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All-solid-state batteries are a hot research topic due to the prospect of high energy density and higher
intrinsic safety, compared to conventional lithium-ion batteries. Of the wide variety of solid-state electro-
lytes currently researched, oxide ceramic lithium-ion conductors are considered the most difficult to
implement in industrial cells. Although their high lithium-ion conductivity combined with a high chemical
and thermal stability make them a very attractive class of materials, cost-cutting synthesis and scalable
processing into full batteries remain to be demonstrated. Additionally, they are Fluorine-free and can be
processed in air but require one or more high temperature treatment steps during processing counteract-
ing their ecological benefits. Thus, a viable cell design and corresponding assessment of its ecological
impact is still missing. To close this gap, we define a target cell combining the advantages of the two
most promising oxidic electrolytes, lithium lanthanum zirconium oxide (LLZO) and lithium aluminium tita-
nium phosphate (LATP). Even though it has not been demonstrated so far, the individual components are
feasible to produce with state-of-the-art industrial manufacturing processes. This model cell then allows
us to assess the environmental impact of the ceramic electrolyte synthesis and cell component manufac-
turing not just on an abstract level (per kg of material) but also with respect to their contributions to the
final cell. The in-depth life cycle assessment (LCA) analysis revealed surprising similarities between oxide-
based all-solid-state batteries and conventional Li-ion batteries. The overall LCA inventory on the material
level is still dominated by the cathode active material, while the fabrication through ceramic manufactur-
ing processes is a major contributor to the energy uptake. A clear path that identifies relevant research
and development directions in terms of economic benefits and environmental sustainability could thus be
developed to promote the competitiveness of oxide based all-solid-state batteries in the market.

1. Introduction

Dramatically increasing global energy demand and the simul-
taneous push toward renewable energy sources are creating a

bInstitute of Energy and Climate Research — Materials Synthesis and Processing
(IEK-1), Forschungszentrum Jiilich GmbH, Wilhelm-Johnen-Str., 52425 Jiilich,
Germany

‘Fraunhofer Institute for Ceramic Technologies and Systems (IKTS), Winterbergstrafle
28, 01277 Dresden, Germany

Institute for Applied Materials — Ceramic Materials and Technologies, Karlsruhe
Institute of Technology (KIT), Haid-und-Neu-Str. 7, 76131 Karlsruhe, Germany
Faculty of Engineering and Center for Nanointegration Duisburg-Essen (CENIDE),
Universitdt Duisburg-Essen, LotharstrafSe 1, 47057 Duisburg, Germany

JHelmholtz Institute Miinster (IEK-12), Forschungszentrum Jiilich GmbH, Wilhelm-
Johnen-Str., 52425 Jiilich, Germany. E-mail: m.finsterbusch@fz-juelich.de

T Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2gc03368b

1 Equally contributing authors.

This journal is © The Royal Society of Chemistry 2023

market opportunity for emerging energy storage systems.
Conventional lithium ion batteries (LIB) power most handheld
devices to date, but their limited energy density," operation
temperature, and safety concerns> may give new battery
technologies unique selling points for commercialization. In
particular, all-solid-state batteries (ASBs) are a hot topic, with
the major differentiator being the type of solid electrolyte (SE).
While the ionic conductivity of most solid electrolytes was
initially limited, advances over the past decade have brought
them into a competitive position, allowing for application as
ion conductive phases in high capacity (mixed cathodes).
Additionally, due to their rigid nature, solid electrolytes can
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also serve directly as the separator in the cell (e.g. in the form
of a dense layer of the pure SE). For each role in the cell, the
various properties of the SE, like mechanical stability, chemi-
cal stability in contact with lithium metal or the cathode active
material and ionic and electronic conductivity need to be
balanced against each other. To this regard, each of the three
major classes of solid electrolytes has its individual advantages
and drawbacks, which sometimes can be combined in an
advantageous manner.

Polymer solid electrolytes have a low specific density and
can form thin and flexible layers, resulting in full cells with
high energy density.®> They can be easily processed using
industry relevant processes such as screen-printing or tape-
casting, and PEO-based cells are already being commercialized
by Bolloré. Nevertheless, they suffer significant drawbacks,
such as limited electrochemical stability windows,® low
thermodynamic stability in contact with metallic lithium,’ and
still very low total ionic conductivities at room temperature.®
Therefore, the most successful approaches in current research
use some amount of liquid additives or ceramic fillers” to
improve the mechanical and electrochemical properties of the
cell. Additionally, while less prone to thermal run-away than
conventional liquid electrolytes, polymer electrolytes are still
flammable. However, to obtain reasonable conductivities,
heating is often required, leading to even smaller operating
widows of the thermal management system for polymer based
cells, compared to liquid electrolyte based LIBs.

In contrast, sulfide electrolytes have the highest ionic con-
ductivities to date with 25 mS cm™ (ref. 8) and enable full
cells with high capacity, exceptional cycling rates, and rate
retention.’ The approach is promising, and some start-ups are
working on their first commercialization.'® However, they also
have significant drawbacks. While the ductility of sulfide elec-
trolytes enables cold pressing, eliminating the need for high-
temperature sintering steps, it also requires the use of high
external pressure during cycling to mitigate contact loss.'* Due
to the limited electrochemical stability window and thermo-
dynamic instability towards lithium metal anodes and oxide
cathode active materials, protective coatings have to be
implemented in the cell design. Finally, sulfide electrolyte
materials tend to form H,S upon contact with moisture. Both
synthesis and processing have to be carried out in dry room or
argon atmospheres, making both systematic investigation of
the process and upscaling of process routes to an industrially
relevant level much more difficult.

The third class of solid electrolytes are the oxide-based
materials, which can be further sub-divided into oxides and
phosphates.'® Within the latter, lithium aluminum titanium
phosphate (LATP)"? with its NASICON ((Na)sodium Super Ionic
CONductor) structure shows bulk ionic conductivities up to
the 5 x 107 S em™" at room temperature,'* while also exhibit-
ing excellent chemical stability in air and having relatively in-
expensive precursor materials. While the instability of LATP in
contact with lithium metal™ prevents its use as a separator
material, it can still provide ionic conductivity in the mixed
cathode. However, fabrication of thick film cathodes via con-
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ventional sintering routes is still challenging due to the
limited chemical stability of LATP and cathode active materials
at elevated temperatures.'® With the help of newly developed
processing technologies such as aerosol deposition, composite
LATP-lithium nickel manganese cobalt oxide (NMC) cathodes
(also called mixed cathodes) have been successfully
demonstrated."”

