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Introduction
The transport sector is responsible for around one quarter of Eu-
rope’s greenhouse gas (GHG) emissions. The EU-funded project, 
ASTRABAT (All-Solid-sTate Reliable Battery for 2025), is part of a 
broader drive by the European Union to make electric mobility 
become the next transport mode and contribute to the EU overall 
goal to reduce GHG emissions by 80-95% by 2050. E-mobility is 
expected to represent 88% of the total rechargeable Li-ion battery 
cell market value in 2026 and 70% of the EU electricity should be 
produced by renewable energy. Hence, the electric battery storage 
is vital in this transition to clean mobility and clean energy sys-
tems.

The goal is to fulfil Europe’s need for a safe, high-energy, sustain-
able and marketable battery for green mobility that could be 
mass-produced in Europe. A new battery that not only outper-
forms current batteries but is also easier to recycle. The new AS-
TRABAT cells enable:

Higher energy 
density and power

Increased safety and 
longer life cycle

Larger operating 
temperature range

Lower electric 
vehicle costs
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During these 4 years (January 2020 - December 2023), ASTRABAT 
investigated and developed a new all-solid-state Li-ion cell archi-
tecture suitable for the use of high-energy electrode materials. The 
ASTRABAT hybrid electrolyte is based on polymers (ORMOCER® 
and fluorocarbon polymers) and an inorganic filler and membrane 
(LLZO). These materials tackle the generation 4a of cells using high 
voltage cathode materials, based on Nickel Manganese Cobalt Ox-
ide (NMC) such as NMC622 and NMC811, and Si-based anode. The 
project aimed to assess compatible processes for mass production 
and to generate a new value chain of all-solid-state batteries, in-
cluding eco-design, end-of-life and recycling.
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1. New materials for
efficient solid-state 
batteries



1.1  Electrode materials and upscaling:
 Ni-rich NMC and Silicon nanoparticles

Positive electrode

During the last five years, the 
LiNixMnyCozO2 research has 
heavily shifted towards higher 
energy density. One means to 
achieve such high density is to 
increase the Ni content and to 
target so-called “Ni-rich” com-
positions starting at 622 (60% of 
Ni, 20% of Mn and Co) providing 
a specific capacity of 180 mAh/g 
and going even higher towards 
811 compositions, which pro-
vides materials with 210 mAh/g. 
Reducing cobalt content allows 
to the energy density and volt-
age to be increased, and reduc-
es battery costs and sustainabil-
ity. 
ASTRABAT addressed the de-
velopment of NMC622 stable at 
high voltage (>4.45 V vs Li/Li+) 
and high nickel NMC (NMC811). 
NMC grades were specifical-
ly designed for the fluoropol-
ymer electrolyte developed in 
the project and the core archi-
tecture of the cell considering 
the process of ink jet printing 
required for 3D manufactured 
cells.

Stabilizing strategies used for 
liquid electrolytes are most like-
ly not transposable for polymer 
electrolytes, as the interface and 
the mechanical constraints are 
changed. The following points 

were addressed: 

• a very clean NMC surface to 
prevent polymer contamina-
tion from any impurities,

• the wettability of the NMC 
with the polymer and ceramic 
composite were investigated,

• a better control of the micro-
structure and the bulk evolu-
tion to prevent huge volume

• expansion and cracks upon 
cycling.

While those materials with 
high Ni-content were be-
ing developed, another chal-
lenge emerged: the need for 
longer-lasting batteries. This 
increased density would re-
quire lower particles cracking 
(creating new surfaces) and in 
general materials with a lower 
specific surface (lower interfac-
es providing with lower CEI for-
mations (standing for Cathode 
Electrolyte Interphase).
The Umicore proprietary ma-
terials supplied for ASTRABAT 
combine cutting-edge ap-
proaches with both a high nick-
el content and a monolithical 
design. These materials com-
bine the benefits of a 1) high 
specific capacity 2) high Ni-con-
tent and 3) are expected to be 
the most relevant materials for 
solid-electrolyte based batteries 
(due to their lower specific sur-
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face than normal, polycrystal-
line materials).

Negative electrode

In conventional Li-ion batter-
ies, the active anode material is 
mainly made of graphite, with 
good capacities (compared to 
cathode materials), high sta-
bility during cycling, moderate 
costs and limited availability is-
sues. However, other materials 
exhibit better properties. The 
storage capacity of silicon is 10 
times greater than graphite, 
(3576 mAh/g for silicon against 
350-372 mAh/g for graphite). 
But, the use of silicon is limited 
by two big constraints: its frac-
turation during the insertion of 
Li ions and its oxidation during 
the cycling. Nanomakers silicon 
nanopowders make it possible 

to bypass these constraints. 
Indeed, Nanomakers has de-
veloped and patented the car-
bon-coated silicon (SiΩC) in 
order to allow the use of silicon 
inside Li-ion batteries and then 
to optimise their performances. 
Nanomakers technology makes 
it possible to produce and coat 
nanoparticles in a single step. 
Thus, the coating is made on 
particles that have not been 
brought into contact with air, 
the interface between the parti-
cle and the coating is therefore 
free of oxygen.
Silicon offers a huge advan-
tage for energy storage, due 
to its ability to form alloys with 
lithium. This property has been 
widely studied and the main al-
loys at room temperature are
Li13Si4; Li7Si3; Li12Si7 LiSi and 
L22Si4 as found in the Li-Si binary 

