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Zusammenfassung

Diese Arbeit beschreibt den automatisierten Versuchsaufbau Autonomous Synthesis and Analysis of Bat-
tery Electrolytes (ASAB) zur Formulierung und Analyse von fliissigen Batterieelektrolyten mit seinen ver-
schiedenen Betriebsmodi. Trotz der Méglichkeit in vollautomatisierten Materialbeschneunigungsplattfor-
men (engl. Materials Acceleration Platforms (MAPSs)) betrieben zu werden, erméglicht der modulare Auf-
bau des Systems den teilautomatisierten oder konventionellen Betrieb der Einzelkomponenten.

Eine der Komponenten ist ein Tischgerat fur die Kernresonanzspektroskopie (engl. nuclear magnetic
resonance spectroscopy (NMR)), welches in dieser Arbeit als ein Beispiel fir den konventionellen Be-
triebsmodus dient. Seine Anwendung zur Bestimmung von Selbstdiffusionskoeffizienten flr Anionen in
Elektrolyten, die Lithiumhexafluorophosphat (LiPFg) oder eines der Huckelsalze Lithium 4,5-dicyano-2-(tri-
fluoromethyl)imidazol (LiTDI), Lithium 4,5-dicyano-2-(pentafluoroethyl)imidazol (LiPDI) oder Lithium 4,5-
dicyano-2-(n-heptafluoropropyl)imidazol (LiHDI) als Leitsalz enthalten, wird dargestellt. Diese Daten wer-
den anschlieBend mit Viskositats- und Leitfahigkeitsmesswerten sowie weiterer spektroskopischer Anal-
ysen, die von Projektpartnern beigetragen wurden, kombiniert, um mégliche Unterschiede zwischen den
Elektrolyten zu untersuchen.

Des Weiteren schlie3t diese Arbeit zwei Demonstrationen des ASAB Versuchsaufbaus ein, in denen
dieser durch Integration in verteilte MAPs in seinem autonomen Betriebsmodus arbeitet. Diese verteil-
ten MAPs verbinden Gerate and Computerprogramme verchiedener européischer Standorte. In diesem
Zusammenhang wird gezeigt, dass der ASAB Versuchsaufbau in der Lage ist, experimentell bestimmte
Daten fur die Dichte, Viskositat und ionische Leitfahigkeit zu den MAPs beizutragen. Neben diesen direk-
ten Beitragen, erlaubt der ASAB Versuchsaufbau auch eine Einbindung in einen Arbeitsablauf, in welchem
er dazu dient, Elektrolyte fir die weitere Verwendung in einem anderen Aufbau bereitzustellen. Diese
Funktionalitét wird in der zweiten dieser Demonstrationen gezeigt.

Insgesamt wird die Betriebsfahigkeit und Vielseitigkeit des ASAB Versuchsaufbaus sowohl in verteilten
MAPs sowie in einer konventionellen Studie im Bereich der Batterieforschung dargestellt. Dies deckt ver-
schiedene Konfigurationen des ASAB Versuchsaufbaus ab, welche die angeschlossenen Methoden, den
Betriebsmodus, das Ziel der jeweiligen Studie und die Art, wie der Versuchsaufbau zur Studie beitragt,
betreffen. Dartber hinaus wird die hohe Relevanz der Laborautomatisierung aus den vorgestellten An-
wendungsféllen deutlich und motiviert weitere Forschung in diesem Bereich.






Abstract

This thesis describes the automated Autonomous Synthesis and Analysis of Battery Electrolytes (ASAB)
setup for the formulation and analysis of liquid battery electrolytes with its different modes of operation.
Despite its capability to operate in fully autonomous Materials Acceleration Platforms (MAPs), the modu-
larity of the setup also allows the partially automated or conventional use of its individual components.

One of the connected components is a benchtop nuclear magnetic resonance spectroscopy (NMR) in-
strument, which in this thesis serves as an example for the conventional mode of operation. Its deploy-
ment for the determination of self-diffusion coefficients of anions in electrolytes containing lithium hexa-
fluorophosphate (LiPFg) or one of the Huckel-type salts lithium 4,5-dicyano-2-(trifluoromethyl)imidazolide
(LITDI), lithium 4,5-dicyano-2-(pentafluoroethyl)imidazolide (LiPDI), and lithium 4,5-dicyano-2-(n-hepta-
fluoropropyl)imidazolide (LiIHDI) as a conducting salt is shown. This data is subsequently combined with
values for viscosity, ionic conductivity, and additional spectroscopic analyses contributed by project part-
ners to investigate potential differences between the electrolytes.

Further, this thesis includes two demonstrations of the ASAB setup operating in its autonomous mode
through the integration into distributed MAPs that connect hardware and software modules from various
locations across Europe. In this context, the capability of the ASAB setup to contribute experimentally
determined data for the density, viscosity, and ionic conductivity of electrolytes to the MAPs is shown.
Besides these direct contributions, the ASAB setup also allows to be integrated into a workflow, in which
it serves to provide electrolytes for further use in a different setup. This functionality is shown as a part of
the second of these demonstrations.

Overall, the functionality and versatility of the ASAB setup in distributed MAPs as well as in a conventional
study in the field of battery research is depicted. This covers different configurations of the ASAB setup
concerning the connected experimental methods, the mode of operation, the aim of the respective study,
and the means by which the setup contributes to the study. Furthermore, the high relevance of laboratory
automation gets apparent from the demonstrated use cases and motivates further research in this field.
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1 Introduction

In its report from 2023, the Intergovernmental Panel on Climate Change (IPCC) names the intensified
use of renewable energies such as wind or solar energy among the valid measures to counter climate
change [1]. These renewable energy sources do, however, not allow for an as easy balancing of fluctu-
ations in the demand and supply of energy as the technologies based on fossil fuels [2]. The necessary
management of energy availability, even in times when it cannot be obtained directly from the renewable
sources, can be achieved by using energy storage technologies [2]. The IPCC further mentions the elec-
trification in the urban areas as a relevant approach in the mitigation of climate change and states that
electric vehicles got more widely used in the time between 2010 and 2019, while the price for lithium-ion
batteries was significantly reduced over this period [1]. A shift towards electric vehicles and renewable
energies therefore suggests an increased demand for energy storage systems in these sectors.

Batteries as energy storage solutions are advantageous in this context as they do not require specific
local conditions like for example a mountain and a storage reservoir as it would be necessary for pumped
storage power plants [2]. They are also comparatively compact and low maintenance [2] devices that do
not require external fuels to be provided [3]. Furthermore, their ability to directly convert chemical energy
to electrical energy renders them efficient means of energy storage [2, 4]. These aspects make batteries
ubiquitous energy storage devices in our modern society with new applications being opened up at a high
rate on various scales ranging from consumer products like mobile phones and notebooks up to stationary
storages and battery electric vehicles. All these applications come with their respective set of requirements
for the battery to fulfil [2]. However, materials with high performance over a wide range of parameters are
unlikely to be found for example for the electrolyte [5, 6]. In the context of materials selection, the IPCC
mentions the environmental impacts and criticality of raw materials and suggests among other strategies
to diversify the choice of used materials [1]. The identification of novel cell chemistries is therefore a key
task of current battery research. Fast developments in the market, such as the ones recorded between
2010 and 2019 [1], present the research environment with the challenge of keeping up with the pace and
provide the novel materials enabling improved cycle life, higher energy density, increased safety or lower
cost to name just a few examples.

Batteries are at least composed of two electrodes and an electrolyte [3] and each of these materials can
be optimised such that the cell meets certain requirements. In the case of an electrolyte that is typically a
mixture of a salt, solvents, and additives, this results in numerous parameters to be optimised [7]. Such
experimental series are often time-consuming and expensive [8]. At the same time, to obtain precise
predictions from machine learning (ML) models, large amounts of high-quality data are required [8]. De-
pending on the kind of data, the generation of experimental datasets of the required size and quality may
exceed the capabilities of a single laboratory or researcher due to a lack of equipment, expertise or the
availability of personnel. The automation of experimental procedures can narrow this gap since it renders
the rate of data generation independent of the working hours of human researchers. Upon coupling of
automated setups with ML models, the model can immediately process the available data and suggest the
most promising follow-up experiment in a so-called closed-loop [8]. Since experiments using this approach
can operate without human input, they further decouple the experimental throughput from the availability
of human researchers. If such systems are created for the purpose of accelerating the research process
itself, they are referred to as Materials Acceleration Platforms (MAPs) [9, 10] or self-driving laboratories
(SDLs) [11]. Recently developed distributed MAPs [12—14] take this approach even further by enabling
autonomous workflows including contributors from different locations.



This thesis demonstrates these approaches in the field of liquid battery electrolyte research. A modu-
lar automated experimental setup capable of formulating and characterising liquid electrolyte solutions
is demonstrated in different modes of operation. First, the conventional use of individual components
of the setup exploiting the degree of automation provided by the manufacturer is demonstrated. Subse-
quently, two configurations of the setup, each comprising a different subset of the available components,
are demonstrated using their autonomous mode of operation in the context of fully autonomous and dis-
tributed MAPs.



2 Background and State of the Art

2.1 Lithium-ion Batteries

Batteries are a flexible and well established means of storing energy. Their function is based on oxidation
and reduction reactions that transform stored chemical energy to electrical energy [3, 4]. The minimal
unit capable of fulfilling this function is referred to as a cell and batteries can be composed of a single
cell or several interconnected cells depending on the requirements [3, 4]. During discharge, the stored
chemical energy is transformed into electrical energy in a spontaneous reaction [3]. Batteries that need
to be discarded after discharge are named primary batteries while those that can be recharged are called
secondary batteries [3, 15]. Recharging the latter type of batteries requires a potential to be applied that
drives the redox processes in reverse direction [3]. Repeated charging and discharging leads to a decrease
of the capacity that is the amount of charge that can be stored in the battery [16]. The number of charge-
discharge cycles a secondary battery can perform prior to its capacity dropping below a certain threshold is
an important characteristic. A battery is typically considered to have reached its end-of-life (EOL) once the
capacity fell below 80 % of its initial value. [17] For experimentally determining the EOL of batteries, they are
cycled applying protocolls defining for example the temperature and applied current to obtain the achieved
number of cycles before reaching the 80 % threshold. An example of secondary batteries are lithium-ion
batteries whose layout is schematically shown in Figure 2.1. A cell of such a battery typically contains a
graphitic carbon material as the anode and a transition metal oxide as the cathode [3, 6, 15, 18], which are
usually coated onto a copper and an aluminium current collector, respectively [19, 20]. Placed in between
the two electrodes, a porous separator establishes a distance blocking the direct exchange of electrons
but it allows for the diffusion of ions through its pores [21]. Furthermore, the separator is designed to act
as a safety measure by melting at a certain temperature to block also the ions from passing and therefore
stopping further energy from being released in the case of overheating of the cell [20, 21]. In currently
commercially available lithium-ion batteries, a liquid electrolyte fills the cell and soaks the separator. An
electrolyte is generally defined as a material enabling conductivity based on the movement of ions and
at the same time showing no or minimal electronic conductivity [22, 23]. In batteries, its key task is to
enable ions to move between the electrodes while preventing electrons from crossing [3, 6, 19]. In this
way, the electrons are forced to move through the electrical circuit outside the battery to reach the opposite
electrode. These electrons provide the necessary power to the connected load. Newly assembled lithium-
ion cells are in their discharged state [15]. Upon charging, the lithium cations move via the electrolyte to
the anode and travel in reverse direction towards the cathode when the cell is being discharged [15]. The
total cell reaction of a lithium-ion cell using for example lithium cobalt oxide (LiCoQO,) as a cathode material
and graphite as the anode can be written as [3, 6]

LiCoO, + 6C == Liy_,CoO, + Li,Cq- 2.1}

In this process, the lithium remains in its ionic form and the active materials of the electrodes perform
the release or uptake of electrons [3, 6, 19]. In the course of the initial charging of the cell, some of the
electrolyte components react at the electrodes and form a solid-electrolyte interphase (SEI) [19] at the
anode and a cathode-electrolyte interphase (CEl) at the cathode. It is crucial for the performance of the
cell that the SEI film on the anode is permeable for the cations but also protects the electrode and hinders
further consumption of the electrolyte due to the continuation of the film-forming reactions [19, 24, 25].



current collectors
CEl SEI

discharge 4

e Lit
A anion
separator soaked with electrolyte @\ solvent molecules

cathode

Figure 2.1 A schematic representation of the components and the flow of ions and electrons in a typical state-of-
the-art lithium-ion battery. The electrodes are labelled according to their function during discharge. The
dashed lines and arrows correspond to the situation during charge. Graphic inspired by [15].

The electrolyte’s crucial role in the movement of the ions within the cell and the film formation on the
electrodes draws research attention towards the optimisation of existing and the development of new
electrolyte systems.

2.2 Battery Electrolytes

Its function in the battery gives rise to a set of requirements for an optimal electrolyte. Most of the elec-
trolytes used in modern lithium-ion batteries are made up from a salt solution containing a lithium salt, a
mixture of solvents and often also additives [6, 7, 18, 19, 26—28]. Upon dissolution and dissociation in
the solvent, the salt provides mobile ions in the electrolyte. The solvation of these ions is important to
obtain high performance electrolytes [7, 18, 19, 28, 29]. Solvents with a high dielectric constant can effec-
tively dissolve the salt, but this property often conflicts with the requirement of low viscosity to enable the
necessary high mobility of the ions [19]. Highly mobile ions and high ionic conductivity of the electrolyte
are important characteristics for its application in batteries [18, 19, 23, 26, 28, 30, 31]. Electrolytes are
typically designed to possess a high ionic conductivity at various temperatures [18, 26]. The mobility of
the ions and the viscosity of the solvent are both correlated with the diffusion coefficient D of the ions. The
Einstein relation connects the absolute mobility p with the diffusion coefficient D at a given temperature
T using the Boltzmann constant kg [32]

D = pkgT. (2.1)

The Stokes-Einstein equation in turn relates the diffusion coefficient D with the viscosity 71, Of the solvent
and the radius r of the solvated species at temperature 7' [32—36]:
kT
D=5~ (2.2)
67”7501\/7'

These relations illustrate that the diffusion coefficients of the ionic species and the viscosity of the solvent
are relevant indicators for the mobility of the ions in an electrolyte. The viscosity of the electrolytes and
their solvents can for example be measured using the rolling ball method explained in chapter 3.4 [37].
The self-diffusion coefficients of various molecules in the electrolytes are experimentally accessible for
example by nuclear magnetic resonance spectroscopy (NMR) as described in chapter 3.1 [38]. It should
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be noted that self-diffusion coefficients determined using NMR techniques do not distinguish between
freely moving species and aggregates containing the observed species [7, 39, 40]. This is especially
relevant when observing the ionic species in electrolytes since uncharged aggregates or paired ions do
not contribute to the ionic conductivity [7, 40]. In liquid electrolytes, the solidification temperature and
the boiling point are considered to be further important properties as they determine the temperature
range, in which the electrolyte is liquid and can be used [7, 18, 19, 23, 26, 29]. This liquid range is
significantly influenced by the temperature range corresponding to the liquid phase of the solvent [19].
Since all these requirements are hardly achieved by a single solvent, electrolytes typically rely on mixtures
of several solvents with different properties to achieve the desirable overall performance [19, 28]. While
the aforementioned functions of the salt and the solvent are rather clear, the effects of additives can
be diverse. They are typically added in small amounts and can for example reduce the flammability
or increase the ionic conductivity of the electrolyte. Alongside the salt and the solvent, there are also
additives that contribute to the composition of the SEI and CEIl formed on the electrodes. [18, 19, 24,
26, 29] Examples of commonly used additives in electrolytes for lithium-ion batteries are fluoroethylene
carbonate (FEC) and vinylene carbonate (VC) [7, 41]. Especially the composition and morphology of the
SEl is crucial as it must render the film permeable for the cations but blocking for electrons. The film
may further not be dissolved by the electrolyte and needs to maintain the contact to the electrode even
upon the volume changes occurring during operation. [19] Apart from the desired initial reactions at the
electrode surfaces to form the SEI and CEl layers, typically no further reactions of the electrolyte with any
components of the cell are desired [7, 19, 23, 25, 26, 28-31]. Another important aspect in this context is
the so-called electrochemical stability window of the electrolyte as it defines the voltage range, in which
the electrolyte is not involved in oxidation or reduction reactions. The electrochemical stability window
therefore limits the potentials at the electrodes that may occur in a cell using the respective electrolyte. [19]
In the light of efficient charge transfer, the electrolyte further needs to properly wet the separator and the
electrodes [18, 19, 31] to ensure sufficient contact for charge transfer.

On cell level, the effect of the electrolyte on the energy density of a cell also needs to be considered [30].
This term can either refer to the amount of energy that can be withdrawn from a battery relative to its
volume or it can report the energy relative to the mass of the battery. The latter is preferably referred to
as specific energy. [4] Although the theoretical energy density is defined by the electrode materials, the
energy density achieved in practice is influenced by the amount of electrolyte added to the cell, among
other factors [30]. Reducing the amount of electrolyte added to a cell results in a higher energy density
due to less added mass [30, 42]. The contribution to the mass of the cell by a certain volume of electrolyte,
is determined by its density. Hence, in applications, where the energy density of the battery is of interest, a
low density of the electrolyte while maintaining its other performance characteristics is beneficial. Further,
the density correlates with the viscosity of liquid electrolytes based on organic solvents [13]. Besides these
technical requirements, safety aspects such as toxicity and flammability of the used materials influence
the design of electrolyte systems [6, 18, 19, 23-25, 28, 30]. For the successful commercialisation of novel
electrolyte solutions, it is further important for the material to be cost-effective [6, 19, 23, 25, 26, 28, 30].

Electrolytes based on organic solvents suffer from their inherent flammability [18, 24, 30]. Hence, research
efforts include the optimisation of solvent based electrolytes alongside the investigation of alternative elec-
trolyte systems such as ionic liquids, polymer or solid electrolytes [6, 18, 28]. This work focuses on liquid
electrolytes based on organic solvents since they are currently widely used in lithium-ion batteries [6]
and also relevant in the research of emerging post-lithium systems [7, 43]. Further, electrolytes of this
class show high ionic conductivity and provide good contact with the electrodes. The facile adjustment
of their formulation for different choices of electrodes is an additional advantage. [6] Therefore, this type
of electrolytes is still a part of active research geared towards improved formulations enabling enhanced
performance [5, 18, 24, 26, 44—46].

As mentioned previously, the established liquid electrolyte solutions are composed of a lithium salt dis-
solved in organic solvents [6, 7, 18, 19, 26, 28]. The solvents are frequently mixtures of a large amount of



one solvent and additions of a co-solvent to maximise the dielectric constant, which is relevant for the dis-
sociation of the salt, while maintaining reasonably low viscosity to reduce hindrance of the ion transport [7,
18, 19, 28]. A commonly used conducting salt is lithium hexafluorophosphate (LiPFg), which is often dis-
solved in a mixture of linear carbonates with low viscosity like ethyl methyl carbonate (EMC) or dimethy!
carbonate (DMC) with ethylene carbonate (EC) as a co-solvent due to its high dielectric constant [6, 7, 18,
19, 29]. This electrolyte system has several drawbacks, which are currently researched to be mitigated
or avoided. Among the main disadvantages are the instability of LiPFg at elevated temperatures and its
reactivity with water and other protic molecules [26, 29, 47, 48]. LiPFg forms phosphorus pentafiuoride
(PFs) and lithium fluoride (LiF) in an equilibrium reaction [19, 29, 47-50]

LiPFg = PFs + LiF 2.2}

that is intensified at elevated temperatures [19, 29]. The hydrogen fluoride (HF) formed upon further
reaction of PF5 in the presence of even traces of water according to the reaction suggested in literature [19,
29, 47-50]

PFs + H,O — 2HF + POF;, {2.3}

has toxic properties and attacks various materials within the cell [29, 47, 49, 51]. Since the above reactions
generate several gaseous products, the pressure inside the cell can be increased to dangerously high
values [19].

This situation motivates the investigation of alternative salts such as the lithium 4,5-dicyano-2-(trifluoro-
methyl)imidazolide (LiTDI), lithium 4,5-dicyano-2-(pentafluoroethyl)imidazolide (LiPDI), and lithium 4,5-
dicyano-2-(n-heptafluoropropyl)imidazolide (LiHDI) reported by Niedzicki et al. [52, 53] and reviewed by
Armand et al. [54]. Additionally, the properties of electrolytes containing two salts are explored [6, 18,
26]. For example, Yan et al. [55] recently published their findings on improved cycling performance of
cells using graphite and LiNiy gMn, ;Co, 10, (NMC811) electrodes upon the addition of lithium (difluo-
romethanesulfonyl)(trifluoromethanesulfonyl)imide (LIDFTFSI) to an electrolyte containing LiPF¢ dissolved
in a solvent composed of EC and EMC. They found that the addition of VC to the electrolyte system leads
to a more homogeneous CEl and SEI layer in this cell chemistry and further improves the behaviour dur-
ing cycling. [55] At the same time, the investigation of novel additives is ongoing. In recent research,
Wolke et al. [44] presented the novel additive benzo[d][1,3,2]dioxathiole 2,2-dioxide (DTDPh) and investi-
gated its effects in electrolytes based on LiPFg dissolved in EC:EMC (3:7 by weight) as a single additive
and in combination with VC. For their experiments, cells with LiNiO, (LNO) as the cathode and graphite
as the anode active material were used. They reported enhanced cycle life and accumulated energy upon
discharge compared to the reference electrolyte without additives if DTDPh is used as the only additive
in the electrolyte. [44] Wélke et al. [44] provided analysis indicating that decomposition products of DT-
DPh lead to a composition of the SEI and CEI that differs from the one formed without the additive. They
also mentioned that the combination of DTDPh and VC as additives achieved less favourable results [44].
Broszkiewicz et al. [46] investigated the suitability of LiHDI as an additive to improve the properties of the
formed SEI. They studied electrolytes containing LiTDI as the salt in a solvent composed of EC and DMC
with additives being either VC and FEC or different amounts of LiHDI. Compared to samples containing
VC and FEC additives, the samples using LiHDI instead were found to have higher ionic conductivity of
the electrolyte and improved capacity retention at 60 °C in coin cells using graphite and lithium iron phos-
phate (LiFePQ,) as electrodes with the LiFePO, limiting the capacity. [46] Although these are only a few
examples, they illustrate the continuing relevance of research in the field of electrolytes based on organic
solvents.

The elucidations in this chapter further illustrate the diversity of electrolyte systems and the requirements
they need to fulfil. Besides the bulk properties of the electrolytes, also their behaviour at the numerous
interfaces within the battery plays a significant role when designing electrolytes for high performance
batteries [30]. A study by Rahmanian et al. [5] showed, that there is no globally optimized formulation for an
electrolyte composed of LiPFg, EC, EMC, and propylene carbonate (PC) providing high ionic conductivity
across various temperatures. The composition of electrolytes is therefore typically tailored for the relevant



parameter range [6, 25], which usually requires a large number of experiments due to the numerous
components constituting a battery electrolyte and various parameters influencing its performance [7]. In
pursuit of a reduction of experiments required for such studies while deepening the understanding of the
investigated processes, automated and computational approaches such as those by Chen et al. [27] and
Yan et al. [45] are increasingly deployed.

2.3 Materials Acceleration Platforms (MAPSs)

Automation increasingly dominates various sectors of modern society. Equipment manufacturers progres-
sively offer application programming interfaces (APls) and software development kits (SDKs) enabling the
users to interact with the devices using a computer [56, 57]. This development allows to incorporate such
devices into computer-controlled workflows as was for example demonstrated by Rahmanian et al. [58].
Recent efforts in the automation of materials research are focused on MAPs as suggested by Aspuru-
Guzik and Persson [9]. According to Tom et al. [11], the concept is also referred to as SDLs in recent liter-
ature. These platforms combine automated experimental and computational capabilities and complement
them with artificial intelligence (Al) functionalities to guide the research process with the aim of shortening
the time for the development of novel materials [9-11, 59]. Further, a more efficient use of infrastructure
and devices is fostered in MAPs by ML-based planning of the experiments [11, 59]. At the same time,
the achievable repeatability is improved by the extensive automation of the involved processes [11, 60].
These aspects of automation allow the researchers to leave the technical execution of experiments or
computations to the MAP while focusing on generating or intensifying the understanding of the scientific
coherences [10, 59]. Although, the majority of data generated in modern laboratories are output in a digital
form, they are sometimes still read from screens to be subsequently processed and analysed in partially
manual procedures. MAPs that can handle the raw data formats output by the various connected modules,
significantly facilitate the data management and in parallel collect further metadata while performing their
tasks resulting in a more comprehensive documentation of the procedures [9-11, 58]. Since this meta-
data is also collected for procedures that do not finish successfully, valuable datapoints can be obtained,
which are currently rarely available but valuable for the training of ML models [9, 11, 61, 62]. Overall, the
reduced human effort to generate data can provide large, consistently formatted datasets like the ones
reported by Rahmanian et al. [63] or Nuss et al. [64] that can be used for the training of ML or Al models [9,
11]. An overarching goal for MAPs is the implementation of inverse design procedures, where a set of
predefined properties is provided and the MAP is charged with the task to find a material showing these
properties. The features of MAPs elucidated above enable researchers to deploy methods that would not
be available for them in a regular laboratory setting for example due to lack of equipment. This empowers
further parts of the research community to get involved in solving current research questions. [9, 10]

For MAPs to effectively improve the research process, they need to fulfil certain design criteria. A key
challenge in MAPs is to achieve a high degree of automation and autonomy while at the same time main-
taining flexibility and adaptability to varying research tasks [59, 65]. The human efforts and tasks related
to configuring and operating a MAP for a study must be minimised, because otherwise the MAP-approach
will be less efficient than conventionally performing the relevant procedures. In this context, it is important
to also consider manual preparations and subsequent work. [65] The necessary versatility of MAPs is
frequently achieved by modular designs, which for example enable the facile addition or removal of mod-
ules [9, 58, 59, 65]. Along with the modularity of the system comes the challenge of enabling efficient and
robust collaboration and communication between the modules [10, 65]. Therefore, standardised inter-
faces for the modules and defined structures for communication within a MAP are needed [9-11]. In this
context, Tom et al. [11] mention orchestrators such as the Hierarchical Experimental Laboratory Automa-
tion and Orchestration software (HELAQ) [58] or ChemOS [66, 67], to name only two of their examples,
that approach the topic of coordinating the activities of the instruments connected to a MAP. Additionally,
Tom et al. [11] note the development of ontologies in the field of MAPs that serve to communicate details



about the performed research. This is enabled by ontologies since they are, according to Clark et al. [68],
networks of interconnected concepts that enable machines to process the meaning of data. Consistent
and standardised data structures are further relevant when reporting the data generated by a MAP to open
databases like for example Zenodo [69] or the Materials Cloud Archive [70] as it facilitates the reusability
of the data and promotes findable, accessible, interoperable, reusable (FAIR) [71] data standards.

Besides the requirements that need to be fulfilled by the individual MAP, changes in the research envi-
ronment are needed. Due to the inherent multidisciplinarity of the development and operation of MAPs,
tight collaborations within the research community will be crucial to achieve further progress [9, 10]. An
even more profound issue is that programming and software development skills are often not included
in the curricula of natural scientists or engineers, but are typically needed in the field of MAP develop-
ment [10, 11, 59]. Ongoing efforts of incorporating these topics in the study plan need to be continued
and intensified.

In 2024, Hung et al. [72] and Tom et al. [11] presented classification systems to rank the automation
and autonomy of laboratories. Hung et al. [72] suggest six levels of autonomy ranging from 0 to 5 and
consciously refrain from separately considering hardware and software automation but suggest to assign
the levels in various categories associated with the research process. Tom ef al. [73] propose to assign
levels from 0 to 3 for software and hardware separately and subsequently deduce a level ranging from
0 to 5 for the SDL based on these. Hung et al. [72] and Tom et al. [11] both note that full automation of
the research processes in a laboratory may, however, not be desirable in all use cases for example due
to high requirements in versatility or safety concerns in laboratories commonly used by automated setups
and human researchers.

By the time this work commenced in 2021, Dave et al. [74] had recently published an autonomous study
performed with their automated experimentation platform coupled with a Bayesian optimiser that they had
developed. Their setup autonomously identified novel electrochemically stable aqueous electrolytes for
battery applications by preparing electrolyte formulations from stock solutions and measuring their ionic
conductivity alongside further electrochemical measurements and the pH value [74]. This publication
inspired the creation of the Autonomous Synthesis and Analysis of Battery Electrolytes (ASAB) system
presented in this thesis. Earlier work on automated and autonomous research setups includes the Chem-
puter by Steiner et al. [75] and the Artificial Chemist by Epps et al. [76] that can perform flow chemistry
experiments. Steiner et al. [75] additionally report an abstraction of chemical synthesis processes for
improved shareability and reproducibility of the procedures. In 2020, Burger et al. [77] reported a setup
consisting of a robotic arm on a mobile base that could move in a laboratory and autonomously perform
experiments in a very similar manner as a human researcher would do it. Moreover, software packages
enabling the orchestration of automated experimental setups were being developed at that time such as
HELAO [58] or had already been published like ChemOS [66]. Further software frameworks in the field
of computational research focused on data and workflow management such as the automated interactive
infrastructure and database for computational science (AiiDA) [78] or Globus [79, 80] were available and
continuously developed further. The domain ontology Battery Interface Ontology (BattINFO) for the elec-
trochemistry community was under development by Clark et al. [68, 81]. The above examples are not
exhaustive, but they illustrate that this work was started in an environment of vivid development of diverse
aspects of automated experimentation and data management. The experimental platforms were mostly
constrained to individual laboratories and MAPs at that time rarely included instruments and facilities
across different locations or institutions nor was it common to include automated and manual procedures
in a single MAP.

In the following years, Dave et al. [82] presented another closed-loop autonomous study using a differ-
ent automated experimentation setup connected to their Bayesian optimiser for the investigation of non-
aqueous battery electrolytes for lithium-ion batteries. Around the same time, Krishnamoorthy et al. [83]
reported an automated high-throughput setup for electrolyte screening that can handle liquid as well as



solid components to prepare electrolyte formulations for subsequent measurement of their ionic conduc-
tivity. This setup is capable of generating large datasets like the one used by Flores et al. [84] to in-
vestigate the influence of salt concentration and temperature on the ionic conductivity of electrolytes and
by Rahmanian et al. [5] for the optimisation of electrolyte formulations. The latter study demonstrated
the Modular and Autonomous Data Analysis Platform (MADAP) [85] designed for the automated analysis
of electrochemical data that was used with the version of the ASAB setup deployed in chapter 6.2 [14,
86] for the automated analysis of results obtained from electrochemical impedance spectroscopy (EIS)
measurements. Another application building on the large datasets generated using the setup reported
by Krishnamoorthy et al. [83] was recently communicated by Yan et al. [45], who presented their Liquid
Electrolyte Composition Analysis (LECA) package capable of creating workflows deploying a variety of ex-
isting ML packages to facilitate data analysis and model selection with the aim of generating more insights
from the obtained datasets. In parallel to these activites, Zhang et al. [41, 60] developed and presented
two versions of the Automatic Battery Assembly System (AutoBASS) robotic setup to demonstrate the
precision and repeatability of robotic coin cell assembly and its application in battery research. These
examples for the development in the field of automated and autonomous experimentation show the con-
tinued integration of experimental setups with ML functionalities and the further exploitation of the thus
achievable repeatability and acceleration. The ASAB setup described in the present thesis resembles the
examples of the flow setups presented above but is designed with a strong focus on versatility, modularity
and connectivity to MAPs in mind.

In parallel to the developments in the area of experimentation, improvements of orchestrators included for
example a new version of ChemOS reported by Sim et al. [67] and the publication of HELAO by Rahma-
nian et al. [58], who in this context demonstrated its capability to enable the operation of two devices in a
laboratory setting such that their results complement each other in the ML-guided optimisation of a math-
ematical function used to replace experimental results for the purpose of this demonstration. Expanding
the idea of the latter demonstration beyond an individual laboratory, the Fast Intention-Agnostic Learning
Server (FINALES) framework was designed as a central unit for communication connecting resources at
various geographically distributed locations [13, 14]. The initial demonstration of FINALES was published
in 2023 [13] and is included in this thesis in chapter 6.1. The result of the continued development of
FINALES is shown in chapter 6.2 and was published in 2024 [14] shortly after Strieth-Kalthoff ef al. [12]
communicated their design of a decentralised MAP demonstrated in a study identifying organic molecules
suitable for the use in lasers guided by a central Al unit.






3 Methods

3.1 Nuclear Magnetic Resonance Spectroscopy (NMR)

The NMR method is based on the interaction of nuclear spins with an external homogeneous magnetic field
overlaid with a second magnetic field. In the experiment, a homogeneous magnetic field By is applied
across the sample in z-direction. [38] As a consequence of the applied field, the spins in the sample
reorient [38, 87]. From quantum mechanics it is known, that the spins orient in a way that makes the
z-component of their angular momentum, P,, a half-integer or integer multiple of the reduced Planck
constant, h = % [38]. This results in a quantisation of the magnetisation along B, 12, described by [38]

frz =m -7y - h (3.1)

with the gyromagnetic ratio of the nucleus v and m being the magnetic quantum number. The quantisation
results in several possible orientations of the spin with respect to Bo. [38] The preferred orientation of the
spins along By gives rise to a net magnetisation of the sample, which in the classical picture is thought of
as being precessing around the direction of B, with the so-called Larmor frequency [38, 87]. The Larmor
frequency is expressed as [38]

vy = ‘l - By, (3.2)
2T

where vy, and By denote the Larmor frequency and the magnetic flux density, respectively [38]. Since
the gyromagnetic ratio is specific for a nucleus, the Larmor frequency is a characteristic measure for a
nucleus as long as its environment remains unchanged [87].

NMR experiments exploit transitions between different orientations of spins with respect to By, which are
associated with different energy levels [38, 87]. The relative occupation of two energy levels in thermal
equilibrium at a given absolute temperature T' in K is described by the Boltzmann statistics as [38]

Dhigh _ =iyt (3.3)
Niow
In equation 3.3, ny4, and ny,,, are the number of spins in the higher and lower energetic state, respec-
tively. AFE represents the energy difference between the states and kp is the Boltzmann constant. From
this it can be seen that the two energy levels are not occupied equally. Since the factor kg7 typically is
significantly higher than the energy difference between the states, the occupation of the lower energetic
state is marginally higher in the order of parts per million (ppm). [38] As a consequence of this difference
in occupation, the sum of the ., of all nuclei yields a resulting equilibrium magnetisation M, along the
z-axis, which is oriented parallel to By [38, 87]. A state, in which the occupation of both energy levels
is equilibrated is called saturated and no NMR signal is detected in this case [38]. In modern NMR ex-
periments, radio frequency pulses are used to excite transitions between the energy levels. The absolute
value of the frequency v of a photon able to excite a transition corresponds to the Larmor frequency of the
nucleus. [38, 87] Based on equation 3.2, the energy E;,.ton Of the photon required to trigger a transition
can be expressed as [38, 87]
Ephoton = h-vy =h-v- By, (3.4)

where h is the Planck constant. The slightly higher occupation of the lower energy level in equilibrium gives
rise to a predominance of absorption transitions, which leads to an NMR signal. From the elucidations
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Figure 3.1 (a) The 'H-NMR spectrum of an electrolyte containing LiPFg, EC and EMC. The data is used from [88].
Further analysis of the spectrum can be found in the second row of Table S5 in the Supporting Information
shown in chapter 6.2. (b) An excerpt of Pascal’s triangle, which is relevant when determining the multiplet
structure and the relative intensities of signals for nuclei with spin equal to % based on the number of
coupling nuclei [38]. The colours relate the multiplets in the spectrum to the applicable row in Pascal’s
triangle. (c) The molecules giving rise to the NMR signals in this example. The letters in bold assign the
signals in the spectrum to the relevant groups in the molecules.

above, the proportionality relation between the difference in the occupation of the energy levels and the
NMR signal intensity gets evident. This renders the signal also proportional to the concentration, which
determines the number of spins in the measured sample volume. Two specifically important pulses in
NMR experiments are the 90° pulse and the 180° pulse, which rotate the net magnetisation by 90° and
180° away from its equilibrium orientation, respectively. [38]

So far, this section described how NMR signals arise for different nuclei. NMR techniques also provide
information about the surrounding of the nuclei. Various shielding effects originating, for example from the
electronic structure around a nucleus, alter the effective magnetic field acting on the nucleus. This results
in different resonance frequencies and consequently in separated NMR signals for differently surrounded
nuclei. Additionally, neighbouring nuclei affect the resonance frequency observed in the spectra. [38] The
interaction among nuclei, which are close to each other, is called spin-spin coupling, scalar coupling or J-
coupling. The coupling can be thought of as arising from neighbouring spins influencing the effective field
at the position of the observed nucleus. [38, 87] Consequently, the resonance frequency of the observed
nucleus as per equation 3.2 is also affected by the state of the surrounding spins. These interactions
among the nuclei cause a fine structure in the spectra, meaning that not a single signal is observed, but it
splits up into multiplets. The number of signals in a multiplet depends on the number of chemically equiv-
alent nuclei coupling with the observed nucleus. [38] The separation between the signals in a multiplet
is designated by the coupling constant J [38, 87]. This quantity is reported in the unit Hz, because of its
independence from the magnetic field strength By [38, 87]. The number of signals and the ratio of their
intensities within a multiplet can be obtained from Pascal’s triangle [38]. Figure 3.1 shows the relation
between Pascal’s triangle and a 'H-NMR spectrum of an electrolyte containing LiPFg, EC and EMC with a
molar ratio of EC:EMC of approximately 1.11. Further details can be found in the second row of Table S5
in the Supporting Information included in chapter 6.2.
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The quantity, which is actually measured during the experiment, is the voltage induced in a receiver coil
mounted along the y-axis. The voltage in this coil is induced by the transversal component of the macro-
scopic magnetisation, M,,. [38, 87] It shows a periodic time dependence with a decreasing amplitude due
to transverse relaxation [87]. The recorded signal is therefore called a free induction decay (FID). The
commonly reported spectra in the frequency domain are obtained from the FID by application of a Fourier
transform. [38, 87] Usually, the reported spectra use the so-called chemical shift § as their z-axis, which is
a scale relative to a reference. For organic molecules, mostly tetramethylsilane (TMS) is used as a refer-
ence. This substance may be added to the sample as an internal standard or kept separate as an external
standard but still measured together with the sample. [38] The dependency of the resonance frequency
on the field strength as shown in equation 3.2 necessitates the use of a relative scale, if measurements
using various magnetic field strengths By are to be compared [38, 87]. The definition of the chemical shift
is [38]

V — Vref

5= (3.5)

Uref
It can be seen, that equation 3.5 relates the resonance frequency v of the observed nucleus in the molecule
of interest and the resonance frequency of the same type of nucleus in the reference substance v.
Chemical shifts are usually given in ppm with the chemical shift of the reference substance being consid-
ered to be 0 ppm. [38, 87]

To record high resolution NMR spectra, the B field needs to be very sable and well-defined [89]. The
stability of the B, field is improved by using a lock signal [87, 89], which is monitored by an additional NMR
experiment running on a separate channel of the instrument, typically measuring the signal of deuterium
oxide (D,0) used as a lock solvent [89]. A feedback loop adjusts the current in a coil such, that the reso-
nance frequency of the lock signal remains unchanged [87]. Just as mentioned before for the reference
compound, the lock solvent may be internal or external to the sample [89].

