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Sodium-ion batteries (SiBs) are considered as a serious alternative to the current lithium-ion batteries
(LiBs). However, SiBs are an emerging technology in the early stage of development with a wide set of
potential cathode material candidates available. Therefore, a major challenge is to identify the most prom-
ising and sustainable cathode materials for further research and potential commercialization, simul-
taneously considering relevant regulations such as the recent new EU Battery Regulation and Europe’s
chemicals strategy. Herein, we provide a comprehensive hazard and toxicity screening of promising SIB
cathode material, which includes three different toxicity and hazard perspectives: (i) hazard traffic lights
(HTL), (ii) total hazard points (THP), and (iii) human toxicity potential (HTox). Over 20 different SiB cathode
compositions were screened together with three state-of-the-art LiB-cathodes for comparison. Inputs
such as gravimetric energy density and required precursors were based on a comprehensive literature
review, laboratory data, and calculations. All cathode active materials were analysed via a bottom-up
approach. The results clearly showed that the energy density is one of the most important factors deter-
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mining the choice of materials for SiBs and their corresponding related impacts. This screening can
support a preliminary assessment of cathodes and help substitute selected precursors if they are associ-
ated with increased toxic hazards, therefore contributing to the ongoing discussions on more sustainable
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Introduction

Battery storage is considered as a main pillar to guarantee a
safe, flexible and cost-effective energy and mobility transition
towards renewables. This translates into significant market
growth, with an expected global cumulative capacity of 504 GW
to 1432 GW h by 2030." Consequently, it is crucial to ensure
the sustainable development of battery storage systems, con-
sidering their raw material extraction, purification, and manu-
facturing and design, for their transport, use and end-of-life
management. This also includes the restriction of hazardous
substances in batteries to minimize potential threats to the
environment and human health. Accordingly, batteries have to
be labelled regarding the amount of hazardous substances
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present (beside mercury, lead, and cadmium as restricted sub-
stances) under the new EU Battery Regulation.>* Also, the EU’s
chemicals strategy for sustainability towards a toxic-free
environment plays an important role to guarantee Europe’s
capability to motivation a safe and sustainable-by-design
approach to chemicals, in particular those used in batteries.
Thus, to achieve this, advanced tools, methods and models,
data analysis capacities and early warning and action systems
for chemicals have to be developed. This also entails the devel-
opment of corresponding indicators and innovative risk
assessment tools,* which is targeted on an international level
by the OECD® and other ongoing discussions, e.g., towards
green and just chemistry.®

Sodium-ion batteries (SIBs) are considered one of the most
promising alternatives to current lithium-ion batteries (LiBs)
by avoiding several drawbacks related to sustainability, such as
usage of critical raw materials, resource depletion, carbon foot-
print, material cost, safety, and toxicity.”® Additionally, SIBs
are considered drop-in technology for LIBs, allowing the use of
comparable manufacturing steps. Thus, significant growth is
expected for SIBs, with an increase in market demand from
135 GW h in 2019 to 270 GW h by 2025 (+671%).° There are
several start-ups, and also established companies entering the
market with different types of SIB chemistries."®™"* SIB share
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the same electrochemical principles as LiB, where their only
difference is the use of sodium instead of lithium as the
cathode and the electrolyte, respectively. Furthermore, for SIB
aluminium is used as the current collector and hard carbon
instead of (natural and synthetic) graphite as the anode.'* In
this case, the broadest field of research is currently cathode
active materials (CAM), where a large number of different
materials is being tested at a lower technology readiness level
(TRL).*'*'® These materials can roughly be classified into two
different types, ie., layered oxides and polyanionic materials.
Additionally, the literature often provides a further, third
classification for Prussian blue analogues (PBA). Here, the
latter is a member of the family of polyanionic materials. More
details on the structure and properties of these two types of
CAM are provided in a previous work, and therefore not
further discussed here in detail.®

Given that the cathode is one of the components that has a
particularly high impact on the cost and environmental per-
formance of an SIB cell,”® it is necessary to screen a large
number of different material combinations for SIB to deter-
mine their impacts on the environment and human health
and the use of hazardous substances to guarantee a sustain-
able-by-design approach to chemicals for this type of battery.
In this case, although a detailed screening of a large set of
different cathode active materials (CAM) for SIB regarding
their cost, criticality and carbon footprint is available in a
recent work,® there is still a lack of methodologies for the
early-stage screening of the hazards and toxicity aspects of
CAM and their related precursors. This is of particular rele-
vance considering the requirements stated in the EU chemi-
cals strategy for sustainability towards a toxic-free environ-
ment, the OECD guidance for the identification and selection
of safer chemicals and the requirements for battery labeling as
defined in the new EU battery regulation.”™

The goal of this work was to identify hazards and toxicity
hotspots within a sustainable-by-design approach considering
current regulations for emerging SIB CAM using a set of
different complementary methods. For this purpose, a hazard
screening approach based on (i) hazard traffic lights (HTL) and
(ii) total hazard points (THP) was used. Both are based on
information on potential hazards declared for chemical pro-
ducts according to the REACH regulation and the Seveso
Directive’” ! (which is also directly addressed in the Battery
Passport Content Guidance®), and are contrasted with a life
cycle assessment (LCA) approach using the Environmental
Footprint method impact recommended by the EU*?? for cat-
egories devoted to human toxicity. In addition, representative
LIB chemistries, namely lithium iron phosphate (LFP) and
lithium nickel manganese cobalt oxide (NMC) batteries are
included for comparison. A comparison of all the considered
CAM was carried out in a qualitative way, by providing a score
of risk to each cathode type and a indicative ranking as well as
composite indicator based on THP and the HTox impact cat-
egory obtained from the LCA. However, the results are not
intended to directly benchmark different chemistries, but
rather contribute to the development and discussion of
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demanded but missing innovative risk assessment tools for
chemicals and related hazards in the field of emerging bat-
teries, using SiB as an example.*

Literature review

There is an increasing demand for the assessment and gui-
dance on the use of less toxic and safer materials for battery
development.>*” In this section, an overview of the available
literature on the early screening of chemicals for emerging
battery systems is provided. Here, the scope is beyond SIB,
given that there is very little literature available explicitly tar-
geting SIB. This enabled us to include relevant methods as
well as studies that deal with hazards and toxicity issues for
batteries. The review was carried out using Google Scholar,
Wiley and Science Direct, with the oldest publication dating
back to 2016.

Hazards in the sense of the EU Regulation on classification,
labelling and packaging of substances and mixtures,* such as
explosion or toxicity, can appear over the entire life cycle of
batteries, starting from their material extraction, production,
use, and end of life (recycling), and vary with battery chemistry
and performance. Here, at any of the life cycle stages, the
wrong treatment of chemicals or accidents may lead to severe
impacts on the environment and human health.>">* However,
it is difficult to identify potentials hazards in early technology
development stages (or technology readiness levels — TRL) due
to two aspects, as follows: (i) there is no common standard for
these assessment methods® and (ii) there is often no sufficient
data available for a robust assessment of new chemicals.
Additionally, there may be a high number of potential material
combinations that have to be screened but for which data are
only available on a lab-scale level. This would require pro-
cesses to be upscaled to obtain meaningful comparisons with
state-of-the-art technologies that already benefited from a
longer development and market diffusion process (including
scale and experience curves). Therefore, instead of using
detailed assessments such as life-cycle assessments (LCA),
which require thorough modelling of all process chains, a
rather simplified screening of electrode materials or precur-
sors is more appropriate at the early TRL*® to enable a sustain-
able-by-design approach from the beginning of technology
development. This allows a quick and agile assessment sup-
porting the selection of materials under sustainability aspects
and minimizes hazards. These criteria and models should be
flexible, modular, and easy to communicate if, e.g, new
material candidates are tested. After this first screening is pre-
sented, the promising materials will be subjected to a detailed
sustainability assessment.>®

As indicated in Table 1, only a few studies exist that provide
easy indicators for low TRL battery technology and allow a
direct comparison with acceptable uncertainty levels. In
addition, there is no study that provides a comprehensive over-
view of potential hazards related to SIB. Thus, as stated before,
this review is extended towards other emerging battery chem-

Green Chem., 2024, 26, 6532-6552 | 6533


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3gc05098j

Open Access Article. Published on 18 April 2024. Downloaded on 3/11/2026 2:27:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

Green Chemistry

Table 1 Overview of available screening studies for early-stage material screening for emerging electrochemical energy storage

Source

Technology

Method

Indicators

Comment

Peters et al.””

Peters et al.”

Rey et al.”®

Ellingsen

et al.>>?!
based on ref.
18

Gschwind
et al.”®

Gschwind
et al.*?