Figure 1:  Silicon particle size evolution and LixSi alloy stoichiometry during lithiation 
(corresponding electrochemical capacities in yellow dots).
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phase diagram. The Li22Si5 alloy 
is the richest in lithium and has 
a theoretical capacity of 4200 
mAh/g but its formation is not 
observed under normal elec-
trochemical conditions. Their 
electrochemical domain is illus-
trated in Figure 1 along with the 
corresponding volume changes 
and particle size increases.
At the end of discharge below 
50 mV, the crystallized L15Si4 
phase is observed. For this al-
loy, the volumetric expansion is 
270% which, for spherical parti-
cles, means a particle diameter 
increase of 55%.

The TEM picture in Figure 2 in-
dicates that the reduction is 
progressive from the separator 
side. After delithiation, silicon 
is amorphous. The lithiation 
occurs at the surface of the sil-

icon particles and uncompleted 
lithiation can leave a crystalline 
core surrounded by a lithiated 
surface.
For ASTRABAT, Nanomakers 
supplied different sizes and 
types of particles to select the 
best one which appeared to be 
the smallest ones at 40 nm siz-
es. Moreover, with ASTRABAT 
solid-state cells, it seems that 
the carbon coating has a large 
effect, and formulation differ-
ences can lead to the selection 
of the products with or with-
out the carbon coating. With-
in the project, silicon use has 
been demonstrated up to 2000 
mAh/g, as a preliminary step. 
Its compatibility with the sol-
id electrolyte is good and also 
with other binder formulation 
tested.

Figure 2:  TEM image of silicon electrode after partial lithiation.
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1.2  Polymer electrolytes designed for ASTRABAT cells

The ASTRABAT cell is based on a 
hybrid electrolyte (ORMOCER® 
and fluorocarbon polymers) and 
an inorganic filler and mem-
brane (LLZO). The two polymers 
were tailored to the specific ma-
terials electrodes, ORMOCER® 
as anolyte and fluoropolymer as 
catholyte.

Anolyte: ORMOCER®, a hybrid 
polymer electrolyte with high-
er ionic conductivity

Polymer electrolytes offer high-
er thermal stability and more 
safety compared to standard 
liquid electrolytes. Compared to 
ceramic solid electrolytes, which 
usually have high ionic conduc-
tivity and mechanical strength, 
polymer electrolytes offer high-
er flexibility, which is important 
to maintain contact between 
the electrolyte and the elec-
trodes to ensure long cell life.
The ASTRABAT approach is 
based on inorganic-organ-
ic hybrid polymers as anolyte, 
developed by Fraunhofer ISC. 
This class of polymers is an 
ion-conducting material com-
posed of inorganic and organic 
nanodomains formed by a sol-
gel reaction of functionalized 
alkoxysilanes. The majority of 
the silane side chains consist 
of polyethylene oxide (PEO) 
chains, which facilitates the ion-

ic conductivity within the poly-
mer electrolyte, while a smaller 
portion of the silanes are func-
tionalized with terminal organ-
ic groups to provide additional 
crosslinking of the prepolymer 
after the siloxane backbone is 
built. The solid electrolyte is ob-
tained by mixing the polymer 
precursor with a suitable lithi-
um salt, a small amount of ion-
ic liquid, and crosslinking via 
the polymerizable moieties (i.e., 
epoxide group). The resulting 
structure consists of crosslinked 
oligosiloxane networks with at-
tached polyether chains. The 
high degree of mixing between 
inorganic and organic domains 
prevents reorganization of the 
polyether domains (which leads 
to. crystallization) and results in 
a very flexible polymer electro-
lyte.

Figure 3: Flexible polymer membrane 
based on ORMOCER polymer.
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Catholyte: tailor-made high 
voltage stable fluoropolymer 
electrolytes for high safety 
batteries

Daikin’s mission in ASTRABAT is 
the development of a catholyte 
polymer electrolyte that ena-
bles the use of next generation 
active materials. Generally, the 
replacement of cobalt from the 
active material leads to a high-
er reactivity of the materials to-
wards electrolyte systems. Con-
sequently, the development 
work for the electrolyte system, 
particularly with the challenges 
of solid-state batteries, needs 
to keep up with the highest 
standards. Fluoropolymers are 
well known for their high volt-
age stability but need to be en-
gineered smartly to meet the 
requirements of battery appli-
cations.

