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ABSTRACT 
 
Compared to Lithium-ion batteries with liquid electrolytes, all-solid-state batteries (ASSBs) based 

on solid composite electrolytes (SCEs) offer improved safety, energy density and power. SCEs 

consist of an inorganic filler, incorporated in a polymeric matrix, and integrate the advantages of 

ceramic- and polymer electrolytes. Ceramic electrolytes (CEs) possess high Li-ion conductivity 

and electrochemical stability, but their application is limited due to brittleness and the poor 

interfacial contact between the electrolyte and the electrode material. In SCEs the beneficial 

properties of flexible polymers and high-ion-conducting CEs are combined. Despite extensive 

research effort, the development of this technology is still hindered, as long as the high interfacial 

resistance across the ceramic|polymer interface poses a severe problem. 
 

Herein, a new surface modification strategy is introduced to negate the interfacial resistance in 

SCEs, comprising of garnet-structured Li6.4Ga0.2La3Zr2O12 (Ga-LLZO) and poly(ethylene oxide) 

(PEO). Furthermore, the effect of a plasticizer (Oxa-Michael Product, OMP) on the Li-ion 

conducting properties of PEO is investigated and advanced SCEs are made. The thermal behavior, 

crystallinity, structure, phase composition, and ionic conductivity of the composites are 

investigated by using X-ray powder diffraction (XRD), nuclear magnetic resonance spectroscopy 

(NMR), differential scanning calorimetry (DSC) and electrochemical impedance spectroscopy 

(EIS). In a first step, the compositional dependence of the Li-ion conductivity is observed by 

varying the Ga-LLZO content in the PEO matrix. The highest Li-ion conductivity of 9.0 × 10-6 S 

cm-1 at RT is obtained in PEO:Ga-LLZO composites containing a fraction of 30 wt.% Ga-LLZO.  

In a second step, the contribution of LLZO grain boundaries to the electrolyte resistance is 

observed via EIS analysis of surface modified LLZTO|PEO bilayer cells. Therefore, the surface-

terminated oxygen of the LLZTO is activated by plasma etching and functionalized with a solution 

of (3-glycidyloxypropyl)trimethoxysilane (Si-R) to form covalently bonded Si-R layers. The Si-R 

layers are terminated by an epoxy group, that reacts with the hydroxyl group of the PEO via a ring-

opening reaction. As a result, the free volume between LLZTO and PEO is decreased, and a fast 

charge transfer across the interface is provided. An interface resistance of 500 Ω cm2 at 20 °C is 

achieved, which is among the lowest values reported so far. In a last step, composites of modified 

Ga-LLZO particles and PEO are made. To further increase the Li-ion conducting properties of the 

SCEs, OMP is added as a plasticizer to the polymer matrix. A significant improvement of the Li-

ion conductivity to a value of 8.3 × 10-5 S cm-1 at RT in advanced SCEs is achieved, which makes 

them a promising electrolyte for the next generation of all-solid-state Li-ion batteries. 

 



 

  iv 

KURZFASSUNG 
 
Im Vergleich zu herkömmlichen Lithium-Ionen Batterien mit einem Flüssigelektrolyten, weisen 

Festkörperbatterien auf Basis von Kompositelektrolyten eine erhöhte Energie- und 

Leistungsdichte, sowie ein wesentlich geringeres Sicherheitsrisiko auf. Kompositelektrolyte 

bestehen aus einem anorganischen Füllstoff in einer Polymermatrix und kombinieren die 

vorteilhaften Eigenschaften von Festkörper- und Polymerelektrolyten. Keramik basierte 

Festkörperelektrolyte erzielen hohe Leitfähigkeiten und elektrochemische Stabilität, der schlechte 

Grenzflächenkontakt und die Sprödigkeit dieser Materialien limitieren jedoch ihre Anwendung. In 

Kombination mit flexiblen Polymeren können die anwendungsrelevanten Eigenschaften der 

beiden Materialien vereint, und vielversprechende Verbundmaterialien hergestellt werden. Die 

Realisierung solcher Systeme ist derzeit jedoch noch mit großen Herausforderungen, wie dem 

hohen Grenzflächenwiderstand zwischen Keramik und Polymer verbunden.  
 

Die hier vorliegende Arbeit befasst sich mit der Reduktion des Grenzflächenwiderstands durch die 

Oberflächenmodifikation von Li6.4Ga0.2La3Zr2O12 (Ga-LLZO) Partikeln in Polyethylenoxid 

(PEO):Ga-LLZO basierten Kompositelektrolyten. Desweiteren wird ein Weichmacher (Oxa-

Michael Produkt, OMP) in die PEO-Matrix inkorporiert, und dessen Auswirkungen auf die Li-

Ionen Leitfähigkeit in fortgeschrittenen Verbundmaterialien untersucht. Mittels 

Röntgendiffraktion (X-ray diffraction, XRD), Kernspinresonanzspektroskopie (Nuclear magnetic 

resonance spectroscopy, NMR), Differentialthermoanalyse (Differential scanning calorimetry, 

DSC) und elektrochemischer Impedanzspektroskopie (EIS) werden die Temperaturabhängigkeit, 

die Kristallinität, die Struktur, die Phasenzusammensetzung und die ionische Leitfähigkeit der 

Elektrolyte ermittelt. In einem ersten Schritt wird die Abhängigkeit der Li-Ionen-Leitfähigkeit 

vom Verhältnis von PEO zu Ga-LLZO in den Kompositen durch Variation des Ga-LLZO-Gehalts 

in der PEO-Matrix untersucht. Die höchste Li-Ionen-Leitfähigkeit von 9,0 × 10-6 S cm-1 bei RT 

wird in PEO:Ga-LLZO Membranen mit einem Anteil von 30 wt.% Ga-LLZO erhalten. In einem 

zweiten Schritt wird der Beitrag der LLZO-Grenzfläche zum Elektrolytwiderstand durch die EIS-

Analyse oberflächenmodifizierter LLZTO|PEO-Doppelschichtzellen untersucht. Dazu wird der 

Oberflächen-terminierte Sauerstoff des LLZTO durch Plasmaätzen aktiviert, und mit einer Lösung 

aus (3-Glycidyloxypropyl)trimethoxysilan (Si-R) zu kovalent gebundenen Si-R-Schichten 

funktionalisiert. Die Si-R-Schichten besitzen Epoxid-Endgruppen, welche mit den 

Hydroxylgruppen des PEO in einer Ringöffnungsreaktion reagieren. Dadurch wird das freie 

Volumen zwischen LLZTO und PEO verringert und eine schnelle Ladungsübertragung über die  
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Grenzfläche ermöglicht. Ein Grenzflächenwiderstand von 500 Ω cm2 bei 20 °C wird erreicht, was 

im Bereich der niedrigsten Werte liegt, welche aus der Literatur bekannt sind. In einem letzten 

Schritt werden Kompositmembranen aus modifizierten Ga-LLZO-Partikeln und PEO hergestellt. 

Um die Li-Ionen-leitenden Eigenschaften der Verbundmaterialien weiter zu erhöhen, wird OMP 

als Weichmacher zu der Polymermatrix hinzugefügt. Eine deutliche Verbesserung der Li-Ionen-

Leitfähigkeit auf einen Wert von 8,3 × 10-5 S cm-1 bei RT wird erreicht, was diese Elektrolyte zu 

vielversprechenden Materialien für die nächste Generation von Festkörperbatterien macht. 
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1 INTRODUCTION 
  
Lithium-ion batteries are currently the most efficient, rechargeable energy storage and power 

sources. With their long cycle life, high energy densities (up to 260 Wh kg-1)1 and potential for yet 

higher capacities, they are used in high-end electronics and have recently entered the power tool 

and electronic vehicle (EV) market.2 The world’s growing energy demand encourages the battery 

development to continue, and in the past few years there have been significant changes in the 

traditional aqueous electrolyte-based Li-ion battery system. One approach to increase the energy 

density is to use a lithium metal anode, providing both: high voltage and excellent capacity.3 The 

major obstacle in this setup is arising from the reactivity of the electronegative metal. The poor 

rechargeability can lead to dendrite formation on the lithium electrode which may cause serious 

safety concerns like fires and explosion hazards. All-solid-state Li-ion batteries (ASSLIBs) 

provide a liquid-free solution and overcome safety concerns of the conventional solvent based 

battery systems.  
 

In general solid-state electrolytes (SSEs) can be divided into solid polymer electrolytes (SPEs), 

ceramic electrolytes (CEs), and solid composite electrolytes (SCEs).4 Selecting a solid electrolyte 

goes hand-in-hand with a compromise between high Li-ion conductivity, stability and the ease of 

fabrication.5 SPEs are being investigated as promising candidates to replace liquid electrolytes 

because of their flexibility, good interfacial contact and low processing costs. CEs on the contrary 

benefit from a high ionic conductivity (10-3 to 10-2 S cm-1)4, good electrochemical and thermal 

stability and high mechanical strength. SCEs combine the beneficial properties of both – SPEs and 

CEs. High ionic conductivities > 10-3 S cm−1 can be reached and the challenge of interfacial contact 

with the electrodes is addressed. Still, the introduction of composite electrolytes comes along with 

some fundamental challenges. The high interfacial resistance of ion transport across the 

ceramic|polymer interface leads to an increased internal impedance and a reduced cycle life.  
 