Rodriguez
et al. (2016)*°

He et al.
(2022)**

One SIB-chemistry (layered
oxide with Ni, Mn) compared
to LIB chemistries form
different studies

5 different SIB-Chemistries,
compared to 2 state-of-the-art
LiB technologies

Na;V,(PO,); with ten different
cathodes (e.g., hierarchical
carbon-NVP”, “rGO-LbL NVP)

AICL;/EMIMCI ionic liquid
electrolyte

Fluoride-ion cell cathode and
anode materials

Chloride ion battery, anode,
cathode, and electrolyte
candidates.

Different battery types,
including, lead acid, LiB
(LINMC, LiLFP, NCA), Redox
Flow (V-V, Ce-Fe) Other (Zn-
Air, NaS)

LiLFP, LiINMC and lithium
manganese oxide (NMO), and
three redox flow batteries
(vanadium redox, zinc-
bromine, and all-iron).
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Life cycle assessment cut-off
system model is used
according to ecoinvent 3.2,
ReCiPe midpoint method.

Life cycle assessment based
on own generic cell model
cut-off system model is used
according to ecoinvent 3.6,
ILCD impact categories.

Life cycle assessment, using
several ReCiPe 2016 Midpoint
(H) indicators.

Use of a set of LCA-based
indicators and others based
on LiSET method.

Use of CLP regulations,
hazard statements and total
hazard points, hazard traffic
lights as qualitative indicator,
total hazard points using
lower tier values to quantify
potential hazards and via LCA
where possible.

Use of CLP regulations,
hazard statements and total
hazard points, hazard traffic
lights as qualitative indicator,
total hazard points using
lower tier values to quantify
potential hazards.

Use of CLP regulations,
hazard statements and total
hazard points, hazard traffic
lights as qualitative indicator,
total hazard points using
lower tier values to quantify
potential hazards.

Use of an established
chemical hazard assessment
(CHA) framework
(GreenScreen® for Safer
Chemicals). Results are
combined into a single score,
for several materials, via the
use of stochastic multicriteria
acceptability analysis (SMAA).

Fossil depletion potential
(FDP), global warming
potential (GWP), terrestrial
acidification potential (TAP),
human toxicity potential
(HTP), and freshwater and
marine eutrophication (FEP
and MEP) 1 kW h of storage
capacity.

Human toxicity potential in
mCTU per kW h, considering
cancer and non-cancer effects
based on USEtox 1 kW h of
storage capacity.

18 indicators, focus on global
warming potential, but
human and ecotoxicity
considered, per 1 kg and one
kW h of cathode considering
laboratory-scale approaches.
Material efficiency (specific
energy, power density,
synthesis material losses),
environmental intensity of
materials (exposure risks and
hazards, supply risk, damage
to human health, damage to
ecosystems, climate change
potential, recyclability, cycle
lifetime) and energy
efficiency.

Theoretical cell performance,
hazard traffic lights as
qualitative indicator, total
hazard points using lower tier
values to quantify potential
hazards of 1 kW h of storage

capacity.

Gravimetric as well as
volumetric energy density,
hazard traffic lights as
qualitative indicator, total
hazard points using lower tier
values to quantify potential
hazards of 1 kW h of storage
capacity.

Hazard traffic lights as
qualitative indicator, total
hazard points using lower tier
values to quantify potential
hazards of 1 kW h of storage

capacity.

Harmonized and aggregated
to single-value hazard scores
in total 20 endpoints with a
hazard score sorted into six
different toxicity groups, e.g.,
carcinogenic, and mutagenic
toxicity, reproductive,
developmental and endocrine
toxicity and physical hazards
of 1 kW h of storage capacity.

Na-ion batteries are found to
be promising regarding the
used impact categories, in
particular HTP, where SIB
have the lowest impact.

Highest impacts result,
depending on the chemistry
from active cathode
materials.

All the cathodes have certain
levels of toxicity. In particular
processes, where the
generated wastewater strongly
contributes to toxicity
estimations.

12 candidate electrode
materials are analysed, each
alternative has a drawback on
some selected indicators.

F-ion and metallic ion
precursor are analysed, BiF;
and AlF; as the safest variant,
whereas ZnF, is the most
dangerous cathode material.
The assessment via LCA is
discussed theoretically and
showed that most precursors
are not available in USEtox.
Use of REACH and CLP
regulations for qualitative
screening.

The results serve as an
example for the application of
the method. All analyzed
technologies pose some
hazards with very different
magnitudes.

Almost all materials from the
selected battery types,
including reagents and
intermediates, inherently
exhibit high hazard. There is
a need to identity a clear
alternative.

This journal is © The Royal Society of Chemistry 2024
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istries to gather relevant indicators and related methods for
screening of active materials.

Life cycle assessment approaches are already used to
analyze hazards such as human and environmental toxicity, as
in the case by Peters et al.,”” where one SIB was compared with
different LIB chemistries from several sources. In another
work, five different SIB and two LIB chemistries were analyzed
with an updated dataset adopting a BatPaC model.”*® Another
study focused on SIB, in particular NazV,(PO,);,>° where 10
different variants of the same cathode were also analyzed.
Here, the authors mainly evaluated the global warming poten-
tial, but the impact category human toxicity was included for
the detailed assessment. LCA was also used in a more general
approach in the case of*° for nanoscale cathode materials for
lithium-ion batteries. A more general LCA framework (LiSET)
is provided by Hung et al.>® Here, a traffic light color grading
system was used to account for the high uncertainty of analysis
at the early-stage analysis considering numerous environ-
mental aspects and hazards assessed. The LiSET method was
used later by Ellingsen et al.*" for the evaluation of aluminum
batteries with an AICl;/EMIMCI ionic liquid electrolyte.
However, all the LCA-based approaches focus on potential
toxic impacts along the manufacturing chain, and not on the
toxicity of the materials themselves, as targeted by REACH and
the EU battery regulation. Works that focus on the potential
hazards of the materials themselves that are contained in bat-
teries or required for their manufacturing are comparably
scarce. One example is the work by Gschwind et al.,*® where an
explorative toxicity screening was presented for seven cathode
and nine anode variations for fluoride ion batteries. A compar-
able work from the same team of authors based on theoretical
volumetric and gravimetric densities was carried out for chlor-
ide ion batteries using safety and toxicity for evaluation.** In
both cases, REACH'” and CLP regulations® were used for tox-
icity screening of nine cathode and eight anode materials. The
method was based on the use of the so-called hazard traffic
lights, which has also been applied for other state-of-the-art
technologies such as LiB and redox flow batteries.>® He et al.
carried out a comparable work also analyzing different LIB
and vanadium redox flow battery chemistries using a chemical
hazard assessment via GreenScreen.”® Subsequently, the
results were combined into a single score using stochastic
multicriteria decision analysis.

It can be seen that a wide variety of methods is used to
conduct early-stage screenings of potential hazards of
materials used for battery development. LCA is the most estab-
lished and most frequently used approach but has a focus that
is different from the scope of the EU Battery Regulation, which
targets the content of hazardous materials within the battery.
In this case, approaches that are more in line with the latter
are the hazard traffic lights and total hazard points. In the
study by Gschwind et al.,***? both methods were used but in a
rather qualitative way. A general framework to design safe and
sustainable by design criteria for chemicals and materials
based on current European legislation is provided in the EU’s
‘safe and sustainable by design’ framework,** where hazard
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assessments represent the first step within a comprehensive
approach entailing methodologies and criteria.
However, there is a lack of literature enabling the requirements
towards hazard labelling within the battery regulation and the
Battery Passport to be addressed in a prospective proactive
way. Within this work, the THP and HTP methods are updated
and applied together with an LCA-oriented toxicity assessment
for evaluating their applicability in the early-stage screening of
battery materials considering recent and future regulatory
requirements.

several

Methodology

Our approach extends the framework for the early-stage screen-
ing of CAM in terms of cost, criticality and carbon footprint
developed in a previous work.® The focus was specifically tox-
icity and material hazards, applying three different
approaches, as follows: (i) hazard traffic lights (HTL), (ii) total
hazard points (THP) and (iii) human toxicity indicator of life
cycle assessment (LCA), as indicated in Fig. 1. The two former
methods are based on information on potential hazards,
which was available in the registration, evaluation, authoriz-
ation and restriction of chemicals (REACH) regulation’” and
the Seveso Directive,"® developing and updating the method
suggested by Rodriguez-Garcia et al.>® REACH serves as a base
for the restriction of chemicals, which has recently gained
some attention due to the discussion of banning per- and poly-
fluoroalkyl substances (PFAS),>> which are also part of electro-
Iyte, binders, and separators for LiB and SiB, but not con-
sidered in this analysis given that our focus was on CAM.
Three simple composite indicators (human toxicity, total
hazard points and hazard traffic lights) are used within this
approach, which complement each other given that they cover
very different aspects, as explained in Section 2. As shown in
Fig. 1, the first step is based on a comprehensive literature
review for different CAM and to derive the mass shares and
properties of different materials (here indicated with m, and
me, respectively) and the precursors used for the same (7,4,
Mey...)-

Then, the synthesis steps are summarized, and the precur-
sor data extracted for the assessment to the extent provided by
the underlying works. For all materials required for CAM syn-
thesis, the corresponding CAS numbers are obtained and
linked with the specific hazard statements as contained in the
ECHA database or the toxicity impacts obtained from the
ecoinvent database. Subsequently, the results are aggregated
for each CAM, obtaining a picture of toxicity hotspots. Finally,
a qualitative comparison of the different LIB and SIB CAM is
carried out via a simple rescaling and weighted sum approach.