Daikin developed a hybrid elec-
trolyte approach, which uses a 
high voltage stable, plasticized 
fluoropolymer electrolyte ma-
terial as a matrix. The fluoro-
polymer ionic conductivity was 
greatly increased by tailoring 
the salt-to-plasticizer-to-matrix 
ratio and in particular through 
ceramic additives, which en-
able a substantial increase in 
conductivity even when used 
in small fractions. The devel-
oped electrolytes were used as 
free-standing membranes and 
they were also cast from vari-

ous non-toxic solvents. The re-
sult is an easy-to-process, easy 
to-adapt, and fully tailorable set 
of materials, which can be used 
in many different concepts and 
in combination with many ma-
terials. The newly developed 
fluoropolymer electrolytes do 
not only increase the safety 
of the battery, contributing to 
their inherent non-flammabil-
ity, but also offer best-in-class 
high-voltage stability, enabling 
even highest Nickel contents 
in the project’s active materi-
al cathode particles. They thus 
way provide a unique platform 
fulfilling core-necessities for a 
successful development imple-
mentation of the base material 
in all other parts of the project.

The next section will present 
the ceramic additives used in 
combination with the fluoropo- 
lymers from Daikin.

Figure 4: DAIKIN PVDF-copolymers 
properties.
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Ceramic Li7La3Zr2O12 (LLZO) as 
highly ion-conductive ceramic 
additive for hybrid solid separa-
tors

In the large class of solid elec-
trolytes, lithium lanthanum zir-
conate (LLZO) of the formula 
Li7La3Zr2O12 is one of the most 
widely studied oxide materials. 
With doping, conductivities of 
10-4 to 10-3 S/cm are obtained, 
and it shows a wide electrochem-
ical stability range in contact with 
metallic lithium of up to 6 V. To 
use its attractive properties, many 
scientific groups and companies 
study LLZO as a free-standing, 
ceramic electrolyte. Additionally, 
it has been shown to be benefi-
cial as a conductive additive in hy-
brid ceramic–polymer solid sep-
arators. This is also the use-case 
in ASTRABAT, where Fraunhofer 
IKTS deployed a synthesis pro-
cess that allows half a kilogram 
of high-quality LLZO powder per 
batch to be obtained under ambi-
ent conditions. This LLZO powder 
was made available to the project 
partners to facilitate the joint re-
search and cell development.

LLZO is humidity sensitive and 
quickly reacts with water traces 
to lose ionic conductivity. 

This makes innovative post-pro-
cessing necessary in order to use 
LLZO powder prepared under air 
to enhance polymer solid elec-
trolytes. Nonetheless, this pro-
cessing route is advantageous as 
it is much easier and cheaper to 
deploy, and the scale-up is also 
less complicated. One important 
aspect here is the particle size of 
the LLZO powder that could be 
reduced in ASTRABAT after syn-
thesis with high-energy milling. 
In general, sub-micron particles 
allow for a more homogeneous 
distribution in the hybrid electro-
lyte, and it also allows for printa-
ble dispersions.

The development of such print-
able dispersions was also part of 
the project, and both inks as well 
as screen-printing pastes with 
LLZO were prepared (Figure 5 
middle). With optimization, the 
right solvents, and additional or-
ganic additives, LLZO and the 
fluoropolymer electrolyte from 
Daikin could be dispersed in the 
inks together such that the hy-
brid electrolyte could be printed 
directly. Alternatively, LLZO inks 
and pastes without polymer can 
be used to infiltrate existing poly-
mer membranes. 

Figure 5: from left to right, LLZO powder as fabricated at Fraunhofer IKTS, hybrid separa-
tor ink, screen-printing paste, and sedimentation test of the former over three days.
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Figure 6: Pure LiPCP (lithium 
1,1,2,3,3-pentacyanopropenide) and 

LiHCAP (1,1,2,4,5,5-hexacyano-3-
azapenta-1,4-diene) salts.

Lithium salt

Lithium salt is a necessary com-
ponent of each liquid or hybrid 
solid polymer electrolyte. It 
provides lithium cations trans-
porting the charge from anode 
to cathode and back, making 
charge and discharge of the 
battery possible. Commercially 
available lithium salts are often 
Achilles heel of the lithium-ion 
battery. They limit operation 
temperature of the battery by 
being thermally unstable (in 
case of LiPF6 above 70⁰C), as 
well as causing chemical insta-
bility. All commercially used lith-
ium salts so far contain fluorine 
which potentially makes recy-
cling harder.

That is why in ASTRABAT, the 
Warsaw University of Technolo-
gy team proposed the use of uni-
versity's proprietary LiPCP salt 
as a hybrid solid polymer com-
ponent (alternative proposed 
salt - LiHCAP). Over the course of 
the project, synthesis of the new 
salt has been improved and up-
scaled. LiPCP conducts on par 
with the best salts on the mar-
ket, achieving conductivity ca. 
10 mS/cm in liquid electrolytes. 
It has superior thermal stability 
(up to 300⁰C) to commonly used 
LiPF6, so it would not limit the 
operation temperature of the 

ASTRABAT cell. In addition, LiP-
CP would allow the use of ther-
mal processing methods for hy-
brid polymer electrolyte, which 
otherwise would be impossible. 
As LiPCP is fully stable in the 
presence of water, it is also pos-
sible to work with it outside pure 
argon atmosphere. As such, it 
could make future hybrid poly-
mer electrolyte/cell production 
lines easier and cheaper to build 
and operate. Furthermore, LiP-
CP is a fluorine-free salt, which 
makes it a better choice in a 
long run, when the absence of 
fluorine should increase the re-
cycling yield of metals from the 
battery waste in the future.