The structure of this thesis is as follows: in the remainder of this chapter, some basic theory about 

ASSLIBs and different SSEs is outlined. Their characteristics are introduced, and the interfacial 

transport mechanisms are discussed.  Further, the main measurement methods X-ray Diffraction 

(XRD) and Electrochemical Impedance Spectroscopy (EIS) are explained. In the second chapter 

"Materials Characterization", the used analysis techniques are briefly outlined. The experimental 

part includes information about the material synthesis, the electrolyte preparation and further 

measurement details. In the chapter "Results and Discussion", the measurement results are shown 

and the findings of this thesis work are discussed.
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2 THEORETICAL ASPECTS 
 

2.1 All-Solid-State Li-ion Batteries (ASSLIBs) 
 
Basically, conventional Li-ion batteries consist of an anode, a liquid electrolyte (LE), a separator, 

and a cathode. The LE solutions are generally made up of a lithium salt such as Lithium 

hexafluorophosphate (LiPF6) or Lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) and an 

organic solvent. The use of organic electrolyte solutions gives rise to safety issues associated with 

potential electrolyte leakage and inherent flammability. If exposed to extreme conditions of 

elevated voltage and temperature, these electrolytes can react with the active electrode materials 

to release significant heat and gas.6  
 

In order to overcome the safety issues related to the use of LEs in conventional LIBs, a number of 

solid electrolyte alternatives have been explored in ASSLIBs. SSEs are typically less reactive than 

LEs, and can provide high chemical and thermal stability and electrochemical inertness in a wide 

potential window. Furthermore, the change in materials allows the use of lithium metal as an anode 

material by reducing the risk of shortcircuiting due to lithium dendrite growth, resulting in a large 

increase in the energy density of the battery. In addition, SSEs can act as rigid physical barriers 

between the anode and cathode, enabling a bipolar electrode configuration which is advantegeaus 

for optimizing energy density and space utilisation.7 The structural differences of commercial 

liquid-based and ASSLIBs are represented in Figure 1. In ASSLIBs the anode and cathode are 

separated by a thin SSE, whereas the conventional liquid-based LIB system makes use of a liquid 

electrolyte solution to regulate the flow of current. 
 

 

 

 

 

 

 

 

 

 
 

Despite several advantages, the replacement of a liquid electrolyte by a solid electrolyte is still in 

an early research state. The key limiting factor for the implementation of SSEs in the battery field 

Figure 1. Schematic illustration of LIBs with liquid- and solid-state electrolyte. 

Cathode Anode 

Electrolyte Solution 

Cathode Anode 

Solid Electrolyte 
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is ascribed to a high internal resistance for Li-ion transfer over the solid-solid electrode-electrolyte 

interfaces, negatively affecting electrochemical performance of the cell and reducing cycle life. 

Unlike LEs, SSEs cannot form an intimate contact with the cathode or anode interfaces, resulting 

in interfacial complications between the electrolyte and the electrode material. The poor wettability 

of SSEs with other components results in a high charge-transfer resistance, and thus the rapid 

deterioration of ASSB performance. Therefore, the design of highly conductive SSEs should not 

only consider the  chemical and electrochemical stabilities, but also the interfacial mechano-

electrochemistry.7 In order for SSEs to replace the current LEs, advanced materials are required 

for optimum performance of the battery system. 

 
2.2 Solid-State Electrolytes (SSEs) 
 
A large variety of materials can be used as solid-state electrolytes. The three main categories 

include ceramic electrolytes (CEs), solid polymer electrolytes (SPEs), and solid composite 

electrolytes (SCEs).4 For their application in LIBs several essential requirements have to be 

fulfilled such as high Li-ion conductivity and chemical and thermal stability. Currently, among the 

most promising candidates to be used as solid electrolytes in ASSLIBs are thio-phosphates (e.g., 

crystalline Li6PS5Cl)8,9, oxides (e.g., garnet-type Li7La3Zr2O12 (LLZO))10,11 and polymers (e.g., 

polyethylene oxide (PEO)).5,12 Solid composite electrolytes based on a combination of two 

different solid electrolyte systems (e.g. PEO:LLZO) benefit from the merits of the different 

components.   

 

2.2.1 Solid Composite Electrolytes (SCEs) 
 
To enhance the ionic conductivity and mechanical properties of SPEs, inorganic fillers are often 

introduced into the polymer matrix. With the combined effect of polymer and inorganic filler, the 

conductivity and mechanical strength as well as the interface stability can be greatly improved in 

SCEs. The key functionalities of the introduction of inorganic fillers mainly relay on three aspects: 

i) crystallinity reduction, ii) electrode-electrolyte interfacial stability enhancement, and iii) cation 

transference number improvement.13 The incorporation of cost-effective polymers on the other 

hand significantly improves the flexibility and process ability of the SCEs. 
 

In order to further improve the room-temperature ionic conductivity, plasticizers can be added to 

the electrolyte system. Partial substitution of a high-molecular weight polymer with a lower- 
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molecular weight polymer leads to a reduction of crystallinity and increases the free volume of the 

system.14 The main aspects that restrict the electrochemical performance of SCEs are related to 

the ionic conduction processes across the ceramic|polymer interphase. 
 

2.2.1.a.1 Ionic Transport across the Ga-LLZO|PEO Interface 
 
In single-component ion conductors the ionic conductivity is attributed to the transport pathways 

and the concentration and mobility of ions. The conduction of ions in SCEs is more complex as 

there are multiple phases involved in the transport processes. Various studies observed a 

compositional dependence of the Li-ion transport in the polymer-ceramic electrolytes.15,16 Li et al. 

(2019)16 showed, that the Ga-LLZO-content in Ga-LLZO:PEO composites has a significant 

influence on the conductivity. At a concentration below 4 vol % the total conductivity of the Ga-

LLZO:PEO composite stays at a low value. The conductivity continuously increases between 4 to 

16 vol % of LLZO fraction, at which the composite shows a maximum conductivity value. With 

further increase of the Ga-LLZO content, the nanoparticles start to aggregate, resulting in a 

disruption of the Li-ion conducting pathways and furthermore in a decrease of conductivity.16 

Depending on the composition of the composite and the interfaces, the Li-ion transport can take 

place by one or more different mechanisms. The interface resistance between the ceramic particles 

and the PEO matrix influences the Li-ion transport in the SCEs. Figure 2  indicates the Li-ion 

movement in a composite with high interfacial resistance (a)  where the Li-ions may move through 

the bulk phase whereas the Li-ions in a composite with low interface resistance (b) can move 

across the interface and through the ceramic phase, providing a much faster conduction process. 

 

 

 

 

 

 
 

 
 

 

The incompatible interface wetting behavior in (a) results in a huge interfacial resistance between 

the ceramic nanoparticles and the polymeric matrix. Hence, it is of great interest to minimize the 

interfacial resistance in SCEs to enable the Li-ion transport through the ceramic phase. 

Figure 2.  Schematic of the Li-ion pathways (black arrows) in SCEs. In (a) the Li-ions 
only move through the bulk phase because of the high interfacial resistance between 
LLZO and PEO. In a composite with low interfacial resistance between LLZO and PEO 
(b) the Li-ion conduction across the interface and through the ceramic phase is possible. 
 

(b) (a) 

PEO(LiTFSI) 

Interface 
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2.2.1.a.2 Covalent Surface Modification of Ceramic Surfaces 
 
A substantial improvement of the interfacial resistance in composite electrolytes can be achieved 

by modifying the ceramic oxide surface.17 The reactivity of the surface-bound oxygen groups 

enables the covalent attachment of monolayers.  Among the various possibilities to obtain surface 

activation, plasma etching, dry- and wet-etching are the main methods used on a lab scale.17 Six 

major attachment chemistries exist that have been used to covalently bind organic monolayers onto 

oxides (silanes, phosphonates, carboxylates, catechols, alkenes/alkynes and amines).17 One of the 

most common methods is to use alkylsilanes for the functionalization. The covalent linkage 

between the substrate and the OH-anchoring group is rapidly formed and stabilizes the 

monolayer.18 A schematic representation of the formation of covalently bonded monolayers on 

plasma-activated LLZTO is shown in Figure 3. 

 
 
 
 
 
 
 
 
 
                         Figure 3. Schematic of the formation of covalent bonds on plasma-activated LLZTO. 
 

There are two attachment methods available for the surface modification with silanes: reactions in  

solution or in the vapor phase.17 Silane monolayer formation from solution was first reported by 

Sagiv (1978)19. Since then various Alkylsilanes like RSiX3, R2SiX2, or R3SiX, (where R is an alkyl 

group and X is a leaving group, such as chloride, alkoxy, or hydride) have been introduced for the 

reaction with OH-bearing surfaces.17 Among those, 3-Glycidyloxypropyl)trimethoxysilane (Si-R) 
can be used to prepare epoxy-functionalized silica nanoparticles. The epoxy ring, positioned at the 

end of the Si-R molecule, reacts easily with  the PEO-OH group by a ring-opening reaction and 

acts as linking agent between the surface of the silica and the polymeric matrix.20,21 This reaction 

supports the ordered arrangment of PEO segments around the ceramic particles and improves the 

Li-ion transport across the  ceramic|polymer interphase.5  
 

The effectiveness of silane modification is highly dependent on the surface chemistry of the 

inorganic substrate. Excellent substrates for silane modification are surfaces containing Si-OH 

surface groups such as silica, but ceramic oxide surfaces can also be treated to form strong 

OH 
OH 

OH 
OH 

OH 
Plasma 

activation 

Alkylsilanes LLZTO  LLZTO     LLZTO 
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interfacial bonds.17,22 The silane surface treatment of garnet-type oxide Li7La3Zr2O12 (LLZO) 

electrolytes has high potential to solve the interface problem in next-generation ASSLIBs.5 

2.2.2 Ceramic Electrolytes (CEs) 
 

Numerous types of Li-ion conducting materials are known so far. Among those are perovskites -

Li3xLa(2/3)−xTiO3, natrium super ionic conductors (NASICON), lithium super ionic conductors 

(LISICON) and garnet-type electrolytes. Some important materials and their conductivities as 

listed by Cao et al. (2014)9 are given in Table 1. 

 
Table 1. Conductivity of important ceramic electrolytes for ASSLIBs.  
 

Type Example           Conductivity (S cm-1) 
 

RT(a) HT(b) 
 

Ref. 

Perovskite Li3xLa(2/3)−xTiO3 
(x = 0.11) 

1.0 × 10−3 5.6 × 10−3 (100 °C) Stramare et al. (2003)23 

NASICON Li1+xAlxTi2−x(PO4)3 
(x = 0.3) 

7.0 × 10-4 1.1 × 10−2 (100 °C) Aono et al. (1990)24 

LISICON Li14ZnGe4O16 1.0 × 10−7 1.3 × 10−1 (300 °C) Hong (1978)25 
Garnet Li7La3Zr2O12 2.1 × 10-4 7.1 × 10−4 (75 °C) Dumon et al. (2013)26 

 

(a)RT, room temperature; (b)HT, high temperature. 

