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A. Abstract 

Solid-state lithium batteries (SSLBs) are considered to be one of the most promising next-

generation Li batteries due to their high capacity and intrinsic safety. Their sustainable processing 

offers additional advantages over conventional batteries in terms of ecological and economic 

benefits. However, the sustainable processing of SSLBs has been only sporadically investigated 

and need to be optimized. 

Garnet-type Li7La3Zr2O12 (LLZO) is one representative of oxide-based solid electrolytes (SE) for 

SSLBs. A thin freestanding LLZO sheet can be fabricated by tape-casting and used e.g. as separator 

in SSLBs, since tape-casting is an industrially established process and enables large-scale 

production of such SEs. However, organic solvents and additives employed in conventional slurry 

recipes for tape-casting give rise to health and safety concerns and additionally cause high cost 

for solvent recovery. Hence, development of a water-based processing route reduces both 

manufacturing costs and environmental footprint.  

In this work, a tape-casting process for LLZO SEs is developed using water as solvent, the water-

soluble biopolymer as binder and other harmless polymers as plasticizers. During the aqueous 

processing, a Li+/H+ exchange takes place, but this Li+/H+ exchange reaction is reversible in the 

procedure and results in the formation of stoichiometric cubic LLZO at the end. The obtained free-

standing LLZO thin sheets have a relative density of 90% to the theoretical density and exhibit an 

ionic conductivity of 0.15 mS cm-1 at room temperature.  

Afterwards, a sustainable, water-based processing route for the garnet-supported SSLB featuring 

a LiFePO4-polyethylene oxide (LFP-PEO) composite cathode is also presented. After optimizing 

the composition of the cathode, full cells composed of the water-processed LFP-PEO cathode and 

the prepared LLZO thin sheet are assembled. The full cells deliver a specific capacity of 136 mAh 

g-1 at a current density of 50 µA cm-2 with a Coulombic efficiency above 99% over 50 cycles.  

Furthermore, the developed aqueous tape-casting method is adopted to fabricate ceramic LiCoO2 

(LCO)-LLZO composite cathodes. After the optimization of processing parameters including pre-

densification pressure and sintering conditions, dense free-standing LCO-LLZO cathodes are 

obtained, which have no secondary phases produced by side reactions. Enabled by a modified 
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solid polymer membrane prepared in aqueous solution, this cathode is integrated into garnet-

supported SSLBs. The assembled SSLBs deliver high areal capacities (> 3 mAh cm-2) and show 

improved cycling stability (lower capacity decay) comparing to other bulk-type SSLBs with LCO-

LLZO cathodes. 

In this work, the first sustainably produced LLZO SE was reported, where water and eco-friendly 

polymers were applied within tape-casting. On this basis, two types of SSLBs were successfully 

developed with LFP-PEO and LCO-LLZO composite cathodes, respectively, which were fabricated 

for the first time by sustainable water-based processes. This work demonstrated the feasibility of 

an environmentally friendly processing route for SSLBs. Further optimization, e.g. enhancing the 

power density and the cycling stability, are needed to achieve the best of both commercial and 

ecological benefits. 
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B. Kurzfassung 

Aufgrund ihrer hohen Kapazität und Sicherheit gelten Festkörper-Lithiumbatterien (SSLB) als eine 

der vielversprechendsten Li-Batterien der nächsten Generation. Ihre nachhaltige Verarbeitung 

könnte zusätzliche ökologische und ökonomische Vorteile gegenüber konventionellen Batterien 

bieten. Allerdings ist diese oft nur sporadisch untersucht, und muss optimiert werden. 

Der granat-artige Li7La3Zr2O12 (LLZO) ist ein Vertreter der oxidbasierten Festelektrolyte (SE) für 

SSLBs. Durch Foliengießen, das ein industriell etablierter Prozess ist, wird eine dünne, 

freistehende LLZO-Schicht in großem Maßstab hergestellt. Die organischen Lösungsmittel und 

Zusatzstoffe, die in den herkömmlichen Schlickerrezepten für das Foliengießen verwendet 

werden, führen jedoch zu Gesundheits- und Sicherheitssorge, und verursachen außerdem hohe 

Kosten für die Lösungsmittelrückgewinnung. Daher verringert die Entwicklung eines 

wasserbasierten Verfahrens sowohl die Herstellungskosten als auch die Umweltbelastung.  

In dieser Arbeit wird ein Foliengießen-Verfahren für LLZO-SEs entwickelt, das Wasser als 

Lösungsmittel, das wasserlösliche Biopolymer als Bindemittel und andere unbedenkliche 

Polymere als Weichmacher verwendet. Während der wässrigen Verarbeitung findet ein Li+/H+-

Austausch statt. Aber diese Li+/H+-Austauschreaktion ist in dem Verfahren reversibel und führt 

am Ende zur Bildung von stöchiometrischem kubischem LLZO. Die erhaltenen freistehenden LLZO-

Dünnschichten haben eine relative Dichte von 90% der theoretischen Dichte und weisen eine 

Ionenleitfähigkeit von 0,15 mS cm-1 bei Raumtemperatur auf.  

Anschließend wird ein nachhaltiger, wasserbasierter Verarbeitungsweg für die granatgestützte 

SSLB mit einer LiFePO4-Polyethylenoxid (LFP-PEO)-Mischkathode vorgestellt. Nach der 

Optimierung der Kathodenzusammensetzung werden die Vollzellen aus der wasserverarbeiteten 

LFP-PEO-Kathode und der vorbereiteten LLZO-Dünnschicht zusammengesetzt. Die Vollzellen 

liefern eine spezifische Kapazität von 136 mAh g-1 bei einer Stromdichte von 50 µA cm-2 mit einem 

Coulombischen Wirkungsgrad von über 99% über 50 Zyklen.  

Darüber hinaus wird die entwickelte wässrige Foliengießmethode zur Herstellung von 

keramischen LiCoO2 (LCO)-LLZO-Mischkathoden eingesetzt. Nach der Optimierung der 

Verarbeitungsparameter, einschließlich des Vorverdichtungsdrucks und der Sinterbedingungen, 
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werden dichte, freistehende LCO-LLZO-Kathoden erhalten, die keine durch Nebenreaktionen 

entstehenden Sekundärphasen aufweisen. Mit Hilfe einer modifizierten festen Polymermembran, 

die auch in wässriger Lösung hergestellt wird, wird diese Kathode in granatgestützte SSLBs 

integriert. Die zusammengebauten SSLBs liefern hohe Flächenkapazitäten (> 3 mAh cm-2) und 

zeigen eine verbesserte Zyklenstabilität (geringerer Kapazitätsabfall) im Vergleich zu anderen 

Massen-SSLBs mit LCO-LLZO-Kathoden. 

In dieser Arbeit wurde über die erste nachhaltig hergestellte LLZO SE berichtet, bei der Wasser 

und umweltfreundliche Polymere im Foliengießen eingesetzt wurden. Auf dieser Grundlage 

wurden erfolgreich zwei Arten von SSLBs mit LFP-PEO- bzw. LCO-LLZO-Mischkathoden entwickelt, 

die zum ersten Mal durch nachhaltige wasserbasierte Prozesse hergestellt wurden. Diese Arbeit 

zeigte die Machbarkeit eines umweltfreundlichen Verfahrens für SSLBs. Weitere Optimierungen, 

z.B. zur Erhöhung der Leistungsdichte und der Zyklenstabilität, sind erforderlich, um die besten 

kommerziellen und ökologischen Vorteile zu erzielen. 
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1 Introduction and Objectives 

Climate change is one of the most concerned global challenges nowadays. The consumption of 

fossil fuels with related CO2 emissions triggers the greenhouse effect causing major 

environmental problems.[1] Huge efforts have been employed on the energy transition to CO2-

free renewable energy sources like solar or wind for example, but these are inherently 

intermittent and thus not constant reliable sources of power. Hence, large-scale energy storage 

systems are needed for the stationary application to stabilize the electric grid and to make the 

best use of these renewable energies.[2, 3] The state-of-art lithium ion battery (LIB) technology, 

that has been dominating the market of portable electronic devices and electric vehicles, is now 

also increasing its share in the stationary storage.[4-9] One main drawback of conventional LIBs 

is their flammable liquid electrolytes that raise concern regarding safety issues when cells and 

systems are scaled up. The approach by replacing the liquid electrolytes with the solid ones is one 

of the alternative solutions to build safer LIBs, known as solid-state lithium batteries (SSLBs). 

Beside improved safety, they can offer other advantages over conventional batteries such as 

enhanced energy density and wider operation temperature window.[10, 11] 

Commercial and/or laboratorial LIBs and SSLBs are usually evaluated by cost, safety, and 

performance indicators including specific energy, energy, and power density, and cycle life as well 

as shelf life, but rarely by their environmental impact, i.e. the sustainability.[12] To specify, the 

sustainability of battery refers to the battery that is manufactured from green materials by 

sustainable processes. Green materials are less or nontoxic materials with compositions of 

abundantly available or produced from renewable raw materials, while sustainable processes are 

devoted to improve carbon footprint in the production.[12] The current processing routes of LIBs 

and SSLBs mostly involve health-hazard organic solvents, which raise healthy and safety concerns 

and lead to increasing manufacturing costs due to the need of solvent recovery. Besides, synthetic 

polymer binders involved are usually produced from fossil fuels, where the ecological footprint 

should be further reduced. Hence, the development of a green, water-based processing route 

that can reduce both manufacturing costs and environmental footprints is of great concern of 

academia and industries. 
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The garnet-type Li+-conductor is considered as one promising solid electrolyte material for 

SSLBs.[13] But the garnets are known undergoing a Li+/H+ exchange reaction with moisture,[14] 

which makes the aqueous processing of this material challenging. 

The main goals of this thesis is to design, fabricate and optimize “sustainable” SSLBs. To achieve 

these aims, following tasks are to be conducted: 

- Fabrication of free-standing ceramic Li+-conducting separators for SSLBs with sustainable 

receipt comprising water and biopolymers, optimization of the ceramics/binders ratios for 

tape casting, and achieving the room-temperature ionic conductivity > 0.1 mS cm-1 for the 

ceramic Li+-conductor separators fabricated in water; 

- Investigation on the Li+/H+ exchange involved in the aqueous processing of the ceramic 

Li+-conductors, and elucidating the underlying reaction mechanisms; 

- Water-based processing of ceramic-polymer composite cathodes for SSLBs, identification 

of the ideal mixing ratios of the ceramic- and polymer-components, evaluation of the 

influence of this mixing ratio on the battery performance, and achieving stable cycling of 

SSLBs with coulombic efficiency > 99% and specific capacity > 130 mAh g-1 at a current 

density of 50 µA cm-2, as well as elucidating the possible degradation mechanisms of the 

SSLBs; 

- Water-based processing of ceramic mixed cathodes for SSLBs, optimization of the 

processing parameters (e.g. lamination pressure, sintering atmosphere) for the ceramic 

mixed cathodes, and achieving a high-capacity SSLB (> 3 mAh cm-2), as well as elucidating 

the possible degradation mechanisms of the SSLBs. 
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2 Literature Overview 

2.1 Solid-State Lithium Batteries and Solid Electrolytes 

2.1.1 Secondary battery technologies 

The secondary battery is an electrochemical energy storage device that allows repeatable 

conversion between electrical and chemical energy. The electrical energy is released from the 

chemical compounds via electrochemical reactions at the electrodes during discharging, while the 

electrical energy is converted to chemical energy via the reversed reactions during charging. 

Hence, the secondary batteries are also known as rechargeable batteries. In contrast, the battery 

that cannot be recharged after discharging is called primary battery. 

A secondary battery consists of one or more electrochemical cells. The fundamental configuration 

of an electrochemical cell is composed of a positive electrode, a negative electrode, and 

electrolyte (Figure 2.1). The positive electrode has a higher electrode potential than the negative 

electrode. During discharge, oxidation and reduction occur at the negative and the positive 

electrode, respectively. Electrons e- move from the negative electrode to the positive one through 

the outer circuit, forming an electric current I in the opposite direction. Thus, in the battery 

society, the positive electrode in batteries is often called cathode, and the negative one anode. 

During charge, an external voltage source applies electric current to the cell. The electroactive 

material in the positive electrode is oxidized, and the one in negative electrode is reduced. In both 

cases of charge and discharge, charge carriers, mostly the ions dissolved in the liquid electrolyte, 

move inside the cell between the two electrodes to keep them electrically neutralized. In practical 

batteries, current collectors are often equipped to regulate and distribute the electric current on 

the electrodes. To reduce the distance between the two electrodes and thus increase the packing 

density of the batteries, an insulated separator is deployed between the two electrodes to 

prevent their physical contact, which would cause short circuit. The porous structure of 

separators allows the infiltration of electrolytes, enabling the transport of charge carriers across 

separators. 
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Figure 2.1 Schematic diagram of working principle of an electrochemical cell. 

 

The huge demands on electricity in the electrical age promotes the evolution of the secondary 

battery technologies (Figure 2.2). The most classic technology is lead-acid battery. Since its 

commercialization in 1890s, it is still widely used in combustion vehicles for starting and lighting, 

due to the low cost and good reliability.[15] However, the cell chemistry makes the lead-acid 

battery not suitable for portable electronic devices. Later, the application of nickel cadmium 

battery (Ni-Cd) in 1960s enables the use of rechargeable batteries in the portable devices. Soon 

Ni-Cd batteries were substituted by the nickel metal hydride battery (Ni-MH) in 1970s. By 

replacing the toxic Cd anode with a metal hydride alloy, the Ni-MH battery doubles the energy 

density comparing to Ni-Cd. A great enhancement in energy density (500 Wh L-1 and 200 Wh kg-1) 

is realized by the LIB technology. Since its debut in 1990s, the state-of-the-art LIB technology 

becomes one of the most successfully commercialized secondary battery technologies. LIBs 

power almost all portable electronic devices,[4, 6] electric vehicles,[5] and increase their market 

share in stationary storage application.[2, 13] Although LIBs exhibit large enhancement in energy 

density comparing to classic storage systems like lead-acid battery, Ni-Cd and Ni-MH, this present 

technology is reaching its physicochemical limit (~250 Wh kg-1).[10] Therefore, it is urgent to 
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develop next-generation technologies with higher energy density, such as SSLBs, Li-sulfur 

batteries (Li-S), and Li-air batteries. 

 

 

Figure 2.2 Overview of the evolution of secondary battery technologies.[16] 

 

2.1.2 Li-ion batteries and solid-state lithium batteries 

The cell chemistry of SSLBs is highly similar to the state-of-the-art LIBs, especially regarding the 

cathode part. The cathode active materials (CAMs) used in current LIBs can be also adopted in 

SSLBs. There are mainly three classes of intercalation cathode materials commercialized for 

LIBs.[17, 18] The first one is the layered structure represented by LiCoO2 (LCO), LiNixCoyAl1-x-yO2 

(NCA) and LiNixMnyCo1-x-yO2 (NMC).[19] The elements Ni, Al and Mn were substituted into the 

LCO structure in order to increase capacity and voltage, improve thermal stability, and enhance 

the structural cycling stability, respectively.[20] The second structure of cathode material is the 

spinel-type LiMn2O4 (LMO), which has a higher voltage than LCO but less capacity.[21] The last 

one is the olivine-structured LiFePO4 (LFP). The LFP-based LIBs possess long cycle life and shelf life 

due to the high structural stability of the polyanionic phosphate-network.[22, 23] It shows lower 
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voltage but higher practical capacity and cycling stability than LCO.[24] Meanwhile, LFP has been 

demonstrated compatible with the water-based cathode electrode processing for conventional 

LIBs.[25-36] The electrochemical properties of LFP can tolerate the slight degradations due to the 

contact with aqueous media.[37-41] 

On the anode side, graphite is commonly used material for LIBs.[42] The potential of the lithiated 

graphite LiC6 is 0.25-0.01 V vs. Li/Li+, but it could also cause lithium deposition at the electrode 

surface during fast charging.[43] Alternative materials such as Si[44], Sn[45], SnO2[46], 

Li4Ti5O12[47] for high capacity, and TiO2[48] for high-rate and long-life operation have been 

investigated. The highest theoretical capacity would be achieved by directly employing Li metal 

as the anode material, which is desired to be applied in SSLBs. 