1.3  Fluorine-free anions for lithium salts
 and ionic liquid plasticizers
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Ionic liquid plasticizers

Plasticization of the polymer for 
hybrid polymer electrolytes is 
necessary to achieve high ionic 
conductivity and flexibility – re-
quired in lithium-ion batteries. 
Traditionally, it is made using 
organic solvents. However, sol-
vents are volatile, and as such 
they are emitted during use in 
the production line, polluting 
the air or requiring special fil-
ters to limit the emission. Their 
thermal stability is also limit-
ed – even the most stable ones 
quickly increase their vapour 
pressure with the rise of tem-
perature. Additionally, organ-
ic solvents do not conduct on 
their own at all.

That is where the ionic liquids 
come in – they plasticise the 
hybrid polymer electrolyte just 
like solvents. However, they 
conduct better than solid elec-
trolyte itself, thus, even large 
share of plasticizer is not an is-
sue for the overall conductivity. 
Furthermore, ionic liquids are 

not volatile, and as such, not 
flammable, so adding them 
commits to the overall safety of 
the hybrid polymer electrolyte 
and the cell. So far, all common-
ly used ionic liquids in the bat-
tery industry contain fluorine, 
usually the one easily detached 
in the case of decomposition. 
Thus, use of ionic liquids based 
on WUT’s proprietary anions 
PCP or HCAP is also supporting 
an effort towards decreasing 
critical raw materials share in 
lithium-ion batteries. Just like 
fluorine-free salts use, it should 
help the future battery recy-
cling.

In the course of the project, 
the new ionic liquids based on 
PCP and HCAP anions were de-
signed, synthesized and tested. 
Subsequently, hybrid polymer 
electrolytes containing those 
new ionic liquids as plasticizers 
were manufactured and tested, 
showing successful plasticiza-
tion and an increase in func-
tional parameters.

Figure 7: Lithium salt (LiPCP) is used for synthesis of the ionic liquid which is used 
for hybrid solid polymer electrolyte manufacturing.
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2. Challenges to 
fabricate new electrode 
architectures and 
innovative cells for all-
solid-state batteries



2.1  Status of the ASTRABAT cell and challenges
 for manufacturing solid-state cells

This section provides a status 
update on the manufacturabil-
ity of the ASTRABAT cell which 
emerged as a first pouch cell 
prototype in 2022. The produc-
tion chain of the ASTRABAT 
cell, designed with high-ener-
gy electrode materials, was also 
compared to the manufactur-
ing of current state-of-the-art 
Li-ion cells.

Promises offered by
All-Solid-State Batteries

Solid-state cells containing solid 
electrolytes could offer higher 
thermal stability and improved 
safety compared to conven-
tional lithium-ion cells which 
contain a liquid electrolyte. Sol-
id-state batteries would require 
less complex thermal manage-
ment systems and could thus 
offer higher volumetric energy 
density at the pack level.

Manufacturability of the 
ASTRABAT cells vs. 
conventional Li-On cells

Three process steps can be 
identified in the production 
chain of a lithium-ion cell, 

whether it contains a solid or a 
liquid electrolyte: the electrode 
production, the cell assembly, 
and the final cell packaging and 
cell testing (See Figure 1). How 
to upscale the solid electrolytes 
and electrodes developed in the 
ASTRABAT project for large vol-
ume production is still under in-
vestigation. It is clear that those 
materials require dry rooms to 
be processed. Planetary mixing 
or extrusion-based methods 
followed by slot die coating pro-
cesses could potentially present 
a viable option when consider-
ing a roll-to-roll process. In the 
ideal case, some of the produc-
tion processes for solid-state 
cells would be carried out on 
equipment already existing for 
the production of conventional 
lithium-ion cells. For cell assem-
bly, packaging and testing, the 
current infrastructure used for 
the production of conventional 
lithium-ion cells could likely be 
adapted to the requirements 
for the production of solid-state 
cells. It is expected that the for-
mation cycle will be shorter and 
no degassing of the cells would 
be required, which could then 
also reduce the production cost. 

Figure 1: Process chain for producing lithium-ion cells.
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Competitivity of European 
Li-On cell manufacturers in EV 
Market

The cost per kWh, the cell per-
formance and the most envi-
ronmentally-friendly produc-
tion process are important 
parameters to be competitive in 
the EV market. Producing Li-ion 
cells at a GWh scale at low cost 
in Europe is a real challenge 
given that Asian manufacturers 
are years ahead. Therefore, de-
veloping the know-how to pro-
duce next-generation cells such 
as solid-state cells in Europe is 
a vital step for the European 
automotive sector. Scaling-up 
comes with financial risks. Go-
ing from a successful research 
solid-state cell prototype to 
large-scale production requires 
planning the production pro-
cesses and costs which will de-
termine the competitiveness of 
the product on the market. To 
de-risk financially the upscaling 
of a cell manufacturing chain, 
the right machine manufactur-
ers need to be chosen as the 
capital investments are huge to 
meet the growing cell demand 
in Europe.

