Short and Long Range Transport
Effects in Salt Containing Solid-Liquid
Composites

Von der Fakultdt Chemie der Universitat Stuttgart
zur Erlangung der Wirde eines

Doktors der Naturwissenschaften
(Dr. rer. nat.)

genehmigte Abhandlung

Vorgelegt von
Christian Pfaffenhuber
aus Passau

Hauptberichter: Prof. Dr. J. Maier
Mitberichter: Prof. Dr. J. Bill

Tag der Einreichung: 04. Marz 2014
Tag der mundlichen Prufung: 16. April 2014

Max-Planck-Institut fir Festkérperforschung
Stuttgart
2014



Gewidmet
Meiner Frau Barbara und meiner Tochter Eva



Erklarung

Die vorliegende Doktorarbeit wurde vom Autor selinstier Abteilung von Prof. J. Maier am
Max-Planck-Institut fir Festkdrperforschung, im @aum von Dezember 2009 bis Februar
2014 angefertigt. Der Inhalt ist die eigene Arbales Autors, Ausnahmen sind
gekennzeichnet, und wurde noch nicht zur Erlangingr Qualifizierung oder eines Titels an

einer akademischen Institution eingereicht.

Stuttgart, 18. Februar 2014 Chriskdaffenhuber

Declaration

The work described in this thesis was carried guthie author in the Department of Prof. J.
Maier at the Max Planck Institute for Solid StatesBarch from December 2009 to February
2014. The contents are the original work of thehauexcept where indicated otherwise and
have not been previously submitted for any othegree or qualification at any academic

institution.

Stuttgart, February 182014 Christian Pfaffenhuber



Contents

1 Introduction 1
1.1  Significance of Lithium-Based Batteries.............ccccvvvvvvrrvivviinciiiineeeenn. 1
1.2  The Role of the Electrolyte in Lithium-lon Baties............cccccooevieineeennnn. 6
1.3  Types of Electrolytes for Lithium-lon Battegie............ccccceeieiiiinieeiinnnnnee. 7

1.3.1 Pure Solid EIECtrolytes...........uuumreeiieiiie e 7

1.3.2 Pure Liquid EIECIrOlYES. .........uvtmmmmmm e eeeeeeeeeeeeeiee e 8

1.3.3 Solid-Liquid Composites as ElectrolyteS..........coovverveevnnninnnnn. 9
1.4  Concept of Heterogeneous Doping Serving assesBar the

S0ggy-Sand MOEl.........ccooeiiiiiiieeeeeeeeeee e 11
1.5 Colloid Chemistry in the Context of Compositediolytes..................... 14
1.6 Network Structure and its Influence on the éod@onduction Mechanism.17
1.7 1YL ] 1)Y= (o] PR PRSPPI 18

2 Experimental Section 20

21 Electrolyte MaterialS. ..........ooooiiiiieeeeeci e 20
211 SOIVENTS .o 20
2.1.2  Lithium SaltS.......ceviiiiiiiiiiiiii e 21
2.1.2.1 Lithium Perchlorate..............oo oo 22
2.1.2.2 Lithium Trifluoromethane Sulfonate. .......cccouvvvvnnnnnn. 22
2.1.3 1-Ethyl-3-methylimidazolium trifluoromethandéf®nate
(EMIM OTf) as a model ionic liquid.............ceeeeeeveeeeeiiiiniiininnn. 23
2.1.4 Silicon Oxide Fillers...........ooooiiiieeeeeiieeee e 23
2.2 Experimental TEChNIQUES..........ooi it 25
2.2.1 Microscopic Techniques (SEM, TEM, CFM)....c...ocuuvuuinniinnnnnn. 25
2.2.2 Nitrogen Sorption Surface ANalysSIS.....cccceevveeriiiiieeiiieeeneeneeee, 26

2.2.3 Differential Scanning Calorimetry (DSC) . .vevreiiiiiieeiieeeneennnn. 26
2.2.4 Pulsed Field Gradient Nuclear Magnetic RescadPFG-NMR). 26
2.2.5 Electrochemical Impedance SpectrOSCOPY-cccecvvrrrriiiirereeeeennn. 28
2.2.6 DC POIAriZatioN........ceeviiiiiieeieis e 32
2.2.7 Electroacoustic Spectroscopy as a Measurehoahtor the
C-POtENTIAL ... e 34



2.2.8 Rheological Measurements.............uceeemmmeeiieeeeeeeeeeeeeeeeeeeiiiiininnns 35

2.3  Simulation Approach for Investigations of Pndjgs of Soggy-Sand
Electrolytes Based on Monte Carlo Algorithm anditeiclement
Y = 1S £ 36
2.3.1 Monte Carlo Method and Aggregation Models........................ 36
2.3.2 Monte Carlo Simulation and Finite Elemeatddlation Methods. 38
3 Results and Discussion 46
3.1 Network Formation KinetiCs...........ooiiieeeemiiiniiiieeee e 46.
3.2  Soggy-Sand Electrolytes in the Steady State............ccccooveeivviiiiiieeeenens 60
3.2.1 Quantitative Estimate of the lonic Conduittiand
Lithium Transference Number (system: LIGI® THF)................. 60
3.2.2 Advanced Oxide Materials as Soggy-SanerHarticles with
Special Morphologies..........uuuuuiiiiiiiii e 64
3.2.3 Numerical Modeling of Soggy-Sand Electrolyitethe Steady
0 £ | (PP 86
3.2.4 Further Analysis of the Particle Surface Cisenyivia IEC and
the Impact of lon Adsorption at the Particle Scefan the
Overall Ionic CoNAUCTIVILY.........coooiiiiiiiecemieie e 92
3.2.5 Local lonic Conduction in Systems with Higgrtitle Volume
= T 1[0 KPP PPPPPPPPRPPPPP 7.9
3.2.6 lonic Conduction in lonic Liquid based Compo&lectrolytes.... 98
3.3 Individual Contributions of the lonic Speciedite lonic
(©70] oo 11 [ox 1 o] o PP PRPUP PP 103
4 Conclusions 113
5 Outlook 115
Glossary 117

Bibliography

121



Abstract

This work is dedicated to the investigation of lamgge and short-range ion transport in
composite lithium battery electrolytes. In previowsrk it was shown that the addition of
insulating oxide nanopatrticles to liquid electrelytconsisting of lithium salt dissolved in a
solvent with low dielectric constant can lead tsignificant improvement of the electrical and
mechanical properties. Furthermore, it was obsetivatithe lithium transference number can
be simultaneously increased. The effects werelzsttitio the adsorption of the salt anions on
the oxide particle surface coupled with enhances$atiiation of ion pairs resulting in the
release of highly mobile lithium ions in the paeispace charge zone. As the nanoparticles
form networks due to their aggregation tendencygp&ce charge zones eventually stretch
throughout the electrolyte leading to an improvedrall ionic transport.

The conductivity in these systems decreases ovee tdue to unfavorable network
restructuring, particularly in the case of rathigghhparticle volume fractions. In this work it is
shown that a conductivity increase is found in ¢barse of time when the particle volume
fraction in lithium perchlorate / tetrahydrofuralow. As proven by different measurement
techniqgues as well as by Monte Carlo simulationcombination with numerical FEM
calculations, this can be assigned to the netwamkétion process that is recorded in situ by
means of ionic conductivity experiments. Furtheredhis system is used to successfully
predict for the first time the expected conducyinand lithium transference number increase
with help of literature data (such as associationstant) based on the parallel switching
model originating from solid-solid heterogeneougidg theory. Additionally, the already
mentioned Monte Carlo simulation with adjacent ntioa FEM calculation proved to be a
good tool to investigate the relationship betwdendiven particle characteristics such as its
aggregation tendency and the resulting electricgbgrties of the composite electrolyte.

With respect to applied materials research, mesmysomaterials with high specific surface
areas are investigated as potential soggy-samuisfillt is observed that such silica particles
lead to a conductivity and lithium transference bemincrease that is comparable to the case
when small nanoparticles are chosen for polyetlgylgtycol-150 system. The observed
effects are ascribed to the additional ionic pagsyarovided by the highly porous materials.

It was found that the beneficial electrical profertare here coupled with tunable mechanical



properties (gel-like materials) making such matersaitable candidates for the application as
lithium battery electrolytes.

Filler materials are investigated with respect leit lon Exchange Capacity allowing for
more detailed insights in their capability to adlsanions. Linked to this, it is shown that the
ion adsorption on particles in composite leads tteerease of the salt concentration in the
bulk electrolyte resulting in a conductivity deceatherein. This effect of salt exhaustion
especially plays a significant role for low lithiusalt concentrations.

As ionic liquids have come into focus over the hestirs as potential battery electrolytes due
to their high pristine room temperature ionic coctdudty, heterogeneous doping of a model
system is also investigated. Here, remarkably,jdhe& conductivity can be kept constant in
spite of the higher electrolyte viscosity.

With regard to measurements of the ionic diffusiosolid polymer electrolytes, as well as in
pure liquid electrolytes, it has recently been pisgal that also ion pairs contribute to the ionic
conduction by means of a vehicular transport meashanin this work this effect is
investigated for pure liquid electrolyte model syst(lithium triflate in polyethylene glycol-
150) which now allows for the determination of ttmntribution of individual ionic species to
the overall ionic conductivity. The analysis is liesad by the combination of results
originating from tracer diffusion, AC and DC poleation experiments.



Zusammenfassung

Diese Arbeit widmet sich der Untersuchung des laichweitigen und langreichweitigen
lonentransports in heterogenen Lithium-BatteriekEtdyten. In frGheren Arbeiten wurde
gezeigt, dass die Zugabe von nichtleitenden Oxiopartikeln zu flissigen Elektrolyten, die
aus gelostem Lithiumsalz in einem Ldsungsmittel migdriger Dielektrizitatskonstante
bestehen, zu einer signifikanten Verbesserung dektrschen und mechanischen
Eigenschaften fiihren kann. Weiterhin wurde beoledchfiss die Lithium-Uberfiihrungszahl
dabei erh6ht werden kann. Die Effekte wurden aaf Alisorption von Salzanionen an der
Oxidpartikeloberflache zurickgefuhrt, die den DBatonsgrad der lonenpaare erhdht, was
eine Freisetzung von sehr beweglichen Lithiumiomenler Raumladungszone der Partikel
zur Folge hat. Da die Nanopartikel aufgrund ihrezigdng zur Aggregation Netzwerke
bilden, erstrecken sich die Raumladungszonen &ildiedurch den gesamten Elektrolyten,
was einen verbesserten lonentransport ermaglicht.

Die Leitfahigkeit dieser Systeme sinkt mit der Ze#tufgrund der unglnstigen
Netzwerkrestrukturierung, vor allem im Falle vofaty hohen Volumenanteilen der Partikel.
In dieser Arbeit wird gezeigt, dass ein Leitfahigéanstieg im Verlauf der Zeit registriert
werden kann, wenn der Volumenanteil der PartikeLithiumperchlorat / Tetrahydrofuran
gering ist. Wie mittels verschiedener Messtechnikewie mit Hilfe einer Monte-Carlo-
Simulation in Kombination mit numerischen FiniteeElente-Berechnungen gezeigt wird,
kann dies dem Netzwerkbildungsprozess zugeschriwketen, der in situ unter Verwendung
von lonenleitfahigkeitsmessungen aufgenommen wekdan. Weiterhin wird dieses System
dazu verwendet, zum ersten Mal den erwarteten dtegkeits- und Lithium-
Uberfuhrungszahlanstieg mit Hilfe von Literaturdatéwie der Assoziationskonstante)
vorherzusagen, basierend auf dem Modell der PEmal®trange, das seinen Ursprung in der
Theorie der Heterogenen Dotierung in Festkorpern Hasatzlich erweist sich die bereits
erwahnte Monte-Carlo-Simulation mit nachfolgendétM-Berechnung als ein nutzliches
Werkzeug, um die Beziehung zwischen gegebenenkPlattarakteristiken wie der Neigung
zur Aggregation und den daraus resultierenden rideken Eigenschaften des

Kompositelektrolyten zu untersuchen.



Bezlglich der angewandten Materialforschung wurdessoporése Materialien mit hohen
spezifischen Oberflachen als potentielle ,Soggyds&tullstoffe untersucht. Es wurde
beobachtet, dass solche Siliziumpartikel zu einemitfdhigkeits- und Lithium-
Uberfiihrungszahlanstieg fiihren, der mit denjenigeifralle von deutlich kleineren Partikeln
in einem Polyethylenglykol-150-System vergleichbat. Die Effekte werden den
zusatzlichen Transportpfaden fir lonen zugeschmiee von den hochporésen Materialien
zur Verfugung gestellt werden. Es wurde ermitigdtss die guten elektrischen Eigenschaften
mit veranderbaren mechanischen Eigenschaften eigéleen (gelartige Materialien), was
diese Materialien als geeignete Kandidaten fur Aiewendung in Lithium-Batterie-
Elektrolyten auszeichnet.

Fullermaterialien werden hinsichtlich ihrer lonestwschkapazitat untersucht, womit
tiefergehende Einblicke in ihre Fahigkeit zur loadsorption gewonnen werden. Damit
verbunden ist die Erkenntnis, dass die lonenadsorptauf den Partikeln im
Kompositelektrolyten zu einer Verringerung der &alzentration im Volumen des
Elektrolyten fuhrt, was einen dortigen Leitfahigisgierlust zur Folge hat. Dieser Effekt der
Salzverarmung spielt vor allem eine wichtige Rollen Falle von geringen
Salzkonzentrationen.

Da ionische Flussigkeiten in den letzten Jahrenpatentielle Batterieelektrolyte aufgrund
ihrer hohen lonenleitfahigkeit bei Raumtemperaturdien Fokus gerickt sind, wird die
heterogene Dotierung eines Modellsystems ebenfatisrsucht. Bemerkenswerterweise kann
die ionische Leitfahigkeit trotz der erh6hten Viskéat konstant gehalten werden.

Mit Bezug auf Messungen der ionischen Diffusionfesten Polymerelektrolyten sowie in
reinen flissigen Elektrolyten wurde jlingst posttliedass auch lonenpaare zur
lonenleitfahigkeit mittels eines Vehikel-Transpbtechanismus beitragen konnen. In dieser
Arbeit wird dieser Effekt fur das Modellsystem eineeinen flissigen Elektrolyten
(Lithiumtriflat in Polyethylenglykol 150) untersughwodurch nun die Bestimmung des
Beitrages der individuellen ionischen Spezies zasdntleitfahigkeit ermdglicht wird. Die
Analyse wird durch eine Zusammenfiuhrung von Retntadie aus Tracer-Diffusions-, AC-

und DC-Experimenten stammen, realisiert.






1 Introduction

1.1 Significance of Lithium-Based Batteries

A key factor in the modern world is electrical egyethat is required not only in an increasing
amount due to the permanent usage of devices imthustrial and private sector but also in
terms of local storage flexibility. To fulfill théatter demand all possible ways of energy
storage have to be taken into account. In thatesonsurprisingly, there are only limited
possibilities for obtaining transportable energyaisufficient quantity that are fundamentally
distinct from each other. A classical way is oftetgy fossil fuels. They provide high energy
densities and are still crucial in the field of @uabtive engineering for the realization of
sufficient mobility ranges with satisfactory drigrperformances. Additionally, they play a
major role for the continuous provision of eledatipower in emergency power systems. In
recent years their major drawbacks such as strohigliged disposability and resulting
environmental impacts of their application led wuadamental political decisions treading new
pathways for future energy storage. Key technobodue that purpose on which hopes are
pinned are the fuel cell and battery technologiesvbich the latter is discussed in the
following in more detail.

The demands for modern batteries are multifacetet veary from each of their intended
application sectors which are not only limited tec&romobility but also comprise portable
computers, mobile phones, cameras etc. They amect@to be of compact and light-weight
design but still offering high energy and power slBes. Furthermore, new developments in
that field are supposed to aim at the usage of safterials concerning their flammability
and electrochemical stability.

In recent years the lithium ion battery technoldaggcame predominant in the handheld
electronic device sector as it combines a high ggnelensity at a high voltage and an
impressive cycling stability apart from outstanderergy storage characteristics. The reason
of the predominance of the lithium based technologginates in lithium’s electrochemical
superiority of fortunately being at the same tirhe most electropositive (-3.04 V versus
SHE) and the lightest metal (equivalent weight @#46gmol™) leading to a high capacity).
Therefore, with the application of lithium ion baies better performing devices can be



designed compared with lead-acid (1859, G. Plamté@jckel-cadmium batteries (W. Jungner,
1899). Some common battery types are presentelteivalumetric energy density (WH)
vs. specific energy density (Wg™) plot by Tarascon and Armafd shown in Fig. 1.
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Even though perceptible improvements of the respgeenergy densities are achieved which
have led to the application of lithium ion batteria portable devices in a predominant way
increase of energy capacity is still required a$oitinstance sets a limit for the driving

distance with an electric vehicle. Looking at trevelopment of the specific energy density
over the last decades for various battery techmedofig. 2) leads to the conclusion that Li
ion batteries cannot keep pace with the improvemehglectronic components which is often
expressed by the Moore’s law. Applied to the bgttapacity, Moore’s law would demand its

doubling within 18 months.



Battery Energy Density Trend
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The reason for the slow improvement process isdnmeplex and multi-facetted chemistry on
which batteries are based. Thereby one key faototufther developments is the solution of



technical problems arising when solid and liquidtenials are combined for energy storage
under voltage.

The principle of the lithium battery is based om tleversible insertion and extraction of
lithium ions into and out of active electrode matsr— the anode and cathode — through
electrochemical reactions (Fig. 3). Both electroalesconnected electrically to each other via
a resistance through an outer circuit. The elegieabften contains the lithium salt and serves
to close the circuit and to efficiently transpdré tithium ions whereas the separator avoids a
direct contact between the electrodes which waoedd fto a short circuit.

The first commercial type of lithium batteries wiagroduced by M. S. Whittingham during
his work for Exxon in the early 1970s based on erpents by G.N. Lewis in 1912 In the

full cell TiS, (cathode) and metallic lithium (anode) were ugddeady in this approach one
major problem occurred that still presents a majoallenge in today’s research. Due to
chemical reactions at the anode with the orgamwjgidi electrolyte a self-growing dendritic
solid electrolyte interphase (SEI) is formed. Tleadrites not only reduce the battery capacity
during each charge/discharge cycle but also createt circuits between the electrodes
resulting in ignitions and even explosions. As sutenot only different electrode materials
with better performance and safety have been imgatstl (e.g. the LiCo©cathode at 4 V
leading to the rocking-chair lithium battery propdsby J. Goodenough et. &' presented

in Fig. 3 which dominates today’s battery techng)otp circumvent this problem but also
new types of electrolytes with less reactivity dmgh ionic conductivity have come into focus

of interest.
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Due to the limited and locally unbalanced avaiigbiof lithium worldwide and its rather
expensive exploitation the total price for a litimtion battery is still high. It achieved its
commercial breakthrough by Sony Corporation in 1991The type of battery presented at
that time is still the predominant lithium-ion k&l setup in high-performance portable
electronic devices! It has an open circuit voltage of 3.6 V and a gretric density of 120-
150 Whkg™. The performance is satisfactory for portable tetetics but especially the low
energy density leads to high weights in the seofoelectric vehicles as large lithium-ion
battery stacks are needed.

Therefore present research is focused on finding In&tery materials providing promising
electrochemical characteristics. Even though majtorts in lithium battery research are
directed towards the search for new or further oupd electrode materials like LiFeRO
(~170 mAh/g at 3.5 V" % and respective electrodes for the lithium-sul&0q-600 Wkkg™
technically achievable[)ul or the more visionary lithium-oxygen battery (apl5 times the
energy density compared to lithium-ion batteri€d), the electrolyte remains a crucial
component as sufficient ionic transport combinethwiectrochemical stability of the whole

system are key factors for the applicability ofadtéry system.



1.2 The Role of the Electrolyte in Lithium-lon Batteries

While the energy and the voltage a lithium-ion &attcan provide is determined by the
cathode and anode materials and their morphologresit is their scientific development for
a new battery that is most often emphasized, ttheeimce of the applied electrolyte is not to
be underestimated with respect to battery perfoomamd safety. For instance in the lithium-
ion batteries, mentioned above, the couple Li€d€athode, high lithium potential) and
graphite (anode, low lithium potential) gives risethe beneficial high voltage of 4 V. Yet
both electrodes are characterized by their thermaayc instability against almost all
electrolytes. Aqueous and protic electrolytes arsuttable due to their immediate reaction
with lithium causing immediate inflammation and hygen formation, but also many typical
organic solvents decompose on the anode side viteebatitery is charged. Only for selected
solvents the applicability of lithium-ion batteriés ensured by their kinetic stability. The
latter is provided by the formation of the solig@tolyte interphase (SEI), a layer on top of
the electrode which is composed of products ofrtlaetion between the electrode and whose
structure is strongly dependent on the materiald atill under investigation. SEI is
electronically insulating but shows a perceptildaic conductivity. This corresponds to an
additional constant resistance for the batterygsavents the electrolyte decomposition after
the first cycles. Yet under unfavorable operati@mditions of the battery the problem of
flammability is still crucial. The circumvention a@his problem is therefore one of the key
issues in the search for battery electrolytes.

As seen by means of the given examples, in gesevalral demands are set to modern battery
electrolytes that are sometimes even contradictoryeach other. To lower the overall
resistance of the battery cell it is important tswe a high ionic conductivity within the
electrolyte.™¥ The desired chemical stability originating frome throblem of uncontrolled
SEI formation for new materials goes along with themand for a good electrochemical
stability. This means the reduction/oxidation irsgwity towards the large potential
difference between the electrodes. Furthermoramalestability of the electrolyte itself is
required in the whole temperature range in whidrattery is operating. Not least to reduce
the costs for manufacturing lithium-ion batteriagfurally the materials used for creating a

suitable electrolyte should be acquirable for aedégprice.



To fulfill the practical requirements, the currestientific focus with respect to battery
electrolytes covers the whole range from solid ituitl materials including intermediate

stages.

1.3 Types of Electrolytes for Lithium-lon Batteries
1.3.1 Pure Solid Electrolytes

Solid electrolytes often consist of polymeric mags in which a lithium salt is incorporated.
Thereby lithium is still able to move but with tgaily very low diffusivities resulting in low
lonic conductivities. Their biggest advantage isittthigh mechanical and electrochemical
stability. ***8 However their contact area with the electrodesroi insufficient.

Plasticized gel electrolytds” ” are — on the other hand — a materials class witichwan
attempt is made to create a solid polymer matriwlich a liquid component is contained to
ensure a sufficient ionic conductivity with a sttctory stability. Indeed they outmatch the
classical solid polymer electrolytes (SPE’s, e.gClD, in high molecular weight
polyethylene oxide) by orders of magnitude withpesg to the ionic conductivity. However it
is still under discussion if their chemical andctiechemical properties are sufficient to
present a real improvement compared to the coromadtliquid electrolytes that are described
in the next chaptef? Instead of PEO also Polyacrylnitrile or Polyvimighe fluoride are
often used for gel electrolytes. With polymer elelsttes in general, one hopes for the
simplification of battery cell manufacturing.

