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ABSTRACT

lonic liquid-based electrolytefL electrolytes)are known to have advantageous
properties to be applied in lithium (ion) batteries @how poor lithium ion
conductivity. In the present work IL electrolyte properties were influenced by adding
an isolating second phase. Systematicahsueements of thebtaineddispersed
electrolytes are presented. As standard IL electrolyte 15 wt% lithium
bis(trifluoromethylsulfon)imide (LITFSI) as conducting salt in -bhtyl-
N-methylpyrrolidinium TFSI (BMPTFSI) was used. Silica particles with varying
morphologies and surfaces acted as filler materials. The total conductivity of the neat
IL electrolyte decreased by maxd % for mass fractions of silica up to 10 wt%. At
the same time viscositied shear modulincreasedoartially by several orders of
magnitude.Moreover,the electrochemical response half cells with lithium iron
phosphate hardly changed with respect to the neat IL electrSliytee the electrical
properties hardly changed despite a severe viscosity incesaggreased lithium ion
mobility is assumed in the composite electrolytes. No obvious correlation of
electrolyte properties with chemicabmpositionof silica surfaceswas observed.
Hence, it is concluded thahe morphology ofthe filler material is crucial for the
observed déct. Asa model for enhanced lithium ion mobility in the composite
electrolytes it is proposed that silica particles form ptieses with the IL electrolyte
containing orderedrrangementf the IL ions. This intephase seems to beelatively
long-rangedinfluencing the bulk electrolyteThe lithium ion conductivity may be
increasedn the interphase due to altermzhduction paths with respect to the bulk IL
electrolyte. Moreover, lithium ion concentration in the bulk electrolyte may be
changed resultingn higher lithium ion conductivity.
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ZUSAMMENFASSUNG

Auf ionischen Flussigkeitenbasierende Elektrolyte (1Elektrolyte) sind daftr
bekannt vorteilhafte Eigenschaften fir Lithiuri@nen)Batterien aufzuweisen
werdenaber auf Grund ihrer schlechten Lithilonenleitfahigkeit nicht eingesetzt. In
der vorliegenden Arbeit wurden die Eigenschaften einddéktrolyten durch Zugabe
einer isolierenden zweiten Phase beeinflussd es werden systematische Messungen
der enstandenen dispersen Elektrolyte préasentiert. Als Staritlakdrolyt wurde
N-Butyl-N-methylpyrrolidiniumbis(trifluoromethylsulfon)imid (BMPTFSI) mit
15 Gew:% Lithium-TFSI (LiTFSI) als Leitsalz verwendet. Silidaartikel mit
unterschiedlichen Morphologieund Oberflachemientenals Fillstoffe. Fur Silica
Massenanteile von bis zu 10 Gee.verringerte siclilie Gesamtleitfahigkeit des 4L
Elektrolyten um max. % %. Gleichzeitig erhohten sich die Viskositaten und
Schubmodul teilweise um mehrere GroRenordgen. Das elektrochemische
Verhaltenin Halbzellen mit Lithiumeisenphosphanderte sich kaurim Vergleich
zum reinen ILElektrolyten Dasichdie elektrischen Eigenschaften trotz der deutlich
erhohten Viskositaten kaum &nderten, vilrden KomposHElektrolyteneine erhéhte
Lithium-lonenmobilitdit angenommen. Eine Korrelation der chemischen Natur der
Silica-Oberflachermmit den Elektrolyteigenschaftemar nicht zu beobachten. Daher
l&sst sich schliel3enlass die Morphologider Fillmaterialien fur die Beoblaitingen
entscheidendst. Als Modell fur die verbesserte Lithivtonenleitfahigkeit in den
KompositElektrolytenwird vorgeschlagen, dass die SikiPartikel eine Gremhase
mit dem Elektolyten ausbilden, in der die dlonen in geordneter Form vorliegen
Diese Grenghase scheint relativ weitreichend zu sein sodass die
Volumeneigenschaften des-Hlektrolyten beeinflusst werdemie Lithium-lonen
kénnten auf Grund von veranderten Leitfahigkeitspfaden eine erhdhte Leitfahigkeit in
dieser Grenzphase aufwaiséulRerdem konnte die Konzentration der Lithilonen
in der flissigen Phase verandert sein, sodass eine héhere Lidmanieitfahigkeit
resultiert.
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1 INTRODUCTION

Lithium ion batteries (LIB)and so-called next generation batteriés.g. LFSg or
Li-O> cells) gained a lobf interest in recent years. Usualliguid electrolyteswith
organic solventare usegwhich often caussafetyissuesdue toa high vapor pressure
going along with high flammability. Hence, liquid electrolytes with higher safety are
an important techrogical target As ionic liquids show a diminishihgsmall vapor
pressure thegre consideretb be promising for application as lithium electrolytes.

Pure saltsn theliquid stateare well knowrsince long timen the form ofmolten
salts at high tempatures. To obtairthe liquid state at ambient temperatures the
melting point has to be decreassuhsiderablyThis is achieved for ionic liquid$Ls)
which are defined as molten salgth meltingtemperatures below 100 9T, 2]. A
subcategory of ionic liquids wastablishedor molten salts with melting temperatures
below room temperature called room temperature ionic ligiRdsLs). Due to their
liquid phase but ionic nature they show properties lying between the ones of common
solvents and solids. To achieve the low melting points cations and avitbridearly
differentsymmetriesare combinedThus, a lot of ion combinians are possible which
strongly influence chemical and physical properties of the mat€uealversely the
properties can be tunemh demandy adequate choice of cation and anidsually
ionic liquids have high conductivities being comparable to conliqoi electrolytes.
Moreover, they exhibit mostly high chemical, thermal and electrochemical stability
with a diminishing small vapor pressure. Due to their high variety of properties which
can be adjusted and their advantageous properties ionic l@p@gdstential solvents
in a lotof different areas like synthesis, catalypi®cess technology energy device
[1, 3]

In recent years much effort wagenton researcifor lithium ion batteries and next
generation batteries. Electrode matkriwereclearlyimproved and numerowsdudies
were published providing a better understanding of the electrolyte propgtiiés
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Mostly, commercidly available organic solveiitased lithium electrolytes are used
which usually do notshow sufficient electrochemical stability.Therefore,
decompositiorproducts are formed during cell cycling resulting in a solid electrolyte
interphasg(SEI) at the anod¢8] and a cathode electrolyte inpiase(CEl) at the
cathode[9]. These intgrhases usually decreasehe cell capaciy and performance
Moreover, theilm formation isnot sufficiently understood to be actively controlled
for adjusting them irmn advantageous way. Apart from that, common liquid lithium
electrolytes have high vapor pressures and are flammable establishing a high safety
risk. Solid and polymer electrolytegppearto be an appropriate alternative to these
liquid electrolytesbut they bring sme critical drawbacks since they provide a poor
contact with the porous electraddue to their rigidity. Thus, ionic liquidased
electrolytesmight representa good compromiséor application in electrochemical
cells.
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Figurel1.1: Summary of requirements for lithium electrolytes applied in lithium (ion) batteries.

The main demands for lithium electrolytes beneath sufficienuirtion mobility
are a high thermal, chemical and electrochemical stability to ensure cell safety.
Moreover, it is required to minimize dissolution of electrode active material which
decreases cell life time and performarteéigurel.1 summarizes the requirements of a
lithium electrolyte for lithium (ion) batteries. By adequate choice of cations and anions
ionic liquids fulfill most of the requested demands, especihldyaspect of safety
which is crucial for battery applications.
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Cell tests with ionic liquiebased electrolytes showed that sufficient cell capacity
and life time can only be achievatlvery small current densities which prohitiie
achievement ofiigh performanceThe main reason for the poor performance of ionic
liquid-based electrolytess their low lithium ion mobility resulting from strong
coordination of the lithium ions by thke anions since noeutralsolvent is present for
the solvation of ions [10i13]. Thus, IL electrolytes caronly be applied to
electrochemical cellsusing additives which increase lithium ion mobility. One
approachs to add common solvents to the electroligewever, this introduces again
volatile compounds and reduces the advantages of Thas the question arises
whether the lithium ion mobility can be improved without changing ghegsical
properties of thdiquid phase. For solid, liquid and polymer electrolytes enhanced
lithium ion mobility was achieved by introducing a solid second phageyitself
electrically insulating14i 18]. If the surface of this second phase attracts anions and
forms a negative surface charge, a positive space charge majéomsolid and liquid
electolytes it was reported that thgpace chargeegion at the isolating surface
establishes enhanced cation conductivity. If peramaif the space chargegionsis
achieved the cation conductivity of the electrolgten beimproved remarkably. For
polymer electrolytea different mechasm is identifiedlt was shown that the second
phase reducdbe crystallinity of the polymemand therefag enhances the ion mobility.
Since the properties of ionic liquids aret quitecomparable withlthesesystems it is
interesting whether the lithiunom mobility canalsobe enhanced by introducing a
inert second phase. This approach was already reported in litefalurgd 29] but
the results are not consistent,.y8b far,different materialsvere usedas second
phase and the ionic liquid was also variedence results from literature can hardly
be compared. The missing systentit the investigated systems do not allaw
unambiguous conclusion on the effect afsecond phase on the IL electrolyte
properties.

Thus, in the present work exclusively one material was chosen as second phase,
namely silica and its morphology and surfasese varied systematically in one IL
electrolyte, being MNbutyl-N-methylpyrrolidinium bis(trifluoromethylsulfon)imide
(BMP-TFESI) with lithium bis(trifluoromethylsulfon)imide (LiTFSI) as conducting
salt. The effect of the second phase could be preventiomeakening of anion
coordination on the lithium ions resulting in enhanced lithium ion mobility. By
adequate choice of second phase, the anions could be bound to the interface region.
Then, less solvating anions are available in the bulk electrolyte.elHer®s anions
would be available to coordinate the lithium ions, increasing the concentration of free
lithium ions and therewith the lithium ion conductivity (Efgurel.2).
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Figure 1.2: Schematic description of the effect of filler matefiablating second phase a lithium
ionic liquid-based electrolyteotenhance lithium ion conductivity. The filler materiaby form an
interfaceregionwith the IL electrolytewhich immobilizes the anions. Hence, complexation of lithium
ions may be decreasedoreover an improved lithium ion mobility may be achieved i ititerface
region.

In thefollowing detailed studiesf the IL electrolyte 15 wt% LiTFSI in BMHFSI
with silica which vary in morphology and surfadenctionalizationare presented.
Total conductiviy of the composite electrolytes presentd as well ascyclic
voltammograms ofhalf cels with lithium iron phosphate andesults on the
electrochemical windows. The mechanical propertésthe electrolytes were
investigated by rheological rotation and oscillation experimepteviding the
viscositiesand viscoelastic properties. Finally, a model is proposed to describe the
influence of silicafiller on the coordination properties of the .ILPrior to the
experimentghe theoretical background summarizedor a better understanding of
the results. Within tis ionic liquid-based electrolytes are describaull literature
knowncomposite electrolytesre discussed hen, the interface effect of ionic liquids
in contact with solid surface is described prior to presenting IL electrolytes with silica.
Finally, in the second chaptesome basics othe conductivity as well a®n the
transference number areviewedand rheology basics are presented. Inftheth
chapter the results are summarizadd an outlook on further investigations for a
deeper understandirg the presented systesigiven




2 THEORETICAL BACKGROUND

The application of ionic liquids as electrolytes in lithium (ion) béts discussed
and it is pointed outhatit is crucial to enhance lithium ion mobility. In the second
partconductivity enhancement theterogeneoudoping of solid, liquid and polymer
electrolytes isintroduced Prior to presentrecent literature describing howthis
approach is applied to ionic liqulthsed electrolyteshe interface of ionic liquids in
contact with an inert surface ¢®nsideredConductivity fundamentals are discussed
briefly in the third partand some concepts on describing ttwnductivity of
electrolytes containing an isolating phase are introdudds sgnificance of
measuring the partial conductivities of electrolytes is outlineddifferent methods
to measurethe partial lithium ion conductivityn liquid lithium electolytes are
reviewedbriefly. For a better understanding thfe mechanical properties and their
measuremenisome important fundamentalsrheology are present@dthe last part

2.1 IL electrolytes

In recent time a few reviews were published deakvith ionic liquid-based
electrolytes (IL electrolyteq¥t, 307 34]. Degite theadvantageous propertie§ionic
liquids 7 high chemical and electrochemical stability, #tammability, good
wettability T IL electrolytes havesomeseriousdrawbacksThe discharge capacities
with IL electrolytes are usually lower than discharge capacities obtained with common
molecular solvenbased electrolytd85i 39]. Due to the high viscosity of ionic liquids
the kinetics of electrode reactions is very slovius, cycling can occumwith IL
electolytes only at small current ratesversibly[40, 41} Furthermore, the lithium
ion conductivity in IL electrolytes is lowince the lithium ions areoordinated by the
IL anions forming negatively chhged lithium complexeft2]. For TFStbasedLs it
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was shown by spectroscopic results and theoretical calculations that lithium ions are
coordinated bidentdty by two anions[10i 13, 43 47]. Moreover, the results gave
evidence on theis conformer of TFSI anions being more stable in presence of lithium
ions than in the neat IL electrolyte where trens conformer is more favorefd6].
Conductivity of ILelectrolytes is mostly belowrhS/cm and the reported traesénce
numbers forlithium ions in the neat IL electrolytes do hardly exceed [@4].
Lassegues et al. showed that the lithium ions in different imidazdiasedLs are
coordinated by two aniorest the usually used lithium salt concentratigh8]. This
coordination is schematically shownkigure2.1. For higher mafractionsof lithium
saltthan 0.2 the authors reported nanostructering of the lithium and TFSbramnag
multinuclear complexes.

P N O lithium
Q ﬁ"‘-: . nitrogen
O oxygen

| trifluoromethyl

Figure2.1: Lithium ionsin IL electrolytes arestronglycoordinated by the anions. This schematic view
showsthetetrahedratoordination of lithium ions by TFSI aniofshodified afte{13]).

IL electrolytes are alsaliscussedfor lithium air batteries since thesequire
chemicaly highly stable electrolygewhich are inert tthe aggressive oxygen radical
anion formed during discharge.An informative reviewon lithium-air battery
electrolytesvas given byBalaishet al.[49]. For lithium-sulfur batteries IL electrolytes
are alsomentioned as they havel@awer solubility for polysulfidesformed during
discharge Recently Scheers et al. gave a review on electrolytes for lithuur
batteried40].

To understand IL propges it is important not to consider them as common liquids.
Although they are in the liquid stat&eir mobility mechanism is differecompared
to neutral solventdn a conventionaklectrolyte the lattice energy the conducting
saltis overome byforming lvation shells whereas in the ionic ligl the lattice
energy issmall enough to bevercane by thermal energy. Theason for the low
melting pointsbeingbelow room temperature the very small lattice energjue to
the mismatching symmetriesf cations and anion$50, 51} Using diffraction
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experiments it was shown that ionic liqusisow a short range order which appears
similar as in amonic crystalin the first coordination shellzutis damped very fa$b2,

53]. To describe the properties of ionic liquids tke-called hole model was
established which predicts small empty volume elements with different sizes and
shapes which fluctuafé4i 57]. Theseholes inlLs arethermaly geneated for entropy
reasonsThus, theevacanciedorm continuously and show thermal motion leading to
disappearance anceformation of larger and smaller hole$zor ion diffusion a
neighboring vacancy with adequate sigerequired. Since the probabilitprfthe
formation ofsuch a vacancy is not high in room temperature ionic liquids they show
high viscosities and low conductivitiesomparedto classical(high temperature)
molten salts where the probability of vacafmynationis considerably higher. Heac
regarding ion mobilityroom temperatur@nic liquids are not superiofTo improve

the properties of lithium IL electrolytes the ion mobility, especially the lithium ion
mobility, has tobe increased. One possible approach is to directly addressitnlit

ion mobility by weakeninghe interactions dithium ions with the anions.

