Paving the Way for All-Solid-State
Batteries: Ceramic Materials,
Components and Cells for

Electrochemical Storage

1 Introduction

The global transition to a sustainable en-
ergy supply implies a broad diffusion of
power generation technologies based on
renewable energy, in large part provided
by the sun and wind. However, the elec-
tricity produced by wind turbines and
photovoltaic panels for example is inter-
mittent in nature and most of the time
does not correspond to the instantaneous
energy demand.

Large-scale storage solutions are there-
fore required as buffer or for grid stabil-
isation. For these stationary applications,
reversible (or secondary) batteries with
long life-time and high efficiency are very
attractive electrochemical storage de-
vices. For a deep decarbonisation of the
transport sector and the development of
electromobility, batteries with both high
capacity and safety are also required [1].
The most advanced and widespread re-
chargeable battery technology is based
on the lithium ion, which travels from one
electrode to the other through a liquid
electrolyte. The development of this tech-
nology has been recently recognised by
the Nobel prize in chemistry. Beyond lith-
ium, there are other emerging chemistries,
like sodium, working over a wide range of
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temperature. The replacement of toxic, or-
ganic liquid electrolytes of limited electro-
chemical and thermal stability by solid
electrolytes is an important step towards
higher safety and possibly higher energies
if new electrode materials can be enabled.
Especially on the anode side, metallic lith-
ium or sodium have very high capacities
but for the moment cannot be implement-
ed because of instability.

Besides polymers and sulphides, oxide
electrolytes are a promising class of solid
electrolytes. Li-ion compounds comprise
amorphous lithium phosphorous oxy-
nitride (LiPON) and bulk polycrystalline
materials as phosphates (Li, Al Ti, (PO,),)
and garnet-type oxide (LiLa,Zr,0,,) with
room-temperature ionic conductivities of
about 1 mS/cm.

Their processability and properties can
be further tuned by elemental substitu-
tion and optimised synthesis. Typical solid
electrolytes for sodium ions are beta-alu-
mina and the Na-superionic conductors
NASICON (Na,Zr,Si,P0,, and derived com-
positions) [2]. Lila,Zr,0,, (respectively
Na,Zr,Si,P0,,) are stable against Li- (re-
spectively Na-) metal and thus attractive
materials for separators enabling metal
anodes. In all cases, advanced process-
ing of ceramic powders plays a key role
and requires fundamental know-how
with respect to powder synthesis, pow-

der handling, powder characterisation,
shaping technologies and sintering. In this
context, the Institute of Energy and Cli-
mate Research: Materials Synthesis and
Processing (IEK-1) of Forschungszentrum
Jiilich provides a broad portfolio of mater-
ial synthesis and processing technologies
for envisaged applications in the field of
all-solid-state batteries, as detailed in this
article.

2 Powder synthesis for

solid electrolytes

Different methods are available, e.g. solid
state reaction, Pechini or citrate com-
plexation method, precipitation, solution
assisted-solid state reaction, spray pyro-
lysis or spray drying followed by calcin-
ation. Most of them are scalable towards
industrial production. Whereas the solid
state reaction is the simplest method to
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Fig. 1

Photograph of a newly developed, high temperature fluidized bed coater for spray pyrolysis and
coating of Li-containing compounds on battery materials

Fig. 2
Sintered Li, Al, .Ti, (PO,), tapes
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obtain a ceramic powder, it sometimes
requires several calcination steps and
thorough grinding to improve the homo-
geneity of the product. Nevertheless, for
LiLa,Zr,0,, (LLZO) solid-state reaction is
an economic way to produce highly con-

ductive ceramics materials in the mS/cm
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range [3]. The substitution type and con-
centration can be easily modified, the
oxidic-precursors are cheap and milling
technology well established.

In the case of solution-based methods the
homogenisation takes place in the solvent
on the atomic level. For specific cations
the methods were optimised to avoid seg-
regation of elements during the drying
stage, like the Pechini methods for earth
alkaline elements [4].

A more simplified version of this method,
the solution assisted-solid state reaction,
has been developed at IEK-1 as a com-
promise between easy handling, less ad-
ditional chemicals and less rigorous ho-
mogenisation.