An additional fascinating class is represented itigrganic solid lithium ion conductors.
Despite their comparatively lower conductivity theegligible electronic conductivity is a
favorable asset; yet their grain boundary resigia@scwell as the electrode-electrolyte contact
resistance may be critical. Popular examples arS-8iS-Li.SiO; glasses® or
Li3.4Sio.4Po.654.2°)



1.3.2 Pure Liquid Electrolytes

The ionic conductivity for salt containing liquiedlsents in general — following the Stokes-

Einstein Equation — is given &¢

2.2
s=Z& N
6rmr V

(1)
with z=1 as the lithium ion is singly charged, being the elementary chargg,being the

electrolyte viscosityy being the ionic radius ang being the amount of charge carriers per

volume. According to Equation (1) the ionic conawity is proportional to the number of
charge carriers but inversely proportional to thverall viscosity. Hereby the problem of
conflicting requirements for lithium battery eladites becomes evident. A suitable
electrolyte needs to have a sufficiently high vto to reduce battery leakage and
flammability which comes at the costs of a lowaricoconductivity. To still be able to use a
certain electrolyte with a low viscosity, a separafusually a polypropylene based
membrane) within the battery is required which tsnpart reduces the ionic conductivity.
Another approach is a solvent mixture such as tmengercially widely-used combination of
Ethylene Carbonate (EC) with Dimethylcarbonate (DM€ solvent for a lithium salt such as
LiPFs. Especially the solid Ethylene Carbonate is charaaed by a high dielectric constant
£ =89%! reflecting a principal strong ability to dissolveni pairs which results in a large
number of charge carriers. The latter aspect thasigtrongly dependent on the actual lithium
salt as the dielectric constant does not make temsemt on the specific solvent-salt
interactions. To achieve an actual high condugtivlMC is added for liquidating even
though its own capability of ion pair dissociatiand ionic transport is significantly lower.
When looking at more recently investigated typedigpfid electrolytes a promising class is
represented by ionic liquidé” that are also addressed experimentally in thiskvichapter
3.2.6). They consist of organic salts whose iongehdelocalized charges and are bulky
resulting in a reduced ability to form crystallisructures. As a consequence they are
characterized by a wide liquid range. Typical exbBspfor cations are imidazolium,
ammonium or pyrrollidinium while for the anionicrogponent often halides, trifluoroacetates
or tosylates are applied. In the last years theyecanto focus for fuel cells, supercapacitors

and batteries owing to their high ionic conductivéiccompanied by a large electrochemical



window within which they remain stable versus redeactions. Their salt-like properties
provide good thermal stabilities but with contaxtypical battery electrodes they show poor
chemical stabilities which is one of the reasonstleir limited applicability in the field of
energy storage at present.

To summarize it depends on the actual applicatield fwvhether liquid or solid electrolytes
are preferable especially when the disclaimer efttattery separator is considered. In general
the liquid electrolytes are beneficial to achievghhionic conductivities. Additionally the
equilibration of concentration gradients within #ectrolyte occurs much faster owing to the
higher diffusion coefficient. With use of liquid egltrolytes the volume changes during
electrochemical reactions within the battery harciyise technical probler?§. This is in
particular important in the context of battery gstwith the modern nanoelectrodes. They
benefit from the ability of the electrolyte to pérage well into the electrodes. On the other
hand they require separators and the cell manufagtinas to be done with care due to
leakage problems.

The ideal electrolyte would combine the advantagepuoperties of liquid and solid
electrolytes. In the course of the research fohsumaterial one is bound to concern oneself
with the possibilities composite electrolytes off@ihe investigations on these electrolyte

mixtures and their properties to date are in tloeigoof the following chapter.

1.3.3 Solid-Liquid Composites as Electrolytes

All composite electrolytes have in common that thegsist of a backbone material which is
— to a certain extent — able to provide ionic canigity. However this material does not
exhibit enough mechanical/chemical stability orfisignt electrical performance which is the
reason why further components are added to the baatierial. As fillers typically electrically
insulating metal oxide particles of different sizzsd morphologies are chosen. Inspired by
early work on composite ceramic systems, Weston Stegle were the first to report on
composite electrolytes based on PEO and lithiunchperate to which alumina (300 mesh)
was added® Surprisingly it has been shown that for certairtarial compositions in this
work the conductivity could be maintained or evewréased. As a result of following

investigations on composite solid polymer electedyit has often been observed that the



filler particles are able to lower the tendency the polymer matrix to form crystalline
regions leading to amorphous areas which are obljazapable of quicker ionic transport.
From this starting point intensive research hasnb#ene on composite electrolytes with
different filler types and solvent/salt combinag&i>" In the case of liquid electrolytes the
primary aim has often been to improve the mechaéracal chemical properties for an
expected decrease of ionic conductivity beforeh&twmvever also here the ionic conductivity
and also the lithium ion transference number wetmnd to be increased. With knowledge of
the principles for heterogeneous doping in cerasygtems that is briefly addressed in the
next chapter, A. Chandra and J. Mdi&rpresented a liquid-solid electrolyte, viz. AgQlef
with aqueous solution oAgNO;, with a high conductivity combined with good mecical
properties.

Finally A. J. Bhattacharyya and Maier establishbd toncept of Soggy-sand composite
electrolytes for lithium batterie¥® 3% 3% advancing the search for new electrolyte
compositions which combine their favorable mechanigroperties, the chemical
compatibility with the electrodes at the interf&te® ** 3¢ their ability to easily incorporate
into the electrodes, promising ionic conductivitieend enhanced lithium transference
numbers. The results are rather surprising at Gifahce as one would expect a loss of
conductivity due to the fact that the inserted ipke$ should simply increase the viscosity of
the electrolyte, and hinder the ionic movementsblycking the pathways. However as
described in the following sections the concepdéscribe the observed phenomena is by far
more complex. It has been observed and will alsshmsvn in this thesis that the properties of
the composite electrolytes can be varied by thedygnd morphologies of applied materials
(solvent, salt, filler) and their volume fracti6fi. To understand the investigated effects it is
indispensable to consider and further develop foreddal concepts on the local and
macroscopic scale as these can give a guidelifiaddhe suitable composite electrolyte for

certain requirements.
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1.4 Concept of Heterogeneous Doping Serving as adsafor the

Soggy-Sand Model

The Soggy-sand model has been one of the rare tasegence in which the experimental
findings could at least partly be predicted by rd@amental theoretical approach. This concept
of heterogeneous dopitl’ was established by J. Maier and served as theueapdn for the
unexpected strong synergistic conductivity effaatanultiphase composites originating in
solid-solid systems. It was found in early reseaattempts that the admixture of insulating
oxides such as AD; and SiQ to weak cation conductors such as Li-, Ag-, Tldes could
strongly enhance their ionic conductivity>* Wheny- Al,O; was used the conductivity
increased by several orders of magnitude at roonpeeature, in particular for mesoporous
starting materials. Similar phenomena were obsefeedCak, and PbEk when doped with
Si0,®* The concept to explain these findings focuseshenirtfluence of the ionic space
charge regions. They arise as a result of therdiftelocal free energies of a defect between
the bulk (the interior of the starting materialdathe grain boundary — i.e. the contact area —
between particles of the main material and the eXiller particle. As a consequence one
ionic species (Ui, Ag", TI" for cationic conductors and for anionic conductors) of the main
material is preferentially adsorbed at the surfaicine oxide filler causing an enhancement of
the dissociation of ion pairs leading to a localr@ase of the ionic conductivity. Thereby the
ions are removed from their energetic ground stapeesented by the ion pair. The mobile
charge carriers at the interface determine its rgiaeby their number and count as the
majority charge carriers. In the solid-solid mixut is furthermore known from literature that
the oxide particles preferably arrange themselvegha grain boundary of the ionic
conductors and in such a way that they create momtis pathways. From certain filler

volume fractions ¢ ) on, often of surprisingly low valu&’: “?ionic transport is possible from

one electrode to the other via stable particle agkts/(Fig. 4).
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Fig. 4: Induction of highly conductive boundary layers osulating filler particles by cation adsorptiontive
ionic conductor MX. a) Isolated A-grain. b) Fornaatiof coherent paths between the MX gréifis.

In such a case the overall conductivity can be approximated by

0, =(1-¢)B.0. +9B.0, (2)
Equation (2) arises from the assumption of ideahlpel switching between percolating

pathways in the bulk with ionic conductivitg, and in the grain boundary with ionic
conductivityg, . The factors 8, and [, represent the portion of pathways that actually

contribute to the ionic conduction out of all fordhpathways in the bulk and at the interface
respectively. Only with the fulfilled condition @ontinuous conducting pathways the ionic
transport can — in an effective way — be extendeah the local to the macroscopic scale.
Analogous effects have been observed or are asstonedmposite electrolytes containing
polymers (e.g. PEO) and lithium salt LiX: “*3 However, in these systems the picture is
even more complex due to the fact that the iorfgl@n-free polymers are transported via the
mechanisms of intrachain hopping in the courselitiwthe polymer chain segments arrange
themselves around the ion for reversibly coordimait with suitable functional groups (e.g.
electrostatic interaction of ether groups with tlagion, entropy driven) and via the interchain
hopping mechanism during which the ion is transigrbetween two individual polymer
chains (Fig. 5}
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Fig. 5: lonic conduction mechanisms in filler-free polyatieéectrolytes*®

As far as monomeric organic solvents are concethedonic transport is ensured by the

motion of an ion together with its solvation clowtlich consists of several solvent molecules.

If the solvent features a rather low dielectric stante, a high amount of ion pairs in the bulk

electrolyte is the consequence. Then, starting filoenenergetic ground state of the ion pair
(Fig. 6, bottom) the dissociation of the salt iba&mced by the partial adsorption and trapping

of one ionic species to the particle surface amdrdsulting release of lithium ions into a

diffusive cloud around the particles (Fig. 6, top).

Partial free

enthalpy

X Li+ Lit X~
Li*
— Li™ Lit X~
Solution
/" HCo+ (free)
! ! Hii+
1 1
/’f Fip (LixX)

Position coordinate

Fig. 6: Mechanistic (top) and thermodynamic (bottom) pietaf Soggy-sand electrolytes.

The type of species that is adsorbed on the surfastrongly dependent on the chemical

nature of the oxide filler. Si©Qwhich has so far turned out to be the most effecti

heterogeneous dopant as it features hydroxyl (-@idlps at the surface which are able to
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preferentially adsorb salt aniof%.>* An indication for this is given in aqueous solutim
which SiQ typically shows an acidic pH of zero charge3j**!

Local adsorption effects have been reported in LIBFEC/PC electrolyte systems doped
with BaTiO; and ALO; with, however, very weak conductivity effe¢td. Interestingly, the
same mechanism has also been confirmed by inveshgaof Beyazyildirim et. al. in the
context of fuel cell electrolytes using imidazolepdd with TiQ nanoparticleé“."'] Thereby
the anion was — in accordance with the results fiteenlithium electrolytes — adsorbed at the
acidic filler particle surface (Tig ZrO,) resulting in an enhanced proton conductivity. The
starting point in this context is the undissocialigdid (imidazole) being partly dissociated
into H™ and imidazolate.

In good accordance with the predictions on thecégfen ionic conductivity from the concept
of Heterogeneous Doping the first Soggy-sand algtt was developed by A. J.
Bhattacharyya and J. Mai€f! Even though earlier work on polyethylene oxide diler
groups indicated that the addition of oxide filleas least does not reduce the ionic
conductivity or may even increase it very slightly*® In the following years systems with
various compositions have been explored that shayoed agreements with the Soggy-sand
model. Yet they also displayed the inherent complemaking the characterization non-
trivial, especially with optical method¥! Even though this class of materials has not rehche
a status of technical applicability it is still pngsing for the Li-battery and solar-cell

applicationd®® 4®!

1.5 Colloid Chemistry in the Context of Composite Ectrolytes

It is important to notice that the transfer of theterogeneous Doping concept from solid state
to Soggy-sand systems is not without difficultiestlae energetic ground state in the first case
is represented by the regular ion whereas the antgkes over this role in liquid systems. It

has been observed previouSf{ that the practically achievable_ is significantly below the

value that may be expected from Equation (2). Hais been ascribed partly to the f&tt

that the particle networks in semi-solid Soggy-sapstems — in contrast to the networks in
the pure solid state — are complex which stronglipénce the ionic transport. To understand
this phenomenon the principles of colloid chemisivgt are taking effect in this context have

to be considered.
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In general terms, colloid chemistry is the scientifomain concerned with the synthesis and
characterization of a dispersed phase within aimootis medium. Here the focus is restricted
to solid particles with a size between 1 nm and fie@arometers in a liquid phase. Under this
condition dispersions can be created that appeabetcthomogeneous and are at least
kinetically stable for long time periods. The tyglicadjustable screws for making new
materials when focusing on one specific solvent paeticle size, morphology and the
chemically functional groups on the filler's sudacThese properties determine the
interactions between particles and the interadbetween particle and solvent. The situation
becomes significantly more complex if a salt isaduced as well.

A key feature of a particle for a promising appltitidy in colloid science is its surface-to-
volume ratio. One should note that the gravitatidoiee leading to sedimentation is given by

F,=m0=(0,-A)V,0=(p, - 2.) 57 @)

for spherical particles revealing that the grawtaal force strongly depends on the particle
size (p,: particle density,p,: solvent density). Equating Equation (3) with &sklaw and
solving to the sedimentation velocityleads to

Ve 2A§7gr2
which includes a quadratic dependence on the partiadius but also an inverse

(4)

proportionality to the overall viscosity. The inase of the latter in the course of particle
admixture is more strongly pronounced for systemsvhich particles attractively interact
with each other than for systems in which theyamapletely separated. Hereby the surface
of the particle plays a major role.

When it features suitable functional groups sucthydroxyl or amine, ion adsorption and
double layer creation are the consequence of thelpasolvent and particle-salt interaction.
This influences the particle-particle interactiathe particles then carry an equal electrical
charge and repel each to a greater extent anchdestds pointed out in literature, however
the double-layer repulsion is not an energeticotfi@ the first place, rather an entropic effect
owing to loss of diffusive zoné¥! The main attractive forces on the other hand lzevian-
der-Waals and dipole-dipole interactions being dwnt at short distance. The first arises
from induced dipoles whereas the latter origin&te polar functional groups at the surface.

In the extreme case the particles can even forrmicta bonds between each other (e.g. ether
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bridges). Whereas the Van-der-Waals interactionti@r point centers is characterized by a
decay with a distance law characterized by highoegpts it has been shown that for two
extended spheres it decays according da\™ with A being the surface-to-surface

distancé?”!

In any case, the underlying concept to describebserved effects is the Derjaguin-Landau-
Verwey-Overbeek (DLVO) theo§” It describes the particle interaction energy &sation

of the interparticle distance when two particleprapch each other owing to Brownian

motion. The situation when such particles attragakly is shown below (Fig. 7). The second

minimum is usually less important and not considdrere.
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Fig. 7: Left: Typical interaction potential between two particiesa liquid medium in the case when particles
attract weakly. This diagram represents the sitmath Soggy-sand electrolytes. The dashed steegase
occurs on atomic interpenetratidRight: Model for two particles passing through an enécgetaximum for
aggregation.

Thereby the maximum arises from the repulsive Goblinteraction which together with the
arising loss of configurational entropy upon aggtemn creates a maximum in the course of
the particle approach.

It depends on the surface groups and particle nobogly if particles can aggregate in a way
that leads to coagulation by formation of largeespal clusters or in a way that the particles
are able to form networks whose structure is sicgmtly different from a spherical shape. If
this condition is fulfilled fractal networks whichre often very stable can be formed. This
aspect is discussed in more detail in the nexttelhablere it suffices to state that the particle
networks lead to a variety of rheological effeasy( shear-thinning, shear-thickening) that

are beyond the Newtonian behavior and mechanistffgn the system.
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1.6 Network Structure and its Influence on the lont Conduction

Mechanism

For the overall ionic conductivity enhancemensijtas mentioned before, not sufficient for a
composite system to contain particles that can meeghdhe ionic dissociation. A long-range
transport along the space charge layers of théclesris only possible if they are connected
continuously (More precisely it suffices that theg almost continuously connected owing to
the finite conductivity of the bulk phase (see dba3.1). A similar situation for the solid
state was shown in Figure 4. Here it is expectedslwown experimentally that one maximum
of the curve showing the ionic conductivity as adiion of the volume fractiog is expected
which is very sharp and steep. Below the criticdUmne fraction the conductivity is regarded
to be negligible. This critical volume fractionwsell-known as the percolation threshold for

which the first continuous particle network is f@th o, can then be expressed by Equation
(2). Yet if the depleted counter carrier can belesgd, ,, the conductivity in the space

charge zone, can also be giveli’as

g, =uQx (5)
where u denotes the ionic mobilityQ2 stands for the surface to volume rat@ €£6/r for
spherical particles) and represents the charge density that can be adsaththeé particle
surface.
In the context of soggy-sand electrolytes the sibnas more complex owing to the fact that

B, is a complex function op 3¢ 35 the character of the network structure can de or less

fractal in dependence of the type, but also oftttal amount of particles. This leads to a
varying number of pathways that can effectively tdbate to the ionic transport. Even for
two systems with the same composition it can bynmaans be expected to arrive at exactly
the same ionic conductivity due to the mainly statal network formation caused by the
underlying hit-and-stick mechanism that is addréssgain below. It has been observed that

the percolation threshold for the soggy-sand ebegs is reached for much lowefr in

comparison with the solid state case (here, foth bgtain sizes being similar and the
composite morphology being determined by a randonxtume,p=0.3 is usually

determined). Additionally the difference of the iomonductivity at the space charge layer
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and in the bulk electrolyte which is estimated tore example later on is rather small
compared with the solid state as the ionic conditgtof the filler-free electrolyte is already
high. Therefore ionic conductivities in the compessystems are usually measured that are
typically not more than to five times higher in nraym compared to the filler-free solution.
Regarding the principles of percolation in dispamsiit is appropriate to reconsider the main
physical influences on particle aggregation. Thetigdlas are moving due to their own
Brownian motion and the fluidity of the surroundirsglvent. Its velocity depends on
temperature. The attractive forces between pastiddause formation of clusters via
aggregation. Over time these clusters aggregate @ach other forming large networks.
According to Smoluchowski’s kinetic theoRR¥ and work by Witten and Sand&f, ¥ two
basic mechanisms for aggregation can be distingdishat determine the final structure of a
network at a given particle volume fraction. Thepnesent the borderline situations whereby
the aggregation mechanism within an experimentalestigated system usually exhibits
both contributions. The first is the diffusion lited aggregation (DLA) in whose case the
particle interaction is strongly attractive leadittgan exclusive limiting of the aggregation
process by the mutual particle/cluster diffusiohisTmechanism then leads to fractal clusters.
If the interaction potential shows an intermedm@a@ximum and the potential minimum is not
very deep the aggregation process is limited by¢hetion rate (RLA). Here the aggregation
rate is slow whereby the process can be reverdsla basis of both mechanisms the already
described DLVO theory which takes into accountaative van-der-Waals and repulsive
Coulomb forces proves to be successful. Their gthen are dependent on the salt
concentration, the type of particles and the sdlvexture. It is worthwhile to mention that
there is a thin line between aggregation and ceadigal which is only dependent of the

particle distance at which the potential minimurprissent.

1.7 Motivation

For improvements of the conductivity and / or thechmanical properties of an electrolyte in a
certain application field it is indispensable tovestigate the fundamentals of the ionic
interaction among dissolved ionic species but aléh the solvent as it has often been
observed that the electrolyte performance is pofmern given electrolyte composition than

expected by merely considering the dielectric camistThis leads to the conclusion that
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gaining an insight into atomistic interactions ileatrolytes using both experimental and
theoretical approaches is required as a basisi¢oapplied research.

This work is aimed at covering both fundamentalbpgms as well as investigations on new
composite materials classes for application inditirion batteries.

As far as the fundamental questions are concetmedirhe-dependent conductivity increase
in certain systems that has initially been foundabgident is investigated in more detail with
respect to network kinetics phenomena. Furthernfiane the literature point of view an
effort has been made to predict physicochemicgbgmees of a Soggy-sand electrolyte which
— when this approach can be generalized to a greatent — could serve as a support for
finding suitable composite electrolytes for a cargpurpose. With the same objective also
theoretical investigations on the interplay betweetwork structure and physical properties
on the basis of Monte Carlo simulations combineith \Winite Element calculations are made.
Concerning lithium-battery electrolytes in genethls work pursues the question that arose
in recent years if ion pairs are really just arcthee species within an electrolyte with respect
to ionic conductivity. Additionally efforts are mado elucidate the typical vs. ¢ as well as
the t+ vs. ¢-plots of Soggy-sand electrolytes in more detapeeglly for high particle
volume fractions.

In terms of applied materials research two comptsntrat have previously not been used in
the context of composite electrolytes are peeredth® one hand mesoporous filler particles
appear to be suitable due to their high specifidase areas. Replacing the conventional
solvents with the recently well noticed ionic lidaitaking advantage of their fascinating

electrochemical properties on the other hand appeare a gainful approach as well.
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2 Experimental Section
2.1 Electrolyte Materials

2.1.1 Solvents

In order to be applied as components in lithiuntdsgtelectrolytes, solvents have to fulfill
several conditions. Apart from the safety critexuegch as high flash point and low toxicity it is
essential that they provide sufficiently fast iomiansport. For that purpose, solvents were
chosen that are characterized by a good solulbdityhe dissolved lithium salts leading to a
satisfactory conductivity of the pure salt contagielectrolyte are typically chosen. Even
though protic solvents seem to be suitable atsa dliance, their applicability is limited due to
their high reactivity in contact with typical anodeterials (RH + Li> Li* + R + % H) such

as lithium containing carbon leading to hydrogemmfation. In addition to that, such solvents
could lead to proton conductivity in addition teetkalt conductivity which would not simply
be an additional contribution to the overall cortduty but strongly influence the conduction
mechanisms of fundamental interest, especialijhendase of filler-containing materials. In
recent studie§? poly(ethylene glycol)dimethyl ether, PEG-150 (M= 150 gmol?,
CHsO[C,H40],CHs, n~3, Fluka) as well as dimethylsulfoxide, DMSO\(M 78.13 gmol™,
C,HeSO) proved to be suitable solvent components fgg$sand electrolytes. This is due to
the fact that both solvents feature polar groupshsas ether-linkage-QO-) in the case of
PEG-150 or a sulfonyl group—$(=0) —) as far as Dimethylsulfoxide is concerned.
Additionally these solvents ensure a high electeatical stability as they hardly undergo
redox reactions.

An important part of the presented research is @wored with in situ recording of Soggy-sand
effects that — as will be described later — argy oetordable within solvents that have a very
low dielectric constant. The perfect model systdorsthat purpose make use of THF as
solvent as it fulfills the above condition, buteevmore important, precise values for ion pair
concentration for the system LiCJ®@ THF are available from the literaturd.

Prior to the use, all solvents were distilled aegtkin a glove box over molecular sieve (4 A
pore width) under argon atmosphere to prevent paration of water. The properties of used
solvents (water content always <0.1% according ao-Kischer titration) are listed in Table
1.
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Melting

Boiling

Dielectric

' . Viscosity Density
p0|nt p0|nt constant
Molecular Tm Tp n p
Solvent € 3
Structure [°C] [°C] [cP] [g-cm™]
PEG-150 Hg,C[o\p}OCHS <2 150 6.9 23.9 1.016
n
(@]
DMSO S‘ 18.6 189 | 1.987 | 468 | 1.096
Hsc/ \CHs
o)
THF -108.4 65.8 | 048! | 7.43° | 0.889

O

Table 1: Properties of solvents used in electrolytes atZ6C.

2.1.2 Lithium Salts

For the applicability of lithium salts in lithiumaltery electrolytes — apart from their chemical,
electrochemical and thermal stability — it is caldb ensure that they have good solubility in
appropriate solvents. This property is highly iefieced by the structure of the anion in such a
way that it is beneficial if the negative chargesimred between several anion atoms. In that

case, the attractive Coulomb force towards theulithion is lowered and the salt is more

easily dissociated.

In addition to this aspect, it also has to be asbiihat the present dissociated ions show a

sufficient mobility to reach a satisfactory conduity of salt solutions.