The electrolyte is a key factor for the operation of LIBs. The common liquid electrolyte solution 

consists of binary solvent mixture and lithium salt. This solvent mixture contains high dielectric 

ethylene carbonate (EC) and either dimethyl carbonate (DMC), ethyl methyl carbonate (EMC) or 

diethyl carbonate (DEC) with low viscosity. The lithium salt can be lithium perchlorate (LiClO4), 

lithium hexafluorophosphate (LiPF6) or lithium bis(trifluoromethanesulfonyl)imide (LiTFSI). 

Although the organic liquid electrolyte provides high conductivity, it has a fatal flaw - the safety 

issue due to its flammability.[6] Hence, academics and industries are intensively developing new 

electrolyte systems, including aqueous systems, ionic liquids, inorganic solids, and polymers. The 

latter two as well as their combination belong to solid electrolytes. 

SSLBs that use solid electrolytes (SEs) instead of liquid ones are becoming a promising solution 

for safer batteries.[10, 11] In SSLBs, SEs not only sustain Li+-conduction but also acts as the battery 

separator.[11] As shown in Figure 2.3a, though the SEs have higher density than the liquid 

electrolytes and common separators used in conventional LIBs, SSLBs can still gain increased 

volumetric as well as gravimetric energy density by replacing the thick graphite anode with thin 

light lithium metal anode.[10] 
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Figure 2.3 a) Comparison of a conventional LIB and a SSLB with the aspect of volumetric (Wvol) and gravimetric energy 

density (Wgrav). (Reproduced from ref. [10] with permission); b) Performance of different solid electrolyte 

materials.[11] 

 

2.1.3 Solid electrolytes 

A suitable Li+-conducting electrolyte need to fulfill following properties:[49] 1) high Li+ 

conductivity at the operating temperature; 2) negligible electronic conductivity over the entire 

applied temperature; 3) negligibly small or no grain-boundary ionic resistance; 4) no chemical 

reactions with both electrodes, especially with Li-metal or Li-alloy; 5) high electrochemical 

decomposition voltage; 6) environmental benign, low cost and ease of preparation. As shown in 

Figure 2.3b, four main kinds of materials, namely oxides, sulfides, halides, and polymers, are 

compared regarding their stabilities, electrochemical properties, and practical feasibility. 
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Oxides. Four types of Li-conducting oxides materials have been developed for SSLBs: perovskite-

type, NASICON-type, LISICON-type and garnet-type. Perovskite-type solid electrolyte (e.g. 

Li3xLa2/3-xTiO3) exhibits high Li-conductivity (~10-5 S cm-1) at room temperature.[50] However, the 

reduction of Ti4+, when contacted with Li metal, makes this material not suitable for lithium 

battery application. The term “NASICON” refers to sodium superionic conductor, and materials 

with the formula NaM(PO4)3 (M=Ge, Zr, or Ti) were initially developed for sodium ion conduction. 

By replacing sodium with lithium, the LiTi2(PO4)3 system has been widely investigated for Li-

conduction and the ionic conductivity can be further improved (~10-3 S cm-1) by Al substitution to 

form Li1+xAlxTi2-x(PO4)3 (LATP).[51] But NASICON-type material is also incompatible with lithium 

metal due to the reduction of Ti4+. Li14Zn(GeO4)4 is the first material to be given the name lithium 

superionic conductor (LISICON).[52] Although the LISICON-type materials exhibit room 

temperature ionic conductivity with 10-7-10-5 S cm-1, they are unfortunately highly reactive with 

lithium metal and atmospheric CO2.[53] Garnet-type materials have both high ionic conductivity 

and high chemical stability. The representative substance Li7La3Zr2O12 (LLZO)[54] exhibits high Li-

conductivity (10-5-10-3 S cm-1) at room temperature, and it is found to be the only Li-conducting 

oxide material that is chemically stable against lithium metal. Owing to their brittle nature, the 

processing and the integration of oxide solid electrolytes into devices remain challenging, 

especially when the thickness of them has to be reduced. 

Sulfides. Li-conducting sulfides are also called as thio-LISICON, which are developed based on the 

Li2S-SiS2 system.[55] Despite much effort to improve the conductivity (10-7-10-3 S cm-1), the 

drawbacks such as poor chemical stability in moisture and poor compatibility to the cathode 

materials limit its large-scale production and application.[56] 

Halides. Besides the lithium halides used in the LiBH4-LiX system, lithium metal halides have been 

studied over decades. A representative one is Li2ZnCl4[57] with spinel structure, which obtains Li-

conductivity accompanied with structural transition at high temperature. Recently, a new type of 

Li-conducting halides so-called “anti-perovskite” (e.g. Li3OCl[58]) is introduced, which exhibits 

high ionic conductivity (~10-3 S cm-1) at room temperature. The drawbacks of halide materials are 

the sensitivity to moisture, poor reduction stability, and low oxidation voltage.[59] 
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Polymers. Solid polymer electrolytes (SPEs) are the solid solutions of lithium salts (e.g. LiTFSI, 

LiClO4) in polymers. The most used polymer host is poly(ethylene oxide) (PEO).[60] The 

conventional solid polymer electrolytes suffer from low conductivity at room temperature and 

poor thermal stability, but they are suitable for large-scale processing, and easy to be integrated 

into cells.[61]  

 

2.2 Garnet-Type Solid Electrolyte 

This section is based with modification on the publication ‘A Review on Li+/H+ Exchange in Garnet 

Solid Electrolytes: From Instability against Humidity to Sustainable Processing in Water’ by Ye et 

al. It was published during the thesis and reprinted (adapted) with permission from [14]. 

2.2.1 Garnet Li+ conductors 

The first Li+ conductor of the garnet family was reported by Thangadurai et al. in 2003 as 

Li5La3Ta2O12 with a bulk conductivity around 10-6 S cm-1 at 25 ˚C.[62] Later, they showed an 

improved Li+ conductivity of 4x10-5 S cm-1 at 22 ˚C for Li6BaLa2Ta2O12.[63] In 2007, Murugan et al. 

achieved an important breakthrough with the Li-stuffed garnet Li7La3Zr2O12 (LLZO), that led to an 

enhancement in bulk conductivity by one order of magnitude to 3x10-4 S cm-1 at 25 ˚C.[54] Since 

then, the Li+ conductivity of LLZO was further increased to 10-3 S cm-1 by introducing various 

dopants and substitutions like Al, Ta, Ga, and Nb.[64-66] 

Two stable crystal structures exist for LLZO: a cubic phase with the space group (SG) Ia-3d and a 

tetragonal phase with the space group I41/acd. The cubic LLZO has a Li+ conductivity two orders 

of magnitude higher than that of tetragonal form.[13, 49] Figure 2.4a shows the crystal structure 

of cubic LLZO that consists of 8-fold coordinated LaO8 dodecahedra, 6-fold coordinated ZrO6 

octahedral and Li ions partially occupying the interstitial sites. Based on neutron diffraction 

studies, the Li ions in cubic LLZO possess three different interstitial sites, namely i) tetrahedral 

(24d), ii) octahedral (48g), and iii) off-centered octahedral (96h). As shown in Figure 2.4b, the 24d 

tetrahedral and the 48g/96h octahedral share the faces to each other forming a Li+ pathway so 

that fast Li+ conduction is achieved in cubic LLZO. The 24d Li ions trapped in the tetrahedral site 
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are immobile, whereas the Li ions on the 96h site, which are slightly off the 48g sites, are most 

anisotropic showing higher mobility.[65] 

 

 

Figure 2.4 a) Crystal structure of cubic Li7La3Zr2O12; b) Wyckoff positions of Li ions and two potential Li+ migration 

pathways A (preferred in Li5La3M2O12) and B (preferred in Li7La3Zr2O12). (Reprinted from ref. [65] with permission) 

 

2.2.2 Li+/H+ chemistry in garnets 

Although LLZO was assumed to be chemically stable in air so that the storage and processing of 

LLZO in ambient conditions is feasible, several researches reported the formation of a lithiophobic 

Li2CO3 layer on the LLZO pellet surface after exposure to air for a period of time, which is 

detrimental for the electrochemical performance of the material, e.g. large Li/garnet interfacial 

resistance due to the poor Li wettability of surface impurities.[67-72] A widely accepted 

explanation to the degradation of LLZO in humidity is a two-step reaction route including the 

Li+/H+ exchange (LHX)[14] between LLZO and moisture in air (Equation 2.1) and the subsequent 

formation of Li2CO3 from the as-formed LiOH (Equation 2.2): 

Li7La3Zr2O12 + xH2O → Li7-xHxLa3Zr2O12 + xLiOH                                     (Equation 2.1) 

2LiOH + CO2 → Li2CO3 + H2O                                                        (Equation 2.2) 

Besides, the LiOH·H2O formed from the LiOH can be a necessary intermediate prior to or 

simultaneously with the reaction with CO2 to form Li2CO3.[73] 
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Since the LHX is the key step in the degradation of LLZO in humidity, many investigations regarding 

LHX were carried out on various garnets [i.e. Li5La3M2O12 (M=Ta, Nb)[74-78], Li6MLa2Nb2O12 

(M=Ca, Ba)[79, 80] and Li7La3Zr2O12 with different substitutions (e.g. Al, Ta, Nb)[81-85]] in 

aqueous solutions or organic acids. In most cases, severe Li losses in garnets along with a pH 

increase of the aqueous solutions were observed, indicating the LHX according to Equation 2.1. 

So far, the general LHX mechanism for garnets is not yet clarified due to the complications 

introduced by the replacement of Li ions with protons, which is highly dependent on the garnet 

composition and substitution content. Ma et al. proposed an LHX mechanism for polycrystalline 

cubic Li7La3Zr2O12 powder in water at room temperature.[84] The LHX preferentially occurs at the 

most anisotropic Li site, 96h, leaving both 48g and 24d sites largely unaffected. With the depletion 

of Li+ on the 96h site, the 48g site might be further dominant in the exchange, but no LHX takes 

place at the 24d site. As a result, the final product of the water treatment has its 24d sites 

occupied by Li ions, 48g sites occupied by Li ions and protons, and 96h sites solely occupied by 

protons. This is consistent with the observation by Li et al. on Li6.5La3Zr1.5Ta0.5O12 that the Li-ion 

occupancy of the 24d sites is the same before and after LHX, whereas those of 48g and 96h sites 

are reduced after LHX.[86] Liu et al.[82] and Hiebl et al.[87] supported this explanation, based on 

the investigation on Li6.75La3Nb0.25Zr1.75O12 and single-crystal Al-substituted LLZO, respectively. It 

has also been found that the crystal structure of LLZO maintains centric Ia-3d during the LHX 

process but with a minor lattice expansion due to the replacement of strong Li−O bonds with the 

weaker O−H···O bonds.[84, 88] Modelling suggests this lattice expansion has a linear correlation 

versus the retained Li content in LLZO.[89] 

In contrast, Truong et al. found that Li ions at the tetrahedral sites in Li5+xBaxLa3-xNb2O12 favor the 

LHX while octahedral-site ions are rather stable.[90] Similarly, Nyman et al. suggested that Li ions 

in the tightly bound, immobile sites in Li5La3Ta2O12 are replaced by protons.[74] Recently, 

Redhammer et al. also found that LHX occurs preferably at the 24d sites in single-crystal 

Li6La3ZrTaO12.[91] It could be attributed to the small displacement of Li+ away from 24d to a 

general 96h position due to the Ta-substitution, which leads to an enhanced mobility of Li+ at 24d 

sites. This displacement does not alter the garnet Ia-3d structure at 27 ˚C. In the case of the LHX 

taking place at 90 ˚C, a symmetry reduction from Ia-3d to non-centrosymmetric I-43d is observed 
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and the preferable LHX occurs at the 48e site (equivalent to the 96h site). However, Liu et al. 

addressed that this phase transition can take place even at room temperature for 

Li6.25Al0.25La3Zr2O12 with an intensive exchange (> 75%).[92] Galven et al. reported a similar 

observation when Li6CaLa2Nb2O12 was treated in refluxed acetic acid.[79] In addition, there have 

been another two symmetries reported for protonated Li5La3Nb2O12, namely the non-centric 

cubic I213 and the orthorhombic P212121.[75, 93] These symmetry changes as well as the 

structural disorders are generally induced by the change of site occupation and atomic interaction 

between Li, H and O ions. 

The phase transition from tetragonal to cubic induced by LHX has been firstly observed by Galven 

et al. for the tetragonal Li7La3Sn2O12 with SG I41/acd which turned into cubic Li2.25H4.75La3Sn2O12 

with SG Ia-3d after a treatment in refluxed benzoic acid/ethanol solution.[83] The 

correspondence between the Li+ sites in the two structures was described as following 

(Figure 2.5a): i) the 24d site in the cubic phase are derived from 8a (fully occupied by Li+) and 16e 

(vacancies) sites of the tetragonal one; ii) the 48g site of cubic phase originates from 32g and 16f 

(both occupied by Li+) in the tetragonal phase; iii) the 96h sites in cubic phase are the former 

empty 32g sites in the tetragonal one. Later, the same phase transition in LLZO triggered by 

humidity in air was observed as well. According to Larraz et al., the phase transition caused by 

protonation is irreversible upon heating above 650 ˚C,[94] while the cubic phase without LHX is 

formed solely by reaching the tetragonal→cubic phase transition temperature for LLZO (625-

645 ˚C) and returns to tetragonal phase after cooling (Figure 2.5b).[95] Moreover, Orera et al. 

claimed that a non-centrosymmetric I-43d cubic phase is obtained below 150 ˚C after the 

protonation of tetragonal LLZO, while annealing above 300 ̊ C results in a centric Ia-3d cubic phase 

with lower H+ content.[85] Overall, these findings suggest that H+ can act as a dopant to stabilize 

the cubic structure of LLZO. This cubic garnet structure stabilized by H+ is usually called low-

temperature (LT) cubic garnet structure.[96, 97] In contrast, the cubic phase without LHX is called 

high-temperature (HT) cubic garnet. 
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Figure 2.5 a) Correspondence between the Li sites in the two garnet structures: tetragonal Li7La3Sn2O12 and cubic Li7-

xHxLa3Sn2O12. (Reproduced from Ref. [83] with permission.) b) Phase transition between tetragonal, LT- and HT-cubic 

Li7La3Zr2O12. 