In this thesis, NMR spectra serve to analyse the formulated electrolytes regarding their composition and
self-diffusion coefficients. Information about the composition allows inferences about the accuracy of the
sample preparation, which is of specific interest in the case of samples prepared in an automated manner.
The investigation of the composition relies on the direct proportionality of the integral of NMR signals to
the number of nuclei contributing to the signal observed under ideal conditions [89-91]. This relation can
be used to determine numerical proportions of molecules by analysing their respective signals [89—-91].
After recording a regular FID, the spectrum must be thoroughly phased and baseline corrected to ensure
proper integration of the signals. The values of the integrals subsequently need to be normalised by the
number of contributing nuclei prior to calculating their ratio. The thus obtained ratio provides information
about the relative amount of the respective nuclei present in the sample. [89] The pulse sequence used
for recording an FID, which can be used for this analysis, is shown in Figure 3.2.

acquisition

Figure 3.2 The pulse sequence of a regular FID, which can be used to analyse the composition of samples. The
durations are not to scale. Based on [89].
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Figure 3.3 The pulse sequence used in a PGSE experiment. The durations are not to scale. Based on [89].

The determination of self-diffusion coefficients in liquid samples is possible with NMR using the pulsed
gradient spin echo (PGSE) method [89]. The pulse sequence applied during a PGSE experiment is shown
in Figure 3.3. After the 90° pulse created a transversal magnetisation, the first gradient pulse G1 marks
the nuclei according to their position within the gradient field [89]. This is possible due to the dependence
of the Larmor frequency on the local magnetic field as can be extracted from equation 3.2 [38]. The
additionally applied field of the gradient pulse oriented parallel to B, with its strength depending linearly
on the z-position in the sample volume therefore alters the Larmor frequency depending on the location of
the respective spin in the magnetic field [38]. After allowing for diffusion during the time A and inversion
of the transversal magnetisation by the 180° pulse, the second gradient pulse G2 reverts the effect of
(1 resulting in a coalescence of the transversal magnetisations giving rise to a spin echo measured in
the detector coil. However, the coalescence is only complete for those spins, which did not change their
z-position during the time period A. For spins, which diffused in the z-direction, the echo signal will have
a reduced intensity I compared to their intensity in the homogeneous field I [38, 89]. The reduction of
intensity can be used to determine diffusion coefficients [38]. Self-diffusion coefficients D are obtained
from the measured intensities of the signals according to [89, 92]

I
In <G> =—2.8%2.G2. (A - 5) -D. (3.6)
Iy 3

In equation 3.6, ~ represents the gyromagnetic ratio of the observed nucleus, § is the duration of the
gradient pulses, and G denotes the applied gradient strength [89]. Based on equation 3.6, the self-
diffusion coefficient D can be obtained from the slope of In(Ig/Iy) versus G2 [89] or In(Ig/1y) ver-
sus v25%2G? (A — (6/3)). To minimise effects of J-coupling between nuclei of the same type on the
phase of spectra recorded with the PGSE method, Torres, Zheng and Price [93] developed so-called
J-compensated pulse sequences. The one they identified as the most effective includes two subsequent
PGSE pulse sequences with the time for diffusion being reduced to A/2 and the 90° and 180° follow-
ing shorter after each other. They called this pulse sequence J-compensated pulsed gradient spin echo
(J-PGSE). [93]

In this work an Oxford Instruments X-Pulse (Oxford Instruments plc, United Kingdom) benchtop NMR
device is used. The NMR spectra can be recorded in a conventional setup by manually inserting glass
tubes into the probe or a flow-through configuration shown in Figure 4.3a can be used, in which a flu-
orinated ethylene propylene (FEP) tube is fed through the bore of the probe. The latter setting allows
to automatically supply samples to the NMR and perform measurements using the external D,O-lock of
the used device. In either setting the measurements are to be triggered manually. Due to the partially
automated handling of the samples and possible effects on the self-diffusion coefficients, the addition of
a reference substance and a deuterated lock solvent were omitted in this work. Instead, the spectra were
recorded using either the digital or the external lock provided with the instrument. Due to the lack of a
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reference substance, the chemical shift of the signals could not be determined except for values saved
in the MestReNova [94] (Mestrelab Research S.L., Spain) software. Therefore, the assignment of the
signals was done by relying on the structures of the multiplets and the knowledge about the compounds
contained in the samples [95].

3.2 Electrochemical Impedance Spectroscopy (EIS)

In the analysis of electrochemical systems like batteries, the electrochemical impedance spectroscopy
(EIS) enables the investigation of processes taking place at different rates. During an EIS measurement,
a periodic input signal of either voltage or current is applied to an electrochemical system in equilibrium
and the resulting output current or voltage signal is measured [96, 97]. The frequency of the input signal
is varied across several orders of magnitude during a measurement [96, 97] and the input signal may be
applied additional to a constant voltage or current, respectively [96]. Typically, measurements at high fre-
quencies are performed first with subsequent measurements using successively lower frequencies [97].
Figure 3.4a shows a schematic representation of an input voltage signal U (¢) and an output current signal
I(t) for a frequency w with a phase ¢ between the input and output signal. The measurement principle
relies on a linear and causal relation between the input and output signals [96—98]. Since real electro-
chemical systems typically deviate from linearity for larger perturbations, it is important to choose a low
amplitude for the input signal [96, 97]. Since the ratio of signal to noise decreases for lower amplitudes,
the amplitude must be chosen such that linearity is maintained while achieving a sufficiently high signal-
to-noise ratio [97, 98]. Furthermore, the properties of the system defining the response must be stable
over time [96, 97]. If these conditions are met, the output signal is related to the input signal via a so-
called transfer function [96, 98].

As indicated in the name of the method, the impedance of the system under study is the central property. It
represents the resistance, which the full system opposes to a current, and is a frequency-dependent com-
plex number [96]. It is typically denoted as Z = Z’ + iZ"”. The frequency-dependence of the impedance
enables the identification of processes in the investigated system based on their time constants. Since the
recorded impedance includes all the contributions present in the system, an equivalent electrical circuit
selected to represent the different contributions is fitted to the data. [96] An example of such an equivalent
circuit is depicted in Figure 3.4c. It can be composed of passive elements such as resistors, capacitors,
and inductors [98]. There is no unique equivalent circuit to represent a dataset, but usually several circuits
are able to fit the data [96, 97]. It is therefore crucial to select each component of the equivalent circuit
such that it can be related to a physical process in the system under investigation. Overly complex circuits
containing elements not related with a plausible process are to be avoided as they may result in a good
fit at the expense of scientific interpretability. [96] The values determined for the components included in
the equivalent circuit provide information about the processes taking place in the system [96], like e.g. the
resistivity and thus also the ionic conductivity of battery electrolytes, which is what this technique is used
for in this work.

For the analysis, Bode plots [99] and Nyquist plots [100] are commonly used to present the data [96]. A
Bode plot shows the logarithm of the module of the impedance log(|Z|) and the negative phase between
the input and output signal —¢ as a function of log(v), where v is the frequency of the applied input
signal [96, 98]. This plot provides information about a large range of frequencies while directly relating
the |Z| and ¢ to v [96]. The Nyquist plot presents the negative of the imaginary part —Z"” plotted against
the real part Z’ of the impedance [96]. A schematic of a Nyquist plot for a so-called Randles circuit [101]
is shown in Figure 3.4b. In this graph, w represents the angular frequency of the input signal [96]. The
resistor R.; and the capacitor Cy connected in parallel in Figure 3.4c cause the Nyquist plot to include
a semicircle. The distance between the onset point of the semicircle and the origin of the plot is defined
by the resistor R.. For lower frequencies (i.e. towards the right side of Figure 3.4b), the impedance
Zw shows its effect. The impedance response of this equivalent circuit is typical for electrochemical
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Figure 3.4 (a) A schematic representation of an applied periodic input voltage U (¢) and an output current I(¢) with
a phase shift ¢. (b) A schematic depiction of a Nyquist plot for an impedance response obtained from a
Randles circuit and (c) a representation of a Randles circuit. Schematics based on [96].

systems including an electrochemical reaction [96]. Such systems are therefore frequently represented
using this circuit with the resistor R, representing the electrolyte resistance, the Cy being assigned to
the capacitance of the electrical double layer forming at the electrodes, and the additional resistor R
associated with the resistance of charge transfer between the electrochemically active species and the
electrode [96, 98]. Randles [101] used a capacitor combined in series with a resistor to model the chemical
reaction. In today’s literature, this is replaced by R.; combined with the impedance element Zy instead
with the latter accounting for the resistance due to mass transfer [96, 98]. Pure capacitive behaviour
should result in a phase of ¢ = —90° between the input and output signal [96]. In situations where this is
not the case due to non-idealities in the investigated system, constant phase elements (CPEs) are used
to model non-ideal capacitors [96]. Since the CPE makes some assumptions about the non-idealities of
the system, the interpretation of the obtained results is not straightforward in some systems [98].

The most frequently used experimental setup to perform EIS measurements includes three electrodes,
a working electrode (WE), a reference electrode (RE) and a counter electrode (CE). Under potentiostatic
control, the potential between the WE and RE is regulated to a constant value using a potentiostat while
the current passing through the CE is measured. [96] However, there is also the possibility to use a setup
comprising only two electrodes [96-98]. This setup is often deployed for the investigation of battery cells
because the use of a reference electrode is impractical for example due to poor accessibility [97]. In such
a setup, an auxiliary electrode combines the RE and CE of the three electrode setup [96, 98]. Due to this
double role of the auxiliary electrode, the control of the potential of the WE is not as accurate as in the
three electrode setup [96]. The impedance measured in a two-electrode setup includes contributions from
all the components and interfaces in between the electrodes [98]. Additionally, contributions of the wiring
used to connect all the components can influence the measurements in a two electrode setup [96].
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As described before, the resistance of the electrolyte R, is accessible from EIS data. The resistance is
related to the conductivity  via the distance between the electrodes d and their area A according to [98]

1 d

H:EZ

(8.7)
For a specific measuring cell, d and A are fixed and can therefore be summarised in a so-called cell con-
stant, which can be determined from calibration with a sample of known conductivity [102]. The equation
to determine the ionic conductivity of electrolytes in this work thus reads

Ceell
= 3.8
w= (3.8

with the cell constant ¢y [95, 102].

EIS was performed in this work using a two electrode setup with two blocking stainless steel electrodes
under potentiostatic control. Details about the calibration procedure, the determined cell constant and
photos of the used electrochemical cell are given in the Figures Sl-5a and SI-5b in section 2.2 of the
Supporting information in chapter 6.2. [14]

3.3 Densimetry

The field of densimetry of liquids provides a variety of methods for the measurement of the density of
fluids [103]. Among these methods is the vibrating tube densimetry (VTD), which is based on the mass
dependence of an oscillator’'s resonance frequency [103-106]. Kratky, Leopold, and Stabinger announced
a densimeter device based on the VTD method in 1967 [107] and reported about it in subsequent pub-
lications [104—106, 108]. The concept suggested by Kratky, Leopold, and Stabinger is still applied in
densimeters used today. Modern vibrating tube densimeters consist of a U-shaped glass tube with the
open ends mounted to a heavy component acting as a counter mass minimizing influences from the device
during the vibration of the tube [103, 109]. The tube typically has an outer diameter of a few millimetres
and a length in the range of centimetres resulting in a small sample volume required for the measure-
ment [109]. The vibration of the tube is created by a drive element and the vibration period is recorded by
a pick-up element, for both of which various operation principles exist [103]. A frequently applied concept
uses a set of a permanent magnets attached to the tube and an electromagnetic coil to generate the vibra-
tion and another set of these components for detecting the vibration and determining the frequency [109].
During the measurement, the vibration frequency generated by the drive element is varied until it matches
the resonance frequency of the tube. The tube is typically surrounded by a gas to minimize the friction
for the vibrating tube. Further, sensors for temperature and pressure are included in the setup as these
parameters are crucial to be stable during the measurement. [103] For precise measurements, variations
in temperature should not exceed 0.01 K [103—105], while pressure needs to be controlled with a pre-
cision of 0.01 MPa [103]. The duration of the vibration is essential for an accurate determination of the
density [103], because a sufficient number of vibration periods needs to be evaluated [103, 109].

The VTD method is based on the dependency of the vibration period in resonance from the density of the
sample [103]. The measured quantity is the voltage induced in the pick-up coil [108], from which the period
of the vibration under resonance conditions is determined, which in turn acts as an indirect measure of
the density [103]. The density of the sample pg.mple Can be determined according to [103, 109]

K 2 Mtube

_ K , 3.9
Psample 47r2‘/tube ! Viube (39)

with myuhe and Vigne representing the mass and the volume of the empty tube, respectively, while K is
the spring constant assigned to the tube in the spring-mass-model applied, and 7 denoting the period
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of the vibration [103]. For an undamped oscillator, the resonance frequency is obtained according to
equation 3.10 [103, 108]
Wres = 2T fres = 5 (3.10)
m
with wyes being the angular resonance frequency and f..s the resonance frequency of the vibrating tube
and m = Mgample + Miube representing the mass of the tube filled with the sample [103, 108]. Since the
damping must be counteracted by the excitation of the vibration, the excitation frequency must equal the

resonance frequency wyes [103]. Combining equation 3.10 with the relation wyes = 27” gives [103, 108]

2 K
Wreg = =& = , (3.11)
T Msample T Mtube

Using the relation mgample = Psample * Viube introduces the density of the sample pgample @and allows to
rearrange equation 3.11 to give equation 3.9 [103].

Extracting a relation between pg.mple @and 7, equation 3.9 reduces to [103]

Psample = P1 ° T2 — D2 (312)

with the parameters p; and ps [103, 104]. Itis important to note, that p; and p are functions of temperature
and pressure and can be determined from calibration of the system using standards, for which the density
at the temperature and pressure of interest is known [103, 109]. The range of densities used for calibration
should include the sample density as extrapolations can lead to errors in the measured density due to 72
not being perfectly proportional to p across large ranges of p [103].

Another important aspect when aiming for precise density measurements is the cleanliness of the sample
tube since residues affect the resonance frequency resulting in an erroneous determination of the sample’s
density. In case of residues, which cannot be removed, they must be accounted for by repeated calibration.
Further, the formation of gas bubbles within the sample volume must be avoided when filling the measuring
cell, because these hinder a reliable determination of the vibration period. [108]

The DMA 4100 (Anton Paar GmbH, Graz, Autria) densimeter used in this work is based on the working
principle described above and applies several advancements regarding the measurement [110, 111] and
instrumentation [112, 113]. The calibration of the instrument is performed manually by detaching it from the
ASAB system and hence the inert atmosphere of the glovebox. Subsequently, the calibration procedure
as suggested by the manufacturer using water as a calibration liquid can be used. After draining the water
from the measuring cell and careful drying using the air pump internal to the instrument, the preparations
are finished by reconnecting the tubes. In the latest version of the ASAB setup, the draining of samples
during the autonomous operation of the instrument is achieved by blowing pressurized nitrogen through
the sample tube for a predefined period of time. Since the samples within one study typically contain
the same components in varying ratios and the sample volume supplied for the measurements exceeds
the minimum amount needed, potentially remaining residues of previous samples are expected to be
drained by the subsequent sample or having a negligible effect on the resulting density values. Earlier
implementations, such as the one used in the publication included in section 6.1 [13], accomplished the
draining of the samples by pumping gas aspirated from the inert atmosphere of the glovebox to the syringe
pumps through the sample tube several times. This procedure was only able to drain the sample, but not
to dry the measuring cell. Hence, the subsequent sample had to drain the residues and their influence on
the density measurement had to be neglected. [13]

3.4 Viscometry

The viscosity is a property of fluids, which describes the capability to accommodate stress during defor-
mation [114]. It can also be thought of as the resistance, which needs to be overcome to make a liquid

18



flow [115]. Under laminar flow conditions, layers of liquid are thought to move relative to each other with a
gradient in velocity [116]. The viscosity can then be understood based on the friction between the layers of
liquid [117]. This approach leads to the definition of the dynamic viscosity n as the factor of proportionality
between the shear stress 7 and the shear rate 4 [114, 117]

T=n-7. (3.13)

Values of the dynamic viscosity are typically reported in units of mPas [114, 117].

Since a part of the force applied to the liquid is required to move the fluid rather than overcoming the
viscosity, the kinematic viscosity is defined as [117]

v=-, (3.14)
P

where p is the density of the fluid [117]. The kinematic viscosity is usually reported in units of mm? s~ [114,
117].

The dynamic and the kinematic viscosity depend on the pressure and the temperature of the fluid. Fluids,
for which the viscosity is additionally dependent on the shear rate are called non-Newtonian fluids. In
contrast, Newtonian fluids are characterized by their viscosity being independent of the applied shear
rate. [114] The following elucidations consider the laminar flow of Newtonian fluids.

For the measurement of viscosity, various methods are available. The method applied in this work is the
rolling ball viscometry, which was first suggested by Flowers [37]. The measuring setup is a variation of
the falling ball viscometer [117] after Hoppler [118].

In the falling ball viscometer, a ball is falling through a tube filled with the sample fluid [117]. Due to
the viscosity of the sample, the ball experiences a drag force, which can be described based on Stokes’
law [117, 119]

Fy = 6mnrv (3.15)

relating the drag force F4 with the dynamic viscosity n of the sample, the radius of the ball r and the velocity
ofthe ball v [117, 119]. For equation 3.15 to hold and the relation between F3 and v to be considered linear,
the movement of the ball needs to be sufficiently slow [118, 119]. Besides the drag force, the buoyant
force Fy, = §Tr7~3gp acts on the ball with density ppa11, Which is accelerated by the gravitational force
F, = %Wrggpban with g being the gravitational acceleration [117]. If a balance between the accelerating
force F, and the resisting forces Iy and Fj, is reached, the ball is not accelerated further and reaches its
terminal velocity [117], which can be expressed as [37, 117, 119]

2 —
Uterminal = 9 ’ ng : psamplein Phall . (3.16)

For an experimental setup, ppai, 7, and psample Can be determined and even chosen according to the range
of viscosities of interest [37, 117]. Hubbard and Brown [120] report a simplified version of equation 3.16

as

n:k.w (3.17)

Vterminal

with k being a parameter specific for the used setup [117, 120]. Due to the temperature dependence of
k [120], the temperature must be stable to 0.1 °C during the measurement [114]. The crucial influence of
temperature arises due to effects of thermal expansion of the ball and the tube [37, 120, 121], which may
affect the ratio of their diameters [120, 121]. Besides the temperature requirement, it is vital, that the ball
rolls through the tube in a uniform motion. Therefore, irregularities at the surface of the ball or the tube
must be minimised. [37]

In the falling and rolling ball viscometers, the time required by the ball to pass a defined measuring distance
in the sample fluid is measured [37, 117, 118]. From this measurement, the evaluation of the viscosity
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according to equation 3.17 is possible [37, 117, 120]. In the case of the rolling ball viscometer, the tube
filled with the sample is inclined compared to the vertical orientation in the falling ball viscometer [37, 117].
This change in the setup allows a facile adjustment of the accelerating force by selecting the inclination
angle of the tube [37]. It further allows for the tube to be inclined back and forth using the backward motion
as check or additional measurements [37, 117]. The use of only small sample volumes not exposed to
the laboratory environment is an additional advantage of this method [37].

The Lovis 2000 ME (Anton Paar GmbH, Graz, Autria) rolling ball microviscometer used in this work op-
erates accroding to the Héppler method [117]. Note that Héppler’s viscometer also includes a tilt of the
tube in a steep angle enabling the ball to roll along its inner wall [118]. It is attached to the DMA 4100
(Anton Paar GmbH, Graz, Autria) densimeter allowing for the direct measurement of the density in only
one filling. The measurements reported in the publication in section 6.1 [13] use a gold coated steel ball
1.5 mm in diameter with a density of 7.90 g cm™2 rolling through a tube with an inner diameter of 1.59 mm
made of borosilicate glass. The instrument is set to automatically choose an appropriate inclination angle
for each measurement. Calibrations and adjustments are performed by manually loading pure deionised
water into the instrument using a single-use syringe. Electrolyte samples are provided to the instrument
using the ASAB setup [13].

3.5 The Walden Plot

In the context of electrolytes, viscosity values combined with data for the ionic conductivity can be used to
qualitatively analyse the ionicity of the conducting salt in an electrolyte [122]. The ionicity can be quantified
as the value obtained when dividing the molar conductivity of an electrolyte solution determined in a
measurement by the value obtained from the Nernst-Einstein equation [40, 122, 123]. This interpretation
of ionicity assumes the aggregation of ions as the only cause for a reduction in ionic conductivity of the
electrolyte [123]. The Nernst-Einstein equation for a salt dissociating into two single-charged ions can be

expressed as [32, 40, 122, 123]
el

" kpT
with the molar conductivity A,,,, Faraday constant F', the Boltzmann constant kg, the elementary charge
e, temperature T and the diffusion coefficients of cations, D", and anions D, respectively [32, 40, 122,
123]. The Nernst-Einstein equation reported in 3.18 is in this form only valid for single-charged ions. In
the case of multivalent ions, the equivalent conductivity (conductivity per mole of charge) is to be used
instead of the molar conductivity. [32] The same is valid for the subsequent equations in this chapter.

A

-(D*+D7) (3.18)

The relation [124]
A?n “ Msoly = const. (3.19)

between the limiting molar conductivity A% and the viscosity of the solvent 7, found by Walden in
1906 [124] is usually referred to as the Walden rule [28, 125]. When initially deriving this relation, Wal-
den [124] assumed very low concentrations of the salt and variations only in the solvent for a fixed choice
of the salt. It is suitable for electrolytes, in which the ions move mostly independent of each other and no
distinct interactions with the solvent are present [28].

A variation of the Walden rule, which is referred to as the fractional Walden rule relates the molar conduc-
tivity A,,, and the viscosity of the electrolyte n [125-129]:

Apn® = const. 3.20
n

In equation 3.20, « is a parameter ranging between 0 and 1 [125, 127-129]. A value of « close to unity
indicates a correlation between the mobility of the ions and the viscosity of the electrolyte [128]. Deviations
from the unity slope indicate influences on conductivity additional to the effect of viscosity [130].
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Plots of the molar ionic conductivity of the electrolyte versus the inverse of the dynamic viscosity, also
called the fluidity [125] are commonly referred to as Walden plots [122, 125]. An example of such a plot
can be found in the publication included in chapter 5 [95]. Typically, a 0.01 moldm~3 aqueous KCI solution
is used as a reference [122, 131] assuming the salt being fully dissociated and both ions showing the
same mobility [125]. Often it is represented by a 45° line within the Walden plot choosing the units of the
molar conductivity as Scm?mol~! and those for the fluidity as P~' [125]. Although the choice of KCI as
a reference was criticised as being arbitrary and unsuitable especially in the context of ionic liquids [123,
132], itis still commonly used. The parameter « in equation 3.20 is the slope of the Walden plot [125, 128].
The non-ideality of the electrolyte can be quantified based on the offset from the ideal KCl line in y-direction,
AW, in the Walden plot [126, 128]. AW can be interpreted related to the degree of dissociation of the salt
in the electrolyte [125, 128]. The less dissociated the salt is, the further the electrolyte is located from the
ideal KCI line [128]. Electrolytes located in the bottom right half of the graph are interpreted as having a
lower ionicity meaning that the ions are not moving fully independently of each other [122] and the salt is not
fully dissociated or ions are otherwise not available for conductivity [128]. If an electrolyte is located in the
top left area of the Walden plot, it is referred to as showing superionic [31, 125] or superconductive [128]
behaviour indicating that mobility is not purely based on the vehicular mechanism describing the joint
motion of an ion and its solvation shell [133], but other transport mechanisms are active [31, 128].

A form of the Walden rule can be obtained by combining the Nernst-Einstein equation, given in equa-
tion 3.18, with the Stokes-Einstein equation shown in equation 2.2. Both of these equations involve the
Einstein relation reported in equation 2.1. [32] Assuming the diffusion coefficient D for a species defined
by the Stokes-Einstein equation and the Nernst-Einstein equation to be equal, leads in the case of single-
charged ions to the equation [32]

kT kT

= Ay 3.21
6T Nsolv NA62 " ( )

For a constant radius of the moving species, this results in the Walden rule (compare equation 3.19).
Deviations from the Nernst-Einstein equation occur for example for paired ions or in systems, where the
diffusion coefficient of the mobile species and the molar or equivalent conductivity show different behaviour
with changes in concentration. [32] Based on the above derivation, it can be understood that these aspects
also reason deviations from the ideal behaviour in the Walden plot.

Although, the Walden rule is frequently applied in the field of ionic liquids [122, 125, 126], there are also
studies employing it to qualitatively investigate various liquid electrolyte solutions [31, 131, 134—138]. The
publication presented in chapter 5 [95] includes a Walden plot analysis of ionic conductivity and viscosity
data of electrolyte systems for lithium ion batteries.
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4 The ASAB Setup

This section presents the ASAB setup, which was developed in the scope of this work for the au-
tomated and autonomous formulation and analysis of liquid battery electrolytes. The setup is not
published in a research article on its own, but its latest code is publicly available under the URL
https://github.com/Helge-Stein-Group/ASAB. Different stages of development and
modes of operation of the setup are a significant part of the publications presented in the sub-
sequent chapters. The NMR device included in the setup is used in the publication presented in
chapter 5 [95] and used again in chapter 6.2 [14]. Different stages of the setup operating in the au-
tonomous mode enabled the studies presented in the chapters 6.1 [13, 139] and 6.2 [14, 86, 140].
Therefore, the ASAB setup including its associated software is described in the following.

Monika Vogler presented this setup as part of a talk at the 2023 Spring Meeting of the European
Materials Research Society in Strasbourg, France in May 2023 (contributed talk 1317) and at the
11th International Workshop on Combinatorial Materials Science and Technology in Golden, Col-
orado, USA in September 2022 (contributed talk #5), and as part of a poster at the POLiS Annual
Conference 2024 in Karlsruhe, Germany in June 2024, and several presentations in the context of
the BIG-MAP project.

Contributions to the initial start-up phase of the setup by Lisa Schréder and to the inclusion of an
Arduino® board by Bojing Zhang are gratefully acknowledged.
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In this work, the hardware setup and software package constituting the Autonomous Synthesis and Anal-
ysis of Battery Electrolytes (ASAB) setup were developed and demonstrated. It serves to automatically or
autonomously formulate liquid electrolytes based on stock solutions, which can subsequently be automat-
ically characterised using various physicochemical and electrochemical methods or provided for the use
in other systems like the AutoBASS system [41, 60] for coin cell assembly [13, 14]. The ASAB setup is
designed to operate with minimal human intervention. The degree of automation achieved with the setup
in the course of this work allows researchers to focus on the design of new studies and the interpretation
of results while leaving the experimentation tasks to the device. Upon integration into MAPs, the auto-
mated operation of the ASAB setup enables fully autonomous research campaigns as is reported in the
publications presented in sections 6.1 [13] and 6.2 [14]. This section provides detailed information about
the ASAB hardware and software. A schematic representation of the ASAB setup including the connected
analysis hardware, software components and the connection to FINALES is shown in Figure 4.1. Details
about the different components and the operation will be provided in the respective subsections. Since
several versions of the used software were deployed during the course of this work, only the latest used
version of each software is referenced in this chapter.

conventional semi-automated autonomous
ASAB setup ASAB FINALES
) tenant
commercial . .
. drivers actions
interfaces

formulation unit

 datab ]
atabase

NMR
v

densimeter & viscometer
EIS
Arduino®

balance

ultraviolet visible spectroscopy
(UV-VIS)

heating & cooling

heating

Figure 4.1 A schematic overview of the ASAB setup including the connected modules with their respective com-
mercial interfaces on the left, the driver and action layers of the ASAB software package [140], the
ASAB tenant [86] and the respective configuration files labelled as config. The graphic also includes the
connection to FINALES [14, 141], which connects it to a MAP and provides an additional possibility to
interact with the setup. The arrows at the top indicate possible entry points for the interaction with the
ASAB setup depending on the mode of operation.

4.1 The hardware setup

The hardware of the ASAB setup comprises a formulation unit, a densimeter and viscometer unit, a bench-
top NMR device and a two-electrode electrochemical measuring cell [13, 14]. Additionally, units for heating
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and cooling of the electrolyte samples and a module for ultraviolet visible spectroscopy (UV-VIS) are at-
tached to the setup but not used in this work. The formulation unit, the electrochemical cell, the balance,
the heating and cooling as well as the UV-VIS modules are located within a nitrogen-filled glovebox [13,
14]. The densimeter, viscometer and the NMR instrument are located outside of the glovebox in the air
atmosphere and natural humidity of the laboratory and connected to the components inside the glovebox
via polytetrafluoroethylene (PTFE) tubes.

4.1.1 The formulation unit

The formulation unit shown in Figure 4.2 comprises six syringe pump modules of the type neMESYS low
pressure and ten Qmix V eleven-port rotary valve modules connected to a base module BASE 600 [13,
14]. Furthermore, a Qmix Q+ module for heating, a UV-VIS spectrometer module Qmix A and a Qmix Q-
heating and cooling module are attached to the formulation unit. The latter modules are not actively used
in the studies presented in this work. All the aforementioned modules are commercially available from
Cetoni GmbH (Korbussen, Germany), which also provides the software Cetoni Elements [142], which is
used in this work for manual control of the formulation unit. The CETONI SDK for Python [57], which
is also available from Cetoni GmbH (Korbussen, Germany), is used to interface the formulation unit us-
ing the Python programming language. To enable the detection of incomplete filling of the syringes, an
Entris Il balance (Sartorius Lab Instruments GmbH & Co. KG, Géttingen, Germany) is connected to the
setup and read via its serial interface. The formulation unit is further equipped with a connection to a
pressurised nitrogen line used for draining residues from the tubes and drying relevant parts of the fluid
paths. The connection to the nitrogen line is implemented using a solenoid valve LVM105R-5C2U-1-10-Q
(SMC Corporation, Japan) controlled by an Arduino® Uno (Arduino.cc) and an Arduino® 4 Relays Shield
(Arduino.cc). To respect the pressure limit of the valve, a pressure delimiter of the type AR20-FO1H-1-B
(SMC Corporation, Japan) reduces the gas pressure of the line to a maximum of 2.0 bar.
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Figure 4.2 The formulation unit of the ASAB setup comprising six syringe pump modules, ten eleven-port valve
modules, and additional modules for UV-VIS, heating and cooling on the left, which are not used in this
work. Further, the electrochemical measuring cell and the Arduino® with the associated solenoid valve
are shown. The Manifold used to merge the flows created by the pumps, the vials for the stock solutions
and the output vials are presented. Different versions of this setup were used in [13] and [14].
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All components of the ASAB setup are physically connected using PTFE tubes either with an inner di-
ameter of 0.3 mm and 1.6 mm outer diameter or 1.6 mm inner diameter and an outer diameter of 3.2 mm.
The thinner inner diameter tubing is predominantly used to reduce the volume of the tubing to a minimum.
Where larger volume of the tubes is advantageous or dead volume is not relevant, the tubing with the
larger inner diameter is used.

Each of the syringe pumps is connected to one of the stock solutions and can pump them at various flow
rates. To formulate a sample, the flow rate for each syringe pump needs to be set according to the volume
fraction of the respective stock solution in the sample [13, 14]. The thus generated flows are subsequently
merged in a nine-port manifold to obtain an electrolyte sample for analysis or transfer to other devices [13].
Check valves block dispensed fluids from being pressed back into the syringes, reservoirs or the gas line.
Samples for analysis by one of the instruments connected to the ASAB setup can directly be pumped to
the respective device [13, 14]. In case the formulated electrolyte shall be used for a different purpose, the
ASAB setup can output them in the output vials, where they can be collected by a human researcher [14].

4.1.2 The analysis instrumentation

The connected analysis instruments include a DMA 4100 (Anton Paar GmbH, Graz, Austria) densimeter
with an attached Lovis 2000 ME (Anton Paar GmbH, Graz, Austria) rolling ball microviscometer presented
in Figure 3B in the publication included in chapter 6.1 [13]. The latest software version of the DMA 4100
instrument used for this work is 2.98.22703.320. An ethernet connection includes the instrument into the
local network enabling it to be interfaced by the AP Connect software [143] (Anton Paar GmbH, Graz,
Austria).

Further, an Oxford Instruments X-Pulse (Oxford Instruments plc, United Kingdom) benchtop NMR instru-
ment equipped with an X-band probe including an external D,O-lock as shown in Figure 4.3a is connected
to the ASAB setup. The design of the Oxford Instruments X-Pulse includes the possibility for a flow-through
configuration, which allows to provide samples directly from the formulation unit to the measurement re-
gion of the NMR instrument. Figure 4.3b shows the 900 mm long FEP tube used to transport the samples
through the probe of the NMR instrument. The tube has an inner diameter of 3.2 mm (1/8 in) and an outer
diameter of 4.8 mm (3/16 in). Its ends are equipped with fittings to enable the connection to the formu-
lation unit. This setup is simple and yields reproducible results when combined with the external lock of
the probe. The NMR instrument is operated using the SpinFlow software [144] (Oxford Instruments plc,
United Kingdom). The processing and analysis of the recorded spectra in chapter 5 [13] and 6.2 [14] is
done using the software MestReNova [94] (Mestrelab Research S.L., Spain).

An in-house designed two-electrode electrochemical measuring cell shown in Figure Sl-5a in the publi-
cation included in chapter 6.2 [14] enables the electrochemical analysis of the formulated electrolytes. It
consists of a PTFE body with two stainless steel screws mounted as symmetrical electrodes on either
side of the measuring chamber. [14] To avoid excessive wear due to the contact between the PTFE and
stainless steel threads and to enable disassembly of the cell for cleaning purposes, the screws are fitted
and glued into fittings. To achieve a planar surface of the electrodes used in this work, the ends of the fit-
ted screws are sanded and subsequently polished with a 9 um polishing paste (MetaDi™ Monocrystalline
Diamond Suspension Qil based (Buehler, ITW Test & Measurement GmbH, Leinfelden-Echterdingen,
Germany)). Deviations from parallelism of the electrodes are included in the cell constant obtained via
calibration. The potentiostat controlling the electrochemical measurements is a PalmSens4 (PalmSens
B.V., Houten, Netherlands) [14]. Together with it, the software PSTrace [145] (PalmSens B.V., Houten,
Netherlands) is used. The software control is realized using the PalImSens SDK for Python [56] (Palm-
Sens B.V., Houten, Netherlands). The MADAP package in version 1.1.0 [85, 146] is used in this work
to automatically analyse data obtained from EIS measurements performed using the electrochemical cell
integrated with the ASAB setup. [14]
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Figure 4.3 (a) The flow-through configuration of the NMR instrument with the FEP tube installed in the probe of the
NMR magnet. The direction of the flow is indicated. (b) The FEP tube used to transport the sample
through the probe of the NMR instrument. The fittings and unions used to connect the tube to the ASAB
setup at either end are shown. Also, a drip protection is installed to hinder fluid from flowing along the
tube into the probe in case of leakage.

4.2 The software package

A ThinkCentre M720q (Lenovo (Deutschland) GmbH, Stuttgart, Deutschland) running Windows 10 Ed-
ucation (Microsoft Corporation, Redmond, USA) is used to develop and run the ASAB software [140].
The ASAB hardware and software follow a modular design, which enables the facile integration of new
experimental or analysis methods. The ASAB software package is implemented in the Python program-
ming language version 3.9 and implements a hierarchical architecture based on drivers and actions as
proven valuable in the HELAO framework [58] (latest version available at https://github.com/h
elgestein/helao-pub). The latest version of the ASAB software is available on GitHub https:
//github.com/Helge-Stein-Group/ASAB. The version v1.0.1 of the code used in the study pre-
sented in chapter 6.1 [13] can be found in [139] and the version v2.0.1 used in the publication presented
in chapter 6.2 [14] is published in [140]. By the year 2024, drivers and actions for the formulation unit, the
densimeter and viscometer, the PalmSens potentiostat for operating the electrochemical measuring cell,
the balance, and the Arduino® including the valve connected to it are implemented and demonstrated.
The drivers provide the basic functionality of the respective module, while the actions encapsulate these
functionalities in more complex tasks to simplify the usage [13].

The ASAB setup works with two configuration files, which render it flexible towards the research task at
hand. One of the configuration files specifies the software environment of the ASAB package defining
the directories of the various SDKs. The second configuration file determines parameters relevant for the
respective experiment like the total flow rate, the connections of tubes, edges and nodes and the provided
stock solutions among many more parameters. This second configuration file further offers settings to sim-
ulate the balance and Arduino® functionalities. These options are inspired by the respective functionality
offered in the commercial Cetoni Elements [142] software and are useful for testing purposes.

To facilitate the navigation through the network of tubing, valves and other components, the ASAB hard-
ware setup is represented as a directed graph [13] using the NetworkX [147] Python package and defining
the tubes as the edges. By assigning a dead volume to each of the tubes, it is possible to deploy the Di-
jkstra algorithm [148] as implemented in the NetworkX [147] package to determine the path between two
nodes, which has the minimum dead volume and is therefore preferred in most cases. Based on the tubing
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configuration and a dictionary relating nodes to positions of valves, the path found as a list of edges can
be used to switch the valves accordingly. This significantly facilitates the switching of the valves, which is a
very frequent task and performing it with manual control is very time consuming and error-prone. Further
features offered by the NetworkX [147] package are deployed in the ASAB software [140] for example in
the automated cleaning routine or the visualisation of the graph representing the hardware setup.

Besides the hardware functionalities, the ASAB framework is equipped with a logging capability to enable
trouble shooting and traceability of the processes executed by the setup [14]. Additional to the definition
of formulations in units of volume fractions, the ASAB setup also accepts molar fractions as the input and
transforms them to volume fractions prior to formulating the respective electrolyte. This is important to
allow for the integration into MAPs incorporating experimental and computational capabilities. The trans-
formation is necessary, because the ASAB setup controls the formulation based on the volumetric flow
rates of the used stock solutions and merges the flows to obtain the sample. This procedure corresponds
to a volumetric dosing of the stock solutions. [13, 14]

4.3 A typical experiment

In a typical experiment, the configuration of the hardware and the software is followed by the manual
preparation of the stock solutions required for the experiment. Up to five stock solutions and one cleaning
solvent can be connected to the syringe pump modules, because each syringe transports one solution.
The composition of the stock solutions must be chosen such that the chemical space of interest is acces-
sible while maintaining reasonably low viscosity of the stock solutions [13, 14]. The maximum tolerable
viscosity values depend on the hardware setup and especially the inner diameter of the tubing. Among
other parameters, the composition and density of the stock solutions must be provided in the configuration
file of the experiment to allow for the determination of the flow rates required to achieve the defined for-
mulations of the samples [14]. The ASAB software version 2.0.1 [140] is able to process specifications of
formulations given in mole fractions of chemical components or volume fractions of stock solutions. Once
these preparations are done, the experimental procedure can be defined in a script. It typically involves
the formulation of a sample based on a given composition. When starting the ASAB system with empty
syringes, they are in a first step filled with their respective stock solution [13]. In this process, the the stock
solution is iteratively aspirated and dispensed to the waste container on the balance. Once the balance
reading increases for a predefined number of readings, it is assumed that no more gas is contained in
the syringe and it is consequently completely filled with the stock solution. After filling the syringes, the
formulation process starts by setting the volume flows of the stock solutions [13, 14]. The flows generated
by the syringe pumps are merged in a manifold and the formulated sample may subsequently be output to
a specified node for further use, e.g. in the assembly of coin cells using the AutoBASS [41, 60] system, or
supplied to one of the connected analysis instruments. For density and viscosity or EIS measurements,
the ASAB setup can automatically trigger the measurement and retrieve the data. [13, 14] In the case
of EIS data, the MADAP package [85, 146] can be deployed to fully automatically analyse the raw data
and obtain the ionic conductivity of the sample [14]. The raw data and the processed data are saved
locally on the machine running the ASAB package in a directory configured by the user. Subsequent to
a measurement, the sample can be drained from the measuring instrument by pumping gas aspirated
from the ambient of the formulation unit through the device, which is usually followed by an intermedi-
ate cleaning using the cleaning solvent and subsequent draining of the solvent and drying using ambient
gas [13] or pressurised gas. After the last measurement, the setup can run an automatic cleaning routine
using cleaning solvent, ambient gas or the pressurised gas to remove residues of the samples and avoid
damage to the equipment. If controlled manually, the cleaning of the device and all of its components
takes several hours. Therefore, the automation saves a significant amount of human labour although the
last residues need to be manually removed from the syringes. In case the ASAB setup encounters an
error during operation or the operator cancels the execution of the experiment, the setup stops all pumps
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and exits the procedure. This is essential since the setup otherwise finishes a pumping step although the
ASAB software is no longer responsive, which is critical in case the operator has to stop the setup due to
leakage or similar issues.