2.2 Composite electrolytes Influence of interface

Solid electrolytesSE) One approach to influence ion conductivity of an
electrolyte is tdorm interfaceregiors with enhanced ion conductivity mtroducing
a second phasetomthe conducting matrixor solid electrolyteg wasalreadyshown
in the 1970s[58] that the presence o&n isolating phasenay induce space charge
regionsin the electrolyte with enhanced conductiv[yd, 15, 5962], which are
formed due to the surface potential of the isolating ph&e.adequate choice of
second phase the counter iare adsorbedat the insulator surfageesulting in an
enrichment of mobileharge carriers the space chargegion Thus, the conductivity
in the interfaceregionis enhanced compared to the bulk conductivityis is only the
case for intrinsic conductors where the concentration of mobile charge carriers is
controlled by a defect formation equilibrium. Hence, thifeaf of heterogeneous
doping is only significant for weak electrolytes where #usorptiofdesorption
equilibrium of charge carriex competes with thedefect formation equilibrium
resulting in an enhanced concentration of mobile charge camiettse inerface
regions(cf. Figure2.2).




THEORETICAL BACKGROUND

SE: SE:
S*+V, == SV, M, == V,, +M;

4 space charge region
_
org. electr.: : : org. electr.:
N — 3 =+ HIE R — T —
S+A” = S-A + + 5_ h_a MA = Mg, + Ay
= LEl
+ LA R
= T T -

M, M.:Olv +

positive charge carriers

concentration

VIM'AZOIV -’

negative charge carriers >

>

distance from surface

Figure 2.2: Schematic viewof space chargesgionsformed by introducing an isolating phaseith
adsorption sites Bto a cation conducting matriAdsorptioridesorptiorequilibrium and charge carrier
formation equilibria are shown itle reaction equations. Consuming of charge carrier by adsorption
shifts bulk equibrium towards formation of mobile charge carriers resulting in space charge regions
with enhanced conductivities.

Percolation of these local space charge regions is required to cause a change of the
mean conductivity63]. Thus conductivity enhancement occurs offlya minimum
amount of second phase is pregerform percolating space changgions called the
percolation onset. Fa volume fractiorof second phase above the percolation onset
theconduetivity increases until a maximum is reacldeee to percolation paths which
are shown schematically Figure2.3. Thenthe percolation threshold is reached and
the conductivity starts to decrease withcieasing amount of second pha3dis
decreasdas due tosterically blocked percolation paths by second phase particles
because of their too higlolume fractionSeveral authors presented experimental data
approvingthis theory of percolating space charggions The investigations were
mostly carried out with alumina or silica doped halif} 64 70].
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Figure2.3: Conducting matrix (blue) with dispersed second phase (grey)oisn schematically. The
space chargeegions(red) with enhanced cation mobility overlap forming percolation paths with
enhanced conductivity
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Organic solvenbased electrolytes (org. electr.) This effect of enhanced
conductivity due tgpercolatingspace chargeegionsin composite electrolytes was
also reported for liquid lithium electrolytes basednauitralsolvents. Bhattacharyya
et al. showed for several lithium electrolytes a conductivity increase nsitig
amount of silica as fillermateriand cal |l ed the el @A/ ol yt e:
He used mainly lithium perchlate (LiCIQi) containing electrolytes with methanol
tetrahydrofuran(THF), ethylere glycol and low molecular polyethylerglycol [72i
75], but also technical electrolytes as lithium hexafluorophosphate (LGP
carbonateébased solvent§7l, 76, 77] The reported conductivities pass through a
maximumwith varying amount of filler materiasalready showror solid composite
electrolyteq14]. Similar results were achieved in lithium electrolytes based on borate
esters by Kaskhedikar et dlf8]. The onductivity enhancemenncreased with
decreasingparticle size of the filler materiad, increasingLewis acidities of the
surface of filler materias and decreasing dielectric constf the electrolyte
solvens [73]. Beneathunmodified silica nanoparticles Bhattacharyyaletlso used
methy}, octyl and aminopropymodified silica particle§71, 74 77]. Althoughboth
hydrophobic silica forrad stable networks, resulting in viscoelastic electrolytes,
conductivity enharmsment occurredonly in the electrolytes with methyhodified
silica. The authors assume that the octyl groups hinder the littmanmobility
steiically. The aminopropymadified silica formed only a sol indicating that stable
network with percolatig space chargeegionscould be formedThe resultsverein
good accordance with the zeta potentials of the silica whesieall negative except
in the case of the aminopropylodified silica.

Comparableconductivity measurements as carried out by Bhattacharyyaist al.
carbonatebased lithium electrolytd§'1, 76, 77]were carried out by Sann et f19],
leading to contradictory reks sincea continuous decrease of conductivity with
increasing amounbf silica as filler materialas reported Even usingthe same
electrolytes andparticle sizes ofsilica led to different results compared to
Bhattacharyya et aBince the effect of herogeneous doping occurs at the interface
of filler material and electrolyte Sann et [80] also usectarbonatebasedlithium
electrolytes withmesoporous silica which Hdahigh surface area By varying the
volume fractionof mesoporous sda in the electrolytethe measuredonductivities
still decreased continuouslin this context Pfaffenhuber et @irtesented ain-depth
discussion othe sec a |l | e d-s @@ @ g & | [5 The authgrshewsed that
ion pairs have to dominate in tiheatelectrolyte to achieve an improvement by the
concept of heterogeneous dopif@6, 81] Using dyesensitized silica hey
demonstratedy confocal fluorescence microscopy that the required network for space
charge percolation formslowly on thetime scale of seval days. This observation
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was complimentedby conductivity measurements, showing that the conductivity
varied with time. Furthermore, the authors shothed ultrasonic treatment which was
appliedby Sann et al. to disperse the filler material interrapis network formation

of filler material The authoremphasize¢hatthe networkstructurewhich is essential
for conductivity enhancemeintsince percolation paths are neces$aig kinetically
controlled and hence, the reproducibility of the resusltdifficult to achieveeven in
computer simulations. These commesipportthe assumption that the continuous
conductivity decrease with increasing amount of filler observed by Sanrgf,82]
might be explained by a incompleteformation of filler network. The condtivity
measurements of Sarmt al. were carriecdbut at differenttemperature Hence,the
measurement of one electrolyte took about two hours. Ihéteorkformationwas
time dependentthe conductivities would have been not consistent with varying
temperaturelnterestinglythis effect was not observed in any experimamicating
that conductivities of the investigated electrolytes were not time dependent

Conductivity enhancement resulting from heterogeneous doping can only be
observedif the conductivity of space chargeegionsis higher thanthe bulk
conductivity. This isonly the case foweakelectrolytesn whichion pair formation
dominatesin the bulk the solvated ions which contribute to electrolyte conductivity
are in equilibrium with ion pairs. In weak electrolytes the equilibrium is shifted
towards the formtion of ion pairsThe adsorption of one ion species at the surface of
the second phase shifts the equilibrium towards ftmmnation of solvated ions
(cf. Figure2.2). In strong electrolytes ion pairs are hardly present. Thus, adsorption of
ions reduces the concentration of mobile charge carriers and decreases the total
conductivity. Since Sann et al. investigated lithium electrolytes with high bulk
conductivity the effect of heterogeneous doping could not be obsdrnvit light of
this, the conductivity enhancement observed by Bhattacharyya et al. in carbonate
based electrolytes with LiRks surprising

Pfaffenhuber et al. reported for a 0.Hdlution of lithium perchlorate in THF an
increase of the lithium transference number frorh30to 0.41 upon dispersing
0.15 vol% silica [83]. Transference nubers were determined by potentiostatic
polarizaton which is discussed below irh@pter2.3.2. For the polyethylenglycel
based electrolytes containing silica ecrease of lithium transference number was
reported[84]. Moreover, aslight conductivity enhancement wabservel for small
volume fractions of about 0.01 eflica followed by a strong conductivity decrease
considerably below the conductivity of the pristine electrdlife 85, 86] The authors
assume an enhanced transference number even at decreased condBtivigesther
works dealing with silica filled liquid electrolytes were also presented but did not give
further mechanistical explanatiof&7i 94]. Composite electrolytelsased on organic
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solventswith silica as filler materials ra discussedn-depth inthe PID thesis of
Kerstin Sanr{82].

Polymer electrolytesDispersing an isolating esend phase in electrolytes to
improve properties is a known strategy in polymer electrolytesHemce, a selection
of the numerous results on filled polymer electrolytespaesentedn the following
It is shown thaadding filler material to thpolymerelectrolyte enhance®nductivity.
This enhancement is nekplained byspace charge percolatiealelybutby decreased
crystallinity of nearsurface polymecaused by the filler materifl7, 18, 9% 105].

lonic liquid-based electrolytesin the context of heterogeneous doping IL
electrolytes depict a difficult intermediate case since they consist solely oftians.
clear, that space charlgg/er can be neglected in ionic liquids due to their high ionicity
which leads to small Debye lengthghe question arises whether the effects on the
surface of the second phase will be able to compete with the bulk propediésw
the hole formation isnfluenced sincedan mobility in ionic liquidsoccurs through
vacancies, the scalled holes.

2.2.1 Interface effects in ionic liquids

As described aboventerface effects in electrolytesontaininga second phase
improved properties in some cas€som the theoretical point of view, significant
effect is only expected once the concentration of mobile charge carriers is governed
by a Abuf f eS3inteiorigliquidlpropertieis aretoseto solid electrolyts,
combining the advantageous prdpes of liquids withahigh safety it is interesting to
investigate theénfluence of interface effectsndL electrolytesSpace chargesgions
as described for solid and liquid composite electrolytes can be neglected in ionic
liquids dueto their high onicity resulting invery shortDebye lengths. Therefore, the
interfaces of ionic liquids are described first to give a basis for the discussion of ionic
liquid-based composite electrolytes.

It is well known from literature that ionic liquids interact witlrfaces they are in
contactwith andthat theyform different structures on different surfaces. Su et al.
[106], Steinrlcket al. [107], Perkin [108], Druschler et al.[109] and Fedorov
etal. [110] give overvievg on thestudiespresented so far concerning the interface of
ionic liquids with different surface®\ Helmholtzlike layerwith a thicknes®f one
ion layer[111, 112]as well asnultiple ion layes[109, 113 116]are reported for ionic
liquids in contact withsolid surfaces. Since the GohapmarStern model and the
DebyeHuckel theorydescribedilute solutions they annot be used to describe
interfaces with ionic liquidgl15]. The work of Carstens et §1.13] showed by in situ
STM andAFM the preferential adsorption of anions on positively polarized gold
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surfaces and adsorption of cations at negatively polarized and not polarized gold
surfaces This conclusion is not restricted to gold surfaces but is valid for metal
surfaces in genekaThe investigations were carried out with gold surfaces since an
ionic liquid in contact with a gold surface is the most frequently reported model
system Highly charged surfaces might cause an organization of the IL ifdbs
multiple layerd114]. The higher the surface potential of the Au(11tjes1e the more

ion layes are formed on the surfac&hus, the innermadayer has a templating
effect[115]. At positively charged Au(111) surfaces a weaker near surface structure is
developed than at negatively charged surfaces. Hayesegpklined this by the less
ability of adsorbed anions to template further ion layet$, 117]. Perkin concluded

that multiple layers are formed on charged surfaces betaeisenermost layer may
contain more charge than necessary to screen the surface ftz8fjeHence, a
second layer of ions is formed to screen the charge of the innermost layer and so on.
On surfaces with less charge density only one ion layer is formed to neuBah#ar

reaults were obtained by Meer et al. investigating ionic liquids with
tris(penafluoroethyl)trifluorophosphate (FAP) anions on charged sapphire
surfaceq118]. There are several works reporting amentation of the ions in the
innermost layer on the surfafdl 2, 114, 116, 119Baldelli showedhatimidazolium

ions align parallel to negatively charged surfaces and are repelled from positively
charged surfacg412]. Mao et al. described micellelike adsorption of imidazolium

on the Au(100)(1x1) surfacebecause of arystallographicdependene of the
moleculesurface interactiorp120]. Smith et al.[121] reportedthat pyrrolidinium-

based ILs witldifferent alkyl chains and TFSI (bis(trifluoromethylsulfon)imide) anion
forms different structures between two charged mica surfaces depending on the alkyl
chain length. Upo chain lengths af = 8 altering catioranion monolayeyare formed.
Pyrrolidinium cations with chain lengths above= 10 form bilayes with full
interdigitation of the alkyl chains.

Although the results are neystematic yetit is obvious that the formed interface
depends strongly on polarization of the surface #mnature ofionic liquid.
Drischleretal. [109] and Baldelli{111] believe that impurities in the ionic liquids are
the reason for the different results in different publicati@sand largeit can be
concluded that confined IL electrolyt@sll have different properties than bulk IL
electrolytes due to the interface effattich cannot be predictget,as no clear model
exists Since thepresent workdeals with IL electrolytesfilled with silica, the
confinement of neat ionic liquids asilica matrix ishighlightedbefore discussing IL
electrolytes in contact with silica surfaces.

Atkin etal. [122] was the first to describe severahitayes on electrode surfaces
in contact with ionic liquidsin his work he presented AFM measurements of different
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ionic liquids in contact with mica, graphite and silica surfaBégca supprted ionic
liquids showliquid-like behavior with restricted mobilitdue tosolid-like ordered
structure under confinemelf. Figure 2.4) [117, 123 129]. Severalstudiesgave
evidence on the interaon of IL ions withsilica walls [123, 127, 130, 131{vhich
decreases with rising temperat(it82]. Conboyetal. [133, 134]reported a favored
orientation of IL ions on silica surfaces. Amongst others they showed that imidazolium
ions take a tilted orientation to the silica surface with the alkyl chain almost
perpendicular to the surface. Orientation of the imidazolium on the surface mostly
depends on thalkyl chain lengths and is also influenced by the surface charge density
of the silica.Hayes et al. reported that substrate smoothness is crucial for interface
organization since the forces promoting the formation of interface structuresriave
short enge[115, 117]

ionic liquid IL anion

IL cation ionic liquid

QH 0. HO QH O HO OH HO

+

GG S
OH (. HO OH _O_ HO OH HO
Soi sit vsi7 st si?

7N /SI\
silica surface
~ N N
silica surface

Figure 2.4: Reorganization of ions inonic liquids in contact witha silica surface is shown
schematicallyThe ionson the silica surfacare ordered bugtill remain mobile.

Ueno et al[127] showedthat viscosities of ILs increase by a factor of 1 to 3 upon
confinementbut still keepliquid-like mobility. lacob et al. [130] showedby NMR
measurements that the diffusion coefficient of HMIFSI (I-hexyt
3-methylimidazolium TFSI) decreased by a factor of ten ugmtfinemenin a silica
monolithand was increased again upon using a silica monolith with silanized walls.
Hence, the decreasexh mobilityin ILs with contact to silanol groupgas explained
by hydrogen bonds between the IL ions and the silanol groups on the silica.surface
Several woks showed that confining ILs changes their phase behdviirel et al.