 

Figure 2.6a presents the tendency of Li loss in garnets upon the duration of LHX in water or acids 

based on 7 references[80-85, 98]. It is a challenge selecting the most water-stable garnets, 

because the Li losses of the garnets even with the same composition vary among different reports. 

This might be attributed to different test conditions and characterization methods. But it is 

revealed from Figure 2.6a that powders, due to larger surface area, usually show higher LHX than 

pellets. Depth profile analyses of garnet samples exposure to humid air revealed that the Li2CO3 

and LiOH with a gradient distribution were only detected in the first 400 nm of the samples (Figure 

2.6b).[68, 99] The LHX is usually assumed to be fast in the very beginning at the surface of garnets 

towards water, which leads to an H+-enriched garnet surface layer. This surface layer 

consequently hinders the further reaction of water with the interior positions in the garnet and 

can thus be considered somewhat self-limiting. A study on LHX behavior of polycrystalline 

Li6La3ZrTaO12 powder in different surroundings (Figure 2.6c) revealed that the exchange rates in 

all conditions are similar (0.9-1.8x10-19 mol s-1) except for the one in warm water at 90 °C 

(4.6x10-19 mol s-1), which results in a much higher estimated H+ equilibrium concentration than 

others. Hence, it is believed that the reaction kinetics is more limited by the temperature-
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dependent proton diffusion inside garnets rather than by the H+ concentration in aqueous/acid 

media.[91] Hiebl et al. determined the H+ diffusion coefficient as 2×10-17 m2 s-1 in a protonated 

Al-doped LLZO.[87] 

 

 

Figure 2.6 a).Retained Li content in garnet after aqueous or acid treatments. b) Depth profile for the concentration 

of Li, C, O, Zr, and La from the X-ray photoelectron spectroscopy analysis of garnet after preparation in ambient air 

and a corresponding schematic depicting the contamination layers. (Reprinted from ref. [68] with permission). c) 

Concentration profiles for garnet powder, fitted exponentially to estimate qualitatively the H+ equilibrium 

concentration cH,G
(eq). (Reprinted from ref. [91] with permission). 
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Several reports, as summarized in Table 2.1, have shown the phenomenon of reverse LHX in 

garnets i.e. Li+ reenter the protonated garnets to replace H+. If the chemical formula (Equation 2.1) 

is written in ionized chemical balance, we obtain Equation 2.3: 

Li7La3Zr2O12 + xH2O ↔ Li7-xHxLa3Zr2O12 + xLi+ + xOH-                            (Equation 2.3) 

In order to shift the equilibrium to the left side, we can, according to the principle of Le Chatelier, 

either remove water from the system or increase the concentration of Li+ and/or OH-, e.g. by 

adding Li salts and/or alkali. 

 

Table 2.1 Investigations on reverse Li+/H+ exchange of garnets 

Entry Protonated garnets Condition[a] Composition after reverse LHX 

1 

2 

3 

Li0.56H4.44La3Nb2O12
[20] 

Li3H2.5Ba0.5La2.5Nb2O12
[20]

 

Li4.8H1.2BaLa2Nb2O12
[20] 

5 M LiNO3, RT, 4 days 

5 M LiNO3, RT, 4 days 

5 M LiNO3, RT, 4 days 

“Li5La3Nb2O12” 

“Li5.5Ba0.5La2.5Nb2O12” 

“Li6BaLa2Nb2O12” 

4 

5 

6 

7 

Li1.70H5.05La3Zr1.75Nb0.25O12
[15c] 5 M LiNO3, 25 ˚C, 4 days 

5 M LiNO3, 60 ˚C, 24 h 

5 M LiNO3, 60 ˚C (ht), 24 h 

sat. LiOH, 60 ˚C (ht), 24 h 

Li1.73H5.02La3Zr1.75Nb0.25O12 

Li1.90H4.85La3Zr1.75Nb0.25O12 

Li1.91H4.84La3Zr1.75Nb0.25O12 

Li2.98H3.77La3Zr1.75Nb0.25O12 

8 Li2.55H4.45La3Zr2O12
[15e] 2 M LiOH, RT, 15 min Li4.15H2.85La3Zr2O12 

9 

10 

11 

12 

13 

Li3.08H3.52La3Zr2Ta0.4O12
[15b] 

Li3.44H3.16La3Zr2Ta0.4O12
[15b] 

Li3.49H3.11La3Zr2Ta0.4O12
[15b] 

Li3.68H2.92La3Zr2Ta0.4O12
[15b] 

Li6.53H0.07La3Zr2Ta0.4O12
[15b] 

1 M LiOH, RT 

1 M LiOH, RT 

1 M LiOH, RT 

1 M LiOH, RT 

1 M LiOH, RT 

Li5.36H1.24La3Zr2Ta0.4O12 

Li5.54H1.06La3Zr2Ta0.4O12 

Li5.64H0.96La3Zr2Ta0.4O12 

Li6.04H0.56La3Zr2Ta0.4O12 

Li6.53H0.07La3Zr2Ta0.4O12 

14 Li6.86H0.14La3Zr2O12
[24] Surface Li2CO3, 700 ˚C, 15 min Li7La3Zr2O12 

15 Li5.4H1.0La3Zr1.4Nb0.6O12
[28] LiNO3+LiOH powder, 400 °C, 98 MPa, 6 h Li6.4La3Zr1.4Nb0.6O12 
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Concentrated Li salt and/or base aqueous solutions, e.g. LiCl and LiOH solutions (> 1 M), have 

been proven to sufficiently suppress the occurrence of LHX for pristine garnets (e.g. Entry 13 in 

Table 2.1).[77, 80, 81, 100-102] The high chemical potential of Li+ and/or OH- in the aqueous 

media pushes the chemical balance (Equation 2.3) towards the left side, meaning that the LHX is 

hardly happening. However, to my knowledge, a complete reverse exchange of already 

protonated garnets has not been achieved in aqueous solutions yet. This might be related to the 

energy barrier of the replacement of H+ by Li+, as the protonated garnet phase is the 

thermodynamically favored form.[103] The closest attempt to completion was performed by 

Truong et al (Entry 1 in Table 2.1).[90] The reverse-ion-exchanged Li5La3Nb2O12 has a cell constant 

of a=12.789(3) Å, which is only slightly larger than the pristine one (12.775(2) Å), and no 

significant weight loss (only ~0.5%) between 300 and 500 °C was observed, indicating only limited 

decomposition due to H-substitution.  

On the other hand, a complete reverse LHX can be accomplished by thermal treatment with the 

presence of additional Li sources.[104] Larraz et al. proposed this thermal evolution of LLZO from 

its protonated form as following steps:[94]  

400-450 °C: Li7-xHxLa3Zr2O12 → Li7-xLa3Zr2O12-x/2 + x/2 H2O                              (Equation 2.4) 

650-700 °C: Li7-xLa3Zr2O12-x/2 + x/2 Li2CO3 → Li7La3Zr2O12 + x/2 CO2↑            (Equation 2.5) 

With the help of an in-situ synchrotron-based high-energy X-ray diffraction technique (HEXRD) 

(Figure 2.7) Cai et al. recently suggested that the stoichiometric restoration of LLZO can be 

completed at higher temperatures (730-950 °C) due to the increased melting point of the eutectic 

solution of LiOH and Li2CO3, thereby impeding the reverse LHX.[105] In this process the 

stoichiometric LLZO is formed via the reaction of Li2CO3 with the intermediate La2Zr2O7, which is 

the decomposition product of protonated LLZO by heating. 

Alternatively, a combination of LiNO3 and LiOH, enables the Li recovery at lower temperature, 

due to their lower melting points than Li2CO3, resulting in the overall reaction:[106]  

400 °C: Li6.4-xHxLa3Zr1.4Nb0.6O12 + x/2 LiNO3 + x/2 LiOH → Li6.4La3Zr1.4Nb0.6O12 + x/2 NO2↑ + H2O↑ 

(Equation 2.6) 
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Figure 2.7 High-temperature in-situ HEXRD phase evolutions of LLZO. The “‡”, “*” and “†” symbols stand for LLZO, 

La2Zr2O7 and Li2CO3, respectively. (Reprinted from ref. [105] with permission.) 

 

2.3 Processing of Garnets 

This section is partially based with modification on the publications ‘A Review on Li+/H+ Exchange 

in Garnet Solid Electrolytes: From Instability against Humidity to Sustainable Processing in Water’ 

by Ye et al. and ‘Water-based fabrication of garnet-based solid electrolyte separators for solid-

state lithium batteries’ by Ye et al. They were published during the thesis and reprinted (adapted) 

with permission from [14] and [98]. 

2.3.1 Tape-casting 

Commonly, garnet-based separators are fabricated by slicing sintered bulk pellets. Calcined 

garnet powder is pressed into pellets, followed by either free sintering or advanced sintering 

techniques such as field assisted sintering,[107] isostatic hot pressing,[108] and flash 
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sintering.[109] The size of the prepared separators is therefore restricted by the pressing molds. 

Moreover, slicing by diamond saw often results in separators with thicknesses over 500 µm, which 

cannot fulfill the expectation of thin separators in battery cells. When the pellets are up-scaled, 

slicing could also lead to mechanical failure of the cut-off sheets. Hence, it is challenging to 

fabricate thin, large garnet-based components by a bulk process. 

 

Table 2.2 Examples of fabrication of garnet solid electrolytes by tape-casting 

IPA: isopropanol; THF: tetrahydrofuran; BuAcO: butyl acetate; PAA: polyacrylic acid; PVB: polyvinyl butyral; PVA: polyvinyl acetate; EC: ethyl 

cellulose; PAR: polyacrylic resin; BBP: benzyl butyl phthalate; DBP: dibutyl phthalate; PEG: polyethylene glycol; MB: methyl benzoate; r.t.: room 

temperature; n.a.: not available 

 

Free-standing ceramic thin sheets can be produced by tape-casting. Recently, several researchers 

have reported applying this technique for the fabrication of garnet thin layers (Table 2.2). Yi et. 

Powder Solvent Dispersant Binder Plasticizer 
Thickness 
[μm] 

Sintering 
Parameters 

Ionic 
Conductivity 
[mS cm-1] 

Ref. 

Li6.25La3Al0.25Zr2O12 
Ethanol 
Acetone 

PAA PVB BBP 28 
1080 °C, 1 h, N2 
800 °C, 1-4 h, O2 

0.2 (r.t.) [110] 

Li6.25La3Ga0.25Zr2O12 
Ethanol 
Acetone 

PAA PVB BBP 25 
1130 °C, 0.3 h, N2 
800 °C, 1-4 h, O2 

1.3 (r.t.) [111] 

Li7La2.75Ca0.25Zr1.75Nb0.25O12 
Toluene 
IPA 

Fish oil PVB BBP 
35 (dense) 
70 (porous) 

700 °C, 4 h, air 
1100 °C, 6 h, air 

0.22 (22°C) 
[112, 
113] 

Li6.75La2.75Ca0.25Zr1.5Nb0.5O12 
Toluene 
IPA 

Fish oil PVB BBP 
14 (dense) 
70 (porous) 

1050 °C, 1 h, air n.a. [114] 

Li7La3Al0.1Zr1.75Nb0.25O12 
Li3BO3 

Toluene 
Ethanol 

Fish oil EC 
PEG 
DBP 

150-175  
650 °C, 1 h, air 
1000 °C, 6 h, Ar 

0.283 (r.t.) [115] 

Li6.16La3Al0.28Zr2O12 
ZnO 

Ethanol 
Xylene 
Toluene 

Fish oil PVB 
PEG 
BBP 

500 
600 °C, 1 h, air 
1250 °C, 5 h, air 

0.08 (25°C) [116] 

Li7La3Zr2O12 
Al2O3 

THF, IPA 
Butanol 

Rhodaline 
PVA 
PVB 

n.a. 80-100 
900 °C, 6 h, air 
1200 °C, 6 h, 
Ar/H2 

0.1 (22°C) [117] 

Li6.4La3Zr1.4Ta0.6O12 
Li2O 

Ethanol 
BuAcO 

none PAR MB 200 
650 °C, 1 h, air 
1100 °C, 6 h, air 

0.52 (30°C) [118] 

Li6.5La2.8Ga0.2Zr1.75Nb0.25O12 Water none 
WB04B
-53 

none 90 (green) 
800 °C, 2 h, air 
1040 °C, 2 h, Ar 

0.5 (r.t.) [119] 

Li6.5La3Zr1.5Ta0.5O12 Water none WB4101 n.a. 
800 °C, 2 h, air 
1140 °C, 2 h, Ar 

0.32 (r.t.) [119] 
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al.[110, 111] successfully fabricated ultrathin layers with a thickness less than 30 µm from Ga- 

and Al-doped garnet nanopowders. Wachsman and co-workers made great efforts in fabrication 

of not only dense but also porous garnet layers.[112-114] Several studies reported the using of 

additional sintering additives, e.g. Li3BO3,[115] ZnO,[116] Al2O3,[117] Li2O,[118] to achieve higher 

density of the garnet tapes, which, however, can lead to the reduction of their electrochemical 

performances. Furthermore, the tape-casting slurries in all these works used organic solvents, 

raising health and safety concerns and increasing the manufacturing costs due to the need of 

solvent recovery. Hence, the development of a green, water-based processing route that can 

reduce both manufacturing costs and environmental footprint are of concern. Since garnet is 

known to be sensitive to water,[120] there are few reports on water-based processing of garnet 

till now. To my knowledge, there are only two demonstrated examples in literature reporting the 

aqueous tape-casting[119] and an aqueous-based gelcasting process of garnets.[121] The 

reported aqueous tape-cast garnet was found to partially decompose during sintering in air 

forming Zr-containing secondary phases, which lowered the ionic conductivity by factor of two. 

The gel-cast SE, on the other hand, is much thicker (1 mm) than tape-cast ones (Table 2.2) and 

would thus decrease the energy density on cell level. 

2.3.2 Solvent selection 

Prior to the shaping step (e.g. pressing, tape-casting), garnet powders are usually ball-milled in 

solvents to reduce the particle size for an enhanced sinterability. The LHX of garnets was also 

observed in several common organic solvents, which was shown by the change of the lattice 

parameter in Li6.25Al0.25La3Zr2O12 after immersion (Figure 2.8).[89] Especially, primary alcohols e.g. 

ethanol, methanol and 1-propanol have significant LHX rates due to the higher acidity and 

reactivity of the hydroxyl group: 

Li7La3Zr2O12 + x R-OH → Li7-xHxLa3Zr2O12 + x R-OLi                                 (Equation 2.7) 

2-propanol is a special case, where less LHX occurred due to the weaker acidic character of the 

secondary alcohol attributed to a possible steric hindrance.[89] In comparison, aprotic solvents 

without proton-giving functional groups e.g. cyclohexane and acetonitrile react much less with 

garnets. Therefore, aprotic solvents are recommended for wet processing of garnets to prevent 
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LHX. Another study on solvent-assisted ball-milling showed that acetonitrile successfully limits 

the Li loss of Li6.4La3Zr1.4Ta0.6O12 to a mere 4%, whereas the powder milled in ethanol showed a Li 

loss of approximately 30%.[122] 

 

 

Figure 2.8 Residual Li stoichiometry and lattice parameter of garnet Li6.25Al0.25La3Zr2O12 powder after immersion in 

solvents. (Reprinted from ref. [89] with permission.) 