4.4 Modes of operation

The degree of automation achieved with the setup and software version 2.0.1 [140] enables three modes
of operation for the setup. The first option is to use the manufacturer’s software to operate the setup and
the associated instruments individually with manual control. This mode of operation is referred to as the
conventional mode of operation in this thesis and it is deployed in the study presented in chapter 5 [95].
A similar way of operation can be achieved by scripting the experiment and executing the code in a step-
by-step manner in the command line. Further, it is possible to choose a semi-automated approach by
creating a script for an experiment defining a single formulation, executing it, and subsequently altering
the script to define the next experiment. Of course, the script can also be designed to include a predefined
list of formulations to process. Eventually, there is the fully autonomous mode of operation not relying on
predefined formulations. In this mode, an ML model or a human researcher provides the definition of the
formulation and the results output from the ASAB setup may be directly processed to identify a promising
follow-up formulation. This last mode of operation using an ML model to guide the process is demonstrated
in the publications shown in the chapters 6.1 [13], deploying the density and viscosity measurement capa-
bilities of the ASAB setup, and 6.2 [14], making use of the two-electrode electrochemical measuring cell
to determine the ionic conductivity.

4.5 The connection to FINALES

For the connection to the FINALES framework [13, 14, 141, 149], a so-called tenant is created, which
serves as an interface between the ASAB setup and an instance of FINALES. The code of version 1.0.1
of the tenant used in the publication included in chapter 6.2 can be found in [86]. The tenant establishes
an interface to FINALES and manages the login and status updates for pulled requests. It further can
transform the requests collected from FINALES into the inputs required by the ASAB setup. Once a
request is processed and results are available, it assigns a quality rating (for details see chapters 6.1 [13]
and 6.2 [14]), formats the results according to the structures imposed by FINALES and posts the result. [13,
14] Just as the ASAB setup, the tenant is also configurable to be able to connect to different instances
of FINALES running on different IP addresses and ports [14]. Additionally, the software versions of the
FINALES [141], FINALES schemas [150], MADAP [85], and ASAB [140] packages can be provided in the
configuration file for documentation purposes. In the study presented in chapter 6.2 [14], this was done
by specifying the branch and the identifier of the relevant commit in the respective GitHub repositories,
because this also enables traceability of local changes that do not correspond to a release. Furthermore,
the configuration allows to define a time, at which the setup will stop checking FINALES for new requests.
This functionality may be used to respect the working hours of the operator or introduce maintenance
intervals e.g. to refill the stock solutions or empty waste containers.

Since the software for the ASAB tenant [86] is fully separate from the software required to run the ASAB
setup [140] itself, the tenant can be stopped at any time to use the ASAB setup with another instance of
FINALES or switching to one of the other modes of operation.
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5 Investigation of Hlickel-type conducting salts for
battery electrolytes

This section presents the publication [95]

A. Szczesna-Chrzan, M. Vogler, P. Yan, G. Z. Zukowska, C. Wélke, A. Ostrowska, S. Szy-
manska, M. Marcinek, M. Winter, I. Cekic-Laskovic, W. Wieczorek, and H. S. Stein, “lonic
conductivity, viscosity, and self-diffusion coefficients of novel imidazole salts for lithium-ion
battery electrolytes,” Journal of Materials Chemistry A, vol. 11, no. 25, pp. 13483-13492,
2023. poi: 10.1039/d3ta01217d

submitted in February 2023 and published after peer-review in May 2023. The open access publi-
cation is available under the terms of the Creative Commons Attribution 3.0 Unported (CC BY 3.0)
(https://creativecommons.org/licenses/by/3.0/) license.

Monika Vogler presented this work online in a virtual poster at the 16th International conference on
materials chemistry (MC16) in Dublin, Ireland in July 2023 (poster ID: mc16.01e0039), in a poster
at the annual project meeting of the BIG-MAP project in Brussels, Belgium in October 2023 and
partially in a poster at the POLiS Annual Conference 2024 in Karlsruhe, Germany in June 2024.

Author contributions

The following author contributions are given as a literal quotation from [95]:

"AS planned, performed and analyzed conductivity measurements; PY planned, conducted and
analyzed the viscosity and conductivity measurements; MV planned, conducted and analyzed J-
PGSE NMR measurements; GZZ planned and performed NMR, IR and FTIR measurements and
analyzed the results; AO and SS synthesized the Hickel-type salts; AS, PY, MV and HSS wrote the
initial manuscript; CW, ICL, WW, MW, and HSS revised the manuscript. AS, MV and PY contributed
equally.”

For information regarding the reprint permission see Annex A.1.
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In this publication, we present a comprehensive analysis of ionic conductivity, viscosity and anionic self-
diffusion coefficients of battery electrolytes using novel Hiickel-type salts that among other advantages
can be synthesised in a single-stage process [52, 54] and tolerate moisture [53, 54]. The salts under
investigation were LiTDI, LiPDI, and LiHDI, which differ in the length of their perfluorinated alkyl side chain.
LiPFg served as a reference. Electrolyte solutions with various salt concentrations were investigated using
a mixed solvent containing EC:EMC in a weight ratio of 3:7. [95]

The ionicity of the Huickel-type salts are found to be lower than that of LiPFg and the viscosity-dependence
of the ionic motion is the least in the reference electrolytes. The strongest influence of viscosity is found
for LiTDI, which might indicate a stronger aggregation of the ionic species in electrolytes using LiTDI com-
pared to those containing the other salts investigated in this study. As expected, electrolytes with higher
salt concentration are observed to show higher viscosity than their more dilute counterparts. Unsurpris-
ingly, the increased viscosity is found to correlate with decreased self-diffusion coefficients of the anions in
the respective electrolytes. Among the samples containing Huckel-type salts, the highest ionic conductiv-
ity is found for electrolytes containing LiPDI. These observations together with spectroscopic findings hint
towards different solvation structures in the electrolytes based on Hilckel-type salts compared to those
using LiPFg and suggest possible differences in the aggregation of the ions depending on the conducting
salt used. [95]

By the time the work for this study took place, the initial installation of the hardware components and the
implementation of the software for the ASAB setup was in progress. Therefore, the entirety of the ASAB
setup could not yet be used in its automated mode of operation. However, the modularity of the ASAB setup
enabled the use of the NMR device in its conventional mode of operation without impairing the installation
and automation of the other components. In this way, the author of this work performed J-PGSE NMR
measurements and analysed the data to determine the anionic self-diffusion coefficients [95]. Performing
the experiments for this study by deploying the conventional mode of operation allowed the author of
this thesis to become accustomed to the electrolyte formulation process and the use of the NMR device.
Alongside the experiments performed in contribution to this publication, first trials with the densimeter and
viscometer devices were performed. The experience gained from manually performing the relevant tasks
enabled the conceptualisation of a workflow for the performed tasks that was beneficial for the automation
of the processes and their connection to the ASAB setup. In the context of the publication presented
in this chapter, the author further contributed to the overall interpretation of the results gathered in this
study [95].

The remainder of this chapter shows a reprint of [95] and the corresponding Supplementary Information.
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Lithium-ion battery performance and longevity depend critically on the conducting salt utilized in the electrolyte.
With new avenues for multifunctional integration and optimization of functional properties, conducting salts
beyond lithium hexafluorophosphate (LiPFg) need to be studied. Herein we elucidate on viscosity, ionicity,
anion self-diffusion and ionic conductivity through variation of the length of the perfluoroalkyl side chain
present in the anions of the used lithium imidazole salts. Specifically, we study LiPFg in comparison with
(LITDI),
imidazolide (LiPDI), and lithium 4,5-dicyano-2-(n-heptafluoropropyl)imidazolide (LiHDI). We find that the ion
mobility of LiPFe depends the least on viscosity and its ionicity is the highest among the electrolytes
investigated here. LiTDI shows the strongest correlation between ion mobility and viscosity and the lowest
ionicity. LiPDI and LiHDI range between these two regarding their ionicity and the correlation of mobility with

lithium  4,5-dicyano-2-(trifluoromethyl)imidazolide lithium  4,5-dicyano-2-(pentafluoroethyl)

viscosity. The previously rarely studied anion self-diffusion coefficients exhibit a strong correlation with

rsc.li/materials-a

Introduction

Liquid battery electrolytes fulfill a multitude of functional prop-
erties, like high ionic conductivity,"* the formation of an effective
solid electrolyte interphase (SEI),® low viscosity at low tempera-
tures, flame inhibition, overcharge protection, dendrite preven-
tion** and others. Tailoring of the conductivity is for instance
performed through controlled variation of the formulation like
adjustment of the solvent to co-solvent ratio® and conducting salt
concentration. The governing factor for electrolyte conductivity is
the chemical nature and the concentration of the conducting
salt, following newly discovered and well established theories.”®
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viscosity as it was to be expected. Differences between the LiTDI, LiPDI and LiHDI salts are minute.

Through modern machine learning applications, it is even
possible to predict the optimal electrolyte formulation at various
temperatures for commonly used organic carbonate-based
solvents and co-solvents such as ethylene carbonate (EC),
propylene carbonate (PC), ethyl methyl carbonate (EMC) and the
state-of-the art lithium conducting salt lithium hexa-
fluorophosphate (LiPF¢).> The outstanding electrochemical
stability and thus resulting longevity of cell chemistries con-
taining LiPF¢-based electrolytes have made it a widely studied
system.”>'® However, thermally unstable LiPFs can decompose
and lead to the formation of hydrofluoric acid (HF), which can
initiate harmful processes that jeopardize the overall perfor-
mance and safety of a battery."* Recently there has been an
increased interest in studying other, non-phosphorous contain-
ing salts, which, among other benefits, are often more stable
against hydrolysis.>*® For example, the presence of lithium 4,5-
dicyano-2-(trifluoromethyl)imidazolide (LiTDI) prolongs the life-
time of the cell by stabilizing LiPFe-based electrolytes due to its
HF and H,O scavenging ability.>'® Further, LiTDI improves the
SEI stability formed with conventional organic carbonates or
film-forming additives like fluoroethylene carbonate (FEC) or
vinylene carbonate (VC).*° For example, metallic lithium anodes
could benefit from different solvation characteristics® while
silicon-graphite anodes could benefit from lower viscosity of
highly concentrated salts at low temperatures.'>*® In addition, the
LiTDI is reported to capable of preventing the aluminum current
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Fig. 1 Chemical structures of LiTDI (left), LiPDI (middle) and LiHDI
(right).

collector up to 5.0 V vs. Li/Li".'**> Due to the structural similarity
between LiTDI, LiPDI, and LiHDI, a similar behavior regarding
the attack of the aluminum current collector could be expected.
Besides electrochemical performance, the proliferation of
batteries on the TWh scale will necessitate millions of tons of
material® such that facile and sustainable synthesis paths are of
paramount interest for academia and industry alike.

Herein we report on the physiochemical and electrochemical
characterization of lithium 4,5-dicyano-2-(trifluoromethyl)
imidazolide (LiTDI), lithium 4,5-dicyano-2-(pentafluoroethyl)
imidazolide (LiPDI), and lithium 4,5-dicyano-2-(n-hepta-
fluoropropyl)imidazolide (LiHDI). The structures of the con-
ducting salts are shown in Fig. 1. Furthermore, seldomly
studied anion self-diffusion coefficients that are e.g. important
for ab initio modelling of these novel electrolyte formulations
are included in the study.

Methods

Synthesis of imidazole salts

Lithium 4,5-dicyano-2-(trifluoromethyl)imidazolide (LiTDI).
Trifluoroacetic anhydride (550 mL, 3.90 mol) was added drop-
wise into diaminomaleonitrile (366.2 g, 3.39 mol) solution in
1,4-dioxane (2 L). The reaction mixture was refluxed for 4 h until
the substrate disappeared (TLC monitoring; eluent: toluene-
ethyl acetate (1:1)). Thereafter, the resulting mixture was
evaporated under vacuum (approx. 3 h) to remove solvent and
the acid produced in the reaction. Solid residue was dissolved in
water (700 mL) and the resulting solution was heated to
a temperature of 70 °C. Lithium carbonate (247.4 g, 3.35 mol)
was dosed stepwise, followed by the addition of decolorizing
activated charcoal. The mixture was heated for 2 h at 70 °C. After
filtering off the charcoal on filter paper, the water was evapo-
rated under vacuum (approx. 2 h) using a rotary evaporator. The
resulting solid was dried on the vacuum line (1 h, 90 °C) and the
residue was dissolved in anhydrous acetonitrile. The impurities
were filtered off and the solvent was evaporated under vacuum
(approx. 1 h). Twofold crystallization from acetonitrile gave
colorless crystals, which were dried in the vacuum drier (48 h,
130 °C) to give lithium salt of 4,5-dicyano-2-(trifluoromethyl)
imidazolide (320 g, 49% yield).

Lithium 4,5-dicyano-2-(pentafluoroethyl)imidazolide
(LiPDI). Pentafluoropropionic anhydride (130 mL, 0.66 mol) was
added dropwise into diaminomaleonitrile (65.2 g, 0.60 mol)
solution in 1,4-dioxane (1100 mL). The obtained mixture was
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refluxed until the substrate disappeared (approx. 8 h; TLC moni-
toring; eluent: toluene-ethyl acetate (1: 1)). After evaporating the
solvent and the acid produced in the reaction under vacuum
(approx. 2 h), the resulting oily brown residue was dissolved in
a mixture of acetonitrile and water (500 mL + 50 mL). Thereafter,
lithium carbonate (70.5 g, 0.95 mol) was dosed stepwise, followed
by the addition of decolorizing activated charcoal. The mixture
was heated for 2 h at 70 °C. After filtering off the charcoal on filter
paper, the water was evaporated under vacuum (approx. 2 h) using
a rotary evaporator. The residue was dissolved in anhydrous
acetonitrile. The impurities were filtered off and the solvent was
evaporated under vacuum (approx. 1 h). Multiple crystallization
(3-4 times) from acetonitrile gave colorless crystals, which were
dried in the vacuum drier (48 hours, 130 °C) to give lithium salt of
4,5-dicyano-2-(pentafluoroethyl)imidazole (94 g, 64% yield).

Lithium 4,5-dicyano-2-(n-heptafluoropropyl)imidazolide
(LiHDI). Heptafluorobutyric anhydride (60 mL, 0.24 mol) was
added dropwise into diaminomaleonitrile (21.2 g, 0.20 mol)
solution in 1,4-dioxane (240 mL). The mixture was refluxed until
the substrate disappeared (approx. 10 h; TLC monitoring; eluent:
toluene-ethyl acetate (1:1)). Then, the resulting mixture was
evaporated under vacuum (approx. 1 h) to remove the solvent and
the acid produced in the reaction. The solid residue was dissolved
in diethyl ether (250 mL) and the resulting mixture was extracted
three times with lithium carbonate (17.5 g, 0.24 mol) suspension
in water (450 mL). The water solution of a salt was washed three
times with ether (3 x 100 mL). The decolorizing activated char-
coal was added to the water solution and the mixture was heated
for 1 h at 70 °C. After filtering off the charcoal on filter paper, the
water was evaporated under vacuum (approx. 1 h) using a rotary
evaporator. Then the residue was dissolved in anhydrous aceto-
nitrile. The impurities were filtered off and the solvent was
evaporated under vacuum (approx. 1 h). Multiple crystallization
(3-4 times) from acetonitrile gave colorless crystals, which were
dried in the vacuum drier (48 h, 130 °C) to give lithium salt of 4,5-
dicyano-2-(n-heptafluoropropyl)imidazolide (13.4 g, 23% yield).

NMR structure verification by means of *C NMR and '°F
NMR spectroscopy in CD;CN for LiTDI, LiPDI, and LiHDI is in
agreement with literature.*®

IR and Raman spectroscopy

Raman spectra were recorded on a Nicolet Almega Raman
dispersive spectrometer. A diode laser with excitation line
532 nm was used. The exposure time was set to 10 s and inte-
grated such that each spectrum is the sum of two independent
scans. The spectral resolution for all experiments was around
2 cem L

FTIR spectra were collected on a Nicolet Avatar 370 spec-
trometer with a wavenumber resolution of 2 cm™". Spectra were
recorded for samples in form of a thin film sandwiched between
two NaCl plates (high salt concentration) or placed in a cuvette
with a 0.1 mm spacer.

Electrolyte formulations

The electrolytes used in this work were formulated starting from
commercially available ethylene carbonate (EC), ethyl methyl

This journal is © The Royal Society of Chemistry 2023
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carbonate (EMC), lithium hexafluorophosphate (LiPFg) and
commercial, pre-mixed 1 M LiPF, in EC: EMC (3 : 7 by weight).
All these components were ordered from E-Lyte Innovations
GmbH in battery grade quality and used as received. The
Hiickel-type salts, LiTDI, LiPDI, and LiHDI, were synthesized
and characterized at the Warsaw University of Technology
(WUT) as described in the Synthesis of imidazole salts section.
The Helmholtz Institute Miinster (FZ]) and Karlsruhe Institute
of Technology (KIT) received the materials from WUT.

The nominal concentrations of the Hiickel-type salts in the
formulated electrolytes were chosen to be 0.05 M, 0.6 M and
1.0 M for the electrolytes, while 1.0 M LiPF, concentration was
used as a reference electrolyte. For all electrolytes, EC : EMC (3 :
7 by weight) was used as the solvent mixture.

Electrolytes used for the measurements were formulated in
an oxygen and water free inert gas-filled glovebox. The formu-
lation was based on the mixing of the former prepared solvents
mixture and gravimetrically dosed salts to obtain the concen-
trations mentioned above. In this work, the samples are desig-
nated based on their nominal compositions. An overview of the
electrolytes used in this study, the formulation methods and the
measurements is compiled in Table SI-1.}

Conductivity measurements

All experiments were carried out under an inert atmosphere
inside a glovebox (MBraun, H,O and O, < 1 ppm). Conductivity
cells were filled with the various electrolyte formulations as
previously described.® Cell constants were determined by using
a 0.01 M solution of KCI in H,O at 20 °C (VWR, known conduc-
tivity of 1.276 mS cm™ ") and averaging over five measurements.
Disposable 2 mL Eppendorf Safe-Lock Tubes were used as
sample containers and filled with 750 pL of electrolyte each.
Impedance measurements were conducted on a Metrohm
Autolab/M204 potentiostat/galvanostat with 12 channels and an
8-channel multiplexer for a total of 96 channels in the frequency
range of 50-20 000 Hz using in-house developed electrodes.'” The
conductivity cells were placed in a temperature chamber (Mem-
mert TTC256, 0.1 °C temperature setting accuracy) and each
temperature was held for 2 h prior to measurement for equili-
bration. The ionic conductivity of the considered electrolytes was
measured in the temperature range from —30 °C to 60 °C in 10 °C
steps. Impedance spectra were fitted using a model specified with
set parameters for resistors Rs and Ry, as well as for the constant
phase element (CPE) with the Metrohm Nova software. Fitting
was carried out after each additional measuring point by using
the fitting model R(CPE — R,). Electrolyte conductivity values
were obtained from the quotient of the cell constant and the
determined electrolyte resistance.

Viscosity and density measurements

For the viscosity and density measurements, a manually filled
viscometer (Anton Paar SVM 3001, Austria) was used.
Measurements were performed at the following temperatures:
—20°C, 0 °C, 20 °C, 30 °C, 40 °C and 60 °C. Acetone was used to
clean the instrument between the measurements to avoid
contamination of the samples.

This journal is © The Royal Society of Chemistry 2023
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PGSE-NMR measurements

In preparation of the NMR measurements, each electrolyte was
filled in a standard NMR tube inside a nitrogen filled glovebox.
The tubes were closed using standard NMR caps and sealed
with Parafilm. The formulated electrolytes were removed from
the nitrogen-filled glovebox and transferred to the NMR device,
which was operated in the regular laboratory environment. Care
was taken to keep the time span between filling the electrolytes
into the NMR tubes and starting the measurement as short as
possible to avoid reactions with the glass, air, and/or humidity.
The NMR instrument used in this study is an Oxford Instru-
ments X-Pulse benchtop NMR comprising a 1.4 T (60 MHz)
permanent magnet operating at 40 °C. The device was equipped
with a probe head capable of detecting "H and "°F nuclei. In this
study, 'F NMR spectra were recorded to determine the self-
diffusion coefficients of the anions. A J-PGSE pulse sequence
developed at Oxford Instruments GmbH was used to perform J-
compensated pulsed field gradient spin echo (PGSE) measure-
ments. Since the focus of this study was not on structure
elucidation, the chemical shift of the individual signals was not
primarily relevant. Therefore, the addition of a reference was
omitted and the soft-lock procedure provided by the device was
used to record spectra. The assignment of the signal groups to
the respective nuclei was performed based on the multiplet
structures observed in the spectra. In the case of overlapping
signals, these signals were excluded from the integration and
the evaluation of the self-diffusion coefficients. The maximum
gradient, Gmax, obtained from calibration with water was 0.315
T m~" with a standard deviation of 2.9 107> T m~ " determined
by three measurements. The duration of the gradient pulses, ¢,
was set to 4 ms, the diffusion time, 4, is set to 25 ms and
a relaxation delay of 30 s was used. The gradient strength was
varied from 0% to 100% in 10% steps. The spectra were zero
filled, phased, baseline corrected and apodized prior to inte-
gration. For the analysis, the Stejskal-Tanner equation® as
given in eqn (3.1) was used. The term 2/7 was required due to
the sinusoidal shape of the pulses.

o) -2

Iy 2 3

(3.1)

Based on theory, the maximum intensity of the signals, I,
should be obtained from spectra recorded at zero gradient.
However, in this study, the values for the smallest non-zero
gradient, yielded higher values than no gradient in most cases
(¢f Fig. SI-11). Therefore, a linear fit of the Stejskal-Tanner plot
with zero intercept yielded a bad fit for most of the data and did
not result in a meaningful trend. This behavior persisted even
for gradients below the lowest applied in this study. Therefore,
the intensity obtained for the smallest gradient set in this study,
i.e. 10% of Gmax, Was used to reference the Stejskal-Tanner
equation and the value at zero gradient was excluded from the
evaluation. This resulted in R* values between 0.88 and 0.99.
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The errors of the self-diffusion coefficients were determined
from the errors of the integrals combined with those of the
input quantities. Integration errors were estimated by inte-
grating three regions without signals and the width corre-
sponding to the integral of interest in each spectrum and
averaging their values. This error was assigned to the respective
integral of interest. Based on this integration error and the
standard deviation of Gy, an error propagation yielded the
maximum absolute error for the self-diffusion coefficients.

Results and discussion

Raman and IR spectroscopy

The conducting Hiickel-type salts used in this study, LiTDI,
LiPDI, and LiHDI, differing only in the length of their per-
fluorinated alkyl chains, are found to be characterized by very
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Fig.2 Coordination modes of the TDI™, PDI™ and HDI™ anions found
in adducts with aprotic solvents: (A) “free” anions (SSIP); (B) contact ion
pairs (CIP 1); (C) contact ion pairs (CIP Il), (D) dimer, (E) chain. Mole-
cules: pink — Li, blue — N, yellow - F, gray — C.
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similar coordinating properties. The most widely used and best
described conducting salt from this family is LiTDI. Coordina-
tion modes of the TDI" anion were found on the basis of
extensive studies on LiTDI solvates'®? and the corresponding
characteristic bands in the Raman spectra further served in the
analysis of the conducting salt dissociation in liquid and solid
electrolytes.

For the present work, we used data obtained from solvates
with various solvents, which served as models for free ions,
ionic pairs and dimers. The solvates of 12-crown-4 ether (12C4)
with lithium salts usually have a structure with cations fully
isolated from anions, corresponding to spectroscopically free
anions (SSIP). Solutions with triglyme (G3) and 15-crown-5 ether
(15C5) may serve as models for ionic pairs (CIP) and solutions
with diglyme (G2) for dimers and chains. Acetonitrile (AN) can
serve as another model system for dimers. Fig. 2 shows the
coordination modes of the ions observed in the model solu-
tions, obtained on the basis of structural studies on LiTDI
solvates.

Table 1 summarizes the position of the characteristic bands
for the solvates in the Raman spectra. A comparison of the
properties of these LiPDI and LiTDI solutions in oligoethers*
and cyclic carbonates® would suggest that the length of the
chain has only a limited effect on the viscosity and thermal
properties of the electrolyte. Only at the highest salt/solvent
ratio in oligoethers (Li:G3 ratio higher than 5) one may
observe that the viscosities of LiPDI based systems were slightly
higher.>

The increase of the conducting salt concentration is reflected
by similar changes in the spectral pattern of the salt, i.e. (i) shift
of the maximum of the voy towards higher wavenumbers, from
2224 cm™ ' to 2230 cm ™', and formation of a shoulder at approx.
2245 cm™Y; (ii) broadening of the band and formation of the
shoulder at higher wavenumber for vcy 1m and oxen 1m-

Fig. 3 presents a comparison of vcy spectral range in FTIR
spectra of LiHDI-based electrolytes and the exemplary

Table1l Relevantdatafrom Raman spectra of LiTDI, LiPDI and LiHDI solvates representing various types of anion coordination. The acronyms are

used as in Fig. 2

Formula ven [em ™) Ven mm [em ] Onen mm [em ] Coordination mode

LiTDI
[Li*(12C4),]TDI 2225 1307 977 SSIP
Li(lSCS)TDI 2228; 2239 1302 979 CIP1I
Li(G3)TDI 2230 1320 991 CIP II
[Li(G2)],TDL, 2250; 2233 1313 988; 976 Dimer

LiPDI
[Li*(12C4),]PDI™ 2229 1300 943 SSIP
[Li(15C5)]PDI 2244; 2234 1311 948 CIPT
[Li(G2)],PDI, 2257; 2233 1308 951 Dimer
[Li(G2)PDI], 2255 1312 948 Chain
[Li(AN)],PDIL, 2256; 2238 1309 954 Dimer

LiHDI
[Li*(12C4),JHDI 2226; 2216 1299 993 SSIP
Li(lSCS)HDI 2228 1308 1002; 992 CIP II
[Li(G2)],HDIL, or [Li(G2)HDI], 2254; 2232 1310 992 Dimer or chain
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(a) Spectral range of the vy vibrations in FTIR spectra of electrolytes containing LiHDI in a solvent mixture of EC and DEC with different

salt concentration: 1 M (black line), 0.63 M (red line) and 0.1 M (green line) and (b) the exemplary deconvolution of the vcy band for the 0.63 M

solution.

deconvolution of this range. The attribution of the peaks was
made on the basis of previous studies* as follows: 2224 cm ™+
for free ions (SSIP), 2230 cm ' for ionic pairs (CIP), and
2247 cm ! for aggregates (AGG. e.g. dimers/chains).

Table 2 presents the estimated percentage of ionic species
obtained on the basis of the deconvolution of vox band in FTIR
spectra of electrolyte solutions containing LiHDI in a solvent
mixture of EC and diethyl carbonate (DEC). The results are very
close to that obtained for LiTDI-based electrolytes containing
mixtures of organic carbonates® which supports the conclu-
sion, that HDI™ and TDI  anions are characterized by similar
donor properties and exhibit similar dissociation mechanisms.
Due to the similarity between the dielectric constants of DEC (¢,
= 2.8 at 25 °C (ref. 26)) and EMC (¢, = 2.9 at 25 °C (ref. 26)), it is
to be expected, that electrolytes based on LiTDI and LiHDI
dissolved in solvent mixtures containing EC and EMC show
similar dissociation behavior as such containing EC and DEC in
their solvent mixtures.

The results from FTIR and Raman analysis, indicate a strong
influence of the concentration of the conducting salt on the
ionic arrangement, as expected. For LiHDI an increased
concentration results in a larger percentage of ionic pairs and
aggregates in a solvent mixture containing EC and DEC.
Assuming transferability of this behavior to the EC and EMC
containing solvent mixture and other Hiuckel-type salts used
herein, this is in agreement with the observed correlation
between the anionic self-diffusion coefficients and the viscosity
shown in Fig. 8. A higher fraction of paired or aggregated ions is

Table 2 Data resulting from the deconvolution of the vy band in FTIR
spectra of electrolytes containing LiHDI dissolved in a solvent mixture
composed of EC and DEC

LiHDI conc. Free ions Ionic pairs Aggregates
M] [%] [%] [%]

0.1 62.5 37.5 0

0.63 30.5 51.5 18.0

1.0 15.5 57.5 27.0

This journal is © The Royal Society of Chemistry 2023

expected to result in decreased ionic self-diffusion coefficient
and conductivity as compared to fully dissociated salt. Both
observations are evident in the NMR and conductivity
measurements. Table 2 shows, that for LiHDI based-
electrolytes, the increase in the number of aggregates is
stronger than the one of the number of ionic pairs for
increasing concentration.

Conductivity and viscosity of the considered electrolytes

To investigate the influence of the dissociation processes on the
performance of electrolytes containing the Hiickel-type salts,
the conductivity was determined. As shown in Fig. 4, our results
show a strong dependence of the ionic conductivity on the salt
concentration and temperature, as expected.>” With increasing
temperature, an increase of the conductivity can be observed for
all electrolyte formulations. In this work we keep the solvent
type and ratio fixed, to only consider the influence of salt
concentration and solvation structure on conductivity. For the
LiTDI-based electrolyte, the maximum conductivity is observed
at an 0.6 M concentration for temperatures up to 20 °C. Above
20 °C, 1 M concentration yields the maximum conductivity. As
for LiPDI, which contains a larger anion, the maximum
conductivity could also be observed at 0.6 M concentration up to
40 °C. For larger anions as in LiHDI, the conductivity maximum
is observed at 0.6 M in the temperature range considered here.
The reason why the 0.6 M Hiickel-type salt-based electrolyte
would have a larger conductivity than the respective 1 M elec-
trolyte formulation could be explained by the formation of ion
pairs and aggregates at higher concentration as observed by IR
measurement.

Comparing the conductivity of electrolytes based on the
different salts at the same salt concentration in Fig. 4d-f, no
difference in the conductivity is observed at low salt concen-
trations of 0.05 M and 0.1 M, but when the salt concentration is
increased up to 0.6 M, the LiPDI containing-electrolyte shows
the highest ionic conductivity while the electrolyte containing
LITDI has the lowest. When further increasing the salt
concentration to 1 M, the LiPDI containing electrolyte retains
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the highest ionic conductivity but the electrolyte based on
LiHDI gives the lowest one.

For all solutions investigated in this study, the ionic
conductivity of electrolytes shows a strong correlation to
viscosity. For all considered electrolytes, decreasing viscosity
caused the increase of the conductivity, which was strongly

2.50
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2254 = 0.6MLITDI
{ = 1MLTDI
= 200 0.05 M LiPDI
T .55 ] ™ 06MLPDI
g "7 = 1MLPDI
i 150 ] 0.05 M LiHDI
G ] 0.6 M LiHDI
@ 1254 = 1MLiHDI
> 1 M LiPF, (B
= 100 1——ideal KCI .
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£ 075 e
g #7
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d W
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4 [ ]
000 T T T = T T T T T T
000 025 050 075 100 125 150 175 2.00 225 250

log(n™) [log(P™")]

Fig. 5 Walden plot?® for the electrolyte formulations investigated in
this study. The formulations having the lowest conducting salt
concentration reveal the highest ionicity. For the concentrations
higher than 0.05 M, the differences in ionicity are not very
pronounced. The data points for 0.6 M LiTDI and 1 M LiTDI are the
lowest in this graph.
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correlated with the increase of the temperature. The changes of
the viscosity and conductivity are similar for all the electrolytes
as shown in Fig. 4a-c. However, changes are smaller for lower
concentrations of the conducting salt in the electrolyte as can be
seen in Fig. 4d-f.

Based on the conductivity and viscosity data, a Walden plot*
was compiled. The graph presented in Fig. 5 shows the molar
conductivity with respect to the conducting salt concentration
plotted vs. the inverse viscosity including 1 M LiPF¢-based
electrolyte as a reference. For all formulations, a linear corre-
lation between the molar conductivity and the inverse viscosity
is found for increasing temperature. The slopes determined for
the formulations presented here are shown in Fig. 6. The slope
of 0.80 log(S cm?® mol ") log(P~*) obtained for 1 M LiPFy is lower
than the ones obtained for the Hiickel-type salts, which are
closer to unity. Since slopes close to unity indicate a strong
interrelation of the ion mobility and viscosity,*® this suggests
a less viscosity-controlled ion movement in 1 M LiPFg than in
any of the other electrolyte formulations investigated here.

The 0.05 M formulations containing Hiickel-type salts and
the 1 M LiPFg electrolyte formulation yield values closest to the
ideal KCl line. The vertical deviations from the ideal KCI line, A
log(o.,) are used as indicators for the degree of dissociation.?”*
All the 0.05 M formulations range from —0.64 log(S cm® mol ™)
to —0.671og(S cm® mol ') at 20 °C suggesting the highest
relative ionicity. This is not surprising since 0.05 M electrolyte
formulations containing Hiickel-type salts yield the lowest
viscosities reported herein. Based on the slopes of the Walden
plot, the ion mobility in these samples appears to be strongly
correlated with viscosity. Furthermore, the low concentration

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Slopes determined from the Walden plot for the considered
electrolyte formulations.

favoring dissociation of the salts can be expected to support
a degree of dissociation in these electrolyte formulations.

The electrolyte formulations containing Hiickeltype-salts in
concentrations higher than 0.05 M are located in a narrow band
in the Walden plot. No significant differences are observed
between LiPDI and LiHDI containing formulations with respect
to ionicity. The A log(oy,) values for LiPDI are —0.80 log(S cm?®
mol ") and —0.83 log(S cm” mol ") for 0.6 M and 1 M concen-
tration, respectively, while those for LiHDI are —0.82 log(S cm®
mol ") for 0.6 M and —0.85 log(S cm” mol ') for the 1 M solu-
tion at 20 °C. The formulations with 0.6 M LiTDI and 1 M LiTDI
yield values at the lower end of this band with A log(s,,) being
—0.92 log(S cm® mol ") at 20 °C for both concentrations indi-
cating the lowest ionicity for these electrolyte formulations. The
minor differences between 0.6 M and 1 M concentrations for all
Hiickel-type conducting salts investigated here might indicate
a dissociation limit of the formulations at concentrations close
to 1 M. The position in the Walden plot of LiTDI at concentra-
tions of 0.6 M and 1 M might indicate a stronger tendency
towards ion pairing or aggregation for the LiTDI salt compared
to the other Hiickel-type salts. This is in agreement with Nied-
zicki et al.,*® who reported a lower association constant for
LiHDI compared to LiTDI and LiPDI in electrolytes using
propylene carbonate (PC) as a solvent. Niedzicki et al.*® suggest
the higher volume of the HDI™ anion due to the longer per-
fluoroalkyl side chain as a possible cause for this behavior.

Overall, the electrolyte formulations presented here are
located at a significant distance from the ideal KCI line and,
therefore, they need to be regarded as only partially dissociated
and the presence of ion pairs and aggregates needs to be
considered which is in agreement with the IR data discussed in
the IR and Raman spectroscopy section for LiHDI. Similar
structures were found in LiTDI and LiPDI containing formula-
tions in various ethers and glycols as reported by Jankowski
et al.,” who performed XRD investigations. They report
a significant number of ionic aggregates at higher salt concen-
tration, mostly dimers and chains for LiTDI and LiPDIL

This journal is © The Royal Society of Chemistry 2023
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Unpublished data using the same approach indicates the
presence of dimers and chains also for LiHDI in the concen-
tration ranges investigated in our study.

Anion self-diffusion coefficients

Further insights into the dynamics of the electrolyte formula-
tions on a molecular level can be obtained by determining self-
diffusion coefficients. In this study, we focus on the anion self-
diffusion coefficients. Fig. 7 shows the correlation between the
self-diffusion coefficients and the viscosities of the considered
electrolyte formulations. Increased viscosity is related to a lower
self-diffusion coefficient and higher concentration of the con-
ducting salt. Among the electrolyte formulations of approxi-
mately 1 M concentration, the highest self-diffusion coefficient
is observed for the PFs~ anion. The Hiickel-type anions show
a lower self-diffusion coefficient and a spread in viscosity
values. Minor differences in the self-diffusion coefficients
between the electrolytes containing the different Hiickel-type
salts are observed. This is in agreement with the similar
dissociation behavior of the Hiickel-type salts as reported in the
section IR and Raman spectroscopy.

Fig. 8 shows the plot of the self-diffusion coefficients ob-
tained as described in the PGSE-NMR measurements section vs.
the molality of the conducting salt. The self-diffusion coefficient
for all considered conducting salts in this study decrease with
higher salt concentration. Furthermore, Fig. 8 shows, that the
self-diffusion coefficient of LiPF¢ is towards the higher end of
the range for all molalities of the conducting salt. The Hiickel-
type salts yield lower self-diffusion coefficients over the whole
range of molalities. For electrolytes containing LiTDI and LiPF¢
in a solvent mixture of EC and DMC (1:1 by weight), a higher
degree of dissociation of LiPF, compared to LiTDI is reported.>

-10
8x10 1 M LiPF,
0.05 M LiTDI
m 06MLITDI
m 1 MLTDI
0.05 M LiPDI
= 06MLIPDI
6x107"0 4 = 1MLPDI
—_ 0.05 M LiHDI
- 0.6 M LiHDI
i _® IMLHDI
E
= n
§ 4x10710 o 5
=)
. | ]
2x1071° - "
T T T T T T T
075 100 125 150 175 200 225 250 275
n [mPa-s]

Fig. 7 Self-diffusion coefficients of the anions of the conducting salts
contained in the electrolytes plotted versus viscosity. The data pre-
sented here covers various concentrations of the salts in the solvent
mixture EC : EMC 3:7 by weight investigated in this study. The elec-
trolyte containing 1 M LiPF¢ is given as a reference. The data is obtained
from 1°F NMR using a J-PGSE pulse sequence and evaluation using the
Stejskal-Tanner egn (3.1). The magnet of the used benchtop NMR
device operates at 40 °C.
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Fig. 8 Self-diffusion coefficients of the anions of the conducting salts
in the EC: EMC (3:7 by weight) solvent mixture at various molalities
determined from *°F NMR spectra using a J-PGSE pulse sequence. The
diffusion coefficients are determined by applying the Stejskal-Tanner
egn (3.1) to the measured spectra. The molalities are calculated from
the masses of each component and stock solution recorded during
the formulation of the electrolytes. The values for the electrolyte
containing 1 M LiPFg are given as a reference. The magnet of the used
benchtop NMR device operates at 40 °C.

Based on the Walden plot presented in Fig. 5, the degrees of
dissociation of LiPDI and LiHDI lie in between LiTDI and LiPFs.
The solvent mixture containing EC and EMC (3:7 by weight)
used in our study should be expected to result in a tendency
towards lower degrees of dissociation due to the slightly lower
dielectric constant of EMC (e, = 2.9 at 25 °C (ref. 31)) compared
to DMC (¢, = 3.1 at 25 °C (ref. 31)) and the lower fraction of EC
(&r =95.3 at 25 °C (ref. 31)) in these mixtures.” Due to the larger
size of associated ions, their mobility is expected to be reduced
compared to free ions. Therefore, the lower self-diffusion coef-
ficients for the Hiickel-type salt anions compared to the PFys
anions found for the considered electrolytes indicate a stronger
tendency towards ion association for Hiickel-type salt anions
than for LiPF,. Differences across Hiickel-type salts are minute.
The errors of the diffusion coefficients for LiHDI are the largest
among the considered formulations, which is most likely due to
the splitting of the signals leading to a lower signal-to-noise
ratio, which results in higher uncertainties upon integration.

The decrease in self-diffusion coefficient correlates well with
the increase in viscosity upon higher concentration of the
electrolyte formulations and the decrease in conductivity for
increasing concentration above 0.6 M as shown and discussed
in the Conductivity and viscosity of the considered electrolytes
section.