In this study two lithium salts are used: lithiunerghlorate (LiCIQ) and lithium

trifluoromethane sulfonate (lithium triflate, LIESG;).
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2.1.2.1 Lithium Perchlorate

Lithium perchlorate (LICIQ, Fig. 8) is a lithium salt commonly used fc @)

lithium ion battery electrolytes owing to its goadlubility and high O:(:“_,:I—O' Li*
ionic conductivity in commonly used solvents( M LICIO, + @)

propylene carbonate (PC)) = 5.60° Scm™, 6(1 M LiCIO, + ethylene  Fig. 8: Molecular
carbonate/dimethyl carbonate (EC/DMC)) = 8.40° Scm?, o(1 M ;:?chfgfa?;"thium
LiCIO4 + DMSO) = 6.2- 10° Scm?)®® %" combined with a high

electrochemical stability towards the an&deNevertheless, under harsh conditions such as
high temperatures and high current charge, lithperchlorate can act as an oxidant due to
the high oxidation state of the chloride atom (VHpwever, the salt is often employed under
mild conditions where it is kinetically stable andt hygroscopic. The ionic radii are 0.060
nm for Li* and 0.236 nm for CIQ™®

Lithium perchlorate (Sigma-Aldrich, purity: 99.99%g kept in a glove box and used as

received.
2.1.2.2 Lithium Trifluoromethane Sulfonate :
E © P
Fﬁﬁs—o-
Similarly to lithium perchlorate, within the anioof lithium triflate F 6

(LIF3CSG;, Fig. 9) the negative charge is shared betweese thxygen Fig. 9: Molecular

atoms via mesomeric stabilization effects assidigd the strong structure of lithium
inductive effect originating from the three fluogiratoms. Lithium triae.

triflate is a convenient solute for fundamentaldastigations with respect to ion conduction
mechanisms even though its conductivity in typicaked solvents is lower than LiCJQsee
Fig. 21 in chapter 3.1). This is due to the facit tthe lithium atoms as well as the fluorine
atoms can be used as tracers Pulsed Field Gradimtear Magnetic Resonance (PFG-NMR)
whose principles will be described below (see sec#.2.4).

Lithium triflate (Sigma-Aldrich, purity: 99.995%race metals basis) is kept in a glove box

and used as received.
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2.1.3 1-Ethyl-3-methylimidazolium trifluoromethaneailfonate (EMIM OTf) as a Model
lonic Liquid

lonic liquids come into focus for battery applicets in the last

CHg
N+

decade, 1-Ethyl-3-methylimidazolium trifluorometlesalfonate
(EMIM OTf, Fig. 10) is chosen as it not only shoarge of the highest [N»

FSC—ISII—O'
CH; O

as it has the same anion which is detectable'®yNMR while  Fig. 10: Molecular
. . ] structure of EMIM
hydrogen atoms are contained solely by the catibowimg the oTy.

cationic diffusion coefficient to be measured withPFG-NMR.

ionic conductivities® but is also well compatible with lithium triflate §

1-Ethyl-3-methylimidazolium trifluoromethanesulfdea(Sigma-Aldrich, purity>99.0%) is
kept in a glove box and used as received.

2.1.4 Silicon Oxide Fillers

As shown in the introduction of this thesis, mecbanand
electrical properties of the composite electrolydes highly
dependent on the choice of the filler material. éHsiticon
oxide is chosen with different morphologies andtiplr

sizes due its high number of acidic surface grghgdroxyl

groups). The surface is schematically sketchedgarg 11. Fig. 11: Schematic presentation of
Some structural characteristics (particle size @gmsity) of @ silicon oxide particle surface.

used silica fillers are shown in Table 2 while fat structural details will be described in the
result section.

The density is measured with the help of a pycnem@dicated by *) when it is not given
by the manufacturer. The particles were dried &°G0under vacuum for 24 hours (with
exception of benzene bridged periodic mesopordigasbefore being kept in the argon filled
glove box. After heat treatment the water contentall samples was around 100 ppm/g, as

determined by Karl Fischer titration.
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o Particle size Density
Type of silica filler 3
[nm] [g-cm”]
SiO,-fumed
_ . 7 2.44*
(Sigma-Aldrich)
Sio;
_ . 100 2.46*
(Sigma-Aldrich)
Benzene bridged periodic
mesoporous silica (B-PMO)
_ ~12000 2.54*
(synthesized by F. Hoffmann et. al.)
(59]
Mesoporous silica (MCM-41)
_ _ ~200 2.6
(Sigma-Aldrich)
Mesoporous silica (MSU-H)
_ . ~150 2.6
(Sigma-Aldrich)

Table 2: Basic structural properties of investigated siticéde fillers.
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2.2 Experimental Techniques

2.2.1 Microscopic Techniques (SEM, TEM, CFM)

Scanning electron microscopy (SEM) and transmissientron microscopy (TEM) are used
to gather information on size and morphologicalrabteristics of the silica filler particles.
Both techniques are based on the interaction @leetron beam with atoms and electrons of
the sample. Field emission scanning electron mioes JEOL 6300F (Tokyo, Japan) was
applied for SEM imaging.

For particles having sizes in the low nanometegeaor containing mesopores TEM images
have been recorded using a JEOL 4000EX (accelaraimergy: 400 keV) and a Zeiss
SESAM (Carl Zeiss) microscope (acceleration enef)0 keV). Sample preparation was
performed by dispersing particles in ethanol usingiltrasonic bath. The dispersion was then
deposited on a conductive silicon wafer (SEM) oraocarbon grid (TEM) and dried before
being investigated in a microscope under high vactuu

Even though electron microscopy is suitable fotipi@r characterization it is not possible to
infer from the obtained results on their ability frm aggregaté®' ¥ in the composite
electrolyte. Finding a way to visualize the fornmegtworks and the positions of particles in
the liquid electrolyte is not a simple task as mafsinicroscopy techniques are based on
measurements under vacuum which do not allow fglignid components.

An elegant way to characterize the structure ofreggfes

Detector

and patrticle networks in a composite electrolyt¢his use —

of confocal fluorescence microscopy (CEM)(Fig. 12)°*,

a technique which is mostly used in the field Excaionight o

\(cr—'la'\‘ !
biochemistry. The advantage of such a techniqeiti¢he — <« ‘- N e
principle of recording images with depth selecyivithe so- I I

called optical sectioning. The quality of the obtd image

Focal plane i
X i

IS higher compared to conventional electron micopgcas st /4

the superimposition from multiple depths is preeent Fig. 12: Experimental setup of a
confocal microscope.

In the confocal microscope, a laser beam is focwsitul
help of an objective lens into a small volume withhe sample. The beam stimulates an

emission of fluorescent light from molecules inaogied into the bulk of the particles
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(described in more detail in section 3.1). BotHewkd/scattered and the fluorescent rays are
then re-collected by the lens and partly directed tetector equipped with a selective filter
for fluorescent wavelengths and finally to a photdtiplier tube which transforms the optical
signal into a recordable image.

The images were recorded with an inverted AxioVBOD M microscope (Zeiss). The
fluorescence of the particles was stimulated witkedamp and a no. 38 eGFP filter (Zeiss)
with an excitation wavelength of 470 + 40 nm, anssimon wavelength of 52550 nm, and a
beam splitter at 495 nm. The signals were detegitid a 63x C-Apochromat 63x/1.20 W

Korr UV-vis-IR object lens (Zeiss) and an ORCA-ERC camera (Hamamatsu).

2.2.2 Nitrogen Sorption Surface Analysis

To determine the specific surface area of the zetli nanoparticles, Nadsorption and
desorption isotherms were recorded by an Autosafatdntachrome Analyzer. The analysis
used in the thesis was based on the model of Beup&mmett and Teller which describes

the physical adsorption of gas molecules in form single layer on a solid surfaé@.

2.2.3 Differential Scanning Calorimetry (DSC)

For characterizing the thermal properties of pune doped EMIM OTf the Differential
Scanning Calorimetry (DSC) technique was applieataDvere obtained between -20°C and
60°C at a heating/cooling rate of 10 K/min by usa@yris 1 scanning calorimeter (Perkin
Elmer Life And Analytical Sciences, Inc.). For thatirpose the samples were loaded into
aluminum pans under argon atmosphere. After caidravith an empty aluminum pan, the

thermograms could be recorded.

2.2.4 Pulsed Field Gradient Nuclear Magnetic Resoa@#PFG-NMR)

The PFG-NMR represents an indispensable tool ircdimeext of modern studies of dynamics
in liquids and solids. This is due to the fact tthet measured signal gives information on the

translational motion of species containing the stigated isotope without being disturbed by
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vibrational or rotational modes as those are takilage on time scales that are three to six
orders of magnitude faster.

Another main advantage of this technique is theally measurable self diffusion coefficient
D (Tracer diffusion) not implying any atomistic mdsleequired for data analysis in contrast
to other measurement techniques the interpretafiarhich requires additional information.
The random walk of a species without external mfice due to diffusion is described by

Fick’s laws of diffusiori®®

ac(r,t)
— 2 =—000(r,t 6
ot () ©)
And for a constanb
aCg’t):DDZc(r,t) 7

(c denoting the of the isotopé,being the diffusion flux (amount of substance peit area
per unit time) andr indicating the position of the isotope) accorditty the Einstein-
Smoluchowski Equation. The diffusion coefficienhdae connected with the average square
displacement to

<(r2 - r02)> = 6Dt (8)

To detect this motion two conditions have to mgta(detectable isotope (with gyromagnetic
ratioy) located at position precesses with the Larmor frequency

w(r)=yB(r) 9)
with B indicating the magnetic field strengthraand (ii) the possibility of locally changing
the magnetic field gradients to enable a deteafdhe spatial positions of the specific nuclei.
The resulting Larmor frequency is then the sum &rfeguency that is spatially independent
and resulting from the homogeneous magnetic fidddand a spatially dependent term

resulting from a magnetic field gradigat

wy (r) =y +y(G) (10)
In this context great attention is to be paid te #pin echo technique as it ensures the
refocusing of the magnetization in the created mbgeneous magnetic field by the motion of
spins. To measure the diffusion coefficients thestmmommon Stejskal-Tanner spin echo
diffusion technique is applied whose principle wn in Fig. 13. Initially an ensemble of

spins that diffuse within the sample is presenthVdpplication of a 90° radio frequency pulse
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the macroscopic magnetization is flipped from thaxs into the x-y plane. Afterwards a
gradient pulse of duratiofiis applied causing a phase shift for the spinsreed 180° radio

frequency pulse reverses the sign of the phasesawgth a further gradient pulse of equal
strength and duration after a time intervalofrom the first gradient pulse, an effective field

gradient has been applied in total.

90° r.f. pulse 180° r.f. pulse
r.f.
pulses
i A—— Time
Gradient | ¢ - ! p
pulse L .l [( b 2 l
| |
T T -
i ——|5|<—- i _,_|5|<_ !
Signal | ! , Echo
o | na
M IR
:: v '“"l"l:l
F r l r |

Fig. 13: The Stejskal-Tanner pulsed field gradient spirpediffusion experimerft!

As a result of the movement of the spins and ofattenuation due to spin-spin relaxation the

intensity of the detection signal after 27 is given by

S(2r)=5(0) ex;{—gj ex{—D (yG3) (A —gﬂ (11)

2

in which the third factor contains the diffusionefiicient D wherebyG, A andé can be

altered independently during the experiment. Byttilg S(27)/S(0) as a function ofc

while keeping the other parameters constantan be determined.
2.2.5 Electrochemical Impedance Spectroscopy

Impedance spectroscopy is probably the most prevatethod for the characterization of
electrical characteristics of samples.

If alternating voltage of small amplitude is apdli® materials placed between two electrodes
alternating current of the same frequency is ctedtecan be deconvoluted formally into one
component that oscillates in phase and into andthegr is shifted in phase byr/2 with

respect to the voltage. Thereby the relationshigvéen the amplitude of the component of

the currentIAO,,ea, being in phase with the voltage and the voltagplénde LJO Is proportional
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to the real parto'(w) of the complex conductivityy(w) . This part can be calculated with

help of

A

l 0,real

0, (12)

o'(w)=

~{>|a

The second quotient denotes the cell conskamihat can be determined by calibration

measurements. The real part describes the palteodlissipated energy. With an analogous
definition of the imaginary conductivityfg,imagmary being the amplitude of the current’s

component which is shifted in phase iy 2)

A

0'"(0)) — IO,imaginary g (13)

u, A
describing formally the energy stored within theteyn the total complex conductivity can be
written as
o(w)=0'(w)+ic"(w) (14)

The specific impedance i.e. the impedaticeelated to the geometric electrode parameters is

given by
Z(w) =2, (w)-iZ;(w) =1/6 (w) (15)
S)
E
|z|
9
ya Re(Z) AN
®=w o=0

Fig. 14: Nyquist diagram of a circuit which consists of aiséor in parallel to a capacitor.

In the investigated electrochemical systems thenreffects occurring can be described by
capacitors and resistors. Therefore for varialdguencies the negative imaginary part of the
impedance (ordinate) is plotted versus the redlgfahe impedance resulting in the so-called

Nyquist diagram (also known as Cole-Cole plot, Hig). It consists in the simplest case — a
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pure charge transfer reaction (equivalent circagcillating circuit containing a parallel
connection of an ohmic resistor with a capacitoof a single semicircle.

The impedances of low frequencies are locatedeatigfint hand side of the plot and those for
high frequencies at the left hand side. They capresented by a vector pointing from the
origin to the particular point on the semicircledamhose length gives the absolute value of
the impedance. The phase shift is shown by theedmgflveen the real axis and the vector. In

such plots the frequency is an implicit parametdike in Bode plots which are characterized

by plots oflg HZH and ¢ versuslg w.

The impedance spectra of the investigal RO - R

electrolytes usually do not show a comple ¥ " | icpﬂ‘ | iCPEZ‘ B
— —

semicircle as far as the bulk resistance

-4000 T T T T T T T

concerned due to the technically condition
upper frequency limit. Similarly from the -
semicircle representing the electrolyte/electra

-2000

interface only the arising arc is observed as &~

-1000

ion blocking character of the electrodes cause

very large resistance. o

For data analysis the program Zview 2 is us: T a0 a0 oo s | 1000 1200 | 1400
),

The equivalent circuit being the most suitak

) ) . ) Fig. 15: top: Equivalent circuit for investigat
for the investigated electrolytes is shown in Flelectrolytes.Bottom: typical impedance spectr

(0.1 M LIOTf + PEG450, room temperatur
Inset: impedance spectrum at high frequencies.

spectrum (Fig. 15, bottom) and described in thdofahg. It consists of a frequency

15 (top) together with a typical impedanc

independent ohmic resistor Rvhich is very small and takes into account thestasce of
cables etc. In series to this resistance a parghealit is contained that takes account of the
real frequency dependent electrolyte resistancand the constant phase element CPE-1. For
analyzing the interface situation a further pataliecuit follows with the elements featuring a
real charge transfer resistance of the electrahgtethe electrode Ras well as a further CPE-

2. In special cases the phase element can be tstddtiby a capacitor. Yet with this
assumption the fitting of the data is inaccuratée Tphase element has an impedance
according to
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(@)= g =gg®
Qliw)" Quf

(n: order) and the constant pha$e90[n)°. For n=1 the factorQ corresponds to the

(16)

capacitance of a capacitor.
To interpret the elements of the equivalent circuithe sense of material properties of the
system physical and geometrical models have takentas a basis. In the case of the lithium
conductors concerned here, space charge layersl (p@t) have to be considered in
immediate surroundings of the nanoparticles. Wit tknowledge the total capacitance of
this double layer system can be written as a seaesection of two capacitors according to

1 1 N 1

Cdiffus

C, C

(17)

Tigid
with Cp being the capacitance of the electrolytic doublget deriving from CPE-1C;igiq
being the capacitance of the rigid space charga laydCyiss denoting the capacitance of the
diffusive layer. Generally, constant phase eleméitge to be taken, one reason is that the
electrolytic structure varies in the surroundings tie particles or the vicinity of the
electrodes.

The sample cells used for EIS consist of a goldeple
vessel that can be sealed to avoid the penetrafiair
and moisture. It further contains two disc shapetti-g
plate steel electrodes of which one is installecenehs
the other is clamped from the top (see Fig. 16)relne

the electrolyte is located in between. After thegaration
in the Glove Box the cell is installed into a seal Fig. 16:Sample cell with teflon ring for
adjustment of a fixed electrode distance
chamber through which Argon is led. The temperatire and electrode diameter.
the sample is measured by a thermocouple (PT18&%taace thermometer) placed in the
proximity of the cell and balanced with the thertabdauda RC6CP enabling the realization
of temperature differences less than 0.1 °C.
The recording of the impedance spectra was cardetl with a Solartron SI 1260
Impedance/Gain Phase Analyzer and a Novocontroh iRgsolution Dielectric Analyzer in
the frequency range from 10 MHz to 100 mHz and latd voltage of 0.1 V. Measurements
could be run in software-controlled heating andliogocycles or as a function of time in an

automated way.
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2.2.6 DC Polarization

A very important physical parameter for batteryctai@ytes in both applied and fundamental
regards is the lithium transference number. Lookatgthe ionic radius of lithium in

comparison with the typical salt anions, the cai®much smaller and should move faster
through the electrolyte at first glance if the des of both ions are equal. In reality this is not
observed for most of the electrolytes. Rather ndlynthe mobility of the anion exceeds that
of the cation. This is due to solvation effects i@ more severe if small and polarizing ions
are considered. To identify the contributions of thdividual species several experimental
techniques are known of which some can only be ieghplor certain systems. These

contributions are quantitified by the transferenaenber, which is defined by
t=—o=lmyg (18)

According to this Equation the lithium transferenocamber is the amount of current
transported by lithiunn. in relation to the total current.

In this work composite electrolytes are investigatehich are not appropriate for
measurement techniques as the method of movingfanes®’ or the Hittorf method®® ¢!
due to the higher effective viscosity. Therefore thetter suited DC polarization method
described by Bruce and Evans is applféd™

In this situation lithium electrodes are used whach able to reversibly exchange lithium ions
but are blocking the anions. The symmetrical camfigjon of this cell is

Li (metal) | LiX™ containing electrolyte | Li (metal)

The applied electric field difference in this twie@rode setup affects both ions in the same
way. Therefore the transference number accordingdwation (18) can also be written in

terms of ionic conductivities, as for a paralleitshing R=R R /(R+ + R_) :
t, = _ =t = (19)

If such a setup is polarized with a DC voltat)é the total conductivity of the electrolyte can
be determined at the time t = 0.
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Over time the initial current drops until a constaquilibrium current is reached which only
originates from the non-blocking ionic species. Hpplied voltage causes the migration of
ions in the electric field. As the lithium electesdare only reversible for Li ions the anions
accumulate at the anode lowering their concentratibthe cathode. Due to this effect a
concentration gradient is establish&d’? Therefore the motion of the anions is reduced and
eventually comes to a complete stop. As a resaeltlithium ions are the only conducting
species whereby the electric current is reduced.
For the analysis of the DC polarization an assusnps made, namely the influence of ionic
interaction is neglected, but will be later addeelss detail (chapter 3.3). In that case and for
a potentiostatic situation the initial overall stance is given as

AI_V =R, ,+R (20)

0
with AV indicating the applied potential difference betwedbea electrodes,, denoting the
initial current. Eq. (20) also takes account ofiade(initial) interface resistance due to

passivation layers (solid electrolyte interphadgél) &t the electrodesRg, ,). R is the total

electrolyte resistance characterized by a paralginection of anionic resistandée and
cationic resistancB.. In the steady state the overall resistance is
=R R (21)

00

whereby Ry, ., refers to the SEl-resistance in the steady stambining the Equations (19),
(20) and (21)t. can be deduced from

. L (AV =1,Rg ) 22)

" (AV-1LRy L)

Equation (22) is valid for real cells in which preses taking place at the electrode surface

can be mainly ascribed to the charge transfer hadanic conduction through the dynamic
passivation layer, i.e. an intrinsic electricalisesnce of the passive film.

R o is determined experimentally first from initial AConductivity measurement by

analyzing the real resistance of the second sest@ciwhich corresponds to the interface

resistance. Afterwards the DC experiment is cdroigt to obtain the initial , and |, values.

For that purpose a Keithley 6487 Picoammeter isl userecord the current during a time
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period of 10 hours at a potential of 10 mV. FinaRg, ., is determined by a further

impedance measurement in the steady state.

2.2.7 Electroacoustic Spectroscopy as a Measurenhoahtfor the-Potential

A condition for the mechanical stability of dispedsparticles in the liquid is the formation of
an electrolytic double layer such as diffusive geaclouds consisting of cations which have
been created due to the adsorption of anions aicguarticle surfaces. The cations are not all
arranged within the outer Helmholtz layer but agech within the diffusive double layer
extending from there to the bulk. The potentiafed#nce between the outer Helmholtz layer
and the bulk electrolyte is the so-calleégotential. It can be measured by exerting external
electric or acoustic fields. Acoustic stimulationause particles to carry out movements
relative to the liquid whereby they are momentasityfted away from their diffusive double
layer. This causes the creation of reversible eépdFig. 16, bottom). As thépotential
increases with the surface charge, with its hetp kimetic stability of dispersions may be
estimated. It is knowH*! that from high absolute values of theotential ({| > 30 mV)
particle aggregations are relatively improbable ttustrong double-layer repulsion. In non-
polar systems the diffusive layer is rather exteindee to the low ionic concentration in the
dispersion and resulting low screening.

To determine thé&-potential a method is applied that  gr.pus Vi

is based upon the electroacoustic phenomena and internal l

calibration _ piezo-transducer

does not rely on a high sample dilution (Fig. FHQr \‘-\,—, i
| quarz delay
rod

that purpose an ultrasonic wave (frequency 3 MHz)  .ectrodes

|
‘ buffer rod

created by a piezoelectric transformer out of an AC Ja s ® % ‘rcw
voltage spreads through the electrolyte. If it étogr
hits a particle it causes it to move. This transtat
induces electric potentials at the particles adogrtb

particle ~ =~ diffuse layer

the Debye-Hiickel theo®”) Due to this effect a _ .
Fig. 17: Top: experimental setup faf-

measurable alternating current, the colloidal \tibra potential measurements. Bottom: charge
o ) redistribution around a particle due to
current (CVI), is induced. The latter is measursda irradiation of sound waves.

colloid vibration potential (CVPhetween a stainless steel electrode and a goltdadet’> !
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The theoretical basis has been given by EnderbyBanth!™® and later by O'Brie¥”! In this

approach the dynamic electrophoretic mobility is introduced and connected to the CKk/I (

cell constant,,o=(,op—,om),or;l, p,: particle density,p,: liquid density,|DP|: pressure

gradient of the sound waves):

CVI =kpgu, |OP| (23)
For kr 1 1 («: reciprocal Debye length; particle radius), i.e. for thin double layerswias
shown!"® "that 4, is connected with? via
2& ,
o= S (11 (4. ) (24)

with 1 denoting the dynamic viscosity ahdbeing a complex function of the surface and

bulk conductivity. The (-potential is measured by using the DT-1200 (Disioer

Technology, Inc., Quantachrome) experimental setup.

2.2.8 Rheological Measurements

Important aspects of appropriate battery electeslyire — apart from the electrochemical
properties and safety issues — the mechanical cieaistics. A common experimental
procedure in this context is the analysis of theotbgical properties.

In such measurements the viscogitig obtained by

~%
measuring the shear stressas a function of the ﬂ ~ _— Cone (rotating
——— & " with angular
shear strain rater (varied from 2-1000Y using a i If — \'[,'” velocity Q)
! ! - ‘\'m___ S
cone-plate configuration (Haake RheoStress 1, 1 "¢ 11 Flake (bl
18%%. Here the flat cone rotates while the low —~J!
plate is fixed. With help of a force sensor thesdr /_ \\\I
. o . o b 5
in the normal direction can be derived. The mz _L V. 9_:__—_51
advantage of the cone-plate configuration is 1 D[Ifferent;ai /’i

i I i Al Ir de
locally homogeneous distribution of the shear str. \m ardrdd

L&

Fig. 18: Geometrical setting of a cone plate
In the setupr is obtained by measuring the torqu Viscosimeter.

rate.