 

However, in large-scale powder production, organic solvents usually cause safety, cost, and 

recycling issues. Hence, water-based processing is highly attractive to facilitate a more sustainable 

industrial scale production.[12] Nevertheless, the final component properties of water processed 

LLZO need to match at least the ones from the organic route, in order to maintain the attractive 

electrochemical performance of LLZO. To that regard, Truong et al. found that the reverse-ion-

exchanged Li5La3Nb2O12 (entry 1 in Table 2.1) had better sinterability than the pristine one and 

thus higher Li-ionic conductivity.[90] Huang et al. demonstrated an aqueous powder processing 

route for Li6.4La3Zr1.4Ta0.6O12 combining the water-based attrition milling with the spray 

drying.[123] Uniform fine garnet powder with a particle size of 300 nm was prepared by attrition 

milling and formed large sphere-like secondary granulates of 5-20 µm after subsequent spray 
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drying. The pellets sintered from this powder had a relative density close to 94% and a 

conductivity of 0.419 mS cm-1 at room temperature. Peng et al. introduced an aqueous-based 

gelcasting process to fabricate Li6.4La3Zr1.4Ta0.6O12 solid electrolytes, which had a high Li-ionic 

conductivity of 0.74 mS cm-1 at 25 ˚C.[121] This gelcasting technique showed suitable to fabricate 

structured garnet electrolytes by casting on elaborate molds. Moreover, by the freeze casting 

technique, vertically oriented porous structures can be obtained in the garnet layers from an 

aqueous slurry.[124-127] The garnet frameworks fabricated by this freeze casting technique can 

be applied as structural support for composite cathodes that have improved Li-ionic conduction 

compared to electrodes from pure cathode active material or highly tortuous composite cathodes 

from powder mixing.  

The LHX can be reversed at elevated temperature in presence of excess Li sources, for which LiOH 

and Li2CO3 are commonly used. Therefore, aqueous processing of garnets is harmless to the 

electrochemical performance, if a final sintering step at temperatures around 1000 °C is used. 

Thus, suitable routes for a sustainable fabrication of garnet-based battery components exist, but 

challenges remain regarding low-temperature sintering, which is often necessary to incorporate 

high energy density cathode active materials.[128, 129] 

Wang et al. densified Li6.1Al0.3La3Zr2O12 by cold sintering at 350 °C using water or HNO3 as aqueous 

media.[130] Although relative densities around 90% were achieved, the Li-ion conductivities of 

the cold-sintered garnet pellets were found to be five orders of magnitude lower than the ones 

obtained by conventional sintering. This degradation of conductivity was likely due to the 

dissolution of Al species from the Al-substituted garnet and its precipitation on the grain 

boundaries, which severely hinders the Li+ conduction among grains. Ohta et al. achieved the 

sintering of Li6.4La3Zr1.4Nb0.6O12 triggered by a reverse LHX reaction at 400 °C, which further 

enabled the densification of composite cathode consisting of this garnet and 

LiNi1/3Co1/3Mn1/3O2.[106] LiOH and LiNO3 play the role as Li+ providers to recover the Li content 

in protonated garnet during the hot pressing. It is notable that a high pressure (98 MPa in this 

research) is necessary in this process to assist densification. The sintered garnet pellet had 90% 

relative density and a Li+ conductivity of 0.22 mS cm-1 at 25 °C. Moreover, the solid-state Li battery 
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prepared by the same method shows a low interfacial resistance around 200 Ω cm2 (both cathode 

and anode sides), which is promising for industrial battery application. 

In summary, handling and processing garnet materials in ambient atmosphere and by water-

based processing are already feasible options to develop e.g. SSLBs as future high-energy density 

storage systems. In addition, the tendency to LHX could be used in future recycling strategies, as 

it could easily leach the Li from garnet materials in batteries properly designed and prepared for 

recycling. This way, a sustainable life cycle for future batteries, from materials preparation over 

cell design and manufacturing all the way to end-of-life and recycling can help to shape a greener 

future. 

2.3.3 Garnet-based solid-state lithium batteries  

In order to realize the integration of garnet separator into SSLBs, it is necessary to carefully deal 

with the two interfaces: the garnet/anode interface and the garnet/cathode interface.[131] The 

poor interface hinders the Li-ion transport, increases the resistance, and leads to the failure of 

the SSLBs. 

The lithium metal anode has attractive advantages such as the low redox potential (-3.04 V vs. 

SHE) and the high theoretical capacity (3869 mAh g-1), and is therefore a promising anode material 

for next-generation high-capacity batteries. However, the surface of garnet separators, due to 

LHX, often exhibits lithiophobic behavior, giving rise to poor wetting of lithium metal on the 

surface and large interfacial resistance.[67] In addition, the poor garnet/Li interface can also 

cause Li dendrite growth easily due to the inhomogeneous Li+ flux across the interface.[132] 

Therefore, tremendous researches have been conducted on the improvement of the garnet/Li 

interface.[133] 

To that end, first of all, the passivation layer on the surface of air-aged garnets consisting of the 

LHX products Li2CO3 and LiOH should be removed, which is usually done by thermal 

decomposition at 500-700 °C.[67, 107, 134] Recently, novel methods like rapid acid treatment by 

applying HCl,[135] H3PO4/NH4F,[136, 137] or HCl/HF,[138] have been developed for removing and 

retrieving the lithiophilic surface of garnets. It is notable that the acid treatment time should be 
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controlled precisely because excess acid could corrode the bulk garnet and thus lower its Li-ion 

conductivity. 

After obtaining the clean surface of garnet separators, an interlayer between garnets and Li metal 

can be added to further improve this interface. Various substances have been explored for this 

purpose. The first category of these substances is metallic or non-metallic simple substances that 

can form alloy with Li, such as Au,[108] In,[139] Ag,[140] Mg,[141] Al,[142] Sn,[143] Ge,[144] 

Si,[145] graphite.[146, 147] The second category is metal oxides, e.g. Al2O3,[148] SnO2,[149, 150] 

ZnO,[151, 152] In2O3/SnO2,[153] that can be lithiated by metallic Li. The third category is other 

inorganic compounds like Li3N,[154] Cu3N,[155] C3N4,[156] MoS2,[157] etc. Li3N has high Li-ion 

conductivity, low Li+ migration energy barrier, strong wettability with Li metal, and electron 

insulation.[158-161] It can be introduced onto garnet surface directly by the evaporation of Li 

followed by a nitridation reaction,[154] but also through the reaction between molten Li and Cu3N 

or C3N4.[155, 156] Similarly, MoS2 reacts with Li to form Mo and Li2S, which improves the 

wettability of Li on the garnet surface.[157] The last category is solid polymer electrolytes, 

including PEO,[162] (cross-linked) poly(ethylene glycol) methyl ether acrylate,[163] lithium 

poly(acrylamide-2-methyl-1-propane-sulfonate),[164] poly-dopamine.[165] These polymer 

electrolytes have the soft feature that can serve as a buffer interlayer, helping to form the solid-

solid interface between garnets and metallic Li with uniform contact.  

A good interface on the cathode side requires a good physical contact and electrochemical 

stability between garnets and CAMs. To obtain such interfaces, a high temperature (> 1000 °C) 

co-sintering of these materials is usually necessary.[131] The main challenge at such high sintering 

temperature is the chemical compatibility of CAMs with garnets. The decomposition reaction 

occurs between garnets and layer-structured cathode LCO thermodynamically above 700 °C,[166] 

between garnets and the spinel cathode LMO at 500 °C,[128] and between garnets and the olivine 

cathode LFP already above 400 °C.[167] Several strategies have been developed to overcome the 

thermal instability. By limiting the sintering temperature (1050 °C) and dwell time to 30 min, no 

decomposition was observed at the LCO/garnet interface and good cell performance was 

achieved.[168] By using the sintering agents such as Li3BO3[169] or Li2.3C0.7B0.3O3[170], the co-

sintering temperature of LCO-garnet composite cathodes can be lowered to 700 °C. By applying 
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advanced sintering techniques, e.g. field-assisted sintering (also referred to spark plasma 

sintering (FAST/SPS)), bulk highly dense LCO/garnet composite cathodes with clear interface can 

be fabricated at 750 °C with a dwell time of only 10 min.[107, 171, 172] Apart from the direct co-

sintering of CAMs with garnets, novel approaches are based on the infiltration of CAMs particles 

or their precursors into a porous garnet scaffold.[173, 174] In some cases, the polymer binder 

polyvinylidene fluoride (PVdF) or the plastic-crystal electrolyte succinonitrile (SCN) is added to fill 

in the voids between CAMs particles and the garnet frameworks and thus to improve the ionic 

conduction.[125, 127]  

The thermal treatments are usually applied for layer-structured CAMs including LCO and NMC, as 

they have better chemical compatibility with garnets at high temperature. In the case of olivine 

CAMs such as LFP, the common approaches to build SSLBs often involve solid polymer electrolytes 

that can establish a soft interlayer between LFP and the garnet separator. The LFP cathode with 

PVdF binder for conventional LIBs was applied in SSLBs.[135, 175-177] To dissolve PVdF, the 

hazardous organic solvents N-methyl-2-pyrrolidione (NMP) or dimethylformamide (DMF) are 

usually used. Meanwhile, the ionic conduction inside the cathode is low. Certain plasticizers or 

liquid electrolytes, such as EC and ILs, are introduced into the cathodes to improve the ionic 

conduction as well as the interface between cathodes and ceramic solid electrolytes.[135, 177] 

Although ILs are often considered as green solvents,[178, 179] their costs foster the research on 

low cost alternatives. For the interfacial modification, PEO is also applied in SSLBs.[163, 180, 181] 

An LFP-PEO composite cathode can establish well-formed and high-conductive interfaces.[134, 

182, 183] In all these reports, PEO was dissolved in NMP, DMF or acetonitrile (ACN). Although 

ACN is not classified as a health hazard, the high flammability and toxicity might still hinder the 

use of ACN in up-scaling processing. With this regard, the water-based processing route is desired 

in reducing manufacturing costs and improving the environmental benefits of battery production. 

On the other hand, PEO is soluble in water due to the hydrophilic interaction via hydrogen 

bonding with the water molecules.[184-186] Therefore, it is feasible to process the LFP-PEO 

composite cathode in aqueous media, leading to a ‘greener’ manufacture route. Water-processed 

LFP-PEO composite cathodes have been applied in PEO-based solid polymer batteries, but so far 

not yet in the garnet-based SSLBs.[187]  



3. Materials and Methods 
 

25 
 

3 Materials and Methods 

3.1 Synthesis and Processing 

3.1.1 Solid-state synthesis 

Solid-state reaction is one of the common synthesis methods for solid materials such as 

polycrystalline materials, single crystals, glasses etc. The end products are formed through the 

inter-diffusion of the solid starting materials at the controlled temperature. As the reaction 

mechanism highly depends on the diffusion rate, high temperature is generally required to 

accelerate the reaction. Moreover, reducing the particle size and homogeneous mixing of the 

starting materials are also helpful to enhance the contact area and thus increase the mass transfer. 

Therefore, a solid-state reaction is commonly composed of following steps: milling, pressing 

(“pelletizing”), and heating. These steps are often repeated in order to achieve the completion of 

the synthesis. 

Ta- and Al-substituted Li6.45Al0.05La3Zr1.6Ta0.4O12 (LLZ:AlTa) powder was prepared via a four-step 

solid-state reaction. Briefly, the starting materials, LiOH·H2O (Merck, 98%), La2O3 (Merck, 99.9%, 

pre-dried at 900 °C for 10 h), ZrO2 (Treibacher, 99.5%), Ta2O5 (Inframat, 99.5%), and α-Al2O3 

(Inframat, 99.9%) were mixed in stoichiometric amounts. The chemical equation of the solid-state 

reaction can be expressed as: 

6.45 LiOH·H2O + 0.025 Al2O3 + 1.5 La2O3 + 1.6 ZrO2 + 0.2 Ta2O5 

→ Li6.45Al0.05La3Zr1.6Ta0.4O12 + 9.675 H2O↑               (Equation 3.1) 

20 mol% LiOH·H2O in excess was added to compensate for lithium volatilization due to the 

decomposition of LLZ:AlTa during the high-temperature preparation. After grinding in a 

mechanical mortar for 1 h, the powder mixture was pressed (130 MPa, 2 min) into pellets for 

calcination using Al2O3 crucible with the closed lid in air at 850°C and 1000°C for 20 h each. 

Grinding and pressing were repeated between the calcination steps. After the final calcination, 

the pellets were grinded into powder in mechanical mortar for 1 h. The obtained powder was 

then ball-milled using ZrO2 balls (∅2-5 mm) in ethanol on a rolling band for 60 h and afterwards 

dried at 70°C in air, followed by further drying at 80 °C under reduced pressure (50 kPa). 
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The LLZ:AlTa powder was used to prepare the garnet solid electrolyte separators in the following 

tape-casting process. In addition, Al-free Ta-substituted Li6.6La3Zr1.6Ta0.4O12 (LLZ:Ta) powder was 

prepared in the same way, which is used in LCO/LLZ:Ta composite cathode for the garnet-

supported SSLBs. 

3.1.2 Tape-casting 

Tape-casting is a well-known technique for large-scale production of ceramic components with 

layered structures.[188-190] As shown in Figure 3.1, large-area foils of ceramic material are 

prepared from a slurry containing ceramic powder, dispersing agents, binders and plasticizers in 

a suitable solvent, which is cast in a continuous process and can be cut into desired shape to 

obtain the component accordingly. 

 

 

Figure 3.1 Schematic representation of tape-casting process. 

 

Table 3.1 Formulation of slurry for tape-casting of garnet-based separators 

Materials Function Weight Percent [%] 

LLZ:AlTa solid 52.40 

deionized water solvent 43.66 

methylcellulose binder 0.44 

polyethylene glycol plasticizer 1.75 

glycerol plasticizer 1.75 
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An aqueous polymer solution was prepared in advance by dissolving methylcellulose (MC, Alfa 

Aesar), polyethylene glycol (PEG400, Merck) and glycerol (Merck, 99%) in deionized water. The 

ball-milled LLZ:AlTa powder was added into the polymer Solution. This suspension was then 

homogenized under vacuum (10 kPa) with 5 mm diameter ZrO2 beads in a planetary mixer (Thinky, 

USA) at 1000 rpm for 5 min to form the slurry for tape-casting. The formulation of the slurry is 

summarized in Table 3.1. Afterwards, the obtained slurry was cast on a Mylar foil using a moving 

doctor blade. The thickness of greena tapes was controlled by varying the gap of a doctor blade. 

After drying overnight at ambient atmosphere, the green tapes were manually peeled off the 

Mylar foil and cut into desired sizes. Two layers of the green tape were laminated at 80 °C with a 

pressure of 120 MPa for 2 min to improve the packing density. The laminated green tapes were 

punched into discs with 14 mm diameter for sintering. 

For the tape-casting of the mixed cathode consisting of LLZ:Ta and LCO (Alfa Aesar, 99.5%), the 

LLZ:AlTa of the above-mentioned slurry formulation in Table 3.1 was replaced by the LLZ:Ta and 

LCO powder in a weight ratio of 1:1. The rest processing steps were kept the same as the ones for 

preparing the tapes of pure LLZ:AlTa separators. Two layers of the mixed cathode green tapes 

were laminated at 80 °C with a pressure of 250 MPa or 500 MPa for 2 min to improve the packing 

density. The laminated green tapes were punched into discs with 10 mm diameter for sintering. 