Time for market for
the ASTRABAT cell

We believe 2030 could be a real-
istic goal to see large scale pro-
duction of all-solid-state bat-
teries. Currently, fundamental 

research is still needed to solve 
interfacial issues and mechani-
cal stability of these solid-state 
cells before addressing the se-
ries production. We will most 
likely first see the ASTRABAT 
type of cells in niche markets 
before they are mass produced 
for the EV markets where low 
cost is a crucial factor. The pow-
er performance is also a very 
important aspect for the final 
customer.

Outlook

The ASTRABAT solid-state cell 
offers promising cell proper-
ties. Nevertheless, to mass pro-
duce such ASTRABAT cells, the 
appropriate commercial tools 
need to be carefully selected. 
Most of the production pro-
cesses are not yet upscaled as 
the solid-state cell technology 
is still in a rather early stage of 
development. Moreover, the 
upscaling of the solid electro-
lyte syntheses needs to be es-
tablished. Producing solid-state 
batteries in series and optimiz-
ing its technical, economic and 
environmental aspects is a well-
known challenge. Innovative 
recycling methods also need to 
be investigated to ensure the 
long-term sustainability of the 
developed technology (see Sec-
tion 3.2).
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2.2  Theoretical insights of ASTRABAT cell
 and 3D architecture

Calculation of the 10 Ah and 
50 Ah cells’ theoretical energy 
density 

A geometrical model of the Si/
solid electrolyte/NMC cell was 
proposed in the beginning of 
ASTRABAT to evaluate the ener-
gy density and the influence of 
the different parameters (ma-
terial properties, geometrical 
design) on the latter. It was fur-
ther used to provide guidelines 
for the optimization of the cell. 
The theoretical energy density 
of 10 Ah and 50 Ah cell proto-
types were assessed. The calcu-
lation was based on basic prop-
erties of the materials (density, 
content), on electrochemical 
features of the active materials 
(specific capacity, mean reac-
tion voltage, irreversible capac-
ity at the first cycle), then on 
design assumptions (electrode 
loading, electrode balancing, 
relative proportion of each part 
or component). The energy den-
sity also depends on the type of 
packaging and the geometrical 
aspect ratio of the cell.

For the Leclanché cell design, 
characterized by a flat geome-
try and the use of a soft pack-
aging, the theoretical energy 
density of the 50 Ah ASTRABAT 
cell is expected to be approx-
imately 290 Wh.kg-1 and 1050 

Wh.l-1. In the case of the 10 Ah 
ASTRABAT cell, since the contri-
bution of the packaging to the 
weight and the volume of the 
cell would be too high, an alter-
native with a reduced footprint 
60 x 120 mm2 was proposed. 
Then, the energy density of the 
cell is expected to be close to 
242 Wh.kg-1 and 958 Wh.l-1. The 
number of stacked electrodes 
in both prototypes is around 
20. This would lead to cells that 
are ~5mm thick. For automotive 
design purposes, this aspect 
needs to be optimized.

Given the proposed parame-
ter values and cell design, the 
main influential parameters on 
the energy density of the active 
materials are most likely the ir-
reversible capacity of the neg-
ative electrode, the electrode 
loading and balancing, and 
the LLZO content in the hybrid 
electrolyte.

3D architecture of
ASTRABAT cell

Lithium-ion batteries current-
ly available in the market are 
composed of planar electrode 
structures, whose fabrication 
method is already well-elabo-
rated and easily implemented 
for large-scale production. How-
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ever, these layered electrodes 
face a trade-off between ener-
gy density and power density. 
In simple terms, energy densi-
ty indicates how much energy 
can be packed in a given bat-
tery, while power density refers 
to the rate at which a battery 
can deliver energy. Therefore, in 
planar cell architecture, the en-
ergy density can be enhanced 
by increasing the loading of ac-
tive material (building thicker 
electrodes), but this limits the 
lithium-ion transport leading 
to poor power density. On the 
other hand, three-dimensional 
(3D) battery architectures offer 
a favourable balance between 
energy density and power den-
sity by effectively exploiting the 
electrode's volume. Unlike pla-
nar structures, 3D electrodes 
provide a higher surface area, 
which promotes efficient ion 
transport and reduces diffusion 
distances within the electrode. 
This enables faster charging 
and discharging rates, leading 
to improved power density. At 
the same time, the 3D architec-
ture allows for increased active 
material loading, enhancing 
energy density.
The model developed in AS-
TRABAT aims to predict the 
electrode behaviour and elec-
trochemical performances de-
pending on the microstructure 
design, considering solid-state 
electrolyte properties, in order 
to inform the electrode design. 

To reach this goal, the numeri-
cal simulations are performed 
on virtual microstructures.

Numerical simulations based 
on an innovative cell design 
Gen#3DC (see Figure 2) led to 
an optimization of this design 
according to electrochemical 
performances. For this design 
the NMC 811 vs SiC targeted 
chemistry of the project is con-
sidered. The starting design 
took into account manufac-
turing constraints. Then, nu-
merical results showed that 
considering the same amount 
of active material and loading, 
reducing the distance between 
electrodes from 50µm to 10µm 
lead to improve by 36% the cell 
chargeability at 4C. In addition, 
reducing the base of electrodes 
from 50µm to 10µm and to have 
interdigital electrodes improve 
by a factor 2 the cell chargeabil-
ity at 4C.

