness. This technique has
shown minimal success in achieving ultrathin Li (<20-30 pm)
due to the reactivity and adhesiveness of the lithium metal and
may require the use of processing lubricants. In the latter, a
scalable and cost-effective technique, lithium is liquefied (Tyerc
(Li) = ~180 °C) and spread on different dense or porous
substrates such as a metal CC or inactive porous ceramic
solid electrolyte scaffold. At the lab scale, lithium metal is
also processed through vaporization or evaporation of Li
metal (such as Li evaporation or sputtering); however, these
approaches require a vacuum environment in a special
chamber and have low throughput with low deposition rates
and are thus expensive and inappropriate for large-scale
processing. In the inactive scaffold support approach, molten
lithium metal is infiltrated on a porous scaffold with a
considerably larger surface area compared to a flat electrolyte
surface. As a result, the charge-transfer resistance is lowered at
the unit surface area at a given current density, and better
adhesion and homogeneity is observed compared with a flat
solid-electrolyte design.>**> Accordingly, high-rate Li plating/
stripping up to 10 mA cm? is possible.’*® More importantly, in
the scaffold-based design, the anode does not require external
pressure during cycling due to a negligible volume change.
Nonetheless, there is an energy penalty due to the additional
volume and weight of the porous anolyte as compared to a flat
electrolyte. Therefore, a minimal use of the anolyte while
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maintaining high-rate performance is an important design
consideration for optimizing the cell. An alternative strategy,
namely an “anode-free”” design, involves the in situ plating of
lithium metal on the CC or other anode-supported scaffold
during the first charging cycle from the active cathode. This
approach obviates the need for either the demanding lithium
processing routes or excess lithium and allows the use of the Li
ions already stored in the cathode, which are plated as a metal
during the formation process, and avoids challenges associated
with the handling and shipping of Li-metal foils. Although this
relatively new approach is both energy and cost efficient, it is
sensitive to irreversible capacity loss if unwanted side reactions
occur and may require high stack pressure and complicated
pack-level integration considering the large volume changes (if
no scaffold is used), estimated at ~19-um-thick Li metal for the
deposition of 4 mAh ecm 2 Li metal (considering a specific
capacity of 3860 mAh g~ and a density of 0.534 g cm ™).
Currently, both the high chemical reactivity of Li metal and
dendrite formation during battery operation limit its market
potential as an anode material. Only a gradual improvement of
the critical current density (CCD, mA cm™?) and/or areal
capacity (mAh cm™?) was reported from LLZO-Li symmetrical
cell studies, and one of these approaches could be potentially
implemented in the future full-cell architecture. For example,
Sharafi et al.®®' introduced a procedure to control the surface
chemistry of LLZO and decrease impurities such as hydroxide
and carbonate, which typically appear on the crystalline LLZO
surface upon exposure to air. A decrease of LLZO surface
contamination was demonstrated after mechanical (wet) pol-
ishing followed by heat treatment at 400-500 °C in Ar and
resulted in improved Li wetting of LLZO with a low interfacial
resistance of Ryjzoni ~1 Ohm cm?® and a CCDgy of 0.3-
0.7 mA cm 2.°*"®**> The removal of contaminated species by
laser treatment also translated into interfacial resistance reduc-
tions of 44% when testing laser-cleaned lithium metal anodes
in a symmetric LLZO-Li cell.®** In contrast, Han et al.®"’
employed a thin-metal oxide interlayer at the Li/LLZO interface
to improve the Li wettability. Atomic layer deposition was used
to coat a 5.2-nm-thick and conformal Al,O; layer on the surface
of a dense and flat LLZO electrolyte. Herein, the Al,O; layer
helps the molten Li metal to conformally coat the LLZO surface
with no interfacial void space as a result of the thermally
lithiated alumina (Li-Al-O compound) interphase stabilization.
The low interfacial resistance of Ryjzon; ~34 Ohm cm?
(1 Ohm cm? in d.c. measurement) was achieved with stable Li
cycling under a current density of 0.2 mA ecm > for 90 h.
Similarly, thin metallic interlayers (e.g., gold) have also been
employed for improved Li wetting®®* by Taylor et al., where a
Li-Au intermetallic interphase forms upon lithiation and
essentially functions as a mixed ionic and electronic conductor
(MIEC). They demonstrated a CCDgr of 0.9 + 0.7 mA cm ™. The
interlayer mainly reduced the standard deviation of CCDs vs.
uncoated samples by homogenizing charge transport, therefore
preventing hot spots but not greatly affecting the interfacial
resistance and absolute CCD values. Despite the success in
reducing the interfacial resistance to ~1 Ohm cm* by
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improving the Li wettability, the Li-metal plating and stripping
rates (i.e., CCDs) were still insufficient to satisfy the DOE Fast
Charging Goals, which include a plating current density of
10 mA cm 2, per-cycle Li plating of 5 mAh cm™2, and cumula-
tive plating capacity of 10 Ah cm™>.