For the tape-casting of the LFP/PEO composite cathode, PEO (MW 600,000, Sigma-Aldrich) and 

LiTFSI (99+%, Sigma-Aldrich) with a EO:Li+-ratio of 8:1 were first dissolved in deionized water to 

give polymer solutions with a concentration of 50 gPEO Lsolvent
-1. LFP powder (Hirose Tech, Taiwan) 

and SuperP carbon black (99%, Alfa Aesar) were mixed in a mortar by hand and then poured into 

the prepared PEO aqueous solution (50 gPEO Lwater
-1). The mixture was well homogenized by 

planetary mixer (Thinky, USA). The obtained slurry was tape-cast on a battery-grade Al foil by a 

doctor blade device (MTI, USA). The thickness of cathodes was controlled by the height of the 

doctor blade. After drying at 50 °C in air for 30 min, the cathode tapes were punched with a 10 

mm cutter and further dried overnight at 80 °C in a vacuum oven (Büchi glass oven B-585 Drying, 

                                                      
a green: in the ceramic society, the phrase ‘green’ refers to the object composed of ceramic powders and sometimes 
organic additives that has been given a designed shape and is ready for sintering. For example, green pellets, green 
tapes, green bodies. To avoid misunderstanding, the word ‘green’ in this thesis is used only for this meaning, but not 
for the meaning of sustainable, environmental friendly or similar. 
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Germany). Afterwards, the cathodes were stored in an Ar-filled glovebox. Cathodes with various 

weight ratio of LFP:SuperP:PEO were prepared and more details are summarized in Table 3.2. 

Table 3.2 Composition, active material loading and thickness of the prepared LFP-PEO cathode electrodes 

Cathodes 
Weight ratio of LFP:SuperP:PEO 

Volume ratio of LFP:PEO LFP-loading [mg cm-2] Thickness [µm] 
LFP SuperP PEO 

C1 15 3 2.5 2:1 3.7-4.6 50-60 

C2 15 3 3.75 1.5:1 2.7-3.2 45-55 

C3 15 3 5 1:1 2.8-3.2 40-50 

C3t 15 3 5 1:1 8.9-10.2 110-120 

 

For the preparation of PEO-LiTFSI polymer membranes, PEO and LiTFSI with a EO:Li+-ratio of 8:1 

were dissolved in deionized water, bio-ethanol (100% BioFair, Richter Chemie) or ACN (99.8%, 

Sigma-Aldrich) to give polymer solutions with a concentration of 50 gPEO Lsolvent
-1. The polymer 

solutions were poured onto Mylar foils and dried in ambient atmosphere overnight. The obtained 

PEO membranes were further dried together with the Mylar foil substrates in a vacuum oven at 

80 °C overnight. Afterwards, the PEO membranes were stored in an Ar-filled glovebox. 

The SiOx-modified PEO membranes (Si-PEO) were prepared according to literatures[191, 192]. 

Briefly, PEO was first dissolved in deionized water to give an aqueous polymer solution with a 

concentration of 50 gPEO Lwater
-1. After NH3·H2O (28% solution, Alfa-Aesar) was added to adjust the 

pH of the solution to the value 10.5-11, tetraethyl orthosilicate (TEOS, 99+%, Alfa-Aesar) was 

added dropwise into the polymer solution under stirring. The reaction was performed at 70 °C for 

24 h with a mass ratio of TEOS:PEO at 1:2.. After the reaction finished, the polymer solution was 

cooled down, and LiTFSI was added in a EO:Li+-ratio of 8:1. The polymer solution was dropped 

onto Mylar foils by pipette to form round polymer drops with a diameter of 12 mm. These 

polymer drops were dried in ambient atmosphere overnight. The obtained Si-PEO membranes 

were further dried together with the Mylar foil substrates in a vacuum oven at 80 °C overnight. 

Afterwards, the membranes were stored in an Ar-filled glovebox. 

3.1.3 Sintering 

Sintering, specifically solid-state sintering in our case, is the bonding and densification of particles 

by heat treatment below the melting point of the material. The driving force of sintering is the 
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reduction in the free energy of the powder system mainly provided the curvature of the particle 

surfaces due to densification and coarsening.[193]  

For sintering the garnet separators, the laminated green tape discs were placed between two 

MgO plates with LLZ:AlTa-coatings inside a closed alumina crucible. The crucible was heated up 

in air at a heating rate of 1 °C min-1 to 700 °C with 1 h dwell time and subsequently at a heating 

rate of 10 °C min-1 to 1175 °C with 4 h dwell time for sintering. The sample were subsequently 

freely cooled to room temperature. The obtained dense garnet discs were labeled as LLZ-air. 

Samples of LLZ-air were further placed on an alumina boat and annealed in a tube furnace with 

flowing argon at 800 °C with 1 h dwell time and were noted as LLZ-Ar. 

To prepare the above mentioned LLZ:AlTa-coatings at MgO plates, the LLZ:AlTa powder was first 

homogeneously spread on the top of a MgO plate, followed by the heat treatment at 1185 °C for 

2 hours inside a closed alumina crucible. 

For sintering the mixed cathode LCO/LLZ:Ta, the prepared green tape discs were placed on an 

alumina plate inside an alumina crucible with or without lid. For the case of using closed crucible, 

certain amount of LiOH powder was added around the alumina plate to create a Li2O atmosphere 

when sintering. The crucibles were heated up in air at a heating rate of 2 °C min-1 to 750 °C with 

1 h dwell time and subsequently at a heating rate of 10 °C min-1 to 1050 °C with 0.5, 2, 4, or 6 h 

dwell time for sintering, followed by free cooling to r.t.. Afterwards, the sintered composite 

cathodes were immediately transported into an Ar-filled glovebox and stored there. 

3.1.4 Solid-state batteries assembly 

The fabrication route of the SSLB containing LFP-PEO cathode is described in Figure 3.2. In an Ar-

filled glovebox, a gold thin film was sputtered (20 mA, 30 s) on the top of the prepared garnet 

separator to assist Li adhesion using a desktop sputter coater (Cressington 108 auto coater, UK). 

A fresh lithium foil (99.9%, Alfa Aesar) was calendered by hand and punched with a 10 mm cutter. 

The Li disc was then attached to the gold-sputtered side of the garnet sheet and was heated to 

melt. In case of the thick cathodes, a similar procedure was used for In disc as anode to avoid 

dendrite formation. After cooling down, the LFP-PEO composite cathode disc was attached to the 

other side of the garnet sheet. The full cell was assembled in a Swagelok cell using Ni plates as 
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current collectors. The assembled full cells were placed into spring-compressed (10 N) Swagelok 

cells and sealed. Prior to tests, the cell was stored at 80 °C overnight ensuring a good interfacial 

contact between garnet sheet and the LFP/PEO composite cathode, and cooled down to 60 °C for 

battery testing. 

 

 

Figure 3.2 Schematic of the water-based fabrication of the LFP-PEO composite cathode and the garnet separator for 

SSLBs. 

 

The fabrication route of the SSLB containing LCO/LLZ:Ta mixed cathode is described in Figure 3.3. 

The preparation of the anode side with In was with the same procedure as the SSLB with a LFP-

PEO cathode. On the cathode side, a SiOx-modified PEO membrane was first placed on the top of 

the garnet sheet. This special PEO membrane can improve the contact between the garnet 

separator and the mixed cathode. The sintered LCO/LLZ:Ta cathode with a sputter-coated gold 

thin film (20 mA, 150 s) on the top as current collector was then attached to the PEO membrane. 

The full cells were assembled in the same Swagelok cell sets as described before. Prior to tests, 

the cell was stored at 80 °C overnight, and cooled down to 60 °C for battery testing. 
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Figure 3.3 Schematic diagram of the water-based fabrication of the SSLBs consisting of the LCO/LLZ:Ta mixed cathode 

and the garnet separator. 

 

3.2 Material Characterization 

3.2.1 Particle size distribution 

Laser diffraction is one of the commonly used methods to measure the particle size distribution 

(PSD) of dispersed particles in a suspension.[194] When a laser beam passes through the 

dispersion, light is diffracted by the particles. Large particles scatter intensively at narrow angles 

relative to the laser beam, while small particles scatter weakly at wide angles.[194] Hence, angle 

and intensity of the scattered light are recorded and analyzed. There are two optical models 

applied to mathematically transform the data to PSD. The first one is Fraunhofer approximation, 

which simplify the calculation by assuming that the particles are spherical and opaque, scatter 

equivalently at wide angles as narrow angles, and interact with light in a different manner than 

the medium.[194] These assumptions make the Fraunhofer approximation an unsuitable model 

for analyzing small particles. The other model is Mie theory, which is an exact solution to 

Maxwell’s electromagnetic equations for scattering from spheres.[195] It exceeds Fraunhofer 
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approximation to include sensitivity to wide angle scatter (smaller sizes) and a wide range of 

opacity, but still makes assumptions that the particles are spherical and the ensemble is 

homogeneous.[194] By applying the Mie theory, it is required to know the refractive index of the 

particle and the surrounding medium. 

In this thesis, PSD of LLZ:AlTa powder was determined in ethanol by laser diffraction method using 

Fraunhofer approximation on a Horiba LA-950V2 instrument (Japan), whereas the PSD of LFP 

particles was determined using Mie theory by given the refractive index of LFP as 1.63. Prior to 

each measurement, the suspensions are homogenized in ultrasonic bath for 5 min. 

3.2.2 Rheological analysis 

Most fluids (e.g. suspensions) are non-Newtonian fluids, which cannot be defined by a single 

value of viscosity.[196] The rheology of these fluids (e.g. slurries), can be described as the fluid 

behavior in response to applied forces, which can be measured by a shear rheometer equipped 

with concentric rotational cylinder.[197] The fluid is placed within the annulus of one cylinder 

inside another. The inner cylinder is rotated at a user-defined speed u, giving rise to the shear 

rate 𝛾̇ inside the annulus, which is the quotient of the speed u divided by the distance between 

the concentric cylinders y: 

𝛾̇[𝑠−1] =
𝑢 [𝑚∙𝑠−1]

𝑦 [𝑚]
                                                    (Equation 3.2) 

To response to the applied force by the rotating inner cylinder, the fluid tends to drag the outer 

cylinder around, and the force F on it is measured, which can be converted to shear stress τ by 

dividing the force F with the contact area of cylinder with the fluid A: 

𝜏 [𝑃𝑎] =
𝐹 [𝑁]

𝐴 [𝑚2]
                                                         (Equation 3.3) 

Afterwards, the dynamic viscosity η of the fluid can be obtained by dividing the shear stress τ with 

the shear rate 𝛾̇: 

𝜂 [𝑃𝑎 ∙ 𝑠] =
𝜏 [𝑃𝑎]

𝛾̇ [𝑠−1]
                                                        (Equation 3.4) 
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In this thesis, the rheological property of the water-based LLZ:AlTa slurry was measured by a 

rheometer Physica MCR100 (Anton Paar, Austria) with a cylinder DG26.7 measuring system at 

room temperature. 

3.2.3 X-ray diffraction 

X-ray diffraction (XRD) is a non-destructive method for determination of atomic and molecular 

structures in crystalline materials. Incoming X-ray waves are scattered by regularly arranged 

atoms, primarily by the atoms’ electrons, producing spherical waves emitting from the 

electrons.[198] In most directions these scattered waves counteract with each other due to 

destructive interference, while constructive interference occurs in some specific directions, e.g. 

reflection, which can be described by Bragg’s equation:[199] 

n·λ=2·d·sinθ                                                     (Equation 3.5) 

where n is an integer, λ is the wavelength of the X-ray wave, d is the distance between diffracting 

planes, and θ is the incident angle. The left side of the equation is related to the wavelength of 

the X-ray waves only, which keeps constant before and after the elastic scattering. The right side 

of the equation expresses exactly the phase difference between the two waves, in which θ is a 

variable controlled by experimenters. These reflections fulfilling Bragg’s law are recorded on the 

diffraction pattern, which is also called diffractogramme, usually plotting the intensity of 

reflections versus 2θ. In this case, d can be calculated accordingly, and thus the crystal 

information is further obtained.[200] Rietveld refinement is one of the most used techniques for 

the analysis of XRD patterns, which fits a calculated profile to the experimental data.[201] The 

height, width, and position of those reflection peaks are used to determine the crystal structures. 

Different crystal phases in mixtures can also be qualitatively separated and quantitatively 

determined. 

In this thesis, samples, in form of powder, tapes, or pellets, were characterized for their phase 

purities by XRD on a Bruker D4 Endeavor device (Bruker, Germany) using Cu Kα radiation 

equipped with a 1D detector LynxEye. The TOPAS V4 software (Bruker AXS) was used for Rietveld 

refinements to determine the lattice parameters of the samples. 
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3.2.4 Scanning electron microscope and energy-dispersive X-ray spectroscopy 

Scanning electron microscope (SEM) takes images of a sample through scanning the sample 

surface with a focused electron beam. The primary electrons interact with the atoms in the 

sample, producing various signals for detection, including back-scattered electrons (BSEs), 

secondary electrons, characteristic X-rays, etc.[202] 

BSEs are the high-energy electrons reflected or back-scattered by the atoms in the sample via 

elastic scattering. The back-scattering effect is much stronger by heavy elements than by light 

elements, resulting in brighter areas in the SEM images.[202] Thus, BSEs are applied to 

differentiate chemical compositions. 

Secondary electrons are low-energy electrons ejected from the conduction or the valence bands 

of the sample by primary electron beams via inelastic scattering, and characteristic X-rays emit at 

the same time. With the increasing incident angle of the primary electron beam on the sample 

surface, more secondary electrons are generated and thus more probably to be detected, 

resulting in brighter areas in the SEM images for steep surfaces and edges than flat surfaces.[202] 

Therefore, secondary electrons are used for topographical analysis. 

When a secondary electron is ejected from the inner electron shell of the atoms in the sample, 

an electron hole is created where the electron was. In this case, an electron from an outer 

electron shell with higher energy fills this hole, and the energy difference between the two 

electron shells is released in the form of an X-ray called characteristic X-ray, which is collected in 

the energy-dispersive X-ray spectroscopy (EDS).[203] Such energy differences are correlated to 

the atomic structure of the emitting elements, and can be predicted by Moseley’s law. Therefore, 

EDS is used to determine elemental composition. 

In this thesis, BSE-SEM images and EDS analysis were taken by the Hitachi TM3000 tabletop SEM. 

For investigation on cross-sections, samples were embedded in EpoFix epoxy resin (Struers, 

Germany) and mirror-polished. Prior to measurements, all samples were coated with gold thin 

film using a desktop sputter coater (Cressington 108 auto coater, UK) to form a conductive top 

layer in order to avoid the possible charging problem during measurements. 
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3.2.5 Chemical element analysis 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) is an analytical method for 

quantitative determination of chemical elements.[204] The sample in liquid state (e.g. solution) 

is sprayed into mist and introduced directly inside the plasma flame consisting of Ar atoms and 

charged particles, where excited atoms and ions in the sample are produced after the collision 

with the electrons and charged ions. Afterwards, electromagnetic radiation is emitted when the 

excited atoms and ions return to the ground state. These emissions containing characteristic 

wavelengths of the elements involved are detected and the atomic spectra lines are recorded in 

the emission spectrum. By the comparison of the intensity of each line with the previously 

measured intensities of known concentrations of the elements, the concentration can be 

determined with the help of calibration lines.[204]  

In this thesis, the elemental stoichiometry of the LLZ:AlTa and LLZ:Ta samples was determined 

using an ICP-emission spectrometer (iCAP 7600, ThermoFisher). The powder samples were 

dissolved in H2SO4 together with (NH4)2SO4, and the solutions were then diluted for analysis. 