Thanks to the model, it has also 
been demonstrated that there 
is a lithium plating risk start-
ing from 1C regime on the cell 
design Gen#3DC. This lithium 
plating risk can be reduced by 
using the optimal configura-
tion of Figure 2 (c) where the 
interdigitating of the electrodes 
has been increased.
The hybrid electrolyte proper-
ties, for different microstruc-
tures, have also been studied. 
The hybrid electrolyte is made of 
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a blend of polymer and ceram-
ic. The numerical simulations 
can quantify the improvement 
of the effective conductivity 
when adding ceramic in the 
electrolyte for both Gen#2D 
and Gen#3DS designs. For ex-
ample the effective conductivi-
ty is improved by 35% by adding 
40%wt spherical LLZO particles 
of Gen#2D design whereas only 
12%wt LLZO sticks parallel to the 
lithium-ion flux is necessary for 
the Gen#3DS design to reach 
this gain. Nevertheless, the gain 

always remains limited (below a 
factor 3) even if the conductivity 
of the LLZO is very high com-
pared to the polymer one.
 
These theoretical results were 
tested in ASTRABAT cells by us-
ing 3D additive manufacturing. 
These techniques will be further 
described in the next part.

Figure 2 : (a) Cross section of innovative cell design considering that electrodes are 
extended in depth and where manufacturing constraints are taking into account. 
(b)  Comparison of cell performances at end of charge step between four configu-
rations in function of the C-rate. (c) Illustration of the cross section associated the 
optimal configuration, i.e. config.4 in plot (b).   

(a)

(b) (c)
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Figure 3 : Manufacturing value chain of 3D concept realization.

2.3  Exploring printing techniques for advanced 
 3D manufacturing of solid-state batteries

The emergence of 3D printed 
lithium-ion batteries presents 
a unique opportunity for ener-
gy storage, offering exceptional 
potential for diverse microscale 
dimensions and geometric vari-
ations in future battery produc-
tion. Fraunhofer IKTS is at the 
forefront of identifying manu-
facturing technologies for sol-
id-state 3D lithium-ion batter-
ies. By employing screen, inkjet, 
and aerosol jetting-based print-
ing processes, they provide al-
ternative methods for battery 
production (Figure 3).

Screen printing

Screen printing is a cost-effec-
tive technique for the small-
scale production of battery 
electrodes. This method al-
lows for the utilization of vari-

ous electrode pastes, such as 
cathode, separator and anode 
pastes. In ASTRABAT, differ-
ent pastes were developed for 
screen printing with a 10 x 10 
mm area, enabling the creation 
of various structural designs 
such as honeycomb or pillars, or 
multilayer printing. The subse-
quent scaling for larger printing 
areas such as 50 x 50 mm can 
however produce issues such 
as delamination, which can 
be adressed by modified sub-
strates.

Inkjet and aerosol jetting

Inkjet and aerosol jetting tech-
nologies are able to create 
high-resolution micro-patterns 
and its fast printing speed 
makes them highly suitable for 
industrial applications. But they 
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are additionally more stringent 
regarding ink compositions. 
Aerosol printing offers supe-
rior print resolution, typically 
achieving resolutions 2-4 times 
higher than inkjet printing (aer-
osol: 10 µm, inkjet: 20-25 µm). 
Additionally, aerosol jetting al-
lows for a wider range of mate-
rials to be tested due to its less 
stringent ink viscosity require-
ments. As part of ASTRABAT, 
cathode ink compositions were 
tested for both inkjet and aer-
osol jetting, to produce struc-
tured cathodes. 

Inkjet Printing, a promising 
fabrication method for ad-
vanced 3D electrodes

In the project, the possibilities 
to fabricate 3D lithium-ion bat-
teries electrodes using inkjet 
printing technology were ex-
plored. 
In our studies, electrodes inks 
specifically designed for inkjet 
printing were developed. UNI-

LIM fine-tuned the printing 
parameters and showcased 
the potential for constructing 
three-dimensional electrode 
structures. Cathode micro-pil-
lars were successfully deposited 
onto the aluminium foil (Figure 
4).  However, before a full bat-
tery cell can be built using this 
technique, further advance-
ments are necessary, particu-
larly in terms of technological 
modifications.

A major challenge in the de-
velopment of these techniques 
lies in the improvement of the 
printed electrodes’ electro-
chemical performance, as the 
requirements for electrochemi-
cal and printing properties can 
greatly differ. For example, in-
creasing the polymer content 
may enhance printability but 
could also reduce electrochem-
ical performance. Resolving 
such issues required in-depth 
research into the parameters 
involved.
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3. How to ensure 
ASTRABAT cell 
sustainability?