Most of the CEs have either high ionic conductivity (for example perovskite lithium–lanthanum–

titanates (LLTO)), or high electrochemical stability (i.e. LISICON Li14ZnGe4O16).10,27  

Solid ceramic electrolytes like the garnet-type cubic Li7La3Zr2O12 (LLZO) with space group Ia-3d 

on the other hand, provide a high Li-ion conductivity (10−3 to 10 −4 S cm-1)10, good thermal and 

mechanical stability and electrochemical inertness in a wide potential window.9-11 Rettenwander 

et al. (2016)28 reported a high Li-ion conductivity of 1.2 × 10-3 S cm-1 for Al and Ga substituted 

LLZO electrolytes at RT. Because of its superior properties, LLZO (including its variants) is by 

now one of the most promising solid electrolyte materials and well-suited for the use in SCEs.   

2.2.2.a.1 Crystal Stucture of Garnet-type Li7La3Zr2O12 (LLZO) 
F 

The idealized garnet structure of garnet-type electrolytes is written as A3B2(CO4)3, and consists of 

AO8 dodecahedral cages, BO6 octahedral cages and CO4 tetrahedral cages.29 Figure 4 shows the 

structure of an idealized garnet. Thangadurai et al. (2003)30 published the first study on Li-stuffed 

garnets, in which cubic garnet-type Li5La3M2O12 (M = Nb, Ta) with an ionic conductivity of 10-6 

S cm-1 was synthesized.  Since then, various garnet-type electrolytes have been introduced. 
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Figure 4. The idealized garnet structure with formula A3B2(CO4)3.31 

 

Among those, LLZO is a relatively new discovered garnet that exists in two polymorphs: a cubic 

phase (Ia-3d) and a tetragonal phase (I41/𝑎𝑐d) (Figure 5). Murugan et al. (2007)11 first proposed 

the high conductive garnet-type cubic phase that hosts 7 Li-ions per chemical formula. At sintering 

temperatures below 750 °C the less ion-conducting tetragonal phase (I41/𝑎𝑐d - see Figure 5 (a)) is 

formed, which is the thermodynamically stable form of pure LLZO at RT.32 Cubic LLZO exhibits 

a 100 times higher room-tempereature conductivity (∼10−4 S cm-1) than tetragonal LLZO (∼10−6 

S cm-1).10 The high conductivity originates from the uniform movement of Li-ions in x, y, and z 

directions, whereas the movement of Li-ions is limited to x and y directions in tetragonal LLZO.33 

In the tetragonal phase, there are three available Li-sites, i.e., 
 

8a – tetrahedral 

16f – octahedral 

32g – octahedral 
 

In tetragonal LLZO (I41/𝑎𝑐d) the Li-sublattice is ordered. The ordering (all Li sites either full or 

empty) results in a lower electrostatic energy compared to that in cubic LLZO, because of the 

reduced coulombic repulsion among Li-ions.10 Therfore, the tetragonal phase is 

thermodynamically more stable at RT. In the cubic phase the following sites are available: 
 
 

24d – tetrahedral 

48g – octahedral 

                                                                        96h – octahedral 
                                                                                  (distorted) 

Atomic Sites 
A3B2(CO4)3 

 

A – blue 
B – orange 
C – green 
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The cubic structure has a shorter bond distance then the tetragonal phase. Consequently, the 

coulombic repulsion among Li-ions influences the site occupation. When a tetrahedral site (24d) 

is occupied, the adjacent octahedral site (48g) can no longer be occupied due to the coulombic 

effect. The Li-ion has to move on to the next available site (96h). Subsequently, the Li-ion 

diffusion goes along the 24d − 96h − 24d conduction channel.34 Supervalent doping at the 

sublattice can stabilize the cubic phase and enhance its Li-ion conductivity. The introduced Li-

vacancies increase the entropy and reduce the free energy gain from ordering. Beneath common 

Al-doping, attention has also been directed to other supervalent cations like Ga3+, Nb5+, Ta5+, etc.9-

11 The effect of substitutional elements stabilizing the cubic structure of LLZO at room temperature 

is summarized in Table 2.35 
 

Table 2. Substitutional elements stabilizing cubic LLZO at room temperature. 
 

Site Substitution Element Ref. 
Li Zn2+, Al3+, Ga3+, Fe3+ [36 – 40] 36 37, 38 39 40 

La Ce4+ [41]41 

Zr Ta5+, Nb5+, Bi5+, Sb5+, Mo6+, Te6+, W6+ [42 – 46] 42,43,44,45,46 

 
Amongst the most promising dopant elements,  Ga3+ stabilizes LLZO at RT with a Li-ion 

conductivity of 1.3 mS cm−1, which is twice as high as for LLZO stabilized with Al.34 High energy 

(a) tetragonal phase - I41/𝑎𝑐d                                     (b) cubic phase – Ia-3d 

Figure 5. Crystal structure of tetragonal phase (a) and cubic phase (b) LLZO.34 Green octahedra indicate 
BO6 units (16a) that correspond to ZrO6 in LLZO. The blue dodecahedra correspond to LaO8 (24c). (a) In 
tetragonal LLZO an ordered distribution of Li-ions occupies sites 8a, 16f and 32g. (b) In cubic LLZO the 
Li-ions are distributed over the tetrahedral and octahedral sites and partially occupy 24d (red - spheres), 
48g (yellow) and 96h (orange) sites. 
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densities, however can only be achieved in thin and low weight solid electrolytes.47 The 

combination of ceramic ion conductors like Ga-LLZO with solid polymer electrolytes (SPEs) 

enables a flexible battery design, including the fabrication of thin-film composite electrolytes. 

 

2.2.3 Solid Polymer Electrolytes (SPEs) 
 

The substitution of conventional liquid electrolytes by a plastic material represents a promising 

class of solid-state ionic conductors. In comparison to CEs, solid polymer electrolytes provide a 

much better interfacial contact. Especially thin-film polymers are suitable for an all-solid-state 

system because good contact is easily achieved with soft materials.48 Polyethylene oxide is a high 

molecular weight material and its solubility parameters were found to be strongly influenced by 

certain metal salts.49 This is important as the lithium salts act as free ions when they dissolve in 

the matrix. The basic chemical structure of –[CH2-CH2-O]– in PEO serves as a host matrix for 

solid electrolytes and the flexible macro-molecular structure of the PEO chains assists the Li-ion 

transport, as indicated in Figure 6.   

 
 

 

 

 

 

 

 

Polymer electrolytes based on PEO require local relaxation and segmental motion of the solvent 

chains to allow Li-ion transport, and this condition can only be obtained when the polymer is in 

an amorphous state.50  Ions can be transferred, following an ion-hopping mechanism as described 

in Figure 6., with the help of polar groups in polymer chains.51,52 Thus, the conduction mechanism 

in SPEs can be seen as a combination of short-range ion hopping and long-range motion of 

polymer chains.13  
 

Generally, Li-salts that have anions with well delocalized charges are preferred because the bulkier 

the anion of lithium salt, the higher is the ionic conductivity.53 Among the early introduced lithium 

salts that have been employed for PEO-based electrolytes are lithium perchlorate (LiClO4), lithium 

hexafluorosphate (LIPF6), lithium hexafluoroarsenate (LiAsF6) and lithium tetrafluoroborate 

(LiBF4).14 The perfluoroalkyl sulfonic-type LiTFSI shows high solubility, high ionic conductivity, 

Figure 6.  Schematic of Li-ion motion in a 
polymer-host.24 
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and high electrochemical  stability.14,54 In a system that comprises of PEO and LiTFSI, the salt 

suppresses crystallization by the introduction of a bulky anion.12 The typical ionic conductivity of 

PEO based solid electrolytes is relatively low at room temperature, and reaches practically useful 

values (of about 10−4 S cm−1) only at temperatures of 60–80 °C.50 By the addition of plasticizers 

the ionic conductivity of PEO based solid electrolytes can be further increased. One common 

approach is to add a low molecular weight liquid plasticizers of both cyclic carbonic acid esters 

and chain-like esters (e.g. propylene carbonate, dimethyl carbonate, diethyl carbonate, etc.) to the 

PEO matrix.55 This enables a faster Li-ion transport  in PEO by kinetically inhibiting the 

crystallization and reorganization of the polymer chain at ambient temperature. Nevertheless, most 

polymer electrolyte-based ASSLIBs can only be used at elevated temperatures due to the low ionic 

conductivity of polymer electrolytes.13 To expand the useful operating temperature of the 

electrolyte, the conduction properties of PEO can be combined with the Li-ion hopping mechanism 

of CEs in solid conductors.56   

 

2.3 Theory of Li-ion Conduction in Solid Composite Electrolytes 
 
The Li-ion transport in solid composite electrolytes can be described by different conduction 

mechanisms. Arrhenius and Vogel–Tammann–Fulcher (VTF) models are used to quantify the 

ionic conductivities. For inorganic solid electrolytes, the ionic conductivity can be derived from 

the motion of vacancies in the crystal lattice or interstitial atoms or ions. Li-ion hopping through 

connected available vacancies and interstitial sites enables the diffusion of ions in the crystal. In 

general, the sum of the ionic and electric conductivities gives the specific conductivity of a mixed 

conducting material: 

 

𝜎 = 𝑛 𝑞 𝜇  (2.6.1) 

 

where 𝑛  is the number of charge carriers, 𝑞  is the charge and 𝜇  is the mobility of the conducting 

species. The sum of the ionic and electric conductivities gives the specific conductivity of a mixed 

conducting material: 

𝜎 = 𝜎 + 𝜎  (2.6.2) 

The electronic and ionic contributions of the total conductivity are characterized by the 

transference numbers: 
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𝑡 =
𝜎
𝜎

𝑡 =
𝜎
𝜎

 (2.6.3) 

In inorganic solid electrolytes that use Li-ions as mobile species, the transference number is close 

to 1. The ionic conduction mechanism with temperature dependence is given by the Arrhenius 

function: 

𝜎 = 𝐴𝑒 /  (2.6.4) 

where A is the pre-exponential factor related to the charge carrier, kB is the Boltzmann constant, 

and Ea is the activation energy of diffusion.57 In solid polymer electrolytes, the ion conduction 

mechanism is more complex due to absence of simple structure-properties relations.13 An 

important empirical model used to study the ion transport in polymer electrolytes is the Vogel 

Tammann–Fulcher (VTF) model. In this model the ionic conductivity can be correlated with the 

temperature as shown in the following equation: 
 

𝜎 (𝑇) = 𝜎 𝑇  𝑒𝑥𝑝 −
𝐵

(𝑇 − 𝑇 )
 

(2.6.5) 

where B is the activation energy and T0 is the reference temperature (10-50 K below the glass 

transition temperature Tg).58 

 

2.4 Theoretical Background of the Measurement Techniques 
 

2.4.1 Electrochemical Impedance Spectroscopy (EIS) 
 
The ionic conductivity of solid-state electrolytes can be measured by electrochemical impedance 

spectroscopy (EIS). In principle low amplitude alternating current (AC) voltages U(t) are applied 

over a range of frequencies (from Hz to GHz) and the answering current I(t) is measured.   