Fully oxide electrolytes such as garnet-type lithium lantha-
num zirconium oxide (LLZO) also exhibit sufficient chemical
stability in air (after formation of native carbonate surface
layer) and excellent electro-chemical stability towards lithium
metal,"® making this material class best suited for the appli-
cation as solid-state separators. They can also reach competi-
tive ionic conductivities, e.g. via Ga-substitution, demonstrat-
ing 1.35 x 107> S em™" at room temperature.’® Their appli-
cation in mixed cathodes has been successfully
demonstrated,®®*' but their high density is detrimental to the
overall energy density of the cell.

LLZO and LATP powders can be prepared by a variety of syn-
thetic methods, ranging from seemingly simple methods such
as solid-state synthesis'>** or sol-gel** to more complex pro-
cesses such as Pecchini synthesis,**** co-precipitation,>® flame
spray pyrolysis,>” or glass melting.® Nevertheless, the reported
stoichiometries of the materials obtained, as well as the physi-
cal properties of the battery components produced, vary con-
siderably across reports. However, Mann et al.>® point out that
by carefully controlling the stoichiometry and particle size of
LLZO via different synthesis routes, all the products obtained
have the same physical and electrochemical properties.
Therefore, for the purpose of this work, we assume that the
synthesis method does not affect the quality of the solid elec-
trolyte powder and the properties of the resulting battery
components.

Therefore, solid-state synthesis of both LLZO and LATP was
used as a baseline technology in this study. This process does
not require additives and therefore can be easily chemically
balanced, but additional processing steps are required to
achieve physical properties such as particle size and mor-
phology suitable for battery manufacturing processes. In
addition, two solvent-based synthesis methods, spray-drying of
LLZO and sol-gel synthesis of LATP, are considered. These pro-
cesses are suitable for industry-scale production of these
materials.

While the basic material properties can compete with those
of other solid-state electrolytes, the major drawback of oxide-
based electrolytes is their processing. The need for extensive
high temperature treatments during synthesis and component
fabrication raises question of environmental and economic
competitiveness. Therefore, the objective of this study is to
investigate a realistic battery design based on oxide solid-state
electrolytes, selected with respect to its economic feasibility
and environmental impact, and to point the way for related
research and development.

The production processes of LIBs are often energy intensive
and require different minerals and metals. Their mining,
extraction, and processing also involve high energy consump-

This journal is © The Royal Society of Chemistry 2023
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tion and generate emissions and waste. The end-of-life (EoL)
processes of LIBs also contribute to environmental
impacts.’*? Therefore, life cycle analysis (LCA) is needed to
quantify the total environmental impact of batteries from a life
cycle perspective. Over the past decade, a plethora of articles
have been published on the environmental aspects of LIBs,
reflecting the high level of interest in this topic from the LCA
community. In 2017, Peters et al>* conducted a literature
review on 113 LCA studies of LIBs and battery electric vehicles
(BEVs) published between 2000 and 2016. Most of the studies
focused on greenhouse gas emissions and energy demand,
while other potential impacts (e.g., toxicity, acidification,
resource depletion) are less frequently quantified. The
authors® found only 11 of the 113 studies contained original
life cycle inventory (LCI) data and that most of the existing
LCA studies were based on LCI data from four well-known
studies published in 2010-2014.>*” The problem of a weak
LCI database has not improved significantly in the last 5 years,
with a few exceptions. A recently published study*® performs a
bottom-up analysis of the energy flows of LIB cell production
at laboratory scale with new primary in-house electricity
measurements at Karlsruhe Institute of Technology (KIT) to fill
this data gap and update previously outdated data. In 2018,
Peters et al.*>® provided a common base for LCA of LIBs by uni-
fication of existing LCIs. The GREET (Greenhouse Gases,
Regulated Emissions, and Energy Use in Transportation)
model (https://greet.es.anl.gov/) is a tool that examines the life
cycle impacts of vehicles, fuels, and energy systems, including
an LCA model for batteries that is continuously updated.*® Dai
et al.*' used the GREET model to analyse the cradle-to-gate
total energy use, emissions, and water consumption associated
with current industrial production of NMC-based batteries. In
addition, this study highlights the differences in LCIs for key
battery materials among existing LIB LCA studies. The results
show that the environmental impacts of LIBs are dependent
on where in the world the battery is produced and where the
materials are sourced. The study of Manjong et al.** also ident-
ifies the sources of variabilities (levers) by disaggregating the
value chains of six raw battery materials (aluminium, copper,
graphite, lithium carbonate, manganese, and nickel). The
results convey insights into how changes in the lever settings
yield variations in the overall greenhouse gas (GHG) emissions
of the raw materials leading towards a more reliable LCA of
LIBs.*” The studies published by Ellingsen et al.** and Crenna
et al.** compare LCIs of LIBs and identify key assumptions
and differences in existing LCA studies to enhance transpar-
ency in the underlying assumptions and results obtained. To
reduce the previous ranges of 50-500 kg CO, eq. per kW per h
battery capacity in the various LCA studies on LIBs,* the
authors** provide new modular datasets for LIB chemistry
(e.g., using NMC111, NMC811) using the most recent data
from existing sources and assessed a wide range of environ-
mental impacts of the modelled chemistries. Chordia et al.*®
adopt the original small-scale factory, which was modelled by
Ellingsen et al.*” using Ecoinvent v2.2 background datasets, to
the latest Ecoinvent v3.7.1 database and use new LCI data to
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model LIB cell production in a large-scale facility representa-
tive of the latest technology in LIB production.