Mgy required for rotating the cone (radiéd at a
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certain strain rate according to:

3M,
r= 25
Py (25)
The viscosity as a function of the shear straia gatan then be derived as
r _71_3M, tan¥, (26)

VA e

(Wo: angle between cone and plae,angular velocity of the cone)

2.3 Simulation Approach for Investigations of Propeties of
Soggy-Sand Electrolytes Based on Monte Carlo Algaghm and

Finite Element Analysis

2.3.1 Monte Carlo Method and Aggregation Models

In this thesis the “Monte Carlo” technique was usechodel the formation of the percolating
oxide clusters due to the “random walk” of oxidetjgées. The “Monte Carlo Method” term
was used at first by the physicists N. MetropaBs,Ulam and von Neumarf to model
stochastic processes. Their calculations predittediux of neutrons in an atomic bomb. The
flow of neutrons following random paths through as® of uranium molecules could only be
modeled on a computer and not predicted from th&8ryespite having most of the
necessary data, the problem could not be solved tWwéoretical calculations. However, with
the computer technology a solution was found by neeaf the Monte Carlo computer
simulation'® Monte Carlo simulation methods are useful for ntiodephenomena with
significant uncertainty in inputs and/or systemshva large number of coupled degrees of
freedom. Those techniques are often the only mactvay to sample random variables
governed by complicated probability density funoso

A key idea in colloidal science that launched thalg of particle aggregation and gelation is
that of fractal formatio®> 5 #\Wwitten and Sandef' made a breakthrough by proposing the

Diffusion-Limited Aggregation (DLA) model. In thisiodel a particle is released from the rim
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of a simulation box and allowed to diffuse (viadam walk). When two diffusing particles
hit one another, aggregation occurs. One of theotsnWitten and Sander fractals, obtained
by “Monte Carlo” technique is shown in Fig. 9.

Fig. 19: Fractal cluster from Witten and Sander createdngyrandom aggregation of 3600 particles on a

square lattice.

The shown cluster has a fractal dimension of hhé end of a simulation based on the pure
DLA model, particles either stick to an initial &®#' particle or disappear. Due to iteration, a
fractal cluster is formed. It was shown by Weitza#f*® that this model is able to analyze the
structure of real particle aggregates.

In this simple DLA model, two colloidal particlesaays bind irreversibly upon meeting. In
more advanced approaches, the binding probalslitgss than unity allowing for subsequent
debondind®® Even though this phenomenon is often denoted aactRe-Limited
Aggregation (RLA), this term is only appropriatehe binding/unbinding process is sluggish
compared with diffusion.

Furthermore in the process of cluster-cluster aggjren (CCA) model also clusters are able
to diffuse and bind. In the case of diffusion beihg rate determining process, the situation is
termed diffusion-limited cluster aggregation (DLCAThis computational model was
independently developed by Meakin et!Hl.and Kolb et. al®® to describe fractal growth.

In the last years modeling of the formation of feaé* 8 ®Inetworks and their stability has
been performed in solii® *! as well as in liquid®® composite electrolytes. However the
latter simulation is restricted to cases in whible faggregation process can be separated

temporally from the coarsening steps. Addition#tlg hit-and-stick mechanism is irreversible
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and is based on a purely statistical approach wHamds not account for material specific
properties in experimentally investigated composiéetrolytes.

A further study of the local space charge zone lapein these and similar nanocomposite
systemd® has been published by Goodyer et®4The understanding of how the external
parameters (such as type and amount of partictdgerd, salt concentration) have to be
adjusted to achieve a certain conductivity enhamegrm a composite electrolyte compared
to the particle-free electrolyte is of great impoite, especially in the case of Soggy-sand
electrolytes. Additionally it is not only the sheeonductivity enhancement which is of
interest for basic research but also other featsgsh as the fractal dimension of the cluster,
its percolation probability, the average amounheighbors of one particle within the cluster
etc.

However, so far the knowledge of the above relatigrs is only limited, mostly due to the
restricted experimental possibilities to time-degmntly observe the particle aggregat[ﬁ?h.
Here a Monte Carl&®" approach is presented to simulate the aggregatiohcoarsening
process in dependence of time, particle volumditra@nd type of particles. In a second step
conductivity of the so obtained network structu® analyzed by further numerical
calculations. The simulation gives an insight hovehoose materials in the experiment in the

context of Soggy-sand electrolytes to achieve sephysical properties.

2.3.2 Monte Carlo Simulation and Finite ElementdD&ltion Methods

N

Fig. 20: Left: initial occupation of 2-dimensional lattice sitegparticlesRight: Aggregation of particles
to clusters and movements on the lattice.

o died
sites are randomly (runtime controlled) placedha system with a predetermined particle
concentratiorc. " % %7ln this simulation the concentrations vary fror@S5 to 0.25. Due to

the two-dimensional approach and other assumptdssg from the nature of Monte Carlo

simulation these values do not quantitatively dateewith an experimental particle volume
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fraction. It has been observed experimentally imyneomposite electrolytes that for larger
volume fractions than 0.08, the particles are nett@d homogeneously and the electrolyte
appears to be solid rather than gel-like which Itesn very low conductivitie§” However,
the concentration values investigated by the sitimrlacover the range from very low to high
volume fractions and allow for qualitative concluss in these regimes
The particles and the formed clusters (aggregatbrseveral particles) are allowed to move
in all possible directions, also diagonally. Theolability for a movement in a certain
direction is equal unless gravity force plays aeralhich would lead to the influence of
sedimentation (not considered in the simulatiosswsed in this contribution). The second
and exclusively investigated influence on a pagtitl terms of mechanistic studies is the
interaction with other particles with respect to\BQ (Derjaguin-Landau-Verley-Overbeek)
theory!®® The total interaction potential acting on a péetis hereby a summation over the
specific potentials. These are

(2) the interaction potential of hard spheres wtattbws a lattice site to be occupied

by only one particle

(2) the attractive potentiaf ... implying Van-der-Waals interaction and attractive

Coulomb interaction (mainly based on entropic dffec

(3) the double layer repulsion between particlesgfal surface charge

The points mentioned lead to the potential mininthat results from the contribution of two
short-range interactions: the weak particle-pagticiteraction (Van-der-Waals interaction)
and the strong particle-particle interaction duetheir surface groups, e.g. dipole-dipole
interaction. It can be of physical and/or chemicature.

In reality the particles such as Si@@ave end groups on their surface, e.g. hydroxyligs,
that partially adsorb the ions of the conductiny. 4dence not only long-range Coulomb
repulsion becomes important, but also the entropittribution by the space charge zones.
The resulting energy maximum is kept constant fibrsemulation results shown below
(chapters 3.1 and 3.2.6). In the simulation thecdlesd minima and maxima in energy are
discretely taken into account whereby no continuemsrgy curve is passed through. The
secondary minimum for high particle distance repnéag a loose interparticle attraction is

usually very flat and therefore neglected.
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With this technique in principal many different cposite systems can be simulated
notwithstanding the parametric treatment of solvant ionic influence. To simulate a
specific combination of solvent, salt and nanopkles the strengths of the particular
interactions have to be considered and shouldchat lee qualitatively known.

For these investigations the particle interactioteptial V,, is varied from 50 meV (low

tractive
interaction energy) to 150 meV (high interactiorergyy). On the one hand in the described
simulation the used parameter values are in thgeréorder of magnitude) of Van-der-Waals
interactions between nanoparticles. On the othed litashould be stressed again that the used
assumptions, such as a 2-dimensional box, do rowafor a quantitative but only a
qualitative interpretation.

When a particle is selected to move to a new &site (x,,, = x,+1 and/ory,,, =y, +1) the

energy is calculated for the previous site, the @& and for the transition state. For a
specific site the energy is defined as a sum oirtezaction energies:

E=N (E (27)

Neighbors attractive

Now the energy differencdE between the initial and the transition staite calculated.

According to the Metropolis algorithm the probatyilp of moving the particle is given as
follows (99102
AE
=exp| ——— 28
p p( kBTj (28)
Here the movement is only successfubifis larger than a generated random number. In this

way a kinetic aggregation mechanism is simulatetieNVparticles have agglomerated and
formed a cluster they are still considered as indial particles. Additionally also the whole
cluster is treated as an object that can move draprto the laws described before. Its
diffusion coefficient is inversely proportional tbe square root of the number of particles it
contains. This is an approximation of the Einst®meluchowski EquatianThe possibility to
address both bound particles in clusters and chghemselves allows not only a movement
of agglomerates but also the “coarsening” (desdribeer) of them as the single particles of

these clusters can still move. Additionally singleticles are allowed to leave clusters if they

! The energy maximum between initial and final state

40



are able to overcomé However in reality not only small particles atdeato leave the

attractive *
clusters but also bigger parts of the cluster aaalb off. Therefore objects of a third type,
sub-clusters, are included in the simulation. Herble clusters are analyzed in order to find
connection points of sub-clusters to the main elusthich feature only few particles. There,
the sub-clusters can possibly break off from thénnatéuster. The choice of the considered
weak connection sites is carried out randoffhe sub-clusters are then able to move within
the cluster (coarsening) or to break off compleseig form new clusters.

In total, four possibilities of movement exist ftre species: movement into free space,
sticking, debondin§® and coarsening.

The probabilities of these movements depend orrdbpective energies along the reaction
coordinate. The coarsening of a cluster meansghgangement of particles and sub-clusters
within the cluster in order to occupy more favoeabites where they are surrounded by a
larger amount of neighbors. For the coarsening aditianal factor, the surface diffusion
coefficient, is introduced. It depends on the epeatifference between the bonded initial and
final states and the transition state diagonallgyvben two adjacent particles (Fig. 21). The
extreme situations are sliding without energy learand a required complete debonding

before the creation of a new bond to an adjacefde particle.

Fig. 21: Transition between two particle-particle bondinyaiions on the cluster surface.

E

v

The coarsening rate (cf. the activation barriepamentially depends on the binding energy
difference between the initial and the transititates This energy difference is determined by
the number of direct neighbdr§: %
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As a result the coarsening of a particle which tladebond from only one bonding partner is
quick whereas this event is greatly deceleratedeafdecisive number of contacts is doubled.
In the model of Fig. 20, it is the energy differerietween the middle state and the initial state
situation. The phenomenon of doubling the activatemergy is shown by means of the
following estimatd3®
If the forward rate constant can be expressed to

K, /k, = exp-—

BT (29)

with E, being the activation energy of the forward processl k, being inversely
proportional to an attempt frequency, then doubtifg, results in

k, =k [k, or T,=77K,, (30)
(7 : exponential relaxation time withi =1/k). If E, is varied from 0.2eV to 0.001eV, then,

for 7, =1h, 7, is reduced from 1000h to 1h.

Hence in the case of large activation energies;sendng finally leads to a self-stabilization
of partly compacted clustets!

As all the parameters that control the movementhef particles can be adjusted, many
different composite electrolyte systems can be kitad. Additionally the distinct types of
moving that are explained above do not have to teatdd separately but follow
simultaneously from the used energy barriers. Hata® the coupling between these types of
movements is included.

During the simulation the clusters are analyzedceamng possibly formed percolation
pathways through the lattice. Additionally analyaes made concerning e.g. average particle
energy, average amount of particle neighbors, radd fractal dimensions of the largest
clusters.

The radius of a cluster is defined as

n

r= )+ (v ve) @)

where n is the number of particles angly are coordinates of each occupied place Yo:

coordinates of the center of mass). The fractakdsond, can then be determined from
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nOr® (32)

An important aim is the analysis of the networkusture / total conductivity relationship. As
the bulk electrolyte conductivity (correspondinghe filler-free electrolyte) is not negligible,
the overall conductivity of a soggy-sand electrelig a complex function of time and can be
only numerically treated.lt can be calculated in relationship to the initshte of the
simulation or the particle-free electrolyte. Thésdione by an analysis using the finite element
program COMSOL Multiphysics (COMSOLAB, version 40dt is able to numerically
calculate the total current in the lattice undersideration of the boundary conditions.
For that purpose the coordinates of the particiethe created clusters are transferred to the
Finite Element Methods (FEM) program. In that cahten analysis is made to verify if the
position of a particle is at the surface or in thék of a cluster. In total three parametric
values of the conductivities in composite elect®lgystems have to be set, namely the
conductivity in the particle-free areas (indicatesl “solvent bulk”), the conductivity at the
surface of the particles at the edge of a clustdrthe conductivity in the cluster bulk.
As to the first value the assumption is made thatdonductivity in the solvent bulk is not
influenced by the effect that the particles deaeidi® amount of ions and ion pairs in the
unaffected bulk solvent and therefore also slighgljuce the conductivity in the solvent bulk.
The effect of enhanced ion pair dissociation ocatrthe interface between the particles and
the electrolyté®® Hence the region of improved ionic transport isaked in the diffusive
layer in the vicinity of the particles.
An estimation of the surface to solvent bulk coritity can be made if one considers the
total conductivityo,, in a composite electrolyte similarly to Equati@). (It is approximately
given®" as

o, =(1-¢)o, +¢ B QZuF (33)
Hereg, stands for the degree of percolation (usuallhereinge of 0.2 to 0.5y, is the bulk

solvent conductivity,Q stands for the specific particle surface,is the integrated charge

density at the interfacey, represents the ionic mobility at the interface shihcan be directly

calculated from the molar conductivity aRdis the Faraday constant. According to Equation
(5) the ratio of the particle surface conductiatyd the bulk conductivity results to
o, _Q3uF
o o

00 (<)

(34)
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With the assumption of an unaffected bulk solvemduictivity in composite electrolytes

o, is experimentally accessible by measuring the AQdaotivity with ion-blocking

electrodes. Accordingly als®@, ¥ and u, are experimentally determinable so that the

. .0 .
quotient—2 can be estimated.
o

00

With the input parameters current density streasslican be calculated. They represent
current pathways which are influenced by the higbenductivity in the vicinity of the
particles. Here the (electrical) flow line densisyproportional to the current density. The
thickness of the space charge layer chosen isigestified with the pixel size. This is a
strong simplification compared to the approach afo@er et. al.®¥ in which the
concentration of ions is analyzed in dependenapate charge layer thickness. However, for
the investigation of overall conductivity evolutitims treatment leads to reliable results if the
particle surface to bulk solvent conductivity ratii principle the integrated ionic strength of
the space charge layer, is chosen accordinglypgererentally determined parameters.
It may lead to misinterpretations if one tries tredtly correlate the time scale of amsitu
experiment with the simulation steps leading tomoek structures that allow conclusions
about the processes in the experiment. For impgotims key point while following the
general rules of kinetic Monte Carlo simulationaaiditional approach is made that deals with
the energy fluctuation. Equation (28), the detemgrexpression for a movement of a cluster
with p being the movement probability in this case, catrbnsformed to

AE =-k;TInp (35)
The time variable for the movement in a certairection (hereAX without limitation of

generality) is introduced by the use of the Stdkgsation { : movement velocity)

‘IER‘ = 67mr |V| (36)
which can be rewritten as
BE _ o 1K
ax| o 37)

with |AX| being the distance of movement for the particls.tide simulation is based on a

two-dimensional lattice with discrete movement stepone lattice poinfAX| is assumed to

be constant. A simplification is the independentehe local viscositys of the cluster
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structure. It is assumed to be constant over thelevllectrolyte and is also experimentally
accessible. With Equation (35) the expression eatrdnsformed to

67mr |AX|°
Inp= —M (38)
ko TAt
Hence for constant temperature the relationship
AO-—— (39)

In p
is found which is similarly used in other kinetickte Carlo simulation approacHt¥!
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3 Results and Discussion

3.1 Network Formation Kinetics

In the context of Soggy-sand electrolytes the progee of the network structure and its
stability are important not only for the mechaniqabperties but also for the electrical
properties. Only in the vicinity of an expandedcted network throughout the electrolyte
cations can be transported in a quick and efficraahner along the percolation pathways.
Interruption of space charge layers becomes mdaevarable for the overall conductivity the
higher the ratio of space charge to bulk condusgtiVAs this ratio is not particularly large for
low volume fraction of filler particles, a substahtfraction of the overall conductivity will
involve bulk conduction only. This more complicataehavior is not taken account of by Eq.
(33). Under unfavorable conditions, spherical @dustare formed due to the particle-particle
aggregation. As a consequence the liquid can hamtdypenetrate the aggregate favoring its
sedimentation. The formed network can be regarded émacro-particle” whose mass is
more or less concentrated in a small area resuiting gravitational force on the network
which exceeds the frictional force of the liquidflay.

First studies on the time dependent ionic condiigtiof freshly-prepared Soggy-sand
electrolytes ((LiCIQ + PEG-150):Si@ systems) have shown that the initial conductivsty
steeply lowered within a short time span beforédlang towards the steady state (A. Jarosik,
PhD thesidj? which is usually still higher than the ionic comtiuity of the filler-free
electrolyte. During this process which is oftenngigantly slower than the initial network
formation the cluster tends to minimize its surfaoergy by surface diffusion of the particles
by transferring constituents of the filler partiéfem a lowly connected site to a position with
more neighbors (coarsening effect). As a consequéme mechanical properties deteriorate
and the ionic conductivity drops due to the facattthe favorable ionic transportation
pathways become shorter or even get interruptedhé&unore, filler sedimentation becomes
more likely. As a conclusion it can be stated tie prevention of such massive network
coarsening is one of the key factors for obtainapplicable composite electrolytes. It is
naturally dependent on the choice of the componeémtparticular the filler type. Particles
characterized by a high surface-to-volume ratio emvered with suitable functional groups

are more likely to be fixed at an outer branchhef network in accordance with the principles
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of the theory of diffusion limited aggregation (DLAFortunately, the coarsening process is
self-slowing down as the number of contacts exptakin decelerates to further
rearrangement (cf. section 2.3'%).

The (LICIO4 + THF) system has been chosen for more detaileglonle kinetics studies due
to the special characteristics of the solvent (electric constant leading to pronounced
second phase effects). Previously, Bhattacharyya akt reported more pronounced
conductivity maxima for THF containing samples &hler ¢ values®® Network formation
occurs almost instantaneously in the case of higb&rme fractions £ > 1%) and small
particle sizes. Thus, spherical particles of largees (50 nm) have been chosen as fillers
while fractions were kept at low values< 0.3%).

LiClIO4 and LiOTf are used as lithium salts with a fixezhcentration of 0.1 M. The ionic
conductivity as function of time for the differesamples is shown in Figure #2. The major
“trick” enabling in-situ recording network formatiowas the use of extremely small filler
volume fractions such that collision events leadm@ggregation are of very low probability

as pointed out below.
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Fig. 22: Time dependent ion conductivity of 0.1 M LiC)J® THF as a function of SiQrolume fraction.

In Figure 21 it can be seen that the conductiviesw a strong increase at the beginning of

the measurement decelerating in the further coundé a maximum is reached. After that
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point a small decrease is observed §s10.075% containing electrolyte, possibly due to
coarsening. Due to the fact that the bulk condugtre not negligible the overall resistance
has to be regarded as a series of individual esgiss in which the bulk contributions are
higher in comparison to the space charge contohsti This means that in these systems
conductivity enhancements are possible to be obdexven when the percolation threshold is
not reached due to the fact that the lithium ioas be transported between clusters in a
satisfactory way. As a result the shape of the gotnty curves can be interpreted according
to the following scenario: just after the sampleegaration the particles are rather
homogeneously dispersed throughout the electroteing the measurement the particle
diffusion driven by the Brownian motion leads tce tformation of small clusters which
increases the ionic transport along their spacegehzones. As the clusters continuously gain
in size their diffusion velocity decreases resgltim an alleviated enhancement of the
conductivity up to a maximum which represents &ithe presence of very few large clusters
or a single expanded particle network. Again itudtlobe stated that in this case a full
percolation is not necessarily required due todbmplex interplay between space charge
layer and bulk contributions to the ionic conduityiv The conductivity is slightly lowered
subsequent to the maximum probably due to theanfle of the coarsening effect which
naturally also occurs for very low particle volunfractions. Obviously for the sample
containing 0.3% the network formation kinetics acefast that only coarsening kinetics can
be observed. For higher volume fraction, the magietof the enhancement agrees with the
typical dome-shaped(p) functionality (increase due to the increased proopn of surface
conduction at lowp and decrease due to formation of blocking morplie at highp). For
LIOTf as an alternative salt, very similar effecise observed even though the total
conductivity is about an order of magnitude lowmart with LiCIQ, due to the fact that the
attractive interactions between the anion and #tem are stronger favoring the ion pair than
for LICIO4 The linear segments in the time evolution (Fig) 2an be attributed to the
presence of different size classes of clustersgreeanent with very different respective
velocities.

To understand the observed effects it is importarkeep in mind that the starting point is a
sample in which the admixed particles are rathendgeneously dispersed. In the case of

samples with¢ >0.01, measured electrical properties are affected ley glesence of a

particle network that self-rearranges slowly. Whbka particle volume fractions are much
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lower, a new situation needs to be consid&fédn general the aggregation process is based
on the diffusion of particles towards each othdrerEby the particle collision frequency is

O¢>. As a result of this dependency it is not possitieobserve network formation
phenomena in the case ¢f> 0.01 due to the almost instantaneous network formadiorady

in the course of the sample preparation. Howevéhn Wie proper measurement technique
these effects can be recordedgik 0.01. As seen in Figure 21, the ionic conductivity is
changed over time raises the question if the irsered the ionic conductivity over time can
be really attributed to the network formation rdirea conductivity measurements as a
suitable tool for in-situ recording of such proassn composite electrolytes. As already
described before, large networks are required toamce the ionic conductivity in these
systems. In the following a chain of thoughts basadsimplified mean field scenarios is
made to verify the plausibility of the ascriptiohtbe observed conductivity enhancements to

network formation phenomef&!
The mean distance(d) between cubic particles with a diameteris J = R/qﬁ”d (d-
dimensional). The assumption of cubic shape ofpénticles is a simplification whereby the

mistake made is very small as results for sphiesitapes only slightly deviat®®! From the

given Equation it should be noted thatonly weakly depends og in comparison withR.

This means that the particle density is still ghitgh even at low particle volume fractions for

a homogeneous distribution of nano-sized particlebe composite electrolyte. For example
if R=1 nm wherea® is chosen top =10, Jis only 10 nm. Hence the particle collision

kinetics leading to measurable effect are stillirtgkplace at a reasonably recordable time
scale. In a further consideration a highly artélcBD morphology is assumed in which all
particles are arranged in the form of parallel ohaif diameteR. As can be easily shown the

average distanc®' between obeys the relationshdg [ R/¢]/2. Furthermore the average
number of chains per (electrode) area is propaatitm¢ / R?. When R andp are chosen to

be R=1nm and ¢ =102, still 1000 percolating chains would be present pguare

micrometef®® However, when it comes to the hit-and-stick meéranwhich is predominant

here, fractal networks are formed. The percolatimashold with the critical volume fraction

¢ =¢. in which case ¢ =3) is 0 (L/R) 4918 ith | being the length of the considered
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space. Typical values af, are smaller than 3 (from 1.4 to 1.8 as reported\byarosik et.

al.Y*!. Hence the percolation threshold tends to zeR® if 0.®! Enhancement effects on the

ionic conductivity can then indeed be expected efepp is small. Here the relationship

between the bulk conductivity and the conductiatythe space charge layer of the particles
plays a major role which will be discussed in madegail later.

To support the conclusions made from the condugtivieasurements and to visualize the
particle networks, further experimental techniquesd to be applied to the investigated
systems. A technique with which one is able to stigate whole network structures in the
final system and not just non-dispersed partickedhowever difficult to find as regular
microscopy techniques (SEM, TEM) usually generatages in which particles are optically
covered by other higher laying particles. A teclieigf choice that is used in this thesis is
Confocal Fluorescence Microscopy which is commartdgd in cell biology allowing images
of the composite sample to be recorded within daee It therefore represents a formidable
tool for network structure investigations in liqusgstems not only of a given structure but
also of its formation and rearrangement over tiee key condition for the applicability of
this method is the use of nanoparticles that cardgte molecules in their interior which can
be excited by laser light and show fluorescenca @snsequence. Given a range for excitation
of 470 £ 40 nm, Rhodamine 6G was chosen a suitdyde Owing to an elaborate sol-gel
synthesis procedure developed by Marjan Béféthe dye molecules were embedded into a
layer below the surface of the Si@anoparticles (80 nm particle size) leaving th®,Si
surface chemistry unchanged. The particles and gh# are admixed to 2,2,3,3-
tetramethyltetrahydrofuran featuring a slightly heg boiling point compared to previously
used THF (F = 121°C) as solvent evaporation in the sample droltad to be avoided.
However, the physical properties of the two solseate very similar due to a well
comparable molecular structure and a similar digteconstant € ~ 5)1% This is also
reflected in further conductivity measurementslogst systems that are highly comparable to
the data obtained with the conventional particled solvent. A typical measurement of the

composite electrolyte witlph = 0.15% over several days is shown in the FigRBasc.
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Fig. 23: CFM image of 0.1M LiCI@+ 2,2,3,3-tetramethyl-THF: dye-sensitized S{@article size 100 nm) witlp(SiOz) =
0.15% after a) 5 hours, b) 3 days and c) 5 days.tdtal image width is 14@m.
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According to Figure 23a, individual clusters offdrent sizes are present even few hours after
the sample preparation. From that point on typycatbtherent fractal network formation is
observed (Fig. 23b). Such particle networks are emually distributed throughout the
electrolyte due to low volume fraction but othemvishe shown network is rather
representative. Subsequently, larger fractal csstontaining denser agglomerates of
particles are formed after 5 days due to coarseffirgg 23c).