The AC current signal response is obtained by the application of sinusoidal potential  

excitation E(t) (see Figure 7).  

 The excitation signal can be expressed as a function of time: 

 

𝐸(𝑡) =  𝐸 sin (𝜔𝑡) (2.7.1) 

with 𝐸  being the amplitude of the signal and 𝜔  the radial frequency (𝜔 = 2𝜋𝑓; 𝑓= frequency). 
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In an analogous way the current output can be described by using the radial frequency and the 

phase shift 𝜙. 

The transfer function relating the potential and current signals can be written as an analogous 

expression to Ohm’s law:  
 

  

 

 

 

 

 

 
 

The impedance is therefore expressed in terms of a magnitude, 𝑍 , and a phase shift, 𝜙.59 The 

impedance can also be expressed by the use of complex exponential functions. The complex 

impedance is given by the following equation:
  

𝑍(ω) =  𝑍 𝑒 =  𝑍 (cosϕ +  i sinϕ) (2.7.4) 

 

with  𝑖 = √−1, and 𝑒  being the Euler relationship  (Equation 2.7.5) of the impedance. 
 

𝑒 =  cosϕ +  i ∙ sinϕ (2.7.5) 

 

The complex impedance can then be separated into a real (Z’) and imaginary part (Z’’) of the 

impedance:  

𝑍(ω) =  𝑍 + i ∙  Z′′ 
(2.7.6) 

 

Z’ and Z’’ can be displayed in a Nyquist plot and are used to determine the the resistances within 

the material.60 The Nyquist plot is explained in more detail in chapter 2.4.2.

𝐼(𝑡) =  𝐼 sin (𝜔𝑡 + 𝜙) (2.7.2) 

𝑍(𝑡) =  
𝐸(𝑡)
𝐼(𝑡)

 =  
𝐸 sin (𝜔𝑡) 

 𝐼 sin (𝜔𝑡 + 𝜙) 
=  𝑍

sin (𝜔𝑡) 
sin (𝜔𝑡 + 𝜙)

 
(2.7.3) 

Figure 7. Sinusoidal E(t) and I(t) curves with phase shift ϕ. 

E(t) 

ϕ 

phase-shift 

I(t) t 
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2.4.2 Data Presentation of EIS 
 

The Nyquist plot is the most widespread figure for data presentation of EIS. In the Nyquist plot 

the real impedance is plotted against the imaginary part of the impedance. A typical simple 

equivalent circuit for a ceramic electrolyte can be divided into three areas 

(Rbulk)(RgbQgb)(Qelectrode); bulk, grain boundary and electrode. A Nyquist plot of an ideal two 

point contacted solid electrolyte is shown in Figure 8. 
 

The frequency (ω) dependent relationship between resistance (R) and capacitance (C) can be 

represented as given in Equation 2.7.7.60  

𝜔𝑅𝐶 = 1 (2.7.7) 

 

Typical capacitance values for bulk, grain boundary and (ohmic) electrode interface are listed 

in Table 3. 

                                          Table 3. Capacitance (C) values and their possible interpration.61 
 

Capacitance / F Phenomenon Responsible 

10-12 Bulk 

10-11 – 10-8 Grain boundary 

10-7 – 10-5 Electrode interface 

 

Figure 8. Nyquist plot of an ideal two point contacted solid electrolyte. Three areas can be distinguished: 
bulk, grain boundary and electrode. Z’ symbolizes the real impedance in Ω and -Z’’ the complex 
impedance in Ω. A complete half circle can be displayed as a parallel circuit with electric components. 

Rbulk       Rgb 

Cbulk        Cgb 

Celectrode 



Theoretical Aspects 

14 
 

The capacitance measured in real materials is not ideal, and therefore represented by a constant 

phase element (CPE) instead of C. With the formula from Equation 2.7.8, the bulk and grain-

boundary capacitance of a solid electrolyte material can be calculated, where n and Q are fitted 

values. 

𝐶 =  𝑅  𝑄  (2.7.8) 

 

The ionic conductivity (𝜎) can be calculated using the formula given in 2.7.6, 

𝜎 =
1
𝑅

𝑙
𝐴

 
(2.7.9) 

 
where σ, R, l, and a are the conductivity, resistance, thickness and surface area of the analyzed 

material. Despite the fact that the Nyquist plot is a great tool to describe different types of processes 

in the material, it does not show frequency information. The frequency dependence of the 

impedance can be illustrated in a Bode plot. In a Bode plot the impedance is plotted with frequency 

log ω on the X-axis and both the absolute values of the impedance (|Z| = Z0) and the phase-shift 

(ϕ) on the Y-axis.59  

 

2.5 X-ray Powder Diffraction (XRD) 
 
X-ray powder diffraction (XRD) is a fast, non-destructive technique that is used for phase 

identification of a crystalline material. The average spacing between layers or rows of atoms is 

measured, providing information on lattice parameters, average particle size, crystallinity, and 

crystal defects. The X-rays are generated in a cathode ray tube (Figure 9) by bombarding a target 

metal with high energy electrons. When the electrons have sufficient energy to dislodge inner shell 

electrons, outer shell electrons jump to a lower energy shell. These transitions result in specific X-

radiation and two types of X-ray spectra are produced.  

 

 

 

 
 
 
 
 

anode (target) 

X-rays 
vacuum tube 

cathode 

high voltage 

e- 

Figure 9. Schematic Depiction of an X-ray Tube. 
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The characteristic spectra, as a result of specific electronic transitions within the anode material 

(characteristic X-rays) and the continuous spectra, that consists of a range of wavelengths 

dependent on the applied voltage across the X-ray tube (Bremsstrahlung).62  

The filtered monochromatic X-rays (Cu Kα radiation, λ = 1.5418 Å) are directed towards the 

sample surface, and the crystal planes reflect the X-rays constructively or deconstructively. 

Constructive interference occurs, when the geometry of the incident X-rays satisfies Bragg’s Law 

(Equation 2.8.1). Bragg’s Law gives the condition for a diffracted beam where n, λ, d and θ are the 

integers representing the order of the diffraction, wavelength of X-rays, inter-planar spacing, and 

angle of incidence (Bragg angle), respectively.  

 
 

The reflection from successive parallel planes is coherent, if the pathlength difference between the 

diffracted beams is equal to an integer number of wavelengths. Figure 10 illustrates Bragg’s law 

of powder X-ray diffraction.  

 

The conditions for diffraction can be expressed by the Laue equations (Equation 2.8.2). They relate 

the incoming waves to the outgoing (diffracted) waves in every direction of the unit cell. 
 

𝑎 (𝑐𝑜𝑠 Ψ − 𝑠𝑖𝑛  φ ) = ℎ λ 𝑏 (𝑐𝑜𝑠 Ψ − 𝑠𝑖𝑛 φ ) = 𝑘 λ 𝑐 (𝑐𝑜𝑠 Ψ − 𝑠𝑖𝑛 φ ) = 𝑙 λ (2.8.2) 

 

a, b, and c correspond to the three crystallographic axes of the crystal and  𝛹  and 𝜑  are their 

direction cosines. The angles of the incoming waves are described by cos  𝛹  ; cos 𝜑  denotes the 

𝑛 ∗ 𝜆 = 2 ∗ 𝑑 ∗ 𝑠𝑖𝑛 𝜃 (2.8.1) 

2θ 
θ θ 

d  dhkl 

Figure 10. Bragg’s Law schematically described. For a crystalline solid, the waves with the 
wavelength λ of the X-radiation are diffracted from crystal planes with interplanar spacing d, showing 
the schematics of Bragg’s Law (Equation 2.8.1), where d is equal to an integer number of 
wavelengths for constructive interference. θ is the angle of incidence for the incoming X-ray beam. 
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angles of the diffracted waves. λ is the radiation wavelength and h, k and l are the Miller indices 

of the crystallographic planes. Only if all equations are satisfied, positive interference occurs. 

The Miller indices are the reciprocal intercepts of the crystallographic axes.63 The angle at which 

reflection can occur for a set of parallel planes is related to the d spacing, according to Bragg’s 

Law. If the wavelength of the X-rays is known, the respective d values can be caluclated. For a 

cubic unit cell in which the cell parameters obey a = b = c, the interplanar spacing 𝑑  follows: 

 

1
𝑑  

=  
ℎ 𝑘 𝑙

𝑎
 

(2.8.3) 

 

Hence, the lattice parameter a can be caluclated from an diffraction pattern in which d and the 

corresponding Miller indices h, k and l are known.