Since the ASBs technology is still in its infancy, there are
only a limited in number of published LCAs of ASBs. Lastoskie
and Dai® compare the environmental impacts of two solid-
state battery manufacturing processes: lamination and thin-
film vacuum vapour deposition. Various cathode active
materials (CAMs) such as lithium cobalt oxide (LCO), lithium
manganese oxide (LMO), and lithium vanadium oxide were
studied in conjunction with graphite anodes. In 2016, we
investigated the production of a mixed cathode of lithium
cobalt oxide and LLZO on the laboratory scale to determine
the environmental impacts of a pouch ASB cell.*” Apart from
the laboratory production, which represents the current work-
flow, an idealized laboratory production and a possible indus-
trial production were portrayed as well. The results indicate
that electricity consumption plays a major role due to the
many high-temperature production steps as already stated for
the LIBs.>***** Keshavarzmohammadian et al.*® studied the
environmental impacts of sulphur-based solid-state lithium
batteries for use in BEVs. Their results show the highest
environmental impacts for different assembly processes.
Overall, the operation of the dry room required for Lithium-
sulphur battery production is the largest energy consumer and
contributes the most to Global Warming Potential (GWP). The
work of Rossi et al.*® addressed the question of which battery
energy storage systems (BESSs) are most sustainable for solar
home systems. For this purpose, they compared several con-
ventional LIBs from previous studies***”***! and “theoretical”
solid-state LIBs by replacing the liquid electrolyte (e.g., lithium
hexafluorophosphate  (LiPF¢), sodium tetrafluoroborate
(NaBF,)) with the same amount of LIPON (Lithium phospho-
rous oxynitride) in the LCA model. In terms of GWP, Human
Toxicity Potential (HTP), and Fossil Depletion (FD), solid-state
LIBs with NMC and nickel cobalt aluminium (NCA) CAMs
perform best. Smith et al’® compared the environmental
impacts of a LIB with a lithium iron phosphate (LFP) cathode
with that of an ASB based on a lithium lanthanum zirconium
tantalum oxide (LLZTO) garnet-structured electrolyte. They use
two functional units for the LCA, delivery of 50 MJ of electrical
energy and 1 kg of battery. For a functional unit of 50 M]
energy delivered, the environmental impact of the LIB is lower
across all the environmental impact categories studied.
However, relative to a kilogram of battery, the environmental
impacts of the LIB are higher in three environmental cat-
egories (freshwater and marine ecotoxicity potential
(ETpreshwatery ETMarines, HTP). To reduce the GWP of the ASB
below that of the LIB, ASB would have to reach 2800 cycles.
Zhang™ analyzed the environmental impacts of a typical ASB
using LATP. The results are compared with those of conven-
tional LIBs with LiPF, ethylene carbonate/dimethyl carbonate
(EC/DMC). The main drivers of GWP in ASBs are the cathode
active material, lithium metal used in the anode, and electri-
city consumption during certain manufacturing processes.
The main drivers of environmental pollution in ASB pro-
duction are the thickness of LATP electrolyte, the energy-inten-
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sive manufacturing processes of LATP (e.g., high stirring and
heating energy used to precipitate LATP powder), and the pre-
cursors used to prepare oxo-oxalatotitanate (H,[TiO(C,0,),]).
The energy required for full-cell assembly in a glove box was
not considered by Zhang® although our previous study®’
shows that the energy demand and GWP is considerable
(about 30% of the total GWP). The LCA study of Pell and
Lindsay®* quantified the GWP for ASB production in compari-
son to three commercial LIB chemistries (NMC 811, LFP,
lithium-iron-manganese-phosphate). The oxide ASB with NMC
811 shows the lowest GWP with 58 kg CO, equivalents per kW
per h while the LIB with LPF shows the highest GWP with
78 kg CO, equivalents per kW per h. Salado et al.>® provided a
general overview of different battery types, followed by an ana-
lysis of critical raw materials currently used. They also focused
on the more efficient, safer, and environmentally friendly next-
generation batteries (ASBs, metal-air batteries, metal-sulfur
batteries) and the use of metal-organic frameworks (MOFs) to
achieve this. Furthermore, the review addressed battery dispo-
sal issues and novel green synthesis methods. Arshad et al.>®
identified and reviewed 80 available LCA studies on LIBs,
including the studies from Troy*” as well as Laskostie and
Dai*® mentioned above. For electric batteries, the most ana-
lyzed chemistries are LFP, LMO, and NMC, but other chem-
istries may be used in the future if they continue to evolve.
There is also wide variation in the key effect categories (GWP)
studied, ranging from 12 to 313 kg CO, eq. per kW per h of
battery capacity. The authors of this study from 2022°° again
point out that primary data are missing in most of the studies
assessed. This emphasizes the importance of a reliable and
updated database obtained via new LCAs. In highly researched,
developing fields of technology such as ASBs outdated data-
bases can lead to erroneous conclusions especially quickly.

2. Deriving a new cell design based
on cost-cutting aspects

Figure manufacturing, a mixed-cathode approach and the
combination of different solid electrolytes in one cell were
chosen to take full advantage of both phosphate- and garnet-
based SEs. In addition, we followed the guidelines of the
European lithium battery roadmap to define the materials and

Cu - current collector 10um
Li — Anode 10pm
LLZO - Separator 10um
LATP/NCM mixed cathode 100um
Al - current collector 10um