[128, 135]showedby DSC measurementkat the phase behaviors of confined ILs
depend on the silica surface. Singh e{E81] reported decreasy melting points of
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ILs upon confining in a silica matrix. A critical review on confined ionic liquids was
given n 2011by Le Bideauet al. [132]. Néouze et al[136, 137]confined ILs in a
silica matrix by a nonaqueous sg@| process leang to transparent ionogels with high
thermal stability. They showed by DSC and NMR measurements that the IL in the
silica network exhibits an intermediate behavior between liquid and solid. The
properties of the ionogels depend on the choice and amotin& kbf and silica matrix.

2.2.2 1L -based electrolytes in contact with silica

There are also some reports on IL electrolytes confined in a mesoporous silica
matrix which are schematically presentedrigure2.5.

BMI-TFSI in silica matrix

o
[

silica matrix IL electrolyte

Figure 2.5: lonogelsdescribe confined ionic liquids or IL electrolytes in a silica matrix. On the right
side ionogels consisting of BMIFSI in a silica matrix are shown from refereifit&6]. On the left side
a schematic view of their structure is shown.

The secalled ionogels were published for the first time by Echelmeyer Et9l.
A onepot sotgel synthesis of a silica glass network confining lithium triflte f)
in BMI-BF4 (1-butyl-3-methylimidazolium tetrafluoroborateyas presented where the
BMI-BF4/LiTf-ratio was variedetween 1/1 and 4/A fully condensed silica matrix
in form of a transparent, colorless glass monolith resulted. In analogy to already
reported results on confined ILs the authors shaweNMR that the ion mobility of
the IL electrolyte decraad in the ionogel butleuid-like mobility still remained. The
highest diffusion coefficiestwere obtained for the imidazolium cation and the lowest
for the lithium ions. The authors concluded that the BMI ions exist as single ions and
the lithium ions are coordinated by the aniassn a neat ILFurthermore, the authors
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reported an increasing mobility of lithium ions with rising IL/Lifidtio which is in
good agreement with spectroscopic results mentioned abppressinghat lithium
ion complexation is rising with increasingaunt of lithium salt in the IL electrolyte

Table2.1: Summary of the main results achieved in investigations of lithium ionogel electredytas

Electrolyte in

", . Experiments Main r esults Ref.
silica matrix
Decreased ion mobility
NMR compared to neat electrolyte
LiTf in . -
> =) >
EMI-BE. PEIS D(BMI®) >D(gF, ) > D(Li*) [19]
D(Li") increases with decreasin
LiTf concentration
LiITES! in Half celltests with | ower capacities compared to
PMPTES| LFP and LNMCO  neat IL electrolyte: 110 mAh/g [20]
SEM (C/20 rate, r.t.)
_ Good cyclestability and
Half celltests with  coulombic efficiency at 328 K
LR LFP and C/10 rate
[21]
BMP-TFSI PEIS Discharge capacity 133 mAh/g

SEM, TEM atr.t. and 154 mAh/g at 328 K
(C/10 rate)

Le Bideau et al[20] also presented an ionogel consisting of 0.5M LITFSI/PMP
TFSI (lithium bis(trifluoromethylsulfon)imide in MropykN-methylpyrrolidinium
TFSI) in a silica matrix whiclvas used as electrolyte and separator simultaneously in
half cells with LFP (lithium iron phosphate) and LNMCO (lithium nickel manganese
cobalt oxide). The resulting ionogel contained 90 vol% IL electrolyte. During cell
preparation the sol was applied dwe tcathodes prior to condensation. Since the sol
was less viscous than the RBlectrolyte a good contact with the electrodes was
achieved which was supported by SEM and EDX measurements. In the half cells with
LFP slightly lower capacitiebeing 110 mAh/gwere reached with the ionogel
compared to the neat IL electrolyte. With the cell test with LNMCO also a capacity of
110 mAh/g was reached with the ionogel and 105 mAh with the neat IL electrolyte.
All cell tests were carried out with a C/20 rate at roompterature, and no information
was given on the used separator in the cells with the neat IL electrolytes. The results
agreed well with literature data using a conventional organic electrolyte (lithium
hexafluorophosphate in a mixture of ethylencarbonatedanethylcarbonate).
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Wu et al.[21] investigated a silica matrifdled with LiTf in BMP-TFSI (N-butyl-
N-methylpyrrolidinium TFSI) Electrochemical characterization with LFP as cathode
material showed a discharge capacity of 133 mAh/g in fhecy@le at room
temperature. At 313 K 149 mAh/g with 100 % efficiency washed and 15sAh/g
at 328 K. The presented galvanostatic cycling experiments were carried out at
C/10rate. The scan rates were increased to 1C showing still a good cycle stability.
Initial discharge capacities could be reached after decreasing the G isténitial
value.Table2.1 summarizes the results on ionogel electrolytes.

ThelL electrolyte is completely confinad the ionogelsand still showdiquid-like
mobility. As no bulk electrolyte is present in ionog#ision mobilities are very low.
Due toresulting small conductivities stable cycling with adequate capacities is only
possible with very low current densiti€eBhus, it is interesting whether a disped
composite electrolyte consisting of IL electrolyte with isolating second phase shows
animprovement otheion mobility due to interfaces which influence bulk properties
positively as already shown for heterogeneous doped solid and liquid electralytes.
schematic picture of a dispersed composite electrolyte is giveEgune2.6.

@ silica nanoparticles

Figure 2.6: Schematic view of @omposite electrolyte consisting of a dispersed isolating phase in a
liquid electrolyte.

A commonly used filler material is silica since it is an isolating inert material and
its surface can be modified easilyeveral works were already reported dealirity w
silica filled IL electrolytes and arsummarized in the followingIln all cases
conductivities of the composite electrolytes were decreased compared to the neat
electrolyte.Honmaet al. [22i 24] used silicaractionshigher than 25 vol% i©.2M
and 1M LITFSI/EMI-TFSI (LITESI in ZXethyl3-methylimidazolum TFSI) and
IM LIFSI/EMI-FSI (lithium bis(fluoosulfon)imide n EMI-bis(fluorcsulfon)imide).

The highfractionsof filler material led tosolid-like electrolyted22, 23] The authors
showedby NMR experimentshat silica promotes the dissociation of EWVFSI and
EMI-FSI and does not influence the lithium i@gnificantly. Only in LM LiFSI/EMI-

FSI the authors observed a decreased diffusion coefficient ditithen ions and
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lithium ion containing complexe3he conductivities of these quasilid electrolytes
were considerably decreased compared to the neat electrolytess vaetween
0.05 mS/cm at 283 K and 10 mS/cm at 523 K were repor2&dvol% silica in
1M LITFSI/EMI-TFSI was usedas thickfilm electrolyte in ahalf cell containing
LiCoO:> as cathode anithe theoretical cell capacityas reachedt 338 K (C/10rate)
[24].

Saito et al.[11] investigated20 wt% polymer and silica as filler materials
respectivelyin 3 wt% to 24 wt% LiTFSI irBMI-TFSI (1-butyl-3-methylimidazolium
TFSI) and BDMI-TFSI (1-butyl-2,3-dimethylimidazolium TFSI) respectively By
comparison of the diffusion edficients of the different ion species obtained by NMR
measurementhie authorgoncluded that silica promotes the release of the TFSI ions
from the lithium complexes. Thus, the lithiumansference numbeés enhanced by
adding silica to the IL electrolgt The polymer restricted the diffusion of the lithium
ions since the oxygen atoms of the polymer interacted with the lithium specdes
solvated themThe authors also investigated 20 wt% LITFSI/EMASI with 5 wt%
and 10 wt% silica [25]. They determined diffusion coefficients by NMR and
conductivities by impedance spectroscopkiich both decreased with increasing
content of filler materialAt the same timstrongincrease in viscosity was observed.
Applying the Stokeginstein relation showed that the hydrodynamic radius of the
lithium ions decreaskewith higher silica contentThe StokesEinstein relation is
depicted irequation(2.1) whereD describes the measured diffusion coefficigathe
Boltzmann constant] the temperaturer the ion radiusand d the viscosity of
electrolyte.

K T
600 f

(2.1)

The authors did not discuss the applicability of the Stokes relation to real systems,
especially to ionic liquidsand no statement was given concerning the efia.only
parameter which changes in the compared electrolytes is the amount of filler material
and thus the electrolytevolume fraction As the chemicalcomposition of the
electrolyte remains the same it may be assumed that the error mihgfstematiby
appling the Stokes relatiotdencethe radii can be treated as relative values allowing
the comparison between the electrolytase @uthors concluded that complexation of
lithium ions is decreased by addition of silicBhe comparablysmall diffusion
coefficients of lithium were g¥ained to arise from thstrongincrease in viscosity.
Contradictory results were reported by Nordstrom et[28]. They investigated
4 wt% LiBF4 (lithium tetrafluoroborate) in BMBF4 (1-butyl-3-methylimidazolium
BFs) with 1 wt% and 5wt% silica as filler materia by Raman spectroscopy and
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impedance spectroscopy. Their conclusion was that lithium ionsnamebilized on
the silica surface.

Sunet al. [27] reported on PMHAFSI (N-propyEN-methylpyrrolidinium) with
silica particles which were surfaceodifiedwith lithiumpropyisulfonae. The content
of surfacemodified silica was vaed between 3 wt% and 15 wtéhdit was shown
that lithium ions dissociate from the silica surface. The dissociatiatd beenhanced
by adlition of the zwitterion ibutylimidazolium3-butansulfonate. However, the
electrochemical response in the CV experiments with platinum or copper as working
electrode ad lithium as reference and counter electrode was very poor.

Honma et al. [28] presented a quasblid-state lihium-sulfur cell by using
0.64M  LIiTFSI in DEME-TFSI  (N,N-diethyl-N-methytN-(2-methoxy
ethyllammonium TFSI) with 25 vol% silica. By adding 5 wt% PTFE
(polytetrafluoroethylene)selfstanding membranes were achieveahd used as
electrolyte. The s@alled quassolid-state electrolyte was also used as additive in the
cathode. Galvanostatic cyaf tests showed an tral discharge capacity of
1370mAh/g at 308 K (C/20 rate) which decreased to 600 mAh/g during 10 cycles.
The authors alsimvestigatedLM LiTFSI in different ionic liquids, namely EMTFSI,
DEME-TFSI and PMPipTFSI (N-propykN-methypiperidinium TFSI)with 25 vol%
silica [29]. Seltstanding membranes weobtainedby adding 5 wt% PTFEnd
characterized bympedance spectroscopy, NMR and cell t&$iey reportediquid-
like high ion transportoefficients Neverthelessin cell testswith symmetic cells
usinglithium electrodes high rate performaneesrenotachievedTable2.2 gives an
overviewof results on dispersed composite lithium electrolytes based on ionic liquids
presented so far
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In summary, the ion mobility was positively influencedflbgr materials in solid
and polymer electrolytes. In commonly useglid electrolytes, based on organic
solvents, ion mobility also seems to be affected by silica as filler material, but a
conductivity enhancement was only observed for electrolytes kwgh ion pair
concentrations and therefore intrinsically low conductivities. For ionic liquids in
contact with solids the formation of ordered structures was reported. The structures
strongly depend on the nature, surface structure and surface dipguesofitl as well
as on the nature of the ionic liquid. In interaction with silica ionic liquids show a solid
like structure with liquidike mobility. However, no consistent model has been
developed so far to explain the interaction microscopically. Foel#ctrolytes
confined in a silica matrix the mobility was reported to decrease but the-likgid
mobility was still maintained. With composite electrolytes consisting of dispersed
silica in IL electrolytes cell cycling was possible with low current dgns
Contradictory results were presented concerning the influence of silica on the lithium
mobility. Saito et al[11, 25]reported a decreased complexation of lithium ions and
therefore an increaddithium ion mobility whereas Nordstrom et [26] reported an
immobilization of lithium ions on the silica surface.

2.3 Conductivity

lon transport occurs in electrolytes due to a-equilibrium state and the attempt
of the systento reach equilibrium. Thus, @escribaransport properties the temporal
change of the system has to be considered. The driving force for ion flux in an
electrolyte is a gradient in free energy across the system. Considering the electrolyte
between two planar electrodas presented ifigure 2.7 the potential differencé
between these electragleorresponds tan electric fieldE which is thesoledriving
force for the positively charged ions toowe towards the negatively polarized
electrode and vice versi&no concentration gradient is present
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l=electrode distance =}

Figure2.7: Electrolyte between two planar electrodes with the surfaard distancé. Thepotential
differenceli between the electrodes is shown by the reddimkthe electric field by the brown vector

At steady state the ion flukandtherefore also theurrent densityareproportional
to the driving forcewhichin this casas the eéctric fieldE, with the proportionality
factor A andB, respectivelycf. equationg2.2) and(2.3))

J=A 8 2.2)
i=B B B« (2.3)

qul describes the potential difference dnthe distance between the electrodes.
Hence, he resulting current in an electrolyte between two polarized electrodes depends
on the cell geometryEquation(2.3) contains the distandebetween the electrodes
and the ared of the electrodes is included in the current densi§ubstituting the
current density with the currehtandidentifying the proportionality factoB as the
conductivity(l of the electrolyteequation(2.4) results.

I=s c">/D|é (2.4)

Comparson ofequation(2.4) wi t h  Oh shows thhtahs resistanée of
electrolyte depends on the cell geometry and electrolyte conductivity
(equation(2.5)).

R= é Kea (2.5)

I
A s
Keen represents the cell constarithus the smaller the distance between the

electrodes and the higher thgjeometricalarea the higher is the current of the
electrochemical cell by polarizing the electrodes. The conductivity depends on the
concentration of mobile charge carriétence,differenly concentrated electrolytes
consisting of the same salt and solvent havedifit conductivities. Thus, to facilitate
comparison of electrolytescencentratiomormalized conductivitis used. The molar

conductivity sm (equation(2.6)) is normalized to concentratianof the conducting
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saltbutstill depends othe ion chargsince ligher charged ionsxperiencehe electric
field strongerthan lower charged ion3hus,the equivalent conductivitg which is
normalized to the concentration and the charge numlfequation(2.7)) is more
useful tocompare differenelectrolytes.

L =2 (2.6)
C

[ =fn S 2.7)
Z

Conductivity of an electrolyte is dependent on the electric field as well as on the
concentration and charge number of the mobilergghacarriers. Moreover, the
conductivity is influenced by the environment of the mobile charge carriers. lons in
liquid electrolytes are solvated with the solvation shell depending on different factors
as charge density, ion size and nature of the solVéethydrodynamic ion size and
ion dissociation depends on the conducting salt and the solvent. Thims) exmd ionR
solvent interactions are very dominant in liquid electrolytes and strongly influence ion
transport.

2.3.1 Conductivity of composite electrolytes

Liquid electrolytes witha dispersedsolating second phaseere already reported
in theliterature as discussed abolfeno interface effect occurs between the dispersed
material and the electrolyte the isolating material repressoitdy an exclusion
volume Hencethe totll conductivity should decrease depending on the morphology
and arrangement of the second phaBeis scenario is schematically presented
in Figure2.8 assuming the second phase to be small particles.