The observed intensity yields information of the spacing between planes of atoms in the crystal 

structure. The relative intensity of diffraction peaks is mainly determined by the amount of 

scattering from h k l planes in the direction θ, described by the structure factor, 𝐹 62: 
 

𝐹 = 𝑓 exp(2 πi(ℎ𝑢 + 𝑘𝑣 + 𝑙𝑤 )) 
 

(2.8.4) 

 

where the unit cell in the crystal contains 𝑁 atoms with 𝑢, 𝑣, and 𝑤 reduced position indices. 𝑓 is 

the atomic scattering factor that measures the efficiency of scattering of one atom. The atomic 

scattering factor is dependend on the scattering angle θ. 
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3 MATERIALS AND MATERIALS CHARACTERIZATION 
 

In the following points 3.1-3.2 all devices and chemicals that were used for the preparation and 

characterization of the synthesized substances are listed. 

 

3.1 Chemicals 
 

• Lithium carbonate (≥ 99% purity), Sigma-Aldrich 

• Lanthanum oxide (99.95%,), Hoechst AG 

• Gallium(III)oxide (99.995 % purity), Alfa Aesar 

• Zirconium(IV)oxide (99%), Sigma-Aldrich 

• 3-glycidyloxypropyl)trimethoxysilane (≥98 %), Sigma-Aldrich 

• Polyethylene oxide (Mw = 400 000 g mol-1), Sigma-Aldrich 

• Lithium bis(trifluoromethanesulfonyl)imide ( 99.95% purity), Sigma-Aldrich 

• 1,8-Diazabicyclo(5.4.0)undec-7-ene (98 %), Sigma-Aldrich 

• Divinyl sulfone (≥ 96 %), Sigma-Aldrich 

• 2-Buten-1,4-diol (97 %), Sigma-Aldrich 

• Acetonitrile (99.8 %), Sigma-Aldrich 

• Ethanol (≥ 99.8 %), Sigma-Aldrich 

• Isopropyl alcohol (≥ 98 %), Sigma-Aldrich 

• Hot-pressed Li6.75La3Zr1.75Ta0.25O12 (Ø 1 cm, 2 mm thickness), Toshima Manufacturing 
 

3.2 Equipment 
 
• Ball mill, FRITSCH Pulverisette 7 

• Oven, Nabertherm 

• MSK-110 Hydraulic Press, MTI Corporation 

• Femto Plasma Cleaner, Diener Electronic 

• High vacuum sputter coater, Leica EM QSG100 

• X-ray diffractometer, Bruker D8-Advance 

• Broadband dielectric analyser, Novocontrol Concept 80 

• NMR spectrometer, Bruker Advance III 

• Double-furnace DSC, PerkinElmer DSC 8500
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3.3 Characterization of Powders and Solid Electrolytes 
 

3.3.1 X-ray Powder Diffraction (XRD) 
 
In this work, X-ray diffraction was mainly used for the primary characterization to confirm the 

structure of the synthesized materials. Phase analysis was performed by X-ray powder diffraction 

experiments under air with a Bruker D8-Advance X-ray powder diffractometer and a Lynxeye 

detector. A copper target was used (Cu Kα radiation, Bragg−Brentano (θ−θ) geometry) and angles 

of 2θ from 10 to 80° were measured.  

 

3.3.2 Nuclear Magnetic Resonance (NMR) Spectroscopy   
 

NMR measurements were carried out with a Bruker Advance III 300 MHz spectrometer (1H: 

300.36 MHz; 13C: 75.53 MHz) at 25 °C. The probes were dissolved in deuterated chloroform 

(CDCl3), purchased from Cambridge Isotope Laboratories, Inc.  

 

3.3.3 Differential Scanning Calorimetry (DSC)  
 
The melting points of the electrolytes were determined via DSC analysis (PerkinElmer DSC 8500) 

under nitrogen atmosphere from -50 °C to 200 °C with a heating rate of 20 °C min-1. 

 

3.3.4 Electrochemical Impedance Spectroscopy (EIS) 
 

The ionic conductivity was measured by EIS. The measurements were carried out by a Concept 

80 system (Novocontrol) with a Novocontrol Alpha analyser.  Single-sweep measurements at 

room temperature were done in the frequency range from 10 mHz to 10 MHz.  For the 

measurement, the Ga-LLZO powder was pressed into pellets (Figure 11). A press with a diameter 

of 10 mm was used and a load of 0.3 tons was applied for 3 minutes. The thickness of the pellets 

varied from 5 – 8 mm. Chemical vapour deposition with Au was carried out at 10-5 mbar until a 

layer thickness of 100 nm was reached (Leica EM QSG100 sputter coater).  
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4 EXPERIMENTAL 
 

4.1  Synthesis of Ga-doped LLZO Ceramic Electrolyte 
 

Gallium-doped Li7La3Zr2O12 solid electrolytes were synthesized via a conventional solid-state 

method based on the procedure described by Wagner et al.34. Stoichiometric amounts of Li2CO3 

(≥ 99 %), La2O3 (99.95 %, preheated at 900 °C for 12 h), ZrO2 (99 %) and Ga2O3 (≥ 99 %) were 

ground and mixed in an agate mortar under addition of isopropyl alcohol. To reach the intended 

stoichiometry 10 wt.% excess Li2CO3 (≥ 99 %) was added to compensate the loss of lithium during 

annealing. After drying, the mixture was pressed into pellets and heated to 850 °C with a rate of 5 

°C min-1 and calcinated for 4 h. In the next step the pellets were again grounded in an agate mortar 

and ball-milled for 1 h under isopropyl alcohol using zirconia balls (180 ZrO2 balls, Ø 5 mm) at 

500 rpm. After drying, the  powder was pressed into pellets (Ø 1 cm, 5 mm thickness) using a 

hydraulic press. 

 

 

 

 

 

 

 

 

 
 

Figure 11. Ga-LLZO pellets between two pure pellets of LLZO. 

 

In order to lower the loss of lithium during annealing and to avoid the incorporation of Al3+ from 

the crucible, an embedding sintering method was used. The sample pellets were placed between 

two additional pellets of pure LLZO (Figure 11), which supplied the doped-LLZO with lithium 

and lowered the effect of the lithium loss phenomena during the sintering process. The obtained 

Ga-LLZO pellets were further processed by  ball-milling (4 h, 500 rpm, 180 ZrO2 balls, Ø 5 mm) 

with isopropyl alcohol as a solvent medium. The final resulting slurry was dried thoroughly at  

60 °C for 24 hours. In a final step the pellets were heated with a rate of 5 °C min-1 to 1230 °C and 

sintered for 6 h in ambient air. The crystalline structure was evaluated by XRD and the ionic 

conductivity was measured by EIS.  

   doped-LLZO 

LLZO 
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4.2  Surface Modification with 3-Glycidyloxypropyl)trimethoxysilane (Si-R) 

 
4.2.1 Surface Modification of Ga-LLZO Ceramic Particles 
 

Activation of the surface terminated oxygen of Ga-LLZO particles was achieved by a dry etching 

process (O2, 60 seconds). To avoid any degradation under ambient atmosphere, the activated 

ceramic nanoparticles were immediately immersed in a solution of 10 mL Si-R and 40 mL Ethanol. 

After 16 h of continuous stirring (300 rpm, Ar atmosphere), the coated Ga-LLZO was filtered from 

the solution, and dried in a drying chamber at 60 °C for 24 h. 

 

4.2.2 Surface Modification of the LLZTO pellet and Preparation of Bilayer Cells 
 
A commercially hot-pressed LLZTO pellet (Ø 1 cm, 2 mm thickness) was used for the preparation 

of Bilayer Cells. Before each experiment, the pellet was polished with SiC grinding paper (no. 

1000 – no. 4000) to ensure that any degradation layers are removed. Afterwards, a 100-nm-thick 

gold electrode was applied on one side of the pellet with  a Leica EM QSG100 high vacuum 

sputter. The other side of the pellet was either 
 

(1) plasma treated for 60 s, 

(2) plasma treated for 60 s and immediately immersed in a solution of Si-R as described in 

Section 4.2.1 for 16 hours,   

(3) or kept pristine.  
 

In the next step the bilayer cells were casted with a polymer electrolyte and cured over night. The 

polymer electrolyte was prepared by dissolving 90 wt.% PEO (Mw = 400 000 g mol-1) and  

10 wt. % LiTFSI in anhydrous acetonitrile by stirring (300 rpm) at 90 °C for 12 h. The thickness 

of the polymer electrolyte was about 300 μm. All experiments were performed in an Ar-filled 

glovebox. The synthesis route is illustrated in Figure 12. 

 

 (1) 

(2) 

(3) 

Figure 12. Synthesis route for bilayer cells. In (1) 
the LLZTO pellets are plasma-treated for 60 s.  
(2) represents the  solution casting of the pellets 
with Si-R and in (3) the polymer electrolyte is 
casted on the bilayer cells. 
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4.3 Synthesis of a Sulfone-based Polymer Electrolyte (OMP)  
 

For the production of the Oxa-Michael Product (OMP) a 1,8-Diazabicyclo(5.4.0)undec-7-ene 

(DBU) mediated polyaddition of divinyl sulfone (DVS) and 2-Buten-1,4-diol was carried out 

under solvent-free conditions as described by Strasser et al. (2017)64. DBU (25.5 mg, 0.01675 

mmol, 0.4105 equiv.) was dissolved in 2-Buten-1,4-diol (362.8 mg, 4.11 mmol) and subsequently 

DVS (482.0 mg, 4.08 mmol) and LiTFSI (1; 5; 7.5; 10; 12.5 wt.%) were admixed under stirring at 

room temperature. The reaction scheme is shown in Figure 13. 

 

 
 
                            Figure 13. Reaction between 2-buten1,4-diol  and DVS with DBU as catalysator. 
 

As soon as the DVS was added for 1-2 min, an exothermic reaction was observed. The light brown 

reaction mixture (Figure 14) was placed in a drying chamber at 60 °C for 24 h and an aliquot was 

removed and investigated by 1H-NMR spectroscopy (see Figure 20). 
 