It is known that under the impact of ultrasoundgragated particles can be again separated.
However, it needs to be ensured that the ultragos@&tment is not invasive enough to prevent
any changes of the chemical or physical naturb@hanoparticles. The result of such sample
treatment in terms of the electrolyte’s ionic coctlity is shown in Figure 24.
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Fig. 24: Time dependent conductivity in 0.1 M LIGBTHF (p(SiO,) = 0.1%) in combination with ultrasonic

treatment (pulses of low intensity with frequené¥@® Hz for 1 min) in between (dashed line).

The ionic conductivity of the 0.1 M LiCIO+ THF: 0.1 Vol-% SiQ electrolyte is measured as
a function of time. As shown before, a time-dependmnductivity increase is observed.
When the steady state is reached and just beferedhiceable conductivity decrease due to
coarsening (150 hours), the sample is treated withultrasound finger under argon
atmosphere (marked with a red dashed line). Assaltrethe initial conductivity drops to a
value that is almost identical to the conductiyitgt after the initial sample preparation with a
small deviation probably due to partial solvent gwation in the course of ultrasonic

treatment. This shows that the formed network akén up resulting in a situation in which
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the particles within the sample are again rathemdgeneously dispersed. Yet, more
interesting than this phenomenon is the fact tvatr eime the conductivity rises again in a
very similar manner as before the ultrasonic treatmThis simple experiment therefore
shows that the network formation process is relbrsand at the same time it is a reliable
confirmation of the network formation theory as\poeisly seen in CFM. Furthermore, these
results exclude the possible influence of impuwsitie.g. water) brought into the solution
through the particles as alternative explanatiothefconductivity effects.

Zeta potential measurements have proved to besatilertool in the context of Soggy-sand
electrolytes as they allow observation of localless¢enic adsorption at the interface) as well
as macroscopic scale phenomena. This is due téattehat the measured effective Zeta
potential is also strongly dependent on the degmee structural character of particle
aggregation. Even though the quantitative analigsdifficult due to the fractal form of the
aggregates, the qualitative interpretation is ghtéorward. The result of the time-dependent
Zeta-potential measurement is shown in Figure 25.
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Fig. 25: Time dependent effectiviepotential of (0.1 M LiCIQ + THF):SiG, (¢(Si0,) = 0.1%)

Freshly prepared 0.1 M LIC@THF: SiG yielded an effective (i.e., semiquantitativie)
potential of -62 mV (Figure 25). The high valuetypical for stable colloidal dispersioHs!

and high enough to prevent flocculation and sediatem. The negative sign indicates a
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negative surface charge of the Sigarticles which corresponds to anion adsorptioithW
time, the absolute value of tliepotential decreased significantly (-25 mV afte0@min),
pointing towards particle agglomeratidf® which is connected with a lower surface
charge/density ratio. The simplest and most obvreason for the lowereflpotential is the
decrease in local surface charge due to newly fdrpaeticle-particle contacts. However, as
already mentioned, calculation of thgotential is based on a defined and constantgbarti
radius and does not account for the complex andggeble morphology. It lies in the nature
of the electroacoustic method that not all of tharges contribute to the effectiggotential
measured. It can be assumed that with increasestieclaize a greater portion of the inner
surface charge is overlooked in the electroacous@asurements. This loss of active surface
charge is smaller when the agglomerate decompos&saller units, as it is the consequence
of coarsening. Thus, not only the pronounced vianiadf thel-potential finds its explanation
in the agglomeration: even the slight decreasé-potential observed after and before an
agglomeration step may be qualitatively explaineg the superimposed coarsening,
emphasizing the inhomogeneous nature of the digpstsAt some points in time an abrupt
decay of the&-potential is occurring (around 200 and 1000 mitis effect can arise in the
course of an aggregation of several medium-sizestals of which fewer but larger cluster
are created.

Dynamic light scattering (DLS) is also used on cosife electrolytes to get further insight
into the effective particle size as well as on iietiastructural aspects of particle aggregates.

One typical result is shown in Figure 26.
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Fig. 26: Dynamic Light Scattering results of (0.1 M LiCJ@ THF): 0.1 Vol-% SiQ, fitted with a two-

parametric exponential function.
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The recorded time-dependent data again indicatl@ggation which is in good agreement
with the corresponding conductivity, CFM and Zetdemtial data. In spite of the pronounced
scatter, the data suggest (red curve) that pastenle initially homogeneously dispersed and
subsequently agglomerate as time elapses. Thelpasite reaches steady state after several
thousand minutes, in rough agreement with the @late thec measurements. The results
show a strong variation of the cluster size, cqoesling to the highly dynamic processes
during reversible cluster formation. The time-degemt development of the particle size
measured using DLS as well as ionic conductivityasueements indicate a diffusion limited
aggregation process due to the weakly pronouncasening effects which are only relevant
at a late point in time during the measurement. ddn&ucting pathways grow continuously
creating a network with a tenuous structure. Acemydo the DLA theory, this is due to the
fact that approaching particles readily adherethemoparticles as a consequence of which the
interior of the clusters are screened from partipEnetration. This indicates that the
interparticle bonds are strong and might even teaeaemical character to a significant part
(e.g. hydrogen bonding’” As the particle content is low cluster-cluster raggtion plays a
dominant role when fractal clusters are formed.aAgsult of the cluster-cluster aggregation
with a DLA character, the fractal dimensidnis reduced due to the fact that two fractals
connect almost instantaneously with each other vihey meet. Therefore widely spread and
loosely packed structures are produced.

As previously given results and interpretationsariindamental interest not only in the case
of soggy-sand electrolytes, but also in other tetdgical and scientific fields where particle
network formation plays an important role it is wuovhile to investigate network formation
in the context of composite liquid-solid systemsoaby means of theoretical studies. For this
purpose a Monte Carlo 2D simulation is applied.

The ratio between the ionic conductivity in the aa&harge zone at a nanoparticle and the
ionic conductivity in the unaffected bulk electri@yis a fixed parameter that is estimated by
Equation (34) as usually done in cases in which tiio is high. Here, théfactor (which
measures not only how much of the filler materiatgelates but also how much of the
connected interfacial area contributes to the prartan the direction of measurement) in the

investigated composite solid electrolytes can si@mgd to bf, =0.5.57 with the powder

density (@ =2.400g@m™®) and the BET surface5@7.9n"[g™") of the SiQ particles
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typically used in the preparation of Soggy-sandcteddytes, Q is found to be

Q =1.8400G m™. If the ion exchange capacity values of Si@water are used to assess
44 5 =3.7000° mol 2 is obtained. To estimate the ionic mobility prexdowork by
Muhuri et. al.™® is used where the equivalent conductivity of OMI9LICIO,4 in 1,2-

Dimethoxyethane (DME) was determined to be

/\(Li+ in 0.09M LiCIO4+DME): 2.80B[en' (ol *. DME has a very similar dielectric

constant €=7.1) compared to THF and it is reasonable to assumelasi equivalent
conductivities for 0.1 M LIiCIQ in THF. By setting the experimentally obtained uel

0,=0(0.1M LiCIO,+THF t= 0= 5.27710Stm* as a reference for the ionic

conductivity of the bulk, the estimated relatioqsHietween the conductivity at the oxide
particle surface and the bulk for these systemsilisulated to be 190:1. This value is set as a
simulation parameter. The influence of the presarfcenoparticles on the ionic conductivity
in the bulk will be discussed in chapter 3.2.3. Takie of 190:1 shows that the conductivity
is significantly enhanced in the space charge zddempared with the conductivity
differences in the bulk and at the grain bounddrgadid-solid composites which often reach
five to seven orders of magnitude the obtained ecdraent in the solid-liquid case is much
less pronounced. This leads to the conclusionhieeg a certain bulk conductivity always has
to be taken into account and complete percolasamot absolutely required. Such a behavior
can also be observed from the Monte Carlo (MC) &tian combined with numerical FEM
calculations shown below (Figures 27 al-e2).
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Fig. 27: Results from MC Simulation (cluster structure, 4}-and subsequent FEM calculation (current
density streamlines, a2-e2). The relative incregseonductivity for each structure compared to ithgal

state (a2) is given.

Fig. 27 shows the results of a typical Monte Caitaulation (first column) and subsequent
FEM calculation (second column) for very low oxigarticle volume fractions on the two
dimensional lattice. Several situations are congaa@ncerning the present structure of the

clusters as well as the qualitative change in cotindty (third column) ranging from the
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initial state (mostly colloidal solution, Fig. 22 )ato the situation where a large percolating
cluster is formed (Fig. 27 el). Fig. 27 b1 showes fibrmation of small clusters which is due
to statistical occupation of lattice sites. Theresponding current density streamlines (Fig. 27
b2) are slightly bent and distributed rather equaler the whole lattice. Here and in the
following FEM calculations, the (electrical) floné density is proportional to the current
density (magnitude controlled). For simplicity’'skea the layer thickness is chosen to be
identical to the pixel size and the conductivitgr#in is assumed to be constant. The latter
approximation is less severe as lateral condugteffects are not relevant.

The situation changes when fewer but larger clasieg present (Figs. 27 c1, d1) with current
density streamlines being more strongly bent towané clusters (Figs. 27 c2, d2). It can be
noticed that already at this stage the number wEotidensity streamlines per area in the bulk
phase is higher the shorter they are corresportdirige preference of the pathway (Fig. 27
c2). Finally an advanced state is reached withgastalmost completely percolating network
(Fig. 27 el). In that case (Fig. 27 e2), almostaitent density streamlines are going along
the percolation pathway. Interestingly it can dhé recognized that some streamlines are
bridging spaces where no particles are presens iShilue to the finite bulk conductivity in
the liquid state. The ionic conductivity increasenfi the initial to the final state is around
2.10. This value is lower than experimentally otlsedr (conductivity increase of up to 5
times, Fig. 22) due to influences such as the 2pragpmation, different final states and
simplifying assumptions used in the Monte Carlo (dations. However, the simulation
clearly shows that a percolating cluster in an tebdgte is much more favorable than the

respective homogeneous dispersion or an accumulatispatially isolated small clusters.
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Fig. 28: Relative increase of conductivity for the formediustures during aggregation compared to the initia
statet =0. The finalg/ g, ratio is 2.1.

Figure 28 represents the evolution of the overahdeictivity upon particle aggregation
obtained by 2D Monte Carlo simulation. The trawsitfrom simulation steps to simulation
time is rather unproblematic as confirmed from stigations on multiple network formation
simulations (respective results are not shown h@ie@ conductivity steeply increases at the
beginning of the simulation. Subsequently, in daertime period the conductivity is further
enhanced almost linearly before reaching a stetatg.Obviously, the occurrence of linear
segments reflects various time intervals in whidfecent cluster sizes are predominant. As
already mentioned, this is explainable by the that the mobility of the cluster is strongly
size dependent. Starting then from isolated pasiof same size, double-sized particles occur
on collision and it takes quite a time, in factiball the single particle events have occurred
before double-sized particle collision events ocdire shape of the-t curve resembles the
experimentally determined conductivity curve (F2g). In total it can be concluded that the
experimentally obtained conductivity curves carrdqgroduced well by the application of the
Monte Carlo simulation with adjacent FEM calculago This again confirms the proposed
mechanism of cluster growth leading to expandedesmharge zones which enable a fast
ionic transport through the electrolyte even whkea formed network is not completely

percolating.
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3.2 Soggy-Sand Electrolytes in the Steady State

3.2.1 Quantitative Estimate of the lonic Condutyivand Lithium Transference
Number (system: LiCIQ+ THF)

In the previous considerations it was shown howsuperimpose bulk and space charge
conductivities to the overall value. In this sentibe local conductivity effects themselves are
calculated based on mass action constants foramrapsociation.

As already mentioned before, the conductivity iaseeis significantly dependent on the type
of solvent. In less polar systems more ion pairs present that can be broken up,
simultaneously the space charge zones are moradexdeowing to lower bulk conductivity
and lower dielectric constant. For non-polar sotsesverlap of double layers is probable and
can be found already at very low volume fractidfisAs for tetrahydrofuran containing
samples fundamental literature data can be refdogd is even possible to estimate the
achievable overall conductivity and transferencenber enhancements whose consistency
with the obtained experimental data can be chedkedthat purpose it is useful to reconsider
the ideal parallel switching model. The error madthis context due to the bulk contribution
is not too high as the dielectric constant of tegchofuran is 7.5 still leading to a pronounced
difference between the bulk conductivity and thecgp charge layer conductivity. The
relevant estimation of the conductivity using dé fharallel switching model is given B¥

0, =(1-0)0, +B Q0 (2, RT)“uct? =(1-9) 0, +B QOZuUF (40)
which represents a more detailed notation of Equafl) in the introductory section. The
productuFc, is the bulk conductivity, the produdf /c,c, is the average conductivity in the

space charge zone when referring to the same cbinguspecies and is valid as long as
mobility variations and contributions from the adsex ions can be ignored. In Equation (40)
the bulk conductivity has cancelled out as the mefiective concentration in the space

charge zone ig/c,c, while the thickness of the space charge zoneoiggstional toc*? !

The surface charge density is expressed by the ter(ﬁaaoRT)”2 co?. If all surface groups

are active, it can be obtained from the ion excharapacity (IEC) an@® via *®!

=]/ F =IECLp/Q. (41)
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The assumptions given above are supported by theaiature dependent measurements that
were carried out for the filler-free electrolyte a®ll as for the composite electrolyte

containing 0.1 Vol-% Si@particles (Figure 29).
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Fig. 29: AC conductivity as function of temperature forlditfree and filler-containing LiCIQTHF
electrolytes.

It can be recognized that the conductivity incremséhis case lies in the range of half an
order of magnitude while the slopes of the conditgticurves (determined by the activation
energies for ionic transport) are very similar cading that no fundamentally different
transport mechanisms seem to play a role.
According to Barthel et. al*¥ the mass action constant for the ion associatfdi@O, in
THF is

[LiCIO,]
[Li"][clo, ]

whereby the square brackets denote the molar ctatiens of the species. Without

K, =K{Li* +ClO; - LiCIO,} =3.7010'mol " [@m" = (42)

significant failure they can be used instead of rgpective ionic activities. Obviously the
system is characterized by a very high tendenggropairing. Yet this means that also triple
ion species created from an ion with an ion paahsas Li(CIQ), or Li>ClO4" might play a
role in this consideration. From literature it i3okvn that the triple pair formation constant is
Kt = 36 mol-drif for m = 0.1 mol*-dnT. Yet it can be shown by consideration of the
respective mass action laws of anionic and catidrigle pair formation together with
electroneutrality and mass balance equations Heatriple pair contributions are negligible,
here it helps that the ionic mobility of triple ®ris smaller than that of single ioff.
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Consequently, it can be stated that only a smadttiion of ions is free to move, namely TLi

= [CIO4] = 5x10° mol-dm?3 18!

With the introduction of nanoparticles an overalhductivity enhancement of up to 5 times is
observed. On the local scale, this can be attribtdghe adsorption of anions on the particle
surface. For very strong adsorption, the conceaotraif anions in the adsorption layer can be
estimated to be 5 anions per Twvhile the thickness of the adsorption layer isuassd to be
0.1 nm. Hereby it is worthwhile to note that thdubdity limit with such a high lithium
concentration is not surpassed as the anionic otrat®n is decreased by the same factor
due to adsorptio® With the estimations given above, the conductieithancement can be
predicted. However this is valid only in the cadeew the contact surface area is much higher
than the particle surface area that can be presdiroedthe applied microscopy techniques.
Indeed, the measured BET surface area is 2%@'mFrom this value the effective particle
size is derived to bel nm. However, the BET surface area is not necigssdentical to the
actually available particle surface for ion adsmmt A more direct way is given by the
measurement of the ion exchange capacity viaittrafFFor this purpose, the oxide fillers
were dispersed in a 0.1 M aqueous NaCl solutionstinekd for 1 h. A defined amount of a
0.01 M NaOH solution was added to each sample lamdlurry was then titrated back with a
0.01 M HCI solution). The observed value for th€IE 1.47 mmol-g. Inserting this value
into Equation (41) results in a calculated BET acef area of 219 frg* which is in good
agreement with the directly measured BET valug¢hénlEC-approach another approximation
is hidden. What is experimentally measured is ttodom exchange capacity. Nonetheless it
reveals the number of active hydroxyl surface gsowpich — with a high likeliness — is very
similar to the number that leads to anion adsonptio

The conductivity difference between the bulk anel¢bmposite can then be rewritten as
Ao, = BQpulZ|= BPulECF p (43)

If # is on the order of 1, then Equation (43) delivarsnaximum overall conductivity

enhancemenifAg,,/ o, of about 30 is consistent with the experimentalits that show a

maximum conductivity increase of 5 fa# =0.1%. As already mentioned the activation

energies are very similar (Fig. 29) suggesting agals ion transport mechanisms and
simplifying the analysis. Naturally in this apprbacumerous assumptions are made that can

explain the deviation between the experimental #wedpredicted value. The most probable
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reason for the difference of the conductivity erdeanents is that is significantly lower than

1 due to the fact that by far not all particleshitthe network actually contribute to the
newly formed conducting pathways (another one as$ the number of active particle surface
groups is smaller in the clusters than predictedhgylEC value being valid for individual
particles). Ascribing the deviation solely foas a result of the comparison between theory
and experiment, only around 20% of the particlestaking part in completely continuous
percolation which represents a rather realisticgenaf the whole situation. This is in
particular the case as large contributions stenmfrithe inner open porosity of the
agglomerates that is not trivially connected thiwug the network®

Eventually it can be concluded that the space ehargdel of parallel resistances is able to
explain the observed Soggy-sand effects in a nieg, wsolely through concentration
enhancement. Yet additional mobility effects orajing from possible contributions of the
particle surface OH-groups cannot fully be excludedprinciple a good way to study them
would be further temperature dependent Impedaneet&scopy investigations. However it
is expected that thefactor, representing in a way the particle netwoidrphology, changes
with temperature in a non-trivial way.

The fact that the reversible destruction of thewoet by ultrasonic treatment of the sample
leads to a conductivity decrease followed by aeamon excludes the decisive influence of
impurities such as water. Such effects are anywgyobable as the solvent has been distilled
and as the salt as well as the filler particlesehasen dried under vacuum whereas the sample
preparation has been performed under argon atmasph®reover, slight water addition
corresponding to the formation of a monolayer afaduced water cannot lead to the
experimentally observed conductivity enhancemefeaces. This is also confirmed by the
research of Barthel et. &f' Accordingly a conductivity increase of such an evrobf
magnitude would require substantially larger watemcentrations. Yet it is still not possible
to fully exclude specific solvation effects at theerface.

Regarding the possible applicability of Soggy-sealettrolytes in lithium batteries the lithium
transference number always remains a crucial fdotahe quality of electrolytes. As already
mentioned and also shown in previous investigattbesaddition of Si@filler particles leads
to the immobilization of anions at their surfacedathus to an increase of the lithium
transference number. Within the same model of [@rslvitching a connection between the
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total conductivity enhancement and thé transference number of the Sifbee electrolyte
(t, =0, / o) and the composite electrolyte (=g, . / o) is given a$®® *®l

_Aog lo, +t,

= (44)
1+Ao, /o,

m+

By performing polarization experiments the lithisransference numbers
t(Li*, 0.1 M LiCIO, + THF) =t, = 0.1¢
and
t(Li*, (0.1 M LICIO, +THF): 0.15% SiQ) =t,, = 0.4
are determined. When the observed conductivity eegraentsAo,, / o, =150% for 0.15%

SiO, are introduced into Equation (44) this resultaip,. value of 0.65 which is reasonably
comparable to the experimental value as Equatidh ighores non-idealities in the particle
distribution and that the experimental results mrédedifferent samples with distinct network
morphologies. The relative conductivity increase 180% taken corresponds to a sharp

maximum and any deviations would lead to smaller, /o, and — as a result of this — to

smallert,,. values*®

3.2.2 Advanced Oxide Materials as Soggy-Sand Hikaticles with Special
Morphologies

As shown in the previous section on a fundamendaish the performance of a composite
electrolyte for a given type of salt and solvenpeleds on the amount of particles but, even
more important, on their chemical nature and mogapo Without a strong interaction

between the particles, the formed clusters andlyim&tworks would be much denser due to
the inevitable coarsening which occurs the morelyedlse more reversible interparticle

bonding is. As then the solvent is not able torpgeetrate the clusters in a sufficient manner,
favored network sedimentation is the consequenctetfhigher mass density. Apart from

creating a stable network it should always be time # establish as many percolation
pathways as possible. Hereby a problem has to desl faven when the interaction between
the particles is strong, e.g. for small particlathva high BET surface area originating from

the difficulty of controlling the network formatiomprocess. This is caused by poorly
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controlled initial situations in the composite aftetytes as well as by the statistical particle
movement and their aggregation. This results ifedkht network structures for the same
sample composition not only aggravating the repedality of experimental data but also
preventing the purposeful development of an optimetwork structure for a given
composition. Naturally one has to work on the stefgahemistry of the particles and not
merely on the sheer surface area to solve thislgamobActually attempts were made to
synthesize particles with specific surfaces in otdenfluence the network formation process
and eventually the resulting network morphologye@pproach in this context was done by
Das et. al*® who synthesized so-called Janus particles, i.gicfes with two different
functional surface groups on each hemisphere. da&atly, one hemisphere is kept with
hydroxyl groups whereas on the other hemispheréydeoxyl groups are capped by methyl
or octyl groups. The choice of these functionalugi allows for the formation of a lower
number of network morphologies as the interactiogisveen particles (H-bonding and Van-
der-Waals interactions) are not isotropic but depen the direction of their approach. As
observed by Impedance Spectroscopy the conductiitty functionalized particles is lower
than with non-functionalized ones. Obviously thedified surface not only leads to weaker
aggregation and as a result to less stable andnd&danetworks but possibly also to a
negatively influenced ion dissociation and ioni@ngport along the particle surface.
Nevertheless an approach of network structure obritased on the idea of surface
modification remains promising especially when #itachment of polar surface groups is
considered. They are not only able to strongly btmal particles but also do the job of
enhancing the percentage of dissociated ions.

For many years a lot of research activities haveiged on the synthesis of particles with
certain non-spherical structures and special senfacrphologie€® *?While these materials
cover a large field of possible applications susthfa chemical sensors or chromatography,
they have also been considered to be suitable domosite electrolytes as ionic transport
might be directed along intended pathways or speméwvork morphologies that can be
formed™ However respective investigations by Sann et™Hi. on mesoporous SBA-15
amongst others did not reveal any conductivity esbeents. This has been ascribed to the
quick particle sedimentation due to their largeesigEven while stirring the samples, their
conductivities are not enhanced according to thiergresults. However, the materials class of

mesoporous cross-linked silica particles remaitsrésting as filler candidates as through a
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synthesis, a large variety of particle morphologies be created with a large variety of
conductivity properties. This is why in the follavg study possible reasons for the observed
mechanical and electrical properties of mesoporsilisa containing electrolytes are
discussed.

In contrast to the previous investigations by Senrl.'*" a periodic mesoporous silica with
crystal-like benzene bridges between silicon at¢mesioted as B-PMO) is used in this work
which was synthesized in the group of Prof. Frddaniburg University) by Jirgen Morell.
The synthesis procedure is describedin'*” and schematically shown in Fig. 30 together

with the resulting particle structure.