3.2.6 Thermal analysis 

Thermogravimetry (TG) is a method to measure the mass change of a sample as the function of 

temperature or time. The sample is placed on a precision balance inside a furnace with 

controllable temperature. The weight gain or loss of the sample is recorded when the furnace is 

heated up.[205] A variety of atmospheres can be used for the measurement, including air, 

vacuum, inert gas, reducing gases, etc. TG is often combined with other analytical methods such 

as mass spectrometry (MS) to determine the compositions of the decomposed compounds that 

cause the weight loss of the sample.[206] 

In this thesis, TG was conducted on the thermal analyzer (Netzsch STA 449 F1 Jupiter) coupled 

with MS (Netzsch 403 C Aeolos) in air atmosphere. 

3.2.7 Raman spectroscopy 

Raman spectroscopy is a spectroscopic technique to determine vibrational modes of molecules 

or solids through the inelastic scattering of light influenced by the polarizability of the electrons 
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in the sample.[207] When a monochromatic light (e.g. laser) is targeted on the surface of the 

sample, the photons excite the molecule from a vibrational energy state into a virtual energy state 

for a short time before the photon is emitted via Raman scattering, meaning that the energy of 

the emitted photon is either lower or higher than the incident one, resulting in upshift or 

downshift of the emission wavenumber in the spectra, respectively. This difference in 

wavenumber is called Raman shift.[208] 

In this thesis, the impurities on the surface of LLZ-air and LLZ-Ar separators were identified by 

Raman spectroscopy, which was carried out with a Renishaw inVia Raman microscope using a 

solid-state 532 nm excitation laser and 1800 lines per mm grating. 

3.2.8 Infrared spectroscopy 

Infrared spectroscopy (IR) is a measurement technique for characterization of chemical 

substances or functional groups via the interaction of infrared radiation with the sample by 

absorption, emission, or reflection.[209] The mid-IR (4000-400 cm-1) is commonly used to study 

fundamental vibrations and rotational-vibrational structures, including stretching (symmetric and 

antisymmetric) and bending (such as scissoring, rocking, wagging and twisting). The mathematical 

data-process “Fourier transform (FT)” is usually applied to convert the raw data into the actual 

spectrum, and the sampling technique “attenuated total reflection” (ATR) allows the direct 

examination of solid or liquid samples without further preparation.[209] 

In this thesis, PEO membranes were characterized by attenuated total reflection Fourier 

transform infrared spectroscopy (ATR-FTIR) in an argon-filled glovebox (O2 and H2O < 0.5 ppm). 

Samples were dried in a vacuum oven (Büchi glass oven B-585 Drying, Germany) at 80 °C overnight 

prior to the measurements. The characterization was carried out using a FTIR spectrometer 

(Bruker Vertex 70, Germany) and each measurement was performed in the range of 

4000-400 cm-1 at a resolution of 4 cm-1 for 50 scans. 

 

3.3 Electrochemical Characterization 
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For all electrochemical measurements, a VMP-300 multi-potentiostat (BioLogic, France) 

combined with a climate chamber (Vötsch VT4002EMC) was used. 

3.3.1 Electrochemical impedance spectroscopy 

Electrical resistance is the ability of a circuit element to resist the flow of electric current. Ohm’s 

law defines the resistance in terms of the ratio between voltage and current, but its use is limited 

to only one circuit element, the ideal resistor. However, circuit elements in the actual conditions 

often exhibit much more complex behavior. In this place, the concept ‘impedance’, a more 

general circuit parameter, is used instead of resistance, and extends the concept of resistance to 

the alternating current (AC) circuits.[210]  

Electrochemical impedance spectroscopy (EIS) is usually measured by applying AC potential to an 

electrochemical cell and then measuring the current through the cell.[211] It is assumed that a 

sinusoidal potential excitation is applied. The response to this potential is an AC current signal, 

which can be analyzed as a sum of sinusoidal functions. Normally a small excitation signal is used 

so that the response of the cell is pseudo-linear. In this pseudo-linear system, the current 

response to a sinusoidal potential will be a sinusoid at the same frequency but shifted in 

phase.[212] After the amplitude (the amount of impedance, |Z|) and the phase shift ϕ are 

registered, the real (Zre) and imaginary part (Zim) of the impedance can be calculated by Equation 

3.6 and Equation 3.7, respectively. 

𝑍𝑟𝑒 = |𝑍| ∙ cos ∅                                             (Equation 3.6) 

−𝑍𝑖𝑚 = |𝑍| ∙ sin ∅                                              (Equation 3.7) 

The impedance Z is then represented as a complex number 

𝑍 = 𝑍𝑟𝑒 − 𝑖 ∙ 𝑍𝑖𝑚 = |𝑍| ∙ (cos ∅ + 𝑖 ∙ sin ∅)                      (Equation 3.8) 

If the real part is plotted on the x-axis and the (negative) imaginary part on the y-axis of a chart, 

a ‘Nyquist plot’ will be obtained (Figure 3.4). Each point on the Nyquist plot is the impedance at 

one frequency (f). Low frequency data are on the right-hand side of the plot and higher 

frequencies are on the left. By analyzing the Nyquist plot, some physico-chemical characteristics, 

such as inductance, resistor R and double layer capacitor C, can be obtained.[212]  
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Figure 3.4 Schematic explanation of Nyquist plot, and the equivalent circuit used for interpreting the Nyquist plot. 

 

An equivalent circuit is often used to help understanding the physical meaning of each impedance 

components in the complex system. Parallel elements of the resistor and the capacitor are usually 

used to fit semicircles in the Nyquist plot, but sometimes the capacitor contribution is not the 

same as the ideal capacitor. In this case, a mathematic model called constant phase element (CPE) 

Q is used to improve the fitting of the imperfect capacitors,[212] and then the ideal C can be 

calculated by Equation 3.9:  

𝐶 =
(𝑄∙𝑅)

1
𝑛

𝑅
                                                     (Equation 3.9) 

where n is an exponent obtained from the fitting results. 

By analyzing the obtained capacitance values, the contribution for the impedance can be 

interpreted and assigned, for instance in electroceramic samples, according to Irvine et al. (Table 

3.3).[213] 
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Table 3.3 Capacitance values and their possible interpretation[213] 

Capacitance [F] Phenomenon Responsible 

10-12 bulk 

10-11 minor, second phase 

10-11-10-8 grain boundary 

10-10-10-9 bulk ferroelectric 

10-9-10-7 surface layer 

10-7-10-5 sample-electrode interface 

10-4 electrochemical reactions 

 

In this thesis, EIS was used to measure the impedance of LLZ-Ar samples. One LLZ-Ar sheet was 

sandwiched between two metallic Li foils and heated up to 300 °C to obtain a better contact at 

the interface. EIS was measured in the frequency range from 7 MHz to 10 mHz with an electrical 

field perturbation of 20 mV. A fitting of the impedance spectrum was conducted in the software 

ZView (Scribner). After obtaining the total resistance value Rtotal of the sample, the total 

conductivity σ of it could be calculated by Equation 3.10: 

𝜎 [𝑆 ∙ 𝑐𝑚−1] =
𝐿 [𝑐𝑚]

𝐴 [𝑐𝑚2]×𝑅𝑡𝑜𝑡𝑎𝑙 [𝛺]
                                  (Equation 3.10) 

where L is the thickness of the sample and A the contacting area between the sample and the Li 

metal electrode. 

3.3.2 Cyclic voltammetry and linear scan voltammetry 

The cyclic voltammetry (CV) is an electrochemical technique to investigate the electroactive 

reactions.[214, 215] CV is operated in a three-electrode circuit, which is composed of working 

electrode (WE), reference electrode (RE) and counter electrode (CE). The potential of the WE 

changes linearly with time between the upper and lower limit. When the potential changes only 

in one direction (either towards upper limit or towards lower limit), this technique is then called 

linear scan voltammetry or linear sweep voltammetry (LSV). This loaded potential acts as an 

excitation signal and is exactly measured by the RE. As a response signal, a current flows between 

WE and CE. The electrode potential runs through an electrochemical window, in which the 

electrochemical processes on the WE can proceed, so that a current flows between WE and CE. 



3. Materials and Methods 
 

40 
 

The current can be assigned to the corresponding potential in the registered current-voltage-

diagram, the so-called cyclic voltammogram. Every peak in cyclic voltammogram represents a 

redox reaction on the surface of the WE inside the electrolyte. The anodic peak (upwards) 

corresponds to the oxidation and the cathodic peak (downwards) corresponds to the reduction. 

The potential of each electrochemical redox reaction can be determined by the position of the 

peaks.  

In this thesis, CV was used to investigate the electrochemical stability of the LLZ-Ar sample and 

the Li stripping/plating behavior. It was conducted in the potential range from -0.02 V to 5 V vs. 

Li+/Li at a scan rate of 0.02 mV s−1. The LLZ-Ar sample for CV measurement was sandwiched 

between one metallic Li foil and one In foil. The Li metal electrode acted as both CE and RE, while 

the In metal electrode acted as WE. LSV was used to investigate the oxidation stability of the PEO-

based membranes, which was sandwiched between one gold WE and one metallic Li CE. The LSV 

was conducted in the potential range from 3 V to 5 V vs. Li+/Li at a scan rate of 0.02 mV s−1. 

3.3.3 Galvanostatic cycling 

Galvanostatic cycling is an electroanalysis technique to investigate electrochemical performance 

of batteries.[216] The changing rate of potential in a fixed range is measured at constant current 

density for several times. When positive current density is applied, it will show the charging cycle, 

whereas the discharging cycle will be shown when applying negative current density. This 

technique is close to the actual application.  

In this thesis, a constant-current-constant-voltage (CC-CV) process was used for charging the 

battery. The purpose of using CC-CV process for charging is to mitigate the capacity loss at the 

test voltage limit, which is induced by the internal resistance and the slow transport of charge 

carriers. It avoids the stop of charging due to kinetic limitations and is beneficial for showing the 

functionality of novel cathode structures. 

For the SSLBs with the LFP cathode, the battery was charged to 3.9 V vs. Li/Li+ or 3.3 V vs. Li-In/Li+ 

(if a Li-In anode is used) with a constant current density of 10, 20, or 50 µA cm-2, and was then 

held at the voltage until the current dropped to 5 µA cm-2. Afterwards, the battery was discharged 

to 2.6 V vs. Li/Li+ or 2.0 V vs. Li-In/Li+ with a constant current density of 10, 20, or 50 µA cm-2.  
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For the SSLBs with the LCO cathode and Li-In anode, a formation cycle was first performed by 

charging to 3.6 V vs. Li-In/Li+ and discharging to 2.8 V vs. Li-In/Li+ both with a constant current 

density of 50 µA cm-2. In the following cycles, the CC-CV process was used for charging. The 

battery was charged to 3.6 V vs. Li-In/Li+ with a constant current density of 50 µA cm-2, and was 

then held at the voltage until the current dropped to 5 µA cm-2. Afterwards, the battery was 

discharged to 2.4 V vs. Li-In/Li+ with a constant current density of 50 µA cm-2. 
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4 Water-Based Fabrication of Garnet-Based Separator 

This chapter is based with modification on the publication ‘Water-based fabrication of garnet-

based solid electrolyte separators for solid-state lithium batteries’ by Ye et al. It was published 

during the thesis and reprinted (adapted) with permission from [98]. 

4.1 Tape-Casting of Garnet Solid Electrolyte Layers 

Ta- and Al-substituted Li6.45Al0.05La3Zr1.6Ta0.4O12 (LLZ:AlTa) was selected as the SE material because 

Ta and Al can stabilize the cubic structure of LLZO and lead to an increased ionic conductivity.[66, 

217] The synthesized powder corresponds to a cubic LLZO phase, as follows from the XRD patterns 

(Figure 4.1). A small impurity phase of Li2CO3 detected in XRD can be attributed to the excess 

lithium reagent added into the synthesis process for compensating lithium loss during the whole 

sintering process, which is confirmed by ICP-OES giving the overall lithium concentration high 

than the targeting Li6.45Al0.05La3Zr1.6Ta0.4O12 (Table 4.1). 

 

 

Figure 4.1 XRD pattern of as-synthesized LLZ:AlTa powder (Reference pattern: ICSD#182312). 
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For tape-casting, a slurry comprising the milled LLZ:AlTa powder and aqueous binder system was 

prepared. The PSD of the LLZ:AlTa powder (Figure 4.2) shows a trimodal curve for the powder 

before ball-mill, indicating the presence of large particles or agglomerates, whereas the powder 

after ball-milling shows only one narrow peak with a D50 value of 1.17 µm and is suitable for the 

tape-casting process. 

 

 

Figure 4.2 PSD of LLZ:AlTa powder before and after ball-milling. 

 

The commercial CMC binder contains sodium, which might have negative effect on the stability 

of garnets at sintering temperature. In order to investigate the thermal stability of LLZ:AlTa at 

elevated temperature with the presence of sodium species, Na-doped LLZ:AlTa pellets were 

prepared by mixing and pressing 0.5 g LLZ:AlTa powder and 0.05 g Na2CO3·H2O, followed by 

sintering at 1175 °C for 4 hours. The XRD pattern of the sample after sintering (Figure 4.3) clearly 

shows that the sodium species can react with LLZ:AlTa to form several secondary phases. To avoid 

this uncertain side effect, I choose therefore Na-free MC binder. It is also worth noting that the 

MC, PEG and glycerol in this aqueous binder system are all non-toxic that are often used as food 

additives or pharmaceutical applications due to their harmless to humans.[218] 
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Figure 4.3 XRD pattern of the sintered Na-doped LLZ:AlTa pellet sintered at 1175 °C for 4 hours. 

 

A major advantage of the aqueous slurry preparation presented here is that there is no additional 

organic dispersant needed, because the water itself is already a good dispersant. Additionally, it 

is well known that the immersion of LLZO in water triggers a Li+/H+ exchange reaction with water 

according to Equation 2.3 and results in the increase of pH up to 11-12.[81, 82, 84] A large amount 

of OH- anions will be adsorbed on the surface of LLZ:AlTa particle to provide the electrostatic 

repulsive force, which further stabilizes the suspension. In my case, the pH value of the prepared 

slurry, due to the high solid loading, reached pH 12.5 directly after mixing LLZ:AlTa powder with 

the aqueous polymer solution. 

The rheological behavior of the prepared slurry was then investigated, which shows a shear 

thinning behavior (Figure 4.4) in the suitable range for tape-casting. The high viscosity of the 

slurry at low shear rate will prevent the inhomogeneous sedimentation of ceramic particles 

during the drying step after casting. This is an important point to the process, because the drying 

of aqueous tapes takes much longer time than ethanol-based ones due to the slower evaporation 

rate of water. In industrial processing, however, the drying time can be reduced through 

application of heat below and/or above the tapes.  
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Figure 4.4 Viscosity versus shear rate curve of the prepared slurry for tape-casting. 