 
 
 
 
 
 

 
 

 
 
 
 
 
4.4 Synthesis of Mixed Polymer Electrolyte- and Solid Composite Membranes 
 

The following procedures were carried out in an argon-filled glovebox. The membranes were 

prepared by a solution-casting method. For the mixed PEs, the amount of OMP added varied 

between one and 40 wt.%. For the composites, different fractions of Ga-LLZO were added (from 

one to 50 wt.%). The ratio of [EO]/[Li] was fixed at 18:1. Calculated amounts of either: 
 

(1) PEO(LiTFSI) and OMP (1; 10; 20; 30; 35; 40 wt.%),   

(2) PEO(LiTFSI) and Ga-LLZO (or modified Ga-LLZO) or  

(3) PEO(LiTFSI) and Ga-LLZO (or modified Ga-LLZO)  and OMP (35 wt.%)  

Figure 14. Picture of the 
OMP with 10 wt.% LiTFSI 
content after 24 h in the 
drying chamber. 
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were dissolved and dispersed in anhydrous acetonitrile by constant stirring (300 rpm) at 90 °C for 

12 h. The polymer suspension was cast on a flat teflon plate and the solvent was allowed to 

evaporate slowly. The film was dried in vacuum at 40 °C for 12 h and homogeneous and 

mechanically stable membranes with thickness in the range of 130 to 150 μm were obtained. The 

synthesis route for (2) is shown in Figure 15. 

 

 

(3) 
 

(1) 
 

(2) 
 

Figure 15. Synthesis route for solid composites: (1) A polymer suspension of 
PEO:Ga-LLZO 70:30 wt.% is casted on a teflon plate (2) and composite 
membranes (Ø 8 mm; thickness 150) are cut out with a stamping tool  (3). 
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Figure 16. Powder XRD pattern of Ga-doped Li7La3Zr2O12 (blue line, top) and reference 
cubic (Ia-3d space group) pattern (ICSD #422259) shown at the bottom. The Ga-LLZO 
sample sintered at 1230 °C  shows cubic (Ia-3d space group) symmetry with diffraction 
peaks indicating cubic (400) and (420) planes. 

5 RESULTS AND DISCUSSION 
 
In this chapter, all measured data are summarized and the findings are analyzed and compared 

with literature. First, the structural and electrochemical properties of LLZO are discussed. 

Moreover, the compositional dependence of the Li-ion transport in PEO:Ga-LLZO composites is 

investigated and the optimum filler concentration is analyzed. Afterwards, the visualisation of 

modified LLZO particles in composites is investigated in LLZTO|Si-R|PEO bilaminar cells. In a 

last step, OMP is introduced as a plasticizer and its role in advanced solid composites is outlined.  
 

5.1 Ceramic Electrolytes 
 

Powder XRD was used to identify the phase of synthesized Ga-LLZO particles and EIS 

measurements were carried out to analyze the electrochemical properties of  Gallium- and 

Tantalum-doped LLZO pellets.  

 
5.1.1 Primary Characterization with X-ray Powder Diffraction 
 
After the sintering process, a powder XRD pattern was recorded to evaluate the phase composition 

and identify the crystal structure within the synthesis. Figure 16 shows  the powder XRD pattern, 

obtained from the Ga-LLZO sample sintered at 1230 °C for 6 h (blue line, top).  
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As referenced in the inorganic crystal structure database (ICSD #422259), the Ga-LLZO can be 

indexed  as cubic with Ia-3d space group. The two diffraction peaks in 27° < 2𝜃 < 32°, as marked 

by the dashed lines in Figure 16, indicate cubic (400) and (420) planes respectively. As shown by 

Han et al. (2020)65, sintering at a lower temperature leads to the formation of the tetragonal 

(I41/acd) polymorph, resulting in a splitting of the diffraction peaks due to symmetry reduction. 

The reflex at approximately 2θ = 21° indicates a minor amount of Li2CO3, which is most likely 

due to surface reactions with moisture and carbon dioxide since the measurement was performed 

in air.  This result suggests, that gallium incorporation and sintering at 1230 °C stabilizes the cubic 

phase of LLZO at room temperature, as reported in literature.34 The cubic lattice parameter of Ga-

LLZO is 12.9612 Å, which agrees well with that of cubic LLZO synthesized at a similar 

temperature in literature.34 

 

5.1.2 Conductivity Measurements 
 

Conductivity measurements of LLZTO and Ga-LLZO were made using electrochemical 

impedance spectroscopy (EIS) over the frequency range of 10 mHz to 10 MHz (see Section 3.3.4). 

The impedance spectra of LLZTO (Figure 17 (a)) shows a high-frequency semicircle, attributed 

to the bulk (see below), followed by a low-frequency response from the electrode. In the 

impedance spectra of Ga-LLZO (Figure 17 (b)), besides the high- and low frequency contribution 

an additional arc due to grain boundaries may be hidden in the small shoulder of the electrode 

response. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 17. Nyquist plot of (a) LLZTO and (b) Ga-LLZO measured at 20 °C. The dashed lines 
represent the fitted semicircles, observed by EIS. Electrode polarization (EP) takes place in the low-
frequency spike of the nyquist plots. 
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To  quantify the spectra they were fitted based on an equivalent circuit model. First, the bulk 

resistance could be obtained via fitting the high frequency semicircle to a single R1||CPE1 element. 

For the second semicircle in the mid-frequency range of the Ga-LLZO spectra, an additional 

R2||CPE2 element has to be added. The corresponding Li-ion conductivity (σ) can be calculated 

according to Eq. 2.7.9.  Table 4 summarizes the calculated values of the conductivity and the 

capacitance from the fitted Nyquist plots in Figure 17. 
 

Table 4. Calculated values of conductivity and capacitance based on the impedance spectra from 
Figure 17. 

 
 LLZTO Ga-LLZO 
R1 [Ω] 576 3745 
σ1 [mS cm-1] 0.44 0.43 
n1a 0.9 0.8 
C1 [F cm-2] 2 × 10-11 1.6 × 10-12 
R2 [Ω] - 2470 
σ2 [mS cm-] - 0.65 
n2 - 0.9 
C2 [F cm-2] - 8 × 10-9 
σtotal [mS cm-1] 0.44 0.26 

 

 

For LLZTO the high-frequency component fitted to a single R1||CPE1 element is 2 × 10-11 F cm-2. 

The capacitance value of 2 × 10-11 F cm-2 can be assigned to a grain boundary process.66 The 

calculated total Li-ion conductivity of 0.44 mS cm-1 is similar to values reported in literature.43 

In case of the Ga-LLZO, the high-frequency arc gives a capacitance of 1.6 × 10-12 F cm-2. 

According to literature, a realistic value for the bulk capacitance of an oxide is typically in the pF 

range.61 Hence, the capacitance value for the high frequency component in Ga-LLZO can be 

assigned to a bulk process. The second mid-frequency component fitted to an additional R2||CPE2 

element has a capacitance of 8 × 10-9 F cm-2. The capacitance of the mid-frequency contribution 

sits within the range expected for a grain boundary process. The calculated total Li-ion 

conductivity of Ga-LLZO yields a value of 0.26 mS cm-1, which is in agreement with values 

reported in literature.31  
 

The Ga-LLZO particles were used as inorganic fillers in composite materials in order to enhance 

the mechanical strength and Li-ion conductivity. The effect of filler content on the electrochemical 

properties in PEO:Ga-LLZO composites is discussed in the following section.  

anon-ideality factor of the capacitance 
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5.2 Optimization of the Ga-LLZO Content in PEO:Ga-LLZO Composites 
 
The influence of different amounts of the Ga-LLZO particles in PEO:Ga-LLZO composites on the 

Li-ion transport behaviour is presented in Figure 18, and the respective Li-ion conductivities are 

listed in Table 5. 

 

 
 
 

 
 

Table 5. 
 

Bulk Resistance and room-temperature Li-ion conductivity of PEO:Ga-LLZO 
composites with different composition. 

 
 R / Ω  σtotal / S cm-1 

PEO 2.5 × 104 9.5 × 10-7 

PEO:Ga-LLZO 20 wt.% 8.5 × 103 3.5 × 10-6  

PEO:Ga-LLZO 30 wt.% 3.3 × 103 9.0 × 10-6 

PEO:Ga-LLZO 40 wt.% 9.5 × 103 3.1 × 10-6 

PEO:Ga-LLZO 50 wt.% 2.2 × 104 1.3 × 10-6 

 

The observed trend in the ionic conductivity regarding the Ga-LLZO content in the SCEs can be 

explained by taking in account the compositional dependence of the three determining factors: ion 
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Figure 18. Bode plot of the electrochemical impedance for PEO:Ga-LLZO 
composites with different composition, measured at 20 °C. 



Results and Discussion 

27 
 

mobility, ion transport pathways, and active ion concentration.15 In this work, the highest ionic 

conductivity was found in SCEs with 30 wt.% Ga-LLZO filler, the further increase of filler amount 

resulted in a lower ionic conductivity. The addition of filler enhances the ionic conductivity of the 

SCEs due to rapid Li-ion conduction via the inorganic conductor itself or the interfaces formed 

between polymer and filler.13 Agglomerated clusters of nanoparticles significantly decrease the 

volume ratio of the interface. Consequently, most of the bulk polymer phase cannot be converted 

to highly-conductive interfacial phase, leading to a decreased ionic conductivity at high filler-

concentrations.13 The observed behaviour is typical for solid composites.15,16 The maximum filler 

ratio varies in a large range and is dependent on the composition of the composites. Li et al. 

(2019)16 reported a maximal conductivity of  7.2 × 10−5 S cm−1 at 30 °C for  PEO:16 vol% Ga-

LLZO composite electrolytes. The results visible in Figure 18 show,  that with an  increase in the 

fraction of ceramic Ga-LLZO phase in the PEO:Ga-LLZO composites up to 30 wt.%, the ionic 

conductivity increases. A higher content of Ga-LLZO in the polymer matrix leads to a decrease in 

ionic conductivity. In this work, a  Li-ion conductivity of  9.0 × 10-6  S cm−1 at 20 °C was achieved 

for PEO:Ga-LLZO 30 wt. %.  
 