@ silica nanoparticles

b = ion path during polarization

Figure2.8: Dispersed isolating phase interrupts ion transport sterically. If no interface effect occurs the
dispersed phase presentseanlusion volume solely.
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Maxwell predicted the conductivity behavior of liquid composite electrolytes in
their wet limit where the volume fraction of the electrolielearly dominates over
the volume fraction of thésolating second phasé [138]. The second phase was
assumed to be spherical particiEquation(2.8) describeshe conductivitydecreaséd
of the composite electrolyte with varying amountsphericalsecond phase if no
interface effect is assumetihe conductivity decreas#is defined as the relae
conductivity of the composite electrolyte with respect to the conductivity of the
conducting matrix.

s'=1 (2.8)

N w
-

In the dry limit where the volume fraction of the second phageminates the
conductivity changewas described by LemlicH139]. Equation (2.9) treats the
sphericakecond phase also as exclusion volsaiely.

1
s'== 29
3 ¢ (2.9)
Feitosa et al[140] presented equatiof2.10) to predict the conductivity decrease

for all volume fraction®f the isolating phase

. 2edl 22 &

= =7 2.1
6+2% -9 % (219

If the conductivity ofa liquid composite electrolyi@oes not decrease in one of the
predicted wayshe sphericalisolating phase does not acteaglusion volumesolely.
Hence, thershouldexist an interface effect which influences the ion mobilities in the
electrolyte.

2.3.2 Partial conductivity

Regardingnon-ideal electrolytes iorion and iorsolvationinteractions cannot be
neglected the way they are in ideal elelgtes or rather electrolytes at infinite dilution.
Hence ions interacandshow different mobilities due to size, charganber ion-ion
and ionsolvent interactions. Thudransferencenumbert is introduced for the
individual ionswhich describs the ratio of the conductivity of one individual ion
specied] to the total conductivityi (equation(2.11)).

— Si
L _éisi (211

From equatior{2.11) it is obvious that the sum of the transport numbers of all ion
species has to be anko characterize battery electrolytes the partial conductofity
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the lithium ionis crucialsince aminimum partial conductivity of the ion ineed in

the redox reactions at the electrodes is required to avoid high concentration gradients
which limit the cell performanci41, 142] Solid lithium electrolyteshave onlyone

mobile ion species which has to be separated from the electronic conductivity to obtain
the ionic transference number. The electroniadoctivity can be measured bye
WagnerHebb method using a ne@ymmetric cell with a blocking and a reversible
electrodg143, 144] In liquid electrolytes the situation is mazemplicatedsince the

cation and anion conductiigs have to be separatedror aqueous electrolytes there
exist established metts for determining the cation transference nunjibési 148].

For noraqueous lithium electrolytes there is no established method seirfiae
solvation of ions is weaker resulting in more complex ion pair formafibarefore,
properties of nonaqueous electrolytes depend stronger on the electrolyte concentration
leading to clarly higher errors during measurements of transference number.

Zugmann et al. compared four different methods to deteritimem transference
numbers of different carbonabased electrolytefl42]. They used the two most
frequentlyapplied methodbeingpotentiostatic polarization afRFGNMR and facd
them with the methods of galvanostatic polarization and electromotive forceamtee
electrolytes showed different transference numbers with the different meByds.
PFGNMR all lithium nuclei are detected independent of their coordination. Hence,
lithium ions embedded ineutral ornegatively charged complexes are also detected
and considered for the transference number although they do not contribute to the
lithium ion current in an electric field. Therefore, the transference number determined
by PFGNMR is considerably overestinet. The potentiostatic polarization method
was introduced by Bruce and Vincdh#9] and is only valid for ideadolid polymer
electrolytesut can also be applied to dilute binary liquid electrolj&8]. Therefore,
reproducibility applying this method to liquid lithium electrolytesvisry poor. For
applyingthe method of electromotive force it has to be assumed that thef@rance
numberdoes not depend on ion concentration. Since this assumptimn ¢orrect,
interpretation of the results becomes diffictdence, the method does not yietrect
values and the results are hardly reproducilihe galvanostatic polarigan method
which is only valid for binary solutions is the mosliablemethod since it comprises
only a fewassumptions and is valid for electrolytegth ion-ion and iorsolvent
interactions[151]. This approach combines three different methotlsus, the
resulting error is significanZzugmann et al. applied the four methods to a set of
electrolytes. The presented results matched more or M#h each other.
Unfortunately, there was no electrolyte presented which was investigated by all four
methods to enable clear evaluation of the different methdd=scertheless,
potentiostatic polarization is plied often to determine transference numbers without
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discussing the fact that the method is only valid for ideal electrolyii®ut any
interactions of ion$29, 152 160]. For IL electrolytes mostlPFGNMR is applied
hardly respectingthe fact of overestimated traesénce number[19, 22, 48, 161

166]. The resulting lithium transference numbgrsLs determind by PFGNMR are

very low, meaning that the real lithium ion transference numbers are probably even
smaller Duluard et al. assume that the transference nuddtermined by NR is
dominated by the complexed lithium ions which exhibit a negative clfg2yeSince
electrochemical cells using IL electrolytes are still able to run they conclude that the
complexesare not stableThus, theanions in the coordination shell of lithium
exchange so that the positively charged lithium ions still experience the applied electric
field.

2.4 Rheology

The term rheology originates from the Greek and means the study of fltav (
(rhein) =flow, & 2 @(lggos) =study). Hence, rheology dealsth thedeformation and
flow of matter.Two different cases of rheological behaviors are distinguiditgdlds
with ideal viscous flow behavior and rigid solids with ideal elastic deformation.
Mechanical properties of @st materials lie between thesetextreme cases and show
visceelastic behaviofcf. Figure2.9). These materials can be liquidee glue or solids
like eraserA very good overview on rheology was given by Mezger imRiseology
Handb §167k o

ideal viscous @stic ideal elastic
</ I} I
v

Figure2.9: Different behaviors of ideal viscous, viscoelastic and ideal elastic materials by &alliag
solid surface.

The principle of rheological measurements can be described Ipathkelplate
model, which is demonstrated schematicallfigure 2.10.
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Figure 2.10: Paralletplate model for the description of rheological measurementfie sample is
confined in a small gap with the heighbetween two parallel plategth surfaceA. The upper plate is
movedby the lengths andthe forceF with velocityv.

Two plane plates with surfadeare oriented parallel to each other resulting in a
gap with the height betweerthem whichcontains theviscoelasticsample. The lower
plate is fixed and the upper plate isvadby the lengthsin one direction by the shear
force F. The velocityv of the resulting movement which depends on the rheological
properties of the sample is measured. There are two conditions which need to be
fulfilled for the measurements. The sampkes to adhe on the plates and laminar
flow has to be ensured. Turbulent flow would disturb the measurement and is avoided
by usingsmall gapsThe shear streddapplied to the sample in the gap is defined as
the ratio of the applied shear forc& to the surface area of the platés
(equation(2.12)). The shear strain experienced by the sample is traio of the
lengths which the upper plate is movéalthe heighth of the gap(equation(2.13)).

_F
L= 217}
g=> (21 3

For a laminar ideal viscous flow the velocity decreases Iynéaithe gap. Since
turbulent flow is excluded the gap can be assumed as sunfimely small layers
with the height H. As the velocityv decreases linear in the gajv/dh is a constant.
Hence, for ideal viscous materials the shear yatean be describeds ratio of

velocity v to heighth (equation(2.14)).

v
" " 21 %

In a flowing fluid themolecules are slipped against each otipem applying shear
stressHence, frictional forces occur between the molecules resultinigtional heat
and flow resistance The frictional heat isdissipatedby the fluid asa result of
deformation workAlthough Newton was the first to describe the fluid motion Stokes
was the one to establish the equations and to give a detailed explanation on viscosity

26



Rheology

[168i 172]. For ideal viscous materialae sheastressUis proportional to shear rate
with the viscosityd of the fluid agproportionality factor. This relation is described by

Newtord Rw shown in equatio2.15).

h= (21 %

r‘.IN

Viscosities are usually measured in rotatioegberiments. Therefore, the upper
plate is moved with varying shear stress or shear rate and the riegpsivehr rate or
shear stress is measured, respectidlyids withnon ideal viscous behavior usually
exhibit a more or lesrigid network or supeaattice These materials show no linear
dependence between shear stress and Itaban be distinguished between shear
thinning and shear thickening materials. Shear thinning matewdds called
pseudoplastic materialshow a viscosity decrease witlcieasing shear rates. The
opposite casef shear thickeninghaterialsalso called dilatarhaterialsapplieswhen
the viscosity increases with rising shear rakégure2.11 shows flow curves which
describe the dependence of shear stress or viscosity on shear rate for the three different

material classes of fluids.

N N
shear thickening
~
3 S S
= ({(\\(\ R G ideal viscous
o ‘(\Q’?) '\‘9<‘o g
2l = Ay % 2
<= ,66’0 (\\(\ =
[} a3\ \{‘e
.
A\
o
& hear thinni
X - shear thinning
shear rate y “ shear rate y

Figure2.11: Schematiclbw diagrans of three different materials, namely ideal viscous, shear thinning
andshearthickeningmaterials

Dispersions showypically shear thinning behavior. The particlet dispersed
phaseareusuallyagglomerated in theontinuous mediumUpon a certain sheatress
the agglomerates are broken ahd dispersion contains mostly primary particss
shown inFigure2.12. Thereby thenteraction in the dispersion is decreased resulting
in a lower flow resistance and viscosity.
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state of rest state of shear
moving plate moving plate
@ dispersion %
fixed plate fixed plate
—

== continuous medium Q disperse phase

Figure2.12: Shear behavior of dispersioimsthe parallelplate modelDispersed phase agglomerates in
the dipersionin rested stateUpon shearing the dispersion in the gdye agglomerates break until
isolatedprimary particlesemain

The $iear moduluss is amaterial constarfor ideal elastic solids artkescribeshe
rigidity of the sample. The higher thetérmolecular or cohes forces the higher the
rigidity and the shear modulus.h e | atter i s defi ratwdf by Hooke:i
shear stres® shear strairfequation(2.16)) [173].

G= L (21 %
g

Thus, theshear modulus of aideal elastic solid materialoes not depend on the
value andluration of shear stressthe linear regimeThe applied deformation energy
is stored completely in the materiairthg deformation. Upon releatids deformation
energy can be regained without loss. Such ideal elastic deformation behavior can be
observed in materials with strong interactions between the atoms ocutesle.g.
rigid materials with crystalline structur&he rheological behavior afleal viscous
materials ca be illustrated by a dashpwehere the frictional heat produced by applied
force is consumed and deformation occurs irreversibly analogous to Newtonian fluids.
Mechanical properties of ideal elastic materials are visualized &yring. Upon
applying foce, deformation energy is storeahd deformationoccurs completely
reversiblein analoy to ideal solids. Both models for ide@scousandideal elastic
materials are demonstratedrigure2.13.
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A: ideal viscous

& e
e

B: ideal elastic

%WF

Figure2.13: Dashpot(A) and springB) as models to describe mechanical properties of ideal viscous
andidealelastic materials, respectively.

release
—_—

For describing the rheological behavior of viscoelastic materials the two models
have to be combined. Viscoelastic liquids are described by the Maxwell model where
the dashpot and spring are connected in series as shdwgune 2.14. Applying a
force the reversible process takes place first where the deformation energy is stored in
the material. By increasing the applied force an irreversible process follows wiere th
deformation energy is consumed as deformation work.

deformation release

v

>

ATV NN

Figure 2.14: Maxwell model to describe mechanical properties of viscoelastic liqlidshpot and
spring are connected in series. Hence, upon deformti® energy is stored in the spring first. With
increasing force the dashpot starts to consume the energy resulting in irreversible deformation.
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To illustrate mechanical properties of viscoelastic solidsdémhpotand spring
have to be connected paraébs described by the Kelviioigt model(cf. Figure2.15).
After applying a force storage and consuimptof deformation energy occparallel
to each other. The deformation energy isstotedcompletely since part of the energy
is consumed by thdashpobr rather ideal viscougart ofmaterial.Upon release the
deformation energy is regained with a delay since the spring/elastic part forces the
dashpalviscous part to reach its initial stafehus, the Maxwell model and Kelvin
Voigt model can beegarded in analogy to electric networks. There, the dashpot
represerdthe resistance which consumes énergy and the spring behaves analog to
the capacitor which stores the energy.

deformation release

A 4

v

AT A RNV

Figure2.15: Kelvin-Voigt model to illustrate mechanical behavior of viscoelastic solitie. dashpot
and spring are connected parallel to each other. Upon deformation storage and consumption of energy
occurs simultaneously. After release the deformation energy is regaimgdetely with a delay.

Rheological characterization of viscoelastic materials can be carried out well by
oscillation experimentsvhich havea closeanalogyto the analysis of electric networks
by impedance spectroscapyiscoelastic liquids are describedjualto equivalent
circuits consisting of a resistance and capacitor connected in series. Viscoelastic solids
are treated analog to equivalent circuits comprising a parallel connection of a
resistance and capacitor.

The above mentioneglaralletplatemodel can bausedto describe thescillation
experiment The lower part is fixed and the upper plate is moved bidirectional by a
drive wheel with the forcé& resulting in the displacemefis with an angle of /

(cf. Figure2.16). Hence, in the oscillation test shear stressid deformatioro are
sinusoidal functions of timeas shown irequationg2.17), (2.18) and(2.19).

30



Rheology

Figure 2.16. Parallelplate model for oscillation experiment he upper plate is not moved in one
direction as described above for rotational experiments but it is niidieectional with the forc& by
the lengths and the anglé.

()= 4 €n( w9 21y
gt)= g€n( tw (21 B
( OeS( tw ) (219

[ ,, 9, describe the amplitugef the shear stress and shear strain, respectively. The

phase shift between shear stress and shear strain is descrithedl isythe angular
frequency which is applied to displace the upper pldias, the shear modulus which
gives evidence on the rigigg of the material becomes a complex quantity
(cf. equation(2.20)) with an imaginary andreal part.

tt)=G* @ 22D

The relation of the complex shear modulifsto the reapart which is the storage
modulusGoand the imaginary part, the loss moduBifs,&s shown inequatiorf2.21).

G*=G 4G’ 221

The storage modulu6d6 descri bes the stored deform
shear stress analogy to the imaginary part of the impedance which describes charge
storage in theapacitve part of the electric networklrhough, it describes the elastic
partof the material. The loss modulG® &presents the lost deformation energy upon
applying shear stress and describes the viscous partwstuelastic materiaHence,
the loss modulus ianalogto the real part of the impedance representing the resistive
part of the electric networlds the complex shear modul@® is constanfor ideal
elastic materialthe shear stresdand deformation are in phasécf. Figure2.17). The
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viscosity also becomes a complex vailuescillation experiments and descrilibs
proportionality of shear stregland shear raf 2as mentioned aboyequaton (2.22)).
tt)y= M "t (22 2

Since for ideal viscous materials the shear stsssl shear raf:have to be in

phase with each other a phase ahift 90° resultor the shear stress and deformation
(cf. Figure2.17).

A: ideal elastic B: ideal viscous
A A
v y
4 y
T T
N b
r g rd
w i i w
6=0° : :
€5 >

Figure 2.17: Shear strainshear rate and shear stress in dependence on angular frequency for an
oscillation experiment of an ideal elastic (A) and ideal viscous (B) material, respectively.

Considering the complex shear modulus in a vector diagranfrigere 2.18) it
becomes obvious that the phase shift can be deschpeithe storage and loss
modulusGoé &h 4 , respectively

Ima

G’ ...