3.1  Eco-design recommendations

Ensuring the environmental 
and economic sustainability of 
the novel cell developed by AS-
TRABAT is an objective of the 
project and also a necessary 
market requirement for novel 
batteries, outlined by the re-
cently adopted Regulation on 
Batteries and waste batteries. 
The partner LOMARTOV has 
provided Eco-design recom-
mendations to support the de-
cision-making process on the 
compounds and processes that 
can be used in ASTRABAT bat-
tery to enhance its environmen-
tal profile, before evaluating the 
final results through an envi-
ronmental and economic Life 
Cycle Assessment (LCA).

The methodology

Eco-design aims at integrating 
environmental aspects during 
product design to improve its 
environmental performance 
throughout all the stages of 
its life cycle (European Com-
mission, 2009). Applied to AS-
TRABAT, it entails the need of 
incorporating environmental 
and sustainability criteria into 
the basic requirements of lithi-
um-ion battery design, such as 
costs, functionality, quality, reli-
ability, and safety, among oth-
ers (Figure 1). 
The integration could lead to a 

reconsideration of some of the 
parameters (e.g., minimization 
of all resources consumptions 
to as well as reduction of AS-
TRABAT’s emissions and pollut-
ants, not only during the man-
ufacturing process, but up to 
the end of the useful life of the 
product).

The eco-design approach di-
rectly targets environmental 
performance, but it can also af-
fect economic and social con-
siderations in parallel. Indeed, 
economic and social benefits 
are often consequences of en-
vironmental performance im-
provement, such as the issue of 
critical raw materials, which is 

Figure 1: Eco-design approach is not 
just about the environment.
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also considered by eco-design.

Many companies, and also the 
European Commission through 
different regulatory frame-
works, have recognised the po-
tential of eco-design for their 
long-term success. Hence, the 
approach is playing a funda-
mental role in meeting custom-
er expectations and empow-
ering them to choose greener 
products. It will also help inform 
future environmental regulato-
ry requirements that will accel-
erate the European green tran-
sition.

Eco-design has been adapted 
and applied to guide the ma-
terials development of ASTRA-
BAT’s cell based on 3 steps:

1. Definition of the specifica-
tions of the product. 

2. Environmental assessment 
of conceptual development, 
combining a function-
al analysis and a stream-
lined-LCA, which allowed 
to screen and identify the 
main environmental hot-
spots. 

3. Preliminary cradle-to-gate 
LCA of the ASTRABAT cell.

The main hotspots

This study successfully guided 
the battery developers towards 
more environmentally-friendly 
components and manufactur-

ing processes to design ASTRA-
BAT GEN #2D cell.

After the selection of the best 
components for the ASTRABAT 
cell, a “cradle-to-gate” lab-scale 
LCA study was carried out to 
determine the main hotspots 
of the design, which can be 
potentially transferred to the 
full-scale deployment and that 
mainly rely on the following el-
ements:

• The anode and cathode dry-
ing processes as the most en-
ergy consuming steps, which 
should be optimized when 
upscaling. 

• The copper used as current 
collector and the use of NMC 
are among the main compo-
nents causing a significant 
impact on mineral resource 
consumption. 

• The anolyte curing process 
should be addressed during 
the scale-up and industriali-
zation phase (e.g. by studying 
alternative curing process-
es which are less energy-de-
manding).

• LLZO is one of the main driv-
ers of mineral resource use, 
which is an addition in the 
new generation of all-solid-
state batteries.

• ORMOCER® (an innovative el-
ement used in ASTRABAT) has 
a strong potential for ozone 
depletion, and this should be 
carefully managed during in-
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dustrialization and recycling 
of the ASTRABAT battery to 
avoid the release reactants or 
derivatives to the atmosphere.

The conclusions

The main hotspots identified in 
the ASTRABAT design are the 
same that contribute the most 
to the conventional liquid lithi-
um-ion battery.

Compared to other existing 
industrialized batteries, the 
ASTRABAT design still needs 
further improvement when 
scaling-up to be competitive 
in the market. Positively, when 
compared to other lab scale 
developments, either conven-
tional lithium-ion battery or 
SSB battery developments, the 

impacts of ASTRABAT are in the 
same range. Therefore, it is likely 
that the optimization, once the 
new manufacturing methods 
are more developed and scaled 
up, will lead to more compet-
itive all-solid-state batteries in 
environmental terms as well.
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3.2 Two approaches for ASTRABAT’s cell recycling

The development of battery dis-
mantling and recycling tech-
nologies with high efficien-
cies is essential to ensure the 
long-term sustainability of the 
battery economy. According-
ly, most ambitious targets on 
minimum levels of materials 
recovered from waste batteries 
were included in the new EU 
proposal for a Regulation on 
Batteries and Waste Batteries 
(COM/2020/798 final): lithium – 
50% by 2027 and 80% by 2031; 
cobalt, copper, lead and nickel 
– 90% by 2027 and 95% by 2031.

Nowadays, two different ap-
proaches for batteries recy-
cling and valorisation are used 
at industrial scale. The first is 
the extraction or regeneration 
of valuable elements, which 
can be addressed by simple 
methods (mostly pyrometal-
lurgy treatment), to produce 

lower-value products or raw 
materials, less sensitive to eco-
nomic fluctuations. The second 
approach is to use hydromet-
allurgical schemes to generate 
high-quality precursors for the 
synthesis of fresh active mate-
rial for batteries manufacturing. 
Regarding the latter, the prod-
ucts obtained meet the battery 
manufacturing specifications in 
a circular fashion.