Additional modification was introduced by Xu et al.®*®> They
intended to increase the surface area of reaction sites for
lithium deposition by replacing the dense LLZO, where the
reaction only occurs at 2D boundaries (two-phase boundaries:
LLZO/Li interface or LLZO/CC interface), to allow for 3D
boundaries (triple-phase boundaries (TPBs): LLZO as Li'-
conducting/carbon as e-conducting/pores as prereserved space
for Li deposition).>**?8¢:620625 Herein, the LLZO microstructure
is modified with an extended surface area with connected
pores. With an applied interlayer and carbon coatings on the
porous surface, a 3D porous MIEC anode architecture was
developed. In fact, creating a porous LLZO scaffold as an
anolyte provides a 40-times-larger surface area of reaction sites
compared to a planar cell such that the localized current
density at the TPBs is 40 times lower.'® Accordingly, the
charge-transfer resistance is lowered at the unit surface area
at a given current density and there is improved adhesion and
homogeneity compared to that of a flat SE. Moreover, mechan-
ical stress is accommodated with the 3D porous scaffold, which
avoids the need for external pressure. A Li symmetrical LLZO
cell with this anode architecture showed cumulative plating
over 300 mAh cm ™ on each side (600 mAh cm ™2 total cycling)
at 2.5 mA cm > and CCDs up to 10 mA cm~ > without dendrite
formation. Furthermore, a ‘single-phase’ 3D porous MIEC was
introduced to further optimize the Li deposition uniformity,
thereby avoiding hot spots during high-current cycling. To
increase the electronic conductivity of LLZO while maintaining
the ionic conductivity, various multivalent transition metals
(Nb, Ce, Cr) were doped at the Zr site in Ga:Li,Pr3Zr,Oq,. A
carbon-free, ZnO-coated porous MIEC anode showed notable
improvement in the CCDs and cycling stability—stable plating/
stripping cycle at 60 mA cm > and CCD up to 100 mA cm™>
without dendrite formation. A capacity per cycle of up to
30 mAh cm™? and a Li cumulative capacity of 18.5 Ah cm™>
were reported without applied external pressure, far exceeding
the DOE Fast Charging Goals.

MIECs as a porous interlayer or 3D scaffold have also been
evaluated as a high-performance Li anode concept in other
solid-electrolyte chemistries: a Li-Mg alloy anode for the LLZO
electrolyte,®*® a Sn-Ni alloy-coated Cu nanowire anode for the
PEO electrolyte,’”” and a Ag-C nanocomposite anode for the
LigPSsCl electrolyte.®*® For example, Im and colleagues revealed
how the local microstructure and composition evolve during
cycling (Fig. 12a-c).®*®%*° During the initial stage of charging,
lithiation of silver and carbon nanoparticles occurs within the
nanocomposite, resulting in the formation of a Li-Ag alloy and
densification of the composite structure. Near the end of
charging, lithium begins to deposit—alongside silver—at the
interface between the nanocomposite and the current collector.
Upon discharge, lithium ions are extracted back to the cathode,
and some silver redistributes into the nanocomposite, though a
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significant portion remains localized near the bottom, forming
a silver-rich region. The Li-Ag alloy formation acts as a nuclea-
tion template that promotes uniform Li deposition and reduces
the propensity for dendritic growth. Furthermore, the Ag-C
nanocomposite’s inherent mixed ionic and electronic conduc-
tivity facilitates continuous contact between the plated lithium,
the current collector, and the solid electrolyte. It also functions
as a protective buffer layer, mitigating direct reactions between
lithium and the argyrodite electrolyte. Optimization of the
carbon-to-silver ratio was also found to be critical in accom-
modating nanoparticle pulverization and re-segregation, result-
ing in stable long-term cycling without significant degradation.
These insights reinforce the role of engineered MIEC scaffolds
in achieving stable, dendrite-free lithium metal anodes for
sulfide-based solid-state batteries. Theoretical interpretations
on how open nanoporous MIEC interlayers manipulate Li
deposition and stripping behavior and thereby suppress gen-
eral instability of the Li anode are discussed in greater detail in
a recent review article.”** Even if the electrochemical and
mechanical instability phenomenon of using a Li anode is
often associated with the properties of the solid electrolyte,
the microstructure and composition of the interface appear to
play key roles. As discussed above, a 3D MIEC anode has been
shown to avoid the localization of high current densities at hot
spots. Homogenizing charge transport for Li cycling was first
achieved either by improving the Li wettability or by employing
lithiated metal alloy/oxide at the LLZO/Li interface. Addition-
ally, the porous anolyte with extended reaction sites and high
electronic conductivity further improves the distribution of
local current; thus, extremely high Li plating is possible without
the need for carbon coating or external pressure. Finally,
minimal use of the anolyte while maintaining high-rate perfor-
mance is an important design consideration to maximize the
volumetric energy density. Based on the conduction properties
of MIECs and the open porosity of 3D architectures, 3D MIEC
anode architectures are expected to realize reliable Li-metal
SSBs by simultaneously achieving high energy density, long-
term stability, and rate capability.