 

Afterwards, the concentration of polymer binder and plasticizers was investigated. The weight-

ratio of MC:glycerol:PEG=4:2:1 was first used for tape-casting (Entry 1 in Table 4.1). As shown in 

Figure 4.5a, a large-area green tape of LLZ:AlTa was formed, meaning that the amount of the 

binder MC had reached the minimum required value to binding all the ceramic powders in this 

tape. The weight ratio of ceramic powder LLZ:AlTa to the binder MC was fixed at 15:1 in the case 

of optimizing the binder/plasticizer-system. However, this dried green tape was rigid and broken 

in the middle. Meanwhile, it had reverse curling so that the edges of the green tape rolled 

downwards. These phenomena indicate the shortage of plasticizers in the green tape. There are 

two plasticizers used in the slurry, one is glycerol and the other is PEG. Glycerol is a single molecule 

substance that serves as the lubricant here to help the release of the green tape from the 

substrate after drying. Additionally, glycerol can also help keeping the flexibility of the green tape 

after long-term storage. In principle, water itself is a lubricant, too. The fresh green tapes are 

often flexible, but they become rigid after prolonged storage due to the evaporation of water. In 

this case, glycerol, which is much less volatile than water, is an ideal replacement, so that the 

shelf life of the green tapes can be extended. The other plasticizer PEG used here is PEG400, which 

is an oligomer with molar mass ~400 g mol-1, and serves as the softener to make the green tape 

flexible via the interaction with the binder. Therefore, in the next test, the amounts of both 
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glycerol and PEG were doubled (Entry 2 in Table 4.1), but the result green tape with curling edges 

was still rigid. Hence, the amounts of plasticizers were further increased (Entry 3 in Table 4.1), 

and a flexible green tape was obtained. However, a lot of long cellulose fibers appeared at the 

surface of the tape (Figure 4.5b), indicating the possible shortage of softener i.e. PEG. Thus, more 

PEG was added in the next trial, giving the weight-ratio of MC:glycerol:PEG reached 1:4:4 (Entry 

4 in Table 4.1). As a result, a flexible green tape with a smooth surface was obtained as shown in 

Figure 4.5c.  

 

 

Figure 4.5 Photographs of LLZ:AlTa green tapes with different weight-ratio of MC:glycerol:PEG: a) 1:2:1; b) 1:4:2; c) 

1:4:4. And d) photograph of the green tapes (size of the small square tape: 1.5 cm × 1.5 cm; size of the large square 

tape: 9 cm × 9 cm) 

 

Afterwards, the ceramic loading in the slurry was investigated by fixing the weight-ratio of 

MC:Gly:PEG at 1:4:4 and stepwise increasing the portion of LLZ:AlTa powder. When the weight-

ratio of LLZ:AlTa to MC increased from 15:1 to 120:1 (Entry 4-9 in Table 4.1), a flat flexible green 

tape with smooth surface was always obtained. Until this value reached 140:1 (Entry 10 in Table 

4.1), the green tape became brittle, and could not be peeled off from the casting substrate 

entirely, indicating that this high ceramic loading already exceeded the binding ability of the used 
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MC in the slurry. Therefore, the final optimized slurry composition is (LLZ:AlTa):MC:Glycerol:PEG 

= 120:1:4:4. 

Table 4.1 Optimization of the slurry composition (in weight ratio) for tape-casting LLZ:AlTa 

Entry LLZ:AlTa MC Glycerol PEG Appearance of Green Tapes 

1 15 1 0.5 0.25 Reverse curling; broken in the middle; rigid 

2 15 1 1 0.5 Curling; cellulose fibers on the surface; rigid 

3 15 1 4 2 Flat; cellulose fibers on the surface; flexible 

4 15 1 4 4 Flat; smooth surface; flexible 

5 40 1 4 4 Flat; smooth surface; flexible 

6 60 1 4 4 Flat; smooth surface; flexible 

7 80 1 4 4 Flat; smooth surface; flexible 

8 100 1 4 4 Flat; smooth surface; flexible 

9 120 1 4 4 Flat; smooth surface; flexible 

10 140 1 4 4 Flat; smooth surface; brittle 

 

After the slurry composition was optimized, an up-scaling production of the LLZ:AlTa green tapes 

was demonstrated. The meter-long green tape with a width of ca. 13 cm, as shown in Figure 4.5d, 

was soft and flexible, which can be easily cut into desired sizes and shapes for the subsequent 

sintering step. Through controlling the height of the doctor blade, the thickness of green tapes 

can be varied from 60 to 140 µm. Although the slurry was prepared as foam free, the green tapes 

still exhibit certain porosities created by the evaporation of solvent. Therefore, it is necessary to 

laminate and compress the green tapes to increase their green densityb. 

 

4.2 Sintering of Garnet Solid Electrolyte Layers 

In the TG analysis of the green tape several steps with weight loss were observed (Figure 4.6). MS 

was applied to identify the source of each weight loss step. The MS curves corresponding to H2O 

(m/z = 18) and CO2 (m/z = 44) are presented in Figure 4.6 as well. The remaining water in the 

                                                      
b green density: the volumetric mass density of the ceramic part in a green body. It is defined as the mass of the 
ceramic part divided by the geometric volume of the green body. 



4. Garnet-Based Separator for Solid-State Lithium Battery 
 

48 
 

green tapes starts to evaporate at around 50 °C. The weight loss at the temperatures between 

150 and 620 °C is about 15%, which is close to the total organic content in the green tapes, 

indicating that all organic additives (binder and plasticizers) are burned out at this stage 

(debinding stage). The water peak starts at 400 °C could be related to the extraction of H from 

the protonated garnets. The CO2 evolution is observed between 650 and 900 °C, which can be 

assigned to the decomposition of Li2CO3 present on the surface of the LLZ:AlTa powder (as evident 

from Figure 4.1). No further weight loss was observed beyond 900 °C. For the final densification 

the tapes were sintered at a temperature of 1175 °C with 4 h dwell time, which was shown to be 

the optimum sintering temperature reported in the previous work.[168] 

 

 

Figure 4.6 Thermal analysis TG-MS of garnet LLZ:AlTa green tapes. 

 

Various substrate materials, including neat MgO plates, sintered garnet pellets, and MgO plates 

with garnet coating, were tested for sintering the garnet tapes in closed alumina crucibles, as 

shown in Figure 4.7. Due to its good chemical stability with LLZO, MgO is commonly used as 

substrate or crucible material for sintering garnets.[219] In this case, the MgO plate was placed 

in an alumina crucible with some LiOH powder on the bottom. LiOH is used here to compensate 

the Li-loss of LLZ:AlTa during sintering. After a sintering procedure at 1175 °C for 4 h, the white 



4. Garnet-Based Separator for Solid-State Lithium Battery 
 

49 
 

MgO turned pinkish (Figure 4.7a), which could be attributed to the absorption of Li-containing 

species. Unlike other reports, the prepared garnet tapes stuck on the MgO plate. A possible 

reason could be that some Li-species condensate below the tapes in the cooling stage. The same 

result was also obtained when a polished, sintered (1185 °C, 2 h) garnet pellet was employed as 

sintering substrate. The garnet tapes merged well with the pellet as shown in Figure 4.7b. The 

third attempt was to coat a layer of LLZ:AlTa on the MgO plates, which was subsequently calcined 

at 1185 °C for 2 h. As the coating layer is porous and not as flat as a polished garnet pellet, the to-

be-sintered garnet tapes have only point contact to this coating later, so that the tapes are rarely 

stuck on this kind of substrate. As shown in Figure 4.7c, two of such coated MgO plates were 

assembled as following: the coated surfaces are facing each other and four small alumina ceramic 

fragments are placed on the corners playing the role of space holders in order to prevent the 

upper MgO plate from pressing the tapes in the center.  

 

 

Figure 4.7 Different types of substrates for sintering garnet tapes. a) neat MgO plates; b) sintered garnet pellets; c) 

MgO plates with garnet coatings, and the set-up for sintering composed of such coated MgO plates and alumina 

space holders. 
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The sintering assembly was placed in a closed alumina crucible. Certain amount of LiOH powder 

was added around the sintering assembly inside the crucible to create a Li2O atmosphere at high 

temperature and prevent the Li loss from tapes. The garnet tapes were sintered at 1175 °C for 4 

hours. The fresh sintered sheets of LLZ-air show a yellowish color, as shown in the inset of Figure 

4.8a. The sintered thin sheets have a thickness of ~150 µm the apparent density of approx. 90% 

(Figure 4.8c). The yellowish color of LLZ-air can be attributed to an impurity layer on the surface, 

which can be seen clearly in the BSE-SEM image (Figure 4.8a), showing a phase in dark color. This 

observation is in agreement with what Li et al.[134] was observed. This impurity phase is 

identified as Li2CO3 by XRD showing diffraction peaks at 21° and 24° but with quite low intensity 

in the pattern (Figure 4.8d). A surface sensitive Raman spectroscopy was used to confirm the 

existing of Li2CO3, which is indicated by the strong band at 1090 cm-1 originated from the CO3
2− 

symmetric stretching vibration of Li2CO3 (Figure 4.8e).[220] Since the Li2CO3 in the synthesized 

powder as well as the one in the green tapes formed during drying has been thermally 

decomposed during the sintering at elevated temperature according to the TG results, it is 

reasonable to suggest that this impurity layer was formed during the cooling process in ambient 

atmosphere. 

The presence of the Li2CO3 passivation layer on the surface of sintered LLZO sheet is 

disadvantageous as it is known to increase the interfacial resistance between garnet and lithium 

metal.[70] Li2CO3 layer can be removed by annealing in Ar.[104] After annealing in Ar, the 

obtained free-standing garnet solid electrolyte LLZ-Ar is partially transparent with color in white 

(shown in the inset of Figure 4.8b), indicating the successful removal of the impurities. SEM image 

(Figure 4.8b) reveals a clean surface of LLZ-Ar, and there are no diffraction peaks in XRD (Figure 

4.8d) or Raman bands (Figure 4.8e) related to Li2CO3. ICP-OES reveals the final composition of the 

solid electrolyte LLZ-Ar close to the stoichiometric composition (Table 4.1). It should be noted 

however that the freshly sintered tapes in the process are carbonate-free and the Li2CO3 layer is 

formed during the cooling step in ambient atmosphere. Therefore, an additional annealing step 

can be avoided by performing sintering in a dry room or switching the atmosphere during the 

cooling step. 
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Figure 4.8 a) Surficial SEM image of LLZ-air (inset: photograph of LLZ-air, size: ca. 11 mm in diameter); b) surficial SEM 

image LLZ-Ar (inset: photograph of LLZ-Ar, size: ca. 11 mm in diameter); c) cross-sectional SEM image of LLZ-air; d) 

XRD patterns of LLZ-air and LLZ-Ar; e) Raman spectra of LLZ-air and LLZ-Ar. 

 

Some tapes were also sintered with a prolonged dwell time up to 10 hours. The obtained garnet 

discs show mottled patterns in ivory color through the entire sintered body, while the remaining 

parts appear translucent as the LLZ-air samples sintered for 4 hours (Figure 4.9a). The BSE-SEM 

images reveal that the mottled patterns are composed of small garnet grains and some side 

phases (dark regions in Figure 4.9b), whereas the translucent parts are mostly large garnet grains 

with the sizes over 200 µm (bright regions in Figure 4.9b). This inhomogeneous grain size 

distribution exists not only on surface but also in the center of the discs. From the cross-sectional 

view, we can see that the large-size grains are fully dense, containing only very tiny closed pores 

(Figure 4.9c), while the small grains agglomerate at the boundaries among those large grains and 

separate them from each other (Figure 4.9d). The regions filled with the small grains are obviously 

not densified, which explains why it is not translucent in these areas. The EDS mappings, both on 

the surface and the cross-section, indicate high concentration of Mg element around the small 
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grains (Figure 4.9e-f). This Mg element is supposed to come from the MgO substrate. While MgO 

is unreactive with garnets, its impact on the sintering behavior of garnets is unclear. Huang et al. 

intentionally mixed MgO nanopowder with Ta-substituted LLZO for sintering, and found that the 

MgO phase locating on the surface of LLZO particles significantly restrained the grain growth of 

LLZO.[221, 222] 

 

 

Figure 4.9 Mg diffusion from the substrate into garnet tapes which are sintered at 1175 °C for 10 h. a) Photograph of 

sintered garnet separators; b) Top-view SEM image on the surface of the garnet separator; c, d) SEM image of the 

fracture surface of the garnet separator; e) EDS mapping of the surface of the garnet separator; f) EDS mapping of 

the polished cross-section of the garnet separator. 
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Figure 4.10 EDS line scans of a) Mg, b) La, and c) Zr of a MgO plate with LLZ:AlTa-coating after multiple uses, having 

a LLZ:AlTa tape merged on the top after sintering. The background is a BSE-SEM image thereof. 

 

After multiple uses, the LLZ:AlTa coating degraded and lost the ability to avoid the adhesion of 

garnet samples on this substrate. LLZ:AlTa tape can merge with the coating layer as shown in the 

cross-sectional SEM image (Figure 4.10). The LLZ:AlTa tape region appears brighter in the BSE-

SEM image because it is a La- and Zr-rich phase which have stronger BSE intensities, while the 

MgO region shows much darker due to the low BSE intensity of Mg. In between there is a layer 

with large pores, where the LLZ:AlTa coating layer locates, showing a mixture of bright and dark 

particles. The EDS line scans show the intensity gradient of Mg, La, and Zr across these three layers 

(Figure 4.10a-c). In the direction from the LLZ:AlTa tape via the LLZ:AlTa coating layer to the MgO 

plate, the intensity of Mg exhibits a significant increasing trend. Mg can be hardly found in the 

LLZ:AlTa tape, and has the strongest intensity in the MgO plate as expected, but it also shows 

weak signals in the LLZ:AlTa coating layers, indicating its diffusion. In contrast, La is mostly found 
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in the LLZ:AlTa tape and in some minor area of the LLZ:AlTa coating, whereas Zr shows almost the 

same strong intensities in these two layers. Neither La nor Zr is found in the MgO plate. This 

means, the diffusion of Mg is an one-way migration, which could be correlated to the 

decomposition of LLZ:AlTa that losses La perhaps Li as well. These findings suggest that the 

LLZ:AlTa-coated MgO substrates should be regularly refreshed or replaced with new ones after 

multiple uses to avoid the migration of Mg into the sintered samples. 

 

4.3 Effect of Water 

To fully understand the effect of water in aqueous processing of garnets, the impact of the Li+/H+-

exchange reaction was investigated. For that, samples were prepared to carry out ICP-OES and 

XRD measurements on all garnet samples for each step of the fabrication procedure: 1) starting 

powder “LLZ:AlTa”, 2) solid filtrated from water-based slurry “LLZ-slurry”, 3) the green tape 

“LLZ-green”, 4) the sintered “LLZ-air” and “LLZ-Ar”. Lattice parameters for cubic LLZ were 

calculated from Rietveld refinement of the respective XRD data (Figure 4.11). The obtained results 

of elemental compositions from ICP-OES and lattice parameters as well as corresponding phase 

contents from Rietveld refinement are compiled in Table 4.2 and Table 4.3, respectively.  