(R‘O)gSi Si(OR')5

Q9 @ @ i
2

0 S| ~0— 5!\0 S\ o I‘“O calcination
D
o O D ‘
O/S| ofS\ -0~ Sl o— S\: o

WEK

\

&~ s\. 0/5‘ O- Si O‘S\' =0
O O 0 O

O/S' OfSI )= SI -0— S'

11X

Fig. 30: Left: Synthesis procedure and structure of a typicat&ea-bridged periodic mesoporous organosilica.
Right: Model of the pore surface of a mesoporous benbeidged organosilica. The benzene molecules are
arranged circularly along the pore and are embed@ddeen the silica layers bordering both side pbre
surface of the silica is saturated with silanolug® The benzene and silica layers are arrangechately along
the pore axis.
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As observed by SEM the particles are aroungirh2long and consist of a hexagonal tunnel-
like structure with a pore width of 6 nfif: *** When looking at such morphology it can be
expected that ions released from ion pairs by ts®m@tion of their counterpart on the inner
or outer surface might be able to travel quicklyngl the outer surface or inside the additional
tunnels provided by the particles. To further chteaze the particles, BET measurements
were performed and pore size distribution was d¢aled as shown in Fig. 31.

12.0000 16.0000 20.0000 24,00(

Fig. 31: Left: Cumulative pore volume of B-PMO obtained from th€TDanalysis of&éf foom temperature. Red
curve: volume, blue curve: derivativRight: BET isotherms of B-PMO. Red curve: adsorption, btugve:
desorption.

BET surface area is determined to be 570gthalmost as high as the surface area of fumed
silica (605 m g') featuring a much lower particle size of just 7.nfihis leads to the
assumption that the potential for ionic adsorpbarthe surface is very high.

Another promising filler is MCM-41 (Mobil Crystaiie Materials, originally produced at
Mobil Corporation laboratories) which is a typeaomesostructured silica with a unit cell size
of 4.6 nm (TEM and HRTEM in Fig. 32 a,b). The sébelcsection and the corresponding
depth profile are shown in Fig. 33.
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Fig. 32: a)TEM andb) HRTEM micrographs of MCM-41.
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Fig. 33:a) Thickness map with the chosen section for theldppifile shown in Fig. 31 (MCM-41). Thickness
maps were obtained by acquiring unfiltered and ese filtered images, where only elastically seatl
electrons with no energy loss contribute to theosdcone. The logarithm of the ratio of these imaies
displayed which is a measure of the specimen tleiskib) Typical depth profile of a MCM-41 layek=114.5
nm.

It can be observed (Fig. 32 a) that a long-rangkerom the solid state is absent while the
higher resolution micrograph (Fig. 32 b) shows wadiveloped sub 5 nm wide porous
channels. With the additionally recorded depth ipgsf the uniformity of the silica particles is

evaluated (Figs. 32 ¢ and 33); micrographs as waellthe depth profile reveal a non-
symmetric alternation of silica and pores. The alcparticle size is difficult to determine due

to the strong deviation of the particle shape fraimodel sphere. Furthermore the particle’s
pore volume of 0.98 chg*and its pore size of 2.3-2.7 nm were determine®BY analysis

of the nitrogen adsorption isotherm shown in Figy. 3
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Fig. 34:a) BET isotherm of MCM-4Db) Pore size distribution of MCM-41 obtained from DET analysis of
the nitrogen adsorption isotherm.

Remarkably the BET surface area (Fig. 34, blackeuof MCM-41 reaches a value of 990
m’g* which leads to the expectation of high ionic agson degree. However the non-
uniformity of the particles is not a good pre-cdmfi for the formation of stable and
expanded silica networks.

The third tested filler type, MSU-H (originally syresized at Michigan State University,
hexagonal structure) represents a much more ordsradture, shown in Fig. 35 with the

respective depth profile displayed in Fig. 35.
b) :

Fig. 35: a) TEM, b) HR-TEM micrographs of MSU-H ant) HR-TEM micrograph, visible pores
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Fig. 36: a) Thickness map with the chosen section for the dpptfile shown in Fig. 7d (MSU-H). Thickness
maps were obtained by acquiring unfiltered and -tese filtered images, where only elastically seatl
electrons with no energy loss contribute to theosdcone. The logarithm of the ratio of these images
displayed which is a measure of the specimen tliskib) Typical depth profile of a MSU-H layek=114.5
nm.

It can be seen from the micrographs that the pestishow more uniform morphologies and
accordingly long range two-dimensional hexagonalcstires with parallel pores within the
particles. This is corroborated by the symmetrababth profile for a typical MSU-H layer
(Fig. 36b). The analysis reveals worm-like parsaldth average size ef 250 nm. From Fig.
37a, the BET surface area can deduced to be 7@# mhich — together with the two
different pore sizes of 7 nm and 15 nm (determifmech the N adsorption isotherm in Fig.
37b). The existence of bimodal pore size distridoutirises from the intrinsic feature of MSU-
H —inter-particulate textural mesopores coming frtiva regions between the fundamental
domains.™? Hereby the predominant pore size is substantlaliger in comparison with
MCM-41 (15 nm pores, Fig. 37b) with only a smallamt of smaller mesopores (7nm) in

each individual particle.
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Fig. 37: a) BET isotherm of MSU-Hb) Pore size distribution of MSU-H obtained from BET analysis of the
nitrogen adsorption isotherm.

The surfaces of both MSU-H and MCM-41 are coveradusively with hydroxyl groups (Si-
OH) which is revealed by the Infrared Spectra ig. BB.
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Fig. 38: Infrared spectra of MCM-41 and MSU-H.

According to the powder analysis all three filleqpés have the potential to lead to
improvements of the electrical and/or mechanicalpprties of electrolytes. To test the
characteristics of the resulting composites, lithitriflate is used as a typical salt together
with DMSO or PEG-150 as solvents.

An initial hint towards the ability to adsorb iona the surface is the composite electrolyte’s
Zeta potential as a function ¢f As an effective and complex value it not onlyegvnsight

into the individual particle’s capability of ion sakption but also sheds light on the
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interparticle aggregation and the resulting stabdf the dispersion. In the context of lithium
battery electrolytes one aims at negative Zetanpalevalues denoting the preferential anion
adsorption. This has often been observed with cunweal filler types such as fumed
silical*” The results for B-PMO containing samples with 1MDTf + PEG-150 are shown in
Fig. 39.
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Fig. 39: Zeta potential of B-PMO containing 1 M LiOTf / PEIGO as a function af(B-PMO).

Surprisingly the Zeta potential has positive valiegsall particle volume fractions, an unusual
behavior for Soggy-sand fillers. Yet the typicakdmmse of the absolute value of the Zeta
potential is often observed and arises from theigharaggregation and the resulting lower
surface area being relevant for ion adsorption. gtstive sign denotes a preferential cation
adsorption at the surface which, at least for uithi ion battery electrolytes, is a
disadvantageous phenomenon. Obviously the silamalpg at the outer and inner surface of
B-PMO are not capable of adsorbing the large aneth®r due to weak interaction or due to
steric reasons. Rather the lithium ions are adsbrbhere easily even though there are no
electron-rich accessible functional groups presenthe particle surface. This leads to the
conclusion that the lithium ions are attracted bg benzene rings which are a structural
element of the porous morphology. The formetthénzenet-complexes are well known to
be stablé'*®! In any case the preferential cation adsorptiamfavorable and involves no real
benefits from the rather high BET surface area -¢fNBO. The rather low absolute values of
the Zeta Potential give a strong indication of kireetic instability of the dispersions finally

leading to particle sedimentation. This could lm®asequence of the unfavorable/insufficient
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wetting of the organosilica particles. Simply by tiaked eye the sedimentation tendency can

be observed rather quickly after the sample prejaréFig. 40).

Fig. 40: Sedimented B-PMO (2.8 Vol-%) in 1 M LIOTf / PEG. &fter 2 hours.

In the case of non-occurring gel formation togeth#h the observed low absolute values for
the Zeta potential it is reasonable to state tmataiggregation is occurring in a spherical way
leading to clusters which, as a result, simply mdde a super-particle of a correspondent
larger size. In such as unfavorable situation sedtation is unavoidable (cf. to Equation (4)).
Furthermore it is probable that even the non-aggeshparticles coagulate as their size is 40-
50 times larger than those of MCM-41 and MSU-H .sTiaict together with preferential cation
adsorption can explain the non-satisfactory coriditgtbehavior by Sann et. & Yet as
the particle type is not exactly comparable toghevious investigations the AC conductivity
for a typical sample (1 M LIOTf + PEG-150: B-PMO l-%)) is measured and set in

comparison to the filler-free solution (Fig. 41).
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Fig. 41: Conductivity as a function of temperature in aicghB-PMO sample.

For this filler type no favorable conductivity imase is obtained in the measured temperature
range which is also valid for other B-PMO volumachions. The low total conductivity is the
consequence of the loWEC value of 0.377 mmaj™ indicating small adsorption strength
despite the high BET value. With the previously whoresults of the Zeta potential one
comes to the conclusion that the aggregates arstable which is probably caused by the
effective low outer surface-to-volume ratio of tparticles. The contact area between two
tubular particles is rather small leading to wean\Mer-Waals interactions and hence to pure
statistical alignment of the particles. Therefotabke networks cannot be expected. This
however also means that the advantages of thei@wlitonic conduction do not show up
because of bad percolation. Even if the ionic @&iffity within one particle/pore is high,
further transport is hindered by the statisticattipke arrangement. This is also valid for
similarly shaped particles of a comparable sizesgis# micrometers) with more suitable
functional groups for ionic dissociation. Howevéne approach to increase the particle
porosity and thus increase the numbers of chariaeisn transfer remains promising and is
not investigated in detail, especially in the cahtd nano-sized patrticles.

As MCM-41 particles are much smaller and provideegan higher BET surface area more
suitable Zeta potential and conductivity data aqgeeted to be obtained. When looking at the
Zeta potential (Fig. 42) for 1M LIOTf + PEG-150 ah LIOTf + DMSO, a rather familiar

Zeta potential vsp relationship is recognized.
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Fig. 42: a) Zeta potential of MCM-41 containing samples as recfion of o(MCM-41). Measurements were
made at room temperatul®. Stored sample of 1 M LiIOTf/ PEG-150 /MCM-41 (2I\26) after 1 day.

The preferential anion adsorption is indicated bygative Zeta potential values. Furthermore
the absolute values remain rather high ugpte 0.028. Especially in this regime one can
expect kinetic stability of formed networks in whienough particle surfaces are spatially
available for ion adsorption. When comparing the selvents DMSO and PEG-150 it can be
stated that the absolute values for the DMSO comgisamples are lower (in particular for
lower volume fractions) while the decrease of Zedéential for higher volume fractions is
less steep than for the PEG-150 containing samplas. indicates that in PEG-150 the ion
dissociation effect in the diffusive layer arouhe farticles in relation to the bulk is stronger
due to the lower dielectric constant of PEG-15Qultexy in higher amount of ion pairs
compared to DMSO. At the same time it can be oleseewen by the naked eye that gelation
is more pronounced for PEG-150 containing samp#sating higher absolute Zeta potential
values for largep. Probably due to the missing long-range ordehefgarticles the prepared
composite electrolytes are only mechanically stédnldéew days.

As a result of the previous observations, MSU-H hhigs well be a good candidate for a
soggy-sand filler fulfilling both conditions of Higsurface area due to high porosity as well as
the low tendency of sedimentation due to nano-gizihthe particles. The respective Zeta
potentials for 1M LIOTf + PEG-150 and 1M LIOTf + DBO (Fig. 43), the values are also
negative and slightly higher absolute values candireed for large volume fractions in PEG-
150 based electrolytes compared to the situatid@f1-41.
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Fig. 43: a)Zeta potential of MSU-H containing samples as afion of o(MSU-H). Measurements were made
at room temperatur®) Stored samples of 1 M LiOTf/ PEG-150: MSU-W £ 2%, left) and 1 M LiOTf/ PEG-

150: MSU-H (g = 2.8%, right) after 5 days.

On the contrary, for small volume fractions, the M@1 containing samples show higher
absolute Zeta potential values. This is understaledas MCM-41 shows a higher BET
surface area compared with MSU-H. As a result,him tiypical situation for lowp of few
expanded clusters being present, the ion adsorpéipability of MCM-41 particles is slightly
higher. In further comparison of the samples coirtgi each filler sort by naked eye, it can be
observed that the MSU-H containing samples showoamg tendency of gel formation (Fig.
43b). For the same volume fraction in 1M LiOTf + ®H50 they feature a semi-solid
character whereas the MCM-41 containing samplestdrdiquid. This obviously has to do
with the existent long-range order of MSU-H padgcland leads to a steeper decrease of the
Zeta potential caused by the spontaneous clusteraton. As far as the difference of the
results between the two used solvents is conceaneery similar trend is observed as for
MCM-41 containing electrolytes. Again by introdugiparticles to the electrolyte, more ion
pairs can be broken in the case of PEG-150 asietsatric constant is lower leading to a
higher effective Zeta potential, in particular fugher volume fractions. In summary, it can
be stated that the values of Zeta Potential aretomthigh so that interparticle repulsion
prevents agglomeration due to the high surfacegehan each individual particle overcoming
the attractive Van-der-Waals forces. On the othardhit is still large enough in absolute
values to impede sedimentation over a longer tiemogd (Fig. 43b) allowing for improved

mechanical properties of the electrolytes. Whike sample containing (MSU-H) = 2% is a
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viscous liquid, the sample characterized by(MSU-H) = 2.8% already features the
characteristics of a gel. Additionally, when thengées were heated after a first measurement
of the Zeta potential at room temperature to 80%@ @&ooled down again to room
temperature, the measured Zeta potential stayedynesariant indicating that the surface
properties and probably also the network strudbarelly change upon heating/cooling

To investigate the mechanical properties of themmsiie electrolytes with the two filler types
MCM-41 and MSU-H, rheology represents a powerfubl tas this technique not only
determines the viscosity of the sample but can etsdirm the presence of a non-Newtonian
liquid if the dynamic viscosity is measured as action of the shear rate. The respective

results for samples with various particle voluneefions are shown in Fig. 44.
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Fig. 44: Viscosity as a function of the shear ratedpMCM-41 andb) MSU-H containing samples.
In the case of low volume fractions for both filtgpes, the viscosity decreases systematically
with the increasing shear rate. Such non-Newtorslear-thinning behaviour indicates the

presence of coherent networks and is typical feugsplastic material** For MCM-41

77



containing Soggy-sands (Fig. 44a), the viscosityaase is not distinct, in particular for lower
shear rates (below 100%s Even though networks of MCM-41 particles mighisg they

seem not to be stable and to expand over the wletdgrolyte to form a gel. For MSU-H
containing composite electrolytes (Fig. 44b) howeuhe viscosity strongly increases,

particularly with ¢ >1 Vol-% which is in good agreement with naked eye obsmmsit

Additionally, for higher volume fractions (2.8 V&b) the viscosity firstly decreases and then
increases at higher shear rate (over 580 Ehis can be attributed to a transition from shea
thinning to shear-thickening behavior accordingptevious investigation§® where this
effect has been ascribed mutual hindering of brakework parts. As a result, the viscosity
dynamically increases.

Naturally, it is crucial to see how the observedaloproperties influence the overall
conductivity of the composite electrolytes. As bblller types lead to far more favorable Zeta
potential values than the B-PMO containing elegtes and they do not sediment, an
advantageous impact on the AC conductivity is @&spected. For that purpose temperature
dependent Impedance Spectroscopy has been caunti€Big. 45) with a focus on MSU-H as

filler as it shows more promising mechanical proipsr
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Fig. 45: Temperature dependent AC conductivity for 1 M LIGTPEG-150 and MSU-H as filler material
with different volume fractions.
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Increased conductivities are observed for all etéytes containing MSU-H with a volume

fractiong (MSU —H) <2 Vol-%. Interestingly, the relative conductivity increaseches up

to 45%, which is comparable to PEG-150 based elgttis with fillers which are much
smaller in size such as 10 nm sized silica or efeened silica (7 nm¥® This can be
attributed to the additional internal pathways jded by the particles themselves. The graphs
are highly reproducible upon heating and coolingeading a good kinetic stability of the
formed network. However the reproducibility in teyiwf sample compaosition is not very high

as indicated by the scatter of the effective atitvaenergies as well as by an additional

measurement of a newly prepared sample W;'X(1MSU—H)=2% in Fig. 45. The

conductivity behavior for both samples (1M LiOTf REG-150: 2 Vol-% MSU-H) is
comparable up to 40°C above which the conductivitthe firstly prepared sample reaches
higher values probably due to the different streeetf the formed particle network.

In contrast to what would be expected (lower cotigitg in the cooling cycle due to
coarsening effect), the conductivity for the coglicycle lies slightly above the one for the
initial heating cycle. This is of fundamental irgst as it shows in the case of MSU-H that the
created networks do not rearrange in an unfavonadalener — described by the coarsening
concept — and macroscopically remain stable ané &blfavorably influence the ionic
transport throughout the entire electrolyte. Thasom for this might lie in the fact that the
particle “sliding” along the network surface — apital mechanism in the context of
coarsening — is hindered by the internal porogity the resulting interparticle contact area.
For (MU —H) =2.8%, the overall conductivity is reduced. This is @ital behavior of

Soggy-sand electrolytes at higher volume fractidoe to the fact that a high amount of
particles leads to partial blocking of percolatipathways. Furthermore, inhomogeneous
wetting and salt adsorption/exhaustion can occgunh systems which will be discussed in a
later section (chapter 3.2.4). The blocking effetwiously overcompensates the strong
porosity effect which increases the number of pmsspercolation pathways. Nonetheless,
the total conductivity for such a semi-solid madk(Fig. 45) is still high considering the fact

that the particle size is around 10-20 times larp@an fumed silica nanoparticles with a
similar surface chemistry. Obviously the porosiffget dominates.

Another crucial parameter for the applicability aofithium battery electrolyte is its lithium

transference numbey .. As a result of the observed anion adsorptiontiveaZeta potential
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measurements, a significatt. increase is expected. As a refererice, of the pure liquid
electrolyte (1 M LiOTf + PEG-150) has been detemino bet, (1 M LIOTf + PEG-150) =

0.22. At first glance, such value reveals the da@mae of anion conductivity. The actual
individual contributions to the overall conductwitvill be investigated in more detail in a
later section (chapter 3.3).

Looking at the composite electrolytes — again vaittocus on MSU-H as filler material and
PEG-150 as a solvent — different transference nwnhee observed. Typical polarization
curves are shown in Fig. 46 representing the Hasidetermining the transference number
together with AC conductivity data measured befame after the polarization process with
lithium electrodes. It has to be kept in mind whamamsidering the non-monotonic curve
shapes that the mesoporous particles probablyartteshemically with the highly active
lithium electrodes in an unfavorable way which hasertain influence on the measurement.

The lithium transference numbey, (1 M LIOTf + PEG-150:¢ (MSU-H) = 2% ) = 0.490f
the composite electrolyte (with (MSU-H) = 2% is more than twice as high comparethe
filler-free electrolyte {, = 0.22) which confirms the model of anion adsanptand locally
enhanced lithium diffusivity. Furthermore, in thengposite electrolyte witlp (MSU-H) =
2.8% the transference number (1 M LiOTf + PEG-150:¢ (MSU-H) = 2.8%) = 0.30s

enhanced in spite of the reduced overall condugt{#ig. 46).
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Fig. 46: Electric current as a function of time at room pemature for different MSU-H containing electrolyte
The DC measurements were carried out potentioatigtiat 10 mV across the symmetric cell. Left: 1LMDTf /
PEG-150 / 2% MSU-H, Right: 1 M LiOTf / PEG-150 8% MSU-H. The lithium metal electrodes are blocking
the anions such that in the steady state onlylithions flow (cf. section 2.2.6).
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The latter can be attributed to the fact that eNehe ions are not able to be transported
throughout the electrolyte due to the blocking @ffthere is still enough network surface
present to enhance the ion pair dissociation lgatiran enhanced conductivity in the vicinity
of the network for a short range transport.

As shown in chapter 3.2.1, the transference nuncher be linked with the conductivity

enhancement according to Equation (44). With tlseiagtion that due to the increaseamf

and decrease af_ at one SiQ content the cation transference number in theespharge

zones can be regarded to be close to unity, Equ&jdeads t&**!

o o’ +¢ao
t,, =Zm = Ta * 900, (45)
o, O, t¢ao

wherea stands for the volume ratio of the space charger [® silica particle an@r, is the

average conductivity over the space charge laysindJEquation (44) the transference
number for the (1M LIOTf + PEG-150): 2 Vol-% MSU-tbmposite can be estimated to be

t... =0.37 which is in reasonable agreement with the measomed(0.49). This result has to

be taken with a pinch of salt as the experimengaéminination of the transference number
contains an absolute uncertainty of around 10%thEumore possible deviation of the
predictedt,, is related to the fact that Eq. (44) is no longetl fulfilled if the mobile ion

pairs are present. This will be discussed in sec3i@. Note that the, (¢) -curve increases

with ¢ initially and after having reached a maximum dases due to blocked pathways. The

sample with this volume fraction already shows @atreased conductivity, but beyond the
volume fraction of the maximum. Obviously blockieffects solely have an impact here. This

aspect is not taken into account in Equation (&gpecially for ¢ (MSU-H) = 2.8%
however, bulk path blocking cannot be neglectedvairg as the overall conductivity is lower

than (1-¢)o,, . As a consequenc&o,, / o, becomes negative. For the purpose of estimating

the lithium transference number also in this céise,additional bulk percolation efficiency

factor S, has to be considered (Note that blocking factmsndt explicitly appear in Eq.

(45)). Thereforeo,, is replaced byB, o, leading to the more accurate expression
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0-00
s = NG (46)
1+=m
o

00

To be precise, needs to be multipliedy (1-¢).'*! Yet the deviation of the latter term
from 1 is negligible. For the (1M LiOTf + PEG-15®.8 Vol-% MSU-H sample a reasonable
value for, = 0.74 is obtained when the experimentally obsenaues forAo,, /o, and

t., are inserted in the Eq. (46). Accordingly, arodadf the possible percolation pathways

are blocked here. The above assumption that sgeange percolation is more sensitive to
non-ideal silica distribution than bulk percolati@able to explain the maximum appearing
in the lithium transference number wug. relation®™ Such a behavior is highly probable as
network interruption directly leads to interruptiohthe space charge pathways but not of the
bulk pathways. Blocking effects that affect bulidaspace charge layer identically would not
affect the effective transference number as suatkilg factors would cancel out in Equation

(46). If only bulk pathways are blocked an increakg,, would be the consequence which is

indeed confirmed for high particle volume fractidiiable 3 and Fig. 47).

Sample tm+ (€XP.)=1tpo1+
1 M LiOTf + PEG-150 0.22
1 M LIOTf + PEG-150: MSU-H § =2%) 0.49
1 M LIOTf + PEG-150: MSU-H ¢ = 2.8%) 0.30
1 M LiOTf + PEG-150: MSU-H § =5%) 0.27
1 M LIOTf + PEG-150: MSU-H § =8%) 0.30
1 M LiOTf + PEG-150: MSU-H ¢ =10%) 0.49

Table 3: Lithium transference number values for (1M LIOTPEG-150) electrolytes with different MSU-H
volume fractions.
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Fig. 47: Electric current as a function of time at room pemature. The DC measurements were carried out
potentiostatically at 10 mV across the symmetri€ (ighium electrodes). Top left: 1 M LiIOTf + PEG50:
5 Vol-% MSU-H, Top right: 1 M LiOTf + PEG-150: 8 8 MSU-H, Bottom: 1 M LiOTf + PEG-150: 10

Vol-% MSU-H.

Additional AC conductivity results with DMSO as al#ent are shown in Figure 48.
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Fig. 48: AC conductivity as a function of temperature foM1LiOTf + DMSO and different volume fractions
of MSU-H/MCM-41 as filler materials.