6.2. Processing thin-film batteries

The development of ceramic thin-film processing technologies
for Li-oxide solid-state electrolytes gave rise to thin-film bat-
teries, representing a promising solution for on-chip integrated
energy storage with 3D stacking potential.®*"***> Thin-film SSBs
have been intensely researched since the 1990s, after the glass-
type Li,PO)N, (LiPON, x = 2y + 3z — 5) electrolyte was
invented.®*:%337%%5 Ag thin-film components need to be sup-
ported by a substrate, careful strategies for stepwise anode-
electrolyte—cathode film assembly are required. As each battery
component layer requires different processing temperatures to
obtain the desired crystalline structure with sufficient Li-ion
diffusivity, a component requiring a higher deposition/anneal-
ing temperature needs to be deposited before one requiring a
lower processing temperature. This approach allows minimiza-
tion of possible chemical compatibility issues during layer
integration. For example, in a LiPON-based thin-film battery
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nanoparticles within the carbon matrix during cycling. Reproduced with permission ref. 631.

system, the LiCoO, or LiMn,0, cathode film is first deposited
on the heated substrate at 300-800 °C to induce crystalli-
zation and grain growth, followed by deposition of the amor-
phous LiPON electrolyte and Li-metal anode at room
temperature.®*>%® In a similar manner, an amorphous LLZO
thin film can be deposited on a cathode layer at room tem-
perature followed by Li-metal anode deposition.®*” For the
cubic-phase LLZO electrolyte, which requires a processing
temperature above 660 °C,*'” assembly with the cathode layer
becomes more complicated. The cathode layer needs to be
prepared before depositing the crystalline LLZO not only to
avoid the possible chemical reaction at the interface during the
LLZO deposition but also to control the crystal orientation of
the cathode to achieve the desired Li diffusion path across
the cell.®*® Physical shadow masks are typically used to assem-
ble the component layers with desired patterns for planar thin-
film batteries. However, the shadow mask does not allow the
sizes of batteries below several tens of mm?; nevertheless,
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microfabrication techniques, such as photolithography and
ionic dry etching, can further reduce the footprint of thin-film
batteries.®*%"%*>

6.2.1.
main planar thin-film SSB architectures: an in-plane
a through-plane (stacked)®*®**® design. The in-plane architec-
ture (Fig. 13a) has CCs for both the anode and cathode posi-
tioned next to each other on the same substrate, and Li" ions
are conducted between the cathode and anode metal contacts
in-plane. This design was used by the first successfully com-
mercialized solid-state thin-film battery based on LiPON.**"%*°
The advantages of this architecture include (i) preventing
component short-circuiting (cathode-anode electrode and CC
separation), (ii) minimized thermal strain and cracking upon
annealing (smaller active contact area between the layers), and

2D structure of a thin-film battery. There are two
643-645 and

(iii) one-step deposition of metal contacts (cathode and anode
metal contacts can be deposited on a substrate simultaneously
and separated by a gap). However, the long Li" diffusion

This journal is © The Royal Society of Chemistry 2025
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pathway between the cathode and the anode (100 s of um) and
the low contact area of active materials might limit its practical
applications, particularly if oxide-based anodes (e.g., spinel
Li TisO;, with low Li* diffusion coefficient, <10™® cm? s %,
and low electronic conductivity, <10~ ** S em™1)*%*! are used
instead of pure Li metal. The through-plane architecture (Fig. 3)
has the CC for the anode placed on top of the anode layer,
whereas the CC for the cathode is deposited directly on a
substrate, and Li" ions are conducted between the stacked
metal contacts. It is an alternative design benefiting from (i)
the high contact area of active components (leading to higher
energy densities) and (ii) the short Li*-ion diffusion pathway
between the cathode and the anode (hundreds of nanometers
to hundreds of micrometers, determined by the thickness of
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the electrolyte). The shortcomings of this design include higher
thermal strain upon annealing, leading to full SSB stack
cracking®?® and pinhole formation;*® increased likelihood of
short-circuiting (stacked components); and two-step current
collector deposition. For both in-plane and through-plane
designs, complicated stack engineering is often required with
many additional layers (such as sintering and adhesion layers)
to reduce the interfacial resistance.®**

The choice of the processing route directly controls the
electrical, chemical, and mechanical properties of the battery
components and ultimately the device performance and deter-
mines the potential for scale-up. Thin-film electrodes can be
produced by vacuum-based deposition techniques, such as
magnetron sputtering, pulsed laser deposition, electron beam
evaporation, chemical-vapor deposition, or solution-based
deposition techniques, including electrostatic-spray deposi-
tion, spray pyrolysis, or sol-gel fabrication.®*®*>* To date, fully
integrated thin-film battery (microbattery) cell architecture
designs, both in-plane and through-plane, have only been
realized using sputtering-type techniques and a Li
evaporator.®’® We present here an example of a layer-by-layer
processing flow based on a single cell of a LiPON-based thin-
film battery from Oak Ridge National Laboratory, which con-
sists of the following eight stages: (1) substrate selection, (2)
cathode CC deposition, (3) cathode deposition, (4) cathode
annealing (optional), (5) anode CC deposition, (6) electrolyte
deposition, (7) anode deposition (Li-ion or Li metal), and (8)
protective layer deposition.