Fig. 1 Model cell set-up for an oxide-based solid-state battery.
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realistic loadings of the model cell.”” Guidelines for practical
testing and cell design conditions have also been proposed in
literature.”® Due to its high capacity of 180 mA h g™* (ref. 59)
and the processability in air, NMC 622 was chosen as the
cathode active material. LATP was chosen as the solid electro-
Iyte in the cathode (“catholyte”) because of its less expensive
raw materials, high compatibility with NMC 622 during proces-
sing, and its electrochemical stability up to 4.6 V,°® which
allows full utilization of the capacity of NMC 622.°" A thickness
of 100 pm and a weight ratio of 20: 80 LATP: NMC are speci-
fied for this mixed cathode, corresponding to an areal capacity
of 6.15 mA h em™>. Lithium metal is chosen as the anode
active material due to its high energy density. As the amount
of lithium ions transferred between the electrodes during
reversible cycling is in fact contained in the CAM, we calcu-
lated only 10 pm of excess Li metal layer on the anode to com-
pensate for the irreversible Lithium losses during formation
cycles. To prevent direct contact of Li metal with LATP, a thin
LLZO separator is required to provide a stable and low-impe-
dance interface.'® The thickness is set at 10 um, which is at
the upper limit for thin film deposition techniques such as
physical vapour deposition (PVD) or sol-gel coating, but at the
lower limit for tape casting. 10 pm thick Aluminum (Al) and
copper (Cu) foils were used as current collectors, again a com-
promise since the final stacking (bi-polar or parallel) will affect
the effective contributions to energy density. This realistic
model cell (Fig. 1) has a theoretical energy density of 394.4 W
h kg™ but was chosen to represent a feasible cell design that
is close to the current state-of-the-art materials and processing
technology. It should be explicitly noted that this cell design
has not been yet practically implemented. However, the recent
breakthrough in processing of various ceramic cell com-
ponents, such as different mixed ceramic cathodes including
tape cast cathode layers,”” and separators® fabricated by
different processing techniques,®®*®* pave the way for the
realization of the proposed cell in the near future. The chosen
cell design leaves room for further improvements, e.g., at the
material level (such as coatings and additives) to achieve high
capacity utilization and cycling stability, or at the microstruc-
ture level, which have already been demonstrated but do not
have a major impact on material selection and LCA.®* For such
a cell, the impact of oxide-based solid electrolytes in terms of
both the necessary advances in processing technology and

This journal is © The Royal Society of Chemistry 2023
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their environmental impact at the cell level can now be
investigated.

Building on our initial analysis from 2016 *’ and with a sig-
nificantly improved battery in terms of capacity and energy
density, this new LCA is conducted to address the mentioned
gaps in the life cycle environmental impacts of ASB cell pro-
duction. New primary data from laboratory scale studies for
material and cell production conducted by the authors were
used. Two different synthesis methods for LATP and LLZO
powders are analyzed and compared using LCA. A subsequent
comparison with the liquid LiPFs (EC/DMC) electrolyte com-
pletes the picture. Within the fixed framework of the model
cell (Fig. 1), all deviations in the LCA presented can be contrib-
uted to the effects of the specific production route of the
cathode and electrolyte and not too different powder and com-
ponent properties. The LCA results are used to identify the
main contributors to the environmental impacts of ASB cell
production and to identify strategies to reduce these impacts.

3. Life cycle assessment
methodology

LCA is a comprehensive method to assess environmental
impacts of products and processes. According to the ISO
standards,®>®® LCA is subdivided into four steps. The goal and
scope definition® describes the system, the system boundaries,
and the functional unit (FU) of the analysis. The LCI* compiles
and quantifies all material and energy inputs and their sub-
sequent outputs (e.g., emissions, waste, waste heat) on a single
process scale along the process chain considered. This
includes for example the mining of the necessary materials
and energy carriers, their transport and all the production
steps required for the investigated system. The life cycle
impact assessment (LCIA)® evaluates the potential environ-
mental impacts by translating the inputs and outputs gathered
in the LCI into environmental effects, so called impact cat-
egories. The final interpretation step® summarizes the results
and draws conclusions to provide recommendations for
improvement.

The GaBi 10.6 software®” is used for modelling the process
chains combined with the Ecoinvent 3.7.1 database®® for back-
ground process data (e.g. supply of auxiliary material, supply
of energy, transport). Most of the primary LCI data of the
model cell production (so called foreground data) are provided
by the authors. In addition, data already published by us"” is
used in some cases.

The following 18 environmental impacts (Table 1) are calcu-
lated using the ReCiPe 2016 v1.1 Midpoint (Hierarchist) meth-
odology® implemented in the GaBi software.

3.1 Goal and scope

The objective of the study is to evaluate the environmental
impacts associated with the fabrications of a 5 cm x 5 cm
model cell. The cell setup taken as FU (Fig. 1) used for the cal-
culations of a laboratory-scale production contains a 100 pm

This journal is © The Royal Society of Chemistry 2023
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Table 1 Overview of investigated impact categories
Impact category Abbreviation Unit
Climate change, incl biogenic GWP kg CO, eq.
carbon
Fine particulate matter formation =~ PM kg PM 2.5 eq.
Fossil depletion FD kg oil eq.
Freshwater consumption Water m?
Freshwater ecotoxicity ETpreshwater kg 1,4 DB eq.
Freshwater eutrophication EPrreshwater kg Peq.
Human toxicity, cancer HTPancer kg 1,4 DB eq.
Human toxicity, non-cancer HTP,0n-cancer kg 1,4 DB eq.

Ionizing radiation

IR

kBq Co-60 eq.
to air

Land use Land Annual crop
eq.'y

Marine ecotoxicity ETwMmarine kg 1,4 DB eq.

Marine eutrophication EPpyarine kg N eq.

Metal depletion MD kg Cu eq.

Photochemical ozone formation, POCPrcosystems kg NO, eq.

ecosystems

Photochemical ozone formation, POCPxuman kg NO, eq.

human health health

Stratospheric ozone depletion ODP kg CFC-11 eq.

Terrestrial acidification AP kg SO, eq.

Terrestrial ecotoxicity ETrerrestrial kg 1,4 DB eq.

mixed cathode (0.00876 ¢ cm™ LATP and 0.03325 g cm™> NMC
622), a 10 um LLZO electrolyte layer (0.005107 ¢ cm™>) and a
10 um lithium film (0.00053 g cm™>). As current collectors
10 pm aluminum (0.0027 g cm™>) and copper films (0.00892 g
ecm~?) are used. Some results are also shown on a 1 kg basis
for ease of comparison, but the large differences in density
must be kept in mind. The focus is on the analysis and com-
parison of the two synthetic routes for LLZO and LATP, as
described in Fig. 4.

The assessment follows the cradle-to-gate approach (Fig. 2).
All material and energy flows used for the production are
included, also the release of emissions on-site. Upstream pro-
duction and handling processes are considered by using the
inventory database Ecoinvent 3.7.1. The air-tight sealing of the
battery in an aluminum-coated polyethylene bag is not con-
sidered. The usage and recycling phases of the battery pouch
are not included in the Life cycle inventory (LCI).

3.1.1 Cell production. The production process of ASB cells
by tape casting consists of several different process steps
(Fig. 3). The four synthesis pathways for LLZO and LATP are
shown in Fig. 4. Most of these processes are currently per-
formed at a laboratory scale. Therefore, the energy and
material consumption (Table 2) and the emissions released
have not yet been optimized.