As can be seen the conductivity enhancement fot owrsposite electrolytes is lower than in
the case of PEG-150. This is well expected duéh¢ohigher dielectric constant of DMSO
leading to a degree of dissociation which is alyelaigh in the pure solution. Therefore, the
particles addition cannot enhance this value muetinér. Forg (MSU-H) = 1.2 Vol-% of
MSU-H the conductivity is not easily reproducible different samples as the first sample
(green curve) leads to a decrease in conductiviigreas the second sample (gray curve)
shows a slight increase. This is a consequendeeaftatistical network formation in a liquid
electrolyte. In the case @f (MCM-41) = 2 Vol-% (red curve) the conductivity swer than

for the filler-free sample. Here, the particlesree® disturb the good conductivity that is
provided by the high amount of free ions. Interegi, for ¢ (MSU-H) = 2% an enhanced
conductivity is obtained. Simultaneously, the aatiion energy for this sample is slightly
higher compared with the other samples. This mightdue to the competing effects of
increased principal ionic mobility of lithium due tower electrophoretic hindrance by the
anion in the space charge zone of the additionakéspand the stronger solvation by the
solvent molecules to enable transport especiafigethe pores. Due to the small diameter of
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the pores the fraction of space charge conductwiihin them compared with the bulk
conductivity is high in contrast to the situatidrit@e outer edge of a particle. One could tend
to assume that the conductivity could be hindenethb size of the solvation shell for lithium
ions when it cannot be completely formed within goges. However the diameter of typical
solvation shells of dissolved Li in organic solvent~0.4 nm which is sufficiently smaller
compared to even microporé¥’

In summary, the pore size (2.5 nm for MCM-41 vedaminantly 15 nm for MSU-H) and
morphology of the particles has a predominant erfke whereas the specific surface area
only plays a minor role in the ability of filler'sonic adsorption and consequently
enhancement of the ionic transport. The anions deebe adsorbed preferably at the outer
surface of the MCM-41 particles whereas the ditinsof the solvated ion pairs and ions into
the pores seems to be slow in the case of MCM-4ltdithe smaller pore size and a non-
uniform pore distribution as observed by depth ifgo€ompared with MSU-H. This is
additionally supported by the different ion exchargpacities of MCM-41EC(MCM-41) =
0.497 mmol @) and MSU-H (EC(MCM-41) = 0.842 mmol g). With the|EC of MSU-H
reaching almost double tH&C value of MCM-41 in view of the smaller BET surfaaeea
the pores seem to be more easily accessible foeldatrolyte. To explain the similar Zeta
potential values (Figure 43a and 44a) it is realslen@ assume that the adsorbed ions within
the pores of MSU-H are not sufficiently contribgfito the overall measured Zeta potentials.
Obviously, the special structure of MSU-H contagninterconnected pores of sufficient size
is crucial for good ionic transport. For this sgediller, the amount ofp (MSU-H) = 2% in
the PEG-150 solvent seems optimal for creating mangepercolation pathways combined
with a negligible blocking effect of particles thalo not directly enhance the ionic
conductivity. It is promising in terms of applicétyi that in PEG-150 which has a similar
dielectric constant and viscosity to the typicaled Li battery solvent 1:1 EC/DMEY it is
possible to achieve increased conductivities witée composite gel-like electrolyte remains
mechanically stable for weeks.
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3.2.3 Numerical Modeling of Soggy-Sand Electrolytethe Steady State

Apart from the numerical investigations of the netkvformation and coarsening kinetics it is
of great use to apply the simulation to the stestdie situation in a Soggy-sand electrolyte as
well.

Especially in the case of Soggy-sand electrolytés important to be able to roughly predict
which external parameters (type and amount of @esti solvent, salt concentration) have to
be adjusted to achieve a certain conductivity eobament in a composite electrolyte
compared to the particle-free electrolyte. Addiéiy it is not only the conductivity that is of
interest but in terms of mechanical stability allse fractal dimension (co-domain between 1
and 2) of the cluster, the average amount of neighbor each particle (maximal 4 due to
two-dimensional lattice) and even the percolatioobpbility (co-domain between 0 and 1)
give a hint on the “quality” of a formed networkhé@reby the percolation probability is
defined as the time span with full percolation ded by the total number of simulation time.
By this definition percolation is only recordeditifis permanently stable. For the purpose of
determining these values, the developed simulatesds to investigate the cascade external
parameters-network structure-physical properties. @Aresult the simulation is helpful in
selecting materials as to achieve beneficial progser

In the simulation the concentrations vary from 8.6 0.25. Due to the two-dimensional
approach and other assumptions arising from thar@aif Monte Carlo simulation these
values do not quantitatively correlate with an expental particle volume fraction. It has
been observed experimentally in many compositerelgtes that beyond a volume fraction
of 0.10 the particles are not wetted homogeneoasty the electrolyte appears to be solid
rather than gel-like which results in very low cantivities. However the theoretically
investigated concentrations cover the range fromy yew to high volume fractions.

Furthermore the attractive particle interactionepbial V,, in close proximity is varied

tractive

from 50 meV to 150 meV. In the following typical ydical values are investigated as a

function of the outer parameters of particle comegion andv,,

tractive *
Figure 49 shows the average connectivity for eamftighe as a function of time until the
steady state. It can be seen that the number ghibeis decreases with increasing interaction

energies. Here the effect is observed that thaditve interaction energy of a specific particle
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to another particle to which it initially sticked too high to be overcome even though the
total energy for this particle in another enviromihgith a higher number of surrounding

particles would be even lower.
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Fig. 48: Average connectivity of particles for different pelle concentrations, surface diffusion factor: (c8
section 2.3.2). For each set of parameters twolations are shown to visualize the scattering.

The resulting clusters for high attractive intel@ttenergies are highly fractal and to a large
extent keep their structures over time. This is tluethe fact that the coarsening as a
competing event to the initial interaction is ofdnan strength which allows the particles to
just slowly diffuse into the core of the networki €@urse the average amount of neighbors is
higher for higher concentrations. It increases iooimusly due to aggregation and network
restructuring. For low concentrations few largestdus are formed if the interaction energy is
high (green dots). This is the situation in the exxpentally observed behavior (Fig. 26 in
chapter 3.1). Low interaction energies (blue dbwmyever lead to numerous small clusters
that are not stable and therefore hardly influettte conductivity. Furthermore in this
situation the reproducibility is worse comparedthe highly concentrated sample with low
\Y/

wacive (€0 dOtS). It is important to notice that the si@oation of the cluster is both a result

of the coarsening effect reflecting the surfacéudibn and low particle interaction energies
mainly reflecting the bonding and debonding of ddigonal particle at the network as they

are not independent from each other.
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The repulsive double-layer interaction thereby obsly not only decelerates the particle
aggregation due to repulsion of the equally chamgefiaces but also favors the unhindered
diffusion of a particle into the network where vieatually will bond.

The described effect of the interaction energylss abserved in the graph of the percolation

probability displayed in Fig. 50.
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Fig. 50: Percolation probability in dependence ;.. .-

Obviously percolation is highly dependent on theraction energies with respect to the same
dilution. In case of low interaction energies péaion is not detectable in the complete time
interval. Additionally percolating clusters are macessarily stable even at higher interaction
energies (black curve) as sub cluster branchedzak off easily when not attached to the
network by several particle bridges. The total pktion from one electrode to the other can
already be interrupted by a small network rearrarege or the loss of few particles in the
cluster. This sensitivity can be clearly seen m bhack curve of Fig. 49. It has been observed
in various simulation runs as well as in AC condutt experiments that the formation of
percolating clusters can happen in different wayenewhen the external parameters are the
same whereby reproducibility remains a problemxipegimental investigations of composite
electrolytes. This is due to the predominant dtefik network formation. Therefore it is
worthwhile to create morphologically stable temelatructures in a chemical way (e.g.
electrically insulating nanofibers with a suitabléface connected to the electrode) or to use
at least strongly bonding nanoparticles to achigeed conductivities in a rather well

reproducible manner.
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In summary percolation is of course more probablehigher particle concentrations, but
percolation can occur also in composite electrglytéh lower particle volume fractions. For
this, more time is necessary and the realizatiothefpercolation event depends on various
parameters such as sufficient interaction enerlpyy particle diffusion along the surface,
DLA dominating behaviour. Certainly there will beranimum volume fraction below which

a percolating cluster cannot be formed. Yet (as s@section 3.1) this value is very low for
small particle sizes.

However these networks are mechanically easier tabilge (lower tendency of
sedimentation) by the solvent as it has more corgdes with the particles. Monomeric
solvents like THF or DMSO can penetrate the cluatet stabilize it at the individual contact
sites. Polymer solvent molecules such as polyetieytgycol can enclose the cluster at certain
positions and stabilize it in this way. Additionalthe clusters in the lower concentration
regimes contain lesslead areas in which the ions are accumulated and decordtibute to
ion conduction. So it is on the one hand probatée lots of percolation pathways are formed
in case of high volume fractions. The conductivtythe other hand is only locally enhanced
as expressed by the higher transference numbere(geechapter 3.2.2) even though the
overall conductivity due to blocking and insuffiotgoarticle wetting effects might be lowered
(AC conductivity). A simulation result in good agment with the experimental data is

shown in Fig. 51.

Fig. 51: Example for a kinetically stable cluster, set pagtars: ¢c=0.25, strong particle surface diffusion,
\ =100 meV. Fig. 51a shows several percolation pathways aafioally detected by the Monte Carlo

attractive
simulation while the current dety streamlines in Fig. 51b represent the prefeaéminic conduction pathway
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Despite the high amount of particles and the nuomeemrincipal percolation pathways (Fig.
51 a) the current density streamlines are almosiusixely arranged along the edge of the
large cluster (Fig. 51 b) where the solvent id gtiesent. Therefore when particles are not
porous themselves, the amount of effective pencwlgtathways is strongly reduced due to
insufficient wetting. By this the maximum in theoplof conductivity vs. particle volume
fraction % is explainable. In the region of low particle vole fractions the amount of
pathways is low. However, here, the blocking effeicparticles for conducting pathways is
negligible. The resulting effect is a slight incsean conductivity. The conductivity is further
enhanced by the creation of more conducting patewaiyh increasing particle volume
fraction until the conductivity reaches a maximuim.the region of even higher particle
volume fractions the blocking effect reduces thenbar of pathways while additionally
favoring sedimentation of the network due to warexhanical stabilization by the solvent.

An important characterizing value for the netwarrkisture is the fractal dimension (Fig. 52).
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In the case of high interaction energy (Fig. 52h&) resulting clusters feature a high fractal
dimension due to a higher particle volume fract{@+ 0.25). The reproducibility is very
good in spite of the partial statistical charastiges of the simulation. For very low volume
fractions (€ =0.056) particle networks are shaped differently leadioga more greatly
scattered fractal dimension. In this case few latgsters are formed. Compared to the higher
particle concentration the statistical influence aggregation is more pronounced. When
considering low interaction energy (Fig. 52 b) #tatistically caused scattering of the fractal

dimension is also pronounced in the case of higame fraction €=0.25). One detects
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smaller networks of statistical shape which canledseak and be restored in a different
way. Only after a longer simulation time the fractamension stabilizes to a greater extent.
For low volume fractionsd=0.056) only small clusters are formed that are almosfaied
from each other. The probability of complete restion is low and also the effect on
conductivity is negligible.

In summary, the simulation is indeed able to furtbeplain the experimentally observed
conductivity features and also give hints as tortta¢erials choice. Thereby major parameters
are the interaction energies of the particles withanions and with each other as well as the
kinetic barriers for surface diffusion. A composgtectrolyte requires an amount of filler
particles that on the one hand allows for the faiomaof many percolation pathways but on
the other hand does not lead to large blockingcesfeThe particles themselves apart from a
high concentration of suitable functional groupstio@ir surface need to show strong Van der
Waals interactions with each other while the swfddfusion within a network should be

kinetically hindered (mechanism of diffusion lindtaggregation, DLA).

3.2.4 Further Analysis of the Particle Surface Cisemvia IEC and the Impact

of lon Adsorption at the Particle Surface on thee@ll lonic Conductivity

In the previous chapters the lon Exchange Capdti{) has been used to estimate the
capability of a particle type to adsorb ions. Coregawith the BET data, this method is more
meaningful (see chapter 3.2.2) as the latter justsgevidence of the surface area which is
available to N gas without further insight of what might happehew the particle surface is
introduced to the liquid systems. Here one hasistinguish between the ion exchange
capacity under neutral conditions that measuresuheunt of electrolyte protons of the 3iO
surface. The standard method of measuring the E® idisperse a defined amount of
particles in 0.1 M NaCl aqueous solution (doubktitied water) under stirring and to titrate it
by 0.01 M NaOH to the neutral point. If one is netgted in the IEC under basic conditions,
i.e. the number of protons that can be detachedffaring NaOH thereafter, a defined
amount of 0.01 M NaOH aqueous solution is addedrbehe dispersion is back-titrated with
a HCI aqueous solution of 0.01 M up to the neyikhlvalue. From the required volume of the
HCI solution the IEC is determined. As describeccivapter 3.2.2, for MCM-41 this latter
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IEC value of 0.497 mmaj’ is obtained whereas MSU-H features an IEC valu@.842
mmolg®. The number of acid protons is two orders of magle below. The systematic
results are summarized in Table 4 with MCM-41 arfdUMH as filler types.

Filler IEC

# Measurement Procedure N
Type / mmol-g’

Dispersion: filler in 0.1 M NaCl, addition of exee9.01 M NaOH, backt MCM-41 0.497
titration with 0.01 M HCI to the neutral point MSU-H 0.842

MCM-41 | 7.5110°

2 | Dispersion: filler in 0.1 M NacCl, titration with.01 M NaOH to the neutral poimt
MSU-H | 1.6910°

Dispersion: filler in 0.1 M NacCl, removal of filldsy centrifugation, titration of MCM-41 7.8710°

the remaining solution with 0.01 M NaOH to the malpoint MSU-H 1.3610°2

Dispersion: filler in 0.1 M NacCl, addition of exee6.01 M NaOH, removal of picm-41 0.477
4 | filler by centrifugation, back-titration of the reiming solution with 0.01 M HC

to the neutral point MSU-H 0.848
5 Dispersion: filler in double distilled water, addit of excess 0.01 M NaOH, MSU-H 0.490
back-titration with 0.01 M HCI to the neutral point MSU-H 0.828

Dispersion: filler in double distilled water, addit of excess 0.01 M NaOH, MCM-41 0.434

6 | removal of filler by centrifugation, back-titratiasf the remaining solution with

. MSU-H 0.805
0.01 M HClI to the neutral point

Dispersion: filler in double distilled water, titran with 0.01 M NaOH to the MCM-41 6.3610°

neutral point MSU-H 1.01107

Table 4: IEC values of MCM-41 and MSU-H obtained for diffateneasurement procedures

With all procedures MSU-H turns out to be the filtgpe with a higher capability of ion

exchange. However by applying the different measerd procedures the surface chemistry
at the particles is elucidated in more detail. Bgpdrsing the filler in the aqueous NacCl
solution, protons are released to the bulk lowetimg pH value (procedure #1, standard
procedure for determining the IEC value). When egddaOH is added to the dispersion, a
part of the hydroxide anions is neutralized by pinetons. The remaining hydroxyl ions are
then back-titrated by HCI to the neutral point. Tiesulting IEC values determined by this
titration are rather large (procedure #1). Yet NaGW¥iously cannot fully deprotonate the

surface OH-groups if pH is lower than 7 as thedlitdération with NaOH leads to smaller
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IEC values in procedure #2 compared with proceddreThis is also valid when the filler is
removed from the solution after the NaCl additigano€edure #3). Obviously an excess
amount is required for fully deprotonating the aad. When the particles are centrifuged off
the solution before the back-titration (procedudg¢ #imost the same IEC values for the two
particle types are observed compared with proce#tlireThis confirms the accuracy of the
results of procedure #1 whereby no other protorstdpm the ones which originated from
the particle surfaces are present in the solu#denexpected NaCl is not initially required to
remove the protons from particle surface as the adtlition of excess NaOH (procedure #5)
leads to very similar results as with procedura#d #3. The confirmation that the protons in
the solution are actually neutralized comes from fict that with particle removal after the
NaOH addition leads to well comparable IEC valygsdedure #6). The direct titration of the
dispersion with adjacent removal of the particlgentrifugation (procedure #7) again does
not give the actual IEC values due to insufficielefprotonation of the surface with this
method.

Even though the ion exchange capacity is measuaradueous solution based on the principle
of surface deprotonation its order of magnitude gises a hint on the capability of adsorbing
ions on the surface of the particles. First oftatan be stated that in the organic solvent used
protons can be safely assumed not to be releasgkeiRhan injecting positive ions in order
to achieve a negative Zeta potential one has tonassanions to be adsorbed in agreement
with the expectations. Furthermore the results gmfermation on the bulk concentration
changes on SiQaddition. Especially in the case of a high IECueathe question arises if the
lonic adsorption perceptibly affects the bulk coctduty. Consequently the dependence of
the ionic conductivity of a given composite systérmare 0.1 M LiCIQ + THF with MSU-H

as filler) is determined as a function @fwhen the particles are removed by centrifugation
beforehand (Fig. 53).
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Fig. 53: Room temperature conductivity of 0.1 M LiCl/®@ THF: MSU-H composite electrolyte after removal
of all particles with help of centrifugation.

An almost linear decrease @fwith ¢ is observed. This indicates a strong anion adsorait
the particle surface. When the particles are remakie cations in the diffusive cloud stay in
close proximity to fulfill the electroneutrality ndition. The remaining filler-free electrolyte
is significantly depleted of ions and its conduityivmarkedly lower. This effect of salt
exhaustion naturally becomes more pronounced wdireasingp.

The concentration change in the bulk by adsorgtiaiven by=®

Ac(g)  a 6 ¢ :6a(¢/R):AU(¢) 47)

(0 (R4 (9  o(9

This equation assumes strong saturated adsorptaimtBat the amount of adsorbed particles

(a) is independent of bulk concentration. Eq. (47)laxgs the linearity of Fig. 53 and predicts
ato be 2 / (nnf) This is about 1/5 of the value of the number aftpns on the surface as
concluded from IEC. A higher value would result, bigo a deviation from the linearity if
dependence af on c is introducet®

To investigate the impact of the salt exhaustioeatfbn the composite electrolytes in more
detail, the room temperature conductivity of LiGI® THF: MSU-H is measured as a

function of for three different concentrations of LiCJQFig. 54).
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Fig. 54: Conductivity as a function af(MSU-H) for three concentrations of LiCjin THF

It is observed that the volume fraction at whiclé donductivity maximum appears is strongly
shifted from low to high salt concentrations. Aduhially the maximum is developed much
broader for high salt concentrations. For 0.1 MIOgthe conductivity soon decreases when
the salt concentration is low as obviously a sigaiit part of the salt anions are adsorbed at
the surface consequently with the cations in tifieiglve cloud. For this low volume fraction
the network pathway interruption is not expecteglry a role whereby the strong decrease
after the maximum is mainly a result of the salaustion. The bulk conductivity thereby is
very low for all investigated volume fractions aisdfurther decreased by the salt exhaustion
effect. The salt depletion does not play such gromant role for higher salt concentrations in
the composite electrolyte as enough salt ions nemctically unaffected by the addition of
particles and the subsequent ion adsorption. Toer¢iie maxima for the 1 M LiCland 1.5

M LIClIO4 containing samples are shifted to much higher meluractions whereby the
decreases following the conductivity maxima ares lateep. Here the decrease of the
conductivity after the maximum is mainly a resulttioe coarsening and already described
blocking effects.

In summary for the interpretation of the typigals. ¢ plots in the context of Soggy-sand

electrolytes the salt exhaustion effect needs tecdmsidered apart from the already known
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other phenomena leading to the dome-shaped cusgexially for low salt concentrations
and electrolytes with a low filler-free ionic coradivity.

3.2.5 Local lonic Conduction in Systems with Higdrtitle Volume Fractions

In chapter 3.2.4 it could be stated that the oV&alc conductivity for highp not only drops
due to the previously known phenomena of networthyay blocking by particles or
coarsening but also substantially due to salt esfi@u in the course of extensive ion
adsorption. All in all, a rather steep conductivilyp is observed for these particle amounts
whereby the conductivity further decreases withreasing ¢ . In terms of the lithium
transference number a different image has to berdrin the applied quasi-parallel switching
model in which for a given Sikxontent an increase af, and a decrease af_is predicted,

it is reasonable to assume the cation transferanogber in the space charge zones being
close to unity®® It has been shown by A. Jarosik et.!#. that this model with the further
assumption that space charge percolation is mogtse to non-ideal silica distribution than
bulk percolation is able to explain the maximumthe lithium transference number vg.
relation. The initial increase on SiCaddition is due to the local space charge effects
percolating through a expanded particle networkstHilocking owing to non-favorable SIO
distribution results in lower effective transferentumbers as a consequence of a preferential
perturbation of space charge conductivity. If thecking effects affect bulk and space charge
layer identically this would hardly influence théfeetive transference number as such
blocking factors cancel out iAo, /o, (cf. Equation (46)). Simultaneously the salt-
exhaustion effect is not of great influence onttaesference number as it was the case for the
conductivity itself.

For very high volume fractions a transformatiorbafk pathways into space charge pathways
is expected. Hence in that regime almost exclugisphce charge contributions exist. If the

blocking effect mainly affected the bulk pathwags,increase of ., would be expected. This
behavior has been already observed for MSU-H cointgi samples for highp (chapter

3.2.2) and is also reflected by further result€omposite electrolytes containing fumed silica
(Fig. 54,9 =0.10 and ¢ = 0.12, the results for lowep are given in Ref. [29]).
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Fig. 54: a)Lithium transference number as a functiongbffor 1 M LiCIO, / PEG-150 / SiO2 (7 nm, fumed).
Dashed line shows the overall trend tﬂ increase determined by DC polarizatids) @ndc)) recorded
potentiostatically at 10 mV fo@ =0.10 andg =0.12.

As observedt . reaches values larger than 0.6 for well-percagatipace charge layers at
low ¢ values. The blocking effect leads to a decreasd of (decrease inAg,,/ao,,).

Obviously with increasing the bulk pathways become more and more narrowefblyethe

space charge zones can overlap. As a consequends,enhanced again (0.45).
A high lithium transference number might be attalraeven at highy -values even whew,

of the composite electrolyte reaches values lyelgw the filler-free valuer, .
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3.2.6 lonic Conduction in lonic Liquid Based Compe£lectrolytes

The conventional polymer and liquid electrolytesdi$or lithium batteries still feature many
drawbacks such as the comparably low room temperatnductivity on the one hand and
the poor mechanical, thermal and chemical stabalitythe other. In recent years a relatively
new class of materials has come into focus haviegpbtential to overcome such problems.
These are ionic liquids, i.e. room temperature emkalts which exclusively consist of the
ions of which at least one is of organic naturewshg rather high ionic conductivity values
and good thermal stabilif§*” Until now, very little is known about the exachio liquid
conduction mechanism, especially when an additibiiaim salt is introduced to the system.
Equation (1) derived from the Stokes-Einstein ane describing the ionic conductivity of a
liquid system is not always applicable to ioniauiids due to the correlated motion of cations
and anionsN|, the number of charge carriers, is not easilynddfie here). If we assume that
the model ionic liquid system consists entirelyiais then it is probable that some ions of
opposite sign are sufficiently close to form relaly stable aggregates, they may be regarded
as neutral species which cannot be charge carAetsast one may expect that different ion-
ion interaction in various ionic liquid mixturesal@s to the formation of different ionic

aggregateggl In an even more complex situation, when a lithgatt with the same anion is
introduced, the dissolution of [t][X “]inionic liquid [A+][X "] leads to the ternary structure
[Li +] m[AJ’] N (m+n) where a higher viscosity, lower conductivity andhitm

transference number are observed compared to coorahlithium electrolyte&® °8
Nevertheless, several approaches towards the ptepainf composite systems have been
made including ionogels (ionic liquid/polymer), tary systems (ionic liquid/polymer/oxide
particle) and hybrid electrolytes (ionic liquid Heted oxide particles) whereby most of the
attempts have not led to improved ionic condud#stt® °® In this context, a logical question
that arises is if the concept of Heterogeneous mpman be applied to ionic liquids to
improve their electrical and mechanical propertiagthermore, from a fundamental point of
view, effects observed upon addition of Si@noparticles can give insight in the conduction
mechanism within the bulk ionic liquid. To keep themposite electrolyte as simple as

possible as to allow for easier analysis and im&tgpion of the obtained data, here an ionic
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liquid was chosen that contains the same aniomegpteviously used lithium salt (lithium

triflate, LIOTTf), 1-ethyl-3-methylimidazolium triloromethane sulfonate (EMIM OTf).