Substrate selection: MgO, Al,O3, quartz glass, and wafer-type
coated Si substrates are typically selected as the substrate due
to their chemical and thermal stability and lack of metal ion
(e.g. Mg>*, AI*") interdiffusion with the metal CC and Li-oxide
electrode material upon annealing, showing the highest stabi-
lity and chemical inertness at higher temperatures
(>700 °C).317:617:635,654°656 However, these substrates are lim-
ited by their high thickness (~0.5-1 mm), stiffness, and
brittleness. The high cost of these substrates also makes them
less practical for use in industrial applications. Alternatively,
using a flexible metal foil substrate (e.g. stainless steel, Cu, Al,
Ni) avoids CC deposition.®®”"*** However, the material must be
stable against thermal treatment such as oxidation or deforma-
tion during the entire cell processing (e.g. cathode annealing
and anode deposition steps). Similarly, a mica or polymer
substrate (e.g. PDMS) benefits from flexibility but must exhibit
thermal and mechanical stability.**>°>

Cathode current collector deposition, cathode deposition,
cathode annealing (optional), and anode current collector
deposition: following the substrate selection and preparation
(e.g., cleaning pre-treatment), a cathode CC (metal contact)
layer is deposited. If an insulating substrate is used, typically
a Pt, Au, Cu, Al, or Ni thin layer is deposited on top via DC
sputtering.®'7%%27%%” The key challenges here include CC layer
delamination (de-wetting) due to poor adhesion to the sub-
strate, which can be suppressed by introducing an adhesion
layer of Ti or Cr, and alloying with Li metal from reduced Li"
ions extracted from the Li-oxide cathode on annealing.®** In the
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subsequent step, the cathode layer is deposited, typically using
a physical vapor deposition technique. The film of LiCoO, is
the cathode material most frequently used in the fabrication of
thin-film batteries due to its exceptional electrochemical per-
formance and thermal and chemical stability as well as rela-
tively less complicated synthesis process compared with other
cathode materials. Besides LiCoO,, other cathode films such as
LiMn204,668 Li(Mn,Ni)204,640 Ti02,669 V205,156,666,67O,671
Mo0,,*”>%"* and WO,,%”* have been explored as well. Thick
cathodes are desirable to maximize the active material loading
(and hence energy density); however, thicknesses over 1 pm
typically lead to crack formation.®”> Furthermore, cathode
deposition challenges include chemical instability upon
annealing at >500 °C (metal-ion interdiffusion and secondary
phase formation at the cathode/electrolyte interface)’*>’® and
lattice parameter or thermal expansion coefficient mismatch
between the cathode and electrolyte materials, leading to crack
and pinhole formation on annealing.®®® Following cathode
layer deposition and post-deposition annealing to obtain the
desired crystal structure (optional), an anode CC is typically
deposited by DC sputtering, which similarly to the cathode CC
must exhibit high thermal stability, conductivity, and
inertness to Li.

Electrolyte deposition: in the next step, a solid electrolyte
layer is deposited, which must be dense, crack- and pinhole-
free, and thick enough to avoid short-circuiting, Li dendrite
formation, and propagation.®® Hence, chemical stability of Li-
oxide electrolytes makes them promising candidates.**®”” The
key challenge here is to minimize the interfacial interlayer
resistance or area-specific resistance (ASR; typically due to
insulating interfacial reaction products and/or low cathode/
electrolyte contact area) and to achieve good physical interlayer
adhesion.”®**®%% Recently, several studies have employed a
LLZO thin film, which has a several-orders-of-magnitude-
higher ionic conductivity and wider electrochemical window
than LiPON, to design all-solid-state thin-film batteries.®”® %'
However, a few technical challenges of fabricating LLZO thin
films such as the higher processing temperature and control-
ling the desired phase and crystallinity have hindered achieving
a liquid-free thin-film battery.

Anode deposition (Li-ion or Li metal): finally, anode
material deposition is performed, via either RF sputtering
(e.g. Si, AI)®>%033660.682 or 1 thermal evaporation (pure Li
metal).®?>*%3>0406%% Dye to the high reactivity of Li metal,
depositing pure Li metal for the anode layer must be conducted
in an inert environment. The anode/electrolyte interface often
suffers from high ASR, poor physical interlayer adhesion, and
Li dendrite growth along the grain boundaries or cracks in the
electrolyte.”®*>® In addition, typically patterning of the CCs,
cathode, electrolyte, and anode is achieved via shadow masking
to obtain the desired shapes and avoid short-circuiting. 43643
An anode-free thin-film battery is an alternative structure that
does not use an anode layer and instead directly places the
metal CC on the electrolyte. During cycling, lithium metal is
plated at the interface between the metal and the
electrolyte.®'”°®* This architecture is beneficial for increasing
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the energy density and simplifying the assembling process by
removing the step of anode layer deposition. However, the
major challenges with an anode-free structure are the large
volume expansion during Li plating and stripping, causing a
structure failure such as cracking and the formation of dead
lithium due to the weak binding energy between Li and the
anode CC, resulting in a drop of the energy capacity over
cycling.®®?

Other solid-state full thin-film battery processing and
fabrication challenges include (i) low Li" conductivity of a
thin-film solid electrolyte (typically ~10"® S ¢m™", orders
of magnitude lower compared to that of bulk pellets,
~107° S em ™ 1);101018019681 (if) thickness range limitation
(vacuum fabrication techniques are confined to thicknesses
<1 pum,”" and solution techniques often suffer from densifica-
tion cracking of ceramic films with thicknesses >1 um);*®*® and
(iii) low scalability and throughput, as currently the cell sizes
are limited to small geometrical area (<4 cm?)°*® and time-
consuming thin-film fabrication.