Assessed SIB chemistries and specific energy

In total, 24 different SIB CAM were screened and compared
with three LIB state-of-the-art technologies, namely LFP,
NMC111 and NMC622, representing current battery techno-
logies. The selection of the materials subjected to screening is

Green Chem., 2024, 26, 6532-6552 | 6535
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Fig. 1 Overall methodology for the hazard screening of SIB; the benchmarking and the scope of the study.

based on an exhaustive literature review and expert judgement,
aiming to provide a base for further assessments in this field.
Correspondingly, not all possible material combinations are
covered here, such as varying iron phosphate stoichiometries
or Prussian White variations.>®™*°

In the case of the cathodes considered here, all required
precursors were extracted from the corresponding publications
to trace the used precursors and the corresponding synthesis
routes, as depicted in Table 2. Accordingly, a large number of
different chemical substances is analyzed (in total 63). It is
worth mentioning that most of the used literature is based on
lab-scale processes, given that most materials are not produced
on a bulk level nowadays. Therefore, the corresponding syn-
thesis routes, if available, may vary for the large-scale pro-
duction of the analyzed materials. The specific capacity of the
different cathode materials was derived from their average
potential without a counter electrode.® In the case that not all
ions are intercalated in the CAM, the theoretical capacity may
not be representative, and thus the specific energy is derived
from literature. When no information on the reversible
capacity or the average potential is available, the integral of the
potential-capacity curve was used.® In the case of NaV,(PO,)
and Na,MnPO,F, several synthesis routes using different pre-
cursors were analyzed, which are correspondingly presented in
Table 1. It must be mentioned that the solvents were not ana-
lyzed given that they are considered to be recovered, and in
some cases, it was not traceable which type of solvent was
used. Instead, they are mentioned additionally in the results
section based on the synthesized CAM where possible in the
SI.

Hazard traffic lights

The hazard traffic light method (HTL) is a qualitative visual
way to quickly identify potential hazards and builds on the
European Parliament on classification, labelling, and packa-

6536 | Green Chem., 2024, 26, 6532-6552

ging (CPL),”® which itself stems from the United Nations’
Globally Harmonized System (GHS).”> In terms of reporting,
the Battery Regulation has to complement these regulations
and corresponding hazard classes.” The hazard statements are
based on*® and refer to different classes, including physical
(flammable, explosive...), health (acute toxicity, carcinogenic...)
and environmental (hazardous to aquatic environment)
hazards. Specifically, simple color codes for material hazards
were used based on the signal words danger (yellow), warning
(red) and no hazard (gray). The HTL does not include green
signs, given that this may be understood as “non-toxic” or
“non-hazardous”, which at the end will be inconsistent with
the regulation. Each hazard statement has a code of the form
Hxxx (where xxx are three numbers), with 62 statements,
which are grouped into 28 hazard classes, as indicated in
Fig. 2. Additionally, the nine so-called REACH-CLP pictograms/
hazard symbols used for hazardous substance labelling are
included in Fig. 2. More details on the HTP method can be
found in.? It is recommended to use the harmonized classifi-
cation tables under CLP within the EU battery regulation and
to carry out a self-classification if some substances are
missing,> which is very probable, as explained in the
following.

In the case of the HTL, the first step is to identify the
hazards allocated to a certain substance. This can be done by
simply using the manufacturers’ product sheets and the
related hazard statement and warning. Alternatively, the
webpage of the European chemistry association (ECHA)”® via
the database for information on substances of concern
(SCIP)’* can be used. SCIP provides over 7 million searchable
article notifications and is recommended as source for chemi-
cal screening activities® and is also recommended in the frame
of the battery passport.’> Then, the identified substances are
visualized in a graph or table in corresponding colors based
on the stated hazards (e.g., danger warning and no hazard

This journal is © The Royal Society of Chemistry 2024
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Table 2 Overview of analyzed SIB chemistries and corresponding precursors and synthesis routes, energy densities, energy densities taken from®

Material

Synthesis routes

Reversible specific
energy W h kg™

Source

Lithium-ion batteries
NMC111

NMC622

LFP

Sodium ion batteries
NazV,(POy);

Nao,67[Mn0.95Mg0.05]02

Na,_sMn[Fe(CN)g]

Nag 61Fe[Fe(CN)go.04 ©

GO@Na, g, Fe[Fe
(CN)6]0.79 ¢

Nay o[Mng 4Feg 5Tio.1]0,

NaFePO,

Na,MnFe,(PO,)(P,0-)*

Na,FeSiO,*

This journal is © The Royal Society of Chemistry 2024

Synthesis: solution of CoSO,4-NiSO, and MnSO,I in H,0@60 °C/100 °C. NH,OH
+ NaOH added. Mixed with Li,CO; and heated at 850 °C for 6 h in air.

Synthesis: solution of CoSO,4-NiSO, and MnSO,I in H,0@60 °C/100 °C. NH,OH
+ NaOH added. Mixed with Li,CO; and heated at 850 °C for 6 h in air.
FeSO4-7H,0 and 6 mmol H3PO, 16.2 mmol LiOH-H,O were dissolved in glycol,
with constant stirring for five minutes. Then the mixture was inserted into a

40 mL autoclave and heated at 180 °C for 10 h, with LiFePO, nanoplates being
formed at the bottom. The precipitate was washed with water and ethanol before
drying at 60 °C for 6 h.

Synthesis 1: dissolve sodium acetate, vanadium acetylacetonate and phosphoric
acid in tetraethylene glycol. Add flammable liquid diluent (not specified which
one) and ignite liquid on hot plate at 470 °C. Powder obtained after heating at
800 °C for 5 h.

Synthesis 2: dissolve sodium carbonate and ammonium dihydrogen phosphate
in distilled water (solution A). Dissolve vanadium acetylacetonate in ethanol
(solution B). Drop solution A into B. Evaporate solvent at 80 °C, and then allow
the mixture to react at 300 °C for 10 h. Mix solid, grind and heat at 800 °C for
12 h.

Synthesis 3: dissolve sodium carbonate, ammonium dihydrogen phosphate and
vanadium acetylacetonate in distilled water. Add this solution to the citric acid
solution until a yellow solid is obtained. Stir at 80 °C until a dark green gel is
obtained. Drying at 120 °C. Subsequent pre-calcination at 400 °C, 4 h, and final
calcination at 850 °C for 12 h.

Synthesis 4: disperse vanadium pentoxide and oxalic acid in distilled water and
stir at 80 °C to obtain cyanogen solution. Dissolve sodium dihydrogen carbonate
and glucose in this solution. Spot dry with injection speed of 300 mL h™" and
inlet T 200 °C, outlet T 110 °C. Heat powder at 850 °C in a nitrogen atmosphere.
Synthesis 5: dispersion of ammonium metavanadate, sodium carbonate (VWR),
and ammonium dihydrogen phosphate in absolute ethanol in a molar ratio of
4:3:6. Then polyacrylic acid (Sigma-Aldrich) and p-lactose (Sigma-Aldrich) are
optionally added.

Solid phase: grind sodium carbonate, manganese trioxide and magnesium
oxide, press powder and calcine at 900 °C;15 h in air.

Dissolve sodium ferrocyanide and sodium chloride in a solution of water and
ethanol (solution A). Dissolve manganese(u) nitrate in water (solution B). Add
solution B to solution A. Let stand for 2 h, and then filter. Wash precipitate with
water and dry at 100 °C for 30 h.

Typical synthesis (not specified), Na,Fe(CN)s-10H,0 and hydrochloric acid dis-
solved in deionized water to obtain a homogenous solution. The mixture was
maintained at 60 °C for 4 h under vigorous stirring. After filtration the compo-
site was washed with water and ethanol and dried for 100 °C under vacuum for
24 h.

Dissolve sodium ferrocyanide in sulfuric acid and stir for 3 h at 80 °C.
Centrifuge and wash the solid with Milli-Q water. Disperse with graphene oxide
in water and continue stirring. Treat the slurry with ultrasonic waves, and then
perform spray drying. Heat the resulting product at 220 °C for 3 h.