The production processes start with the LLZO and LATP
powder syntheses, followed by the preparation of the different
slurries for the individual components. For the separator
slurry, LLZO powder is mixed with organic solvents and addi-
tives for dispersing, binding, and plasticizing in a planetary
mixer (1200 W) for two minutes. For the mixed-cathode slurry,
the prepared LATP powder and NMC 622 are mixed at a weight
ratio of 20: 80. After that, the mixture is processed in the same
way as the LLZO powder for the electrolyte slurry above. The
energy required for the mixing processes is considered.

Green Chem., 2023, 25, 399-414 | 403
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Fig. 3 Flowchart of cell manufacturing adapted and based on ref. 46.

Following the slurry preparation, the different layers of the
battery are fabricated using tape casting. First, the pure electro-
lyte slurry is cast onto a supporting (carrier) PET foil and dried
to form a green tape. After its removal from the machine and
carrier foil, the green tape is sintered in two subsequent steps
(2 h at 650 °C and 2 h at 1150 °C) to produce the separator.
Subsequently, the mixed cathode is cast onto the LLZO separa-
tor and co-sintered at 650 °C for two hours. The total energy
demand is 0.0476 kW per h per 0.05 m” for the separator and
0.115 kW per h per 0.05 m”> for the cathode, including the
requirements for mixing, tape casting, and sintering, with 95%
of the energy demand being required for sintering. In this
idealized process scheme, a 100 um mixed cathode tightly
adhered to a 10 pm electrolyte tape is the result and will be
referred to as “half-cell” hereafter. Finally, a half-cell measur-
ing 5 cm by 5 cm is cut out and transferred to a glove box for

404 | Green Chem., 2023, 25, 399-414

further processing under argon atmosphere. As an anode, a
10 pm Li metal foil is manually attached to the electrolyte side
of the half-cell, creating the full cell. A 10 pm thick Al foil and
a 10 um Cu foil are used as current collectors on the cathode
and anode side of the cell, respectively. For the collector foils,
we used datasets from the GaBi database (‘DE: Aluminium foil
Sphera’, ‘EU-28: copper sheet (A1-A3) Sphera’). For lithium
foil, on the other hand, we used an adjusted LCI of a 35 pm
thick lithium film published by Deng et al.”®

A 3 wt% increase in the amount of material for the mixed
cathode and electrolyte slurry was assumed to compensate for
losses during slurry fabrication. In addition, 3 wt% cutting
waste was estimated for the different foils and the cell.

Transport of materials via lorry were considered throughout
all production steps. A synthesis in Germany and an average
transport distance of 200 km was assumed.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Materials required for the two synthesis pathways of LLZO and LATP.

Table 2 Materials required for one model cell with 25 cm?

Material Quantity Thickness

Mixed cathode 0.858 g NMC 622 100 pum, 3% offcut
0.226 g LATP

Separator LLZO 0.133 g 10 um, 3% offcut

Carrier foil (PET) 034¢g 100 pm, 3% offcut

Li anode 0.0138 ¢ 10 pm, 3% offcut

Al foil 0.0695 g 10 um, 3% offcut

Cu foil 0.23¢g 10 um, 3% offcut

Argon 0.41

Electricity 0.0281 kW h

3.1.2 LLZO and LATP synthesis. For comparison, we inves-
tigate the synthesis of LLZO using a conventional solid-state
reaction as well as a spray drying process. For the solid-state
reaction, Al,O3, LiOH-H,0, La,0; and ZrO, are mixed using a
mortar grinder. The resulting powder is calcined twice at
850 °C and 1000 °C in an alumina crucible for 20 h. Between
each calcination step, the resulting material is milled again.
The previously produced metal nitrates or oxynitrates are used
for spray drying. Spray drying achieves a fine distribution of
the various elements. In addition, as in the solid-state reac-
tion, milling, sieving, and calcination for 1 h at 1000 °C are
carried out. Selective catalytic reduction (SCR) with ammonia
minimizes the nitrogen oxides produced. After final milling,
the LLZO electrolyte powder from both synthesis routes can be
used to prepare a slurry for separator casting.

Similarly, LATP is synthesized via both a solid-state reaction
and a sol-gel process. For the solid-state reaction, Al,Os;,
Li,CO3, TiO, and (NH,)H,PO, are mixed in a mortar grinder.
The resulting powder is milled, calcined for 8 h at 900 °C, and
milled again. For the sol-gel process, Li(CH;COO)-2 H,0, Al
(NO3);39 H,0, (NH4)H,PO, and Ti[OCH(CHj;),], are dissolved
in water. After drying, another one hour mixing of the com-
ponents is required before calcination at 900 °C for 8 h fol-

This journal is © The Royal Society of Chemistry 2023

lowed by final milling. SCR is performed one more time. After
the final milling, the LATP powder from both synthesis routes
is mixed with NMC 622 powder and used to prepare a mixed
cathode slurry.

The LCI of NMC 622 is from Sun et al.,”* who obtained the
information from onsite investigations at two leading cathode
material manufacturers in China in 2018, which are among
the top five NMC suppliers in the world. The LCI of the
required metal components (NiSO;, MnSO,, Li,COs3,
LiOH-H,0) stem from the Ecoinvent 3.7.1 database. For the
production of cobalt sulfate, the reaction of cobalt (the data
set “cobalt, refined” is from the Cobalt institute and is
included in the GaBi database) with sulfuric acid is assumed.

The energy calculations for milling, calcination and spray-
drying are described below (Table 3).

A mortar grinder is used for all grinding processes (RM200
Retch, 230 W). The measured energy requirement is 0.19 kW h
for a capacity of 200 g. The grinding time is 4 h per grinding
step. This results in an energy requirement of 3.8 kW h kg™ of
material to be ground. In the calculation of the energy require-
ment, the powder quantities of individual milling processes
are considered. In all process routes, milling takes place after
each calcination. In the case of solid-state reaction, additional
milling takes place before calcination. The consumption of the
grinding balls is not considered. In the sol-gel process, the
components are mixed at a rotational speed of 100 rpm for
one hour before calcination. Based on the energy of the
mortar grinder (400 rpm, 4 h grinding time, 3.8 kW h kg™
powder) and taking into account the shorter grinding time
and the lower rotational speed, an energy of 0.24 kW h kg™
capacity was calculated. Considering the quantity of 3.8 kg
(2.8 kg LATP powder, 1 kg water), the energy requirement for
mixing is 0.9 kW h kg™" LATP powder.