With this method the solid electro-
lytes Na, ScZr, (5i0,),(PO,) [5] and
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Na, Zr,Si0,),(P0,), [6, 7] for instance
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were successfully synthesized resulting in
ceramics with high ionic conductivities up
to 5 mS/cm.

3 Development of cathode materials
For high energy density, cathodes require
the capability to incorporate as many
mobile ions (Li*/Na+ for lithium/natrium
batteries) as possible along with a high
chemical potential difference to the anode.
Details of the composition and processing
of cathode materials can have a large im-
pact on the electrochemical performance.
At IEK-1, sophisticated analysis tech-
niques like Rietveld analysis of combined
neutron and X-ray diffraction data as well
as nuclear reaction analysis are applied to
gain insight into the reaction mechanisms
and allow large improvements in perform-
ance even at low doping levels [8].
However, not a single cathode or anode
active material decides on the success of
the battery, but the interplay with the elec-
trolyte. Coatings are deposited in the event
of a detrimental reaction between them.
Besides the pure coating material, the pro-
cessing plays again an important role for
optimum electrochemical behaviour.

Low heat impact coating technologies are
a current focal point of research, firstly in
conjunction with liquid electrolyte [9], and
with the potential to be expanded to solid-
state batteries. Fluidized bed chemical re-
actors are used for particle synthesis and
coating at a large scale (Fig. 1) as found in
the industry.

4 Processing of solid-state batteries
4.1 Tape casting

For Li, Al Ti, ,(PO,), (LATP), free-standing
electrolyte sheets with a thickness of 50—
150 pm were prepared by tape casting fol-
lowed by sintering at 850-1000 °C in air
(Fig. 2). Maximum relative density of 95 %
was obtained at 920 °C. At higher sintering
temperatures, the microstructure changed
with large grains (>10 pm), accompanied
by a decrease in relative density due to the
increasing appearance of microcracks.
The sintering behaviour was improved by
adding 1,5 % of amorphous silica to the
slurry. In this way, almost full densifica-
tion (99,8 %) and an ionic conductivity of
0,2 mS/cm was achieved [10]. Densifica-
tion and reduction of grain size improve
the mechanical properties of the free-
standing LATP tapes.
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For LLZO0, similar approaches require a more careful control of
the ceramic powder pre-processing and an optimised casting
route. For the first time, the intricate interplay of Li*/proton
exchange during processing in air and in various solvents was
elucidated and an optimised tape casting rout was designed
that enabled similar casting results compared to the more sta-
ble LATP [11]. Even more, the fundamental knowledge gained
regarding the interactions with water enabled the water-based
processing of LLZO using environment-friendly binders and
additives, pushing the already fluorine free electrolyte further
towards a “green” battery application [12].

4.2 Screen printing

Fully inorganic all-solid-state cells only comprising LLZO as
electrolyte, LiCoO, as cathode active material and Li-metal
as anode were demonstrated using screen printed composite
cathodes, reaching application relevant capacities for the first
time (Fig. 3 A-B) [13]. Screen-printing of thixotropic pastes is
therefore adapted to the fabrication of battery components
with a defined geometry based on thick pastes.

4.3 Sintering

Advanced techniques like Field-Assisted Sintering/Spark
Plasma Sintering (FAST/ SPS), flash sintering, cold sintering
or Ultrafast High-Temperature Sintering (UHS) are currently
investigated to improve the performance of such cells and en-
able new materials combinations, boosting the density and the
stability of the composite cathode (Fig. 3 C) [14]. A more de-
tailed overview of the sintering technologies available at IEK-1
is given in [15].

4.4 Chemical infiltration

The infiltration of an active material into the scaffold of a solid
electrolyte is a new method for electrode manufacturing of
batteries, but it is long known for other electrochemical de-
vices [16]. For solid-state batteries it is a very versatile method
for integrating even temperature-sensitive electrode materials.
Chemical infiltration is the combination of infiltration of a liquid
and an in situ synthesis of the electrode material applying a
heat treatment at which the active materials is formed without
significant interaction on the pore walls of the solid electrolyte.
In this way, the interceramic contact problems are solved and
has been demonstrated with model cells using Na,V,(PO,),
(NVP) as cathode active material, Na, ,Zr,(Si0,), ,(PO,), ; (NZSP)
as solid electrolyte and Na metal as the negative electrode ma-
terial [17].