Conclusions

Non-conventional electrolytes need to be selected to incorporate
multiple fundamental properties. Here we investigate electro-
lyte systems containing the Hiickel-type salts LiTDI, LiPDI and
LiHDI in a solvent mixture of EC and EMC (3 : 7 by weight). FTIR
and Raman spectroscopy results reveal the presence of ion
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pairs, dimers, chains and aggregates. Values regarding the ionic
conductivity, viscosity and anion self-diffusion coefficients of
the investigated electrolytes are reported. An analysis of a Wal-
den plot generated based on the conductivity and viscosity data
provided insights into the ionicity of the considered electro-
Iytes. LiPF, showed the highest ionicity, while LiTDI was found
to have the lowest ionicity among the considered Hiickel-type
conducting salts.
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1 Electrolyte formulation and conducted measurements

This section presents a table summarizing the electrolyte formulations used in this study, their preparation
procedure and the selected measurements, for which they were used.

The procedures applied to formulate the electrolytes used in our study are described in the following.
Commercially available 1 M LiPFs in EC:EMC (3:7 by weight) is used as a reference in EIS and viscosimetry
since it is an established industry standard and to mitigate deviations between the references at different
laboratories. For NMR, a 1.5 M LiPF¢ solution is diluted by pre-mixed EC:EMC (3:7 by weight) to ensure the
same treatment of all electrolytes including the reference.

A. Automated gravimetric dispensing of all components using the robotic system described in®.
B. Manual formulation of stock solutions by gravimetric dosing followed by manual volumetric dosing
of the stock solutions controlled by weighing after the addition of each stock solution.

Table SI-1: Overview of the electrolytes used in this study, the respective formulation method and performed measurements.
All the electrolyte formulations contain EC:EMC (3:7 by weight) as a solvent mixture. The electrolyte formulation
labels report the nominal concentration of the conducting salt in mol-L! and the respective conducting salt.

Electrolyte formulation label Formulation method Measurements
1 M LiPFg (benchmark) purchased EIS, viscosimetry
1 M LiPFs (benchmark) B NMR

0.05 M LiTDI A EIS, viscosimetry
0.05 M LiPDI A EIS, viscosimetry
0.05 M LiHDI A EIS, viscosimetry
0.6 M LiTDI A EIS, viscosimetry
0.6 M LiPDI A EIS, viscosimetry
0.6 M LiHDI A EIS, viscosimetry
1 M LITDI A EIS, viscosimetry
1 M LiPDI A EIS, viscosimetry
1 M LiHDI A EIS, viscosimetry
0.05 M LiTDI B NMR

0.05 M LiPDI B NMR

0.05 M LiHDI B NMR
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0.1 M LiTDI B NMR
0.1 M LiPDI B NMR
0.1 M LiHDI B NMR
0.3 M LiTDI B NMR
0.3 M LiPDI B NMR
0.3 M LiHDI B NMR
0.6 M LiTDI B NMR
0.6 M LiPDI B NMR
0.6 M LiHDI B NMR
1 M LiTDI B NMR
1 M LiPDI B NMR
1 M LiHDI B NMR

2 Deviation from theoretical behavior in J-PGSE

Figure SI-1 shows exemplarily the intensities of the two signals of the PFs doublet in the F J-PGSE
measurement plotted versus the gradient strength for the electrolyte containing 0.3 M LiPFs in EC:EMC
(3:7 by weight). It can be seen, that the initial intensity in the absence of a gradient is not the maximum
intensity for both of the signals. This is observed for several other single salt electrolytes in this study as well.
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g 2
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Figure SI-1: The intensity of the two signals of the PFs doublet in the fluorine J-PGSE measurement plotted vs. the gradient
strength for the electrolyte containing 0.3 M LiPFg in EC:EMC (3:7 by weight). The maximum intensity is observed at
zero gradient only for one of the two signals.

3 Analysis of the Walden plot

Deviations from the ideal KCI line determined from the Walden plots presented in the manuscript are
presented in Table SI-2 for 20 °C and Table SI-3 for 40 °C, respectively.
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Table SI-2:

Deviations from the ideal KCl line at 20 °C for electrolyte formulations containing considered conducting salts in

EC:EMC (3:7 by weight). The electrolyte formulations are labelled as in Table SI-1.

20 °C
Electrolyte l0g(Om)ideal log(0m)actual Vertical deviation from ideal KCI
formulation label | [log(S - cm? - mol-1)] | [log(S - cm? - mol?)] [log(S - cm? - mol?)]
0.05 M LiTDI 1.92526 1.27784 -0.65
0.05 M LiPDI 1.92893 1.28375 -0.65
0.05 M LiHDI 1.93449 1.27323 -0.66
0.6 M LiTDI 1.72688 0.81057 -0.92
0.6 M LiPDI 1.67117 0.87322 -0.80
0.6 M LiHDI 1.66298 0.84126 -0.82
1 M LiTDI 1.51412 0.59737 -0.92
1 M LiPDI 1.45192 0.61784 -0.83
1 M LiHDI 1.41355 0.56419 -0.85
1 M LiPFe 1.44434 0.89387 -0.55
Table SI-3: Deviations from the ideal KCl line at 40 °C for electrolyte formulations containing considered conducting salts in
EC:EMC (3:7 by weight). The electrolyte formulations are labelled as Table SI-1.
40 °C
Electrolyte l0g(0m)ideal log(0m)actual Vertical deviation from ideal KCI
formulation label | [log(S - cm?-mol?)] | [log(s - cm? - mol?)] [log(S - cm? - mol?)]
0.05 M LiTDI 2.05308 1.39655 -0.66
0.05 M LiPDI 2.05552 1.39967 -0.66
0.05 M LiHDI 2.0625 1.38952 -0.67
0.6 M LiTDI 1.87345 0.95545 -0.92
0.6 M LiPDI 1.81508 1.01939 -0.80
0.6 M LiHDI 1.81364 0.98975 -0.82
1 M LiTDI 1.68715 0.76708 -0.92
1 M LiPDI 1.62357 0.78661 -0.84
1 M LiHDI 1.59295 0.74092 -0.85
1 M LiPFe 1.63209 1.03197 -0.60

The slopes determined from the Walden plots for the individual electrolyte formulations investigated in this

study are presented in Table SI-4

Table SI-4:

contain EC:EMC (3:7 by weight) as the solvent mixture.

Slopes for all considered electrolyte formulations as obtained from the Walden plots. All electrolyte formulations

Electrolyte formulation label Slope [log(S cm? mol?) log(P?)]
0.05 M LiTDI 0.97
0.05 M LiPDI 0.94
0.05 M LiHDI 0.93
0.6 M LiTDI 1.00
0.6 M LiPDI 0.98
0.6 M LiHDI 0.96
1 M LiTDI 0.98
1 M LiPDI 0.95
1 M LiHDI 0.95
1 M LiPFe 0.80
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4 NMR-spectra of the salts under investigation

This section presents the NMR spectra obtained for the salts under investigation. The *H, *°F, and
13C NMR spectra were recorded in CDsCN, with a Varian VNMRS spectrometer, operating at
500 MHz. The **F and ¥C NMR spectra confirm the structures of the lithium salts. The “Li NMR
spectra were recorded for a concentration of 0.63 M salt in EC:EMC (3:7 by weight) without a
deuterated solvent using LiCl in D,O as an external reference.
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Figure SI-2: 1H-NMR spectrum of LiTDI
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4.1.2LiPDI
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Figure SI-3: 1H-NMR spectrum of LiPDI

4.1.3LiHDI
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4.2 'F-NMR

4.2.1LiTDI

In the °*F NMR spectrum for LiTDI shown in Figure SI-5, a diagnostic signal at & = -64.24 ppm
originating from the -CF3 group was observed.
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Figure SI-5: 19F-NMR spectrum of LiTDI.
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4.2.2 LiPDI

In the ®F NMR spectrum for LiPDI presented in Figure SI-6, we observed two diagnostic signals at
0 = -84.24 ppm originating from the -CFs group and at & = -112.31 ppm corresponding to the -CF-
group of the molecule.
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Figure SI-6: 19F-NMR spectrum of LiPDI.
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4.2.3LiHDI

For LiHDI, we observed three diagnostic signals in the °F spectrum presented in Figure SI-7 at
0 =-81.31 ppm originating from the -CFz group, & =-111.22 ppm, and at & =-127.39 ppm with the
latter two corresponding to the -CF, groups present in the molecule.
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Figure SI-8: Enlarged view of the 1°F-NMR spectrum of LiHDI in the range from approx. -137 ppm to 65 ppm.
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Figure SI-9: Enlarged view of the 1°F-NMR spectrum of LiHDI in the range from approx. -81.5 ppm to -81.2 ppm.
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Figure SI-10:  Enlarged view of the °F-NMR spectrum of LiHDI in the range from approx. -111.32 ppm to -111.10 ppm.
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4.3 13C-NMR

All 3C NMR spectra for LiTDI, LiPDI, and LiHDI were in agreement with those published in literature?.
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Figure SI-12:  Total view of the 13C-NMR spectrum of LiTDI.
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4.3.2LiPDI
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Figure SI-13:  Total view of the 3C-NMR spectrum of LiPDI.
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Figure SI-14:  Enlarged view of the 13C-NMR spectrum of LiPDI in the range between approx. 105 ppm and 127.5 ppm.
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4.3.3LiHDI
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Some of the lithium spectra show signals additional to the main signal.

4.4 "Li-NMR

Figure SI-15:



4.41LiTDI

Parameter Value
1 Title LiTDI_Li7
2 Origin Varian
3 Spectrometer vnmrs
4 Solvent d2o
5 Temperature 25.0 5334388
6 Pulse Sequence s2pul TR (ﬂ/f;
7 Number of Scans 540
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9 Spectrometer Frequency 194.27
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|
"
U
|
|
- rvaVWW“ \
WYY v
a5 30 25 20 1 1o : 00 05 10 s 20 25 30

Figure Sl-16a: 7Li-NMR spectrum of LiTDI.
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4.4.2LiPDI

Parameter Value
1 Title niebieski_Li7
2 Origin Varian
3 Spectrometer vnmrs
4 Solvent d2o
5 Temperature 25.0
6 Pulse Sequence s2pul
7 Number of Scans 680
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Figure SI-16b: 7Li-NMR spectrum of LiPDI.
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4.3 LiHDI

Parameter Value
1 Title zolty_Li7
2 Origin Varian
3 Spectrometer vnmrs
4 Solvent d2o
5 Temperature 25.0
6 Pulse Sequence s2pul
7 Number of Scans 480
8 Acquisition Time 0.1990
9 Spectrometer Frequency 194.27
10 Nucleus 7L
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Figure SI-16c: 7Li-NMR spectrum of LiHDI.
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4.4.4LiPFe

Parameter Value
1 Title niebieski_Li7
2 Origin Varian
3 Spectrometer vnmrs
4 Solvent d2o
5 Temperature 25.0
6 Pulse Sequence s2pul
7 Number of Scans 680
8 Acquisition Time 0.1990
9 Spectrometer Frequency 194.27
10 Nucleus 7L
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Figure SI-16d: 7Li-NMR spectrum of LiPFs.

5 FTIR and Raman spectra of the pure salts

For each salt three spectral ranges, the full spectrum and the ranges of ring vibrations
(1550 cm™ — 650 cm™?) and vibrations of the CN nitrile groups were applied to present a deep
analysis of LiPDI and LiHDI salts using Raman and FTIR methods. The CN stretching vibration band
in spectra of the crystalline LiPDI and LiHDI solvates with 12C4 exhibits a split, with a separation
between the bands equal to ~8 cm™. Such an effect was not found for the previously studied LiTDI
solvates and may arise due to the longer alkylchain of the -C;Fs and -CsF7 substituents as compared
with -CF3 in the TDI" anion. Increasing temperature results in merging of the bands in the spectra of
the melted solvate, with the position of the resulting peak averaged between the positions of the
peaks in the crystalline state, e.g. 2225 cm for LiHDI-12C4 melt as compared with 2227 cm™* and
2218 cm in the crystal. Bands originating from ring stretching and bending vibrations were not split
and their position was almost the same before and after melting.

The analysis of the spectra of 15C5 complexes revealed significant difference between LiPDI and
LiHDI. The spectral characteristic of the LiPDI-15C5 complex, with the position of the yCN band
significantly shifted as compared with LiPDI-12C4, 2242 cm™ and 2233 cm™ vs 2227 cm™ and
2219 cm?, but similar for the ring bending and stretching vibrations, points on the formation of the
complex making use of the nitrile group. After melting, the positions of the anion bands is
characteristic for the non-coordinated anion.
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In spectra of LIHDI-15C5, bands characteristic for ring stretching and bending vibrations are either
split, as in the case of 8NCN vibration, or exhibit asymmetry, while the maximum of yCN band is
shifted compared with molten LiHDI-12C4 (2230 cm™ vs 2225 cm™), but the band is only slightly
asymmetric. Such spectral features are characteristic for ionic pairs formed with use of the
imidazolium nitrogen. After melting, the positions of the bands shift to values characteristic for ionic
pairs, but the formation of a shoulder ~2240 cm™, clearly visible in Raman spectrum, is an evidence
of partial aggregation of the salt.

5.1 LiPDI
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Figure SI-17: CN stretching vibration range in FTIR spectra of LiPDI-12C4 solvate in different temperatures: red-30 °C,
light blue - 50 °C, purple - 70 °C, yellow - 90 °C and blue - 120 °C.
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Raman spectra of LiPDI-12C4 solvate in different temperatures: purple - 30 °C, light blue - 50 °C, green - 60 °C

(solution), orange - 90 °C (melted), red - 100 °C (aggregation).
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Figure SI-20:  CN stretching vibration range in Raman spectrum of LiPDI-12C4 solvate in different temperatures: purple - 30 °C,
light blue - 50 °C, green - 60 °C (solution), orange - 90 °C (melted), red - 100 °C (aggregation).
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Figure SI-21:  Imidazole ring stretching (1500 cm-1200 cm1), ring bending (~943 cm) and CH; rocking (900 ¢cm-800 cm?)
vibration range in Raman spectra of LiPDI-12C4 in different temperatures: purple - 30 °C, light blue - 50 °C,
green - 60 °C (solution), orange - 80 °C (melted), red - 100 °C (aggregation).
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5.1.2In 15C5 crown ether
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CN stretching vibration range in FTIR spectra of LiPDI-15C5 in different temperatures: red - 30 °C, pink - 40 °C,
orange - 50 °C, and light blue - 60 °C (melted).
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Figure SI-24:  Raman spectra of LiPDI-15C5 in different temperatures: purple - 30 °C, green - 40 °C, red - 50 °C and blue - 60 °C
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Figure SI-25:  CN stretching vibration range in Raman spectra of LiPDI-15C5 in different temperatures: purple - 30 °C, green - 40 °C,
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red - 50 °C and blue - 60 °C (melted).
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Figure SI-26:  Imidazole ring stretching (1500 cm™ - 1200 cm-?), ring bending (~948 cm) and CH, rocking (900 cm—800 cm1)
vibration range in Raman spectra of LiPDI-15C5 in different temperatures: purple - 30 °C, green - 40 °C, red - 50 °C
and blue - 60 °C (melted).

5.2 LiHDI
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Figure SI-27:  CN stretching vibration range in FTIR spectra of LiHDI-12C4 solvate in different temperatures: green - 40 °C,
pink - 60 °C, red - 90 °C, and purple - 120 °C.
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spectra of LiHDI-12C4 in different temperatures: green - 40 °C, pink - 60 °C, red - 90 °C, and purple - 120 °C.
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5.2.2In 15C5 crown ether
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Figure SI-32:  CN stretching vibration range in spectra of LiHDI-15C5 solvate in different temperatures: purple - 30 °C, light
blue - 50 °C, blue - 70 °C, green - 80 °C (solution), yellow - 80 °C (crystal), and red - 110 °C.
0451
040
0.354
2
T1300 Ti200 1001000 Te00 800
Wavenumber/ cm™
Figure SI-33:  Imidazole ring bending (~1000 cm), C-O stretching and CH, rocking (900 cm-! - 800 cm) vibration range in FTIR

spectra of LiHDI-15C5 in different temperatures: purple - 30 °C, light blue-50°C, blue-70°C , green-80 °C
(solution), yellow - 80 °C (crystal), and red - 110 °C.
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Figure SI-34:  Raman spectra of LiHDI-15C5 solvate in different temperatures: purple - 30 °C, green - 50 °C, light blue - 70 °C, red-
80 °C (solution), and pink - 110 °C.
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Figure SI-35:  CN stretching vibration range in Raman spectra of LiHDI-15C5 in different temperatures: purple - 30 °C, green - 50 °C,
light blue - 70 °C, red- 80 °C (solution), and pink - 110 °C.

69



300-
250- ‘ l
200-

150 f {1

Raman Intensity (cps)
¥
3

\ . AR )
\'/\%w,/ A \\MWM//W‘W L\,\WWJ\SV_/\_/\
M
__J/QL A N N

" 1200 1100 1000 T a0 800 700
Raman shift/ et

1500 1400 1300

Figure SI-36:  Imidazole ring stretching (1500 cm™ - 1200 cm™), ring bending (~1000 cm) and CH; rocking (900 cm™ - 800 cm™1)
vibration range in Raman spectra of LiHDI-15C5 in different temperatures: purple-30 °C, green-50 °C, light

blue - 70 °C, red - 80 °C and pink - 110 °C.

References

1 A. Narayanan Krishnamoorthy, C. Wélke, D. Diddens, M. Maiti, Y. Mabrouk, P. Yan, M. Griinebaum, M.
Winter, A. Heuer and I. Cekic-Laskovic, Data-Driven Analysis of High-Throughput Experiments on Liquid
Battery Electrolyte Formulations: Unraveling the Impact of Composition on Conductivity, Chemistry—

Methods, 2022, 2, 1-8.

2 L. Niedzicki, G. Z. Zukowska, M. Bukowska, P. Szczecinski, S. Grugeon, S. Laruelle, M. Armand, S. Panero,
B. Scrosati, M. Marcinek and W. Wieczorek, New type of imidazole based salts designed specifically for

lithium ion batteries, Electrochimica Acta, 2010, 55, 1450-1454.

70



6 Geographically distributed autonomous MAPs

6.1 Autonomous operation as part of a MAP

This section presents the publication [13]

M. Vogler, J. Busk, H. Hajiyani, P. B. Jeargensen, N. Safaei, |. E. Castelli, F. F. Ramirez, J.
Carlsson, G. Pizzi, S. Clark, F. Hanke, A. Bhowmik, and H. S. Stein, “Brokering between
tenants for an international materials acceleration platform,” Matter, vol. 6, no. 9, pp. 2647—

2665, 2023. poi: 10.1016/j.matt.2023.07.016

submitted in September 2022 and published after peer-review in August 2023. The open access
publication is available under the terms of the Creative Commons Attribution 4.0 International (CC

BY 4.0) (https://creativecommons.org/licenses/by/4.0/) license.

Monika Vogler presented this work in a contributed talk at the 17th International Workshop on Com-
binatorial Materials Science and Technology in Golden, Colorado, USA in September 2022 (con-
tributed talk #5) and at the 2023 Spring Meeting of the European Materials Research Society in
Strasbourg, France in May 2023 (contributed talk 1317), at the LMS Seminars in Villigen, Switzer-
land in October 2024, and in several oral presentations in the context of the BIG-MAP project.
Further, the results presented in this chapter were parts of deliverables and a demonstrator for the

BIG-MAP project.

Author contributions
The following author contributions are given as a literal quotation from [13]:

"M.V. built and designed ASAB and organized the FINALES run; J.B. and P.B.J. programmed and
ran the optimizer tenant; H.H., N.S., J.C., and F.H. programmed and ran the Pipeline Pilot tenant;
F.H. organized and J.B., H.H., and M.V. implemented regression tests; I.E.C. and S.C. developed
the DMP and ontology link; F.F.R. and G.P. developed the AiiDA tenant; A.B. and H.S.S. wrote the
first draft of the manuscript; H.S.S. developed the FINALES software, hosted and maintained the

FINALES broker server, and conceived the initial idea and MAP design."

For information regarding the reprint permission see Annex A.2.
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In this publication, we report a demonstration of a decentralised MAP. This concept conceived by Prof.
Dr.-Ing. Helge S. Stein is implemented in a modular fashion including experimental and computational
tenants, as the clients in the MAP are called. While the tenants of the MAP are geographically distributed,
the communication is centralised in the in-house developed brokering server called FINALES, which main-
tains a Structured Query Language (SQL) database tracking requests, results and user information. One
of the distinctive design features of FINALES is its permissive append-only operation of the database to
mitigate data loss and enable maximum traceability of the data. Since the status of requests and results
need to be updated to inform the tenants in the MAP about which of them are already processed, the
append-only mechanism is not strict in this case. Additionally, the tenants assign a quality rating to the
results they post, which can be used for filtering the data. This quality rating can for example be low, if
an error occurred while running an experiment that may have affected the reliability of the result. More-
over, FINALES requires commitment to defined data structures as realised in the demonstration to enable
unambiguous communication, which is inevitable for the autonomous operation of such a MAP. Another
special feature of FINALES is its passive operation. This means, that it does not control any of the con-
nected tenants, which allows the tenants to operate according to their respective schedule. Hence, tenants
with significantly different rates of data generation can be connected to the MAP. Furthermore, due to this
feature, FINALES does not pose any requirements on the internal workings of its tenants rendering it in-
dependent of the specific hardware or software of tenants, which contributes to its flexibility and versatility.
Another key feature of MAPs based on FINALES is the concept of multitenancy meaning, that the design
of the MAP explicitly allows for several tenants providing the same capabilities enabling an enhancement
of fault-tolerance by redundancy. [13]

The demonstration described in this publication comprised an optimiser tenant deploying a machine learn-
ing model implemented and operated at the Technical University of Denmark (DTU) (Denmark) to guide
the study. Experiments were performed by the ASAB system connected as the experimental tenant and
computational results were contributed by the computational tenant running molecular dynamics (MD)
simulations developed and operated by Dassault Systemes (Germany and UK). The experimental and
the computational tenants were agnostic towards the intention of the study and executed requests, which
they were capable to serve. Solely the machine learning model was aware of the aim of the optimisation,
which was chosen to be the maximisation of viscosity and the minimisation of density to demonstrate the
operability of the MAP. For this, density and viscosity data was used and data regarding the ionic con-
ductivity, heat capacity, diffusion coefficients, transference numbers, and radial distribution functions were
obtained as side results contributed by the computational tenant. The MAP operated for approximately
4.5 h without human intervention. [13]

We report on the lessons learned from this demonstration covering experimental and hardware aspects
as well as insights regarding the data management in distributed MAPs. Overall, the design of our MAP
based on FINALES is shown to be operable and functional. [13]

The study presented in this publication made use of the autonomous operation of the formulation unit and
the density and viscosity measurements implemented in the ASAB system developed in the context of this
thesis. It was integrated into the MAP as the experimental tenant [13]. The automation of the experimental
procedures benefited from the experience gained during the initial work presented in chapter 5 using the
conventional mode of operation and enabled the autonomous operation of the MAP.

The remainder of this chapter shows a reprint of [13].
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Monika Vogler,? Jonas Busk,®> Hamidreza Hajiyani,* Peter Bjagrn Jargensen,® Nehzat Safaei,”
Ivano E. Castelli,® Francisco Fernando Ramirez,>¢ Johan Carlsson,* Giovanni Pizzi,>¢8 Simon Clark,’

Felix Hanke,”* Arghya Bhowmik,>* and Helge S. Stein'-#10.*

SUMMARY

The efficient utilization of resources in accelerated materials science
necessitates flexible, reconfigurable software-defined research
workflows. We demonstrate a brokering approach to modular and
asynchronous research orchestration to integrate multiple labora-
tories in a cooperative multitenancy platform across disciplines
and modalities. To the best of our knowledge, this constitutes the
first internationally distributed materials acceleration platform
(MAP) linked via a passive brokering server, which is demonstrated
through a battery electrolyte workflow capable of determining den-
sity, viscosity, ionic conductivity, heat capacity, diffusion coeffi-
cients, transference numbers, and radial distribution functions that
ran in five countries over the course of 2 weeks. We discuss the les-
sons learned from multitenancy and fault tolerance and chart a way
to a universal battery MAP with fully ontology-linked schemas and
cost-aware orchestration.

INTRODUCTION

Scientists have continuously innovated on the efficiency improvements of the
research process’ with notable driving accelerators such as automation of research
tasks® and their integration with data lineage tracking®* in biotechnology and ma-
terials science.” This research automation created the field of combinatorial mate-
rials science (CMS),® which utilizes the paradigm of well-defined composition and
processing variation to unravel the underlying physicochemical relationships at a
greater pace.”® The combinatorial nature of chemical space does, however,
render any brute force exploration for discovery ineffective. Efficient research
therefore necessitates approaches that can predict how to design materials ac-
cording to a target functional property. This inverse design” " approach is rooted
in the idea of descriptors based on rational design'*"? that define composition-
structure-property relationships. Recent advancements in research instrumenta-
tion'* and user interfaces have lowered the entrance barrier for high-throughput
experimentation (HTE). Abundance of searchable data, enabled by data manage-
ment,*'® then sparked the proliferation of data-driven methods in synthesis,"®
characterization,'” performance evaluation,® and interpretation.’? The integration
of accelerated research tasks in workflows” guided by data-driven methods was
then conceived as the next evolutionary step in a 2018 workshop initiated by
the UN Mission Innovation Initiative and was called the materials acceleration plat-
form (MAP).?°

PROGRESS AND POTENTIAL
New developments in modern
technology often rely on
specifically designed materials.
Tailoring materials properties to
meet the requirements of an
application is a key task in
materials research. The increasing
pace of technology development
requires faster discovery of
optimized materials. Materials
acceleration platforms (MAPs)
automate materials optimization
and therefore allow for a
considerable acceleration of
materials discovery. MAPs allow
for a more efficient use of research
infrastructure like laboratories,
devices, and computational
resources. We demonstrate a
modular MAP design, which
allows us to include automated as
well as non-automated units. It
can hence be used in the current
research landscape already.
Future development is envisioned
to promote comprehensive
recording of data and metadata
and to expose laboratories as a
service. This is expected to result
in the usage of research
equipment to capacity,
maximizing the return on invest of
research funding.

Matter 6, 2647-2665, September 6, 2023 © 2023 The Authors. Published by Elsevier Inc. 2647
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Here, we define MAPs as platforms that enable multiple units, which we call tenants,
to connect using standardized communication schemas. A MAP should combine
tenants providing physical services, like, e.g., experimental capabilities using multi-
tenant instruments for measurements and simulations, as well as digital services for,
e.g., data processing or machine learning. In the field of computer science, there is a
nomenclature for multitenancy that relates to shared digital services serving multiple
customers from a shared resource. We would like to avoid the competing nomencla-
ture of an agent, as it semantically implies an entity with hidden or potentially mali-
cious features as well as a hierarchy. To express a collaborative and community spirit,
we choose to refer to all units within a MAP as tenants. MAPs should be designed
such that tenants providing the same capabilities can be exchanged on the fly
without affecting the platform. This implies that an operator or optimizer cannot a
priori know who is going to fulfill a request at what time, requiring all tenants to
be asynchronous. This asynchronous operation of tenants and the platform itself
means that processing requests and result communication function independently.
While the sharing of data should be as open as possible, resources need to be pro-
tected against malicious input, which renders security aspects a vital part of the MAP
design.

The concept of connecting distributed resources through networking instances is
well established in the field of computer science. In materials science, applications
of this concept are, however, often focused on the processing and management
of generated research data”'?? or automation on a lab bench,? in a building,** or
at a single research institution.”> An example is large-scale research infrastructures
and their data-processing pipelines and visions to integrate these into so-called
superfacilities.26 Using, for instance, the Globus®' framework, single experimental
setups are integrated into computational fabrics that enable the transfer and anal-
ysis of data at rates of gigabytes per second.

Going beyond a single materials property or even transcending the laboratory is
necessary for a true battery MAP,?” as there are multiple functional properties to
optimize,”®?” e.g., lifetime, energy capacity, energy density, voltage range, cost,
power density, safety, embodied energy, etc. All these critically depend on high-
dimensional parameter spaces comprising the chemistry, structure, and processing
of the materials as well as the assembly, composition, and environmental conditions
during operation of the cell system. The optimization of battery materials is therefore
a truly multiscale challenge ranging from atoms to systems and from nanoseconds to
years and therefore cannot be mastered by a single institution or domain alone. A
complicating factor in all of this is the mutual exclusion of certain methods, i.e.,
high-throughput density functional theory (DFT) calculations are challenging to
run on the month scale,”*° and manufactured batteries cannot easily be analyzed
by, e.g., X-ray photoelectron spectroscopy (XPS). This is in stark contrast to all of

31-33 where the entire

the early MAP-inspired demonstrations from other fields,
research life cycle can be covered either using a single robotic setup or a single
research group. A comprehensive MAP in battery research therefore needs to be
distributed across different domains, spanning the entire set of battery research

pl’OCQSSQS.34

Here, we describe the design of a cooperative MAP that is spatially distributed
across multiple countries and involves scientists from the experimental and
modeling domains. A graphical representation of our MAP concept is shown in Fig-
ure 1. The development involved partners across Europe associated with the BIG-
MAP project.'® A brokering software system called FINALES (fast intention-agnostic

2648 Matter 6, 2647-2665, September 6, 2023
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Figure 1. Schematics of conventional accelerated research labs and brokered multitenant MAPs
The left part of the figure shows the general layout of the FINALES paradigm to research
orchestration in which multiple tenants, i.e., optimizers, experiments, simulations, and databases,
exist in a cooperative environment in which each participant can be located anywhere on the globe.
The communication within the MAP is based on pulling from the server in timed intervals, labeled
“waiting,” and pushing information to the server, labeled “as needed.” The inset presents an
emblematic workflow of a HELAO? run in which multiple instruments can be pooled together, but
typically arun is limited to a single laboratory. The design of our MAP allows for the integration of a
HELAO workflow as one of its tenants.

learning server) was developed and hosted at the Karlsruhe Institute of Technology
(KIT, Germany), laboratory experiments were performed at the Helmholtz Institute
Ulm (HIU, Germany), computer simulations were performed at Dassault Systémes
(3DS, Germany and UK), a machine-learning optimizer was developed and run at
the Technical University of Denmark (DTU, Denmark), and ontology and data inter-
faces were prepared at DTU, Stiftelsen for industriell og teknisk forskning (SINTEF,
Norway), and Ecole polytechnique fédérale de Lausanne (EPFL, Switzerland).

We demonstrate the communication in our MAP during an explorative deployment us-
ing a setup consisting of the brokering software, the laboratory experiments, the com-
puter simulations, and the machine-learning-based optimizer. This MAP can thus
determine the density, viscosity, ionic conductivity, heat capacity, diffusion coeffi-
cients, transference numbers, and radial distribution functions for various formulations
of lithium-ion battery electrolytes. To the best of our knowledge, this is the first demon-
stration of an internationally distributed MAP in the field of battery research.

The lessons learned from the development and real-world deployment of our MAP
involving many partners are summarized in a separate section at the end of this
perspective. We believe that sharing not only the success but also the shortcomings
of these design considerations of this new paradigm of performing research will help
to accelerate the progression toward truly autonomous and globally interconnected
materials discovery.

METHODS AND TENANTS

Our MAP concept comprises various units collaborating via the MAP. We call each
participating unit in our MAP a tenant and differentiate between intention-aware
and intention-agnostic tenants. The optimization task, and hence the intention of
the resulting requests, is known to intention-aware tenants, which act actively and
thereby “inject intent” into the workflow. In contrast, intention-agnostic tenants
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are not aware of the reasoning behind requests. They fulfill requests matching their
capabilities without considering any optimization or experimental campaigns. In this
context, itis essential that the brokering server FINALES is not just intention agnostic
but purely passive to fully enable the communication in our MAP.

In this section, we will introduce the different tenants, which provide interfaces compat-
ible with our broker server FINALES, namely the brokering server itself; the experi-
mental setup for density and viscosity measurements ASAB (autonomous synthesis
and analysis of battery electrolytes); the simulation orchestrator implemented in Pipe-
line Pilot; the AiiDA interface for data storage and machine-learning-based condu-
ctivity predictions; and the machine-learning optimizer based on a Gaussian process
optimizer in combination with Chimera™ to enable multiobjective optimization.

Broker server: FINALES

The FINALES tenant s designed as a broker server mediating between all the tenants in
the MAP. It accepts requests from all the tenants through a web application program-
ming interface (API), which requires requests and replies to be structured in defined Py-
dantic® schemas in JSON format. This structured representation of the data and re-
quests facilitates the integration of an ontology such as BattINFO.?” Furthermore,
the type checking promoted by Pydantic improves the security of FINALES. The
formalized and human-readable communication protocols allow us to include non-
automated data acquisition in autonomously orchestrated loops, maximizing the
inclusiveness and versatility of FINALES.

Tenants use the requests to order or report a measurement or a simulation or to
retrieve data from the database connected to FINALES. The requests for measure-
ments and simulations as well as reported results are stored in the FINALES database
in an append-only scheme preserving all generated data. FINALES provides
methods to request data from the database by its origin, meaning whether it was
generated from an experiment or a simulation, or by the measured or simulated
quantity. The respective request by the tenant contains a field specifying the method
to use. The queries from the database are implemented as functions in FINALES,
which take an element of an enumeration as an input. This way of working allows
for type checking and enhances the security of the MAP against malicious database
queries. FINALES performs all its actions in an asynchronous manner, allowing the
MAP to continue its operation while requests are pending. The core functionality
of FINALES is to act as a communication hub between the tenants while not actively
controlling any tenant. This means that it is not actively triggering actions of individ-
ual tenants but rather keeps track of a queue of requests and replies, which can be
queried by the various tenants in the MAP at any time. This passivity renders
FINALES independent of the state of the individual tenants and distinguishes it
from many other automation frameworks like HELAO,?® Bluesky,38 or ChemQS.%*
By design, instruments operated by these other frameworks or Globus”' flows could
be connected to FINALES as tenants.

A further difference between FINALES and HELAO is FINALES's hardware-indepen-
dent operation by abstracting away from a sequence of hardware events to request-
ing desired outcomes. FINALES allows for maximum flexibility and redundancy by
explicitly allowing the integration of several intention-agnostic tenants with the
same capabilities as well as multiple intention-aware tenants, like optimizers, oper-
ating simultaneously and in parallel. This multitenancy design allows for several
intention-aware tenants to explore and exploit the data and services available
through FINALES.
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Figure 2. The workflow and the atomistic unit cell used by the simulation tenant

(A) The workflow architecture for automated simulations using BIOVIA Pipeline Pilot. The first
component queries the FINALES broker server for simulation requests, which are read and input
parameters to perform MD simulations, are extracted. The complete workflow for the MD
simulations is contained in the “run HPC job" subprotocol. The results of the MD simulations are
obtained asynchronously and posted back onto FINALES upon convergence via the “post to
FINALES” component.

(B) The atomistic supercell model of an electrolyte. The ethylene carbonate (EC), ethyl methyl
carbonate (EMC), and dimethyl carbonate (DMC) molecules are shown in a stick representation, the
lithium ions are shown as large violet balls, and the hexafluorophosphate (PF,) ions are
represented as a stick model enclosed by a light green octahedron.

Simulation orchestrator: Pipeline Pilot

The intention-agnostic simulation tenant provides simulation capabilities to the
MAP and is created using BIOVIA Pipeline Pilot.*” This is a workflow engine and
data analysis tool, which enables reading and writing of data from and to databases
and the automation of simulations and experiments as well as the analysis, model
building, visualization, and reporting of results. The manipulation of data is executed
by components, which are connected via data pipelines into workflows called
protocols. Figure 2A shows how the protocol used as the simulation tenant in our
demonstration may be graphically represented. The first component in the protocol
periodically queries the broker server for pending simulation requests using the
FINALES API. The relevant input parameters required to set up a molecular dy-
namics (MD) simulation are extracted once a new simulation request is received
and passed on to a high-performance computing (HPC) cluster for execution.

The core calculations of the protocol are performed in the “run HPC job” subproto-

col component, which contains a complete workflow to calculate the ionic transport

40,41

coefficients of a given electrolyte composition at a given temperature. Briefly,

this calculation starts by building an Amorphous Cell model of the molecular liquid
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as shown in Figure 2B. This model is the starting configuration to run a sequential MD
workflow containing an initialization stage MD run under constant volume and tem-
perature (NVT-MD) followed by an MD run under constant pressure and temperature
(NPT-MD) for 250 ns each to thermalize the system and to obtain an estimate for the
density. This equilibrated amorphous model is used as a starting configuration for a
2,000 ns production MD simulation run. An automatic analysis of the MD trajectory
provides diffusion coefficients, conductivities, and transference numbers for all ionic
species in the system as described in detail by Hanke et al.*’ In addition, the radial
distribution function (RDF) is computed, which provides detailed information about
the ordering of the molecules in the liquid.

Finally, the results of the MD simulations are collected and formatted for reporting
back to FINALES in the last component called “post to FINALES.” The metadata,
such as trajectories, can also be sent simultaneously to the Materials Cloud Archive.
This protocol runs asynchronously in specific time intervals, and each request is
treated independently for querying, simulation, and posting.

Experimental setup: ASAB

The ASAB system used to perform the experiments described in this study is shown in
Figure 3. In the demonstration, it serves as an intention-agnostic tenant that comprises
a base module for power supply, six syringe pumps, and ten eleven-port valve modules
including a matching APl commercially available from CETONI. Furthermore, an Entris
Il laboratory balance from Sartorius AG and a DMA 4100 M densimeter with an addi-
tional Lovis 2000 viscometer by Anton Paar Germany are connected to the system. A
computer is used to control the system via an in-house-implemented Python package.
The software package comprises servers for the densimeter and viscometer, the pump
and valve system, and the balance, all based on the FastAPI framework.*” These
servers call functions in an actions level within the in-house-developed software, which
run more complex tasks by calling functions in the driver level. The tubing and intercon-
nections of pumps, valves, vials, and connected devices are digitally represented by a
graph. This allows searching for the shortest connection between two nodes or paths
passing defined nodes in a given order. Its graph implementation makes ASAB flexible
regarding the tubing interconnections and enables processing of high-level requests
even after reconfiguring the hardware. Prior to any mixing step, the system fills every
syringe related to a reservoir containing a component included in the formulation to
avoid gas being located at the top of the syringes, which results in flawed mixing ratios.
The hardware layout is loaded from a configuration file, which needs to be supplied by
the operator prior to starting an experiment. Requests are pulled from FINALES, and
the corresponding functionality is triggered on the device requested. The setup offers
functionalities to request mixing, providing a sample to a device, retrieving data, and
draining the sample from the device. The deduction of detailed step-by-step proced-
ures from these high-level requests is performed within the ASAB actions and drivers,
exploiting its internal flexibility.

Since the simulations work on a molecular representation of the system, the opti-
mizer is chosen to represent formulations as a set of molar fractions. Requests for
formulations therefore need to be transformed to volume fractions by the ASAB soft-
ware to enable volumetric dosing of the stock solutions. In case there is no exact
solution to the transformation, the system selects the closest accessible formulation
using a gradient descent method provided in the SciPy*® Python package.

Based on the volume fractions calculated according to this procedure, the volume
flow of each stock solution is determined by multiplication of the targeted total
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Figure 3. The hardware setup and a schematic overview of the ASAB tenant

(A) The pump and valve system of the experimental ASAB setup used to perform the experiments
relevant for this study.

(B) The densimeter and the attached viscometer device used for the measurements.

(C) A schematic drawing showing the connections within the system.

The valves, reservoirs containing the stock solutions (R1-R4), cyclohexane, and EMC for cleaning
are shown. Further, the syringes (A-F), the multiplexer for mixing, and the densimeter and
viscometer device are displayed.

flow with the volume fraction of the respective stock solution. The flows of the stock
solutions are merged in the multiplexer before a valve determines whether the flow
is directed toward the waste while stabilizing the flows or toward the measuring de-
vice. After the measurement ends, the sample is drained to the waste using gas aspi-
rated from the atmosphere in the glovebox, in which the pumps and valves are
located. Prior to the subsequent experiment, gas is pumped through the measuring
cells of the densimeter and viscometer several times to remove large residues of
sample material.