Dissolve sodium acetate, manganese oxide, iron oxide and titanium oxide in a
few drops of water and add it to a mixture of NaCl/KCl. Grind and dry at 180 °C
for 3 h. Grind again and heat at 800 °C for 10 h in the presence of air. After
cooling, wash the solid with water and dry overnight at 60 °C under vacuum.
Sodium carbonate, iron oxalate, and ammonium dihydrogen phosphate are
ground and calcined for 5 h under argon. Subsequently, the solid is pelletized
and calcined at 600 °C for 10 h under argon.

Sodium diphosphate, manganese oxalate, iron oxalate and pyromellitic acid are
ground. Calcination is carried out at 300 °C for 6 h in air. The product is
pelletized and sintered at 600 °C for 6 h. The solid is mixed/milled with
pyromellitic acid and heated at 600 °C for 2 h under a controlled atmosphere.

Dissolve iron oxalate, sodium acetate, and citric acid in ethanol and stir at 50 °C.

After 3 h, add tetraethyl orthosilicate and continue stirring at the same
temperature for 5 h. Then, increase the temperature and continue stirring. Once
the gel precursor is obtained, dry it at 60 °C for 12 h. Mix and grind the solid
with sucrose. Dry overnight at 100 °C, and then proceed to sintering at 600 °C
for 8 h under an argon atmosphere.
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Table 2 (Contd.)

Reversible specific
Material Synthesis routes energy W h kg™ Source

Na,MnSiO,* Dissolve tetraethyl orthosilicate in a mixture of ethanol and Milli-Q water 630 57
(Solution A). Dissolve citric acid in a mixture of Milli-Q water and ethanol
(Solution B). Add manganese(u) acetate and stir for 1 h. Combine Solution A and
Solution B and stir for 24 h. Remove the solvent, grind the resulting solid, and
calcine it at 700 °C for 6 h under an argon atmosphere. Mix and grind the black
powder with sodium carbonate. Add citric acid and grind again. Calcine at
750 °C for 8 h under an argon atmosphere. Grind the solid, and then sinter it at
750 °C for 6 h under an argon atmosphere.
Na,MnPO,F/C* Synthesis 1: 0.02 moles of Mn(CH;COO),-4H,0 and 0.04 moles of citric acid 651 58
were added to 70 mL of deionized water and stirred for 10 min. Then, 0.04 moles
of NaF and 0.02 moles of NH,H,PO, were added to the prepared solution. The
resulting mixture was continuously stirred for another 16 h. Subsequently, the
homogeneously mixed solution was processed into a solid precursor using a
spray dryer. The obtained precursor was compressed into a pellet and sintered in
an argon atmosphere at 350 °C for 3 h, followed by heating at 700 °C for 6 h to
obtain the product Na,MnPO,F/C.
Synthesis 2: Na,MnPO,F was synthesized through a conventional solid-state reac- 651 59
tion. Stoichiometric amounts of Na,CO; (Aldrich, 99%), NaF (Aldrich, 99%), Mn
(C304)-2H,0 (Alfa Aesar, Mn 30%), and NH,H,PO, (Aldrich, 98%) were uniformly
mixed using a planetary ball mill (Fritsch, Pulverisette7) at 500 RPM for
12 hours. A 10 wt% of pyromellitic acid hydrate (Alfa Aesar, 96%) was added as
an organic additive. Then the mixture was heated to 300 °C for 2 h in an
ambient argon environment to decompose the precursor. The resulting heated
mixture was ground, pelletized, and further heated to 600 °C for 12 h in ambient
argon to obtain the Na,MnPO,F/C phase.
Na; 7,Fe3(POy); Nay 70,Fe3(PO,); was prepared via hydrothermal synthesis. Starting materials were 406 60
(NH,),Fe(S0,),-6H,0 (Aldrich), H;PO, (Fisher), and NaOH (Aldrich) and were used
as received. Reactants were dissolved in water in a 1:1: 3 molar ratio, and sub-
sequently transferred to a Parr autoclave, which was sealed and heated at 180 °C for
6 h. After cooling to room temperature, the reaction was filtered of the precipitated
product. The product was dried to yield a fine powder with a greenish gray color. A
SPEX 8000D miller was used to ball-mill the as-synthesized samples of
Na; 70,Fe3(PO,)s. The dried powder of Na, ;¢,Fe;(PO,); was added to a small amount
of ethanol that contained 80 wt% of citric acid (Aldrich). This mixture was sonicated
to wet the powder completely with citric acid solution, and subsequently heated at
600 °C under Ar for 5 h to deposit the carbon coating.
NaFe, sMng 50, NaFe, sMn,, 5 was synthesized by a solid-state reaction from stoichiometric amounts 523 61
of Na,0, (97% Nacalai Tesque), Fe,03 (99.7%, Wako Pure Chemical Industries) and
Mn,0; with the molar ratios of 1:1/2: 1/2, respectively. The mixtures of the samples
were thoroughly ground using a mortar and pestle, and then pressed into pellets.
The pellets were heated at 700 °C for 36 h in air. Then, they were quenched to room
temperature and stored in an Ar filled glove box until use.
NaMn, 3Fe, 3Ni; 30, A solution of NiSO,-6H,0, FeSO,-7H,0, MnSO,-H,0, and Na,C,0, was added to a 481 62
stirring solution of sodium oxalate. The co-precipitation solution was continuously
stirred for 3 h in ambient air. The solution temperature was kept constant at 70 °C
throughout the co-precipitation process. The resultant powder was filtered, washed
with Millipore™ water (Barnstead Nanopure), and dried in air at 105 °C. Thereafter,
the dried (Ni;;3Fe;/3Mn,3)C,0, powder was thoroughly mixed with sodium carbon-
ate respectively in a 2 : 1 mole ratio, and then calcined at 850 °C for 12 h in air.
Nag 6Fep.11Mng 66Nip 2,0,  The precursor was obtained by co-precipitation method dissolving stoichiometric 324 63
proportions of NiSO,-6H,O (Sigma Aldrich, 99%), FeSO,-7H,O (AnalaR NORMAPUR,
analytical reagent) and MnSO,-5H,0 (AnalaR NORMAPUR, analytical reagent) in
water and adding an aqueous solution of NaOH drop-wise (50% excess). After exten-
sive rinsing with water, the obtained precursor was dried under vacuum. The
powder precursor and NaOH were subsequently mixed in a molar ratio of 1: 0.685.
The mixture was annealed at 500 °C in an air atmosphere, and then as a pellet at
900 °C. Finally, the material was subjected to water treatment.
NaMn, 5Nij 50, The 03-NaNi, sMn, 50, samples were prepared by a sol-gel method based on 377 64
citric acid. An aqueous solution of a mixture of stoichiometric amounts of
sodium nitrate (Alfa Aesar, 99%), manganese(u) nitrate tetrahydrate (Alfa Aesar,
98%), and nickel(u) nitrate hexahydrate (Alfa Aesar, 98%) was added to aqueous
critic acid (Alfa Aesar, 99%). The resulting solution was heated on a hot plate at
70 °C and stirred for 6 h to obtain a clear and viscous gel. The resulting gel was
dried at 120 °C for 24 h to produce the precursor. Then, the solid precursor was
ground and heat-treated at 450 °C in air for 6 h to decompose the nitrate and
organics. After cooling to room temperature, the powdered precursor was ground
again, pelletized, and then calcined in a muffle furnace at 900 °C for 15 h in an
air atmosphere, and then quenched to room temperature. A recalcination
process was conducted at 950 °C for another 15 h.

6538 | Green Chem., 2024, 26, 6532-6552 This journal is © The Royal Society of Chemistry 2024
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NaMnO,

NaMn, ;Fe, 4Nig 30,

Nay.cFeg.20MNg 65Nig.150,

N30,6N10,22A10,11Mn0,6602

Na,MnV(PO4);-rGO

Na;MnTi(PO,); Synthesis
1C

Synthesis 2¢

Na;MnZr(PO,);

NaMnO, was synthesized by solid-state reaction. Stoichiometric amounts of
Na,COj3 (100%, Baker) and Mn,O; (98%, Alfa Aesar) were mixed and ball milled
in acetone for 6 h at a rate of 300 rpm. The mixture was dried into a powder.
About 0.5 g of powder was pressed into a pellet. The pellet was calcined at

700 °C in air for 10 h before it was quenched to room temperature and moved to
a glove box filled with argon.