An optimised interface between NVP nanolayer and NZSP
backbone was formed, providing effective ion transfer and
minimising the stress caused by volume change of electrode
active material during charging and discharging processes.
The button cell delivered a highly stable battery performance
at 25 °C.

4.5 Aerosol deposition

Aerosol Deposition (AD) is a spray process [18] using a gas
carrier to generate an aerosol, which is ejected through a
nozzle at low pressure to produce dense and nanocrystal-
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Fig. 3 A~C

Optimisation of the areal loading of cathode active materials [mg-cm?], specific capacity [mA-h-g'], operating temperature and morphology of all-solid
state cells with LCO-LLZO0 mixed cathodes sintered via conventional sintering (A, B) and FAST/SPS sintering (C)
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Fig. 4

Multiscale modelling of a Ni-rich cathode microstructure [27]

line ceramic films at room temperature
directly from suitably sized powder parti-
cles (200 nm—2 pm) on various substrate
materials. Large amounts of heat can be

produced upon impact, so that local tem-
perature can increase by several hundred
degrees Celsius. Nevertheless, a critical
velocity range for successful AD must be

defined for each pair of materials (project-
ed particles and substrate).

Demonstrated at IEK-1 for fully dense
zirconia layers [19], we are adapting the
process to deposit dense electrolyte on
free-standing composite cathodes as well
as full cells as demonstrated recently [20].

4.6 Thin-film technologies

The key advantage of thin-film technology
are dense layers with controlled compos-
ition and thickness that can be processed
at lower temperature compared to con-
ventional heat treatment for ceramics.
While contamination of interfaces can be
avoided to a large extent, well-defined
multilayer set-ups can be analysed par-
ticularly with regard to interdiffusion or
parasitic reactions [21, 22].

5 Contributions of multiscale
simulations

Electronic, atomic, and microstructure of
electrode and electrolyte materials can
be tailored, for example, by doping or
substitution and processing parameters

Fig. 5
Demonstration of an all-solid-state pouch cell with a sintered LLZ0 separator (1.), a composite LCO + LLZ0 cathode and a metal Li-anode operating at
room temperature
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to improve stability, capacity, and/or rate
capability of all-solid-state batteries. Mod-
eling and simulation can help finding the
link between designing parameters and
overall performance of energy storage de-
vices. The authors used the Density Func-
tional Theory (DFT) calculation to com-
pute the effect of various dopants and/or
substitutions on transition metal-oxygen
bonds, band gap, mechanism of redox re-
actions, and phase transition in Ni-based
Li-ion cathode materials [23—26].

Ab initio thermodynamics and Finite Elem-
ent Methods (FEM) have been applied to
study the effect of doping on the morph-
ology and stress formation in the micro-
structures of cathode materials [26, 27,
28].

DFT calculation has also been used to
investigate cation interchange and com-
patibility between solid electrolytes and
electrodes [29]. In addition, by modeling
the 3D-microstructures of LLZO/LCO com-
posite cathodes followed by FEM analysis
of the arising stresses during charge/dis-
charge, we showed how the cell design-
ing parameters can improve mechanical
stability and thereby the performance of
all-solid-state batteries [30].

6 Conclusion

The Institute of Energy and Climate Re-
search (IEK-1: Materials Synthesis and
Processing) of Forschungszentrum Jiilich
is one of the leading centres in the devel-
opment of oxide/phosphate-based solid
state batteries including the large scale
synthesis of Li- and Na-solid ion conduc-
tors, the processing of ceramic battery
components and full cells via a broad
range of ceramic and thin layer deposition
techniques.

This expertise is evidenced by the ability
to fabricate working all-solid-state cells
based on the ceramic LLZO electrolyte
and Li metal anodes (Fig.5) as well as
NASICON-based all-solid state Na cells
with high dendrite tolerance [31], whose
performance is continuously improving
via the understanding of key processes in
solid electrolytes and solid interfaces as
well as the development of advanced pro-
cessing and sintering techniques.

As energy storage is one of the big chal-
lenges of this century, so is the necessary
push towards a green and circular econ-
omy, especially in the field of batteries.
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Investigating the environmental impact of
new materials as well as processing and
cell design of advanced Li- and Na-bat-
teries need to be done in parallel to the
performance optimisation. The authors
thus already engage in life-cycle analy-
sis and developing recycling strategies in
addition to their core research activities
[32, 33].