Optimizer tenant

The intention-aware optimizer tenant software is designed in a modular and config-
urable way using the Python programming language. One module is responsible for
all communication with FINALES, including authentication, data retrieval, and
sending new measurement or simulation requests. Another module is responsible
for data preprocessing and collating data in a table format appropriate for data anal-
ysis. A third module contains the optimizer algorithm, responsible for analyzing data
and suggesting new measurement inputs. In the current version of the optimizer ten-
ant, the optimizer algorithm is a Gaussian process optimizer based on the widely
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used GP-UCB algorithm®* extended for multiobjective optimization with the
Chimera®” scalarizing function. Finally, a central application module binds the other
modules together in a main loop by continuously checking the current state of
FINALES's database, retrieving available data, fitting the machine-learning model
with the data, and using the optimizer algorithm to generate new measurement
and simulation requests, which are finally sent to FINALES. The optimizer tenant
can be configured to specify what to optimize, which quantities to request, and
how to reach the broker server.

Low-fidelity conductivity predictor integrated through an AiiDA tenant
AiiDA**>¢ is a general-purpose workflow management platform for computational
research projects, with a plugin interface to support external codes. Currently, the
vast majority of the plugins cover simulations in the field of materials science.
AiiDA provides a framework to codify and automate the different tasks involved in
computational workflows and is able to seamlessly integrate with simulation codes
running on HPC clusters. A generic intention-agnostic AiiDA tenant can thus grant
FINALES users access to a wide variety of simulation tools without needing to imple-
ment specific infrastructure to interact with the computational server, similar to those
offered by the Pipeline Pilot simulation orchestrator discussed earlier. Furthermore,
it can also significantly simplify the management of the computing resources used to
run these calculations, as well as the coordination between multiple simulation co-
des required to produce a given figure of merit (FOM), i.e., the implementation of
a complete workflow.

The AiiDA-FINALES tenant demonstrates the interaction of a simulation managed by
AiiDA with FINALES. A command line interface is also implemented to simplify the
process of starting the tenant, and also provides an easy way of populating requests
in the server, which is particularly useful for testing. Here, we demonstrate the use of
the AiiDA tenant to estimate a low-fidelity value for the conductivity, based on the
model reported by Rahmanian et al.”” developed using one-shot active learning,
in order to provide multifidelity data to the MAP. The model was designed for solu-
tions of lithium hexafluorophosphate (LiPF) in mixtures of ethylene carbonate (EC),
ethyl methyl carbonate (EMC), and propylene carbonate (PC), in a range of temper-
atures reaching from —30°C to 60°C. The original model was expressed as a polyno-
mial on the mass ratios of the participating species, in which the coefficients were
determined for specific temperatures within the range provided in increments of
10°C. Inthe implementation used here, any temperature is accepted, but processing
is only possible for temperatures within —30°C to 60°C. The parameters are interpo-
lated from those corresponding to the two nearest multiples of ten. A filter is imple-
mented that only processes requests from the AiiDA internal queue, which are within
the temperature range of the model. Once the tenant is started, it connects to the
server, pulls any request for conductivity simulations, and submits any simulation
that is not already queued to the AiiDA internal queuing system. It then monitors
the state of the submitted calculations in the internal queue of AiiDA, and when
they finish, it submits back the measurement results to FINALES. The overall data
and process flow is analogous to the one discussed for the Pipeline Pilot simulation
orchestrator in Figure 2A.

Our implementation serves to demonstrate AiiDA’s capabilities that can be enabled
by connecting AiiDA as a tenant to FINALES. Further features, such as a persistence

mechanism to allow the tenant to be restarted or error handling, will be imple-
mented in the future, also leveraging future features of the FINALES broker.
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In the following sections, we describe the design of our MAP, the reduced setup
used to demonstrate the operability of the communication, the results obtained
from the demonstration run, the lessons learned, and future goals.

MAP design

Currentimplementations of MAPs often limit themselves to loops optimizing for
a specific target by using workflows, which are predefined to a certain degree, i.e., a
fixed sequence of events is given, and instrument or research actions are predeter-
mined. Battery research, or energy conversion research in a broader sense, is, how-
ever, intrinsically multimodal and multitarget. Consequently, our MAP allows us to

48-50

combine hardware and software components, providing complementary capabil-
ities and aiming to minimize error-prone human interventions while increasing the
experimental and computational efficiency and maximizing information generation
in a time- and cost-efficient manner.

A defining design decision, which is specific to our approach, is to disable direct
communication between tenants and to channel all communication through a
brokering service, which we implemented. FINALES constitutes an open interface
brokering between hardware and software as well as humans. Simulations and ex-
periments can be requested as a service through the FINALES API. By implementing
an interface to the FINALES API, new tenants can easily be connected to our MAP
without necessitating alterations of existing workflows in the MAP or the tenant.

Further, it is designed to be highly modular with respect to possible workflows, which,
in the future, is expected to allow for various independent optimizations running simul-
taneously on a common MAP. For this to work, the design and mode of operation of
our MAP must be independent of the target of any optimization running on the
MAP. This necessitates a separation of concerns among all the tenants, which results
in the aforementioned distinction between intention-aware and intention-agnostic ten-
ants. Moreover, FINALES is prepared to allow for multitenancy. Several intention-
agnostic tenants offering the same physical or computational capabilities and multiple
intention-aware tenants with different intentions are planned to operate in the same
MAP. This will allow the MAP to be utilized for multiple purposes at once and may
dramatically increase its utility as a general research framework.

This concept requires the central instance, here FINALES, to be passive, i.e., it does
not actively trigger actions in the MAP. This allows for asynchronous operation of the
individual tenants by enabling them to fetch new tasks from the server according to
their own schedule. This passive operation of FINALES allows us to continue optimi-
zation independent of any single tenant’s online availability or load. If any equip-
ment or compute cluster is removed from or added to the MAP, the queuing system
of FINALES remains unaffected. Requests, which cannot be served by any tenant in
the MAP, will remain in the queue until a tenant with the required capabilities con-
nects to the MAP and picks up the request. This behavior allows for the handling
of errors on the tenant level without affecting the further operation of the remaining
MAP. If a tenant does not report results due to an internal error, the request remains
pending, and the MAP will proceed its operation. Hence, there is no need for
FINALES to deal with tenant-internal errors. Errors in tenants, which can occur and
still allow for results to be reported, need to trigger an entry in the quality field of
the response to enable intention-aware tenants to withdraw the data to treat these
data according to their standards. Fault tolerance toward a failure of FINALES can be
achieved in principle by running redundant servers and to switch to another instance
as soon as one instance cannot be reached.
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Figure 4. The workflow for performing an experiment or a simulation in our MAP

The intention-aware tenant (T,,) posts a request (R) to FINALES (1), where it is picked up by the
intention-agnostic tenant (Ti,g) (2), which processes the request and posts back the results (M) to
FINALES (3). The intention-aware tenant collects the data from FINALES (4) and operates on them
according to its task. Links to the BattINFO®/ ontology are prepared for all applicable fields in the
JSON-formatted schema.

The general workflow of the MAP is shown in Figure 4. Initially, an intention-aware
tenant (Tiow) posts a request to FINALES. From there, an intention-agnostic tenant
(Tiag) can pick it up and process it according to its own schedule. Hence, the requests
are processed asynchronously within the MAP, and different durations of experi-
mental, simulation, or other processes do not block the whole MAP. Once results
are available, the Ti,g posts them back to FINALES, from which the Ti,,, can withdraw
them by posting an appropriate request to FINALES. This request will be served by
FINALES itself, and the results matching the request will be sent.

Figure 5 exemplarily shows the structure of a request for a density measurement and
a corresponding reply. The two schemas are identical except that the field
"pending” must be “true” to identify a request or “false” for reported results, and
the field “fom_data” may not be empty for reported results. The field “failed” is
used to mark failed measurements or simulations. The “message” field allows us
to freely add additional information. In the example, this contains the composition
in a volumetric representation and in the molar representation resulting from this.
In the example, it is further used to convey a rating of the fidelity of the data by
the tenant providing it, e.g., according to the success or the failure of the measure-
ment. In this example, the system reported viscosity and density in the reply, as these
two quantities are measured in a single measurement.

DEMONSTRATION OF OPERABILITY

To demonstrate the operability of the current implementation of our MAP, we de-
ployed a minimal configuration for the task of optimizing the composition of a bat-
tery electrolyte by maximizing viscosity while minimizing density. The primary aim of
the demonstration was to show the basic operability of the MAP design in an actual
physical manifestation rather than drawing any scientific conclusions regarding bat-
tery electrolytes from the generated data.

The setup included the ASAB system and the simulation orchestrator created using
Pipeline Pilot for performing the experiments and simulations, respectively. The
optimizer tenant was used to guide the optimization procedure and send requests
to FINALES based on the experimental and simulated density, viscosity and ionic
conductivity data available in the database and retrieved through FINALES. The
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Figure 5. The format of a request and a measurement

The schemas for requests (R) and measurements (M) is the same. For measurements, the field
“"fom_data” must not be empty, while it may be empty for requests. The main difference is the field
“pending,” which is “true” for the request and “false” for the measurement.

distributed MAP was tested incrementally in several trials during development. Dur-
ing periods in which the optimizer was not running, requests were generated manu-
ally, demonstrating FINALES’s ability for human-in-the-loop operation. Most
recently, an autonomous run of the MAP, in which FINALES orchestrated the opti-
mizer tenant, the Pipeline Pilot-based simulation orchestrator, and ASAB, ran suc-
cessfully for approximately 4.5 h without any human intervention and performed
several iterations of requests, simulations, and measurements. The current version
of the optimizer did not distinguish whether the data originated from experiments
or from simulations and treated all values provided by both methods the same.
The data presented in the following section were retrieved from the database after
the end of the demonstration. It therefore contains the results requested by manual
input as well as the results obtained during the autonomous period of the run.

In the experimental setup, the electrolyte samples were formulated based on stock
solutions provided in vials prior to the start of the experiment. For the purpose of the
demonstration reported here, commercial solutions of 1 M LiPF, in EC:EMC 3:7 by
weight and 1 M LiPF, in EC:dimethyl carbonate (DMC) 1:1 by weight, as well as
EC:EMC 3:7 by weight and DMC, all ordered from E-Lyte Innovations, were used
as received and provided as stock solutions to the experimental setup. In prepara-
tion of the demonstration run, density measurements for each stock solution needed
to be performed, as these values were required as inputs to calculate the volume
fractions from the molar fractions. Each measurement originating from the exp-
erimental setup comprised three individual measurements. The value for each
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Figure 6. The compositional space covered during the demonstration run

Squared markers represent calculated target formulations of the experiments, triangles mark
formulations covered by simulations, and the circles with blue outlines represent the requested
formulations. Markers in an x shape denote additional simulations performed during test runs and
saved to an instance of FINALES not connected to the optimizer. The set composition in molar
fractions is represented by the color. This color scheme is also used in the following figures. A
severe deviation between the requested and experimentally targeted formulations is observed.
This is likely to be caused by the limitations due to the stock solutions and the approximation of the
requested molar fractions by volume fractions.

individual measurement was reported to FINALES within one measurement object.
Hence, it is left to the user of the data whether the data shall be averaged or used
as is.

RESULTS

The chemical space covered during the entire run is shown in Figure 6. The squared
markers represent experimentally measured data, and triangles indicate results ob-
tained from simulations. The round markers with blue outlines represent requested
formulations. Simulations for formulations marked by x were added to the server af-
ter the demonstration run, as they were saved during testing to a second instance of
the server not connected to the optimizer. A significant deviation between the mo-
lecular formulations requested by the optimizer and the formulations resulting from
the calculated volume fractions targeted in the experiments can be observed. This
most probably depends on the stock solutions, which are not allowed to cover the
full chemical space spanned by the individual chemicals. Furthermore, the approx-
imation required during the transition from molar fractions to volume fractions
and back during the experiment adds another contribution to the deviation if no
exact transformation is possible.

Figure 7 shows a plot of the ionic conductivity obtained from simulation results
versus the concentration of LiPF,4. The values shown originate from simulations re-
quested manually as well as optimizer-requested simulations, and it is also important
to note that the LiPF, content is not the only compositional variation between the
data points. The formulations corresponding to the conductivity data presented in
this figure also differ in the composition of the solvent. However, the strongest cor-
relation in our data seems to be observed for the LiPF, content, which is in line with
the literature reporting a stronger influence on conductivity by the salt concentration
than the composition of the solvent in various electrolyte systems.”’>">? Figure 7
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Figure 7. The ionic conductivity data calculated in the course of the MD workflow

The color scheme of Figure 6 was used to denote the composition. The graph comprises data
points, which were requested for simulation during the demonstration run and, as such, were
generated for the formulations requested for experimental measurement during the
demonstration. The simulations for the latter were run after the demonstration was finished. It must
be noted that the data points correspond to formulations differing not only in their salt content but
also in the composition of the solvent. Further, data originating from simulations triggered by
manually posted requests as well as optimizer-generated requests are presented. It seems that a
maximum in conductivity for a certain LiPF, concentration is found, assuming no significant
influence of the solvent composition on conductivity.

shows an increase of ionic conductivity for small concentrations of LiPF4 up to a
maximum followed by a decrease. The presence of a maximum with respect to the
salt concentration is reported in the literature based on experimental re-
47:51:535% and calculations® for similar electrolyte systems. These correlations
to the literature suggest that the simulations triggered during this demonstration
captured some general trends regarding the ion conductivity in the electrolyte sys-
tem that has been investigated.

sults

The RDF presented in Figure 8 shows the interatomic distances of lithium ions to
relevant atoms within molecules contained in the electrolyte mixture. The peaks at
2 and 4 A in the Li-O RDF denote oxygen atoms in the carbonate groups of the elec-
trolyte, with corresponding peaks in the Li-C function. Together, these peaks indi-
cate the first solvation shell around the lithium ions. The ordering becomes stronger
with increasing EMC content as the relative height of peaks increases compared to
the liquid background. In contrast, the RDF between lithium ions shows multiple
peaks at very high EMC content. This suggests long-range ordering of the lithium
ions, which is likely to be related to the low dielectric constant of pure EMC (e =
2.5-3)°° and the short screening length arising from it.

Our experimental results show a strong correlation between the viscosity and the
density averaged per measurement in the system under investigation with a Pearson
correlation coefficient of approximately 0.91. The correlation can also be seen in Fig-
ure 9. Due to this strong correlation, the density and viscosity cannot be truly
individually optimized, which renders the minimization of the density and the maxi-
mization of the viscosity non-ideal targets for multiobjective optimization in this
formulation space.
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Figure 8. The radial distribution function for lithium ions as obtained from the simulations run on
the data generated during the demonstration run based on manual and optimizer-generated
requests

The solvation shell of the lithium ions can be observed. The color coding representing the various
formulations corresponds to that used in Figure 6.

LESSONS LEARNED

The first run of our international MAP with a passive FINALES brokering instance
generated some valuable lessons, which we believe are of great interest for the com-
munity and of impact for MAP design.

Data structures

A general insight from this deployment is the realization that the actual implemen-
tation of a truly autonomous platform is critically dependent on binding, well-docu-
mented, and interoperable data structures. Our MAP requires unambiguous
communication. In order to be applicable to such MAPs, data management plans
(DMPs)"® need very strict structures and definitions. During the development of
our MAP, a lot of communication between the scientists was required to agree on
how to correctly and usefully populate the fields in the schemas due to the various
needs of different tenants. Schemas developed for future MAPs need clear

2660 Matter 6, 2647-2665, September 6, 2023

86

Matter



Matter

LiPFg

@

o

—
1

N
(&)
T
1

EMC

DMC

Pexp (g cm~3)
- N
P

[ ]
[ ]

RN
o
T
1

°

[ o ® ]

1.075 1.100 1.125 1.150 1.175 1.200
nexp(mpas)

0.5

Figure 9. The correlation between the density p.., and the viscosity 1., as observed from the
formulations yielding both successful density and viscosity measurements

The formulations are colored according to the coloring scheme introduced in Figure 6. A
correlation between peyp, and Neyp can be seen. The Pearson correlation coefficient amounts to
approximately 0.91.

definitions of the type and format of data contained in each field, which go well
beyond the FAIR criteria.”® A strong mapping from the fields in the schemas to an
ontology can help to precisely describe the information conveyed with each field.
Further, an ontology can provide a common semantic for the MAP, enabling specific
requests and replies.

Data quality

Due to the multimodality of our map, it turned out to be important to rate the quality
of data reported to FINALES on the level of the tenant providing them. If, e.g., a
measurement with several subsamples is requested, it is valuable information how
many data points were valid and can be included in the analysis. This information en-
ables, e.g., an optimizer to decide whether data with a certain rating should be
included in the training of the machine-learning model or not. This concept also ap-
plies to other tenants, which could rate the fidelity based on different measures.
Hence, there is a need for a tangible and measurable data quality rating for all
possible data types and tenants.

Sharing limitations, costs, and units

The demonstration revealed the significance of the limitations of individual tenants
on the effective operation of our MAP. In the experimental setup, the range of
feasible formulations is mainly limited by the stock solutions provided to the system.
Requests by the optimizer can exceed these limitations because the current imple-
mentation of the optimizer defines formulations on a molecular level without consid-
eration of the stock solutions. In several cases, this results in rough approximations of
the formulation when determining the volume fractions of the stock solutions. Anal-
ogously, limitations in the simulation tenant arise due to the limited number of mol-
ecules, which can be simulated with reasonable use of computational resources. In
the case of our demonstration, a molar fraction of the salt exceeding 0.5 is the limit
due to the size of the unit cell. These examples emphasize the necessity of dealing
with the limitations of each tenant. We suggest sharing the limitations upon connec-
tion of a tenant to the MAP so that other tenants can adjust their requests

¢? CellPress

OPEN ACCESS

Matter 6, 2647-2665, September 6, 2023 2661

87




¢? CellPress

OPEN ACCESS

accordingly. For costs arising for the use of tenants, this concept of sharing can be
extended to include the price, which can be used to enforce a budget on optimiza-
tions. This does not mean restricting the search space to the limits of the most
restrictive tenant but rather installing a preventive measure for cost-excessive or
impossible-to-fulfill requests. The implementation of a billing system could further
add a new direction to research by offering laboratories as a service like existing
biotechnology services.

The example of the formulations also shows the importance of finding a common
way of specifying crucial quantities shared by several tenants and transforming
them according to the specific needs of a tenant, where necessary. Such common
representations and units need to be defined for the whole MAP during setup.

MAP design

In our demonstration, asynchronicity and the append-only way of saving requests
and results proved to be valuable features in orchestrating our MAP. As each tenant
processes its tasks independently from the MAP, no tenant is being blocked by the
state of another. This fulfills the requirement of a modular and hardware-indepen-
dent operation. The intention-agnostic operation of some tenants also proved
beneficial regarding the flexible selection of the optimization targets. The T,y is
able to access all the data available in the database of the MAP and to exploit the
full dataset while pursuing its objective.

For future development, the implementation of full data lineage tracking including
timestamps and the complete collection of metadata for the exploitation of addi-
tional results will be targeted. Full data lineage tracking requires each tenant to pro-
vide the data lineage tracking for its workflow and to report it to the MAP or at least
to save it in tenant-specific storage for future reference. Overall, we recommend not
restricting data recording solely to the quantities of primary interest but to record all
data and metadata possible.

Our proposed MAP architecture, including the centralized passive FINALES
brokering service, fulfills the requirements of interchangeability of tenants, asyn-
chronous and distributed operation, and inclusion of experimental and computa-
tional setups. This constitutes a significant portion of our definition of a MAP. Hence,
we regard this as a possible concept for the future development of interna-
tional MAPs.

Improvements need to be made to the standardization of the schemas, the user
authentication, and the communication of limitations of tenants. Further develop-
ment and a demonstration of multitenancy and data lineage tracking are part of
the future work.

CONCLUSION

The demonstration reported here showed an operation principle for a distributed
MAP on an international scale. We believe that this orchestration paradigm of imple-
menting a marketplace of requests to be fulfilled by available tenants could be a uni-
versal approach to the acceleration of research. This first run of our internationally
distributed MAP allowed us to identify a variety of challenges, which need to be ad-
dressed in the further development and integration of an increasing number of ten-
ants. We believe that efforts toward the further development and deployment of
MAPs are worth undertaking, as building shared MAPs, where instruments are no
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longer used solely by a single group, allows the simultaneous usage of research
equipment for a variety of research questions and fields. This is important for
ensuring fault tolerance and around-the-clock operation and, simultaneously, cre-
ates incentives for cost reduction and efficiency enhancement. By the collaborative
nature of MAPs, community building is an integral part of the design process. The
current funding schemes in, e.g., the European Union (EU) and associated national
or bilateral funding agencies in fact foster this collaborative approach to research,
and we believe that there is a need to create more cross-country funding lines
that can help in building global research workflows. We believe that MAPs can
improve the efficient utilization of equipment in new innovative workflows with little
additional effort to ultimately enable a more efficient allocation of funding. We hope
that our insights shared in this perspective will support the further development of
international MAPs and the acceleration of research to overcome the material
limited challenges of our time.

EXPERIMENTAL PROCEDURES

Resource availability

Please refer to the "Methods and tenants" section to obtain information about the
experimental procedures and how to reproduce them.

Lead contact
Requests for further information should be directed to the lead contact, Helge S.
Stein (helge.stein@tum.de).

Materials availability
This study did not generate new unique reagents.

Data and code availability

All data reported in this perspective will be shared by the lead contact upon request.
All original code regarding the FINALES broker server has been deposited at https://
github.com/BIG-MAP/finale under https://zenodo.org/record/8009625 and is pub-
licly available under the MIT license as of the date of publication. Any additional in-
formation required to reanalyze the data reported in this perspective is available
from the lead contact upon request.
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This section presents the publication [14]

M. Vogler, S. K. Steensen, F. F. Ramirez, L. Merker, J. Busk, J. M. Carlsson, L. H. Rieger, B.
Zhang, F. Liot, G. Pizzi, F. Hanke, E. Flores, H. Hajiyani, S. Fuchs, A. Sanin, M. Gaberscek, . E.
Castelli, S. Clark, T. Vegge, A. Bhowmik, and H. S. Stein, “Autonomous Battery Optimization
by Deploying Distributed Experiments and Simulations,” Advanced Energy Materials, vol. 14,
no. 46, p. 2403 263, 2024. poi: 10.1002/aenm.202403263

submitted in May 2024 and published after peer-review in October 2024. The open access publica-
tion is available under the terms of the Creative Commons Attribution 4.0 International (CC BY 4.0)
(https://creativecommons.org/licenses/by/4.0/) license.

Monika Vogler presented this work in a poster at the Battery2030+ Annual Conference 2024 in
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This publication presents the further development of the FINALES framework presented in chapter 6.1 [13].
It describes a new implementation of the framework with significant improvements in the structure of the
database and its versatility towards new research goals while keeping the aspects of passive operation,
permissive append-only data management, quality ratings, intention-agnosticism, and multitenancy. The
improved structure of the communication schemas is based on capabilities, which are defined as a pair of
a quantity and a method required to obtain a result for the respective quantity. Capabilities must be unique
in an instance of a FINALES-based MAP and are registered in the FINALES database with their associated
input and output data structures. The improved data structures used in the second implementation are
composed of high-level generic structures, which are augmented with use case-specific data formats.
Data structures inherent to FINALES are generic to maintain flexibility while enabling the verification of
postings. The use case-specific data structures provided to FINALES configure the server for a certain
study. Reconfiguration of this second set of data structures is possible without stopping and restarting the
server rendering it even more flexible. Traceability is maintained by registering capabilities and tenants in
the FINALES database, which keeps a history of their respective evolution. The reimplementation equips
requests and results with a status field, for which a history is maintained to add traceability. [14]

The improved implementation of FINALES was demonstrated in a use case significantly more advanced
than the one presented in chapter 6.1 [13] by including two instances of an optimiser working on two in-
dependent optimisation tasks. One of the optimisers aimed for maximum ionic conductivity of electrolytes
and the other targeted the maximisation of the EOL of coin cells. Both optimiser instances varied the elec-
trolyte formulation to reach their goal. The assembly and testing of coin cells required the implementation
of a workflow in the MAP without violating the centralisation of the communication. For this purpose, the
Overlooking Orchestrating Tenant (OVERLORT) was implemented, which broke down requests for e.g.
cycling data of a coin cell into a request for each step necessary to obtain the requested data, which it
posted to FINALES one after the other. Once all individual steps were completed, it collected all the results
in a single result and posted it in response to the initial request. Since an iteration of the workflow used in
this demonstration took several days to complete, the OVERLORT was designed such that it could handle
several instances of the workflow in parallel. [14]

The results of the study show, that the FINALES-based MAP was able to identify the area of maximum
ionic conductivity as a narrow band of LiPFg concentrations. A trend in the composition of the solvent
was not captured, which was likely due to its less pronounced effect on the ionic conductivity compared
to that of the salt concentration. The optimum ionic conductivity was observed for LiPFg concentrations
around 1 molkg™". The median values of the experimentally obtained EOL seem to also show a maximum
at approximately 1 m LiPFg. However, the latter requires verification by further studies. Overall, in this
publication, we demonstrated the parallel operation of several optimisers on the same infrastructure and
the ability of our MAP concept to not only target the optimisation of bulk material properties but to also
include the investigation of the performance in devices like the coin cells in this study. [14]

In the context of this publication, the ASAB system was equipped with the in-house assembled two elec-
trode electrochemical cell described in chapter 4 [14]. Since leakage issues were observed during the
demonstration described in chapter 6.1, vials were added to each valve to collect the liquid in case of a
leakage and avoid spillage. Additionally, check valves were added to hinder the formulated electrolyte
to be pressed back into the bottles containing the stock solutions. Further improvements were achieved
by implementing a connection to a pressurised gas line and making use of it in an automated cleaning
routine. Moreover, a new ASAB tenant was implemented to ensure compatibility with the new FINALES
instance [14]. Since both optimisation tasks relied on formulated electrolytes, the ASAB tenant was asso-
ciated with two capabilities, one being to provide ionic conductivity data by means of EIS and the second
being to prepare electrolytes for the assembly of coin cells by means of the formulation unit. It was there-
fore shown in this demonstration, that the ASAB setup can serve as a tenant providing two capabilities to
the MAP and it may easily be included into a workflow deploying its physical and digital outputs [14].

The remainder of this chapter shows a reprint of [14] and the corresponding Supporting Information.
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Non-trivial relationships link individual materials properties to device-level per-
formance. Device optimization therefore calls for new automation approaches
beyond the laboratory bench with tight integration of different research
methods. This study demonstrates a Materials Acceleration Platform (MAP)
in the field of battery research based on the problem-agnostic Fast INtention-
Agnostic LEarning Server (FINALES) framework, which integrates simulations
and physical experiments while leaving the active control of the hardware and
software resources executing experiments or simulations with the partners
running the respective units. This decentralization of control is a distinctive
feature of MAPs using the FINALES framework. The connected capabilities
entail the formulation and characterization of electrolytes, cell assembly and
testing, early lifetime prediction, and ontology-mapped data storage provided
by institutions distributed across Europe. The infrastructure is used to optimize
the ionic conductivity of electrolytes and the End Of Life (EOL) of lithium-ion
coin cells by varying the electrolyte formulation. Trends in ionic conductivity
are rediscovered and the effect of the electrolyte formulation on the EOL

is investigated. Further, the capability of this MAP to bridge diverse research
modalities, scales, and institutions enabling system-level investigations under
asynchronous conditions while handling concurrent workflows on the material-
and system-level is shown, demonstrating true intention-agnosticism.

1. Introduction

The slow process of discovering new ma-
terials with enhanced properties, long
term durability and ease of device inte-
gration is the critical bottleneck in the
green transition. Automated materials
discovery and optimization mark a break-
through in this direction often captured
by the general concept of a self-driving
laboratory (SDL)[!l and in a broader con-
text as MAPs.[23] This approach involves
autonomous or closed-loop experimen-
tation, integrating robotics and Artificial
Intelligence (AI) to autonomously con-
duct, assess, and steer experiments us-
ing data analyzed through machine learn-
ing (ML). Such platforms transcend con-
ventional lab automation by solving prob-
lems without the need for human interac-
tion.

Conventional studies in battery re-
search focus on the optimization of
a preselected set of materials proper-
ties before finally testing the optimized
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materials in cells. Due to the multitude of materials and
interfaces in battery cells, this Edisonian one-variable-at-a-
time method makes the discovery of new materials for high-
performing batteries a time and resource intensive task, because
the characteristics of the systems are not merely the aggregate
of the components. For example, the performance and degrada-
tion resistance of a device (e.g., a battery) depend on the interplay
of its constituent materials and resulting interfaces.[**] Materials
discovery therefore requires an optimization across all time and
length scales, as well as among all involved materials. Directly tar-
geting the optimization of the system has the potential to signifi-
cantly shorten the time-to-market, while still gaining knowledge
about the complex interplay between the materials and the inter-
faces.

Combining accelerated autonomous discovery capability with
a device level perspective has very recently been introduced for
opto-electronic systems,®! but has been out of reach for elec-
trochemical system discovery. Electrochemical materials discov-
ery and development is a complex, multi-pronged process span-
ning prediction, synthesis, characterization, and device testing
processes. Related critical research tasks often hinge on the ac-
cess to bespoke equipment, e.g., Al-supercomputers for genera-
tive design of new materials using foundation models,”! or high-
fidelity synthesis and characterization equipment in large-scale
facilities.[®) Such resources often have limited and delayed access
that requires peer-reviewed applications for compute resources
or beamtime. Combining such infrastructure within a MAP re-
quires a novel direction in MAP architecture in terms of dis-
tributed operation and decentralization by design. Surpassing
pure acceleration®! and establishing reliability of discovery,['%!
such a MAP will encourage the thorough characterization and
testing of full systems rather than individual materials or com-
ponents. This also provides dual benefits of higher throughput
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and better reproducibility by removing human error and pro-
viding improved automated documentation of experiments in-
cluding negative results. The practice of publishing complete
datasets from SDL operation alongside the adoption of stan-
dardized machine readable data formats, holds the promise of
boosting data reusability and, consequently, further resource ef-
ficiency. By leveraging carefully designed autonomous experi-
ments in conjunction with experiment planning algorithms, it
is possible not only to reduce material usage but also enhance
efficiency by minimizing downtime of the instruments.

To address the aforementioned challenges, we discuss here
the versatile and ontology-linked FINALES framework capable
of providing Application Programming Interface (API)-access to
a distributed MAP enabling fully autonomous operation. The
use of clearly defined data structures permits a unified and un-
ambiguous communication without the need for human inter-
vention. Since the framework passively enables the communi-
cation without actively triggering actions within the MAP, new
clients (tenants) may be added without necessitating alterations
in the internal processes and workflows. This agile construct
leads us to expect facile scalability of MAPs based on the FI-
NALES framework. Integrating patterns(!!! and automated analy-
sis frameworks like the Modular and Autonomous Data Analysis
Platform (MADAP)!['2] empowers even non-expert users to deploy
the capabilities offered in the MAP. The link to the BattINFQO!3-14]
ontology enables the datasets to be found by semantic searches
while the connection to the Battery Interface Genome - Materi-
als Acceleration Platform (BIG-MAP) Archivel'®! ensures a timely
dissemination of the generated data using similar technology as
the Materials Cloud Archive.[16]

In this study, we demonstrate an internationally distributed
MAP orchestrated by FINALES as shown in Figure 1 working on
two independent optimization tasks in parallel. Both optimiza-
tion tasks vary the composition of a battery electrolyte composed
of EC, EMC, and LiPF, but one targets the optimization of the
ionic conductivity, while the other aims to maximize the End Of
Life (EOL) of coin cells. We showcase the hierarchical accelera-
tion in complex device level MAPs, both by intelligent sampling
of the design space (here the chemical space of the electrolyte) as
well as accelerating individual slow and resource-intensive tasks
(here EOL testing) with ML. We further demonstrate the use of
complementary methods for determining the ionic conductivity
enlarging the chemical space accessible to the MAP as a whole.
Moreover, we show the multi-tasking capability of our MAP by
running the two optimization tasks in parallel on the same infras-
tructure. The setup was able to discover the correlation between
the concentration of the salt and the ionic conductivity of the elec-
trolyte and showed reasonable agreement between predicted and
experimentally determined median EOL.

To perform the optimizations, the following tenants were reg-
istered in FINALES with capabilities stated in parenthesis: Au-
tonomous Synthesis and Analysis of Battery electrolytes (ASAB)
tenant (formulates electrolytes and measures ionic conductiv-
ity), Molecular Dynamics (MD) tenant (estimates ionic con-
ductivity), Autonomous Battery Assembly System (AutoBASS)
tenant (assembling coin cells), Cycler tenant (battery cycling),
Degradation model tenant (early lifetime prediction), Transporta-
tion tenant (transportation of physical samples), OVERLooking
ORchestrating Tenant (OVERLORT) (workflow management),

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 1. The layout of the MAP centered around FINALES. The tenants involved in the workflow related to the optimization of the EOL orchestrated
by the workflow management tenant OVERLORT are spanned by the turquoise arc. The communication is realized exclusively via FINALES. The flags

indicate the country where the tenants were developed and located.

FINALES 2 Optimizer (F20pt) (active learning optimizer). Ad-
ditionally, the Archiving tenant (archiving results) interacted
with FINALES. Further details on the tenants are provided in
Section 4.

2. Results and Discussion

The study consist of two phases. In the single-task phase, only the
tenants involved in the optimization of the ionic conductivity of
the electrolytes are active. The multi-task phase starts with a new,
empty database and includes the optimization of ionic conductiv-
ity in parallel to the optimization of the EOL with all the tenants
listed in Section 4. Further details on the phases are reported in
Section 4.

2.1. lonic Conductivity and Chemical Space

Figure 2 presents the chemical space accessible to the MD and
ASAB tenant including the requested formulations and the re-
ported results. Additionally, predictions for the formulations pro-
viding maximum ionic conductivity are indicated for each of the
tenants. These predictions are obtained from an optimizer model

Adv. Energy Mater. 2024, 14, 2403263
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after training it on the final data available in the database after
completion of the data acquisition. The optima include a pre-
dicted global optimum (best predicted global), a predicted opti-
mum respecting the limitations of the respective tenant (best pre-
dicted limited) and the highest mean ionic conductivity observed
in the reported results (best observed). The numerical values of
the identified optima are reported in Table S3 (Supporting Infor-
mation). The top part of Figure 2 further shows a change of the
limitations for the ASAB tenant, which was necessary because
the initially included lower limit for EMC of 0.35 mol. — % (set
based on the solubility limit reported by Ding, Xu, and Jow!!7])
was practically not accessible using the stock solutions chosen
for this study.

The formulations with maximum ionic conductivity are found
in the same band of LiPF; concentrations for the single-task
phase and the multi-task phase, suggesting that the results and
insights generated by the MAP are reproducible. The repro-
ducibility is also evident from the value of maximum ionic con-
ductivity, which is obtained for very similar formulations repeat-
edly tested in the high ionic conductivity region. Also, Figure 2
shows that the chemical space that can be explored by the MAP is
significantly enlarged by using the MD tenant in addition to the
ASAB tenant.

© 2024 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. The chemical space accessible to the MD tenant and the ASAB tenant in the single-task phase (top) and the multi-task phase (bottom) of the
study, including the formulations for which conductivity data was generated. The formulations requested in the context of the workflow associated with
the EOL optimization are included, although no conductivity data are available for those samples. The coloring of the data points is based on the mean

ionic conductivity. The colorbar and legend are valid for both graphs.

Italso gets clear from the top part of Figure 2 that the optimizer
explored more of the chemical space for the MD tenant than for
the ASAB tenant. Possibly, this is due to the significantly larger
region of the chemical space being accessible to the MD tenant
than to the ASAB tenant. However, it also gets obvious that the
optimizer requests a lot of formulations close to the edges of the
chemical space of the MD tenant. This behavior likely occurs due
to the model trained by the optimizer having a high uncertainty
near the edges of the accessible chemical space. Regions with
high predicted values and high uncertainty bear the potential
for formulations with high ionic conductivity and are therefore
sampled by the optimizer acquisition function. A larger number
of randomly selected starting formulations (1 in the single-task
phase vs 10 in the multi-task phase) seems to have resulted in
a better initial model and consequently improved exploration of
the chemical space in the multi-task phase of the campaign as
can be seen in the bottom part of Figure 2.

Adv. Energy Mater. 2024, 14, 2403263 2403263 (4 of 13)

2.2. lonic Conductivity and EOL

A plot of the ionic conductivity versus the molality of LiPF in
the electrolyte formulation as shown in Figure 3a reveals an in-
creasing ionic conductivity for increasing LiPF concentration at
low molalities. At approximately 1m LiPF, the ionic conduc-
tivity reaches a maximum at approximately 1.0 Sm™! prior to a
decrease at higher molality. This observation matches with the
behavior frequently reported in the literature.['*-2*] The data ob-
tained from the empirical model published by Ding et al.*®8 used
in this study for calibration of the conductivity measurement and
simulation taking the molality of the salt, the mole fraction of EC
in the solvent and the temperature into account is also shown
in Figure 3a. Besides, data published by Choobar et al.?}] and Lo-
gan etal.[®l is presented in the graph, which is in good agreement
with the data obtained from our MAP. It needs to be mentioned
that the graphs shown in Figure 3a comprise averaged ionic
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Figure 3. a) The average ionic conductivity (k) plotted against the molality of LiPFg as recorded during the single-task phase (top) and multi-task
phase (bottom) of the campaign. Including the predicted optima globally (best predicted global) and respecting the limitations of the tenants (best
predicted limited) as well as the highest observed value (best observed) for the MD and the ASAB tenant, respectively. Variations in temperature are
not represented in this graph. The insets show a zoomed-in view of the region of maximum k,,,. Literature data are obtained from the empirical model
reported by Ding et al.l'8] and from the publications of Choobar et al.,[?] and Logan et al.[zﬁ b) EOL data generated in the multi-task phase of the
campaign versus the molality of LiPFg in the electrolytes. Note that the composition of the solvent in the electrolyte also differs between the datapoints.

conductivity values for all the formulations, which are reported
in Figure 2. Therefore, the composition of the solvent is varied
besides the molality of the salt. However, the effect of changes
of the salt concentration is reported to be significantly stronger
than the influence of the solvent composition,['*-2%! which is also
found in our data as visible in the Figures S16-S19 (Supporting
Information). Variations in temperature are also not considered
in Figure 3a, which is expected to cause some additional varia-
tion in the reported values for ionic conductivity. The observation
of the same trend with molality in the single-task phase and the
multi-task phase proves the reproducibility of the insights gener-
ated by our MAP.
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Additional to the ionic conductivity, the EOL is investigated
in the multi-task phase of the campaign. A second instance of
the optimizer performs this fully independent optimization task
on the same hardware and software infrastructure on which the
single-task phase optimization was run previously. Since the early
lifetime predictions require a complex, multi-step workflow in-
volving hardware and software operations, the OVERLORT ten-
ant is demonstrated to handle this workflow. The optimization of
the EOL was started on 13th of November, 2023.

In the typical mode of operation, requests are posted by the
optimizer. To investigate whether an electrolyte formulation op-
timized for ionic conductivity also yields an optimized EOL,
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additional requests are manually posted to FINALES during
the multi-task phase. These manually posted requests include
the formulation optimized for ionic conductivity and two non-
optimized formulations as identified in the single-task phase. It
must be noted that the predicted optimized formulations used
for the manual requests in the multi-task phase differ from the
optimized formulations reported in Figure 2 and Table S3 (Sup-
porting Information), since the model is retrained after each it-
eration and therefore the predictions based on a model trained
later differ from earlier models. The electrolyte formulations in-
cluded in the manually posted requests are reported in Table S4
(Supporting Information).