NaFe, 4Niy sMn, 30, was prepared via the solid-state reaction of Na,COs (3%
excess condition; Kanto Chem. Co., Ltd. purity: 99.5%), Fe,O; (Wako Pure
Chemical Industries Ltd., purity: 99.5%), and coprecipitated Ni;,,Mn;,,(OH),.
The starting materials were mixed using a mortar and pestle, and then pressed
into a pellet. The pellet was heated at 800 °C for 24 h in air.

Nayg 67[Mng 65Nig 15Feq 2]O, was synthesized by a solid-state method. Na,CO3
(EMD Millipore, Z99.5%), Mn,0; (Sigma-Aldrich, 99%), NiO (Sigma-
Aldrich,99.8%), and Fe,O; (Sigma-Aldrich, Z99%) powders were used as starting
materials. A mixture of a stoichiometric number of precursors was pelletized and
heated in air at 750 °C for 4 h, followed by a final step at 900 °C for 6 h. Due to
the sensitivity of these materials under ambient atmosphere, the sample was
subjected to an additional heat treatment under vacuum at 600 °C.

The P2-type layered compound with the nominal composition

Nayg 6Nig.224lp.11Mng 660, (NAM) was prepared by a co-precipitation method dis-
solving stoichiometric proportions of Ni(NO3),-6H,O (Aldrich, trace metals basis
99 997%), Al(NO3);-9H,0 (Aldrich, trace metals basis 99 997%) and Mn
(NO3),-4H,0 (Sigma Aldrich, Purum p.a., 97.0%) in water and adding an
aqueous solution of NaOH dropwise (50% excess). Then, the hydroxide precursor
was filtered, washed and dried overnight. Subsequently, a solid-state reaction
among the nickel-aluminum-manganese precursor and NaOH in a molar ratio
of 1: 0.685 was performed in an air atmosphere at 500 °C for 5 h. A final anneal-
ing step at 1000 °C for 6 h was conducted for the pelletized material under an air
atmosphere and slowly cooled to room temperature.

Firstly, V,05 and citric acid (2 g) were dissolved in 20 mL of H,O and stirred at
80 °C to form a clear blue solution (solution A). Then, Na-acetate and GO were
also added to solution A. NH,H,PO, and Mn-acetate were dissolved in 10 mL of
H,O (solution B). After stirring at 80 °C for 30 min, solution B was added slowly
to solution A and the final solution was continuously stirred at 80 °C for 12 h.
Thereafter, the gel was transferred to an oven and heated to 180 °C for 3 h. Then,
the dry gel was ground and calcinated under an argon atmosphere at 750 °C for
9 h to obtain a pure Na,MnV(PO,);-rGO composite.

Synthesis 1: NMTP/C@rGO was prepared by a spray-drying approach with post-
annealing. 15 mmol NaH,P04-2H,0, 5 mmol Mn(CH3C0O0),-4H,0, 5 mmol
CeH;gN,0gTi, and 10 mmol C¢HgO,-H,O were dissolved in water. After adding
50 mL of graphene oxide solution (GO, 2 mg mL™") to the above-mentioned solu-
tion, the suspension was spray dried. The intermediate collected after spray
drying was annealed in Ar for 4 h at 600 °C to obtain NMTP/C@rGO. The control
sample, NMTP/C, was synthesized using a similar method without the introduc-
tion of GO. NMTP/C@rGO-550 and NMTP/C@rGO-650 were synthesized by
varying the annealing temperature to 550 °C and 650 °C, respectively.

Synthesis 2: titanium isopropoxide, TiC,,H,50,, sodium carbonate, Na,COs3,
ammonium dihydrogen phosphate, NH,H,PO,, and manganese(u)acetate tetra
hydrate, (Mn(CH3;O0H),).

Carbon-coated Na;MnZr(PO,); was prepared by the sol-gel method. An aqueous
solution of sodium acetate, manganese acetate, ammonium dihydrogen phos-
phate, zirconium acetylacetonate, and citric acid with a stoichiometric ratio was
heated at 80 °C with magnetic stirring to evaporate the water, and then further
dried at 100 °C in an oven. The resulting precursor material was ground and sin-
tered at 750 °C for 12 h in a tube furnace under an argon atmosphere.

523 65

390 66

324 67

675 68

380° 69

410° 70

— Own
data

4027 71

“Specific energy is directly from the literature and the average potential is calculated. ? Specific energy is calculated from the integration of the
potential-capacity. © 2Na exchange. ? 3Na exchange. ¢ Prussian blue analogues.

word). For example, orthophosphoric acid (H;PO,) with CAS
7664-38-2 has a hazard classification of Danger H314 for “Skin
Corrosion” based on the harmonized classification. Usually,
suppliers evaluate their products regarding their potential
hazards by reporting them to ECHA via a notification. This can
lead to a higher number of potential hazards, which are not

This journal is © The Royal Society of Chemistry 2024

captured in the harmonized classification of ref. 75. Taking
H;PO, again as an example, about 200 notifiers also report
potential hazards related to H290 (warning, corrosive to
metals), H302 (warning, acute toxicity) and H318 (danger,
serious eyes damage/eye irritation) besides H314. Additionally,
there may be some substances for which only few producers
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3gc05098j

Open Access Article. Published on 18 April 2024. Downloaded on 3/11/2026 2:27:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Explosives

Flammable gases

Flammable aerosols and aerosols
Oxidising gases

Gases under pressure

Flammable liquids

Flammable solids

Self-reactive substance/mixture

Pyrophoric liquids

Physical hazards

Pyrophoric solids

Self-heating substance/mixture
Water-reactive - emits flammable gases
Oxidising liquids/solids

Organic peroxide

Corrosive to metals

Acute toxicity Oral
Dermal
Inhalativ
Skin corrosion /irritation

Eye damage / irritatio
Respiratory / skin sensitisation

Mutagenicity

Health hazards

Carcinogenicity

Toxic for reproduction

Specific target organ toxicity (single exposure|
Specific target organ toxicity (repeated expos

Aspiration hazard

Hazardous to the aquatic environment Acute
Env.

Chronic

hazards

View Article Online

Green Chemistry

H204  |[EE0SHN H206
50 10 10
Signal Word
5000
50
Danger

Danger / Warning

H242

50 _

H302
100
H312
100
H332
100

OO O OOded

H362
5
H335 H336
100 100
H412 H413
200 200

Fig. 2 Hazard traffic light classification with reference quantities (lower tiers, LT, in metric tons) and corresponding GHS pictograms (fitted as best
as possible); own draft based on;*”2° CLP pictograms taken from,”® orange has been added as a color for yellow/red indications.

have reported hazards given that there is not much experience
with them. Thus, potential hazards with over 100 notifications
of producers have been included in the HTL assessment to
provide a more comprehensive picture of potential hazards
and avoid that there is “no hazard” reported. This already rep-
resents an extension of the recommendation for hazard sub-
stance reporting in the battery passport.® It is also important
to mention that the identified hazards probably will not
directly impact the normal population, rather they can affect
workers in corresponding environments (material or battery
manufacturing, battery recyclers, etc.).>® Furthermore, the
absence of a chemical in the list does not imply that it is non-
hazardous.”

Total hazard points

In contrast to HTL, THP is a quantitative method for evaluat-
ing the different hazards related to a product,”® which was first
applied for the screening of chloride ion cathode materials.?
The THP are based on the classification according to the HTL
but go a step further by creating a dimensionless sum-indi-

6540 | Green Chem., 2024, 26, 6532-6552

cator for all hazards. Originally, the core of this method was
developed for the German Environmental Agency (UBA).'**°
Here, for each material, their hazard score was calculated start-
ing from the HTL analyses. The THP are based on quantity
thresholds that apply to hazardous substances (in tons), which
vary among the different categories of dangerous substances,”®
and require special safety conditions if exceeded (Seveso III
Directive®® for lower tier (LT), as depicted in Fig. 2). If the
mass surpasses the LT, a major accident prevention policy
(MAPP) is required. The lower the value for an LT, the higher
the hazard. The LT values in tons for different H-phrases
according to'” were used for the evaluation of the cathodes
(see ESIT). In some cases, two values were named, and given
that different categories exist here (e.g., H300), the lower value
was used (e.g. for H330 the lower value of 5 was used). This
may lead to some uncertainty in the assessment, given that
some materials may be overestimated regarding their hazard
statements.

Here, the mass shares of each CAM were calculated, each
with a certain hazard and a corresponding lower tier of LTy,

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3gc05098j

Open Access Article. Published on 18 April 2024. Downloaded on 3/11/2026 2:27:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

LT,, and LTs. The results are depicted in hazard points HP per
kg and kW h of CAM. For more details on the methods, see
ref. 20. Subsequently, the hazard points are calculated based
on LTs, where the total hazard point is the sum of the hazard
points of each hazard statement. Again, the LTs are based on
the hazard statements reported by more than 100 notifications
from companies via the summary of classification and label-
ling sheets from ECHA, and thus may change over time.”?