. S
1 ”
G Re
Figure 2.18 Compex shear modulu&* in a vector diagramThe imaginary part, namely the loss
modulusGé 6 , of the compl ex s h gaxis anththe rtedl past, thie storggd ot t e d

modulusGd ,  oxraxist The angle of the complex shear modulus vesitbrthe real axis describes
the phase shiffi of shear stress and shear strain.

G
tand = — 2.2
o (22 B

The tangent of phase shiftequation2.23)) is called damping factor as it describes
the ratio ofstoredandlost deformation energyAs alreadydepicted in the Maxwell
and KelvinVoigt model viscoelastic materials combine viscous and elastic properties.
In viscoelastic liquids the viscous part dominates resulting in a phase shift between
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45° and 90°Accordingly, in the case of viscoslic solids the elastic part dominates
with phase shit between 0° and 45At a phase shift of 45° the system undergoes a
solgektransition.Phase shifts and damping factors of ideal viscous and ideal elastic
as well as of viscoelastic liquids and sel@re summarized ifiable2.3.

Table2.3: Phase shifts and damping factors of ideal viscous, ideal elasti¢szoélastic materials.

Ideal Viscoelastic Solget Viscoelastic Ideal
viscous liquid transition solid solid
u=90° 90° >0 > 45° U=45° 45° >0> 0° ua=0°

tandyY ~ tanl> 1 tanti=1 tanti< 1 tandyY (
Go Y G6 G8 6 G6 G8 6 G6 G® 0o Go o6 Y

Oscillation experimentsan be carried out by applying a fixed amplitude of shear
stress or shear strain and varythg angular frequency. The respondisgear stria
or shear stress is measuteabtain the required values. Another possibility is to keep
the angular frequency fixed and vary the amplitude. Which measuring mode is applied
depends on the required information. In the frequency sweep where the amplitude
remaingonstant the time dependent mechanical properties are in focus. The amplitude
sweepwhich is carried out with constant frequency gives evidence on the mechanical
strength of the sample.
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3 EXPERIMENTAL

lonic liquid-based dispersed lithium electrolytes with different silica as filler
material were prepared. The resulting electrolytes were characterized concerning their
electrical electrochemical and mechanical propertieaning electron microscopy
images of selected silica wepmllected and surfaces of pure silica and electrolyte
coated silica were investigatdsy IR spectroscopy. An attempt to determthe
lithium transference number of a liquid electrolyte by a{ouabe measurement is
presented.

3.1 Electrolyte preparation

As IL electrolyte 15 wt% LiTFSI in BMAFSI was used (1#&t% LITFSI/BMP-
TFSI) which was achieved by stirring an appropriate amount of LITFSI in-BNM#
for at least 12 h. For preparation of silica filled IL electrolyte the apa@pamount
of silica was added to the electrolyte and stirred by magnetic stir bar. Composite
electrolytes with a silica amount of 2.5 wt% wi%, 7.5 wt% and 10 wt% were
prepared. For the composite electrolytes with fumed silica 5 wt% silica was tlesthigh
amount since its gdike consistency did not allow handling of the electrolyte with
higher silica fractions. The composite electrolytes containingvt20 SBA-15 and
5wt% SiQ-fumed were stirred by spatula due to their high viscosity.

Material storag and electrolyte preparation was carried out in a glovebox (MBraun
LABmaster) under argon atmosphere with oxygen and water contents below 5 ppm.
Argon was purchased from Praxair wapurity of 99.999 %.
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3.1.1 Material preparation

The ionic liquid and the litkkm salt were vacuurdriedfor at least 48 h at 70 °C
and 200 °C, respectively. The water content of both materials was determined by
coulometric titration using a KaRischer coulometer (Metrohm, 831 KF Coulometer).
The surfacaunmodified and surfaemodfied silica were vacuurdried for at least
16h at 300 °C and 80 °C, respectively.

3.1.2 Materials

N-Butyl-N-methylpyrrolidinium bis(trifluoromethylsulfon)imide(BMP-TFSI) in
ultrapure quality 99.5 %) and lithium bis(trifluoromethylsulfon)imide (ILFSI) in
high purity ©9 %) was purchased from loLiTec GmbHhe fumed silica with a
particle size of 7 nm was purchased from Sigma Aldrich.

Silica nanoparticles with a particle size of 80 nm were used as synthesized
(SiIO-NP80) and after ball-milling (SiO-NP80milled). These balmilled
nanoparticles were surface modified with methyt, aminopropyd and
lithiumpropylsulfonategroups  §i0-NP80GCHs,  S0O2>-NP80-CzHsNH>  and
SiO-NP80-C3HeSQOsLi), respectively as well as with NmethytN-propyk
pyrrolidinium TFSI (SiO-NP8G-PMP-TFSI) and ZImethyl3-propylimidazolium
TFSI (SiQ-NP8GPMI-TFSI), respectively Mesoporous silica with a cubic pore
structure (KIF6, space groupacd) and a hexagonal pore structure (SB3 space
groupP6mn) were used.

All synthetic workwas carried out in the research group of Prof. Dr. Michael Froba
at the Institute of Inorganic and Applied Chemistry at University of Hamburg
(Germany).The mesoporous silica were synthesized with different pore diameters
[174, 175]by varying the synthesis temature and they were surfag®dified with
methyt, aminopropyl andsulfonpropyigroups. The silica nanopécles were
prepared by Stobesynthesid176]. Synthesis of mesoporous silica was described by
Sann et al[80]. Surfaceanodification of the silica occurrdaly postsynthetic grafting
with trialkoxysilane [80, 177 179] For surface modification with Nmethyt
N-propylpyrrolidinium TFSI and -methyt3-propylimidazolium TFSI the silica
nanoparticles werrst modified with NmethytN-propylpyrrolidinium chloride and
1-methyt3-propylimidazolium chloide, respectively The precursors for post
synthetic grafting were synthesized as described in literfidi®& 180] Then ion
exchange with TFSI was performedanalogyto areported synthesi89].
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Pore sizes and specific surface areas of the silica were determined from nitrogen
physisorptio in the research group of Prof. Dr. Michael Froldae pore sizes as well
as surface areas of the silica are summarizdalne3.1.

Table3.1: Summary of the silica used in the present work with their average sarfage For the
mesoporous silica the average pore sizesaso shown.

average pore  average surface

Silica size / nm area / m3/g
SiO.-NP80 - 294
SiO-NP8OKM - 336
SiOz-fumed - 390
KIT-6 9.1 806
SBA-15 9.1 734
SiO-NP80-CHs - 317
SiOx-NP80-C3He-NH:> - 74
SiO-NP80-CzHs-SOsLi - 60
SiO-NP8GPMP-TFSI - 68
SiO-NP8GPMI-TFSI - 125
KIT-6-110 8.5 836
KIT-6-140 10.9 491
KIT-6-140-CHzs 9.4 445
KIT-6-140- CsHs-NH> 9.4 385
KIT -6-C3He-SOsH 8.8 509
SBA-15140-CHs 10.1 421
SBA-15-140-C3Hes-NH> 6.8 364
SBA-15-C3He-SOsH 8.8 507

3.2 Electrochemical experiments

For electrial characterization of the prepared electrolytes conductivity
measurements were carried out by impedance spectrosang\electrochemical
windows were determined by linear sweep voltammedyclic voltammetry was
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carried out inhalf cels with lithium iron phosphate as cathode materkdr
comparison of the electrochemical response the neat IL electrolyte and the composite
electrolytesvere used

3.2.1 Conductivity

Conductivity measurementsd the electrolytesvere performedby potentiostatic
electrochemicaimpedancepectroscopyPEIS) The measurements were carried out
with a BioLogic SP150 potentiostat/galvanostat controlled by the softwareabC
(BioLogic Science Instrument\ sealed micro cell purchased from TransiVRroject
Division for Electrochemical Materials Research and Interface Characterization,
Marburg (now: rhd instrumentsjvas used and is pictured Figure 3.1. The cell
consistof a platinuncupacting as counter electroddnere the electrolyte is kephd
a cap with an integrated glass rod embedding four platinum wirieh were used as
working and reference electrodehe dectrolyte volumein the cell varied between
0.6 mL and 1.8 mL. The capas sealed by an @ing allowing to carry out the
experiments outside the glovebox without contaminating the electrolyte with
atmospheric humidity

platinum cup

connections to device

Figure3.1: Micro cell for conductivity measurements. The electrolyte is kept in the platoparcting

as counter electrode. Four platinum wires are embedded in a glass rod which are used as working and
reference electrodeThe cap is sealed by anrdg allowing to carry out the measurements outside the
glovebox without contaminating the electri@ywith atmospheric humidity.

The cell assemblinggas donenside the glovebox (cf. 3.1 Electrolyte preparation)
after vacuuradrying of the cell at 80 °@r at least 16 hThe PEIS measurements were
carried out between 1 MHz and 1 Hz with an amplitudé0omV. The temperature
was controlle by a Peltier element betweeb.0 °C and 800 °C in steps ob K. To
obtain the electrolyte resistantiee spectra were fitted with an equivalent circuit
consisting of a resistance and constant phase element conirectedes. If an

37



EXPERIMENTAL

extended frequency range withphase of nedty 0° wasobservedthe fit in this
frequency rangavas runwith an ohmic resistanc&he cell constant was determined

by measuring the resistance of 0.1M aqueous potassium chloride soll®f &t.
Thepotassium chloridsolution(CertiPUR) was purchased from Mer¢kGaA with a
nominal conductivity of 12.8 mS/cm at 2% °C. Electrolyte conductivity was
calculated by deviding the cell constant with the obtained electrolyte resistance. For
enhanced accuracthe cell constant was determineggularly after about ten
electrolyte measurements.

The theoretical conductivity decreasvas calculated bthe program COMSOL
Multiphysics assuming 5 vol% insulating filler material in a conducting matrix. As
cell geometry a cube with 1 mm edge length was used and the filler material was
simulated a864 spherical particle with a particleige of 50 um in a fcc lattice.

3.2.2 Electrochemical window

To determingheelectrochemical windowf the neat electrolyte and the composite
electrolytedinear sweep voltammetmyascarried outThe same cell was used as for
the conductivity measurements hwith a different cap. Instead of the glass rod a
glassy carbon electrode was embedded into the Fe@pthereference electrode a
nickel wire was inserted through the c&pe cell is shown ifrigure3.2.

connections to device

platinum cup

Figure3.2: Micro cell for linear sweep voltammetry measurements. The same platimowasused
as for theconductivitymeasurements. Glassy carbon is integratedtirdacap and is used as working
electrode. Lithium metal is pressed on the nickel wire and acts as reference electrode.

As reference eleatde iithium foil (> 98 %, Chemetall was pressed on the tip of
the nickel wireThe cellwas vacuurrdried at 80 °Gor at least 16 lprior toassembhg
it in the glovebox (cf.3.1 Electrode preparationLinear sweep voltammetry
measurements were carried out with a scan ratd®ofh\t/s starting at the open circuit
voltage using BioLogic SP150 potentiostat/galvandstntrolled by the software
EC-Lab (BioLogic Science Instrumenilhe measuremesiof theanodic and cathodic
limits wereaborted when a current of 5 pA andl pA was reached, respectiveRor
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every measurement of anodic or cathodic limit fresh electolytes used. The glassy
carbon electrode was polished with diamoadd aluminasuspension (purchased
from BiolLogic) after each measuremeAs limit for electrolyte stability a current

density of 5 pA/cm2 was chosen.

3.2.3 Cyclic voltammetry

Cyclic voltammetry (CV) was carried out withhalf cells in two-electrode
measuremest Lithium iron phosphatéLFP) cathode as working electrodesnd
lithium foil anodes (> 98 %, Chemetallds counter electrodes were useithium iron
phosphate cathodes were obtained asockt sheets from the research groupraf.

Dr. Kwade from the Institute for Particle Technologt Technical University of
BraunschweidGermany). The LFP cathode sheetssised of 84 wt% lithium iron
phosphate4 wt% carborblackand4 wt% graphiteas conducting additivend8 wt%
polyvinylidene fluoride PVDF) asbinder Loading of the sheets w&s52 mg/cm?.

The measurement cahown inFigure3.3 was built n-houseandwasvacuumdried

at 80 °Cfor at least 16 Iprior to assemblingt in the glovebox(cf. 3.1 Electrode
preparation) The electrolyte was kept in an acrylic glass cylinder with internal screw
threads on both sides. The bottom of the cylinder was closed by a short stainless steel
hexagon bolt with the cathode orartd sealed by an-€ng. An acrylic glass ring was
dippedinto the electrolyte on the cathode. On top of the acryliesgleng lithium foll

was placed whichvas stabilized by a stainless steel diskbrass spring pin which
was fixed on a stainless steel hexagon botttacted the anode and clogep of the
aaylic glass cylinder.

The measurements were carried out with varying scan rates between 0.1 mV/s and
1.0 mV/s. Before each measurement the cell was rested for 20 h. Starting at the open
circuit potential, the potential was increased to 4.2 V and decrélasedo 2.1 V
before returning to the open circuit potential. BioLogic SP50 and SP300
potentiostat/galvanostat controlled by the software-LBB (BioLogic Science
Instrument) were used for the measurements. Since the acrylic glass allowed water to
diffusefrom atmosphere into the electrolyte the measurements were carried out inside
the glovebox. The cell constant was determined geometrically being 0.7 cm
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hexagon bolt n
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Figure3.3: Acrylic glass cell is used for cyclimltammetry measurements with lithium iron phosphate
as working electrode ardithium metal as counter electrode. The electrodes are separated by an acrylic
glass ring.

3.3 Rheological measurements

Mechanical characterization was carried out by rotatiemperiments achieving
the electrolyte viscosities artny oscillation exgriments to otain information about
theviscoelasticity of the investigated electrolytébe measurements were carried out
in the dry room (dew poirit47 °C at ambient temperature of 23) of Batteries and
Electrochemistry Laboratory (BELLA) at Institute of Nanotechnology, KIT in
Karlsruhe (Germany). As rheometer the MCR 302 of Anton Paar was used.

3.3.1 Viscosity measurements

For \iscosity measuremenésoneplate geometry withraangle ofL°, diameter of
50 mm and g@ap of 101 um was used. Temperature was controlled by Peltier element
and hold at 2® °C. The shear ratgas varied logarithmically from 0.1'¢0 100005 2.
Accordingly the measuring time was varied logarithmically frars to 1s. For the
measurements of 15 wt% LITFSI/BMH-SI with 10 wt% SBA15-120theplateplate
geometry was used with diameter of 50 mm and gap of 1.000 $timing of
electrolytes was interrupted approximately 15 minutes prior to measurement. After

40



Scanning electron microscopy

bringing the cone in measuring position additional 15 minutes were waited before
starting the measurement.

3.3.2 Mechanical properties

For cscillation experimentshe same geometries were used as for the viscosity
measurements. Only the gap for the measureniet wt% SBA15-120 in 15 wt%
LITFSI/BMP-TFSI was changed to 0.500 ménplitude sweep experimentvere
carried out aangular frequencgf 1 rad/sandthe deformation amplitudeas varied
from 0.1% to 100%. The temperature was kept at 25.0 After beng stirred the
composite electrolytes were restied 15 minutes beforéhey were brought intthe
measuring device. After putting the cone in measuring position another 15 minutes
were waited before starting the measurement.