6.2.2. 3D structure of a thin-film battery. To further
increase the energy density of a thin-film battery, the concept
of a 3D architecture of a thin-film battery has been intensively
developed. The volumetric energy capacity is determined by the
mass loading of the active electrode materials.®®”"*** However,
the electrode thickness is limited by kinetic restrictions, such
as low ionic and electronic conductivity, and structural restric-
tions, such as film delamination.®®” The structure of 3D thin-
film batteries with a large interfacial contact area has been
explored to improve the charge-transfer efficiency. Higher
energy and power density can also be achieved by increasing
the volumetric mass loading of the active electrode materials
while keeping the thickness of the component layers small for
fast ionic diffusion across the battery components.®>"*°* These
features lead to improved cycling performance for 3D thin-film
batteries compared with that for the planar geometry. In
general, 3D thin-film battery architectures (Fig. 13b-d) employ
either (i) micro-column structures, where cylindrical templates
are used and thin-film battery component layers are sequen-
tially deposited;®®® (ii) micro-channel structures, where chan-
nels are etched in the substrate using either shadow masking or
photolithography in an initial step followed by filling in of
these channels with the thin-film battery constituent materi-
als;®°®°% or (iii) interdigitated 3D battery structures. Although
successful works of 3D thin-film battery design are mostly done
with a liquid electrolyte and the complex architecture of the
electrodes, there are several studies where all the components
are solid phase and achieve 3D SSBs.

Fig. 13b displays arrays of columns composed of the sub-
strate, current collectors, active electrode materials, and the
electrolyte. Subsequent components are deposited layer-by-
layer on the 3D columnar template. The main advantages of
this approach include the relatively simple fabrication method
and the easily monitored and controlled layer thickness during
deposition.®* However, conformal layer deposition may be
challenging if the column arrays are dense and composed of
the high-aspect ratio structure, especially during physical vapor
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deposition. The incident flux of the conventional physical vapor
deposition technique, such as sputtering or PLD, is directional
and normal to the substrate surface, causing poor coverage on
the side of the columns.®®® The fragile properties of column
structures are also vulnerable to mechanical damage during the
charging and discharging process.®*' In Fig. 13c, thin-film
battery-component deposited on an etched microchannel sub-
strate are shown. Compared to the architectures shown in
Fig. 13b, where individual columns are exposed, the micro-
channel geometry is mechanically more robust.®®® However,
deposition methods are limited to those where the precursors
can uniformly access the channels, such as electrodeposition
and chemical vapor deposition.®®***> Monitoring the layer
deposition inside the pores cannot be easily achieved.
Fig. 13d presents an example of an interdigitated 3D battery
structure, which relied on the formation of 3D trenches. The
main advantage of 3D trenches is that microchannel substrates
are readily available and require relatively simple preparation
methods. Besides the examples, 3D SSBs have also been fabri-
cated as various patterns prepared by 3D printing,*®” core-shell
nanowires,®? and textile scaffolds.'*

The 3D architecture with thin electrode and electrolyte
layers is expected to have fast charge and discharge kinetics
as well as high capacity due to the effective surface-area
enhancement. However, to fully realize these theoretical bene-
fits, significant technological development is still required to
address fabrication complexity and performance tradeoffs. For
example, the power performance of the 3D SSBs shown is
significantly lower than that of similarly prepared 2D planar
SSBs composed of LCO, LiPON, and Si as the cathode, electro-
lyte, and anode, respectively.®®® According to the experimental
and computational studies, the major reasons for the poor
power performance were the structural inhomogeneity of the
3D structures and uneven internal current density distribution
and poor cathode utilization due to the low kinetics in the
cathode. This study suggested that improving the electrolyte
conductivity to 107> S em ™" or designing the 3D structure with
a constant distance between the anode and the cathode could
improve the 3D cell performance. In a more recent study, 3D
microchannel SSBs were fabricated using conformal ALD
deposition of SnNx, LiPON, and V,05 as the anode, electrolyte
and cathode, respectively.®®® The 3D SSB exhibited an order-of-
magnitude-higher areal discharge capacity and improved
power density compared to a 2D planar SSB assembled using
the same battery component materials. However, the energy
density was almost an order-of-magnitude lower than that of
LiPON-based planar 2D SSBs with 2500-nm thickness of
LCO.%*® These contrasting outcomes reflect the sensitive inter-
play between cell architecture, film thickness, and material
utilization. While 3D designs can boost areal capacity and
power output through increased active surface area, their total
energy density can be compromised by dead volume, limited
cathode loading, or incomplete filling of high-aspect-ratio
structures. Therefore, rational geometric design, combined
with advanced conformal deposition methods and optimized
component materials, is essential to achieve the predicted
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advantages of 3D architectures without sacrificing volumetric
performance.

Overall, the development of Li-ion solid-state thin-film bat-
teries is an area of ongoing research, with scientists and
engineers constantly seeking to improve their performance
characteristics through new cell designs and fabrication meth-
ods. The use of 3D structures in thin-film battery design offers
great potential for meeting the increasingly demanding
requirements of wireless microdevices, which have seen their
footprint decrease while their required power and energy
densities increase.