Life cycle assessment

The life cycle assessment (LCA) approach takes a different view-
point and looks at the potential toxic impacts of the materials
along the whole production chain up to the precursor material,
i.e., considering all upstream impacts. The screening of the CAM
is based on the impact assessment method recommended by the
European Commission for the Environmental Footprint
method.”” In turn, it relies on the Use-Tox® approach developed
under the support of the United Nation Environmental Program
and SETAC Life Cycle Initiative for calculating the potential
impact of chemicals on the ecosystem and human health.”” Also,
the Use-Tox® model relies on data on substance properties from
the implementation of the REACH database, plus information
from the OpenFoodTox Database (OFT-DB) and the Pesticide
Property Database (PPDB) by.”® For the present screening, the two
categories “human toxicity, cancer” and “human toxicity, non-
cancer” are aggregated into a single score and quantified in CTU
(comparative toxic units).

For the inventory data, the ecoinvent database was used
(v3.9) in combination with the LCA software OpenLCA.”® The
CAM not directly contained in the ecoinvent database were
modelled based on their corresponding precursors following
the most common synthesis route derived from the literature.
In this case, the amount of precursor was obtained via stoichio-
metric calculation based on the specific synthesis reactions.
Single precursors that are not contained in the ecoinvent data-
base, such as vanadium pentoxide, are taken from publications
who develop specific datasets for substances.®® This may intro-
duce some bias given that the modelling assumptions were not
necessarily identical. For the modelling of the CAM synthesis
routes, only the principal educts were considered, disregarding
auxiliaries and other inputs such as energy. This constitutes a
certain mismatch with the modelling approach used in the
ecoinvent database (which follows a life-cycle approach consid-
ering all inputs until the final product), but is deemed
sufficient for the present screening approach given that the con-
tribution of auxiliary inputs to the total CAM impacts are typi-
cally low, while the energy demand for calcination is similar
across different CAM.” This approach was consistently applied
to all assessed CAM. A detailed list of all considered precursors
and their potential impacts is provided in the SI

Results

As explained before, this assessment is not aimed at the
precise determination of the impacts of a final battery or CAM.

This journal is © The Royal Society of Chemistry 2024
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Alternatively, it is intended as a guide for supporting an early-
stage comparison and hotspot analyses of materials that are
under development, where a high uncertainty is given both for
the other components of the battery cell (final composition,
used materials...) and for most of its electrochemical pro-
perties (specific energy, efficiency...). Therefore, the results
should be seen as explorative with the aim of providing a first
and rapid orientation toward promising material candidates,
unveil hotspots and identify the corresponding need for more
detailed assessments. Moreover, this work can serve as a con-
tribution to the ongoing discussion on a safe and sustainable-
by-design approach to chemicals.® A requirement of the EU
Battery Regulation introduces mandatory testing of hazardous
substances, and thus the results provided herein can help to
identify the corresponding substances.’ In the following, all
impacts are displayed per mass unit of material. However, to
reflect the properties of different CAM, these are related to
their theoretical specific energy, resulting in a functional unit
of HTP (g) per kW h as in Rodriguez et al, 2016,>° which
allows a direct comparison of the different CAMs.

Hazard traffic lights

The HTL provide a first overview of the potential hazards of
the CAM precursors and the selected solvents. They represent
a qualitative approach that allows a first impression of the
used precursors, as indicated in Fig. 3. Here, a selection of 28
SIB and three reference LiB is provided to demonstrate the
HTP. On the left side of the figure, all hazard statements with
their corresponding classification are provided. The HTL for
all analyzed CAM, including the list of all substances, related
identifiers and hazard classes, are provided in the SI, as rec-
ommended by.?

The harmonized statements are also marked with a check-
mark based on the latest downloadable version with harmo-
nized classification and labelling up until the “17™ Adaptation
to Technical Progress”, which contains around 4330 sub-
stances.””> Here, all hazards are harmonized throughout the
EU, which includes several steps until the inclusion into
Annex IV.%! It can be clearly seen that the use of an extended
classification via notifications leads to a significantly higher
number of hazard statements within HTL. The threshold for
the number of declarations was set to >100, but the figure
would look significantly different with a lower threshold of,
e.g., 50 notifications. This significantly depends on the prefer-
ence of the analyst, where it is reasonable to set a lower
threshold for very early TRL technologies. For example, for
specific SIB precursors that are not (yet) produced on a large
scale, only a few statements has been reported. However, this
does not mean that the corresponding substances do not
inhibit hazards, rather there are only very few notifications.
This means that lower TRL technologies may have a lower
score than established technologies. However, this is not an
issue in this approach, rather it constitutes a general data
problem for screening activities. All the selected CAM show
potential hazards, in particular in the field of health hazards,
where all have impacts on acute toxicity (H302), eye damage

Green Chem., 2024, 26, 6532-6552 | 6541
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to operationalization, as it was originally a yellow/red field. Harmonized statements are marked with a checkmark.

(H319) and specific target organic toxicity (H335). A few SIB
alternatives also pose physical hazards such as NaFePO,,
NaMnO, and Na,FeSiO,.

Finally, it does not matter that there are more “danger”
notifications for NMC and LFP given that the purpose of the
HTL is not to compare LIB or SIB; they serve as a base to ident-
ify potential hotspots and ideally find alternative precursors
that are easier to handle. Furthermore, the provided tables
show that each SIB precursor has specific impacts and that SIB
share some of the same precursors with LIB, e.g., nickel sulfate
in the case of NMC622 and Nag ¢Feg ¢¢Nig.»,0,, which has mul-
tiple hazard warnings from danger to warning.

Na;V,(PO,); represents an interesting case where five specific
synthesis routes with three different precursors are used. One
variant is based on V,0s, which is linked to potential hazards,
e.g., warning with a red indication for specific target organ toxicity
(H372). The other identical alternative is based on oxobis
(pentane-2,4-dionato-O,0)vanadium, which is among other
things labeled as “danger” corrosive to metals (H290) in yellow.
Both precursors share the danger label for acute oral toxicity
(H302). These comparisons can be applied to support the process
of material selection for further development.

Total hazard points (THP)

The results for the THP calculus are provided in Fig. 4, with
Fig. 4A showing the results per kg of CAM and Fig. 4B per kW
h of specific capacity, thus accounting for the different
amounts of CAM required for providing the same cathodic
energy capacity. The chemistries are classified into oxidic and
polyanionic CAM. Additionally, state-of-the-art LIB are
included for exemplary comparison with NMC111 and
NMC622 for the oxidic and LFP for the polyanionic type CAMs.

6542 | Green Chem., 2024, 26, 6532-6552

In Fig. 4B, some bars are cut off, and in this case, the value is
indicated in a white textbox. Fig. 4C provides the relative con-
tributions of the precursors to the total impact, which are
independent of the functional unit (i.e., per kg or kW h).

In the case of both LIB and SIB, the results can vary strongly
depending on their chemistry, selected synthesis routes, and
precursors. A second important component is the specific
energy, with a lower energy density resulting in a higher
demand for the corresponding precursors. In general, CAM
that include precursors containing Ni, Co and V lead to very
high THP. Here, for LIB, in particular NMC111, Co is one of
the biggest contributors due to the high score obtained by
cobalt sulphate. In the case of the polyanionic CAM, vanadium
is the most important driver for THP, although it varies signifi-
cantly depending on the used precursors. The results for the
different NaV,(PO,); cells lead to comparable results when
vanadium-acetylacetonate and vanadium pentoxide are used,
but higher THPs when using ammonium metavanadate and
vanadium pentoxide due to their dangers related to acute tox-
icity (oral and inhalation) with very low LTs of 5. For some
CAM such as the Prussian blue analogue group, they have no
impacts. This is due to the fact that either no further precursor
has been named or no notification or registered hazard is
available for the analyzed precursor, which can change with
future updates and will be addressed in the sensitivity ana-
lyses. Finally, it has to be considered that the results provided
in Fig. 4 are based on the precursors identified in Table 2 and
only valid for these specific synthesis routes. Thus, with other
routes using different precursors with different CAS numbers,
the results may change significantly.

As explained before, it is important not to compare the SIB
CAM with LIB state-of-the-art technology. The THP can depend

This journal is © The Royal Society of Chemistry 2024
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to a certain degree on the TRL of technology, as explained
before. A low THP may just result from a low number of notifi-
cations due to the limited use of a rather new precursor.
Nevertheless, the THP are expected to provide initial insights
into potential hazards.