An energy requirement for sieving of 0.1 kW h kg™ is
assumed for each process route.

Green Chem., 2023, 25, 399-414 | 405
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Table 3 Overview of energy requirement per kg LATP or LZZO powder in kW h

Material Process Milling Spray drying Sieving Calcination Sum
LLZO Spray drying 3.8 7.16 0.10 3.14 14.2
Solid-state 4.6 (1. milling) — 0.10 5.33 (1. calcination) 22.9
3.8 (2. milling) 5.24 (2. calcination)
3.8 (3. milling)
LATP Sol-gel 3.8 — 0.10 6.9 11.7
0.9 (mixing)
Solid-state 5.8 (1. milling) . 0.10 3.48 12.8

3.8 (2. milling)

The energy requirement for calcination was measured in a
muffle furnace (Nabertherm LT 5/13). Calcination takes place
at different temperatures and holding times. The measured
energy demand refers to a furnace charge of 3 kg powder.
Depending on the starting materials (carbonate, nitrate,
oxide), the powder input per kg LLZ or LATP is different.

For the calcination of LATP, the measured energy require-
ment for preheating and holding is 7.4 kW per h per 3 kg of
final LATP powder, 2.8 kg of initial powder is used in the sol-
gel route and 1.4 kg in the solid-state route. For the two calci-
nation steps during solid-state synthesis of LLZO, the
measured energy requirements for preheating and holding are
13 kW h and 16 kW per h per 3 kg, respectively. The required
amount of initial powder is 1.2 kg kg™ final LLZO powder for
the first calcination and 1 kg for the second calcination. The
spray dryer used can evaporate up to 20 kg of water per hour.
At this spray rate, 1 kg of LLZO powder can be processed in
about 15 min. Based on the published data by Wittner et al.,”
an energy demand of 7.16 kW h kg™" LLZO was calculated.
This includes the energy for heating, atomizing, pump, and
ventilator.

For the spray-dried LLZO, the measured energy requirement
during calcination for preheating and holding is 4 kW per h
per 3 kg. The required amount of nitrate powder kg™ final
LLZO powder after spray drying is 2.4 kg, which results in an

energy demand of 3.1 kW h. Detailed LCIs of all processes
involved can be seen in Tables S1-S23 in the ESL ¥

4. Life cycle impact assessment
(LCIA)

The results for 18 different impact categories were calculated.
Table 4 summarizes them for the different materials used in
the model cells (LLZO, LATP, NMC 622) as well as for the
liquid electrolyte 1 M LiPF, dissolved in EC/DMC in the ratio
50:50 for comparison with commercial LIBs. With the excep-
tion of three impact categories (water consumption, metal
depletion, acidification potential), the production of 1 kg
LLZO is associated with the highest environmental impacts,
followed by the production of 1 kg NMC 622 and 1 kg LATP.
While these values are convoluted by the density of the indi-
vidual materials, with NMC and LLZO being roughly equal
(~5 g em™?), LATP being half this density (~2.3 g cm™®), and
the liquid electrolyte the lightest (~1.3 g cm™), this still gives
meaningful insight into the impact of the synthesis method.
Tables 5 and 6 as well as Fig. 8 show that different com-
ponents of the model cell and steps of the production chain
(Fig. 9) have different impacts on the LCA results. The absolute
numbers in Fig. 8 and 9 are the same, but the breakdown

Table 4 Absolute LCIA results for different production pathways of 1 kg of LLZO and LATP powders as well as 1 kg of NMC 622 and LiPFg

1 kg LLZO 1 kg LLZO 1 kg LATP 1 kg LATP 1kg 1 kg LiPF6
Impact category solid-state spray drying solid-state sol-gel NMC 622 (EC/DMC)
WP (kg CO, eq.) 37.4 38.9 11.6 15.3 18.2 3.88
PM kg (PM2.5 eq.) 0.054 0.060 0.019 0.012 0.071 0.007
FD (kg oil eq.) 11.9 12.6 3.58 4.79 7.18 1.67
Water consumption (m?) 0.535 0.606 0.211 0.154 0.733 0.059
ET, freshwater (kg 1,4 DB eq.) 2.02 2.26 0.259 0.155 0.339 0.166
EP, freshwater (kg P eq.) 0.011 0.012 2.8x107° 2.6 x107° 2.4x107° 1.3x107°
HTP, cancer (kg 1,4 DB eq.) 2.75 3 1.3 1.19 0.483 0.301
HTP, non-cancer (kg 1,4 DB eq.) 86.5 97 9.37 7.13 11.3 4.33
IR (kBq Co-60 eq. to air) 3.83 4.22 0.366 0.229 1.15 0.351
Land use (annual crop eq.-y) 7.99 8.63 0.987 0.931 0.905 0.108
ET, marine (kg 1,4 DB eq.) 2.5 2.8 0.337 0.204 0.507 0.209
EP, marine (kg N eq.) 0.301 0.343 7.0x107% -3.0x107° 2.2x107 3.6x107%
Metal depletion (kg Cu eq.) 10.6 11.7 0.569 1.06 12 0.087
POCP, ecosystems (kg NO, eq.) 0.093 0.101 0.018 0.019 0.036 8.2 %107
POCP, human Health (kg NO, eq.) 0.092 0.10 0.018 0.019 0.035 7.9x107°
ODP (kg CFC-11 eq.) 2.6 x107° 3.8x107° 5.6 x107° 83x107° 9.7x107° 1.1x107°
AP (kg SO, eq.) 0.137 0.156 0.°9 0.035 0.237 0.020
ET, terrestrial (kg 1,4 DB eq.) 213 237 19 13.5 190 13.2
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either in components or upstream steps is different. The
columns and bars “Energy & waste”, “Chemicals & water”, and
“Transport” (Tables 5, 6 and Fig. 9) are cumulative values for
individual energy demands, chemical (e.g., solvents, additives
for dispersing, binding) and water supplies, waste treatment,
and transport along the entire process chain. It describes the
overall consumption of electricity, chemicals, water etc. in the
laboratory during the production of the composite cathode,
the electrolyte, and the assembly of the model cell, but not the
electricity consumption, etc. during the production of the pur-
chased products (Al foil, Cu foil).