Preliminary work showed, that the surface modification of oxide surfaces can improve the 

compatibility and adhesion between the ceramic particles and the polymeric matrix.67 For this 

reason, bilaminar cells of surface-modified LLZTO and PEO were made to investigate if the 

modification of LLZO ceramic surfaces can negate the interfacial resistance, and further enhance 

the Li-ion transport properties in PEO:LLZO composites. The results are shown in Section 5.3. 
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5.3 Bilayer Cells 
 
Bilayer cells of LLZTO|PEO, LLZTO|P|PEO and LLZTO|P|Si-R|PEO were prepared and 

impedance spectroscopy was used to study the Li-ion transport across the interphase. Each of the 

semicircles presented in Figure 19 can be fitted by a constant phase element (CPE), in parallel to 

a resistance element Because no electrode polarization is observed in the spectrum of 

LLZTO|PEO, a single R|CPE is used to fit the semicircle. The low-frequency spike in the spectra 

of LLZTO|P|PEO and LLZTO|P|Si-R|PEO can be fitted by two serial-connected R|CPE element. 

 

 

 
 

The electrical contribution of both components is approximately constant, as all geometric and 

compositional parameters were kept fixed during assembling of the cells. Therefore, any change 

in the resistance of the bilaminar cell (Rlam) is related to the interfacial resistance (Rint). Rint is given 

by Rlam = RLLZTO + RPEO + Rint, and the corresponding ASR is given by ASR = Rint A. The 

calcuclated values for grain, grain boundary and interfacial resistance are listed in Table 6. The 

creation of an interface between LLZTO and PEO leads to a significant increase in Rlam from about 

30 kΩ to 83 MΩ caused by the high charge transfer resistance between LLZTO and PEO (Rint) of 

ASR = 42 MΩcm2. For LLZTO|P|PEO, the resistance Rlam decreases by more than three orders of 

magnitude. The obtained ASR value of 32 kΩ cm2 could be explained by an increased bonding 

between PEO segments to the LLZTO particles. This bonding lowers the free volume between the 

PEO particles and LLZTO, and enhances the Li-ion transport across the interface. 
 

 Figure 19. Nyquist Plots of LLZTO|PEO (a), LLZTO|plasma etching (P)|PEO (b)  and LLZTO|plasma etching 
(P)|Si-R|PEO (c) measured at 20 °C. The dashed lines represent the fitted semicircles, observed by EIS. No 
electrode polarization (EP) is observed in spectrum (a).  
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Table 6. 
   

Grain, Grain Boundary, and Interfacial Resistance.5 

 ρ / Ω cm C / pF cm -2 n σtotal / S cm-1 

Single components     

LLZTO 576* 0.2 0.9 0.44 

PEO 2.9 × 104* 0.2 0.8 0.002 

Surface Modification     

LLZTO|PEO 8.4 × 107 0.4 0.9  

LLZTO|P|PEO 8.3 × 104 0.4 0.8  

LLZTO|P|SI-

R|PEO 

3.0 × 104 0.2 0.8  

                  *Resistance values (Ω) 
 

 

A further reduction of the ASR by an order of magnitude to a value of about 500 Ω cm2 at 20 °C 

can be seen for the functionalized LLZTO|P|Si-R|PEO bilayer cell. The bifunctional Si-R-

molecule acts as linking agent between the polymeric matrix and the surface of the LLZTO, by 

forming covalently bonded Si-R layers. The Si-R units screen the surface polarity (oxygen density) 

that reduces the electrostatic repulsion between LLZTO and PEO. Consequently a significantly 

improved charge transfer can be achieved across the LLZTO|PEO interface.5 
 

Gupta et al. (2019)68 suggest, that an ASR smaller than 100 Ω cm2 is required to enable Li-ion 

transport over the whole volume fraction of a composite electrolyte. Various approaches exist to 

enhance the ionic charge transport across the interface.69  In this work the LLZTO|PEO interface 

has been reduced to 500 Ω cm2 at 20 °C by plasma activation and covalent surface modification of 

the LLZTO surface. The modification of ceramic surfaces with Si-R offers great potential to 

improve composite electrolytes towards the integration in future solid-state Li batteries. 

 

 

 

 

 

 

 
 



Results and Discussion 

30 
 

5.4 Effect of OMP as Plasticizer in Solid Composites 
 
To further enhance the Li-ion conductivity, OMP was used as a plasticizer in advanced composite 

electrolytes. Therefore, plasticized PEO:OMP mixed polymer electrolytes were analyzed and the 

LiTFSI- and OMP-content in the polymer system were optimized. 

5.4.1 Primary Characterization of the Oxa-Michael Product (OMP) 
 
The DBU-mediated polymerization between DVS and 2-Buten-1,4-diol was observed with 1H 

NMR spectroscopy (300 MHz, CDCl3, 25 °C). Figure 20 shows the 1H NMR spectrum of OMP. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

 

 

 

 

 

The signal at 7.3 ppm is related to CDCl3 whereas the peak at 1.7 ppm results from residual DBU, 

which was used as a catalyst. The signal at 4.2 ppm refers to the alcoholic end groups of the 

polymer (OH-CH2-CH=CHCH2) and the signal at 5.74 is related to (CH2CH2=CHCH2) in the 

chain. The peaks at 3.34 and 3.87 confirm the sulfonyl group in the polymeric backbone (SO2-

CH2-CH2-O). The chain length (n) can be calculated from the ratio between the number of 

repeating units vs. the integral per proton value of the alcoholic end chain. The relatively low value 

of n = 2.54 is due to a slight excess of 2-Buten-1,4-diol in the reaction. The calculated Mw value 

for the OMP is ≤ 500 g mol-1. Other experiments were carried out with a 1:1 molar ratio of DVS 

to 2-Buten-1,4-diol, which lead to a longer polymer chain n = 6.15, a Mw value ≤ 800 g mol-1 and 

Figure 20. 1H NMR spectrum of the sulfone-based polymer electrolyte (OMP) 
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sulfonic end groups (OMP2 see Appendix Figure 25).64 The OMP with the lower chain length 

shows low viscosity and stickiness at room temperature. The OMP2 with the higher chain length 

is more brittle.  
 

The general rule in designing high Li-ion conducting SPEs is to suppress the crystallinity in order 

to maximize the mobile phase. Therefore, a low glass transition temperature (Tg) is crucial to 

enable the segmental motion of polymer chains.54-52 If  the Tg is low enough, more amorphous 

regions are available at ambient temperature. The glass transition temperature determined from 

the DSC measurement is  -42.2 °C. (see Appendix Figure 26). Stolwijk et al. (2013)70 reported 

experimental Tg values for PEO:LiTFSI complexes in the range from -45 to -60 °C. Diverse Tg 

behavior as a function of salt-concentration has been reported in literature.70 Since the Li-ion 

conductivity depends on the Li-salt-concentration, an ideal polymer host must have the ability to 

dissolve lithium salts at ambient temperature and allow the fast motion of free ions in the media.  
 

5.4.2 Salt-concentration Dependence of the Li-ion Conductivity in OMP  
 
The salt-concentration dependence of the ionic conductivity of OMP with salt-concentration of  

1.0 – 12.5 wt.%  has been investigated via EIS and the results are shown in Figure 21. If the salt 

content is increased, the number of free ions increases, thereby increasing conductivity.71 

However, several studies observed a decrese in Li-ion conductivity, as the salt-concentration 

exceeds its saturation level.14,70 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. (a) Nyquist plot of OMP with different concentrations of LiTFSI measured at 
20 °C; (b) variation of Li-ion conductivity as a function of salt-concentration in wt.%. 
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The calculated conductivity values, corresponding to the respective molar ratios (PEO:LiTFSI) for 

the data shown in Figure 21 are listed in Table 7. The OMP containing one wt.% shows an ionic 

conductivity of 1.75 × 10-5 S cm-1. A significant increase of one order of magnitude can be 

observed up to 10 wt.% LiTFSI in the OMP. The linear increase with salt addition up to a value of 

10 wt.% results from the increased number of charge carriers in the dilute region. Higher amounts 

of salt in the polymer  matrix result in a decrease of ionic conductivity due to  ion pairing and 

physical crosslinking between polymer chain and Li-ions. The ion pairing effect with increasing 

LiTFSi content has been optically observed by the accompanied stiffening of electrolyte material. 

A LiTFSI content ≤ 12.5 wt.%  results in an inhomogeneous mixture of OMP and Li-salt due to a 

disfavoured salt dilution and can not be further fabricated. 

 
Table 7 Salt-concentration dependence of the Li-ion conductivity at 20 °C. 

 
 

 

 

 

 

 

 

 

Maurel et al. (2020)72 reported the highest conductivity (3.79 × 10−6 S cm−1 at 20 °C) for SPEs 

containing LiTFSi and PEO (Mw ∼ 100.000 g mol-1) in a ratio of 1:10. OMP shows its maximum  

conductivity (2.4 × 10−4 S cm−1 at 20 °C) at a salt content twice as high (LiTFSI:OMP 2:10).  The 

lowering of the Li-ion conductivity with regard to the molecular weight of the polymers can be 

explained by the relatively large number of chain end units in short-chain polymer matrices.73,74 

The low Mw of the OMP leads to more free volume and higher segmental flexibility. However, it 

was not possible to fabricate the OMP into free-standing membranes, due to its sticky behavior. 

Therefore, polymer blends of high molecular weight PEO and low molecular weight OMP were 

made as described in the  following section.

wt. % LiTFSI LiTFSI:OMP σ / S cm-1 

1 2:100 1.8 × 10-5 

5 1:10 1.1 × 10-4 

7.5 1.5:10 1.2 × 10-4 

10 2:10 2.4 × 10-4 

12.5 2.5:10 1.3 × 10-4 
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5.4.3 Mixed Polymer Electrolytes (PEO(LiTFSI):OMP) 
 

SPEs of pure PEO show a two orders of magnitude lower Li-ion conductivity than OMP. 