3.4 Scanning electron microscopy

Scanning electron microscog$EM) was carried out with Merlin highesolution
electron microscope (Carl Zeiss). SHiMageswere taken of the unmilled and ball
milled surfaceunmodified silica nanoparticles (SKDP80 and Si2NP8Cmilled),
fumed silica (SD>-fumed) andthe mesoporous silica Ki& and SBA15. Before
investigating the silica in the electron microscope they were platinum coated by
sputtering for 60 s in an argon plasma using a sputter coater (Edvwidrdsjnages
were taken using the secondatgctron detector with line averaged so&rcelerating
voltage was 3.0 kV and electron current 3Q pAe working distanceariedbetween
2.8 mm and 3.3 mmDue to high charging accelerating voltage was decreased to
2.0kV for the unmilled silicananoparticles (Si©®NP80).The scan speed was varied
between 1 and 9 for lower and higher magnitudes, respectively.

3.5 IR Spectroscopy

FTIR spectroscopy was carried out inside the glovebddlovebox
SystemtechnikGmbH) with water and oxygen contentselow 5 ppm For the
measurements the IR spectrometer NicoleS5 (Thermo Scientific) was used with
ID5 ATR accessory (Thermo Scientific) which has a diamond ATR crystal with an
incident angle of 45°. The sample was prddsg an integrated pressure tpto the
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ATR crystal which provides a measuring range of 1.8 Amospheric contributions

to the spectra were eliminated tollecting background spectra prior to measuring the
samplesATR effect was corrected by the software Omiior each electrolyte 32
scanswere takerwith a resolution oft cni! and a data interval of 0.482 &

3.6 Four-probe measurement to determine transference number

It was attempted to determitige transference number of a liquid electrolyte by a
four-probe measurement. Since ttransference number of silver nitrate is well
known, 0.01M aqueous silver nitrate solution was usesi model systenfior the
measurementd.he silver nitrate solution was prepared by dissolving an appropriate
amount of silver nitrate99.999%%, Aldrich Chemistry) in ultrapure water which was
produced by an ultrapure water systevill{ -Q Direct 8, Merck Millipore provided
by the research group of Pr@fr. Herbert Over at the Institute of Physical Chemistry
of the Justud.iebig-University Giel3en (GermanyJhe measurement cell depicted in
Figure3.4 was built inrhouse A glass tube with flange was filled with a small amount
of electrolyte (< 1 mL) and closed with a polytetrafluoroethyigaege (PTFE
flange) which was sealed with anrfdg and flangelamp(cf. Figure3.4). The PTFE
flange also acted as plug to minimize electrolyte volume for avoiding convections in
the solution.Fou silver wires were integrated into the PTFH&nge which were
connected by crocodile clamps on the outside.

connection to device

A .

'PTFE!

flange

probe

electrode

glass vessel
electrolyte

Figure 3.4: Cell with fourprobe arrangement for measuring cation conduction in liquid electrolyte.
Sealing with Gring allows measuring outside the glovebox withooritaminatinghe electrolyte with
atmospheric humidity. The outer electrodes are reversible for the cations (hereelsitterdes) and
are currentarrying During galvanostatigolarizationof the outer electrodeshe potential drop is
measured at the inner probes which are not cunamying
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Silver sheet werespot welded on the two outsilver wires. The two innewires
were electrochemically ebed by silver iodide. Therefethe cell was filled with 0.4
potassium iodide solution. The silver wire was connected as working electrode and the
silver sheet as counter and reference electrode. A voltage of 1 V wasldppB0min
for coating each inner silver wire with silver iodides silver iodide decomposes in
the presence of light the experiments were all carried out excluding light imeden
After coating of the silvewires with silver iodide the PTFHange was shortly washed
with ultrapure water before the cell was assembled with the silver nitrate soltten.
measurements were carried out with BioLogic SP150 potentiostat/galvanostat
controlled by the software ECab (BioLogic Science InstrumentPuring the
measurements the cell was dipped intieraperatureontrolledwater bath Julabo
F25EH) with a temperature of 25C. First potentiostatic impedance spectroscopy
was carried out between 1 MHz and 1 Hz with an amplitude of 10 mV to determine
the totalresistance. Then galvanostatic dc measurement was carriegying a
currentof 30 pA between the outer silver shefds 50 minutesand measuring the
potential drop at the silver iodide coated probes. The resulting current density was
approximately\242 pA/cmz2. The cell constant was determined geometrically.
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4 RESULTS AND DISCUSSION

As IL electrolyte Nbutyl-N-methylpyrrolidinium bis(trifluoromethylsulfon)imide
(BMP-TFSI) was chosen to evaluate the effect of dispersing silica in the electrolyte.
Imidazoliumbased ILs are discussed more often in literafgresolvent for lithium
electrolytesespecially 1ethyl3-methylimidazolium bis(trifluoromethylsulfon)imide
(EMI-TFSI) but they are chemically not stabte lithium metal. The chemical
structures of BMP, -ethyl3-methylimidazolium and TFSI are shownhkigure4.1.

1-ethyl-3-methylimidazolium N-butyl-N-methylpyrrolidinium bis(trifluoromethylsulfon)imide
(EMI) (BMP) (TFSI)

Qc v Os @o OF

Figure 4.1: Chemical structures of the cationsalkyl-3-methylimidazolium A) and N-butyl-N-
methylpyrrolidinium (B) as well as dhe anion bis(trifluoromethylsulfon)imide (C).

Instability of the imidazolium cation derives fraime acidity inthe C-2 postion.
The carbon atongarries a partial positive charge from the delocalized charge in the
ring and is bound to two nitrogen atomdich are electron drawing@ herefore, the
hydrogen atom at 2 position of imidazolium cation tends to deprotonedsily.
Pyrrolidinium-based ILs are considerably more stafee only one nitrogen atom is
present in the cation which reighboringto four carbon atomsFigure 4.2 shows
pictures of the neaBMP-TFSI and EMI-TFSI and of both ILs after contact with
lithium metal for B h. The pyrrolidiniumbased IL didbptically notalterafter contact
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with lithium whereas the imidazolininased IL changed its color indicating impurities
in the IL which came from reactions with lithium metadr ILs it is well known that
color change amirs if impurities are present.

Figure4.2: The ionic liquids Nbutyl-N-methylpyrrolidinium bis(trifluoromethylsulfon)imidéBMP-
TFSI) and %ethyl3-methylimidazolium bis(trifluoromethylsulfon)imide (EMIFSI) before and after
18 hours contact with metallic lithium. The pure ionic liquids are colorless. -BMH remains
optically unchangedafter contact with lithiumwhile EMI-TFSI becomes a yellow liquid due to
impurities which are decomposition productsnfrthe reaction of the IL cations with lithiumetal

TFSlis a good candidate as anion due to its highly delocalized ¢h&dgeHence,
interactionswith catiors are weaker compared to anions without delocalized charge
Therefore the anion is able to move more independently of other ions resulting in a
higher conductivity[30].

4.1 lonic liquid -based composite electrolytes with silica

Adding silica to the electrolytdsd to stable dispersiorfsf. Figure4.3). It is clear
from literature that Itkbased dispersions are not stabilized electrostatid8B]. Due
to thehigh ionicity of ionic liquids Debye lengthsre very shorand IL dispersions
cannot be considereals conventional colloid<Coulombic repulsions of dispersed
particles are weak and cannot stabilizéispersions Applying the DLVOtheory
(DerjaguinLandauVerwey-Overbeek theory) to particles in ILs a negative
interparticle potential results with a very low energy barrier for coaguldtence,
stable Il-based dispersions cannot be described thy DLVO-theory. The
stabilization of silica particles in IL electrolytes hastourstericallyand by repulsive
forces of interfaceegionson the particle§182 184]. The ions of the ionic liquids
interact with the surface of the colloidal particésst was already shown in literature
that ILs formsolid-like structures in contact with silica surfaces Chapter2.2.J).
Thus, the particles cannot coagulate due to steric hindrance of the IL ions on the
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particle surfaces. At the same time the ions cause repulsive forces when the particles
near each ther. IL electrolytes with 5 wt% fumed silica and 10 wt% mesoporous
SBA-15 even formed a gel aradpaste, respectively. The electrolytes are shown in
Figure4.3 together with the neat IL electrolyte ahdelectrolyte containind.0 wt%

silica nanoparticles of 8Am patrticle size which forms a stable dispersippearing

liquid. In the cases of gesénd pastdike composite electrolytes the formed structures

of IL ions on the silica surfaces seem to have a considerably longer range than the ones
in the liquid appearing dispersions resulting in a more rigid structure of the composite
electrolytes. Thisbservation cannot lexplainedoy the chemicalcompositionof the

silica surfaces since fumed silica surface is dominated byegjfanps and surface of

the SBA-15 contains mostly silangroups as it is the case for all surfao@modified

silica excepfumed silica investigated in the present waddleno et al. also observed
gelation of neat ionic liquids by adding silica and explained it by formatioa of
network consisting ohterconnectedilica particle§184, 185]

—

Figure4.3: Optical appearance of 3% LiTFSI/BMP-TFSI with different silica as filler materials.
Vial A contains the neat IL electrolyte, vial B the IL electrolyte with 10 wt%,$B80, vial C the IL
electrolyte with 5 wt% fumed silica and vial D the IL electrolyte with 10 wt% SIBA

Dissolving lithium salt in ionic liquids enhances the order of the sygt@ng along
with a density decreas§ince the ions are more ordered due to complexation of the
lithium salt less vacancies are present in the system resulting in a decreased hole
conceantration. Moreover, the higher order of the ions restricts fluctuation of holes and
therefore the ion mobility. Thusyiscosity increases due to the more ordered
arrangemenof ions[163]. Hence, the iole conductivity decreases althougte ion
concentration is increasefrior to the present work different ionic liquids with
varying amount of LITFSI as conducting dadtve beemvestigatediuring themaster
thesis[186]. N-butyl-N-methylpyrrolidinium TFSland talkyl-3-methyimidazolium
TFSI with thealkyl chainlengths varying from ethyl to hexylwere used as ionic
liquids. The conductivitiesl in dependence on the lithium saiass fractions are
presented irfFigure4.4. As expected, conductivity decreases with increasing LITFSI
concentration. Moreovetheconductivity decreases with increasing alkyl chain length
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lonic liquid-based composite aolytes with silica

at the imidazolium cationlue tohigher viscosity resulting fromstronger varder
Waals interactions with longealkyl chains. The ionic liquid with Nbutyl-
N-methylpyrrolidinium (BMP) cation shows conductivities similar to the ionic liquid
with 1-hexyl3-methylimidazolium (HMI) and is clearly lower than withbltyl-
3-methylimidazolium (BMl)although the latter habe same alkyl chain lengtithe
BMP cation is not aromatic and thus has a-plamar structure in contrast to the
imidazolium cation. Hencanobility in the BMP cation containing ionic liquid is
decreased compared to timeidazoliumbased ionic liquid sice the pyrrolidinium
cation is sterically more demanding and accordingly less m@dig.

1 v I ' 1 ' I ! 1 ' | v I
- m-- MMI-TFSI ]
8 u @ - EMI-TFSI |
- . - ¥-- PMI-TFSI
= ~ .- @ - BMI-TFSI 1
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C v. . * - BMP-TFSI
(7] J
£
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S 44 @ . i
z - o !
.E ] -._.‘. v"
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Figure 4.4: Room temperature conductivitiags of different ionic liquidsin dependence on mass
fractions ¥ of LiTFSI. As ILs N-butyl-N-methylpyrrolidinium TFSI (BMPTFSI) and 21alkyl-
3-methylimidazolium TFSKalkyl-MI-TFSI) with varyingalkyl chain length were usedM: methyl,
E: ethyl, P: propyl, B: butyl, H: hexyl). The diagram wawdified after[186]. The dotted lines are
shown as guides for the eye.

Aim of thepresentvork wasto investigate the interface effect of the IL electrolyte
with isolating filler material In particular it was an open question whether
introdudion of anisolating materiato the IL electrolyte results in an enhanced lithium
conductivity due toan inteface effectsuppressing lithium complex formaticas
reported in literaturgll, 25] (cf. Chapter2.2.2. It is known that the dominating
species of lithiumn ILs are [Li(TFSI}] mcomplexes for ma fractionssmaller than
0.2. For higher ma fractions of lithium salt the ion species become more complex
and multinuclearaggregates are formedhus, in the present wolBMP-TFSI with
15wt% LIiTFSI was chosen astandard electrolytequalinga mok fraction of 0.5
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for the conducting saltf the filler material avoids lithium complexation the effect
should be most expressat moe fractionsabove0.2 wherelithium complexation is
strongly pronouncedMoreover, with 15 wt% conducting salt the viscosity increase
and conductivity decrease is in an acceptable limit and the concentration of lithium
ions is adequatd@.able4.1 summarizes the concentration, radtaction and molality

of the standard electrolyt€he water content of the electrolyte was alwayger than

10 ppm.

Table4.1: Mole fraction, concentration and molality of the standard electrolyte 15 wt% LiTFSI/BMP
TFSlin the present work

mass fraction molefraction concentration molality

LITFSI in

BMP-TESI 15 wt% 26 mobko 0.76mol/L 0.62 mol/kg

Since the anion coordination to lithium ions should be avoided by the filler material
and lithium ion mobility should not be hinderedaterial withLewis acidc surfaces
assumed to bmost promisingo achieve thelesiredeffect. TheLewis acidiy of the
surface avoids adsdrpn of lithium cations and hence, does not hinder them in their
mobility. Moreover, the acidic surface could be able to capture arésadting in a
decreasednion concentratiom theinterface regn whereless anionsre presento
coordinate to the lithium ionsThe lteratureknown conductivity enhancement in
heterogeneoudoped solid electrolyteas well asin dispersed liquid and polymer
electrolytes was also achievedsing filler materials wih Lewis acidc surfaces
(cf. Chapter2.2). Thus, in the present work silica was chosen as filler mat@iaal.
investigate the influence of silica surfaces on the properties of 15 wt% LITFS{/BMP
TFSI different sili@ were used: surfaaenmodified silica particles with particle size
of 80 nm (SiG-NP80) which were also used after balilling (SiO>-NP80Gmilled),
fumed silica particles with a mean particle size of 7 nm, mesoporous surface
unmodified silicaKIT-6 and SB\-15 with cubic and hexagonal pore structure,
respectively and average pore sizes of 9 ram well as surfaemodified silica
nanoparticles with a particle size of 80 nm and methyl{8IB80-CHzs), aminopropyl
(SiO-NP80-C3HeNHy), lithiumpropylisulforate (SiO2>-NP80-C3sHsSOsLi), N-propyk
N-methylpyrrolidinium TFSI (SINPBOPMP-TFSI) and Imethyt
3-propylimidazolium (SiG-NP8GPMI-TESI) as surface group&IT-6 silica with
different pore sizes and varying surface modification as WelBA-15 with different
surface modifications were also used as filler matsrian the IL electrolyte
15 wt% LITFSI/BMP-TFSI. The corresponding resultd the electrolytes with the
different KIT-6 and SBAL5 silicaare shown in the appendix.
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Figure 4.5: Secondary electron microscopSEM) images of thesurfaceunmodified silica
nanoparticles. Unmilled silica nanoparticles with particle size of 80 nm (A) and the same silica after
ball-milling (B) are presented as well asrfad silica (C).