As shown in Figure 3b, the median EOL appears to show a
slight trend toward higher values for increasing molality of the
electrolyte formulation. Considering the distribution of the EOL
data within and in between the batches, this trend does not per-
sist due to the strong overlap of the distributions. The maximum
experimentally determined median EOL is observed for 1.07m
LiPF,.

From the comparison between Figure 3a and 3b higher ionic
conductivity as well as median EOL are observed for increasing
molality of LiPF until 1 m LiPF, is reached. Further increasing
molality is found to decrease both quantities. The data gener-
ated in this study suggest an agreement between the two optima
around 1m LiPF,. Further investigation is, however, needed to
validate this observation.

3. Conclusion

In this study, we demonstrated that an internationally distributed
MAP based on the FINALES framework and composed of sev-
eral software and hardware tenants can run two distinct opti-
mization tasks while seamlessly integrating computational and
experimental capabilities and bridging the gap between the ma-
terial and system scales. The MAP was shown to reproducibly
identify regions of high ionic conductivity within an electrolyte
system composed of LiPF, EC, and EMC. Computational and ex-
perimental tenants connected to FINALES complemented each
other, widening the chemical space accessible to the MAP as a
whole. Furthermore, the communication of limitations for in-
dividual tenants, and the extensive use of identifiers and times-
tamps, allowed for improved data management and traceability
in comparison to the previous version of FINALES.[%!

The demonstrated MAP achieved a high degree of automa-
tion. The only manual tasks left during the operation of this
MAP were the physical transport of electrolytes and cells be-
tween the experimental setups, maintenance tasks like restock-
ing of consumables, and periodically monitoring the MAP and
in case (re)starting of tenants. In the post-processing of the data,
the mapping to the ontology and the upload of the mapping file
alongside additional raw data, which was not posted to FINALES,
were done manually. All other tasks related to the research cam-
paign ran fully automated minimizing the need for human inter-
vention.

Our study demonstrated ML acceleration of the electrolyte op-
timization and the cycling task by early prediction of the EOL.
This shows that in MAPs centered around FINALES, the overall
optimization task as well as the tasks of individual tenants can
be accelerated using ML. Besides, this study demonstrated the
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ability of our MAP to handle tenants with significantly different
rates of data generation. To accommodate these differences, it is
inevitable to allow each tenant to operate at its own schedule in an
asynchronous fashion. Marking requests as reserved once they
are processed enables a distribution of the tasks among faster and
slower tenants providing the same quantity. The modular design
of the FINALES-based MAP leads us to expect seamless connec-
tion of new tenants and, hence, scalability to larger MAPs. We
anticipate that the multi-modal and multi-fidelity nature of the
data generated in such MAPs benefits the robustness of mod-
els trained with the data. Future studies deploying our MAP con-
cept will additionally benefit from the possibility to prepopulate a
database with selected existing data. This is powered by FINALES
accepting unsolicited results which do not reference to a request.
Starting from existing data will reduce the need for initial ran-
dom experiments and therefore accelerate optimization tasks.

We are convinced that this robust demonstration of an op-
erating, distributed MAP centered around a passive brokering
server with mostly intention-agnostic tenants proves our approach
to be valid even for complex optimizations. Future optimiza-
tion tasks for MAPs powered by FINALES will therefore encom-
pass multi-objective optimizations requiring the identification of
Pareto-optimal solutions. These approaches shall continue fol-
lowing the scale-bridging approach presented in this study by in-
tegrating tenants operating at different scales and post-mortem
analysis technologies. Since FINALES is designed to impose only
a minimum entry barrier for new tenants to join the MAP, it en-
ables the generation of comprehensive yet consistently formatted
datasets containing information about various materials and de-
vice properties, possibly even including variations of process pa-
rameters. Due to the standardized data structures, the obtained
results can be analyzed to foster a profound understanding of ef-
fects across scales.

Although not yet demonstrated, the limitations included in the
FINALES schemas could be used in the future to accommodate
information regarding the accuracy and the approximate time re-
quired to generate a result of the tenants. This would allow for
multi-fidelity optimizations, because requests could then be cre-
ated such that they either request fast or more accurate results.

The further development of the schemas and their handling in
FINALES could deal with enabling FINALES to enforce the ten-
ants to provide certain limitations like e.g., information regard-
ing the expected uncertainty of their results. It might be desired
to accompany this by an enforced harmonization of uncertainty
and quality metrics among tenants providing the same or simi-
lar capabilities. Since this study also included significant efforts
in designing and developing tenants, we expect a further acceler-
ation of data generation once more mature tenants are available.

4. Experimental Section

FINALES Brokering Framework: The FINALES architecture encom-
passes a server framework designed to provide communication protocols
and access to a database to affiliated clients, referred to as tenants. More-
over, it hosts a centralized queue for task requests enabling the tenants
to pull new tasks for processing and subsequently post the results. The
tasks in this queue are presented in the order in which the requests were
posted. A tenant may however implement a selection algorithm defining
the next request to be processed. This allows tenants to deviate from the
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first-come first-serve principle. Interactions with FINALES are possible via
a web server interface through the implementation of the HTTP REST API
protocol. The backend offers a well-structured relational database, where
all incoming requests and results are stored. Alongside the scientific data,
details about connected tenants as well as information about the quanti-
ties and methods available from the MAP are saved. Further, the database
holds information about the data provenance and a history of the status
of tenants, methods, quantities, requests and results. Quantities in the
sense of the FINALES framework may be measurable quantities, but can
also refer to a service like e.g., the transportation of a sample. The term
method refers to a means of providing a value for a quantity, which may be
an experimental or computational procedure. Since only combinations of
quantities and methods are required to be unique in the FINALES setup,
this combination is referred to as a capability. Tenants are therefore clients
that provide one or more capabilities in the MAP. This means, they regu-
larly call the server for requests related to their associated quantity and,
after applying a computational or experimental method, return a result for
that quantity. FINALES does not restrict its tenants regarding their source
of data or the type of their method. Experimental setups and laboratories
run by humans as well as data-driven models or physics-based simulations
are accepted as tenants.

The modular approach of the framework allows for facile registration of
new tenants while explicitly allowing for several tenants offering the same
capabilities. We refer to this concept as multitenancy. FINALES enables
modularity and diversity of the tenants by not actively triggering actions in
the MAP, but passively providing access to the data to all the tenants. Since
tenants pull requests for capabilities that they can serve from FINALES, the
MAP operates asynchronously and each tenant may process the requests
atits own schedule. This permits multi-task operation of the MAP with sev-
eral optimizers sending requests related to their respective and potentially
independent tasks. Depending on the degree of automation of the tenant,
a MAP based on FINALES can operate fully autonomously exceeding the
limitations of a single laboratory or institution. Furthermore, the modu-
larity of MAPs based on FINALES provides the prerequisite for its adapt-
ability to different research tasks and configurations of the MAP. Since the
data structures internal to FINALES are designed as generic as possible,
the adaption to a new study can easily be done by providing study-specific
schemas for the capabilities and tenants. These new schemas can then be
registered defining the potential of the MAP. The adaption of an existing
MAP can be achieved in a similar way except that currently registered ver-
sions of affected schemas need to be deregistered first. Since changes in
hardware or software configurations are mostly accompanied by changes
in the limitations of a tenant, a re-registration of tenants with altered lim-
itations serves as a means of accounting for changes in the setup of the
MAP. As the JavaScript Object Notation (JSON) file containing the defi-
nition of a tenant required for its (re-)registration as well as the schemas
associated with the capabilities are no internal part of the FINALES frame-
work and they can be added, altered and removed by the FINALES admin-
istrator while FINALES is running, our framework provides full flexibility
toward changes in the subject of a research campaign or alterations of
tenant configurations. Moreover, optimization algorithms are connected
to FINALES as tenants, which allows to easily switch to another algorithm
or a different configuration by replacing or adding an optimizer tenant.

The communication within the MAP is based on JSON schemas, which
are registered with FINALES and allow for the validation of submitted
data structures. The overall schema design is developed to be problem-
agnostic, allowing it to accommodate several capabilities, going beyond
the specificimplementation relevant for the optimization of electrolyte for-
mulations that we demonstrate in this study. The flexibility of the design as
described above allows for its application in various areas of research and
for the optimization and discovery of diverse materials and systems. While
different applications will require the development of tenants covering the
requirements in the specific field, the functionalities of the FINALES frame-
work itself are universally applicable. The JSON schemas developed for
this study are detailed in Section 4.

In a typical iteration of an optimization task, an optimizer tenant posts a
request for a certain quantity. Requests must specify only one quantity but
may include a list of acceptable methods. According to the multitenancy
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approach, several tenants may therefore be allowed to serve the request.
This enables an improved use of instruments and resources as the earli-
est available tenant will process a request accepting its method. However,
this requires the tenants to mark the request as reserved prior to start
processing it, to hinder other tenants from picking up the same request.
Once a tenant picked up the request and marked it as reserved, the rel-
evant method of the tenant is executed and the results are posted to Fl-
NALES after formatting them according to the applicable output schema.
An optimizer tenant may subsequently check for new results and generate
a follow-up request starting the next iteration.

An earlier proof of concept (PoC) version of the frameworkl3] demon-
strated the basic concept of this MAP design. The present study utilizes
a new implementation of the concept, and applies it to an optimization
of a battery electrolyte system including the simultaneous operation of
two optimizer instances. The completely redesigned framework has sig-
nificantly updated communication schemas. The data structures imple-
mented in the latest version of FINALES presented here are well defined
but sufficiently generic to accommodate a variety of results for different
quantities provided by diverse methods. These generic data structures are
enhanced by external schemas, which are more specific to the use case of
the FINALES instance. The specific schemas can be applied to the MAP
by a human administrator, who registers them with FINALES and thus
makes them binding for data related to the affected quantity and method.
This composite design of the schemas significantly enhances the flexibil-
ity of the FINALES framework compared to the previous version, which
based the communication on a single set of data structures. Outcomes
from the earlier PoC implementation of FINALESE] helped us identify
the improvements needed during our reimplementation of the code. We
incorporated, among other improvements, a more robust database de-
sign, enhanced scalability, and implementation of generic rigid schemas
for registration and communication. The changes make the new imple-
mentation of FINALES configurable with respect to the used schemas,
which even allows for hot-swaps. Compared to the previous version this is
a significant improvement as it externalizes the usecase-specific aspects
from the framework, rendering it more universal. Additionally, the ubig-
uitous use of timestamps and Universally Unique Identifiers (UUIDs) in
the new implementation improves the traceability of data and events in
the MAP.

The repository with the source code of the redesigned FINALES frame-
work can be found at https://github.com/BIG-MAP/FINALES2 and the
version 1.1.0 of the FINALES code used in this study is available at
https://doi.org/10.5281/zenodo.10987727.

Database Design: The Python-based backend of FINALES deploys
a relational database for data storage, whose design is visualized in
Figure 4. The code is currently set up with the SQLitel?6] database en-
gine, with all database interactions performed via SQLAIchemy.[?’] Utiliz-
ing SQLAIchemy allows for future deployments of the server using any
of the alternative supported engines such as PostgreSQL (https://www.
postgresql.org/), MySQL (https://www.mysql.com/), etc.

The database tables quantity, tenant, request,
result, link_quantity_request, link_quantity_result,
status_log_request and status_log_result depicted in Figure 4
all have a uuid column as a primary key, and load_time column time-
stamping when the row is first appended to the table. This design, along
with a backend logger, ensures traceability and reproducibility, which
facilitates an exact tracing of the sequence of operations performed in the
MAP at any point in time. The tables adhere to an append-only design,
with only a few exceptions controlled through UPDATE interactions,
e.g., for fields defining whether specific quantity and tenant entries are
currently active in the MAP. A small expansion of the database schema
allowing for a strict append-only design can be found in Figure S1
(Supporting Information), which will be implemented in the release of
version 2.0.0. The database tables also include columns called cost and
budget prepared to be used in studies involving partners being funded
by different projects or institutions or subject to limitations regarding
other resources, which shall be considered. The use of this field is not yet
implemented in the current version of the API, but its implementation
will be part of the future development. Users of FINALES are, however,
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Figure 4. Database schema designed and implemented for FINALES. Arrows indicate table relationships with the direction defining the origin of the
primary key mapped to a table as a foreign key. Besides this schema, a separate single table database is used for user credentials.

already now able to consider budget and cost in their studies by including
them as fields in the schemas.

FINALES is designed to be easily installable in any computer and to be
self-contained, so that a new independent installation (with its own inde-
pendent database and secure access credentials for the tenants) can be
used for a given campaign, thus preventing any risk of unwanted data leak
and keeping different MAP studies fully independent. We call each installa-
tion a FINALES instance. Once capabilities and tenants are registered in an
instance of FINALES, the tenants can communicate to the server through
the web API endpoints. The Python framework FastAPI23] is utilized for
constructing the RESTful API. In total, 17 endpoints are exposed to the
tenants of which one handles the necessary user authentication protecting
the other 16 endpoints. Several of the endpoints are however suited only
for functionalities related to an optimizer and archiving tenant. A compre-
hensive explanation of all the API endpoints can be found in Section S1.2
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(Supporting Information). The most relevant endpoints for an experi-
mental or computational tenant are pending_requests/ for retrieving
the currently pending requests,requests/object_id/update_status/
e.g., for changing the status of a request to reserved when it has been
picked up by a tenant and results/ for posting results based on a
specific request. We stress that the exact parameters in the requests
might not be directly applicable to a given tenant implementation. For
example, in this study, the electrolyte formulation used in MD simula-
tions may necessitate rounding ratios to achieve an integer number of
molecules, resulting in slight deviations from the original formulation.
An important design aspect is therefore that the parameters reported in
requests and results are allowed to differ, and both are stored in the
server.

A core design challenge is the need for the server to provide a
rigid framework for brokering information, while remaining flexible to
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unforeseen circumstances. The proposed solution is to allow the status
of requests and results to be changed through endpoints. This accounts
for scenarios such as a tenant not being able to fulfill a request, or e.g.,
leakage of a solution is discovered in an experimental setup after posting
results, making the results unreliable. An additional embedded feature al-
lows for prepopulating a database with previously generated results, which
enables the deployment of an optimizer with initial training data for the
specific optimization.

Schemas:  The J]SON schemas used to define the various quantities
and methods involved in this study are available on GitHub with the
URL https://github.com/BIG-MAP/FINALES2_schemas. Together with
the data, most of the tenants also provide metadata, such as a success
field reporting whether the method was executed successfully, and a rat-
ing providing information about the data quality as judged by the tenant
generating the data on a scale from 1 (low quality) to 5 (high quality). An
example for a definition of a quality rating is reported in the Section S1.3
(Supporting Information). These success and rating fields can be used
by intention-aware tenants like optimizers to filter out unsuitable data. In
this study, the instances of the optimizer were configured to only consider
results with success == True and rating >= 3, if a rating is avail-
able. All entries, which do not fulfill either of these requirements or are
marked as deleted in their status are considered invalid and therefore
disregarded by the optimizer instances. Further metadata may include pro-
cess parameters, laboratory or software environments or any other avail-
able parameters deemed relevant. Currently, the operators and developers
of tenants are in charge of identifying the metadata, which they can provide
considering technical limitations as well as confidentiality requirements.

The schemas also allow for the limitations of a tenant to be communi-
cated in the limitations field. This field can be used to communicate the
parameter space that a tenant in its current conﬁguration can cover. At the
same time, the limitations can also be used to provide information about
the uncertainty and fidelity of the results provided by a tenant. The pres-
ence of a certain kind of limitation is currently not enforced by FINALES.
However, the information about the limitations is included in the JSON file
that needs to be provided to the administrator of the MAP when request-
ing the registration of a tenant. This gives the human administrator the
chance to ensure the presence of certain information in the limitations or
any other field in the definition of a tenant by inspection of the JSON file.

Tenants: As mentioned earlier, a tenant is a client connected to FI-
NALES, which may be purely software-based, hardware or even a human
researcher performing tasks. The tenants used in this study are described
in the following subsections.

Optimizer Tenant (F20pt): The Optimizer tenant F20pt is a software
tenant implementing a Bayesian optimization (BO) procedure. The role
and responsibility of F20pt in the MAP is to request new results from the
data-producing methods available in the MAP, with the aim to optimize
some predefined objective(s). In general, F20pt is configured to iteratively
consume previously reported results from the FINALES database, use the
data to train a machine learning model, and apply a BO procedure to pro-
pose new electrolyte formulations which are then included in new requests
submitted to FINALES. The specific optimization task, including what data
to consume and which quantities to optimize, is specified in a configura-
tion file and multiple configurations of F20pt can be deployed in parallel
to accommodate the specific objectives of the MAP. In this work, we de-
ployed two instances of F20pt configured to optimize conductivity (the
OCond configuration) and EOL (the OEOL configuration), respectively.

To fully utilize the capabilities of the MAP, the optimizer tenant must
be capable of considering measurements of different fidelity and from dif-
ferent data producing methods, including simulations and experiments.
In general, data from different sources can have different noise and bias
as well as different associated cost of evaluation which need to be consid-
ered. Additionally, it can be beneficial to co-optimize multiple objectives
at the same time. Therefore, the optimizer tenant should be capable of
multi-source multi-objective optimization to enable a diverse set of opti-
mization tasks in the MAP. To meet these requirements, the BO procedure
implemented in the F20pt tenant applies a Gaussian process (GP) regres-
sion model, which is a smooth and highly flexible model that provides
uncertainty estimates and can accommodate small datasets, which is of-
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ten the starting point in optimization tasks. These properties make GPs
a popular choice of model in BO. To handle data from multiple sources,
we consider a multi-task GPI?°] and treat each data source as a separate
output. This allows for separate predictions for each data source while uti-
lizing correlations between data sources to improve the predictions.3!
An acquisition function is then applied to propose new promising elec-
trolyte formulations. In particular the widely used Expected Improvement
(El) function is used. Although not used in this work, multi-objective opti-
mization can be achieved by transforming multiple objectives into a single
objective with a scalarizing function,!3'l which can then be optimized us-
ing standard acquisition functions. Additionally, the optimizer can be con-
figured to initially sample a number of random points before switching to
the BO procedure when no initial data are available to fit a model. The
implementation of F20pt used in this demonstration does not consider
cost or any hierarchy among the tenants with respect to their accuracy or
speed. In our demonstration, these aspects are not considered, because
the cost is more relevant for larger MAPs including tenants from different
projects and the demonstration is aimed toward the joint use of simu-
lated and experimental data rather than exploiting differences in the rate
of data generation. The F20pt code was developed in Python using the
Pandas,[32] PyTorch,[33] and GPyTorch34! packages and is available on-
line: https://github.com/BIG-MAP/F20pt. The tenant was developed and
situated in Denmark.

Molecular Dynamics (MD) Tenant:  The Molecular Dynamics (MD) ten-
ant for calculating lithium ion conductivity is using MD and it is imple-
mented in BIOVIA Pipeline Pilot (BPP).[**] The tenant is registered in
FINALES as the 3DS_tenant for the quantity conductivity and the
method molecular_dynamics. A high-level outline of the workflow for
the MD simulation tenant is shown in Figure S2a (Supporting Informa-
tion). The workflow for the MD simulation tenant parses the requests from
the optimizer tenant to convert the requested electrolyte formulation into
an atomistic 3D model of the electrolyte. The molecular structure of each
ingredient in the request is described by SMILES and the fractional con-
centrations are converted into integer numbers of molecules. The restric-
tion to use complete molecules can lead to small differences to the real-
valued concentrations requested by the optimizer. The simulation tenant
handles up to a few hundred molecules, which places a lower limit on
the concentration of each individual ingredient at 0.5 mol. — %. A physical
limitation is that the lithium ions start to cluster and become immobile
at high salt concentrations, which places an upper limit on the salt con-
centration around 50 mol. — %. However, this restriction is not significant
as we are focused on solutions with high lithium ion mobility. The ten-
ant creates 5 randomly generated amorphous cells for each formulation.
These supercells of the type shown in Figure S2b (Supporting Informa-
tion) are the starting points for a sequence of MD simulations[®¢] using
the COMPASSIII force field.[3”] The density is equilibrated in two steps
by MD in the NVT ensemble (constant volume, temperature and num-
ber of molecules) with the velocity scale thermostat for 200 ps and NPT
ensemble (constant pressure, temperature and number of molecules) for
200 ps using the Nose-Hoover—Langevin (NHL) thermostat!®®] and the
Andersen barostat.[3*] The production run is performed by MD in the NVE
ensemble (constant volume, total energy and number of molecules) for
2.5 ns. Diffusion coefficients are derived by an analysis of the mean square
displacement via the Einstein relation. The conductivity is extracted us-
ing the Nernst-Einstein equation.l*?! Finally ionic conductivities, along-
side the corresponding densities and temperatures for all five configura-
tions, are collected and posted to FINALES. More details about the MD
tenant are provided (Supporting Information). The tenant was developed
collaboratively by developers situated in Germany and England and the
calculations were prompted from Germany to a server based in England.

ASAB Tenant: The ASAB system serves as an experimental ten-
ant providing the capability to formulate electrolytes and measure their
jonic conductivity using a two electrode symmetric electrochemical cell.
In FINALES it is registered with the quantities conductivity and
electrolyte with the methods two_electrode and flow, respec-
tively. The in-house developed electrochemical cell is made up from a
polytetrafluoroethylene (PTFE) body equipped with two oppositely posi-
tioned stainless steel screws with sanded surfaces serving as the parallel
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electrodes. The cell was calibrated using the results of repeated measure-
ments of 1M LiPFg in EC and EMC (EC:EMC 3:7 by weight) combined with
data obtained from the empirical model reported by Ding et al.["®] Elec-
trochemical Impedance Spectroscopy (EIS) measurements are controlled
by a PalmSens4 potentiostat (PalmSens B.V., Houten, Netherlands) and
the data are automatically analyzed using the MADAP!'? version 1.1.0.
The six syringe pump modules and ten eleven-port rotary valve modules
(Cetoni GmbH, Korbussen, Germany) integrated into the ASAB hardware
are used to formulate electrolytes starting from stock solutions. Since the
optimizer requests formulations in mole fractions, while ASAB doses the
stock solutions in volume fractions, the specifications of the formulations
need to be transformed. The resulting formulations may only be approxi-
mations of the requested one, which is why the ASAB tenant reports the
mole fractions obtained from the transformed formulations rounded to
two decimals together with the corresponding ionic conductivity results.
The hardware of the system is operated inside a nitrogen-filled glovebox.
Due to a lack of active temperature control inside the glovebox, the tem-
perature is read manually from time to time and entered in a configuration
file, from where it is loaded by the ASAB tenant and reported to FINALES
together with the ionic conductivity results.

Details regarding the calibration procedure, the hardware setup, and
the mode of operation of the ASAB tenant can be found in Section S2.2
(Supporting Information). The tenant was developed and situated in Ger-
many.

AutoBASS Tenant: The AutoBASSI*! is a modular automatic coin
cell assembly system. Devices connected to this system comprise three
six-axis robotic arms (Mecademic meca500 rev.3), a precision linear rail
(Jenny Science Linax LXS 1800), a digital coin cell crimping machine (MTI
MSK-160E, China), two cameras, and a 200 pL dispensing module (Sarto-
rius rLine). The system has the capability to assemble CR2032 coin cells
within a nitrogen-filled glovebox using lithium-nickel-oxide (LNO) cath-
odes with an areal capacity of 1 mAh/ cm? coated on an aluminum current
collector, graphite anodes with an areal capacity of 1mAh/cm? coated
on copper foil and the electrolytes formulated by the ASAB tenant. In the
scope of the BIG-MAP project, cathode sheets were provided by BASF
SE, Germany and the anode sheets were contributed by CIDETEC, Spain.
The cathodes used are 14 mm in diameter, the diameter of the anodes
is 15 mm and the 25 pm thick Celgard 2325 separator has a diameter of
16 mm. The AutoBASS tenant is registered with FINALES for the quantity
cell_assembly and the method autobass_assembly.

The assembly process is carried out by orchestrated actions performed
by the above-mentioned devices, including pick-and-place of cell compo-
nents, image recognition for the auto-correction of the placement, dis-
pensing of electrolyte, transfer, crimping and placement in the storage
holder. Tracking of the process is realized by collecting visual informa-
tion regarding the placement of components using an integrated camera,
which is part of the data generated by AutoBASS. The tenant of AutoBASS
is structured based on the reference tenant of FINALES, which is inte-
grated into the interface of the local system. The limitations of the tenant
are currently specified in terms of the maximum number of cells and the
feasible battery chemistry.

Details regarding the AutoBASS tenant can be found in Section S2.3.
The tenant was developed and situated in Germany.

Cycler Tenant:  The Cycler tenant and the corresponding data analysis
service are build up based on an already existing system of FastAPI[?8]
servers. The implementation makes use of some features of the manufac-
turer’s software, whereas the analysis is implemented in-house. The ten-
ant is capable of processing reservation requests for cycling channels and
handling the tests including the creation of a protocol, start and stop of the
test, logging of errors, exporting and saving the data as well as perform-
ing selected analyses. To fulfill its tasks, it is registered in FINALES with
the quantities cycling_channel and capacity with the corresponding
methods service and cycling. The cycler saves the status, errors, pa-
rameters and the request of each individual channel in a JSON document
and consequently is resistant to planned and unexpected stops. The ten-
ant performs an intermediate export of the capacity trajectories after the
duration estimated for at least 40 cycles elapsed. The exported data are
subsequently processed by the analysis functionality and posted to FI-
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NALES. The experiments continue and are stopped once 200 cycles are
finished. A final export is triggered after the estimated time required for
200 cycles elapsed. Since the optimization of the EOL is based on the pre-
dicted EOL, the data obtained from the final export is not posted to FI-
NALES, but stored locally. Details regarding the Cycler tenant can be found
in Section S2.4 (Supporting Information). The tenant was developed and
situated in Germany.

Degradation Model Tenant: The Degradation model tenant is a purely
software-based tenant. It takes data from the first cycles of a cell as the
input and outputs a prediction over the capacity trajectory and subse-
quent EOL along with the associated uncertainty early in the lifetime. It
is therefore registered with FINALES as the EOL_tenant for the quantity
degradationEQOL and the method degradation_model. The underlying
machine learning model, a Long Short-Term Memory (LSTM) neural net-
work is based on previous work by Rieger et al.[*2]. The tenant receives the
capacity trajectory of at least the first 40 cycles along with the overpoten-
tial difference between the 10th and 40th cycle, the Coulombic efficiency,
and the variance between charge and discharge capacities.[**] Based on
this input the model predicts the complete cell trajectory. The EOL is cal-
culated as the point at which the cell capacity goes below 80 % of the initial
capacity. To capture uncertainty, we use an ensemble of five models and
extend the LSTM architecture to predict the variance of the output along
with the mean. If the cell chemistry and format from which training data
are obtained differ from the production data, the model predictions can
become unreliable. Mitigating this risk, the model is trained with a dataset
of 44 cells obtained from referencel] after filtering out outliers. This data
was generated using the same cell type, hardware, and cycling protocol as
the Cycler tenant. The uncertainty output gives an indication of the predic-
tion accuracy. The code for this tenant was developed in PyTorch!33] and is
available online: https://github.com/BIG-MAP/eol_degradation_tenant.
The tenant was developed and situated in Denmark.

Transportation Tenant: The Transportation tenant deals with the trans-
port of physical samples between devices. In this study, electrolytes and
coin cells need to be transported between different setups. The transport
itself is done manually, but the Transportation tenant handles the com-
munication with FINALES. It is set up as a chat service and registered
in the FINALES database with the quantity transport and the method
transport_service. Once it picks up a request from FINALES, it broad-
casts the information regarding the physical location of the sample and
the requested destination to the clients registered with the internal chat
service. The humans monitoring the chat perform the transport and con-
firm it by a short, predefined chat message, which triggers the tenant to
post a successful response to FINALES. The tenant was developed and
situated in Germany.

OVERLORT: The OVERLORT is a purely software-based workflow ten-
ant to enable requests for predicted EOL. In this study, the OVERLORT
connects the hardware tenants of ASAB, AutoBASS and the Cycler, as well
as the software-based Transportation and Degradation model tenants in a
workflow. In FINALES, it is associated with the quantity degradationEOL
and the method degradation_workflow. The limitations of the ASAB,
AutoBASS, Cycler and Degradation model tenants determine its accessible
parameter space. Details regarding the OVERLORT tenant can be found
in Section S2.4 (Supporting Information). The tenant was developed and
situated in Germany.

Archiving Tenant:  The Archiving tenant is a command-line client ca-
pable of fetching data from FINALES and submitting the retrieved data
to the API offered by the BIG-MAP Archive data repository.l'> Since this
tenant does not report results to FINALES and acts in the background,
it is not registered as a tenant in the FINALES database, but is granted
access to the data by specific credentials. It serves two specific purposes:
1) preventing data loss in the event of potential corruption of the FINALES
database and 2) promptly disseminating results of calculations and ex-
periments shortly after their submission to the server, to a broader con-
sortium of researchers (in this case, the BIG-MAP project members). The
archiving is executed periodically by means of a “cron” job scheduler. The
tenant is optimized for efficient use of storage space and minimal upload
time, by linking unchanged files between versions of the same entry, and
only creating one new entry per campaign. Details regarding the Archiving
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tenant can be found in Section S2.6 (Supporting Information). Overall the
defined data structures and archiving tenant (including the ontological
mapping) conform FINALES with the data management plan developed
for the BIG-MAP project.[**] The archiving tenant was developed and situ-
ated in Switzerland, with the following ontological mapping developed in
collaboration between researchers based in Norway and Denmark.

The communication among tenants relies on the compliance to the
commonly agreed exchange syntax underlying the structure of the requests
and results posted for each method. As the number of tenants grows
and their functions diversify, the data they exchange becomes structurally
complex and susceptible to ambiguities. JSON keys might repeat but re-
fer to different concepts depending on their location in the schema. E.g.,
temperature within a conductivity measurement might mean the internal
temperature of an electrolyte solution, surface temperature of the cell,
ambient temperature for the chamber, etc. In addition to ambiguity, the
data exchanged by tenants might not be readily accessible. The exchange
schemas are designed to support communication between tenants, but
such flexibility comes at the expense of syntactic complexity. For instance,
retrieving a conductivity result requires knowing the full data structure (al-
beit this can be retrieved and investigated directly from FINALES) to locate
the relevant fields and values.

A remedy to ambiguity and accessibility is mapping data to controlled
vocabularies of concepts. Such mapping effectively upgrades a syntactic
data model into a semantic data model, where data fields are attributed an
unambiguous meaning. As a temperature key in the schema is mapped to
the concept of SurfaceTemperature in a controlled vocabulary, the intended
meaning of the field becomes explicit and distinct to, e.g., SampleTem-
perature. Moreover, the association between a measurement (uniquely
identified with a UUID), a vocabulary concept (e.g., Schema.org concept
dateCreated), and a value (e.g., 2024-02-16) can be represented as a
Node-Edge-Node connection in a network. Representing results as these
Triplest6] in a Graph Database makes data accessible irrespective of how
it is syntactically encoded in the data model.

Identifiers should ideally be unique and resolve to a web resource that
offers more information about the entity. For instance, the concept of Elec-
trolyte is uniquely identified with an Internationalized Resource Identifier
(IR#7] that resolves in a web browser to a description of the concept:
https://w3id.org/emmo/domain/electrochemistry#electrochemistry_
fb0d9eef_92af_4628_8814_e065ca255d59. If the identifier cannot be
resolved, we attempt using URL prefixes that resolve to some general
information about the object. The implementation will facilitate search
in a knowledge base. The ultimate purpose of this implementation is to
make FINALES results available in a graph database that can be flexibly
queried using structured languages, such as SPARQLI*?] or CYPHER.[*°]

To enrich the data with semantically well-defined concepts, we employ
the recently developed ontology Battery Interface Ontology (BattINFO).
BattINFO describes thousands of concepts related to electrochemistry
and batteries. Concepts are linked to each other adhering to logically con-
sistent relationships, thus rendering meaning machine-readable.['*] The
connections among data and concepts must be encoded using a stan-
dard method. In this work, JSON for Linked Data (JSON-LD) is used to
link the results from the conductivity and EOL tasks to ontology con-
cepts in BattINFO and Schema.org. BattINFO describes measurement
fields related to batteries and electrochemistry, while the Schema.org vo-
cabulary describes tenant metadata, software resources and other non-
electrochemical concepts. For example, we enrich the descriptions of the
request/result posting tenant with the ORCID of the responsible person
linked to the https://schema.org/author schema:author type, and ROR-1D
for the organization linked to https://schema.org/creator schema:creator
type. These choices improve data consistency, since they avoid reliance
on other identifiers (such as email addresses) that are subject to change.
EOL and conductivity results in this study are all expressed in JSON-LD
files mapped to ontology concepts. Details and an example of the seman-
tic implementation of experimental results can be found in Section S2.6
(Supporting Information). Development of the knowledge graph repre-
sentation of the data was done subsequently to the data collection. The
graphs were therefore uploaded to the archive entries after the optimiza-
tion phases had been completed.
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The Structure of this Study: The campaign presented here comprises
two optimization tasks with separate objectives. The first task is to iden-
tify an electrolyte formulation with maximum ionic conductivity by using
data generated from experiments and simulations. As for the second task,
the objective is to find an electrolyte formulation that maximizes the EOL
of coin cells. Each of these tasks is associated with a separate instance
and configuration of the F20pt tenant, OCond and OEOL. We show, that
the two optimizers can operate on the same MAP through a common Fl-
NALES instance, while pursuing fully independent tasks.

The tenants involved in the single-task phase are the optimizer (OCond),
the MD tenant, the ASAB tenant, and the Archiving tenant. This phase is
also used to confirm the limitations set for these tenants or adjust them, if
needed. In the multi-task phase, a request with the conductivity-optimized
formulation, as well as two non-optimized formulations identified from the
results obtained in the single-task phase of the campaign are manually
submitted to FINALES to investigate potential differences in the cycling
performance. The electrolyte system chosen for this study is composed of
LiPFg dissolved in EC and EMC, because this is a well-investigated elec-
trolyte system for which references are available.[12:18:20.23-25]

Single-Task Phase—Ilonic Conductivity Only: The single-task phase of
the campaign was run from the 26th of September 2023 to the 28th
of October 2023. It included the ASAB tenant and MD tenant, which
posted its first result 8 days after the first result was posted by the ASAB
tenant.

After the end of the single-task phase, a total of 81 entries are stored
in the FINALES database. 12 of these entries are invalid. 72 of the total
entries have a quality rating of 4 or 5. Only 3 entries have a rating of 3, while
6 have a rating of 2. In total, 69 entries in the database are valid according
to the requirements regarding the status and the rating configured in the
OCond optimizer.

Multi-Task Phase—Ilonic Conductivity and End-of-Life: The multi-task
phase of the campaign included the optimization of the EOL and the ionic
conductivity in parallel. The MD tenant and the ASAB tenant started their
contribution of results to the database approximately 5 h apart, which is
significantly shorter than 8d in the single-task phase. Both optimizer in-
stances, OCond and OEOL, were running at the same time, concurrently
posting requests for their respective task. The multi-task phase was started
on the 6th of November 2023 and lasted until the last result was posted on
the 14th of December 2023. During this time, a total of 274 result entries
we re posted to FINALES. In the multi-task phase, 7 quantities and 9 meth-
ods were registered with FINALES. Out of the 274 results, 173 are valid.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Table 1. The code availability for each of the tenants presented in this study.

Tenant Version Code availability
F20pt v1.0.0 https://github.com/BIG-MAP/F20pt
https://github.com/BIG-MAP/F20pt/releases/tag/v1.0.0
ASAB v2.0.1 https://github.com/Helge-Stein-Group/ASAB
https://doi.org/10.5281/zenodo.11146699
ASAB tenant v1.0.0, v1.0.1 https://github.com/BIG-MAP/FINALES_ASAB_tenant
https://doi.org/10.5281/zenodo.11144341
OVERLORT v1.0.0 https://github.com/BIG-MAP/FINALES_Overlort_tenant
https://doi.org/10.5281/zenodo.11145783
AutoBASS v1.0.1 https://github.com/BIG-MAP/FINALES_AutoBASS_tenant
https://doi.org/10.5281/zenodo.11145983
Cycler v1.0.0 https://github.com/BIG-MAP/FINALES_Cycler_tenant
https://doi.org/10.5281/zenodo.11145850
Degradation model v1.0.0 https://github.com/BIG-MAP/eol_degradation_tenant
https://github.com/BIG-MAP/eol_degradation_tenant/releases/tag/v1.0.0
Archiving v1.1.0 https://github.com/materialscloud-org/big-map-archive-api-
client/blob/2511f86ec08c44fc8d32e5d96953eb72e3ac89d9/README.md#back-up-finales-databases
https://zenodo.org/records/11184798
Transportation v1.0.0 https://github.com/BIG-MAP/FINALES_Transportation_tenant

https://doi.org/10.5281/zenodo.11120059
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1 FINALES Framework

1.1 Append-only design

The current database design deployed in the Fast INtention-Agnostic LEarning Server (FINALES)
uses the UPDATE interaction for the columns is_active and status. These are used to control the
availability of quantities and tenants in the MAP, and states of requests and results, respectively.
Since the UPDATE interaction is not part of the Append Only design, we plan to deal with these
columns through separate tables as seen in Figure S1. While the current version of the server already
deploys separate tables controlling the two status columns, the updated columns values are added
back into the request and result tables for easing query implementation. A description of each table
column can be found in the .py files defining each table in the folder https://github.com/BIG-MAP/
FINALES2/tree/main/src/FINALES2/db/tables.

is_active_log_guantity is_active_log_tenant
uuid uuid
by quantity_uuid tenant_uuid -
is_active status
is_active_change_message is_active_change_message
load_time: load_time
quantity
tenant
—| uuid
uuid —
quantity
name
method
. limitations
specification link_quantity_request
. . contact_person
result_output link_uuid
load_time > method_uuid load_time
—* request_uuid
load_time
result
request
i uuid |
— uuid ’7
I—) request_uuid
parameters
. : parameters
requesting_tenant_uuid - — link_quantity_result
data
requesting_recieved_timestamp link_uuid
i posting_tenant_uuid -
budget » method_uuid
. posting_recieved_timestamp
load_time result_uuid
cost
load_time
load_time
status_log_request status_log_result
uuid uuid
» request_uuid result_uuid -«
status status
status_change_message status_change_message
load_time load_time

Figure S1: Future upgrade of the database table schematic enforcing an Append Only design for
FINALES. Removing the is_active and status columns from the quantity, tenant,
request and result tables into separate controlling log tables allows the server through
chronological logic to adhere to the Append Only design. The additional log tables are
enclosed in the black box. The backend update allowing for the extended table schema is
planned for the release of v2.0.0.
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1.2 Endpoints

An overview over the Application Programming Interface (API) endpoints in FINALES with expla-
nation of their corresponding purpose divided into the POST and GET functionalities:
POST

/requests/ - Post new requests.
/results/ - Post new results.

/results/post_unsolicited _result - Post new results to the server that are not prompted to
an initial requests. This can be useful e.g. for prepopulating a database with already measured
results.

/requests/{object_id}/update_status - Updating the status of a specific request between
the following possibilities: pending, reserved, and retracted. The other request status types
resolved and unsolicited are handled internally by the engine and are assigned when a result
is posted either linked to a request or not, respectively. In the case of a result being posted
without an original request, a request with type unsolicited is automatically created. This
is to keep a concise internal structure between the tables in the database. Additionally, when
changing a status, it is possible and recommended to add a message defining why the change
was needed.

/results/{object_id}/update_status - Updating the status of a specific result between the
following possibilities: deleted and amended. The final type original is internally defined to
only be the initial result entry into the database. The status can therefore not be applied by a
tenant. Just as for status changes of requests, a message can and should accompany the change.

GET

/requests/{object_id} - Get a request with specific ID.

/results/{object_id} - Get a result with specific ID.