Therefore, OMP was used as a plastizicer in PEO:OMP polymer blends to alter the Li-ion 

conducting properties. By the substitution of high-molecular-weight PEO with low-molecular-

weight OMP the  mechanical properties of the mixed polymer blends changed significantly, 

becoming much more soft, flexible and stickier. The compositional dependence of the Li-ion 

conductivity was investigated by EIS and the calculated conductivity values were plotted against 

the ratio of PEO:OMP in Figure 22 (b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Nyquist plots for PEO(LiTFSI), PEO(LiTFSI):OMP (containing 35 wt.% of the OMP) and 

OMP are shown in Figure 22  (a). The Nyquist plots of the mixed polymer electrolytes were fitted 

by an equivalent circuit model consisting of a single R1||CPE1 element. The conductivity of mixed 

SPEs increases linearly up to an amount of 35 wt.% OMP added. Further addition leads to high 

stickiness and low viscosity of the SPEs, and therefore complicates further processing steps. The 

respective Li-ion conductivity values for PEO(LiTFSI), PEO(LiTFSI):OMP and OMP  

are shown in Table 8. 

 

Figure 22. Electrochemical Impedance spectra (a) for PEO(LiTFSI), PEO(LiTFSI):OMP and OMP at 20 °C 
and (b) Li-ion conductivity dependence on the wt.% of plasticizer (OMP) in mixed SPEs. . 
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Table 8. Bulk resistance and Li-ion conductivity of PEO(LiTFSI), PEO(LiTFSI):OMP and OMP 
 
 
 

 

 

 
 

The partial substitution of PEO  by 35 wt.% OMP results in a 10-fold better conductivity compared 

with pure PEO SPEs. As the ionic conductivity strongly depends on the morphology  of the 

electrolyte, the increase in conductivity with OMP addition can be explained in terms of 

enhancement of the amorphous phase. The decrease in the PEO-crystallinity can be interpreted on 

the basis of chain flexibility, which is reflected by a lowered Tg.75 This is suggestive of enhanced 

segmental motions at higher contents of OMP. A reduction in the energy barrier to the segmental 

motion of Li-ions is achieved. Despite the high Li-ion conductivity at ambient conditions, the 

PEO:OMP SPEs show poor mechanical properties.  
 

For PEO(LiTFSI):OMP mixed PEs, the ionic conductivity was found to linearly increase with 

plasicizer concentration. In order to test if this is also true for PEO:Ga-LLZO composites, OMP 

was used as plasticizer in advanced SCEs. 

 

 
 

 

 

 

 

 

 

 

 

 

 wt.% OMP R / Ω σ / S cm-1 

PEO(LiTFSI) 0 2.5 × 104 2.0 × 10-6 

PEO(LITFSI):OMP  35 3.2 × 103 5.1 × 10-6 

OMP 100 957 1.8 × 10-5 
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5.5 Advanced Solid Composite Electrolytes 
 
The findings of the previous Sections 5.1–5.4 were used to synthesize advanced composites, 

consisting of modified Ga-LLZO particles and plasticized PEO:OMP polymer electrolytes. In 

composites with low interfacial resistance, the Li-ion transport takes place in both phases, resulting 

in a faster conduction process than in composites with high interfacial resistance (where the Li-

ion transport only takes place in the polymer phase). Therefore, one would expect, that composites 

containing surface-modified Ga-LLZO particles exhibit a higher Li-ion conductivity compared to 

composites with untreated ceramic. The electrochemical behaviour of  composites containing 

modified- and unmodified Ga-LLZO particles respectively was studied with EIS are displayed in 

the Nyquist plots of Figure 23.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table  9.
   

Bulk Resistance and room-temperature Li-ion conductivity of advanced solid composites 

 R / Ω  σtotal / S cm-1 

PEO(OMP):Ga-LLZO 30 wt.% 1.4 × 103 2.1 × 10-5 

PEO(OMP):Ga-LLZO|P|Si-R 30.wt % 3.6 × 102 8.3 × 10-5 

 

The spectra of PEO(OMP):Ga-LLZO 30 wt.% and PEO(OMP):Ga-LLZO|P|Si-R 30.wt % in  

Figure 23 are composed of a single semicircle followed by a low-frequency spike that can be fitted 

by two serial-connected R||CPE elements. PEO(OMP):Ga-LLZO|P|Si-R 30 wt. %, containing 

surface modified Ga-LLZO particles, shows a higher room-temperature conductivity (8.3 × 10-5 S 

Figure 23. Nyquist Plots of advanced PEO(OMP):Ga-LLZO 30 wt.% and 
PEO(OMP):Ga-LLZO|P|Si-R 30.wt.% composites measured at 20 °C. 

Rbulk 
Rbulk 

0

5

10

15

20

0 5 10 15 20

-Z
''/1

02
Ω

Z'/102 Ω

PEO(OMP):Ga-LLZO|P|Si-R
30.wt %

PEO(OMP):Ga-LLZO 30.wt %



Results and Discussion 

36 
 

cm−1) compared with that of  PEO(OMP):Ga-LLZO 30 wt.% (2.1 × 10-5 S cm-1). The observed 

behaviour confirms the hypothesis discussed in Section 5.3. The increased bonding between 

polymer segments and surface-activated Ga-LLZO particles enables a fast Li-ion conduction 

across the lowered interface. As expected, the addition of OMP in PEO(OMP):Ga-LLZO 30 wt.%, 

alters ion transport pathways and increases the ion mobility, thus further enhancing the ionic 

conductivity. PEO(OMP):Ga-LLZO 30 wt.% composites exhibit a Li-ion conductivity of 

2.1 x 10-5  S cm−1, whereas unplasticized composites of the same composition show a lower 

conductivity (9.0 × 10-6 S cm−1, see Section 5.2). The high Li-ion conduction in OMP in 

combination with the beneficial Li-ion transport across the interface enables the preparation of 

advanced SCEs with great electrochemical and mechanical properties. 

 

5.5.1 Arrhenius Plot of Advanced Solid Composite Electrolytes 
 
Because lower activation energy directly correlates to faster Li-ion diffusion, a low activation 

energy for ionic diffusion throughout the electrolyte material is of primary importance.76 The 

temperature-dependent behaviour of the advanced SCEs was investigated via EIS and the results 

are displayed in an Arrhenius diagram (Figure 24). 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

PEO(OMP):Ga-LLZO (containing 30 wt.% Ga-LLZO as active filler) composites  show  linear 

Arrhenius behavior in the temperature range of -30 °C to 60 °C. The activation energy (Ea) of the 

composites is calculated according to 𝜎 = 𝐴𝑒 / . The activation energy of the advanced 
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Figure 24. Arrhenius plot of  PEO(OMP):Ga-LLZO composite 
electrolytes in the temperature range of -30 °C  to 60 °C. 
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PEO(OMP):Ga-LLZO composites is 0.51 eV. In general, the activation energy value found in this 

work is lower than values reported in literature on PEO:Ga-LLZO and PEO:LLZTO composites 

(0.59-0.62 eV).16,77 This indicates easier ionic conduction pathways in  ternary composite materials 

containing a plasticizer, compared to composites without one. Similar behaviour was reported by 

Al-Salih et al. (2020)78, where the activation energy dropped  by about 0.1 eV to a value of  

~ 0.41 eV when Succinonitrile (SN) was used as a solid plasticizer in composites comprising 

of PEO, SN  and LLTO as an active filler.
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6 CONCLUSION 
 
 
The high interfacial resistance across the ceramic|polymer interface in solid composite electrolytes 

(SCEs) hinders the development of high-performance all-solid-state Li-ion batteries (ASSLIBs). 

Therefore, a facile surface modification technique was introduced in this work to address this 

problem. The glass transition temperature, ionic conductivity, ceramic|polymer interfacial 

behavior and Arrhenius behaviour were investigated using Differnetial Scanning Calorimetry 

(DSC) and Electrochemical Impedance Spectroscopy (EIS). The compositional dependence of the 

Li-ion conductivity was investigated by variation of the Ga-LLZO content in the polymer matrix.  
 

The results showed, that with an  increase in the fraction of ceramic Ga-LLZO phase in the 

PEO:Ga-LLZO composites up to 30 wt.%, the ionic conductivity increased. A higher content of 

Ga-LLZO in the polymer matrix lead to a decrease in ionic conductivity. EIS analysis of 

LLZTO|PEO and surface modified LLZTO|P|Si-R|PEO bilayer cells revealed the contribution of 

LLZTO grain boundaries to the electrolyte resistance. The ceramic|polymer interfacial resistance 

decreased from 83 MΩ to 30 kΩ when surface modification techniques were applied. The lowered 

interfacial resitance enables the preferential path for Li-ion conduction across the interface and 

through the ceramic phase. A fast conduction porocess is provided due to a reduction of the free 

volume between the PEO particles and LLZTO. The further incorporation of a high-ion conducting 

sulfone-polymer electrolyte (OMP) in the SCEs contributed to the improved Li-ion conducting 

properties, by lowering the Tg and enhancing the suppression of crystallinity in the polymer phase. 
 

The modification of ceramic Ga-LLZO particles with Si-R leads to a lowered ASR in PEO:LLZO 

composites that enables a fast charge transfer across the interface. In combination with the high-

Li-ion conducting properties of low-viscous OMP, SCEs with a Li-ion conductivity of 8.3 × 10-5 

S cm-1 at 20 °C were synthesized, which makes them promising electrolytes for the next generation 

of ASSLIBs. Future work in this area will focus on extensive battery testing at high current 

densities and further optimzation of the properties of the electrolytes. More detailed investigation 

of the OMP2 with the higher chain length (Appendix Figure 25) will also be required, because 

surface modification might be achieved by the sulfone-functionalized end groups of the polymer 

if used in solid composite electrolytes. 
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7 APPENDIX 
 
 
 
 
 
 
 
 

Figure 26. DSC of the sulfon-based polymer electrolyte (OMP1), used as 
plasticizer in advanced solid composite electrolytes (SCEs). 

Figure 25. 1H NMR spectrum of the sulfon-polymer electrolyte with higher chain 
length (OMP2). Data provided by Susi Fischer (ICTM, TU Graz) 
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