The difference of the unmilled and batilled silica nanoparticles with particle size
of 80 nm (SIQ-NP80 and Si@NP8C0milled, respectively) is their particle size
distributionand morphologyThe scanning electron microscope (SEM) imaijebe
silica particles are shown Figure4.5. The patrticle size distribution of the unmilled
particles is very broad whereas thall-milled silica particlesshow quite uniform
morphologies. Fumed silica is also depicted in the SEM imag€ésgafe 4.5. The
particles of fumed silica agglomerate and exhibit a broad particedsstribution.
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Moreover, it becomes obvious that fumed silica agglomerates appear spongy
indicating that the agglomerates are not packed densely.

A: KIT-6

Figure4.6: SEM images of the mesoporous silica KITA) and SBA15 (B).

The mesoporous silica K& and SBAL15 with average pore width of 9 nm are
shown by SEM irFigure4.6. KIT-6 forms large agglomerates and has significantly
larger particle sizes than SB¥5. The SBALS5 silica appears also spongy as it is the
case for fumed silica indicating high porosity. B@BA-15 and fumed silica form
gel and pastdike composite IL electrolytes. Hence, it may be assumed that in these
composite electrolytes the IL electrolytes are more confined resulting in larger
interface regions where a solide ordering is rather gected from literature. Thus,
the resulting composite electrolytes appear more solid than liquid. SEM images of the
mesoporous silica with higher magnitude are shown in the appendix.

4.2 Conductivity behavior of composite electrolytes

Figure 4.7 shows the temperature dependent conductivitis of
15 wt% LIiTFSI/BMP-TFSI with 2.5 wt%, 5 wt%, 7.5 wt% and 10 wt% safrface
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unmodified silica Assuming a density of 2.2 g/mlorf al silica the mass fractions
2.5wt%, 5 wt%, 7.5 wt% and 10 wt% of silica in the IL electrolyte correspond to
volume fractions of 1.7 vol%, 3.5 vol%, 5.4 vol% and 7.4 vol%, respectively.
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Figure 4.7: Temperature dependent conductivitiéeof 15 wt% LiTFSI/BMRTFSI with surface
unmodified silicaConductivities of the IL electrolytes with 2.5 wt%wt%, 7.5 wt% and 10 wt% filler
material containing IL electrolytes are presented in paB, C and Dyrespectively.

As expected, theonductivities increase with rising temperature. By adding filler
material the conductivities decreaséh respect to the neat IL electrolybeit in a
different mannefor differentsilica as filler materia This decrease pronounced
andstrongest for 10 wt%An exceptional behavior is observiedthoseelectrolytes
with unmilled silica nanoparticles with a particle size of 80 (81O.-NP80) The
conductiviies of these electrolytes hardly changéh respect to the neatectrolyte
with increasingsilica fraction The room temperature conductivitias of the
electrolytesarepresenteds function othe content of fillemass fractiory in Figure
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4.8. The error bars are not shownRigure4.7 for graphicalreasondutare presented
for the room temerature conductivities iRigure4.8. Thescatteringof the measured
resistancen repeated measurements of the same electnobsgalways less than %.
The electrolyte conductivity is calculated from the measured resistance and the cell
constant whichalso is determined from resistance measuremeAssumingthe
conductivity ofthestandard electrolytesed for determining the cell constantea®r
freg an error of 1% results for the cell constadtie to resistance measuremeftse
total error of the conductivities is composedtt# sum otthe errors of conductivity
and cell constant. Thus, conductivities are determined with an uncertait\af
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Figure 4.8: Room temperature conductivitiésof 15 wt% LiTFSI/BMPTFSI with different surface
unmodified silica in dependence on the silica mass fragti@onductivity decay predicted by Maxwell

if the filler material represents solely an exclusion volume without occurring interface effect is depicted
as solid black lineThe dotted lines are presented as gufdethe eye.

FromFigure4.8 it is obvious that the conductivities of 15 wt% LiTFSI/BMIESI
containing unmilled silica particles with a particle size of 80 nm £B8I©®80) hardly
changewith respect to the neat electrtdyp to a silica content of 10 wt%. All other
surfaceunmodified silica presented KFigure4.8 cause an initiasteeperconductivity
decay for a content of 2.5 wt®th respect to the neat electrolyléne conductivities
of the electrolytes with 2.5 wt% filler material aeqjual for the balimilled
nanoparticles, fumed silica and SBA. By further increasing the silica fractidhe
conductivity decayor all electrdytesis less pronouncecompared to the decay from
neat electrolyte to the IL electrolgwith 2.5 wt% filler materiad. For the electrolyte
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with KIT-6 even a small increase in conductivity ocduma 2.5wt% to 5 wt% KIT-6

in IL electrolyte Only the conductivity of the electrolyte with fumed silica decreases
lineady but it is in the same range as the conductivities of the other composite
electrolytes although the electrolyte with 5 wt% fumed silica is a gel and traia, ha
highviscosity The lowest onductivities are reachddr IL electrolyteswith KIT-6 as
filler material SiO,-NP80 and Si@2NP8Cmilled are the same compounds with the
only differencethat one is unmilled and the other one is-balled. Nevertheless, they
induce clearly different onductivity behavics in the composite electrolytes
Conductivitiesof the electrolyte with the unmilled nanoparticles hardly change with
respect to the neat electrolyteor the electrolytes ih the baltmilled nanoparticles
the conductivity first decrases and hardly changes $ilica fractions above 5 wt%
Thus, with the balmilled particles considerably lower conductivities abservedn
comparison to the unmilled nanoparticlelence the morphology of the aggregates
and the typeof particle network is crucial for the conductivity behavidsince it is
known that ILs form orderestructures on silica surfacés. Chapter2.2.1), varying
particle morphology and surface curvature may induce different structures with
different conductivity behavigr

If the filler material represents an exclusion volume solely the conductivity decay
should behave as described by Maxwell @fuation(2.8)). This conductivity
decrease is depictedkiigure4.8 by thecontiruousblack line ands notin accorénce
with the conductivity behaviors of the composite electrolytes. Tthessilicaclearly
induce an effectvhich influencesthe ion mobilities in thecomposite electrolytes
Except the fumed silica which is mostlyagiized anctontainshardly silanol groups
on its surface all other silica presentedrigure4.7 andFigure4.8 havemore or less
the same surfacewith mainly silanolgroupson it. If the conductitty behavior
resuled only from the interface effecthe electrolytes with the mesoporous silica
would showa different behavior since they have a considerably highalrsurface
area(inner and outer surface)s the conductivities of the electrolytesntaining the
mesoporous silica are similar tmnductivities of the electrolytes withorrporous
nanoparticlegt can be assumed that the conductivity is not dominated by the interface
effect. Againthis indicateghatthe conductivity behavior isnainly influencel by the
formedparticlenetwork

The temperature dependent conductivitiesf 15 wt% LiTFSI/BMRTFSI with
surfacemodified silica nanoparticles are showrFigure4.9. Again the error bars are
not presented fagraphicalreasons.
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Figure4.9: Conductivitiesll in dependence on temperature of 15 wt% LiTFSI/BWFSI with surface
modified silica nanoparticlefn part A, B, C and D results of IL electrolytes containing 2.5 wt%t%,
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7.5 wt% and 10 wt% surfaamodified silica nanopatrticles, respectively, are shown.

conductivities are siwn in dependence on the silica fractiorrigure4.10.

With rising temperature conductivities of aleetrolytes increase as expectéd.
contrastto the electrolytes containing surfagemodified silica (cf.Figure 4.7),
differences in conductivities of composite electrolytes with sunfacdified silica are
very small. For a better comparison of the electrolytes their room temperature
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Figure4.10: Room temperature conductiviti@sof 15 wt% LITFSI/BMP-TFSI with different surface
modified silica nanoparticles in dependence on the filer material mass fractidre lid black line
describes the conductivity decay predicted by Maxwelh# filler material represents solely an
exclusion volumewithout respecting interface effectBhe dotted lines are inserted as gsifte the
eye.

All surfacemodified silica despite the silica with imidazolidienctionalization
(SiOx-NP80G-PMI-TFSI)induce a conductivity decay in the IL electrolyte with@t%
silica with respect to the neat electrolyte. The electrolytes containing silica with
lithiumpropylsulfonate and aminopropyfunctionalization show a slight increase in
conductivityfor 5 wt% silicawith a following conductivity decay for silica fractions
above 7.5 wt%. The methyhodified silica induce a conductivity decrease up to a
silica fraction of 5 wt%. IL electrolyte with 7.5 wt% methylodified silica show a
slight increase in conductivity followed by a small conductivity decrease for 10 wt%
silica. The composite electrolyte with 5 wt% pyrrolidinkmodified silica shows a
comparablyhigh conductivity increase followed bg conductivity decrease for
7.5wt% and 10 wt% silica with conductivity values very similar to the electrolyte with
aminopropyimodified silica. The silica with imidazoliwfunctionalization shows a
quite different conductivity behavior. With 2.5 wt% imidazoliemmodified silica the
electrolyte conductivity hardly changes followed by a high conductivity decay for the
electrolyte wih 5 wt% imidazoliuramodified silica reaching the smallest conductivity
value of all presented electrolytes in the present work. Increasing the silica fraction up
to 7.5 wt% a high conductivity increase tlls resulting in conductivity values similar
to the electrolytes with methyl and lithiumpropylsulfonatéunctionalization.
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Increasing the silica fraction of imidazoliumodified nanopartiés to 10 wt% in the
electrolyteinduces a further conductivity increase. Disregarding the electrolyte with
imidazolium-modified silica conductivity behavior of composite electrolytes with
surfacemodified silica is similar for all modified silica investigated in the present
work. Moreover, these electrolgs show higher conductivitiesompared to the
composite electrgtes with unmodified silica.

Again the conductivity decay predicted by Maxwell if the filler material represents
solely an exclusion volume is shown Figure4.10 as continuous black lineThe
conductivity behavig of the composite electrolytes withurfacemodified silica
resemblemore the predicted conductivity decay than the electrolytes with surface
unmodified silica. Nevertheless, the conductivity behaviootdescribed exactly by
Maxwell s prediction. Hence, it may be ass.!
material and electrolyte occufhe morphologies of the surfaceamodified silica
were clearly different leading to quite different conductivity behavion the
composite electrolytes. Since for the surfasadified the same silica were used for
modification their morphologies are very similar just as their conductivitiesgaen
the hypothesis is supportethat morphology of filler material is crucial for the
electrolyte propertiefzor a composite electrolyte consisting of a conducting matrix
with a conductivity of 0.92 mS/cm (as it is the e&x 15 wt% LITFSI/BMRTFSI)
and5 vol% ofinsulating sphericadilica particles with particle sizes of pin it was
simulated that conductivity decrease 71 % along the particlesSince the
nanoparticles are agglomerated in the dispersed electrolytes the particle sipenof 50
should be in the magnitude of the aggkratesHence, the changes in conductivity
observed in the present work cannot be described by sigemenetric current
interruptionasarelatively small conductivity decrease was observed.

If an interface effect would influencéhe electrolyte properts composite
electrolytes containing filler materials with yarg surface modificationg/ould have
led to clearly different conductivity behavioiSince the conductivities are varying
with the morpholog of thefiller materials it can be assumdtiatthe different silica
lead to different networks and hende varying mobility mechanisms in these
networks. If the mechanism for ion mobility changeeslifferentactivation energy is
expected. The activation energy describese¢leiredenergy for an io to change its
position in the electrolyte and isfluencedby the ion environment which should be
different in different networksTo determinghe activation energ¥a the Arrhenius
equation (cfequation(4.1)) is used which describes the temperature dependency of
conductivity.
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Ea

A 2k
s:? OF (4.1)

The preexponential fact@x describes thgump frequency and activatiaentropy
The energy barrier which the ion has to overcome for the jump is depicted by the
activation energ¥a. R describes the universal gas constdirthe temperature an
the conductivity Sincethe mobility of ions inionic liquids resembles the mobility in
solid electrolytes the preexponential factor for ionic liquids is assumed to be
antiproportional to tempature as it is the case for solid electrolyliesking the natural
logarithm of tle Arrhenius equation and combinitinge temperature dependence of the
preexponential factowith the conductivityresults inequation(4.2).

.. E, 1
Insd) mA EA_—I_ (4.2)

Plotting the natural logarithm of the product of conductivity and temperature
against the reciprocal temperature allows the determination of activation energy from
the slope of the plot which equals the quotient of activation erler@nd universal
gas constarni. ILs near the glass temperature do not follow Arrhenius behavior and
are mostly described tiie VogelFulcherTamman(VFT) equation which is used for
glassforming systems near the glass temperature. The VFT equation is #mown
equation(4.3) with the preexponential factor A and the glass temperdyire

EA

S=A OV (4.3)

In the present work the activation energies were determined by Arrhenius equation
for temperatures above 293 K, considerably above the glass temp@gaiithre VFT
equation is not applied for determination of activation energy since a linear behavior
in the Arrhenius plot was found for conductivities above 293 K. Moreover, the VFT
equation contains two unknown parameter, being the preexponentialAstdrthe
glass temperaturg, instead of one as it is the case for the Arrhenius equation. Thus,
applying VFT does not offer more information than using the Arrhenius equation. The
activation energies of the presented composite electrolytes are shéiguia4.11
andFigure4.12in dependence of the filler material fraction.
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The calculated activation energiesntain errors from the fit of the plot, the
corductivity and temperaturd.he temperature was adjed with an uncertainty of
0.1K resulting ina mearerror of 0.03%. The error of conductivity is % as shown
above and the error of the fit was determined for every electrolyte bgtib@f the
absdute error of slop@andtheabsolute value for thelope. Thaesultingerror barof
activation energiesire presentedn Figure 4.11 and Figure 4.12. Obviously the
uncertainty of activation energies is higher than their differenea¢t other. Thus,
no quantitativeconclusion is possible but there are a few noticetabials

Regarding theconductivities of electrolytes witrsurfaceunmodified silica
(cf. Figure4.8) for 2.5wt% of filler materia) almost the sameonductivity values are
reached for all composite electrolytegcept the electrolytewith the unmilled
nanoparticles being quite high anith the mesoporous SBA5 being very lowln
the activation energies this trend is not obvious. The electrolyte with 2.5 wt%15SBA
shows as expected the highest activation energy but all other electrolytes show more
or less the samealues of activation energior 10 wt% unmilled nanoparticlesthe
IL electrolyte the highest activation energy is determined with respect to the other
composite electrolytelsavingthe same silica fractigrbut this electrolyte shows also
the highestonductivityamong the composite electrolytes with 10 wt% sifieation.
The electrolytes with 10wt% imidazoliummodified silica shows the highest
conductivity among the electrolytes with 10 wt% surfecadified silica. At the same
time this electrolyte has the highest activation enargypared to the ones of
compoge electrolytes with surfaemodified silica For electrolytes with2.5 wt%
surfacemodified silica the activation energies are more or less the same whereas the
conductivities are clearly different.