As a starting point, the temperature dependentiocanductivity is investigated when only
LiOTf is introduced (Fig. 55a). The results are ptemented by DSC measurements (Fig.
55b) performed from -50°C to 20°C (scan rate 1rkir).
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Fig. 55: a) Temperature dependent ionic conductivity for pak&IM OTf and LiOTf containing EMIM OTf
with different concentrations (heating cycle: sdlite, cooling cycle: dashed liné) DSC thermograms of
the respective samples.

The overall ionic conductivity significantly dropgon salt introduction as obviously the salt
ions hinder the ionic transport within the ionigdid. The lithium ions seem not to be
transported effectively as otherwise at least achanged conductivity is expected due to
their small size. The strength of the salt impactiee ionic liquid is seen from the DSC data.
EMIM OTTf crystallizes around -30°C (cooling cyclemmum) and starts to melt at -10°C
(heating cycle maximum). The melting peaks shiftrugalt addition while the crystallization
peak almost completely vanishes when the salt ctratéon is increased.

The same system is further investigated in term&ietérogeneous doping by SiQ/nm,
fumed) and AIO; is added as a filler (Fig. 56). In the case of3I(10 nm, Fig. 56 c), the

conductivity is strongly reduced.
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Fig. 56: a) Temperature dependent ionic conductivity for paMIM OTf, LIOTf containing EMIM OTf and
ternary systems including Si@7 nm, fumed) (heating cycle: solid line, cooliogcle: dashed line)) DSC
thermograms of the respective samplelsTemperature dependent ionic conductivity for p&EMdIM OTH,
LiOTf containing EMIM OTf and ternary systems inding Al,O; (10 nm) (heating cycle: solid line, cooling
cycle: dashed line).

Here it is observed that for a certain particleunaé fraction (1 Vol-%) the conductivity stays
constant compared with the filler-free salt contagn sample. However, the overall
conductivity is still significantly lower comparealith the pure ionic liquid. For higher (3
Vol-%) the relative conductivity drop is even higharound 40%. The DSC experiments
show a shift of the melting temperature also mampunced for increasing. Conversely,
the particles have a strong effect, even by nakexd a much more viscous electrolyte is
observed. In total it must be stated that the ddsaffects of at least keeping the conductivity
intact whereby the viscosity of the electrolytansreased can hardly be achieved with this

type of composite electrolyte.
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The situation becomes more interesting when thé isaleft out from the composite
electrolyte (Fig. 57).
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Fig. 57: a) Temperature dependent ionic conductivity for pahIM OTf, and EMIM OTf containing SiQ(7
nm, fumed) (heating cycle: solid line, cooling @cldashed line)b) DSC thermograms of the respective
samples.

It is observed that for increasing particle volufrections the conductivity values reach the
values for the filler-free electrolyte. For=5 Vol-% the differences are almost non-existent.
With respect to DSC thermograms, upon doping witb,®nly a slight shift of the melting
curve is observed. Rheological experiments aretiaddily performed on the samples with

= 3 Vol-% andyp = 5 Vol-% (Fig. 58).
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Fig. 58: a) Viscosity as function of the shear rate for 3% &fa SiQ in EMIM OTf. b) Images of pure EMIM
OTf, EMIM OTf: 3% SiG, EMIM OTf : 5% SiQ (from left to right).

The viscosity strongly increases in both composigztrolytes compared to the filler-free
ionic liquid. Forgp = 5 Vol-% SiQ, a transition from shear thinning to shear thickgn

behavior is also observed. All samples show a antistly different consistency than
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conventional liquid electrolytes (Fig. 59b). In tbase of particle addition a glue-like gel is
obtained.

Presented results are highly promising also in seainthe applicability of these composite
electrolytes as they in some cases (EMIM OTf: 5-%9l nominally show the same

conductivity with strongly enhanced mechanical sitgb

3.3 Individual Contributions of the lonic Species ¢ the lonic
Conduction

In electrolytes, the assumption is often made thatmass transport current is exclusively
caused by charged species. Yet the influence op&rs and higher aggregates on the ionic
conduction should not be neglected. Especiallyha ¢ase of polymer electrolytes, little is
known about the exact conduction mechanisms. @éyten the case of not too high dielectric
constants of the solvents and an unfavorable ictiera between the solvent molecules and
the salt ions, the number of ion pairs is high.yTbogen strongly interact with the present salt
ions. This can lead to the formation of higher agates such as triple ions for high salt
concentrations. Stolwijk et. dt*® revealed a significant ion pair contribution in & PEO.
Their PFG-NMR results on solid polymer electrolytatso show a dominant anion
conductivity in certain cases. In many ionic liqukbctrolytes lithium transference numbers
lower than 0.5 are found. According to their wohnle tLi tracer transport seems to be carried
out mainly in form of ion pair transport as thdiitm ion itself is often strongly bond to the
oxygen atoms (usually 4 to 5 as shown by molecdjaramic simulations) of the polymer
backbone. Following the work on coupled ion/elegtnootion in solid$*'® a mechanism can
be anticipated in which the effective lithium iaansport is ensured by the diffusion of ion

pairs to one of the electrodes and a countermaifahe anions to the other electrode (Fig.
59) [103, 118, 119]
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Fig. 59: Vehicular transport mechanism for lithium ionsrfrene electrode to its counter electrode.

This thus represents a cooperative motion (vehictriansport) based on the chemical
diffusion due to a concentration gradient and afldor a steady-state transport between two

lithium electrodes (DC polarization experiment) eve o, = o, =0.1% 29*?when the

ion pair releases a lithium ion to the electrodeesghit is discharged, it frees an anion that
diffuses to the counter electrode where it is lohdath a new lithium ion. This way an
uninterrupted stationary transport is maintainedvigled that the dissociation/association
reactions are fat®

As mentioned, the aspect of motion of two chargeiers in an electrochemical cell under
certain boundary conditions whereby the speciesahke to rapidly react to another species
which also shows a certain diffusivity, has alrehdgn treated theoretically for the solid state
in the Concept of Conservative Ensembt®s.*?21%4 |n that context the ionic species
consisted of ionic defects and electrons, yet tloiscept can be applied to the isomorphic
problem of determining the lithium transference iens in Li-salt-containing polymef®

The effective conductivity ¢, ) derived from I(tm) Is not simply g, but also features

contributions from the aniong( ) and the ion pairg). The latter represents the diffusivity of

the ion pair in units of the ionic conductivity. ¢éan be derived from the Nernst-Einstein

Equation

s=—D (48)

104



with D being the self-diffusion coefficient. The effe@iconductivity in the steady state of
the dc polarization then follows 4§

-1

slo 1 1
O =0, +———=0,+ (— +—j (49)

S+0. s O

When the true transference number is given as
o

t, = u 50
ot (50)

whereas the measured transference number thaegtioe ion pair contribution needs to be

written as
o o
tpol+ = o -'p-olo- = Op-ol (51)
it follows that'®®!
_ S
Eoors —t++(1—t+)s+0 (52)

The first term of Equation (52) refers to the metbia reflected by the standard Equation

o
t, =—* whereas the second term represents the contmbiyothe vehicular transport
o

mechanism fors,o_#0. For very larges values o, =0 results meaning that no

polarization occurs. Thus the equalization of ekpentally obtainedt ,, =1 with t, =1 is

pol +
mechanistically grossly wrong even though in agpbattery research a lack of polarization
often just satisfie8®! To apply Equation (49) to determine the individeahtributions of
ionic species to ionic conduction, Li-tracer diffus experiments are required as they cover
all present Li atoms (denoted Iy denoting the diffusivity of all lithium containingpecies
in units of the ionic conductivity). Converting the same way the tracer diffusion coefficient

D,; to a quantitys; via

c,F?
=——D,;. 53
Rt (53)
In terms of individual contributions, is given by
S, =s+0, (54)

Together with
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o=0,+0. (55)
originating from AC conductivity experiments at higrequencies and Equation (49), the
desired parameters, ., o, ands follow from the measurable parameters o, and s,

541031

O =0m —F
0, =0-0,, +F (56)
s=s -0, +F

whereby

F :\/(S*_i _Upol)(a_apol) (57)
Note that these considerations refer to the fillee situation. Equallg, o_ and g, can be

obtained from AC experiments and two PFG experiséht and *°F PFG-NMR, according
to

s=5(s +5. o)

0, =5(s -+ (58)

0, (. =5 +o)
allowing for a worthwhile consistency check. Tottéise applicability of the just given
concept, PEG-150 is used in which lithium trifl@e conductive salt is dissolved with the
concentrations 0.1 M, 0.5 M and 1 M. The salt fesduluorine atoms enabling the analysis
by Equations (58). In terms of potentiostatic paktion experiments the standard routine for
determining the transference number is carriediowt cell for which the cell constant is

known. This is necessary for additionally obtainthg actual value ot ,, . PFG-NMR and

AC conductivity measurements are done in the teatpes range of 20-60°C.
The respective polarization curves are shown in 6@y Together with AC measurements

beforehand and afterwards,,, as well ag,,, can be calculated.

pol +
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Fig. 60: DC Polarization curves and respective AC curvesajd.1 M LiOTf + PEG-150ph) 0.5 M LiOTf +
PEG-150 and) 1 M LiOTf + PEG-150. Measurements were carriedpmientiostatically at 10 mV.
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The latter parameter is calculated with help of &gun (22) which takes into account the
influence of the SEI formation at the lithium elecdes during the polarization process. The
temperature dependent diffusion coefficients wlaoh determined by PFG-NMR are shown

in Fig. 61.
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Fig. 61: Temperature dependent Diffusion coefficients fd®Tf + PEG-150 determined with help of PFG-
NMR.

As expected the diffusivity of the anion is higtier all three salt concentrations. Together
with the room temperature AC conductivity data deiaed with help of blocking electrodes

(Fig. 62) the desired parameters are accessibleheip of the Equations given above.
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Fig. 62: Room temperature conductivity as a function ofghk concentration

After an almost linear increase with the salt comi@ion the conductivity curve shows a
saturation that has often been found for conveatietectrolytes. The obtained results are
compared with those of the Soggy-sand electrolielLiOTf + PEG-150: 1 Vol-% SiQ (7

nm, fumed) which are shown in Fig. 63.
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Fig. 63: a) DC Polarization curve and respective AC curvesifdrLiOTf + PEG-150: 1 Vol-% Si@(7 nm,
fumed). Measurements were carried out potentiastfti at 10 mV.b) Temperature dependent diffusion
coefficients for LIOTf + PEG-150: 1 Vol-% Sid7 nm, fumed) determined with help of PFG-NMR.

Table 5 summarizes the experimental results of suchulti-technique approach and the

individual transport contributions evaluated acaogdo Eqg. 56 and 58.
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c s*_i S:: o Jpol U+ o_ S F O-ind t§§+ t:alc
mol/L S/cm S/cm S/cm S/cm S/cm S/cm S/cm S/cm S/cm
0.1 1.910% | 5.1810% | 4.410% | 1.610* | 6.8310° | 3.7210% | 1.2210% | 9.1710° | 9.210° | 0.35| 0.15
0.5 3.310% | 6.6310* | 5.210* | 2.510% | 1.0310" | 4.1710" | 2.2710% | 1.4710* | 1.410* | 0.49| 0.19
1 1.610% | 6.5210% | 5.510% | 1.310* | 1.7810° | 5.3210* | 1.4210° | 1.1210% | 1.210% | 0.26| 0.05
1: 1 Vol-% Si 7
Of ° '(3( 4.810% | 7.0510% | 7.910* | 4.010* | 2.8310* | 5.0810* | 1.9810* | 1.0810* | 1.7710% | 0.51| 0.28
nm ftume
Table 5: Summarized data from PFG-NMR, AC conductivity ard polarization measurements to determine the dbpaeametersr, , o ands. t§§+ indicates

t

pol +

determined with the method by Bruce and Evansriestin chapter 2.2.6 whereﬁ?'C' results from Eq. (52).

calc.

NMR

c s, s o o, . S O ol O
mol/L S/cm S/cm S/cm S/cm S/cm S/cm S/cm S/cm
0.1 1.910* | 5.1810* | 4.410" | 5.6010° | 3.8410" | 1.3410" | 1.510" | 9.910°
0.5 3.310" | 6.6310" | 5.210” | 9.3510° | 4.2710* | 2.3710" | 2.410* | 1.510"
1 1.610* | 6.5210* | 5.510" | 2.9010° | 5.2310* | 1.3110" | 1.410* | 1.010*
1:1\/0522?(7”'“ 4.810* | 7.0510* | 7.910* | 2.2310* | 5.6710% | 2.5710% | 4.210* | 1.4210"

Table 6: Data from PFG-NMR and AC conductivity measureméfdadking electrodes) with the derived values éor, o ands with help of Eq. (58) and the
calculated overall conductivity in the polarizedtstwith help of Eq. (49).
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The analysis leads to self-consistent results. Rtudata it can be seen that the increase of
the ionic conductivity in the non-polarized state)( when increasing salt-concentration is
weakened with increasing salt concentration whechlso confirmed by conductivity values
for even higher concentrations such as 1.5dv6.810* S cm?) indicating a saturation. The

cationic conductivity contribution ¢f,) even runs through a maximum. In contrast the
increase of the anionic conductivity () flattens whereas ion pair contributias) $tays rather
constant. These deviations from proportionality mbs ascribed to the concentration
dependence of the mobility which is expected festhhigh salt contents. As a resutf,, is

hardly changed for the chosen concentrations. Hewis value is rather high showing that
the vehicular transport is important for this saltvent combination. Here the different
degrees of solvation play a significant role. Litii ions are strongly coordinated by the ether
oxygen atoms of the polymer molecules which hindkesr diffusion whereas the ion pair
and especially the anion are more loosely surradifiyethe solvent. Furthermore in the case

of high salt concentrations the cations come ithdsec proximity as the simplified estimation
d =(cN A)_”3 (d: distance between two lithium ior$,: Avogadro constant) shows. Hetés
found to be 1 nm for 1 mol/L LiOTf in PEG-150 whigtdicates a correlated ionic movement
with a reduced ionic mobility. This is in agreemeuith the respectivé™® which is strongly

reduced compared to the lower salt concentratibns.non-linear effect of the concentration

is also reflected by the variation of the overalcosity in Fig. 64.
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Fig. 64: Viscosity as a function of LiOTf concentration iE8-150 (constant shear strain rate of 580 s
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Let us now turn to the silica containing liquids.ithVaddition of fumed silica the AC
conductivity is significantly enhanced which is esldy known from previous
investigation$>” Here the strongest change is noticed dor as a result of the release of

BE
pol +

lithium ions due to anion adsorption which slightigduceso_ leading to a_;, value of 0.51

and t®¢ of 0.25 ¢, indicatest

pol +

determined with the method by Bruce and Evans

pol +
described in chapter 2.2.6 wherg&€ results from Eq. (52)). As already shown before th

total conductivity of a composite electrolyte caa approximately (space charge layer:

strongly enhanced cation concentration, depleteidnaconcentration, constant ion pair

concentration) written asx(* : cationic conductivity in the space charge lay&¥)

Onac = ¢ﬁafc + (1_ ¢) O, (59)
whereas the total conductivity in the polarizedesta given by
O o = B0 +(1-9) 0., (60)

This assumes that the transference number in Heesgharge zones is close to 1. Here, as the
salt concentration is high (1 mol/L) and the salaustion effect only plays a minor role, the
bulk conductivities in the unpolarized and poladizgate can be approximately identified

with the respective filler-free conductivities. Whentroducing the obtained values into
Equations (59) and (60), similar results are fofordo™ indicating their validity.

In summary it can be stated that for the first tim&ividual contributions of ionic species —
including the indirect ionic transport with help win pairs — could be explicitly extracted
from a combination of AC, DC and tracer diffusi@thiniques. The influence of ion pairs on
the ionic conductivity in the investigated systesnsirong due to the rather low dielectric
constant of the solvent, the resulting high amaifnon pairs and the significant conductivity
of the counter ion. In this and other systems wgithilar solvation properties the lithium
transference can by no means exclusively be at#ribto the single lithium transport as the
vehicular mechanism plays a significant role. Wifiler particles the conductivity
enhancement can be mainly attributed to the ineceastionic conductivity in the space
charge zones, while the polarization in the DC expent mainly affects the bulk.
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4 Conclusions

This work was devoted to the clarification of sh@mge and long-range effects in salt-
containing liquid-solid composites. On one handetls with the classification of network
kinetics as well as local and overall transporéeff. On the other hand it was concerned with
the question of how to generate corresponding madégesuited for lithium battery electrolyte
applications.

It could be shown that the network formation — acpss of great importance for composite
electrolytes as it codetermines the final physarad chemical properties — could be recorded
in situ for low particle volume fractions in cerasystems. Confirmations for the given
conclusions thereby came from microscopic techrsgueich were applied for the first time
in that research field as well as from electrocloaitiechniques. Monte Carlo simulations in
combination with Finite Element analysis, developagether with Marcus Gaébel, elucidated
the phenomenon in greater detail and furthermooegut helpful to find proper composite
electrolytes by investigating the interplay betweetwork structure and physical properties.
For this system even a quantitative estimate ofréspective lithium transference numbers
and conductivity enhancements was possible.

Further investigations in the context of ionic coatlon were carried out which brought the
salt exhaustion effect to light as an additionalsan for the conductivity drop at high particle
volume fractions and simultaneously indicated tinengjth of ionic adsorption at the particle
surface by lon Exchange Capacity measurementsadt woreover found for high particle
volume fractions that space charge pathways tramsfo bulk pathways. With this result the
dependence of lithium transference number on panimume fraction became explainable. It
was surprising to see that the local transferenomber could still be greatly enhanced
compared to the filler-free solution even when allexonductivity had significantly dropped.
As far as applied research in terms of the Sogggsalectrolytes is concerned, such
composites using mesoporous solid particles imprtve overall battery electrolyte
performance by offering additional percolation pedlys. It turned out in this context that it is
the enhanced accessibility of ions to the parttaéwork due to its favorable mesoporous
morphology mesopores and not simply the specifitasa area that leads to preferential ion

adsorption and transport.
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As a new approach ionic liquids are used as ligoithponent in the composites with a great
potential of maintaining the high ionic conductwiand simultaneously improving the
mechanical stability of these systems. Becaus@ahigher stability they are more suitable
for battery applications than previous systems.

With respect to transport phenomena therein, iiccde shown that the application of a
combination of various techniques (AC conductivi; conductivity and PFG-NMR) allows
for the determination of individual contribution$ ionic species to the ionic conductivity.
The results show that the vehicular transport maisha involving ion pairs and counter-

motion of anions plays a significant role in Lifisderence.
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5 Outlook

The fundamental and applied interest in soggy-saadtrolytes is substantial as (i) a new
tool-box for arriving at macroscopic propertiepisvided, (ii) the applicability potential in
various fields is substantial. On the one hand; thass of electrolytes combines favorable
electrical properties (high conductivity and lithmutransference number) with excellent
mechanical properties (mechanical stability, shhgieg wetting). On the other hand, due to
the generality of the concept the variability ofrqmosing the actual system opens a wide field
for achieving the desired physical properties. Thidudes the nature of solvents, salts and
filler particles, but also size, shape, and surf@wemistry of the fillers as well as the relative
proportions, i.e., volume fraction as far as thierfis concerned and molar concentration as
far as the salt is concerned. Yet, systematic reBen that area is needed to a greater extent.
The major weakness lies in the kinetic control e thorphology. This leads to significant
problems in exactly reproducing overall conducygffects or even getting them stationary
during the window of operation. These intrinsicfidiilties also appeared in the Monte-Carlo
simulation.

It is to be expected that a better stationarity énud a better reproducibility will be arrived at
if a denser, percolating network is achieved. Hoavett is clear that the conductivity may
severely drop at such high volume fractions. Ondhe hand there are various degrees of
freedom in the preparation and sample composititomitigate conductivity losses. On the
other hand, looking at the conventional electrayte enhance the overall conductivity is not
the most important issue. What is more importaesides the mechanical advantages, is the
substantial increase of the Li transference number.

Hence the challenge is to prepare composites witjin liller fractions that are still
homogeneous, locally electrically active (this npagsuppose higher salt contents) and which
exhibit a morphology with sufficient space chargecplation. For this purpose the idealized
picture of a closely packed filler-sphere arrangetirtbat would still offer percolation can
serve as a long-term objective.

The intensification of research in that area cdaddmore than worthwhile: viscous or solid-
like but well-wetting electrolytes may be achiewahkhith high conductivity and high

transference numbers. Such electrolytes may makmraers dispensable, strongly
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simplifying the technology of battery fabricatio®uch electrolytes can even be made
transparent which is advantageous for photoelenenmical applicationS®!
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Glossary

Symbols

Minimum separation distance between ions
Surface area

Magnetic field strength
Concentration

Electric capacitance
Dimensionality

Distance between electrodes
Diffusion coefficient
Elementary charge

Energy

Faraday’s constant
Gravitational constant

Ge Tm 0Oaa OO WP

Strength of magnetic field gradient
Electric current

Electric capacitance of a constant phase element
Particle radius

Electric resistance

Diffusivity of ion pairs (D) converted to conductivity units

J  Flux density

k Rate constant

k  Cell constant

K Equilibrium constant
L Length of d-dimensional space
M Molecular mass

M Torque

m Mass

n  Mole number

N Number of particles
p probability

P Pressure

Q

r

R

S

S

NMR signal intensity
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Transference number
Absolute temperature
lonic mobility

Electric voltage
Potential

Non-Coulombic short range interaction energy

lonic valence
Electrical impedance

Degree of association / volume ratio of spacegiéayer to silica particle
Fraction of interfaces actually contributinga@

Gyromagnetic ratio

Shear strain

Mean distance between particles
NMR pulse duration
Surface-to-surface distance
Time interval between two NMR pulses
Gradient

Dielectric constant of the solvent
Dielectric constant of vacuum
Zeta potential

Volume fraction

Dynamic viscosity

Reciprocal Debye length
Wavelength

Gravimetric density

(lonic) conductivity
Sedimentation velocity

Angle between cone and plate
Frequency

Electrophoretic mobility
Adsorbed charge density
Relaxation time

Shear stress

Surface-to-volume ratio of the particle
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Indices

A lon pair association

b  Boiling
Double layer
diff Diffusive
ex Excess value over bulk contribution
f  Fractal
| Liquid phase
L Solid interphase
m  Overall
m  melting
p Particle
pol Polarized
s Solid phase
Solvent
S Anionic triple pair association

scl Space charge layer

Cationic triple pair association
Volume

Bulk

Adjacent to the particle

+ o8 < -

Cationic

Anionic

I+

Neutral ion pair
Abbreviations

AC Alternating current

BE Bruce Evans method

BET Particle surface area according to the Brundommett—Teller technique
CPE Constant phase element

CFM Confocal Fluorescence Microscopy

CVi Colloid vibration current

CVP Colloid vibration potential
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DLA Diffusion limited aggregation

DLCA Diffusion limited cluster aggregation

DLS Dynamic light scattering

DMC Dimethyl Carbonate

DMSO Dimethyl Sulfoxide

DLVO Derjaguin and Landau, Verwey and Overbeek theo
DSC Differential Scanning Calorimetry

EC Ethylene carbonate

EIS Electrochemical Impedance Spectroscopy
HRTEM High resolution transmission electron microscope
IEC lon exchange capacity

VP lon vibration potential

PC Propylene carbonate

PEG-150Polyethylene glycol dimethyl ether
PEO Polyethylene oxide

pzc Point of zero charge

SEM Scanning electron microscope
TEM Transmission electron microscope
THF Tetrahydrofuran
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