Life cycle assessment

The results for the LCA-based toxicity screening are displayed
in Fig. 5 and are structured in the same way as the result for
the THP in Fig. 4. Consistent with the latter, the specific
energy strongly influences the overall impact when the results
are compared to the mass-based assessment. The high poten-
tial impact obtained for the NMC cathodes and all the
vanadium-containing CAM is notable. In the case of the
former, this is mainly caused by the direct emissions from
cobalt mining and its processing into cobalt hydroxide, with
heavy metal emissions in the air, particularly mercury and
arsenic being the main contributors. For the same reason,
although to a lower extent, nickel is also an important contri-
butor to the toxic impacts, situating all the nickel-containing
CAM in the middle field.

Similarly, around half of the very high potential toxicity
impacts of the vanadium-containing CAM is caused by direct
emissions along the process chain, and in this case mainly

This journal is © The Royal Society of Chemistry 2024

from the processing of the vanadium-bearing cast iron and
vanadium slag, with significant emissions of lead and
mercury. The other half is driven by the electricity to power the
electric arc furnaces, with the vanadium production process
situated in South Africa, where a high share of coal power is
used with the corresponding emissions of arsenic, lead, and
mercury from coal combustion. In this case, it should be
noted that the corresponding inventory is specific and devel-
oped for a hypothetical site and production pathway situated
in South Africa, and not necessarily representative of the
global average.®® Also, it does not necessarily rely on the same
modelling framework as the datasets taken from the ecoinvent
database. However, even if zero impacts were assumed for the
energy input, vanadium would still be situated among the
highest impact precursors.

Unlike global warming impacts, where sodium precursors
were found to have negligible impacts in a previous work, this
is not the case for toxicity. Here, depending on the specific
sodium-providing precursor used, the toxicity impacts from
the precursors are relevant and can even be higher than that of
the corresponding lithium precursors. However, this is not
caused by sodium itself but its corresponding carrier com-
ponent, such as in the case of sodium oxalate, where oxalate
causes the high impacts. In most cases, the impacts are, as in

Green Chem., 2024, 26, 6532-6552 | 6543
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the case of the THP, mainly driven by V-, Ni- and Co-based pre-
cursors. The comparison of LIB with the SIB alternatives
showed that the Na-based precursors tend to have lower
impacts than Li-based precursors, which has to be analyzed in
detail via a full LCA.

Qualitative comparison

Both quantitative approaches, THP and LCA (HTox), are com-
pared in Fig. 6. It is difficult to compare both methods due to
their different scales, system boundaries and calculation pro-
cedures. However, Fig. 6 still provides some interesting
insights and can help to identify potentials hazard hotspots
considering potentially missing data for LCA or THP. In the
case of the CAMs from the group of manganese-based layered
oxides and polyanionic Prussian blue analogues, lower
hazards and impacts can generally be observed. In contrast,
for the vanadium-containing CAM, the correlation between
HTox and HTP is low. Here, all the V-containing CAM show a
comparably high HTox impact, while only for two cases this is
correlated with THP. This is the case for the NaV,(POV,); and

6544 | Green Chem., 2024, 26, 6532-6552

Na,MnV(PO,); variants due to the use of the same precursor,
ammonium metavanadate, which can also be used to produce
V,0s. A low correlation between THP and HTox is also
obtained for NMC111 and NMC622, where the results provide
a very different picture, whilst in the case of LiFePO,, a com-
parable tendency for THP and HTox can be observed. However,
it also has to be considered that the HTox impacts for the
vanadium components are based on an inventory for V,Os
taken from a scientific publication, and not from the ecoinvent
database as for most of the remaining materials.

A detailed assessment of the V-containing precursors was
carried out to understand the reason for this very different
picture of HTox and THP. The results are displayed in Fig. 7
for the HTL, THP and HTox as the life cycle impact assessment
(LCIA) method. Firstly, the HTL show that all three CAM pose
several health hazards, as shown before. All three precursors
are hazardous, with effects on specific target organ toxicity
(H335). V,05 and NH,VO; pose hazards of acute toxicity and
H341, mutagenicity. Both inhibit hazards for H330, acute
inhalative toxicity, with a very low LT. Therefore, the THP

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Comparison of THP (left y-axis) and HTox (right red y-axis) results.

impact of these precursors is high, in particular for V,Os,
whilst for the other V-containing precursor C;oH;,05V, only a
lower hazard score was achieved. The other impacts of
C10H;1405V are ‘corrosive to metals’ (H290), and V,0Os is hazar-
dous to the aquatic environment (H411). As explained before,
for the LCA, some precursors are not available in the ecoinvent
database, and thus were modelled based on the assumed syn-
thesis of further precursors. This was also the case for
C,oH1405V and NH,VO;, which are both based on V,0s. As
explained before, the impact of V,05 has the highest share and
poses the reason for the high impact. This may be due to the
assumption that vanadium is obtained from titanomagnetite
ores.®® A detailed assessment of other vanadium precursors
and synthesis routes can be found in.*®

Finally, although benchmarking was not the ultimate goal
of this assessment, all CAM-variations were compared qualitat-
ively using the THP and HTox results, as shown in Table 3. A
simple rescaling of THP and HTox was carried for this
purpose, normalizing both to the same value range (a 1-3
scale), where 1 indicates medium risk, 2 high risk and 3 very
high risk.** Then, the rescaled results were combined using
the weighted sum method (WSM) using equal weights for both
indicators. Although this is a comparably simple approach,
this is considered appropriate based on the very mixed TRLs
and data availabilities and the strong qualitative character of
the comparison. The weighted sum was the basis for the final
ranking of the different CAM. In addition, a composite score
was built from the average of the THP and HTox, providing a
better understanding of the overall performance of each CAM.
As before, NMC for LiB and V-containing precursors for SiB

This journal is © The Royal Society of Chemistry 2024

are ranked last, with the corresponding high final qualitative
hazard and toxicity risks. There are no results available (NA)
for Prussian blue analogues, given that there are no hazards
indicated based on the selected thresholds. It should be noted
that no green or low risk indication is provided, given that it is
hardly possible to do so based on the very different data
quality and the different development stages of the considered
CAM.

Discussion
Sensitivity analyses for selected CAM

For some CAM, no THP score was determined using the pre-
sented approach (based on the harmonized hazards and the
extended assessment with a threshold of >100 notifications).
This is particularly apparent for the Prussian blue analogues,
where only a few notifications are available for sodium ferro-
cyanide (NayFe(CN)s), with the consequence that there is no
THP for this CAM with the used threshold (TH), suggesting
that there is no hazard related to this precursor. However, if
the threshold for the number of notifications was set differ-
ently, the results would change. This effect is shown in Fig. 8
for sodium ferrocyanide (Na,Fe(CN)s), where alternative
thresholds are used instead of the default >100. A low number
of notifications may occur when a certain material is not used
widely, and consequently not registered in SCIP to date. Thus,
the differences in HTL when using the default threshold of
100 with one of >30, >20 and >1 (minimum) are compared in
Fig. 8A. Fig. 8B shows the different THP scores for this

Green Chem., 2024, 26, 6532-6552 | 6545
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Fig. 7 Comparison of HTL, LCA HTox and THP of different vanadium-providing precursors for the synthesis of NazV,(PO,)s.

material, with the THP increasing strongly for a lower
threshold. This change in TH may lead to high values for
Prussian blue analogue precursors on a CAM level, leading to
higher impacts per kW h (over a THP of 2770, not displayed
here). This is mainly due to the hazards in the entire group of
acute toxicity, showing that the selection of the corresponding
thresholds is critical and has to be checked accordingly in
each assessment. Interestingly, there are over 200 notifiers
without classification for this substance. In addition, other
sources should be cross checked if there is no hazard for a
certain material, for example in,** where further hazards are
indicated (irritant). As mentioned before, in the case that a
substance is not classified anywhere, its self-classification has
to be carried out in frame of the Battery Passport.®

Methodological challenges and limitations

As stated before, there is no standard available for hazard and
toxicity assessments for early stage screening to support sus-
tainable by design approaches considering the requirements
formulated in the EU Battery Regulation. As shown in the lit-
erature review, a set of different methods has been applied
directly or indirectly for materials screening towards hazards.