Due to the high error bars no significant conclusicas be drawn. But it may be
assumed that conductivity mechanisms vary in the different composite electrolytes
with surfaceunmodified silica. In the electrolytes with surfaoedified silica the
mobility mechanisms seem tesemble more each other tharthe electrolytes with
surfaceunmodified silica.As known from literature stabilization of IL dispersions
occus sterically due tcsolid-like regionson the particles (cfChapter4.1). Hence,
there is an interface effect butsiens notto influencedirectly electrolyte properties
as it was shownin the literatureknown heterogeneousdopeal electrolytes
(cf. Chapter2.2). Nevertheless, the formeurticlenetworkstabilized by thessolid-
like regions at thenterfacesappeardo be crucial foithe electrolyteproperties. The
question arises how thehemical compositiorof the interfaceregionslooks like.
Therefore, the interface wasalyzedoy IR spectroscopyAs referencehe neat ionic
liquid as well aghe IL electrolytewas investigated. By using the ligucomposite
electrolytes for spectroscopic measurements the resulted spectra show only the bulk
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electrolyte due to low concentrations of the filler material. To investigate the interface
region the amount of bulk electrolyte has taviaimized Therefore 90wt% silica in

15 wt% LiTFSI/BMRTFSI was used as composite material as it can be expected that
the silica particles are coated by a thin electrolyte filime IR spectra are shown in
Figure4.13.
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Figure4.13: IR spectraf N-butyl-N-methylpyrroldinium TFSI (BMRTFSI) with and without LiTFSI
as conducting salt (toppf the neat sita particles (Si@NP80) and the particles coated with IL
electrolyte (bottom)The dotted lines are shown as guides for theteydisplay the slight peak shifts
discussed below.

Slight peak shifts of the electrolyte coated silica opediwith respect tdhe neat
IL electrolyte in the IR spectra. The shifts are correlated to vibrations of electrolyte
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speciesEach sample was measured systematically at least five times to ensure that the
phase shifts do not contributerteeasurement errorshus, it is clar that an interface
effectinfluencing the network formatiooccursbut it remains unclear which ions are
involved in which manner in the interfacegion

Conductivities, activation energies and-g§Rectra show that an interface effect
occurs in the ILcomposite electrolytes. Hence, a network is formed by the silica
particles which influencethe electrial transporfproperties of the electrolytes

4.3 Mechanical properties of composite electrolytes

Viscosities were measured by rotationa¢ology experimes in degendence on
shear rate. The neat IL electrolyte is a Newtonian fluid and does not change
viscosity with increasing shear rate as showthaflow curve inFigure4.14. The
composite electrolytes show shear thinning behavitneisviscositieslecrease with
increasing shear rate.
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Figure4.14: Flow curves showing the dependence of viscosity on the shear rate for the neat electrolyte
which is a Newtonian liquid and the IL electrolytmntaining fumed silica and methylodified silica
nanoparticles, respectively, both being shear thinning materials.

In Figure4.14 the flow curves of IL electrolytes with 2\t% fumed silica and
7.5 wt% methytmodified silica nanoparticles are exemplarily shown. The silica
particles are gglomerated in the dispersed electrolytes as long as they are in rested
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state. Upon applying a force by rotating the cone during measurement, the
agglomerates break forming mainly primary particles. Thus, the intermolecular forces
making the dispersionsadile are weakened and the viscosity decreases as the flow
resistance is decreased due to lower intermolecular forces.

Since noANewtonian liquid show a strong dependence of viscosity on shear rate
and shear stresabsolute viscosity values can only beedmined for Newtonian
liquids.For norNewtonian liquidghesample history has to be respected andisial
for resulting viscosity valueas the sample experiences forces during application on
the measuring device amldiring the initial operation to ting the cone in measuring
position. Due to the forces durititemeasuremergreparationthe sample is ianon
rested state anchay havealready a decreased viscosity in case of shear thinning
materials.Nevertheless, viscosities are presented for-Mewtonian liquids, too.
Here, it is importantto note all measuementconditions,information onthe shear
history and at which sheeaite or stresthe presented viscosity valuegrecollected
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Figure4.15: Room temperature viscositigsof 15 wt% LiTFSI/BMRTFSI with surfaceunmodified
silica independencen the silica mass fraction. Dotted lines are shown as guides for the eye.

For the viscosity measurents presented here attention was paid to treat all
electrolytes in the same manner prior to measurement with respect to their shear
history. Stirring was interrupted 15 minutes before measurement and the electrolyte
was pouredonto the plate directly fra the sample vial without using pipettes or
syringes. Only for the gedike electrolytes with 5 wt% fumed silica and 10 wt%
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mesoporous SBAS a spatula was used. After putting the cone in measuring position
the sample was rested for another 15 min betaréirsgy the measuremeiiigure4.15
andFigure4.16show the viscosities at a shear rate of 0.arsd 25.0 °C in dependence

on the silica fraction in the electrolyte. The lowest measured shear rate was chosen for
presenting viscosities sintiegere the system is in the most rested state.
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Figure4.16: Room temperature viscositigsof 15 wt% LiTFSI/BMRTFSI with surfaceunmodified
silica independencen the silica mass fraction. Dotted lines are presented as guides for the eye.

For all electrolytesheviscosity increasesy addition of filler material buto clear
trend of the viscosity as function ofthe silica fractionwas observedA possible
explanation is that the sample history slightly varied for the electrognesthe
networksof some electrolytesere not stable enough to maintaihus, the viscosities
should be treated carefully and regarded more as relative valuesbwnta ones.
Since the errors in viscosity resulting from sample history are much larger than
measuring errors and cannot be calculatewr bars are not presented for rheological
measurements$:or the electrolytes with surfacenmodified silica(cf. Figure4.15) it
is clear that electrolytes with fumed silica have the highest viscosity followed by the
electrolytes with unmilled nanoparticles. Disregarding the @bté with 5 wt%
SBA-15 it can be concluded th&BA-15 induce a linear viscosity increase with rising
filler amount in the electrolyte. For Ki® containing electrolyteteviscosty strongly
increases with 2.#t% KIT-6 and decreases thap toan amouhof 7.5 wt%before
slightly increasindgor 10 wt%. KIT-6 also stood out in th@nductivity measurements
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(cf. Figure 4.8) as t showed the lowest conductiviti@enongthe electrolytes with
surfaceunmodified silica and caused the highest conductivity decrease for an amount
of 2.5 wt%. Theball-milled silica nanoparticles increase the viscosity of the IL
electrolyte only slightly. Thusno direct correlation of viscogitand conductivity
occursascomposite electrolytes with low viscosities do not show high conductivities.
Since silica with similar surfaces influence electrolyte viscosities differetitéy
hypothesis is underlined that electrolyte properties dependgsgron the particle
morphologyas the main differences of the unmodified silica are their morphologies.
The viscosities of electrolytes with methylodification hardly change with varying
silica fractiors up to 10 wt% where a considerable viscosity ineesaccurgcf. Figure
4.16). Electrolytes withamingropyt and imidazoliuramodified silicashow very
similar viscosiy behavior although conductivitiesf these eldcolytes are clearly
different. The pyrrolidiniummodified silica induces at an amount of 5 wt% a very
high viscosity increasen the electrolyte The same electrolyte has the highest
conductivity under allcompositeelectrolytescontaining5 wt% surfacenodified
silica.

From the conductivity results it was concluded thiae chemical composition of
silica surface hardly influences the electrolyte properties andtiibatonductivity
behavior varied only with differergarticlemorphologies. For the viscosities varying
silica surfaces influenced the electrolyte behavior in a different maisethe
conductivity behavior of composite electrolytes with surfamlified silica is very
similar and their viscosities differ each athémay be concluded that the conduction
mechanisms remain similar in the different composite electrabytethe mechanical
properties vary due to varying interface regions resulting from different surfddgss
conclusion is in good agreement withetiwvorks of Ueno et al[183i 185]. They
reported a gelation in ionic liquids by adding silica particles due to interconnected
networks of the silica nanoparticles. This network formation egsendenbn the
particle surface. They assumed a multilayered IL structure on the silica susaicé
inhibit aggregation of the particles. Moreover, they reported a high ionic conductivity
in the ion gelswhich they explained by phase separation of ionic liquid in an
interconnectedilica network Thus, nterfaceregiors have to be established cime
silica surfacesvhich stabilize the dispersion. Thaggionsmayalsobe dependent on
the particle morphologies resulting in slightly different networkd. mobility
mechanismsof ions did not change in the composite electrolytes decreasing
conductivty should went along with increasing viscosityen,it would be expected
that electrolytes with highest conductivities show lowest viscosities and vice versa.
Since it is not the case and no obvious correlation of viscosity and conductivity is
presentit may be assumed that ion mobility mechanism is directly influenced by the
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formed network offiller material Hence, viscosity measuremengsipport the
conclusions drawfrom the activation energies of the composite electrolytasion
mobility mecharsms vary in the different composite electrolytes

Walden proposed an empirical equation whgthtesthat the product of the
equivalent conductivitg and viscosityd is constanfor ideal electrolytesAngell et
al. [188] and Gores et a[189] showed that ionic liquids also fulfill thé/alden rule
since the product of equivalent conductivity and viscosity is constant with varying
temperatureCombining he Walden equation with Stokes equation it becomes clear
that theWaldenproduct is a constaynly varying withthe hydrodynamidon radiir;
of electrolyte ionsThe Faraday constart, charge numbezrand elementary charge
are constant&f. equation(4.4)).

Fz’e

L h= —
OEX

(4.4)

Thus, as long athe coordinationof the ions in the IL composite electrolytes does
not change the product of equivalent conductivity and viscasityilld beconstant.
The equivalent conductivity was déerminedfrom conductivityd, concentratiom of
conducting salt and charge numbély equation(4.5). The charge number is one since
all ions are monovalenthe volume of the electrolyte is not known as massegre
used toprepareelectrolytes. Thereforethe density} of the IL electrolyte was
determined by a pnometer being 1.46 g/madlhe conductig salt concentratioqin
electrolyte was calculated from the amoumirrsi of LITFSI. To obtain the
concentrations of the composite electrolytes the silica mass fractions were converted
into volume fractions using 2.2 g/mL as density for the silgiace the density of
silica may vary for the different filler materials an error is made by using the same
silica density for all composite electrolytes. Nevertheless, the density changes should
be very small for the different silica and the resulting erranagle systematically
which does not change in composite electrolytes with same. $flm@over, volume
change due to intermolecular interactions was not considesatling in an additional
error which is made systematically. Hence, the equivalent conductivities should be
treated more as relative values than absolute ones.

S é'rnelectrolyte + rnsilica
[ = S _S (.:D.Itot ‘S(Velectrolytej-vsilica) C r9|90“’0|yte _ Silica
ZCI: Z @'FSI z DT%I z IR‘FSQ
Thus, equivalent conductivities could be obtaimsdshown in Figure 4.17 and
Figure4.18. The product of molar conductivity and viscosity was determined for the

neat IL eleatlyte. If complexation and therefermobility mechanisr of ions in

(4.5)
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composite electrolytes dwt change with respect to the neat IL electrolyte the product
of equivalent conductivity and viscosity should be the same for all electrolytes
investigated inhe present work. Hencthe expected equivalent conductivities were
determined from the measured viscositiethe composite electrolytesd the product

of equivalent conductivity and viscosity of the neat IL electrolyte. The expected values
are depictedn light colors together with the measured values Kgjure 4.17 and
Figure4.18).
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Figure4.17: Equivalent conductivities normalized to conducting salt concentration of IL electrolyte
with surfaceunmodified silica in dependence on the silica mass fraati@me showr(top). In light
colors calculated equivalent conductivities gresenteddetermined fromWa | d e n Gvigth theu | e
assumption of not varying hydrodynamic ion radii in the composite electrabaéted lines are shown

as guides for the ey€or claritythedifference of measured and calculated equivalent conductivities is
shown (bottom).

The measured conductivities are higher than the expected values if ion coordination
does not change in the electrolytes. The Stokes equation cannot be used to determine
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the absolte radii of the ions since it is only valid for spheres moving in an
incompressible continuum fluid. But it is obvious that complexation and hence, ion
mobility mechanism is changed in the composite electrolytes with respect to the neat
IL electrolyte. Sikme the measured equivalent conductivities are considerably higher
than expected from the corresponding viscosities, a clear evidence on ion mobility
enhancement is given.
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Figure4.18: Measured and calcukd values of equivalent conductivigyfor the IL electrolyte with
surfacemodified silica in dependence on silica mass fractioare presente¢top). The measured
equivalent conductivities are normalized to the conducting salt concentration. The edleglaivalent
conductivities (light color) are determined frafa | d e n @ssumingitie éydrodynamic ion rattii

be unchangetih the composite electrolytesith respect to the neat IL electrolyteotted lines are
shown as guides for the eyBifference of measured and calculated equivalent conductivities is
presented for clarity (bottom).

It is well known from literature that ILs form sollitke structures on solid surfaces.
Hence, it is most likely that the IL ions are incorporated into the netwomkefbiby
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the silica since there is no other way to understand the stability of the dispersions. This
allows the assumption that the observed ion mobility enhancement is caused primarily
by the lithium ions. Moreover, it is known that IL cations have thedsgtransference
number in IL electrolytes as they exist mainly as single ions. Thus, the ion mobility of
the IL cations can hardly be further increased. Hence, the increased ion mobility most
likely is caused by the lithium ions or anions. The anionsnaaly involved in

lithium complexes as the IL cations exist as single ions. Though, anion mobility
enhancement, which equals concentration enhancement of free anions, results in
decomplexation of lithium ions going along with mobility enhancement oifithi

ions.

So far it seems as network formation is crucial for the electrolyte propetiies
is assumedo depend more on particle morphology tharcbamicalcompositionof
particle surfacelt was tried to further characterizbe networkby rheological
oscillation experimentdJp to now it became clear that addition of 2.5 wt% silica
induces an increase in viscosity and the strongest decrease in conductivity. Further
addition of filler material hardly affects the conductivity compared tachanges in
viscosity. Thus, for network characterization by oscillation experimeraddition to
the neat IL electrolyte the electrolytes with 2.5 wt% and 10 wt% silica were
investigated.Again attention was paid to keep sample history the same for all
composite electrolytesn Figure4.19 the shear modulG of the neat IL electrolyte
and the composite electrolytaseshownwhich weredetermined by amplitude sweep
experimentsThe shear modulus gives evidence on the rigidity of the system.

Comparing the neat ionic liquid -bButyl-N-methylpyrrolidinium TFSI (BMP
TFSI) with the IL electrolyte, being the same ionic liquid with 15 wt% LIiTFSI, the
shear modulus is incased for the IL electrolyte indicating a higher rigidity. Thus, the
microscopic structure of the IL electrolyte becomes more ordered (cf. CHap)er
resulting in a more rigid network which still is weak. Thus, the liquid behavior is
maintained. The incesed rigidity of the IL electrolyte with respect to the neat ionic
liquid can be explained by the complexation of lithium ions which induces a higher
order. Except the electrolytes with 2.5 wiydl-milled silicananoparticlesind amine
functionalized silica, respectively, all oth@mposite electrolytes with 2v5% silica
showed increaseshear moduli with respect to theatlL electrolyte.
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Figure4.19: Shear modulG of the IL electrolyte and the different composite electrolytes determined
by amplitude sweep at angular frequency of 1 raiis. ®lor code inx-axis labeling depictthe limit
of deformation amplitude where the network collapses.

Hence, addition of filler matial induces additional ordering of the IL ions which
is attributed tasolid-like interface regions on the particle surfaces as already reported
in literature As the transition from the solitke structures to the bulk electrolyte does
not occur as anbaupt junction, an ordered microstructure of the IL ions may exist
even in a long range resulting in higher rigidity and shear moduli. The composite
electrolytes containing Mt% silica show all higher shear moduli than the electrolytes
with 2.5 wt% filler material. Since the concentration of silica particles is enhanced in
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