Acknowledgements

The authors thank the Helmholtz Associ-
ation of German Research Centres for fi-
nancial support as part of the grant “Spei-
cher und vernetzte Infrastrukturen“ and
from the German Federal Ministry of Edu-
cation and Research as part of the projects
DESIREE (Project no. 03SF0477A), UNIBAT
(project. No. 03EK3572), NanoBat (Project
no. 03ET6104B), AdamBatt (Project no.
13XP0305A), Meet Hi-EnD (Project no.
13XP0285B) and FestBatt-Oxide (Project
no. 13XP0173A). Financial support by the
Ministry of Innovation, Higher Education
and Research of North Rhine-Westphalia
for the starting funds of the Helmholtz-In-
stitute Miinster (Az. 433) is also gratefully
acknowledged.

References

[11  Guillon, 0.; et al.: Advanced ceramics for
energy conversion and storage. Amster-
dam 2020

[2] Ma, Q.; Tietz, F.: Solid-state electrolyte
materials for sodium batteries: Towards
practical applications. ChemElectroChem
7 (2020) 2693-2713

[3] Tsai, C.-L.; et al.: High conductivity of
mixed phase Al-substituted Li,La Zr,0,,.
J. of Electroceramics 35 (2015) 25-32

[4]  Pechini, M.P.: Method of preparing lead
and alkaline earth titanates and niobates
and coating method using the same to
form a capacitor. US Patent No.
3,330,697; 1967

[5] Ma, Q.; et al.: Scandium-substituted
Na,Zr,(Si0,),(P0,) prepared by a solution-
assisted solid-state reaction method as
sodium-ion conductors. Chem. Mater. 28
(2016) 4821-4828

[6] Nagash, S.; etal.: Na/Zr,Si0,),(PO,) pre-
pared by a solution-assisted solid state
reaction. Solid State lonics 302 (2017)
83-91

[71 Ma, Q.; et al.: Room temperature demon-
stration of a sodium superionic conduct-

=

O —xkeraFoL:

Keramische Folien GmbH & Co. KG

Ceramic Tapes &
Substrates

= Setter plates for debinding/sintering

= Thin porous alumina substrates

= Alumina & Zirconia

= Thin and thick film substrates

= Ceramic wear protection

= Tape Development (R & D)
cts@kerafol.com

SOFC

= Electrolyte substrates

= Electrolyte supported cells (ESC)

= Glass sealing tape

= Sintering setters
sofc@kerafol.com

Ceramic Filter

= Ceramic Filter Discs

= Ceramic Filter Plates

= Ceramic Membrane Discs
= Rental filtration plants

filter@kerafol.com

Tel.: +49 (0) 96 45 - 88 300
www.kerafol.com


http://www.kerafol.com

[10]

(1]

[12]

[13]

(14]

[15]

48

or with grain conductivity in excess of
0,01 S-cm™ and its primary applications
in symmetric battery cells. J. Mater.
Chem. A 7 (2019) 7766-7776
Windmiiller, A.; et al.: Impact of fluorin-
ation on phase stability. Crystal chem-
istry, and capacity of LiCoMnQ, high
voltage spinels. ACS Applied Energy
Mater. 1, 2 (2018) 715

Wolff, M.; et al.: A microwave-based
one-pot process for homogeneous sur-
face coating: improved electrochemical
performance of Li(Ni, ,Mn, .Co, )0, with
a nanoscaled ZnQ:Al layer. Nano select 2
(2012) [1] 146-157

Dashjav, E.; et al.: Microstructure, ionic
conductivity, and mechanical properties
of tape-cast Li, Al .Ti, .P.0,, electrolyte
sheets. J. Europ. Ceram. Soc. 40 (2020)
[5] 1975-1982

Rosen, M.; et al.: Controlling the lithium
proton exchange of LLZO to enable re-
producible processing and performance
optimization. J. of Mater. Chemistry A;
10.1039/DOTA11096E; 2021

Ye, R.; et al.: Water-based fabrication of
garnet-based solid electrolyte separators
for solid-state lithium batteries. Green
Chemistry 22 (2020) [15] 4952-4961
Finsterbusch, M.; et al.: High capacity
garnet-based all-solid-state lithium
batteries: Fabrication and 3D-micro-
structure resolved modeling. ACS Appl.
Mater. Interfaces 10 (2018) [26] 22329-
22339