ASTRABAT aims to validate the 
efficiency of these industri-
al-scale recycling methods to-
wards the recovery of high-re-
sidual-value materials once the 
cells reach end of life.  To do so, 
the project partners LOMAR-
TOV and CEA will engage in a 
set of experiments dedicated to 
designing a recycling strategy 
for ASTRABAT cells, as depicted 
in Figure 2.
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The hydrometallurgical recy-
cling of lithium-ion batteries in-
volves several steps. The Black 
Mass (containing cathode ma-
terials, metallic impurities and 
graphite) is leached. This al-
lows metals to be dissolved and 
graphite to be removed. Then, 
the impurities such as Al or Cu 
are removed. Lastly, the cathode 
metals (Li, Co, Ni, Mn) are sepa-
rated. The classical route to do 
this is liquid/liquid extraction. It 
allows high recovery rates but 
involves expensive organic sol-
vents. Alternative routes are 
therefore being investigated, 
such as selective precipitation 
or selective adsorption. 
In the project’s case, selective 
adsorption on ion exchange 
resin was used. It has the ad-
vantage of being more selec-
tive than L/L extraction in mul-
ti-metal system.

A black mass leachate is simu-
lated in the laboratory accord-
ing to the ASTRABAT cell com-
position. The copper, nickel and 
cobalt contained in the leachate 
are separated by continuous 

chromatography. The process 
uses an ion exchange resin to 
separate first the copper, then 
the nickel and finally the cobalt.

The state of the art has allowed 
the identification of the type 
of resin adapted to the selec-
tive separation of these ions. 
Bispicolylamine resin such as 
DOWEX-M4195 allows the re-
covery of Cu2+ at lower pH, then 
Ni2+, and then Co2+.
The treatment conditions were 
studied in order to reach op-
timum sorption selectivity for 
copper, nickel and cobalt. Then, 
desorption tests on a simple 
column determined the con-
centration of the desorbent 
(H2SO4) adapted to eliminate 
the impregnant and the im-
purities. Finally, a carousel test 
on a pilot equipment of three 
70mL columns was performed. 
The resin capacity for each el-
ement was calculated: 38 g/L 
for Copper, 13 g/L for Nickel and 
10 g/L for Cobalt. Extracts have 
good purities: 98% for CuSO4 
and more than 99% for NiSO4 
and CoSO4. The process has 
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good selectivity.
Yields of recuperation in the 
extracts are good for copper 
(99%). Nevertheless, the process 
is undersized for Ni and Co. In-
deed, these metals have less 
affinity with resin and are more 
concentrated in the leachate 

so bigger columns need to be 
used to recover all of it in the ex-
tract.
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Conclusions
Within these four years, the 
ASTRABAT project has been a 
significant endeavour in the 
pursuit of electric mobility as 
the main transport mode in 
the near future. Throughout 
the project lifecycle, extensive 
research, collaboration and in-
novation have been employed 
to address the challenges asso-
ciated with conventional lithi-
um-ion batteries and pave the 
way for the widespread adop-
tion of all-solid-state battery 
technology.
 
ASTRABAT has made substan-
tial progress in various critical 
areas. Extensive efforts have 
been dedicated to improving 
solid-state electrolytes in term 
of ionic conductivity, electro-
chemical stability and thermal/
mechanical stability. By careful-
ly selecting the electrode ma-
terials, the overall performance 
of ASTRABAT’s cells could be 
improved. The materials syn-
thesis processes were upscaled 
to reach 1 kg-batch produc-
tion. The cell design and scale-
up have been also addressed 
through conventional manufac-
turing techniques. The ASTRA-
BAT solid-state cell offers prom-
ising properties but it is still in 
a rather early stage of develop-
ment before industrialization. 
Additive manufacturing such as 
ink-jet and screen-printing has 
been also studied in order to 

create 3D microscale patterns. 
The main challenge is to find 
a balance between the printa-
bility of an ink and its electro-
chemical performances. The 
last months of the project have 
been dedicated to safety tests, 
recycling and LCA study.

Furthermore, the project within 
a consortium of 14 partners has 
fostered strong partnerships 
and collaborations among ac-
ademia, industry and research 
institutions across Europe. The 
exchange of knowledge, exper-
tise and resources has acceler-
ated the development process 
in ASTRABAT. Through joint 
efforts, the project has contrib-
uted to strengthening Europe’s 
position as a global leader in 
sustainable energy technolo-
gies.

The all-solid-state battery tech-
nology, as developed in AS-
TRABAT, has the potential to 
revolutionize various industries, 
including electric vehicles, port-
able electronics and renewable 
energy systems. However, the 
scaling-up is still challenging 
and further research and devel-
opment are still required in the 
coming years, to achieve the 
commercialization of all-solid-
state Batteries, ultimately driv-
ing the transition to a greener 
and more sustainable future. 
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