The use of LayO; and La(NOj);:6H,O results in the
increased impacts for LLZO (Fig. 5 and 6), with the supply of
lanthanum as one of the critical raw materials listed in 2020.”
The energy demand required during the production of LATP
causes the highest GWP and FD, followed by the supply of Ti
[OCH(CH3;),]s, [Li(CH3;CO0)-2H,0], TiO,, and (NH4)H,PO,
(Fig. 5 and 6). However, the supply of (NH,)H,PO, causes the
highest environmental impacts for the most categories. This
result is in accordance with the latest literature,®® in which
also the LATP precursors have a significant influence on LATP
synthesis.

There is little difference in the environmental impacts of
the different synthesis routes, which true for both LLZO and
LATP powders (Fig. 5 and 6). LLZO produced by spray drying
has 4 to 12% higher environmental impacts than LLZO pro-
duced by solid-state reaction, which is negligible within the
data uncertainties. Only for ODP, the difference is 32%
(Table 4). LATP powder produced by solid-state reaction has
higher environmental impacts in 12 of 18 categories (Table 4).

View Article Online
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The accounting of NH,Cl co-production in Ti[OCH(CHs),]s
production is the cause of a negative EPparine potential
(Table 4).

Since the environmental impacts of the different synthesis
methods are low at the scale studied, the selection of the most
suitable method for industrial scale application depends
mainly on the energy consumption of the larger scale pro-
duction plants, as well as on the use and recycling of the
additives.

The environmental impact of the cathode active material
NMC 622 (Fig. 5 and 6) can be reduced in future cell designs,
as suggested by Winjobi et al.”* By reducing cobalt content sig-
nificantly in favor of nickel, which has a lower environmental
impact, the total energy impact of NMC can be improved while
simultaneously increasing the energy density.

Comparing the above materials on a 1 kg of powder basis
with the liquid electrolyte LiPF used in conventional lithium-
ion batteries, the liquid electrolyte performs best, as expected
(Fig. 5 and 6). Only IR and ETyarine are slightly lower for 1 kg
LATP (sol-gel). However, in a battery cell, which represented
by the model cell in this study, the materials have vastly
different shares of the overall mass. In addition, the influence
of component production must also be considered.

Therefore, the more meaningful comparison is the cumu-
lative impact on the cell level (Tables 5 and 6, Fig. 8 and 9),
using the respective values defined for our model cell
(Table 2).

At the model cell level, the impact of NMC 622 and the
energy consumption of synthesis and component manufactur-
ing dominate the environmental impact in all categories. The
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Fig. 5 GWHP, fossil depletion and metal depletion of (a) of 1 kg of LLZO (solid-state), (b) 1 kg of LLZO (spray drying), (c) 1 kg of LATP (solid-state), (d)
1 kg of LATP (sol-gel), (e) 1 kg of NMC 622, (f) 1 kg of LiPg in EC/DMC 50/50.
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pie chart (Fig. 7) shows the energy demand in detail. The total
energy resources amount to 1.08 MJ for the model cell. In the
case of the mixed cathode (52% share of the total model cell),
88% of the energy is used for the production of powder and
cathode slurry, and only 12% for tape casting and sintering of
the cathode. A significant share of the energy consumption

30%

2%

1%
1%
2% _

total energy for
LATP and NMC

12% powder and
mixed slurry
production

88% electricity for

tape casting and
sintering

(30% of the total energy consumption) is attributed to the
process of cell assembly in a glovebox. It was assumed that
only one cell per workstation can be produced at a time in a
laboratory glovebox. In this case, a glovebox with three work-
stations was used as a benchmark. On an industrial scale, it
can be assumed that this can be done much more efficiently

BLLZO seperator

LATP/NMC mixed

cathode
M carrier foil
Al foil
mCu folil
ELianode
529% massembly
total energy
3 for LLZO
powder and
slurry
production
B electricity for
7% tape casting

and sintering

Fig. 7 Share of cell components on the overall energy demand of 1 model cell (LLZ/LATP solid-state reaction).
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and that several cells can be produced simultaneously, so that
the energy requirement per cell can be greatly reduced. In the
case of the LLZO separator (12% share of the total model cell),
77% of the energy resources are required for LLZO powder and
slurry synthesis and 23% for the power requirements for sin-
tering and tape casting.

Since energy consumption plays a major role in the environ-
mental impact of the cell, there is great potential for improve-
ment. In this study, batch synthesis of electrolytes on a one-
kilogram scale and small-scale fabrication of 5 cm x 5 cm com-
ponents and cells were investigated. Nevertheless, all proces-
sing steps were carefully chosen for their scalability. Therefore,
a significant reduction in energy consumption per cell can be
expected when the entire process chain is scaled up to indust-
rially relevant levels.

The influence of the pouch case material and welding is
negligible and is only reduced when upscaling to multilayer
cells, so it was not considered in this study. While the content
of NMC 622 cannot be reduced, as it is the cathode active
material, clear pathways for future cell design improvements
can be derived from these findings. Since LATP has a much
lower environmental impact than LLZO, it is the right choice
as the electrolyte material for the mixed cathode. Nevertheless,
the design of the mixed cathode should be further optimized
to reduce the LATP content while increasing the thickness of
the mixed cathodes to increase the overall NMC 622 content in
the model cell. As already mentioned in Zhang,> the thickness
of LATP and the energy-intensive manufacturing processes of
LATP are among the main factors for environmental pollution.
A switch to NMC 811, which has an even lower cobalt content

0,05
-
0,03 -—
0,02
0,01 E—| p—
5 _— |
GWP Fossil depletion Metal depletion
massembly m copper foil
aluminium foil m supporting foil
mLianode LATP (solid-state)/NMC mixed cathode

BLLZO seperator (solid-state)
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than NMC622 may also help to further reduce the environ-
mental impact of the mixed cathode at the cell level. It should
be reiterated that these suggestions represent the overall goal
for design optimization and that the practical implementation
of this approach has yet to be demonstrated. In particular, sup-
pression of secondary phase formation during sintering and
improvement of cycling stability of the cathodes are still
current research challenges that may require the use of addi-
tives or protective coatings, which were not considered in this
study. LLZO is required as an electrolyte and separator to
enable the use of a lithium metal anode, but its environmental
impact is twice as high in all categories. Therefore, future opti-
mized cell designs should aim to further reduce the thickness
of the separator e.g., by using PVD or sol-gel thin film pro-
cesses that can cut the thickness at least in half. Although the
environmental impact of ceramic solid-state lithium batteries
is still higher than the impact of conventional lithium-ion bat-
teries at the current development level, we have demonstrated
the plausibility of the cell design studied.