7. Outlook and perspective

The global energy consumption across all sectors in 2023
worked out to a staggering 172 Peta-watt-hour per year,
~82% of which originated from fossil fuels.®”® Across all
sectors, in the US, this corresponds to roughly 35% for indus-
trial applications, 36% for transportation, and the remaining
29% for residential and commercial heating and cooling
budgets.®®® Most of the energy used for transportation (90%)
comes from petroleum, which accounts for 23% of the global-
energy-related CO, emissions.®”® As energy-storage systems,
batteries are needed because of the rapid rise of electric
mobility and to store energy from renewable resources (i.e.,
solar, wind). As such, batteries play a crucial role in combating
climate change and achieving ambitious goals such as that of
the European Commission’s goal to reduce greenhouse gas
emissions by 55% below 1990 levels by 2030, phasing out new
passenger cars and light commercial vehicles with internal
combustion engines starting in 2035, and creating a carbon-
neutral economy in the EU by 2050.”°° By 2030, ~90% of
battery demand will be in road transport and more than 300
Gigafactories are forecasted to be built in the US (~ 0.8 TWh by
LG Chem, SK innovation, Panasonic, Envision AESC, CATL,
etc.), Europe (~1 TWh by Tesla, Northvolt, PowerCo SE, CATL,
etc.), and China (~2.6 TWh by BYD, CATL, EVE, Tesla, LG
Chem, etc.) to produce >4 TWh of the needed cell capacity.
Today’s battery demand is dominated by China with 3 in every
10 light vehicles bought in 2023 being battery electric or plug-in
hybrid vehicles, whereas Europe and the USA still have to catch
up in their contribution and market shares. China does not
possess a significant amount of the relevant raw materials;
however, in the past decade, it has been heavily subsidizing its
battery value chain, investing in processing steps and cell
components and manufacturing and thus owning a more
mature battery supply chain. The EU and USA may experience
delays in global EV adoption due to major challenges such as
lack of infrastructure and local supply chain and recycling
capabilities but have recently established new policies to serve
as a catalytic factor to spur investments. The US has established
several policies that support both the supply and demand of the
battery market: (i) the Bipartisan Infrastructure Law, the largest
federal investment in public transportation, which includes
over $18 billion in investments to reduce emissions through
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electrification of vehicles; (ii) the Inflation Reduction Act,
which offers a variety of game-changing tax-related credits
across the clean energy sector that can potentially reduce
battery-pack costs by ~27% and thus support local (or allied)
cell manufacturing and supply chain. In the EU, the European’s
Green Deal and the Net Zero Industry Act have the aims of
domestically producing 85% of batteries and boosting their
recycling. The EU has adopted new agnostic battery regulations
for batteries placed on the EU market (produced or imported)
and starting in 2026/2027, the ‘‘Battery Passport”, a digital
document that contains comprehensive labeling and informa-
tion on the battery components, carbon footprint, and recycled
content, among other information, is expected to be imple-
mented in all batteries with capacities larger than 2 kWh and
should serve as a strong foundation for current and future
recycling efforts.

The key metrics of batteries for stringent EV applications
include the safety, costs, range, performance per volume, and
extended shelf and cycle life," which may translate into the
following requirements at the cell level: (i) safe and effective
operation at —30 to 100 °C* under minimal (preferably without)
stack pressure (~ 1 MPa but ideally below 0.1 MPa); (ii)
competitive energy densities (~400 Wh kg™ and 1000 Wh
L"), fast charging rates (>1C and preferably as high as 3-6C),
and extended cycle life; (iii) cost-effective and scalable proces-
sing and manufacturing, preferably compatible with current Li-
ion battery processing routes (and incorporated as ‘drop-in’
technologies); (iv) material costs and supply chains; and poten-
tially (v) recycling of battery components. Different vehicle
segments will most likely dictate the required level of techno-
logical innovation. Throughout the last decade, cathode tech-
nology has been the main driver for the incremental energy-
density improvements of LIBs. Although entry-level EVs,
required to deliver cost-competitive battery solutions, can
adopt Li-ion technologies with LFP/LMFP cathodes and Na-
ion technologies, mid-level EVs, required to support fast-
charging solutions, can adopt LIBs with variations of NMC/
NCA or even use Ni- and Co-free chemistries such as LFP.
Premium vehicles typically adopt the latest battery innovation
and are currently based on Li-ion technologies with NMC/NCA
cathodes; however, the desired significant enhancement in
battery performance will require the implementation of
advanced solid state electrolyte ceramic technologies towards
higher energy densities enabling the use of high-capacity
anodes (Li metal or Si), cathodes (sulfur-based), and/or solid-
state electrolytes (which eliminate the need for a liquid electro-
lyte). All solid or quasi-solid (<5% liquid/gel electrolyte), or
hybrid (~5%-10% liquid/gel electrolyte) electrolytes may be
the optimal intermediate solution or perhaps the ultimate one.