6546 | Green Chem., 2024, 26, 6532-6552

However, the methods used herein aim to provide first feed-
back via the identification of hazard hotspots to material
developers within a very short time frame and aid decision-
making toward the selection of different materials, in par-
ticular CAM for SIB. These assessments only represent a
first step for further assessments®! and should be combined
with further indicators such as global warming potential or
even social aspects such as local employment or forced
labour. In addition, the presented approach should also
consider different life cycle stages. Therefore, there are some
limitations that must be addressed, which sometimes are
not directly related to the methods and are relevant in this
field in general and remain unsolved in named regulations.
Specifically, the assessment carried out herein is based on
theoretical values for the specific energy on the CAM level
and only considers a part of the entire cell, disregarding the
interplay among the cathode, electrolyte, separator, and
anode (components that all have to be included in the
Battery Passport). Also, as mentioned before, the provided
list of SIB cathodes is not necessarily comprehensive, given
that there are other materials that can be considered prom-
ising for future assessments.***

This journal is © The Royal Society of Chemistry 2024
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Na,_s;Mn[Fe(CN)g] 352 51x107%  [1.4 1.0 0.1 18 1.2
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Na;MnZr(PO,); 27 29x1077 1.0 1.0 0.1 3 1.0
Qualitative risks - color indication Medium

High

very high [

Typically, the specific energy on a cell level is significantly
lower than on the CAM level.® In addition, the results do not
reflect in any way the use or end of life phase. For example, a
high cycle lifetime and high recyclability of a cell can counter-
balance potential burdens on a production level.”** Thus, this
screening should not be used to identify the best option, but
rather to identify the group of good options for further investi-
gations and identification of hazard hotspots. Also, synthesis
routes can vary strongly in terms of process and used precur-
sors, and thus should always be analyzed for each particular
case. The synthesis routes presented herein are mostly based
on individual lab-scale processes, and thus not representative,
for example, the large-scale production of SIB. Another chal-
lenge shared by all applied methods here relates to the correct
precursor selection with the corresponding CAS number,
which is often only partially possible due to the limited infor-
mation provided in some related publications on the exact syn-
thesis routes and precursors used for the CAM synthesis. This
can lead to a skewed picture, where some authors provide a
high degree of information with all used precursors, poten-
tially leading to a higher hazard or HTox impact. Also, as
stated before, the picture for low TRL technologies as SIB can

This journal is © The Royal Society of Chemistry 2024

change very fast when a certain precursor is used more fre-
quently, resulting in a higher number of notifications regard-
ing potential hazards. Here, an extended consideration of
hazards beyond the harmonized ones was used (over 100 noti-
fications) to gather a more conservative picture. This value was
used after internal discussion with experts, but there is no
guideline where to set this value. Setting a lower value, e.g., 30
will potentially result in a higher impact for HTL and THP for
some materials but is rather steady for most alternatives. This
is especially true for emerging materials, with rather lower pro-
duction quantities shown for sodium ferrocyanide (Na,Fe
(CN)e)-containing materials. In any case, there is no blueprint
for this threshold, and alternative ways of classification must
be carried out in case of no substance notification. In
addition, despite all the challenges, there is simply no alterna-
tive set of methods available for hazard screening of low TRL
and actually market ready battery cells.

Finally, only precursors but no intermediate and final pro-
ducts (here CAM) were evaluated regarding their hazards. This
can lead to different results depending on whether a precursor
is directly purchased or synthesized from other different pre-
cursors. One of these substances that requires more investi-
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Fig. 8 Comparison of HTL (A) with different thresholds for sodium ferrocyanide (NajsFe(CN)g), (B) resulting THP and their combination for

thresholds TH > 30, > 20, > 1 and impacts on a kg base.

gation, but that has not been included here, is fluorinated sub-
stances (per- and polyfluoroalkyl substances (PFAS)). These are
part of LiB and SiB components (binder, electrolyte, additives
and separator), and thus have to be evaluated cautiously.®* It is
expected that PFAS will be considered more in an updated
version of the ECHA database in 2024. Also, hazards related
with other life-cycle stages are out of scope of the present
approach. For instance, toxic substances different than the
CAM educts might be released as a result of thermal treatment
in the recycling stage or of accidental thermal runaway or fire,
such as cynaides from the mentioned Prussian blue
analogues.

Conclusion

The aim of our assessment was to provide an approach for the
prospective screening of potential hazards of substances used
as SIB and LIB cathode active materials (CAM). Specifically, it
aimed to contribute to the development of still widely missing
indicators and innovative risk assessment tools considering
current requirements regarding hazardous substances, e.g.
within the EU-Battery Regulation and the corresponding
product labeling requirements. In addition, monitoring
hazards in the early development phase of new CAM materials
can help realize a sustainable-by-design approach to battery
cells. For this purpose, three different sets of methods were

6548 | Green Chem., 2024, 26, 6532-6552

applied, as follows: (i) the hazard traffic lights (HTL), which
provide a qualitative quick picture of potentially problematic
substances used for CAM production, (ii) the total hazard
points (THP method), which builds on HTL but incorporates a
quantitative, and thus comparable component, and (iii) a life
cycle assessment-based impact category that quantifies poten-
tial human toxicity impacts of materials (HTox) caused along
their production chains. Finally, a qualitative comparison and
final hazard risk are present for the different SIB and LIB
CAM.

Due to their different foci, both the HTL/THP and LCA
(HTox) approaches can be seen as complementary, allowing
fast hazard screening of potential CAM precursors under
different perspectives. However, for interpreting the results, it
is crucial to consider the uncertainties intrinsic to these
methods, which partially originate from the early-stage CAM
production pathways (low TRL) and the related lack of data for
precursors and synthesis routes. However, despite these uncer-
tainties, the methods presented in this work are applicable on
high, but also even at very low TRL levels and with data avail-
able on laboratory scale, and therefore can support early-stage
material choices considering upcoming hazard labeling
requirements. To the best of our knowledge, this approach has
not been described in detail in the literature or the Battery
Regulation.>”

Cell developers can apply the named methods for their
specific lab scale using all the available data. This is also appli-

This journal is © The Royal Society of Chemistry 2024
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cable for battery cell producers to screen their product portfo-
lio considering mandatory reporting on hazardous substances.
Using and combining these different methods can lower the
risk of making the wrong decision in uncertain situations and
to avoid overlooking problematic material choices. The first
method, the HTL, is highly qualitative but provides a quick
overview of potential hazards with a simple visualization
approach. THP represent an extension of the HTL given that
they incorporate quantity thresholds (LT - lower tier), as
defined in the Seveso III Directive.”® This allows potential
hazards to be quantified for different CAM, and thus enables
direct comparison.

Under both approaches, all SIB pose hazards, although
with substantial differences between individual CAM. In the
case of oxidic CAM, NMC (the LIB reference) obtains very high
hazard scores, which are mainly due to cobalt and nickel
sulfate. In comparison, SIB show lower scores, with the only
exceptions of SIB variants that also contain a high amount of
Ni. In the case of the polyanionic CAM, the LFP reference
achieves a significantly lower hazard score than its oxidic Li-
based counterpart. However, here, most SIB CAM obtain lower
scores than the LIB reference (LFP), with the only exceptions
also being vanadium-containing alternatives. Here, the pro-
posed methods allow the comparison of different suitable pre-
cursors for CAM synthesis, and therefore can provide decision
aid for precursor selection, as demonstrated for different
vanadium-based precursors for NazV,(PO,)s.

It is hardly possible to directly compare the results of HTL
and THP with that of the third, life-cycle based approach
(HTox), given that they are based on different scales, modelling
methods and system boundaries. Nevertheless, their compari-
son is helpful to provide an additional, complementary per-
spective, which also allows the identification of potential
hazard hotspots for substances that have a low or no substance
classification. Interestingly, and despite the very different per-
spectives, in the case of the oxidic SIB variants, the LCA results
for HTox provide a comparable picture as the THP. This is true
to a certain degree for the polyanionic SIB CAM alternatives,
where for all methods, the vanadium-containing CAM have the
highest potential impacts. Here, V,05 has a high contribution
to the results, resulting in higher impacts than substance
alternatives. This is also the case for the qualitative compari-
son and composite indicator, where named CAM alternatives
are ranked the last with corresponding high hazard and tox-
icity risks.

In the case of both quantitative methods (THP and HTox),
when comparing the results on a mass basis (per kg of CAM)
and a specific capacity basis (per kW h of energy capacity), it
becomes apparent that the energy density is one of the most
important factors for the hazard and toxicity screening, being
a key determinant for the material demand. This, naturally, is
independent of the applied method.

As stated before, the HTL and THP may be prone to uncer-
tainty in low TRL, given that some rather new chemicals may
not be yet classified in the ECHA database (or any other data-
base). The same is true for the LCA, which is based on the

This journal is © The Royal Society of Chemistry 2024
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ecoinvent database, and therefore the availability of precursor
materials within. Finally, the current screening is limited to
CAM, and upon reaching a higher TRL, it will be rec-
ommended to go a step further and evaluate in detail an entire
cell of selected SIBs including different electrolytes, separators,
and anodes to provide a more comprehensive picture of poten-
tial impacts and hazards, which is consistent with the rec-
ommendations by the Battery Passport. Subsequently, this will
also tackle PFAS contained in the electrode binders and
provide a different picture. Considered this, the presented
methods and exploratory results can be of added value for any
cell developer or manufacturer that must comply with current
regulations.
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