Fig. 8 and 9 show the same absolute environmental
impacts of the elements of the model cells summarized in
different ways, with Fig. 8 subdivided by cell components and
Fig. 9 subdivided by materials and upstream processes. An
expected result from Fig. 8 is that the mixed cathode is the
largest contributor to the impact generated, with the use of
NMC 622 being the largest contributor. Energy supply is the
main contributor to GWP and fossil depletion (Fig. 9), followed
by the material supply required for NMC 622 production,
whose environmental impact is clearly visible in all environ-
mental categories shown. In the case of HTP.apcer, LATP, LLZO

8500 [ ]
1,0E-03 —
7,5E-04 —
5,0E-04 —
e |
ET, Freshwater HTP, cancer
massembly m copper foil
aluminium foil H supporting foil
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Fig. 8 Environmental impacts of 1 model cell divided according to cell components ((LLZ/LATP solid-state reaction).
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Fig. 9 Environmental impacts of 1 model cell divided according to materials and up-stream processes (LLZ/LATP solid-state reaction).
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and the chemicals also significant contributions (Fig. 9). The
GWP of 0.048 kg CO, eq. per model cell corresponds to
approx. 31 kg CO, eq. kg™" battery and is in a similar order of
magnitude to the GWP of 23 kg CO, eq. kg™" battery, as calcu-
lated by Pell and Lindsay.>* However, compared to this LCA,
the latter does not include transportation impacts, energy
inputs for creating the argon atmosphere required for ASB
electrode/electrolyte assembly, and energy inputs for precursor
material (powder and slurry production). The results given for
AP, ODP, POCP, and EP (Table 5) as well as for the total energy
demand are in the same order of magnitude given for batteries
with NMC chemistry shown in the study of Arshad et al.*®

Aluminum, copper, the carrier foil and the lithium anode
as well as all transports have rather low impacts in most cat-
egories (Tables 5 and 6). Most of them are below 1%, a few
between 1% and 8%. Chemical supply & water only have a
notable impact in the water consumption category at about
65%. Energy & waste supply are the main contributors for four
impact categories (GWP, FD, Land use, ODP). The supply of
materials needed for production of NMC 622 causes the
highest values in 8 out of 18 impact categories. The material
supply for LLZO production has the highest impacts for
ET¢reshwaters HTPeancers HTPnon-cancers and EPmarine (950/0 of the
total impact). The high share of EPyy,ine impact is due to the
supply of La,(NO3);.

A comparison of the materials required for one model cell
with another model cell consisting of an equivalent quantity of
LiPF, (in EC/DCM), which could theoretically replace LATP and
LLZO can be found in the ESI (Fig. S1f). The comparison is
based on the different densities of the materials put into ratio.

5. Conclusions

In our study, we evaluated the environmental impact of manu-
facturing an all-solid-state battery with tailored oxide-based
solid electrolytes for cathode and separator. With respect to
cost-cutting aspects, we defined a reasonable cell design that
is close to the state of the art and combines the advantages of
LLZO as separator and LATP as electrolyte in the mixed all-
solid-state cathode. All steps from material synthesis to scal-
able cell fabrication process were investigated, including all
material and energy inputs as well as the emissions and waste
materials. In particular, for the solution-based synthesis of the
LLZO and LATP electrolytes, the nitrogen oxide emission was
considered. The LCA results lead to several valuable insights
for the future optimization of oxide-based ASBs.

First, the comparison of electrolytes prepared by different
synthesis methods shows no significant advantage of either
method within the investigated batch size. Therefore, the
choice of synthesis method for LLZO and LATP can be reason-
ably made based on economic criteria if the materials are to
be produced on an industrial scale. Of the two materials, LATP
has a much lower environmental impact than LLZO, further
validating the proposed cell concept which was based on per-

This journal is © The Royal Society of Chemistry 2023
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formance and cost considerations and synergistically com-
bines the advantages of both materials.

Second, the overall fabrication process of a single model
cell was examined and revealed several points for future
improvement. While the largest contribution for most cat-
egories came from the synthesis of NMC 622 cathode active
material, the second largest contribution was energy consump-
tion during full cell assembly in inert atmosphere. Careful up-
scaling and automation of the lithium metal anode appli-
cation and full cell assembly processes in industrial appli-
cation can significantly reduce both the energy cost and the
environmental impact. Further optimizations to the processing
chain can include novel ceramic processing techniques such
as FAST/SPS and aerosol deposition (AD), or the switch from
NMC 622 to 811 or even higher Ni-containing cathode active
materials with significantly enhanced energy density can
further reduce the environmental impact.

The clear roadmap for economic and environmental feasibility
is therefore to realize a similar cell concept using scalable
ceramic manufacturing routes, especially focusing on new,
energy-saving sintering technologies and optimized cathode
active materials that take full advantage of non-liquid electrolytes.

Overall, effort to further reduce the environmental impact
of solid-state batteries production face the same challenges as
those faced in conventional lithium-ion battery manufacturing
years ago: dominant influence of the cathode active material,
need to optimize electrolyte content, and reduction of energy
consumption during manufacturing steps. Nevertheless, the
results of our investigation place the impact of oxide-based
solid-state electrolytes in all-solid-state battery manufacturing
on the same order of magnitude as conventional lithium-ion
batteries with liquid electrolytes. This solid foundation pro-
vides a positive future perspective for the development of com-
petitive oxide-based all-solid-state lithium batteries.
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