/pending requests/ - Get all the requests with status pending currently in the queue.
/all_requests/ - Get all requests irregardless of their status.
/results_requested/{request_id} - Get result by using the corresponding ID of the request.

/results requested/ - Get all results with the possibility of limiting retrieval to a specific
quantity and/or method.

/capabilities/ - Get all the capabilities registered in FINALES. The default is to return all
active tenants, but it is possible to remove this filter and return all tenants including the ones
currently inactive.

/limitations/ - Get all limitations for all capabilities registered in FINALES. Possibility to
retrieve limitations that are currently not active, which allow for traceability to understand
requests that were within a set of limitations at an earlier point in time.

/capabilities/templates - Get templates for the input/output schema defined for capabilities,
easing the process of defining limitations for tenants.

/tenants/ - Get all tenants that are registered in FINALES.

/database_dump/{access_key} - Download the entire database in FINALES (except for the
separate user table) for archiving and backup purposes. The endpoint is accessed through an
access key which is defined by the server administrator. The endpoint transfers the binary
SQLite file with the correct database extension.



All endpoints are protected through user authentication. Another security aspect is the use of
SQLAlchemy for database interactions, which protects the server from SQL injection attacks. Note
that to utilize the provided protection, one must always avoid using raw SQL queries and e.g. adhere
to the use of bound parameters when using the filter function of SQLAlchemy.

1.3 Example for a quality rating

As an example, we summarize here how the quality rating for the ionic conductivity results reported

by the Autonomous Synthesis and Analysis of Battery electrolytes (ASAB) tenant are determined.
In this case, the quality rating considers two contributions. One is the deviation of the transformed

froq fact

. The second one is the error of the

formulation fuc; from the requested one freq: ‘A ﬂ =

average ionic conductivity Akayg.

S o-1
To obtain the contribution of the electrolyte formulation, the ratio ry = ’Aﬂ : ‘f req’ is determined.

The rating Riorm is set to 0, if r¢ > 1. Otherwise, the rating is assigned as Rgorm = [(1.0 — 7¢) - 5.0].
The contribution based on the Electrochemical Impedance Spectroscopy (EIS) results accounts for

the influence of the number of successful individual measurements n out of the 3 performed ones:

mn = 1.0 — (n/3). Additionally, the error of the average ionic conductivity Akaye is determined

by error propagation and the ratio r. = Akayg - n;vlg is calculated. The quality rating of the EIS

measurement Rppg is set to 0, if r, > 1. Otherwise, it is obtained as Rgig = [ (1.0 — ry — 1) - 5.0].
The total quality rating of the result is obtained as R = [0.5 - (Rform + RE1s) |-

2 Detailed Tenant Descriptions

This chapter presents in depth descriptions of the tenants involved in the study presented in the main
article.

2.1 Molecular Dynamics (MD) tenant

The simulation tenant for calculating lithium ion conductivity is using Molecular Dynamics (MD) to
simulate the movement of the molecules in the electrolyte formulation requested by the optimizer. MD
simulations can handle any type of molecular electrolyte ingredient, restricted only by the require-
ment to use complete molecules which can lead to small differences to the real-valued concentrations
requested by the optimizer.

The MD tenant is implemented in BIOVIA Pipeline Pilot (BPP), which is a general modular
environment for data science and automation!*). The workflows in BPP are created by connecting
computing components by data pipelines. Multiple components can be combined into a subroutine
called subprotocol, such that a hierarchical workflow structure can be generated. The top level of the
protocol for the MD tenant is shown in Figure S2a. The component Query FINALES Database starts
the workflow by making an HTTP call to FINALES to inquire for pending requests for simulations
of the ion conductivity. The FINALES request in JSON format is parsed in the subprotocol Parse
MD request to extract the request ID, the amounts of the individual ingredients and the molecular
structure of the ingredients described by SMILES or InChIKeys. The SMILES description of the
ingredients gets converted into a 3D representation of the molecules.

The next step is to build an atomistic, pseudoamorphous model of the electrolyte with the Con-
struction (Amorphous Cell) component from BIOVIA Materials Studiol?. The component creates 5
starting configurations using a Monte Carlo approach to randomly place the molecules into a supercell
as shown in Fig. S2b. The number of molecules of each ingredient is calculated by converting the
concentration ratios requested by the optimizer into fractions of integer numbers of molecules. The
size of the supercell is determined by the volume required to fit the total number of molecules at a
target starting density of 1.3gcm™3.

The subprotocol to calculate the ionic conductivity of the electrolyte model Calculate ion-conductivity
(Forcite) uses a sequence of MD simulations with the MD component Forcitel? using the COMPAS-
SIII forcefield®l. The density is equilibrated in two steps by MD in the NVT ensemble (constant
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volume, temperature and number of molecules) with the velocity scale thermostat for 200 ps and NPT
ensemble (constant pressure, temperature and number of molecules) for 200 ps using the Nose-Hoover-
Langevin (NHL) thermostat!!l and the Andersen barostat(®). The production run is performed by MD
in the NVE ensemble (constant volume, total energy and number of molecules) for 2.5ns to gather
trajectories to calculate the diffusion coefficients of the charge carriers.

The diffusion coefficient of the positive and negative charge carriers D, ,_ is derived from the mean
square displacement (MSD) via the Einstein relation. The ion conductivity of the charge carriers is
derived from the Nernst-Einstein equation.

D+/—CQS2NA
)= = T (1)

where C' is the ion concentration, q. is the elementary charge unit, N4 is Avogadro’s number, kg
is Boltzmann’s constant and T is the temperaturelfl. The total conductivity is the sum of the con-
tributions from the positive and negative charge carriers. The results of the MD simulations for all
five configurations in terms of temperature, density and ion conductivity are collected into a JSON
response in the component Create Results Post to create the required data hierarchy. Finally, the
component Post results to FINALES Database sends the JSON response back to FINALES with a
HTTP call including the request ID.

Query Parse MD Construction Calculate Create Post Results
FINALES requests (Amorphous lon-conductiv.  Results Post to FINALES
Database Cell) ity (Forcite) Database

(a) The top level view of the protocol for the MD simulation tenant. The component Query FINALES Database
queries the FINALES database for new requests. The subprotocol Parse MD request converts the JSON
request into the Pipeline Pilot data format. The Construction (Amorphous Cell) component generates
an atomistic supercell model of the electrolyte formulation requested by the optimizer. The subprotocol
Calculate ion-conductivity (Forcite) runs a series of MD simulations to calculate the ionic conductivity. The
component Create Results Post compiles the JSON response that is posted to the FINALES server by the
component Post results to FINALES Database.
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& ’c) 1

%

L
)

Ly oo
B

3nm

(b) The atomistic model of the electrolyte in a supercell for the MD simulation. The Li ions are illustrated as
large purple spheres. The polyhedra indicate the PFg ions. The ethylene carbonate (EC) and ethyl methyl
carbonate (EMC) molecules are shown as stick models.

Figure S2: Deptiction of (a) the MD workflow and (b) the supercell used for the MD simulations.



R1 R2 CPE2

—ATAASS

Figure S3: The equivalent circuit used in this study to determine the ionic conductivity of the prepared
electrolytes. The resistance R1 corresponds to the electrolyte resistance and the other three
elements are related to interfacial effects in the measuring cell. The initial values used as
inputs for the MADAP package are the first real part of the measured impedance, 150 €2,
4 x107"Fs®, 5 x 107" Fs® for R1, R2, CPE1, and CPE2, respectively, and o = 1 for the
CPEs.

2.2 ASAB tenant

This section provides more detailed information regarding the ASAB tenant and the procedures per-
formed prior to the start of the experiments.

The electrochemical cell is electrically connected to a PalmSens4 potentiostat (PalmSens B.V.,
Houten, Netherlands) providing the protocol and control of the electrochemical impedance spec-
troscopy (EIS) measurements. The PalmSensd is triggered by the ASAB software using the Palm-
SensSDK version 5.9 and results are automatically analyzed using the Modular and Autonomous Data
Analysis Platform (MADAP)[! version 1.1.0. The electrochemical cell was calibrated using the results
of repeated measurements of 1M lithium hexafluorophosphate (LiPFg) in EC and EMC (EC:EMC 3:7
by weight). The cell was calibrated to meet the conductivity values obtained from the empirical model
reported by Ding et al.l®l and the cell constant was determined to be (2.40 4 0.13) cm™'. In all EIS
experiments, the typical measured impedance response consisted of a high frequency intercept and a
medium to low frequency sloping line. The high-frequency intercept was assumed to be the electrolyte
resistance, while the low-frequency response was typical of a blocking electrode. The simplest equiv-
alent circuit that could well describe the measured spectra consisted of a resistor representing the
electrolyte resistance and an interface term consisting of another resistor in series with a capacitor,
the latter two elements being connected in parallel with a double-layer capacitor® 1%, The proposed
circuit shown in Figure S3 fitted the spectra very well and reliable values for the electrolyte resistance
could be obtained. The conductivity was calculated from the obtained electrolyte resistance using the
cell constant determined from the calibration measurements.

Further parameters determined during the calibration of the electrochemical cell and used subse-
quently in the PalmSensSDK protocol of the EIS experiments and in the inputs for the MADAP
package are reported in Table S1.

The transformation of the formulations from mole fractions to volume fractions is performed within
the ASAB tenant based on the specification of the stock solutions provided in a configuration file.
The results of the transformation are logged locally for future reference in case of trouble shooting.

The configuration file moreover provides the possibility to set parameters such as the total flow
rate, definitions of the hardware setup like fluidic connections, paths to output directories, etc. en-
abling flexible usage and reconfiguration of the ASAB system. Photos of the ASAB system and the
electrochemical cell are provided in Figures S4 and S5.

Figure S4 shows the glass vials in the white tray, in which the electrolyte is output for cell assembly
and Nuclear Magnetic Resonance (NMR) measurements. The electrochemical cell used in this study
is shown in Figure Sha as mounted during operation and Figure S5b shows it in disassembled state.
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Table S1: The parameters used in the configuration file of the ASAB tenant regarding the EIS exper-
iments as determined based on the calibration measurements performed prior to the start
of the study.

Parameter Value

EquilibrationTime 0.0s

Potential 0.0V

Eac 0.01V

nFrequencies 11

MaxFrequency 1 x 10° Hz

MinFrequency 1 x 10* Hz

OCPmode 1

OCPMaxOCPTime 300s

OCPStabilityCriterion 0.5mV s~

maxCurrent 10 mA (setting in the SDK: 8)
minCurrent 100 pA (setting in the SDK: 0)

cell constant
initial guess R1
initial guess R2
initial guess CPE1
initial guess CPE2

2.40cm™!

high-frequency real part of the measured impedance
150 Q

4 x 107" Fs®

5x 1077 Fs®

Figure S4: The ASAB hardware setup showing the vials for electrolyte output (A), the reservoirs of
the stock solutions (B), the syringe pumps (C) and the rotary valves (D).



Figure S5: The electrochemical cell used in this study (a) in its assembled state connected to the
formulation unit in its operating position and (b) disassembled showing the electrodes and
the Polytetrafluoroethylene (PTFE) body.

2.3 AutoBASS tenant

This section provides more detailed information regarding the Autonomous Battery Assembly System
(AutoBASS) tenant and its internal mode of operation. The hardware setup is shown in Figure 6.

After picking up a pending request from FINALES, the AutoBASS tenant writes a new task with
the specified request ID into a local JSON file and simultaneously blocks the process that continuously
gathers new requests. At this point, the tenant enters the action mode in which the actual assembly
will be carried out by the AutoBASS hardware locally. Before initiating the assembly, manual attention
will be needed for the transportation of the electrolyte to the correct position, and the placement of
the electrodes, separator, spacers, washer, and casing parts. The generated data, like the images of
the components, are stored in the local drive according to the AutoBASS internal procedure. Once
the assembly process finished, the data of a single request are collected, prepared, and posted to
FINALES. Subsequently, the tenant resumes gathering new requests. Since the images taken during
component placement were considered primarily relevant for trouble shooting and were not used as
the inputs for the optimizer, it was decided to store this data locally with the tenant and manually
share it after the experiments instead of posting it to FINALES. It needs to be noted, that the values
reported for the mass_loading in the AutoBASS results contained in the dataset accompanying this
publication is given as the capacity per unit area of the electrode.

Figure S6: A rendering of the AutoBASS hardware setup showing the components’ trays (A), the robot
for stacking (B) and the one for pipetting (C), the vials serving as electrolyte reservoirs
(D), and the robot arm used for sealing and transporting the cell (E).
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2.4 Cycler tenant

This section provides more detailed information regarding the internal mode of operation of the Cycler
tenant. The hardware of the cycler is shown in Figure 7.

In reply to a reservation request, the tenant creates a reservation ID and saves this as a parameter
in a JSON file for the first channels marked as available. The returned reservation ID is subsequently
used to identify the channels when creating and starting the test. For each test, an individually named
test protocol and battery description file are created and assigned to the channel. The parameters
and the content of these is standardized as reported in Table S2, if not specified differently. Most
challenging was the export of the data after exactly 40 cycles for the Degradation model tenant. Since
the voltage is used as criterion for charge and discharge, the duration, after which exactly 40 cycles are
reached, is not known prior to the experiment. Therefore, the approximation of using a fixed duration
after starting the experiment is chosen, which is sufficient to reach at least 40cycles as estimated
globally based on pretest results. Once this preset time elapsed, the result containing the data of the
cycles performed up to this point in time is posted. The tenant is therefore continuously checking if
a channel passed the export time and starts the export as well as the analysis. The analysis splits up
the raw data into the individual charge and discharge cycles and calculates the parameters required
as the input for the Degradation model tenant.

Figure S7: The hardware setup of the cycler used in this study including the control unit on the right
and the temperature chamber on the left.



Table S2: Cycling protocol used by the Cycler tenant within this study.

Step Action Description

1 rest Resting for 6 h.

2 formation charge Apply positive current of 0.154 mAh (C/10) until voltage > 4.2V
is reached.

3 formation CV* Apply 4.2V until current value < 0.00008 A (C/20).

4 formation discharge Apply negative current of 0.154mAh (C/10) until 2.9V is reached.

5 loop Increment counter and jump back to Step 2 until counter < 3, then
continue.

6 rest Rest for 6 h.

7 charge Apply positive current of 1.564mAh (1C) until voltage > 4.2V is
reached.

8 cv* Apply 4.2V until current value < 0.00008 A (C/20).

9 discharge Apply negative current of 1.54mAh (1C) until 2.9V is reached.

10 loop Increment counter and jump back to Step 7 until counter > 200,
then end.

* constant voltage
Data acquisition rate 1s~! for all steps.

2.5 Overlort

This section provides more detailed information regarding the internal mode of operation of the OVER-
Looking ORchestrating Tenant (Overlort).

For the implementation, the FINALES reference tenant was used as a basis.

When requested, it initiates the predefined workflow for this method. Therefore it checks the defined
workflow from the final result requested towards earlier steps in the workflow to identify, which quantity
is needed next, or it starts the workflow by requesting the Cycler to reserve channels. The Overlort
saves all request and result parameters as soon as a task finished processing in a JSON document and
consequently is resistant to planned and unexpected stops. By saving all parameters from requests
and results, the request for the next quantity can be created based on these parameters. Using the
endpoint to request results via the request ID, it keeps track of new results and processes it to create
the next request. After a successful reservation, the formulation of the electrolyte specified in the
original request is requested, followed by a transportation of the electrolyte to the AutoBASS system.
Subsequently, the assembly of cells is requested followed by another transportation of the cells to the
respective channels reserved at the beginning. By triggering the request for the cycling of the cells,
the Overlort creates one request for each of the eight cells assembled per batch. After processing the
result, eight requests for the prediction of the End Of Life (EOL) are posted to FINALES. Finally, the
Overlort composes the result for the initially requested quantity and posts it to FINALES, as well as
it saves the complete workflow including its request and results locally in a JSON file. This tenant can
handle multiple workflows in parallel, as each request and result is internally linked to the request ID
of the original workflow request. A graphical representation of the internal workflow followed by the
Overlort is shown in Figure S8. The automatic creation of the subsequent request posed a challenge,
where further work for a more robust and flexible system would be desirable.
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FINALES

fo No
request first quantity request next quantity post final result update request queue
Request queue

save result

Figure S8: The workflow orchestrated by the Overlort as used in the study.

2.6 Archiving tenant

This section provides more detailed information regarding the Archiving tenant and its internal pro-
cesses. In this study, the tenant is downloaded as a software package from the Python Package Index
(PyPI)"Y and is subsequently installed on a Linux machine connected to the Internet. It exposes a
command that can be run automatically and periodically using a job scheduler, such as “cron”. In the
study presented here, the scheduler ran the tenant every second day. The command in question backs
up the contents of the SQLite database from the FINALES server to the BIG-MAP Archive, either
by generating a new entry or by generating a new version of an existing entry. In either scenario, the
newly created record is promptly shared with all users of the private data repository.

Multiple files are attached to a shared record, as illustrated in Figure S9: a copy of the database
file and various JSON data files corresponding to the output of different API endpoints of FINALES.
JSON is a data interchange format that is easy for machines to parse and generate and is easy for
humans to read and write. Note that if a data file remains unaltered between two consecutive backups,
it is uploaded only once. Nevertheless, the respective file link appears in both versions of the entry,
resulting in saved storage space and reduced upload time.

11
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Figure S9: Files attached to the record on the BIG-MAP Archive by the Archiving tenant on 229
of December, 2023. sqlite.db is a copy of the FINALES internal database file. re-
sults_for_requests.json contains the results of simulations and experiments for the requests
submitted to FINALES.

Ontology Up to recently, there was no widely accepted vocabulary for materials research, batteries
and electrochemistry. As part of the BIG-MAP project, we have developed the Battery Interface
Ontology (BattINFO), which describes thousands of concepts related to electrochemistry and bat-
teries. More importantly, BattINFO goes beyond traditional vocabularies, as it includes not only
human-readable definitions for concepts, but also links concepts to each other with logically consis-
tent relationships, thus rendering meaning machine-readablel'?). BattINFO is freely available open
source at!!3 and at the GitHub repository https://github.com/BIG-MAP/BattINFO. The repository
includes a graph serialization of the ontology in Turtle format, and an extensive documentation on
concepts and example usage available from https://big-map.github.io/BattINFO/index.html.

We have selected JSON-LD as the format to implement the mapping between fields in FINALES
data to controlled vocabularies. Compared to other formats, JSON-LD is a natural extension of
JSON used in FINALES schemas, widely known by software developers, and both human and machine
readable. JSON-LD extends traditional JSON by adding a context object, which maps fields in
the file to unique identifiers of concepts from controlled vocabularies. In JSON-LD, each object is an
instance of a concept; a special @id key holds the unique identifier of the object, and a @type key
describes the concept the object instantiates.

A result can be encoded as JSON-LD in a myriad of ways. The hierarchy of objects, their at-
tributes and types in the FINALES JSON-LD implementation was agreed from iterative discussions
among domain-experts, ontologists and software developers, who have striven to follow three main
implementation principles.

First and foremost, software developers ensure the implementation is syntactically sound, i.e. it
follows the JSON-LD specification. For instance, each object must instantiate a class from a
controlled vocabulary or ontology, and must contain an identifier when possible. Identifiers should
ideally be unique and resolve to a web resource offering more information about the entity.
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Second, ontologists and domain experts validate that objects instantiate the right classes from
BattINFO and related ontologies, while asserting that links connect compatible instances; for instance:

{

?@type”: ”Mass”
"hasNumericalPart”: {
?@type”: ”Real”,
”hasNumericalValue”: 0.08
}s

?hasMeasurementUnit”: ”“emmo: KiloGram”

where an object of @type: Mass must contain an attribute hasMeasurementUnit, whose value must
be a valid mass unit, such as emmo:KiloGram.

Third, the implementation should facilitate search in a knowledgebase. The ultimate purpose of
the implementation is to make FINALES results available in a Graph Database that can be flexibly
queried using structured languages, such as SPARQLI® or CYPHER!Y). An excessively nested and
inconsistent JSON-LD implementation might require building complex queries to find results, ham-
pering thus access to the data. In this sense, the FINALES implementation has pursued a consistent
use of object types and links, while avoiding unnecessary nesting of objects, to facilitate searching for
FINALES results within a graph database.

Ontology integration for FINALES Each Archive entry contains a JSON-LD file with results of the
EOL and conductivity tasks, all mapped to ontology concepts. This section outlines the mapping and
its structure.

First, all information from both single- and multi-task optimization phases were retrieved. Only
the final results requested by the optimizers were mapped into linked data files. The intermediate
requests from the Overlort tenant were not mapped, to focus efforts in creating a robust mapping for
the essential part of the results.

Each optimization phase in FINALES is defined as a DataCatalog type with each posted result being
a Dataset within the catalog. An overview of a single Dataset can be seen in Figure S10. The example
in the figure is for a conductivity result posted by the ASAB tenant. In case of the computational MD
tenant the hasMeasuredProperty and hasSampledSample are meaningless since simulations do not
measure properties nor use samples. Instead, hasInput and hasModelledProperty are deemed more
precise concepts to convey the work of a computational tenant. Furthermore, the MD tenant is mapped
to the concepts PhysicsBasedSimulation, while the computational Degradation model tenant is
mapped to the concept of PostProcessingModel. Further concepts differentiating machine learning
(ML) models were not available. This led to the use of the broader term PostProcessingModel, which
does convey the difference to other present computational models of type PhysicsBasedSimulation.

The graph edge hasMeasuredProperty links the Dataset node with all the properties measured dur-
ing the experiment, which in the case of the ASAB tenant are described in the nodes
TonicConducitivity and AmbientThermodynamicTemperature. The nodes and edges implemented
for mapping a measurement of ionic conductivity is shown in Figure S11a. Here we define the numeric
value of the measurement accompanied by a unit, which showcases how numeric values are generally
implemented in the JSON-LD implementation.

The edge hasSampledSample maps to the electrolyte formulation used for the experiment. Ad-
ditional sub-graphs for the electrolyte formulation are shown in Figure S11b. We adhere to these
linked data patterns to map electrolyte formulations for FINALES. The MD tenant requires addi-
tional information of the number of molecules of the specific components, which are also mapped. All
nodes and edges in the linked data descriptions are mapped to well-defined vocabularies, including
smileReference and inchiKey.

The SoftwareApplication node in Figure S10 describes the actual tenant posting the results.
Since all tenants communicate through the API, this node describes details about the tenant, such
as tenant name, authors and creators. Here the creator is defined as the institution of origin for the
tenant mapped using the ROR-ID for the research organisation. For the author, the ORCID of the
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application SoftwareApplication

request DigitalDocument

hasSampledSample———p Electrolyte

measurementMethod—p‘Conducﬂ

hasMeasuredProperty————p| lonicConductivity

DataCatalog —Datasets—p Dataset

hasMeasuredProperty. AmbientThermodynamicTemperature

Figure S10: The general structure of the ontological mapped structure of a posted measurement. Each
purple box is defined as a node with a type stated in the box, while the gray boxes are
defining the edge relationship between nodes. Expanding each node would reveal the
metadata the type is populated with. The outermost abstraction is of the DataCatalog
type, which contains general information shared among results. Each posted result is de-
fined as a single instance of type Dataset. The simplified illustration above showcases the
structure of a single Dataset (provided by the ASAB tenant) within the DataCatalog.
The Dataset contains information on the experimentally specific samples and measure-
ments, and general tenant information for both the request and result.

Electrolyte
hasConstituent hasConstituent hasConitituent
‘ ChemicalCompound1 ’ ChemicalCompound2 u
hasObjectiJveProperty smih{tiference inc\hiKey
hasMeasurementUnit hasNumericalPart AmountFraction ‘ [Li+].F[P-](F)(F)(F)(F)F ’ AXPLOJNSKRXQPA-UHFFFAOYSA-N ‘

SiemensPerMetre Value hashimerica Gare
o
hasNumericalValue type

hasNumericalValue type
on)

(a) The ontology mapping for (b) The ontology mapping for an electrolyte formulation. Here a single

0.1 Real

ionic conductivity measure- ChemicalCompound is shown with all constituents edges and nodes
ments. Here the value is ac- defining the SMILES, InChIKeys and the fraction used of the com-
companied by the unit, as is pound.

the case for all properties in
the implementation.

Figure S11: Examples of ontology mappings used in FINALES.

main responsible researcher is used. The DigitalDocument node contains information on the request
such as the requesting tenant. Here an identical usage of the concept SoftwareApplication is used
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to describe the requesting tenant.

One of the core challenges of the mapping was that not all concepts needed in FINALES are avail-
able. Concepts relating to electronic structure simulations are only partially supported in EMMO
and the OSMO (https://gitlab.com/vimmp-semantics/vimmp-ontologies ontology. A more ex-
tensive ontological mapping of the methods deployed in FINALES, would therefore need a vocabulary
encompassing quantum chemical calculations as well.

3 Overview of the dataset

3.1 Single-task phase

Figure S12a shows an overview of the data generated during the single-task phase. Figure S12 shows
the numbers for the entries by ASAB in Figure S12b and by the MD tenant in Figure S12c. Out of
the 43 total entries posted by the ASAB tenant, 9 entries were deleted. 32 valid entries by the ASAB
tenant are stored in the database. For the MD tenant, 37 out of a total of 38 entries are valid with
only one rating being 2 and therefore below the threshold.

80 deleted
—_ 12 entries
L invalid
_é 601 B original
IS rating 2.0
% 40 - 81 [ rating 3.0
s 69 B rating 4.0
2 BN rating 5.0
€ 20-
2 success

valid
0 : o

. §CCS (ot N

(a) An overview of the data generated during the single-task phase
of the campaign.
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(b) Bar chart showing various prop- (¢) Bar chart showing various prop-
erties of the entries provided by erties of the entries provided by
the ASAB tenant. the MD tenant.

Figure S12: Overview of entries in the FINALES internal database recorded during the single-task
phase of the campaign. The legend shown in (a) is also valid for the figures in (b) - (c).
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3.2 Multi-task phase

Figure S13 provides an overview of the data generated during the multi-task phase of the campaign.
As can be seen in Figure S13b, the Overlort posted 9 results in total, with only one being deleted.
For the ASAB tenant, the data of which is presented in Figure S13c, none of the 44 posted results
were deleted this time since the resulting conductivity data did not show severe deviations, even if
a leakage occurred. Hence, it was decided to keep the data and accept that the uncertainty of the
model may be larger due to a larger spread of ionic conductivity values for formulations affected by
the leakage issue. An analysis of the errors occurring during a leakage can be found in section S5.2.
The number of valid results amounts to 29 due to 15 results having an insufficient rating. The MD
tenant posted 31 results, all of which are valid as can be seen in Figure S13d. The significant difference
in the number of generated results between the Overlort compared to the ASAB tenant and the MD
tenant is caused by the longer duration of one iteration with the Overlort compared to the other two
tenants. A conductivity measurement by ASAB may be performed within one hour. A simulation
takes about two hours, however, it has the advantage of running during the night without supervision.
In comparison, the preparation of electrolyte, the subsequent assembly of one batch of cells, their
cycling and the prediction of the EOL takes approximately one week, which is limiting the throughput
significantly. The majority of the time in this workflow is used for the formation and the cycling of the
cells. The large number of invalid result entries arises due to failures during the workflow orchestrated
by the Overlort. We note that retracting the result of a workflow requires all the results of the related
subtasks to be retracted as well, to avoid them losing their context (resulting in database entries
without a relation to a result relevant for the optimization). To facilitate the filtering of the results
after the end of the campaign, such intermediate results of canceled workflows are retracted by marking
them as deleted. The large number of entries with a rating of 1 occurs, because the Degradation model
tenant assigned a rating of 1 to all of its results since it relies on the cycling data as an input. The
uncertainty of the inputs will affect the output making its predictions at least as uncertain as the
input data. Since ratings and success criteria are not trivial to define for each tenant, not all tenants
report these fields in their results. Consequently, the total number of datapoints exceeds the number
of datapoints reporting a success field and a rating, respectively.

4 Detailed results

4.1 lonic conductivity

The sequence of the results available in the FINALES database as presented in Figure S14a shows a de-
lay between the first posted result of the two_electrode method and the one of the
molecular dynamics method in the single-task phase of the campaign. The difference amounts to
approximately 8 days. The different timing is caused by the development time of the respective ten-
ants. Furthermore, differences in the data generation rate or downtimes result in periods where mainly
simulation data or mainly experimental results are posted.

Within the first 6 reported results, a quick convergence of the experimental data towards a high ionic
conductivity is observed and the formulation is not changed significantly for several subsequent results.
A possible reason for this behavior could be that, due to the comparatively restricted chemical space
accessible in the experiments, the optimizer quickly identified a region of high ionic conductivity.
Once simulation data is contributed to the database in result number 12, the optimizer seems to
also explore other formulations in the experiment, resulting in lower experimental ionic conductivity
prior to going back to the high ionic conductivity formulations. This shows a synergistic effect of
combining the different methods as compared to running only one method per quantity. The same
observation can be made in Figure S14b, where also the effect of additional experimental data on
the requests for the computational ionic conductivity can be observed. A closer look at Figure S14
reveals some formulations not adding up to unity. This may possibly be rounding errors arising for the
approximated formulations in the ASAB tenant, which are rounded to two decimals to avoid reporting
results appearing overly precise.

In the top part of Figure 2 in the main article, the best observed formulation and the best predicted
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(a) An overview of the data generated during the multi-task phase
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Figure S13: Overview of entries in the FINALES internal database recorded during the multi-task
phase of the campaign. The legend shown in (a) is also valid for the figures in (b) - (d).

one considering the limitations are similar for each of the tenants in the single-task phase. However,
there is a significant difference between the two tenants regarding the solvent composition of these
predicted optima. One possible cause is that the formulations showing a high ionic conductivity in
the experiments are close to the limitations of the experimental tenant, as it is visible in Figure S15a
and Figure S15b, which hinders a further exploration towards lower EMC contents. Therefore, the
region where the maximum ionic conductivity is predicted for the MD tenant is not accessible to
the ASAB tenant, which results in a different observed and predicted optimum when respecting the
limitations of the tenants. Furthermore, the dependence of the ionic conductivity on the composition
of the solvent is significantly less pronounced than the dependence on the LiPFg content as it is visible
in the Figures S16 - S17 and also reported in the literature® 17 18] Therefore, our system located
the region of high ionic conductivity in both phases of this study in a narrow band with respect to
the concentration of LiPFg, while a precise location with respect to the solvent composition was not
achieved. This is likely due to the uncertainty associated with the datal® and the optimizer model.
In contrast, the predictions of the global maximum for the MD tenant and the ASAB tenant are in
good agreement in the single-task phase shown in the top part of Figure 2 in the main article.
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and (b) multi-task phase of the study.
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The bottom part of Figure 2 in the main article shows a different picture. While all three optima
are close to each other for the ASAB tenant, the predicted optimum formulations differ from the
formulation with the best observed ionic conductivity for the MD tenant. This could again be due to
the optima for the ASAB tenant being located close to its limitations of the accessible chemical space.
Also, the global predictions do not match among the tenants in the multi-task phase. A possible
reason for this mismatch is the uncertainty of the model associated with extrapolation to regions
of the chemical space, where no reported data is available. Furthermore, the model found a high
correlation between the computational and experimental results in the single-task phase of this study,
which was not observed in the multi-task phase. This is likely due to more noisy experimental data
in the multi-task phase of the study, probably leading to a less smooth model. The increased noise
likely arises due to the decision to not delete data affected by hardware malfunctioning like leakage,
which was done to reduce human intervention to a minimum. An analysis of the influence of leakage
on the electrolyte formulations is provided in the section S5.2.

Furthermore, Figures 2 and S15 show that the otherwise small mismatch between the requested
formulations and those reported in the results is larger in the region close to the limitations for the
ASAB tenant. Although approximations are required in the computational as well as the experimen-
tal results, the reported formulations for the computational results are in good agreement with the
requested ones.

A possible reason for the mismatch in the results posted by the ASAB tenant could be the proximity
to the boundary of the accessible chemical space. The boundaries for the experimental tenant are
defined based on the stock solutions supplied to the system. Therefore, the maximum and minimum
molar fractions of individual components may only be accessible by using a single one of the stock
solutions, since any mixture would result in a dilution of the respective component. This hinders the
variation of the remaining components, if one of them is set to an extreme value. In the case of the
experimental tenant, the maximum fraction of EC corresponds to the fraction observed in the stock
solution containing only EC and EMC. The addition of any other stock solution results in a dilution
of EC in the final electrolyte. This issue is visible in Figure 2 in the main article for the single-task
and the multi-task phase of the study, respectively. In the single-task phase of the campaign, the
mismatch between the requested and reported formulations is even more striking due to a poor choice
of the lower limit for EMC prior to the correction. However, the data show that this limit was too low
and could not be reached with the stock solutions used in this study. This exemplifies the significance
and complexity of defining and reporting the limitations for a tenant.

The temperature ranges covered in the single-task phase of the study are 299.8 K to 301.0K for
the ASAB tenant and 293.4 K to 308.1 K for the MD tenant. In the multi-task phase, the ranges are
299.1K to 300.5K for the ASAB tenant and 291.2K to 307.4K for the MD tenant. Due to a lack
of active temperature control, the ASAB tenant only accepts requests at 300 K and the variation in
temperature originates due to temperature fluctuations in the course of the study. In contrast, the
MD tenant uses the NHL thermostat®l to control the temperature in the simulation supercell, such
that the MD simulations can be run at arbitrary temperature. However, we focus on the liquid state
of the electrolyte at room temperature, so a default target temperature of 298.0 K for the thermostat
was configured in the MD tenant. The MD simulations show large temperature variations between the
configurations, since the supercell is a small microscopic system where the local fluctuations cannot
be evened out as easily as in a macroscopic system. Based on the temperature ranges covered by the
tenants in this study, literature data of ionic conductivity at 293.15 K and 313.15 K as reported in the
references'® 2% is shown in Figure 3a.
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Figure S15: Zoomed-in views of the regions with high ionic conductivity identified for the MD tenant
(left) and the ASAB tenant (right) during the (a) single-task phase and (b) multi-task
phase of the study. The coloring of the data points is based on the mean ionic conductivity
using the same colorbar as in Figure 2 of the main article.

4.2 Optimizer Models

The model predictions and uncertainties obtained from training on the dataset at the end of the single-
task phase of this study are presented in Figure S16 for the MD tenant and in Figure S17 for the
ASAB tenant. It can be seen, that the regions of maximum ionic conductivity are found in a similar
area within the chemical space for the MD and ASAB tenant. The uncertainty in the predictions
for the MD tenant is higher than the uncertainty in the predictions for the ASAB tenant. The high
uncertainty in the high-LiPFg and low-EC region can be explained by this region not being accessible
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to either of the tenants and therefore, the model is required to extrapolate outside of the training
region to obtain predictions in this region. The region of maximum ionic conductivity found in the
multi-task phase of the campaign also matches with the one found in the single-task phase for both
tenants as can be seen in Figure S18 and Figure S19. However, the model of the ASAB tenant obtained
from the data of the multi-task phase is less smooth than the model obtained from the data generated
in the single-task phase as gets obvious from comparison of Figure S17 with Figure S19. This could
possibly be caused by increased scatter of the datapoints in the multi-task phase and difference in
measurement noise.

Predictions Uncertainty

0.0 . 0.0 0.5

. 0.0
EMC EMC

(a) (b)

Figure S16: The model predictions (a) and uncertainties (b) for the MD tenant obtained from the
optimizer after training it with the data generated in the single-task phase of the study.
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Figure S17: The model predictions (a) and uncertainties (b) for the ASAB tenant obtained from the
optimizer after training it with the data generated in the single-task phase of the study.
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Figure S18: The model predictions (a) and uncertainties (b) for the MD tenant obtained from the
optimizer after training it with the data generated in the multi-task phase of the study.
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Figure S19: The model predictions (a) and uncertainties (b) for the ASAB tenant obtained from the
optimizer after training it with the data generated in the multi-task phase of the study.

4.3 Formulations with maximum ionic conductivity

Table S3 shows the numeric values for the formulations with predicted and observed maximum ionic
conductivity as obtained from an optimizer model trained on the dataset after the end of each phase.
The data corresponding to formulations predicted while respecting the limitations of the respective
tenant, are reported as limited in the Optimum column. The electrolyte formulations used in the
manually posted requests in the multi-task phase of the campaign are reported in Table S4.
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Table S3: The optima identified from the model trained on the data after the single-task phase and
the multi-task phase, respectively. The optima refer to the formulation with the highest
observed ionic conductivity (), the highest predicted x when respecting the limitations, and
the globally highest s, respectively. The formulations are reported as the molar fractions

x of the constituents. Ionic conductivity and the respective uncertainty are given in Sm=!
1

130

and the molality is given in molkg™".

Phase Optimum Parameter two_electrode molecular_dynamics
TLiPFg 0.09 0.102371
TEC 0.5 0.849395
observed TEMC 0.42 0.048233
molality 1.03 1.28
predicted x  1.0356 4+ 0.0004 1.0822 + 0.1804
TLiPFg 0.086045 0.084907
TEC 0.512727 0.873643
single-task limited TEMC 0.401228 0.04145
molality 0.99 1.05
predicted x  1.0452 + 0.0114 1.028 4+ 0.1804
TLiPFg 0.09 0.09
TEC 0.91 0.91
global TEMC 0.0 0.0
molality 1.12 1.12
predicted x  1.2811 4+ 0.067  1.0369 + 0.1814
TLiPFg 0.05 0.090458
TEC 0.51 0.865261
observed TEMC 0.43 0.044281
molality 0.56 1.12
predicted x  1.0007 4+ 0.0064 1.1681 + 0.3044
TLiPFg 0.053912 0.089922
TEC 0.53009 0.754623
multi-task  limited TEMC 0.415999 0.155454
molality 0.60 1.09
predicted x  1.0003 &+ 0.0577 1.0675 £ 0.1829
TLiPFg 0.054 0.09
TEC 0.528 0.76
global TEMC 0.418 0.15
molality 0.60 1.09

predicted x

1.0003 + 0.0576

1.0675 £ 0.1828

23



Table S4: The electrolyte formulations used in the manually posted requests for predicted EOL in the

multi-task phase. The formulations are reported as the molar fractions z of the constituents.

Formulation type Fraction Value
TLiPFg 0.077146
predicted optimum TEC 0521413
TEMC 0.401441
same xgc as predicted optimum, LLiPFg 0.01
TEC 0.521413
but lower zipr,
TEMC 0.468587
same zgc as predicted optimum, TLiPFg 0.12
i TEC 0.521413
but higher z1,ipr,
TEMC 0.358587

4.4 EOL

The acquired data in the sequence of them being posted to FINALES together with a representation
of the respective formulations are shown in Figure S20. A single iteration of the EOL workflow takes
several days. The data associated with the manually submitted requests and the EOL experimentally
determined from cycling the cells up to 200 cycles are also presented in Figure S20. It must be noted
that the predicted optimized formulations used for the manual requests in the multi-task phase as
listed in Table S4 differ from the optimized formulations reported in Figure 2 and Table S3, since the
model is retrained after each iteration and therefore the predictions based on a model trained later
differ from earlier models.
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Figure S20: The EOL data collected during the multi-task phase of the campaign, presented in the
sequence in which the results were posted. The labels report the molar fraction of LiPFg
and indicate if the data correspond to a predicted EOL (p) or an EOL determined after
the final export (a). The results additionally marked with an m indicate that the request
related to this result was manually posted to FINALES.
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The cells that did not complete 200 cycles prior to the intermediate export were cycled until the
expected time for 200 cycles elapsed in the experiment. Therefore, a comparison between the exper-
imental EOL and the prediction based on the data provided in the intermediate export is possible
and presented in Figure S21. It gets clear that the spread of the EOL within a batch is significant
in the experiments as well as in the predictions. Furthermore, it can be observed that the spread of
the predictions increases for higher EOL in the experiment. This can be understood since the EOL of
cells reaching 80 % of their initial capacity within the cycles endured prior to the intermediate export
is known and the associated uncertainty of the prediction should be expected to be low. From Fig-
ure S21, one can further observe that the model shows a tendency to underestimate the EOL of cells
showing an experimental EOL above approximately 100 cycles. This might be due to the model being
trained with data originating from shorter cycling experiments. Since the model has not seen how
cells with a higher EOL behave later in their lifetime, it cannot accurately extrapolate the behaviour
for these cells.

x(LiPFg) = 0.01 (m) o x(LiPFg) = 0.08 (m)
« x(LiPFg) = 0.03 « x(LiPFg) = 0.1
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Figure S21: A parity plot between the experimental and the predicted EOL data. The results addi-
tionally marked with an m indicate that the request related to this result was manually
posted to FINALES.