Ihrig, M.; et al.: Low temperature sinter-
ing of fully inorganic all-solid-state bat-
teries — Impact of interfaces on full cell
performance. J. of Power Sources 482
(2021) 228905

Bram, M.; et al.: Application of electric
current assisted sintering techniques for

[16]

(17]

(18]

[19]

(21]

(22]

(23]

(24]

advanced processing of energy mater-
ials. cfi/Ber. DKG 98 (2021) [2] E 40-46
Craciun, R.; et al.: A novel method for
preparing anode cermets for solid oxide
fuel cells. J. Electrochem. Soc. 146
(1999) 4019-4022

Lan, T.; et al.: Room-temperature all-
solid-state sodium batteries with robust
ceramic interface between rigid electro-
lyte and electrode materials. Nano En-
ergy 65 (2019) 104040

Akedo, J.: Room temperature impact
consolidation (RTIC) of fine ceramic pow-
der by aerosol deposition method and
applications to microdevices. J. Therm.
Spray Technol. 17 (2008) 181

Mishra, T.P.; et al.: Influence of process
parameters on the aerosol deposition
(AD) of yttria-stabilized zirconia particles.
J. Therm. Spray Technol. (2020)
Iriyama, Y.; et al.: 5V-class bulk-type all-
solid-state rechargeable lithium batteries
with electrode-solid electrolyte composite
electrodes prepared by aerosol depos-
ition. J. of Power Sources 385 (2018)
55-61

Lobe, S.; et al.: Radio frequency magne-
tron sputtering of Li.La Zr,0,, thin films
for solid-state batteries. J. of Power
Sources 307 (2016) 684

Lobe, S.; et al.: Physical vapor deposition
in solid-state battery development: From
materials to devices. Advanced Sci.
2021; DOI: 10.1002/advs.202002044
Kim, U.-H.; et al.: Pushing the limit of
layered transition metal oxide cathodes
for high-energy density rechargeable Li-
ion batteries. Energy Environ. Sci. 11
(2018) 1271

Kim, U.-H.; et al.: Microstructure con-
trolled Ni-Rich cathode material by
microscale compositional partition for

(25]

26]

(27]

(28]

(29]

(30]

(31]

[32]

(33]

next-generation electric vehicles. Adv.
Energy Mater. (2019) 1803902

Yoon, C.S.; et al.: Cation ordering of Zr-
doped LiNiO, cathode for lithium-ion bat-
teries. Chem. Mater. 30 (2018) [5] 1808
Kim, U.-H.; et al.: Heuristic solution for
achieving long-term cycle stability for Ni-
rich layered cathodes at full depth of dis-
charge. Nature Energy 5 (2020) 860
Ryu, H.-H.; et al.: A highly stabilized Ni-
rich NCA cathode for high-energy lith-
ium-ion batteries. Mater. Today 36
(2020) 73

Kuo, L.Y.; et al.: On the origin of non-
monotonic variation of lattice parameters
of LiNi, ,Co, ,Mn, .0, with lithiation/delith-
iation: a first-principles study. J. Mater.
Chem. A, 8 (2020) 13832

Liu, Y.; et al.: Stabilizing the interface of
NASICON solid electrolyte against Li
metal with atomic layer deposition. ACS
Appl. Mater. & Interfaces 37 (2018) [10]
31240

Miicke, R.; et al.: Modelling electro-
chemical induced stresses in all-solid-
state batteries: Anisotropy effects in
cathodes and cell design optimization. J.
of Power Sources 489 (2021) 229430
Tsai, C.L.; et al.: Dendrite-tolerant all-
solid-state sodium batteries and an im-
portant mechanism of metal self-diffu-
sion. J. of Power Sources 476 (2020)
228666

Troy, S.; et al.: Life cycle assessment
and resource analysis of all-solid-state
batteries. Appl. Energy 169 (2016) 757—
767

Schwich, L.; et al.: Recycling strategies
for ceramic all-solid-state batteries —
Part I: Study on possible treatments in
contrast to Li-ion battery recycling.
Metals 10 (2020) [11] 1523

CERAMICAPPLICATIONS 9 (2021) [2]