Hybrid and solid-state batteries, where liquid electrolytes
are replaced with a solid electrolyte with a high (close to unity)
Li-ion transference number, are one of the leading technologies
targeting EV applications. These may possess fast charging
capabilities and high power densities due to their potential
combination with high-voltage cathodes and Li-metal anodes.
Moreover, the possible bi-polar stacking configuration (series
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connection of battery cells), where the cathode and anode
materials are coated from each side of the current collector,
may also contribute to high output voltage and high energy
density. Nonetheless, SSBs are also prone to various material
and interfacial stability and processing challenges. The cath-
ode-electrolyte solid-solid interface requires satisfactory inter-
facial contact to allow for percolated electron and Li*-ion
transport at the interface. For oxides, it is typically challenging
to establish a good solid-solid interface with high ionic con-
ductivity and low interfacial resistance to secure high overall
performance. Importantly, the cathode-solid electrolyte inter-
faces should have chemical, electrochemical, and electro-
chemo-mechanical stability during battery operation; however,
the stiff nature of the materials coupled with volume changes
during discharge-charge cycles hampers the interfacial contact
between the materials, leading to contact loss and microstruc-
tural cracking. On the other hand, the integration of an oxide-
based cathode composite and the mechanically stiff solid
electrolyte may obviate the need for external stacking pressure,
as currently required for sulfide-based SSBs, or at least require
relatively low stacking pressure.”®’ The development of oxide-
based Li-metal SSBs is also associated with dendrite propaga-
tion, short-circuits, and safety concerns related to the risk of
thermal runaway. It thus remains unclear how the safety risk is
reduced with the replacement of LIBs with Li-metal-based SSBs.
However, if SSBs would show a clear advantage of lower safety
risks, which may reduce the current stringent thermal manage-
ment and engineering safety components, their volumetric and
gravimetric energy would potentially increase even further at
the pack level. In cases where all major requirements are met,
especially the competitive performance metrics, widespread
commercialization of SSBs will largely depend on their mate-
rial, processing, and manufacturing costs, the last of which
might mandate energy-demanding processing routes with low-
scalability prospects in the case of oxide-based SSBs. Although
such a cost estimation is complicated considering the low level
of technological maturity, it has been previously estimated that
the material value of oxide solid electrolytes (e.g., LLZO, LLTO,
LATP), without their processing-related costs, is already similar
to or higher than that of liquid electrolytes, which leaves
minimal wiggle room for their processing costs and almost
surely eliminates technologies that are based on high-
temperature sintering steps.>**® The Achilles heel of the oxide
solid electrolytes is thus the high-temperature sintering pro-
cesses that are typically required to maintain good physical
contact between oxide-based cell components. Alternative low-
temperature wet-chemical solution processing routes (e.g,
sequential deposition synthesis) are still at an early stage of
development and may potentially enable the introduction of
oxide-based coating in a non-oxide SSB at a low price-tag, where
a high stability against Li metal is needed. In addition, oxide-
based solid electrolytes are typically associated with room-
temperature ionic conductivities below 1 mS cm ™", which are
sufficient for some thickness ranges but are still considered
low, especially for incorporation in a composite cathode, where
tortuosity may reduce the effective conductivity of the solid

This journal is © The Royal Society of Chemistry 2025
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electrolyte even further, requiring approximately order-of-
magnitude-higher effective ionic conductivities."'® The devel-
opment of a dense (>99%) and thin (1-20 um) solid electrolyte
capable of being integrated into sheet-to-sheet processing
requires attention in the development of oxide-based SSBs or
for future hybrid battery types. For context, LIB manufacturing
has a 35-80 m min~' throughput for the coating process
(accounting for ~15% of the cost/year and 1.4% of the energy
consumption per cell per kWh),”®> which is higher by several
orders of magnitude compared to the techniques presented in
the paper. Unlike for LIBs,”® there are no performance and
cost modeling tools available for SSBs considering the low
maturity level of this technology, making it difficult to provide
any reliable production time, cost, scale-up, and performance
forecasts and expectations.

How can battery cost be reduced without compromising
battery performance? Theoretically, a combination of regula-
tions, enforcement, and financial incentives alongside manu-
facturing improvement (higher throughput, lower scrap rate,
etc.), cell chemistry improvement, reduction of material cost
through the investment of battery and automotive makers in
raw materials through long-term agreements with material
providers and in mining and refinement projects, among other
approaches, could reduce battery cost. Although battery prices
highly rely on the prices of commodities (depending on their
capacity and availability), great uncertainties remain, mainly
due to unclear future battery capacity requirements.® For
example, the prices of Li have decoupled from their production
costs since ~2015, the year EVs went mainstream. Reduced
manufacturing costs can be achieved by lowering the proces-
sing temperature and duration and by ensuring smooth tech-
nology transition (‘drop-in’ technologies) by selecting electrode-
production and cell-assembly routes that are similar to those of
current technologies used in gigafactories, among other
approaches. Design principles incorporating interface engi-
neering (e.g., coating layers, additives, sintering aids), new
battery designs (e.g., bi-layers and tri-layers of porous and dense
ceramic structures) and advanced processing techniques (ultra-
high-temperature sintering) are some of the innovative
approaches recently proposed to realize all SSBs. Nonetheless,
such approaches typically introduce additional complexities to
the system and are not feasible to manufacture at scale; in
addition, understanding of the chemo-electro-mechanical per-
formance under diverse conditions such as varied temperature
and stack pressure is lacking. Using wet-chemical manufactur-
ing techniques (“from powder to slurries to film”) such as tape-
casting and blade coating of slurries, which are transferable
from the LIB production line, will be highly advantageous to
facilitate scale-up (also still costly and considered to account for
50% of the power consumption’®® due to costly drying pro-
cesses). However, once a sintering step is needed, this transi-
tion is questionable. Dry battery electrode technology (“‘from
powder to film”) in SSBs is an emerging concept and technol-
ogy that would eliminate toxic solvents (only using the active
material and a low binder content), increasing the throughput
by two to three times and having the potential to reduce the
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energy consumption by 20-30%. Such technology can produce
flexible and thick high-energy electrodes (>4 mAh cm™?) and
robust solid electrolyte coatings (<50 pm) that are compatible
with roll-to-roll manufacturing.”®® The dry battery electrode
technique is still in its infancy, presenting challenges in terms
of adhesion, binder selection, mixing, interfacial stability,
optimization, and scale-up, thereby requiring further research
and development.