From Figure 3b, the variation of results can clearly be observed for the two batches produced with
~0.91m LiPFg. Overall, the predicted and the experimentally determined EOL are in reasonable
agreement. The only exception is observed for the formulation containing 1.07 m LiPFg, for which the
model significantly underestimated the experimentally observed EOL. It can further be noted that the
scatter of the predicted (as well as the actual) EOL is very low for the low-molality formulations. This
may again be caused by the cells reaching their EOL prior to the intermediate export of the cycling
data. The prediction at 1.07m LiPFg stands out by the median prediction of 21 cycles and only one
high predicted EOL of 152cycles. A possible reason could be, that the duration of approximately
40 cycles has to be estimated prior to the experiments and this estimate is applied globally to all of
the cycling experiments in this study. As a consequence, the number of cycles endured by the time
of the intermediate export may differ between the cells within and in between batches. This leads to
differences in the data used for the prediction, which may affect its quality. In the case of the batch
of cells containing the electrolyte with 1.07 m LiPFg, 5 out of 8 cells reached a lower number of cycles
by the time of the export than the remaining 3 cells (see Figure S22e), which might have provided an
insufficient database for the prediction. Furthermore, the predicted EOL of the cells with the 1.07m
LiPFg electrolyte may additionally be affected by the tendency of the model to underestimate high
EOL values.
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4.5 Cycling results

The data regarding the capacity evolution passed to the the Degradation

of cells used in the multi-task phase are presented in Figure S22.
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endured until the time of the intermediate export.
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5 Error analysis

5.1 NMR analysis

Since the formulations reported in the results of the ASAB tenant correspond to the set-values, NMR
spectra were recorded to investigate the EC:EMC ratio and compare it to the requested and reported
ones. To do so, several formulations prepared for cell-assembly were randomly selected to record 'H-
NMR spectra for these formulations. From the ratios of intensities between signals originating from
nuclei in the EC and EMC molecules, the molar fraction of these molecules is obtained. The results
are reported in Table S5. The NMR analysis of the formulation is limited to the 'H spectra, because
for the other nuclei, no two species can be detected in a single spectrum. The data show deviations
between —6.79 % and 6.98 % of the reported value and two exceptionally high deviations of —38.24 %
and 32.55 % for formulations with a low ratio of EC:EMC. This shows, that the reported formulations
are not reliable for low ratios of EC:EMC, while the deviations are lower for intermediate ratios. A
possible reason could be the residues of previous electrolyte formulations not being fully removed or
limitations of dosing accuracy for too low set flow rates in the experimental setup.
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5.2 Estimation of the effect of leakage issues in the experimental tenant

In the course of the demonstration, the ASAB tenant leaked upon the preparation of several samples.
The most likely reason is a high viscosity of some formulations, which results in an increased pressure
within the system exceeding the limits of the valves. Leakage issues may have twofold effects on the
experiments. If the leakage appears on a valve providing the prepared sample to the electrochemical
cell, the cell may not be filled properly resulting in poor contact and poor quality of the measured
results. However, the tenant reports the quality of the results in its posts to FINALES which mitigates
the effect since results of insufficient quality are disregarded by the optimizer. Another effect of leakage
issues arises, if the leakage appears at a valve, through which a stock solution is provided to the union,
where the flows are merged. In this case, the volume flow of the affected stock solution is altered
resulting in erroneous formulations. In order to provide an impression of the error a leakage imposes
on the formulations, a comparatively severe leakage, which was noticed on 6™ of November 2023
during the multi-task phase of the demonstration presented in this study, is analyzed in the following.
The affected valves were V2, V4, V5, V6, V7, and V8. However, the leakage on V2 and V4 was too
little to be analyzed in detail. Therefore, the focus was put on the other four valves. Figure S23 shows
the four vials analyzed in the following.

Figure S23: The vials, in which the leaked liquid from valve V5, V6, V7, and V8 was collected,
respectively. It can be seen, that the amount of liquid in the vials differs.

Since leaked liquid is caught in glass vials mounted on the system, the mass of the lost liquid could
be recorded for some of the vials. The measurements were taken on the 9" of November 2023. The
recorded masses together with the stock solution associated with the respective valve are reported in
Table S6. The results show, that the most severe leakage occurred for V6, which corresponds to the
1.5M LiPFg in EC:EMC (1:1 by weight) stock solution. According to Ding et all®, the viscosity of
solutions of LiPFg in EC and EMC increases for higher EC content. Hence, it appears reasonable,
that the leakage at valve V6 is more severe than at V5 since the stock solution at V5 does not contain
EC. The vials V7 and V8 are handling the formulated electrolyte and their leakage is therefore less
critical regarding the accuracy of the formulation as mentioned above.

To get a better idea as to which stock solution or mixture was leaked, NMR spectra of the residues
were recorded on an X-Pulse Benchtop NMR by Oxford Instruments GmbH. Since the amount of
some of the residues was too little to sufficiently fill the NMR tube, these samples were filled up using
cyclohexane. To reduce additions to a minimum, the external lock of the NMR-device was used and
the addition of a reference substance was omitted. The chemical shift scale in the spectra is manually
referenced to the singlet of EMC in the 'H spectra, to the Li signal in the "Li spectra and the PFy
signal showing the lower chemical shift in the '°F spectra. The results are summarized in Table S7.
The NMR-spectra after phasing, baseline correction and 1Hz exponential apodization are presented
in Figures S24 and S25. It must be noted, that the spectra presented in Figures S24 and S25 are
presented with different scalings along the y-axis to make the signals visible in all the spectra.

The EC detected in the 'H-NMR spectrum related to V5 indicates, that the leaked fluid is not
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Table S6: The masses of the leaked fluid for the affected valves and the stock solution associated with
the respective valve.

valve stock solution mass [g]
vial 4 liquid vial liquid

V5*  1.5M LiPFg in EMC 19.0335 18.7906  0.2429
V6 1.5M LiPFg in EC:EMC (1:1 by weight) 19.8055 18.7202  1.0853
V7**  formulated electrolyte 18.7912 18.7128  0.0784
V8 formulated electrolyte 19.1754 18.7693  0.4061

* The caught liquid shows two phases and does not mix with cyclohexane
** Some of the liquid might have been lost upon removing the vial from the setup.

Table S7: The components of the leaked liquids for the respective valves. It must be noted, that the
valve V5 does not seem to leak only the stock solution connected to this valve.

valve stock solution molecules detected using NMR,
V5 1.5M LiPFg in EMC LiPFg, EMC, EC, cyclohexane
V6 1.5M LiPFg in EC:EMC (1:1 by weight) LiPFg, EMC, EC

A\ formulated electrolyte LiPFg, EMC, cyclohexane

V8 formulated electrolyte LiPFg, EMC, EC

the pure stock solution as this does not contain EC in the case of valve V5. A possible reason could
be, that the check valve in the line blocking the flow of the electrolyte formulation from the union
back to the valve V5 did not function properly causing the sample to leak at V5 once a too high
pressure was generated. The triplet of the EMC is superimposed with another signal, which might
arise due to the added cyclohexane to achieve sufficient sample volume for the NMR, measurement.
The distortion of the signal may be due to the sample being biphasic in the NMR tube. The lack of
EC in the sample associated with the leakage at valve V7 may be due to the very little amount of
sample available. Cyclohexane had to be added to this sample to achieve sufficient sample volume
for the NMR measurement. Therefore, a small amount of EC, which may have been present may
be diluted too much to result in a clear signal in the 'H-NMR spectrum. The recorded "Li and F
spectra reveal the presence of LiPFg in all of the samples.

Figure S25 shows an enlarged view of the '"F spectrum obtained for the residue collected from
the vial connected to V8. Besides the signals, which can be assigned to the fluorine nuclei in PFy,
this spectrum shows additional signals to the left and right of the reference signal. Using their
coupling constant of approximately 930 Hz as an indicator, and assuming they might originate from a
degradation product of LiPFg with water, they can possibly be assigned to PFO(OH)Q[QL 22l However,
referenced measurements and >'P spectra would be required to confirm this tentative assignment.
Consequently, it can be deduced, that the NMR sample was contaminated with water. Based on
the data available, it cannot be traced back, whether the contamination appeared after removing the
NMR sample from the glovebox or even before. Since the sample tube was closed using a regular
NMR tube cap and sealing tape, it is likely, that water had access to the sample, while it was outside
of the intert atmosphere of the glovebox. Furthermore, the NMR magnet operates at 40°C, which
may further degradation.

Since the identifier of the first and last request affected by the leakage is known, the maximum
period of time, during which the leakage occurred, can be determined based on the timestamps of
the request of the first and the result of the last affected sample. The resulting maximum duration
of the leakage can thus be determined to be approximately 2h 10min. In this time, 3 results were
posted and hence potentially affected. This means, that on average 0.6042 g of liquid per electrolyte
formulation are lost due to the leakage. For a sample volume of approximately 3 mL for electrochemical
measurements and approximately 6 mL for cell assembly. Using the density values at 26.8°C of
1.0049 g cm 3 for EMC as the least dense stock solution and 1.2880 g cm ™3 for 1.5 M LiPFg in EC:EMC
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Figure S24: NMR spectra of the leaked solutions caught in the vials.

(1:1 by weight) as the most dense stock solution and neglecting mixing volumes, this results in an
approximate volumetric error between 16 % and 20 % of the target volume for the electrochemical
measurements and 8 % to 10 % of the target volume for the electrolyte formulations prepared for cell
assembly. This shows, that severe leakage may affect the quality of the measurement. However, the
detection of leakage during autonomous operation is not possible in the current experimental setup.
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Figure S25: An enlarged view of the F spectra showing the additional signals in the spectra related

to the residues collected from the vial connected to the valve V8.

To enable the autonomous operation of the ASAB tenant, it was therefore decided that affected
data should remain in the database during the multi-task phase. This increases the scatter of the data
resulting in larger uncertainty of the model predictions. In the future development of the experimental
setup, a monitoring of the pressure or a detection of leakage needs to be considered.
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7 Discussion and Conclusion

Although today liquid electrolytes are established in state-of-the-art lithium-ion batteries, research for novel
electrolyte formulations [44, 46, 55] is still ongoing. The publication presented in chapter 5 [95] is an exam-
ple that showcases how the combination of physicochemical, spectroscopic and electrochemical results
can be used to investigate electrolytes containing novel Hiickel-type salts. The investigated salts were pre-
viously reported to be stable when exposed to humidity [53, 54], at elevated temperatures and in voltage
ranges relevant for lithium-ion batteries [52]. They can further be synthesised in a single step process [52,
54]. Their use would therefore alleviate the high demands on the atmosphere, in which the electrolytes are
handled, which harbours the potential to reduce production costs [54]. The study in chapter 5 [95] demon-
strates a combination of results obtained from infrared spectroscopy (IR) and Raman spectroscopy with
data obtained for ionic conductivity, viscosity, and anion self-diffusion coefficients to gain insights about
the possible dissociation behaviour of the ions. While the observed viscosity of the electrolyte solutions
increases from those containing LiTDI via those based on LiPDI to the LiHDI-containing ones, the ionic
conductivity does not follow this trend as the highest ionic conductivity in this study is found for electrolytes
using LiPDI. [95] Further research is needed to understand this behaviour since the perfluorinated alkyl
side chain length of LiPDI is intermediate between those of LiTDI and LiHDI. If the solvation behaviour
would follow a trend with the length of the perfluorinated side chain and if this would have direct implications
for the ionic conductivity, the trend should also be observed in the ionic conductivity. Niedzicki et al. [53]
suggest for a similar electrolyte system containing LiHDI a reduced mobility of the ions due to its larger
anion as a possible reason for it showing lower ionic conductivity than it would be expected based on
its degree of dissociation. The validation of this suggested cause for the deviation of the ionic conduc-
tivity of LiPDI from the expected behaviour in the electrolyte system investigated in chapter 5 demands
further research. The incorporation of MD results may enable deeper insights into the coordination and
dissociation of the salts and may enable a more fundamental understanding of these processes similar
to the insights on the motion of ions in electrolyte solutions obtained from MD methods reported by Mis-
try et al. [133]. The determination of self-diffusion coefficients of the cations in the different solutions would
further complete the picture and would be of special interest since the motion of the cations is decisive
for the operation of lithium-ion batteries [15]. Overall, the results for ionic conductivity and ionicity of the
Huckel-type salts in the analysed electrolytes are found to be inferior to those of LiPFg [95]. From the data
presented in chapter 5 [95], it can be seen, that minor differences in the behaviour of the Hiickel-type salts
can be found. However, their interrelation with the structure of the respective anions is not conclusively
analysed and requires further studies.

In chapter 6.2 [14], the maximum ionic conductivity is found for approximately 1 m LiPFg dissolved in the
solvent containing EC and EMC, which is in good agreement with literature data [151-153] if the influence
of solvent composition is neglected. This agreement indicates, that the MAP was able to capture the
trend. The similarity of the values for the experimental ionic conductivity of electrolytes with comparable
compositions (see Figure S14 in chapter 6.2) suggests a reasonable repeatability of the results generated
by the ASAB setup. Using the bulk properties of the electrolyte as indicators for cell performance, the
results reported in chapter 6.2 might suggest a relation between the ionic conductivity of the electrolyte
and the EOL of coin cells using the respective electrolyte. However, due to the uncertainty of the EOL
in the experiments and the model predictions, the existence of a correlation or even a causality cannot
be concluded from the results of this work. [14] Considering the results obtained from the investigation of
bulk electrolyte properties shown in chapter 5, the incorporation of further methods may allow to get better
indicators, but the effects of interfacial processes also need to be considered in the investigation of cell
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performance [30]. Therefore, the scale bridging approach chosen in chapter 6.2 [14] seems promising to
be followed further to investigate correlations between the cell chemistry and its performance. The signif-
icance of including tests of device performance when optimising materials was also recently mentioned
in a publication by Strieth-Kalthoff et al. [12], who reported the integration of materials synthesis, property
analysis and performance tests in devices for materials to be applied in organic solid-state lasers.

Besides the findings on the level of battery electrolytes, the publications presented in this thesis also pro-
vide insights concerning the research methodology used. Studies like the one presented in chapter 5 [95]
or those performed by Ding et al. [151, 154—158] to establish the composition-property-performance rela-
tionships necessary to design electrolytes for specific applications require the use of diverse techniques
and expert knowledge. In this thesis, the ASAB system is shown to be capable of performing repetitive
tasks in such studies and therefore reducing the amount of human labour required for data generation [13,
14]. One of these tasks that was essential in chapters 6.1 [13] and 6.2 [14] is the formulation of electrolytes.
From the data generated during the multi-task phase of the study presented in chapter 6.2 [14] available
in [88], the time between reserving a request for an electrolyte formulation and posting the corresponding
result ranges between approximately 17 min and 30 min when considering only a single successful attempt
of processing the request. If the ASAB setup is started with empty syringes, the formulation of the first
sample takes significantly longer than the aforementioned duration due to the initial filling of the syringes.
Although the formulation of an individual electrolyte sample may not necessarily be faster than a human
researcher could accomplish it in terms of the absolute time required, leaving the experimental work to
the ASAB system enables the researcher to spend time on the curation and interpretation of data and the
design of new studies. This aspect was recently mentioned by Stier et al. [10] as one of the distinctive
advantages of MAPs. When deciding whether the experiments for a study should be performed using the
ASAB setup or manual execution would be more efficient, the number of samples is an important aspect
to consider. The set-up time of the ASAB setup is comparable to the one of a manual experiment as
it essentially includes providing stock solutions and connecting all the required instruments in case they
were previously disconnected. Similar tasks are required in preparation of experiments performed by a
human researcher using the individual devices in their conventional mode of operation. An additional step
in preparation of an automated experiment is the implementation of a Python script if the setup is not oper-
ated using the ASAB tenant and an instance of FINALES. The high-level functions provided in the software
package of the ASAB setup allow this task to be completed reasonably fast for a researcher, who is fa-
miliar with basic Python programming. The most significant difference between conventionally performed
experiments and those using the ASAB setup is the consumption of time and chemicals for cleaning after
the experiments are finished. Since a human researcher often utilises single-use equipment to formu-
late electrolytes, the clean-up is significantly facilitated. The ASAB setup includes numerous tubes and
components that need to be cleaned in between and after experiments and therefore its use is not effi-
cient when measuring only a few samples. However, in studies involving many samples or autonomous
research campaigns such as those presented in chapter 6.1 [13] and 6.2 [14], the automation offers a
benefit compared to a human researcher performing the tasks, because the negative impact of the more
complex cleaning routine after the experiments is less severe in these cases. The cleaning routine for the
formulation unit of the ASAB setup requires the researcher to move the tubes from the vials of the stock
solutions to a waste container to avoid contamination of the stock solutions during cleaning. Also, the
researcher needs to specify the nodes that shall be cleaned. Subsequently, the setup can automatically
perform the cleaning and the researcher only needs to manually remove residues from the syringe pumps
and empty the waste after completion. This degree of automation significantly reduces the human time
required for cleaning of the system and leaves the consumption of chemicals used in this process as an
important aspect to optimise when further developing the ASAB setup. An important advantage of the
ASAB setup that should also be noted in this context is that it can transport the samples in closed loops to
and from the instruments positioned outside of the glovebox without requiring the removal of the samples
from the inert atmosphere. This significantly reduces the risk of degradation of the samples due to expo-
sure to air and humidity and saves time that otherwise would be needed for the operation of the airlock.
The use of the ASAB setup to provide the samples to the measuring devices is therefore even attractive
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for the analysis of manually prepared samples. The above elucidations include several of the operation
modes mentioned in chapter 4. Changes between the different modes of operation and the integration
of new hardware or analysis software are facilitated by the modular design of the ASAB setup enabling
flexible automated experimentation. The categorisation of the ASAB setup in the levels of autonomy as
specified by Hung et al. [72] and Tom et al. [11] depends on the use case. On the scale suggested by
Tom et al. [11], the ASAB setup provides at least level 2 hardware autonomy. Depending on the mode of
operation, the degree of software autonomy can be varied. Upon the integration with FINALES, level 4
MAPs were demonstrated in the publications shown in chapter 6.1 [13] and 6.2 [14]. On the scale defined
by Hung et al. [72], the experimental processes can be rated as level 4 to 5, while the other categories are
not covered in the current implementation of the ASAB setup.

In chapters 6.1 [13] and 6.2 [14], the ASAB setup was connected to FINALES as one of the tenants. lts
capability to contribute as an independent tenant was demonstrated as well as its performance as part of
a workflow. The latter use of the ASAB tenant enabled the preparation of electrolyte formulations for the
use in coin cells that were cycled to obtain EOL data. [13, 14] Such workflows could be implemented as
a single tenant, however, this would block tenants such as the ASAB tenant to contribute to the maximum
extent. If the ASAB tenant would have been bound in a single tenant dedicated to generating EOL data,
it would not have been possible to perform the optimisation of the ionic conductivity in parallel to the
EOL optimisation without deploying a second tenant to formulate the electrolyte samples and performing
EIS measurements. To efficiently use tenants offering multiple capabilities such as the ASAB tenant,
the implementation of workflows in MAPs using the concept of the OVERLORT [159] as demonstrated in
chapter 6.2 [14] seems to be a valuable approach.

The connection of the ASAB setup to FINALES further showed, how FAIR [71] data can be generated
with such systems. Used in the fully autonomous mode connected to a FINALES server in the publica-
tions presented in the chapters 6.1 [13] and 6.2 [14], the ASAB setup contributed to the generation of
consistently formatted, inherently digital and machine-readable datasets, which can easily be shared on
data platforms, like for example, the BIG-MAP Archive [160], Zenodo [69] or Materials Cloud Archive [70].
This significantly reduces the effort needed to comply with requirements by funding agencies regarding
the publication of research data additional to peer-reviewed research articles [161, 162]. The coupling
with FINALES is further shown to constitute a simple way to link the ASAB system to data archives like
the BIG-MAP Archive [160], which enables a timely sharing of the generated data without the need for
manual uploads [14]. The defined structure of the data generated by the ASAB system and its associated
tenant additionally facilitates the mapping to ontologies such as BattINFO [68, 81] as it was demonstrated
in chapter 6.2 [14].

Furthermore, the FINALES framework as well as the ASAB setup are implemented to promote the record-
ing of metadata related to the performed actions [13, 14]. When collecting relevant metadata, experimen-
talists often focus on physical parameters that may influence the measurements. However, especially the
development of automated experimental setups involves the parallel development of associated software.
Frequent changes to the software controlling the experiments are therefore an essential part of the re-
search process in this field. These changes may often be minor adjustments in response to an error that
may not immediately result in a new release. Consequently, it is important to carefully document the soft-
ware versions associated with generated results. This topic is approached in the ASAB tenant presented
in chapter 6.2 [14, 86]. On startup, it logs the information about the used software that is available in the
configuration file. In this way, data points can be related to a software version and changes in the software
affecting the measurement results become traceable. Troubleshooting is therefore less limited to errors
occurring in the hardware. This approach is similar to the one followed in AiiDA [78], which stores the
code that generated the results as additional nodes in the database.

The publications presented in the chapters 6.1 [13] and 6.2 [14] present the exploitation of synergistic
effects between computational methods and experiments by deploying carefully designed data structures
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meeting the requirements of both fields. This tight integration of ML, computational methods and the phys-
ical experiments combined with the possibility of operating automated setups around the clock can shorten
the time for an iteration in active learning loops leading to a faster generation of results [14]. However,
pure automation is not achieving the goal of high-quality scientific results. An extensive monitoring of the
experimentation process is inevitable to detect errors and include information relevant for the data quality
in the output. For example, a procedure for the verification of formulations, which is commonly practised
in conventional research, also needs to be implemented in automated research. In the study presented
in chapter 6.2 [14], this aim was pursued by the use of NMR analyses that were performed and analysed
manually in parallel to the autonomous operation of the remaining MAP and the logging of requested and
transformed formulations by the ASAB tenant to enable traceability of the results. Also, the careful cali-
bration of the equipment like the densimeter, viscometer and the electrochemical cell prior to the start of
automated or autonomous campaigns worked towards this goal. Ambient conditions like the temperature
as well as the oxygen and water content in the atmosphere of the glovebox were monitored manually by a
human researcher in this work [14]. With these efforts, this work also enters the field of verification in the
realm of automated experimentation, which holds the potential to overcome currently widespread reserva-
tions regarding automated experimentation, which often seem to lead to the assumption that automated
experimental platforms should preferably be used for low fidelity screenings followed by selected high-
fidelity experiments performed by humans. The importance of quality control and verification procedures
in automated experimentation are current topics also in the literature as for example Rahmanian et al. [163]
demonstrated the incorporation of automated quality monitoring in their Auto-MISCHBARES system and
Strieth-Kalthoff et al. [12] also emphasised it in their recent publication.

With the aim of high-quality measurements in mind and based on the experience with the ASAB setup,
a field called quality rating was included in the schemas of the FINALES tenants for the studies
presented in the chapters 6.1 [13, 149] and 6.2 [14, 150]. This field served to convey information about
the reliability of the reported data to the optimisers or more generally to the consumers of the data. It can
for example be used to select only data of a certain reliability for the training of an ML model. [14] The
definition of a reasonable quality rating requires a detailed understanding of the method and the values
for the process parameters necessary for its calculation need to be accessible from the output data of the
respective method or the recorded metadata. Therefore, the quality rating is highly specific for a method
and its definition was not straightforward for all of the tenants in the chapters 6.1 [13] and 6.2 [14]. For
some of the tenants the definition of a quality rating was not reasonably possible in the study included
in chapter 6.2 [14]. The comparability of the quality ratings for different capabilities is therefore not nec-
essarily a given, but it can at least serve to compare the results for individual capabilities. By restricting
the values permitted in the quality rating field of the schemas to integers ranging from 1 to 5, an
attempt was made to normalise the quality ratings and make them more comparable [14]. However, this
does not remedy the fact that the parameters influencing the rating are typically very different. Closely
related to the quality rating is the handling of errors occurring during the execution of a measurement in
autonomous settings. During the fully autonomous operation of the ASAB setup in the MAP presented in
chapter 6.2 [13], the stop of the procedure as described in chapter 4 causes a problem. Since the status of
a request is changed to reserved once the ASAB tenant starts processing it, this request will remain in
this state even if the ASAB setup and tenant were cancelled. Therefore, the status of this request will have
to be set back to pending manually or the request will not be pulled again after a restart of the ASAB setup
and tenant. To avoid skipping requests due to this mechanism, the ASAB tenant [86] is equipped with an
error handler that resets the status of the request in case of an error prior to exiting. Since the ASAB setup
prepares a sample and subsequently provides it for a measurement, a repetition of a measurement also
requires the preparation of another sample. In such a case, resetting the status of the request in case of
an error as described previously is a possible way of handling the error. For other tenants such as the
AutoBASS tenant [164] and the Cycler tenant [165], a locally saved queue of requests and resuming the
failed procedure after a restart proved to be better suited. Apart from such tenant-specific aspects, there
are actions such as the login, retrieving requests and posting results that are common to all FINALES
tenants. Therefore, a reference tenant was implemented in the scope of the study presented in chap-
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ter 6.2 [14, 141] to facilitate the implementation of new tenants. The ASAB tenant [86] served as the basis
for this reference tenant that was used as a starting point for the implementation of several of the tenants
connected to the MAP presented in chapter 6.2 [14].

Additional to the aforementioned achievements, the connection to the FINALES server makes the ASAB
setup accessible to a community of users with different background. Since complex low-level procedures
and upon the use of the ASAB tenant also certain analysis functionalities are handled internally, users
are empowered to obtain results from methods, of which they may not have in-depth expert knowledge or
which may not be physically available in their laboratory. [14] This enables them to augment their research
with data, which would otherwise not be accessible to them this easily. The automation of the respective
procedures does not fully replace a fundamental understanding of the measurement principle, but it will
avoid the necessity for the user to be trained in the operation of the specific device utilised by a tenant.
The selection of input parameters, basic interpretation of the obtained results or the identification of failed
measurements may often be possible based on knowledge obtained from textbooks, whereas conducting
a measurement or the analysis of the obtained raw data frequently demands experience with the applica-
tion of the method and the respective device. Researchers aiming to train themself in the use of a new
method may further benefit from the reduced human time and labour necessary to perform automated ex-
periments since this allows them to perform experiments using various sets of input parameters to explore
their effect on the results. The researchers operating a tenant are usually familiar with the method and its
challenges. Their expert knowledge can to a certain extent be incorporated in the tenant in the form of
reasonable default values and limits for parameters and a selection of relevant metadata that need to be
recorded while performing a method. In this way, users of the tenant benefit from the expert knowledge
and minimise problems in the analysis or interpretation of the data arising from missing records of rele-
vant metadata. These possibilities are an example of the community aspect of MAPs that was recently
emphasised by Stier et al. [10].

Apart from the implementation of expert knowledge being limited to typical use cases and standardised
procedures, Tom et al. [11] and Hung et al. [72] note that fully automated processes may not be desired
in some applications. NMR measurements such as those reported in chapter 5 [95] are an example,
where full automation may not be the best choice, but partial automation of default procedures may still
be desirable. The preprocessing of the NMR data to obtain the self-diffusion coefficients presented in
chapter 5 [95] is a time consuming task. Especially the phasing of the spectra and the integration of the
signals are difficult to reproduce exactly since they involve a certain degree of subjectivity in the choice
of the phasing parameters and the limits for the integration. Hence, different researchers performing the
analysis may obtain slightly deviating results. Subsequent changes to the preprocessing applied to the
data in chapter 5 [95] such as a slight change in the integration limits required the repeated preprocessing
of at least one set of spectra. A progressive refinement of the preprocessing routine is therefore inefficient.
Challenges to identify the important features necessary to be considered when executing tasks such as
phasing a spectrum or integrating signals combined with the comparatively large effort for subsequent
minor adjustments in the analysis procedures may represent an entry barrier for beginners, who do not
have the possibility to consult an expert. This barrier could possibly be lowered by automated analysis
procedures prefilled with reasonable parameters as starting points developed by experts and provided to
the community. The approach of automating standard tasks and providing reasonable preset parameters
is already used today in commercial software such as MestReNova [94] (Mestrelab Research S.L., Spain)
or SpinFlow [144] (Oxford Instruments plc, United Kingdom). Due to many parameters that can sensitively
influence the measurements, such procedures are mainly applicable to standard procedures like the ones
used in chapter 5[95]. More advanced research question or the analysis of complex spectra will still require
expert knowledge. Therefore, partially automated data analysis may be reasonably applied in some NMR
studies, but the fully automated analysis and interpretation of the resulting spectra is hard to implement
for more complex use cases than the one presented in chapter 5 [95] and it may therefore be preferred to
have a human researcher perform these tasks. The versatility and modularity of the ASAB setup and the
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FINALES framework allow for the degree of automation to be adjusted by the researcher and therefore
enable their use even in environments where a more human-centred approach is favoured.

Overall, the results obtained in this thesis show, that a tight integration of automated experimentation,
computational methods, workflows and ML models is possible on a geographically distributed scale and
the complementary nature of different methods can be exploited in this way. This work further demon-
strates that the flexibility required in research applications can be maintained in automated setups. [13,
14] The adjustable degree of automation resulting from the flexibility of the ASAB setup and the FINALES
framework enables their application in diverse laboratory environments and applications. It was further
shown that the ASAB tenant [86] cannot only contribute directly to a MAP but it can even be integrated
into a workflow [14]. This enables contributions to a MAP that would be inconvenient to be implemented
in a single tenant. The results of this thesis indicate that further improvements of the ASAB setup and
the FINALES framework as well as efforts in the field of automated experimentation in general are well in-
vested to lower the entry barrier for cross-domain collaborations and to make instrumentation and methods
more accessible in the research community [14]. Based on the results presented here, the distributed and
scale-bridging MAP concept appears suitable to answer questions regarding correlations across scales
such as those between bulk properties of the electrolyte and cell performance [14].
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8 Outlook

The further development of the ASAB hardware setup could include the addition of sensors to monitor the
pressure and, in case, regulate the flow or cancel the execution of a request before the pressure exceeds
the limits of the valves. This could counteract the leakage issues mentioned in the chapters 4 and 6.2 [14].
To detect leakages automatically, a capacitive sensor could be used to detect liquid in the capturing vials
and stop the current procedure or log an error if the sensor is triggered. Furthermore, tubes with a larger
inner diameter could be an alternative solution to lower the pressure in the system. Improvements in the
cleaning of the system could be achieved by introducing several connections to the pressurised nitrogen
line to allow the gas to enter at various points in the system. A more direct supply of pressurised gas to
the instruments can be expected to improve the cleaning results.

For the software, a short-term aim could be the improvement of the initialisation routine to ensure all mod-
ules are correctly connected prior to starting an experiment. Further development could focus on recording
additional metadata once more sensors are available. Also the automatic retrieval of software versions
from the development environment used and logging this information could improve the documentation
and enhance traceability of changes in the software. The automation of this functionality would also avoid
the error-prone manual input of the respective information in the configuration file as described in chap-
ter 4. Moreover, a functionality to collect the raw data saved by the individual instruments like the NMR
device or the densimeter and viscometer from their respective directories into a single directory for each
project could facilitate the later use of the data. The overall improvement of the robustness of the software
package should be an additional goal for the future. Especially the implementation of a functionality that
allows for interruptions of the pumping process without aborting it would improve the handling. The user
friendliness could be significantly improved by the addition of a graphical user interface (GUI).

Based on the modularity of the ASAB setup, the addition of further functionality could be a midterm aim.
The NMR instrument is currently only physically connected to the ASAB setup, but the software operations
such as the setup and start of measurements is done manually. Since the NMR device is commercially
equipped with an option to trigger measurements using an Arduino®, a next step could be to implement
drivers and actions to connect the Arduino® to the ASAB setup. It should be possible to use the existing
driver and action for Arduino® boards in the ASAB software [140] as a basis for the implementation. Once
NMR measurements could automatically be triggered, the automation of the preprocessing of the spectra
could be approached where this is reasonable. The integration of the NMR device into the automated
capabilities of the ASAB setup would not only add an additional characterisation technique, but would also
allow for the inline verification of the generated formulations. An improved design of the electrochemical
measuring cell to accommodate a four electrode setup would allow to eliminate influences of the electrodes
on the measurements [97]. The integration of the currently unused modules for heating and cooling could
open new possibilities like controlling the temperature of the electrolyte or using the UV-VIS module as
a further characterisation and verification technique. To expand the accessible chemical space of the
system, a solid handling unit, for example based on a screw conveyor, could be considered. This would
allow the dosing of conducting salts or other solid electrolyte components without depending on stock
solutions.

An important aspect to consider when it comes to the efficient use of the raw materials is to minimise the
sample volume. One way to achieve this could be to only fill the minimum amount of sample required for
the respective measurement into the tube and move it to the measuring position using gas. Similar to the
segmented flow techniques described in [166]. Operating without filling all the dead volume of the tubes
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harbours significant potential for the reduction of the used sample volume. Adding capacitive sensors to
the pumps and the tubes after measuring positions could support this effort as they could allow an earlier
detection of the necessary filling volume. A tighter physical integration with other modules in the laboratory
should also be targeted to reduce the manual interventions, which are currently necessary to transfer
electrolytes from the ASAB setup to other systems for further processing as described in chapter 6.2 [14].

This thesis is mainly focused on the basic development of the ASAB setup and the demonstration of
different use cases in the field of battery research using mostly well-established electrolyte solutions for
lithium-ion batteries. In the future, the system could be deployed for novel electrolyte systems to generate
comprehensive datasets for explorative studies or tailor electrolytes to meet predefined requirements.
Since the software [140] is configurable to also handle other arrangements of the hardware than the one
used in this work, it could also be considered to develop a second ASAB setup capable of handling higher
viscous fluids. Such a setup could then be used to handle precursors for gel or solid electrolytes or possibly
even slurries for electrode materials.

In the bigger picture of the MAPs presented in the chapters 6.1 [13] and 6.2 [14], the further development
could aim at the tighter integration of ontologies and the inclusion of more diverse tenants. These ad-
vanced MAPs could target more complex optimisation tasks or provide comprehensive datasets for the
characterisation of materials or for the deployment in the training of ML models. Furthermore, efforts to-
wards making the framework and the connected services available to a larger community also crossing
the borders of individual projects could be a valuable goal in pursuing globally distributed MAPs. [13, 14]
To achieve this, improvements regarding the access to the data in the database are inevitable to enable
FINALES to distinguish between different projects and studies and also associate users to user groups.
This would allow to restrict the access of each user and tenant to the data shared with the appropriate
community and would reduce the risk of data leaks. Since industrial partners often require strict data
security and confidentiality, even the option of handling a separate database per study should be consid-
ered to further minimise the risk of unintentional sharing of data. Like this, FINALES could be used as
an interface to laboratories or larger communities, which are involved in several studies at the same time
rendering the use of a separate instance of FINALES per study inconvenient. Further possible improve-
ments of the FINALES framework should be considered regarding the installation and the administration
of a FINALES instance. Elucidating the details of these topics is out of the scope of this thesis but the
current open issues can be found in the respective section in the FINALES GitHub repository accessible
under the URL https://github.com/BIG-MAP/FINALES2/issues.

Due to the diversity of tasks, it is essential to make the further development of MAPs and automated
research an interdisciplinary effort to avoid parallel developments in unrelated fields due to a lack of ex-
change. Interdisciplinarity should in this case not end at the borders of scientific fields, but it needs to also
include experts in the field of law or business to develop strategies for aspects like intellectual property
or the pricing of services. This aspect was recently also mentioned by Stier et al. [10]. Also, diversity of
skills, background and experience needs to be valued and promoted in this process to achieve versatile,
impactful and globally distributed MAPs integrating numerous institutions, facilities and methods. Since
the number of research groups focusing on the development of MAPs is not yet very large, this should be
used as a chance to collaborate and implement standards in this field to avoid concurrent developments
of incompatible solutions as this may add barriers and complicate collaborations or exchange of data or
resources.
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Bode plot

capability
cell constant

chemical shift

drive element

dynamic viscosity
electrochemical stability window

energy density

external standard

Fourier transform

impedance
internal standard

ionicity

J-coupling

Aplotoflog(|Z]) and —¢ vs. log(v) with frequency v and phase
¢ used for the analysis of EIS data. [96]

A unique set of a quantity and a method in a FINALES in-
stance. [14]

A calibration constant for measuring cells used in EIS to deter-
mine the conductivity of the sample. [102]

A relative measure of the shift in resonance frequency of the
observed species in the molecule of interest with respect to a
reference substance in NMR measurements. [38]

The component in a VTD causing the vibration of the U-shaped
glass tube. [103]

The viscosity resulting when thinking of the liquid moving in lay-
ers with different velocity. [117]

The voltage range between the oxidation and reduction reac-
tions of an electrolyte. This quantity determines the possible
operating voltages of the considered cell. [19]

The amount of energy a battery provides relative to the volume
or mass of the battery. [4]

A reference substance in a separate, small capillary, which is
inserted into the sample tube prior to a measruement used to
define the chemical shift scale of the spectrum without adding
a reference substance into the sample. [38]

A mathematical procedure transforming data from the time-
domain to the frequency-domain. [38]

The total resistance of a system against the flow of a cur-
rent. [96]

A reference substance added to the sample used to define the
chemical shift scale of an NMR spectrum. [38]

The deviation of conductivity from the behaviour predicted by
the Nernst-Einstein equation. It can be used to investigate the
effect of the correlated movement of ions on the conductivity of
an electrolyte. [122]

The interaction between nuclei in the vicinity to the observed
nucleus in NMR. Also called spin-spin coupling or scalar cou-
pling. [38, 87]
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kinematic viscosity

Larmor frequency

method

multitenancy

Newtonian fluid
non-Newtonian fluid
Nyquist plot

pick-up element
primary battery

quantity

Randles circuit

secondary battery
specific energy

tenant

transfer function

Walden plot

Walden rule
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The viscosity resulting when accounting for the fact, that the
force applied to the liquid counteracts not only the viscosity but
also maintains the velocity within the liquid. [117]

The resonance frequency of a nucleus, which can be thought
of as the frequency of the precession of the spins around the
direction of an applied magnetic field. This relates to the en-
ergy of a photon which allows for a transition of the nuclear spin
between energy levels. [38]

The means by which a result for a quantity is obtained in a
FINALES-based MAP. This may be an experimental or com-
putational procedure. [14]

A concept in FINALES-based MAPs allowing for several tenants
providing redundant capabilities. [13]

A fluid with a viscosity independent of the shear rate. [114]
A fluid, for which the viscosity depends on the shear rate. [114]
A plot of —Z" vs. Z' used for the analysis of EIS data. [96]

The component in a VTD recording the vibration period of the
U-shaped glass tube. [103]
A battery that cannot be recharged. [3]

A physical quantity or a service available in a FINALES-based
MAP. [14]

An equivalent circuit commonly used in EIS suitable for rep-
resenting a system with an electrochemical reaction taking
place. [96, 98]

A battery that can be recharged. [3]
The amount of energy that can be obtained from a battery rela-
tive to the mass of the battery (see also energy density). [4]

The term used to refer to clients and modules in the context of
FINALES MAPs. [13]

A function representing the relation between the input and the
output signal in an EIS measurement. [96]

A plot of the molar ionic conductivity vs. fluidity, which provides
information about the ionicity of the conducting salt in an elec-
trolyte. [122, 125]

The product of the limiting conductivity and the viscosity of the
solvent of an electrolyte is constant. [124]
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