Reduction in material costs can also be achieved by repla-
cing costly elements or potentially through recycling. Relying
on abundant, sustainable, ecologically recyclable, and inexpen-
sive materials that are easy to process and can be found in
stable countries is an ultimate desire. Looking at the periodic
table, several tens of possibilities may align with these criteria,
resulting in billions of possible combinations considering that
battery materials are typically composed of 4-5 elements.
Identifying and exploring new materials and the processing
space for battery applications is an important step towards the
development of next-generation energy-storage applications.
Here, combining high-throughput automated ceramic synth-
esis (when possible), data management, data mining, autono-
mous material characterization, and data analysis guided by
artificial intelligence (AI) and machine learning (ML) will aid in
reinventing the way research is conducted. Although recycling
and life-cycle assessments can indicate the most and least
promising recyclable chemistries, the lack of standardization,
legislation, business models, collection infrastructure, and
technology limits their potential impact. The breadth of Li-
battery chemistries and uncertainties regarding the dominating
LIB compositions and chemistries, not only at the cathode level
(LCO, LMO, NMC, NCA, LFP) and anode level (carbon/graphite,
Si, Li, LTO) but also with the introduction of solid electrolytes
(oxides, sulfides, polymers, or a combination thereof), compli-
cate the task of recycling feasibility even further. Nevertheless,
given that SSBs are only in their initial research and develop-
ment stage, sustainable design, processing, and scalable recy-
cling approaches should be considered concurrently to ensure
sustainable handling of EOL batteries. Although the use of a Li-
metal anode has the potential to increase the overall cell energy
densities of SSBs, the anode-free concept also offers tantalizing
advantages with respect to the recycling process as it eliminates
the need for an anode within the cell and thus for its recovery.
Yet, safety precautions must be placed to secure safe handling
in the case of potential Li-metal residues. It is thus clear, also
from the recyclability point of view, that focusing on research
and development of battery technologies with higher specific
energies towards decreasing the Li material intensity value (g/
Wh) should be pursued and intensified to reduce the worldwide
cumulative Li demand. Alternatively, identifying chemistries
that avoid using Co and other CRMs and post-Li batteries based
on abundant materials that are not considered CRMs, such as
sodium, magnesium, aluminum, and calcium, should also be
pursued.®'** The recycling of EOL batteries could be a viable
strategy to narrow the gap between supply and demand by
increasing the supply of battery-related critical raw materials
and mitigating potential price fluctuations. The effect of
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recycling of EOL batteries on the fraction of materials needed
for Li batteries for EVs remains unclear, exemplified by the
different estimations that sometimes lead to contradicting
results.>'*® Although some estimations indicate that with
increasing global production capacity for Li, Co, Ni, etc.,
recycling will likely play only a minor role in reducing the
primary material demand, the life-cycle perspective also has an
environmental importance considering materials that are not
recycled at their EOL end up buried in landfills.

A closing note. The key to the success of SSBs will rely on
long-term performance improvement (specific capacity and
power), economic manufacturing routes and overall cost, mate-
rial availability, and safety. A fundamental understanding of
the transport properties, volume changes, Li dendrite propaga-
tion, and decomposition reactions at the interfaces is key to
mitigating the current limitations of SSBs and progressing
towards novel cell concepts. The large-scale manufacturing of
SSBs must also be addressed. Extensive work has been con-
ducted to develop a solid-state electrolyte with high stability
towards the cathode and anode interfaces; however, the inte-
gration of solid electrolytes into hybrid and full SSB cells and
their manufacture at low processing costs, with respect to
future SSB chemistries, designs, processing, and manufactur-
ing scalability, remain still a challenge. When promising pre-
liminary performance data are presented, it is also important to
consider other factors such as the raw materials used and the
scalability of the technology and to avoid over-extrapolation
and false promises. Although economics will be the dominating
factor in determining battery-technology implementation in
the EV market, the environmental and social considerations,
including lower greenhouse gas emissions, less exploitation of
ecological resources, less human exposure to mining toxic
materials, lower waste disposal in the landfills of third-world
countries, as well as fewer human rights violations, should also
lead to a regulatory drive to maintain closed-loop battery
manufacturing with recycling at the EOL.
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