 

Figure 4.11 XRD patterns of garnet samples from each step of fabrication procedure. The Rietveld refinements were 

conducted based on these XRD data. 
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Table 4.2 Elemental analysis of garnet samples from each step of fabrication procedure 

 Elemental Content (normalized to La)a 

 Li Al La Zr Ta 

LLZ:AlTa 7.56 0.07 3.00 1.53 0.37 

LLZ-slurry 4.42 0.07 3.00 1.53 0.37 

LLZ-green 7.56 0.08 3.00 1.53 0.37 

LLZ-air 6.72 0.08 3.00 1.53 0.37 

LLZ-Ar 6.40 0.08 3.00 1.52 0.40 
a Target composition: Li6.45Al0.05La3Zr1.6Ta0.4O12 

 

Table 4.3 Lattice parameters and phase analysis of garnet samples from each step of fabrication procedure 

 Garnet Phase #1 Garnet Phase #2 Li2CO3 

 Lattice 

Parameter [Å] 

Weight 

Percentage [%] 

Lattice 

Parameter [Å] 

Weight 

Percentage [%] 

Weight 

Percentage [%] 

LLZ:AlTa 12.950(2) 83 12.99(6) 15 2 

LLZ-slurry 12.965(3) 58 13.01(2) 42 0 

LLZ-greena 12.97(1) 34 13.03(1) 62 3 

LLZ-air 12.946(2) 92 12.98(9) 6 2 

LLZ-Arb 12.944(1) 95 12.98(6) 3 1 
a rest impurities in “LLZ-green”: La(OH)3 (1%); b rest impurities in “LLZ-Ar”: La2Zr2O7 (< 0.5%) and La2O3 (< 0.5%). 

 

The elemental analysis reveals severe Li loss for LLZ:AlTa particles in “LLZ-slurry” by nearly one 

third when compared to the starting powder, indicating strong Li+/H+-exchange between garnet 

powder and the aqueous medium in slurry, which results in the dramatically increasing pH value 

of the slurry up to 12.5. On the other hand, the Li loss in the sintered samples is related to the 

expected Li evaporation at high temperature. Li2CO3 is hardly to find in “LLZ-slurry” because the 

carbonate in pristine powder as well as LiOH (the product of Li+/H+-exchange) was dissolved in 

water and left in filtrate. The solid “LLZ-slurry” after such severe Li+/H+-exchange could hardly 

further form new carbonate when exposure to air. It should be mentioned that “LLZ slurry” is not 

a step involved in the aqueous tape-casting process and is demonstrated here only for the 

purpose of investigation on Li+/H+-exchange. In comparison, I found an increasing portion of 

Li2CO3 in green tapes “LLZ-green”, which can be attributed to the Li+/H+-exchange. These 

carbonates provide Li source for the Li-recovery in garnet at elevated temperature that I will 

discuss later in this section. Interestingly, two cubic phases of garnets were found in all samples 
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after the Rietveld refinement. One of them has a smaller lattice parameter around 12.95 Å, noted 

as phase #1, and the other has a relatively larger lattice parameter over 13.00 Å, noted as phase 

#2. Quantitative phase analysis results at different steps showed that the ratio of phase #1 

decreases with the increasing ratio of phase #2 when LLZ:AlTa powder is immersed in water, 

whereas the phase #2 is almost completely converted into phase #1 upon sintering. Comparing 

the lattice parameters of both phases with literature data of Ta-substituted LLZO,[81] I can 

conclude that phase #1 is cubic phase LLZO stabilized by Ta-substitution without proton, while 

the phase #2 is stabilized by proton, in which the proton substitution leads to a lattice expansion.  

 

 

Figure 4.12 Schematic representation of the reversible phase transition mechanism between pure LLZO and hydrated 

LLZO based on ref. [94]. To simplify the expressions, Al and Ta are removed in this schematic. 

 

The observed reversibility of this phase transition of water-treated LLZO upon heating can be 

explained by the mechanism proposed by Larraz et al.[94] and a schematic representation thereof 

is shown in Figure 4.12. Through the Li+/H+-exchange and the insertion of water molecules into 

LLZO structure, a hydrated cubic garnet is formed, which can be expressed as Li7-

xHxLa3Zr2O12·yH2O. This hydrated garnet loses the water of hydration between 200-250 °C to 

result in the cubic protonated garnet Li7-xHxLa3Zr2O12, which further releases water between 400-

450 °C, giving rise to a cubic garnet with O-vacancy Li7-xLa3Zr2O12-x/2. The latter reacts with Li2CO3 

at around 700 °C to form stoichiometric cubic Li7La3Zr2O12. The results clearly show that the garnet 



4. Garnet-Based Separator for Solid-State Lithium Battery 
 

57 
 

stoichiometry is recovered at the end, though it is hydrated and protonated at the beginning. The 

only two other reported works regarding aqueous processing of LLZO, extra LiOH was 

intentionally added to suppress the Li+/H+-exchange reaction.[121, 123] However, my study 

clearly demonstrates that even without additional LiOH added to the slurry, the stoichiometric 

cubic LLZO can still be obtained after final heat treatment. Therefore, the developed water-based 

processing route is feasible to obtain pure cubic garnet SEs. 

 

4.4 Electrochemical Performance of the Garnet Separator 

The ionic conductivity of the “LLZ-Ar” sheets was determined by EIS measurement using a Li|LLZ-

Ar|Li symmetric cell. The resulting Nyquist plot and its equivalent circuit are shown in Figure 4.13a. 

In the equivalent circuit, parallel elements of resistor (R) and constant phase element (CPE) are 

used to fit semicircles, while an inductor (L) is added due to wiring, and the fitting parameters are 

list in Table 4.4. We can see two semicircles that represent the resistances originating from the 

LLZ-Ar at high frequency (corresponding capacitance 4.93×10-10 F) and the LLZ-Ar/Li-interface at 

low frequency (corresponding capacitance 3.94×10-5 F), respectively. The bulk and grain boundary 

conductivities in polycrystalline ceramics measured by EIS usually exhibit capacitances in 10-12 F 

and 10-11-10-8 F range, respectively.[223] Thus for the measurements, I assign the high-frequency 

semicircle with a capacitance in 10-10 F to the grain boundary resistance of LLZ-Ar (R2), while the 

bulk resistance is presented by the serial resistance R1 at high frequency. Thus, the total ionic 

conductivity of LLZ-Ar is 0.15 mS cm-1 at room temperature, which is comparable with reported 

garnet SEs fabricated by conventional (non-aqueous) tape-casting (Table 2.2). The sample-

electrode interface usually exhibits a capacitance in the 10-7-10-5 F range. Hence, the low-

frequency semicircle with a capacitance in 10-5 F was attributed to the interfacial resistance 

between LLZ-Ar and Li metal. 

 

Table 4.4 Fitting results of the EIS data 

Element R1 [Ω] L1 R2 [Ω] QCPE1 [F] nCPE1 R3 [Ω] QCPE2 [F] nCPE2 

Value 143.5 2.43E-6 113.2 1.45E-9 0.95 248.4 7.89E-4 0.35 

Error [%] 4.22 4.56 5.60 13.28 1.35 0.75 1.76 0.93 
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For application in SSLBs or other advanced battery concepts, the SE must show broad 

electrochemical stability window. To characterize the electrochemical stability, the LLZ-Ar layers 

were assembled in a Li|LLZ-Ar|In cell and CV measurements were carried out with a two-

electrode set-up using Li as both counter and reference electrode. In the CV shown in Figure 4.13b, 

the reduction peak onset at 0.61 V vs. Li+/Li can be assigned to the formation of Li-In alloy, while 

the corresponding oxidation peak onset at 0.62 V vs. Li+/Li represents the de-alloying of Li from 

the formed Li-In alloy.[224] Another reduction peak near 0 V vs. Li+/Li is the Li plating process 

together with subsequent non-redox Li diffusion into In forming the Li-In alloy. No other redox 

peaks are observed in the whole scan range, indicating electrochemical stability of the prepared 

SE. Meanwhile, the wide voltage window of up to 5 V vs. Li+/Li, i.e. 4.4 V vs. Li+/Li-In allows the 

use of high-voltage cathode materials in SSLBs in the future. Nevertheless, other operando and 

ex-situ characterization methods are still required to comprehensively determine the 

electrochemical stability window of the SE separator versus Li metal.[225, 226]  

To further practically investigate the Li-conducting behavior of the prepared SE, Li 

stripping/plating tests were carried out with stepwise increasing current density (from 5 to 30 

µA cm-2 with increment of 5 µA cm-2 per step) first to determine the critical current density and 

later with a constant one (10 µA cm-2) to study the long-term cycling performance. 80 °C was 

chosen as the operation temperature because of a faster Li diffusion in SE and a higher ductility 

of the Li metal anode at this temperature. In the voltage profile under variable current densities 

(Figure 4.13c) it is found that the Li|LLZ-Ar|Li symmetric cell can cycle steadily up to a current 

density of 15 µA cm-2 (with some polarization) whereas increasing the current density further to 

20 µA cm-2 leads to a short circuit most likely caused by dendrite formation. Although this critical 

current density value is still far away from practical application and some reports show 1-2 orders 

of magnitude higher ones,[114, 121] it is still in the range of reported operational current 

densities of ASSLBs with dense, free sintered garnet SE separators.  
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Figure 4.13 a) Nyquist plots of a Li|LLZ-Ar|Li symmetric cell measured at r.t. (inset shows the equivalent circuit for 

fitting, where R is resistor, L is inductor and CPE is constant phase element); b) CV curve of a Li|LLZ-Ar|In cell 

measured at room temperature (inset schematically represents the test cell for CV with WE: working electrode, CE: 

counter electrode and RE: reference electrode); c) Voltage profile of a Li|LLZ-Ar|Li symmetric cell under variable 

current densities at 80 °C; d) Galvanostatic cycling of a Li|LLZ-Ar|Li symmetric cell at 10 µA cm-2 at 80 °C. 

 

It seems that the low Li self-diffusion in the Li metal results in poor contact between garnet and 

metal anode, leading to fast dendrite formation.[13, 168, 227] Therefore, a safe current density 

for the prepared SE was set to 10 µA cm-2, which was then applied for the long-term cycling. The 

obtained cycling profile (Figure 4.13d) shows the steady Li-conducting performance over 100 

hours without short circuit, though slightly increased voltages after 90 hours is observed as a 

consequence of increasing Li/SE-interface resistance due to the roughness on the SE surface. 

Since I did not do any Li/SE-interface modification, the observed critical current density as well as 

the Li-stripping/plating performance could depend rather on the Li/SE-interface contact than on 
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the conductivity of SE itself. The Li foils in these demonstrated cells were all attached by hand, 

which may lead to large difference in the Li/SE-interfacial resistance from one cell to another. To 

avoid this issue, it would be better to deposit Li onto the SE by for instance an evaporator. 

 

4.5 Summary 

In this chapter, a water-based tape-casting process using eco-friendly binders to fabricate thin 

free-standing garnet SE separator was successfully developed. It is shown that the occurring 

Li+/H+-exchange reaction is completely reversible in this process and enables the formation of 

stoichiometric Ta- and Al-substituted LLZO with cubic phase. The obtained garnet SEs shows a 

total ionic conductivity of 0.15 mS cm-1 at room temperature and is (electro-)chemically stable 

against lithium metal within the boundaries of the experiment. Therefore, the developed water-

based tape-casting process paves a green way to fabricate free-standing garnet SE separator, 

which is suitable to be employed in SSLBs with SE-supported configuration or in other advanced 

Li-battery having Li-metal anodes. Further work needs to be done on modification of SE/Li-

interface to achieve a higher applicable current density and better long-term cycling performance. 
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5 Water-Based Fabrication of LiFePO4 Cathodes for Garnet-Supported 

Solid-State Lithium Battery 

This chapter is based with modification on the publication ‘Water-based Fabrication of a 

Li|Li7La3Zr2O12|LiFePO4 Solid-state Battery – Toward Green Battery Production’ by Ye et al. It was 

published during the thesis and reprinted (adapted) with permission from [228]. Copyright (2022) 

American Chemical Society 

5.1 Impact of Solvents 

In conventional electrode manufacturing by tape-casting, hazardous organic solvents are 

generally used.[229] Alternative sustainable solvents are required for future environmental 

friendly processing. To investigate the impact of different solvents on PEO, three solvents are 

chosen: water (H2O), bio-ethanol (EtOH), and acetonitrile (ACN). ACN is the commonly used 

organic solvent for PEO preparation in previous reports,[181] while water and bio-ethanol are 

selected in this study as possible replacement of ACN to allow a sustainable industrial processing. 

Firstly, PEO was dissolved in these solvents to prepare a 50 g L-1 solution. Figure 5.1 shows that 

PEO has a lower solubility in EtOH and is only thoroughly dissolved when slightly warmed to 

approx. 50 °C, while it is well dissolved in both water and ACN at room temperature. According 

to Ho et al., PEO tends to crystalize into a lamellar structure in EtOH at room temperature but 

completely dissolve in EtOH only above the melting point.[230] 

 

 

Figure 5.1 Digital photographs of PEO solutions in water, bio-ethanol and acetonitrile at room temperature (left) and 

at 50 °C (right). 
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Figure 5.2 ATR-FTIR spectrum of PEO membranes prepared from H2O-, EtOH- and ACN-based solutions. a) Entire 

measured spectra; Selected regions of b) C-H bands and c) TFSI- anion. 

 

The PEO solutions were cast and dried to form membranes. The structure of the PEO membranes 

prepared from these three solutions were studied by ATR-FTIR. As shown in Figure 5.2a, no peak 

is observed around 3500 cm-1 in all three samples, indicating the absence of residual water, which 

means the vacuum drying removed all traces of water.[184] The strong C-H stretching bands at 

2920 and 2880 cm-1 are similar in all three samples, but the C-H bending bands at 1470 cm-1 and 

the C-H rocking bands at 840 cm-1 are different (Figure 5.2b). These two bands show splitting 

solely in the EtOH sample, whereas the other two samples have only one peak each. Such splitting 

of C-H bands in the fingerprint region indicates the presence of crystalline phases within PEO in 

the EtOH sample, which can be attributed to the crystallization behavior of PEO in EtOH.[230] The 

samples prepared in water and ACN are amorphous, which has usually higher ionic conductivity 

than the crystalline phase.[231] The band splitting occurs at 1290 and 1180 cm-1 again in EtOH 
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sample, whereas broad single peaks appear in the other two (Figure 5.2c). Two splitting peaks 

represent two forms of LiTFSI in the polymer system: free ion pairs (Li+TFSI-) and aggregates. In 

the case of samples prepared in water and ACN, ion pairs are predominant.[231] The ion pairs 

have higher mobility than the aggregates in the polar polymer system because the formation of 

ion pairs reduces the solvent-salt interaction. For the EtOH sample, the occurrence of aggregation 

lowers the mobility of LiTFSI due to the enlarged sizes and charges.[231] The aggregates should 

also show twin peaks at 1351 and 1347 cm-1, however, the latter one is hardly distinguished from 

interfering PEO bands. 

Based on these results, EtOH shows inferiority to water and ACN for the application as the solvent 

in PEO processing. EtOH seems to induce the crystallization of PEO membranes as shown by ATR-

FTIR, thus it is not a capable candidate for replacing ACN. In contrast, there is no significant 

difference between the PEO samples prepared in water and ACN. Therefore, water was chosen 

for further sustainable fabrication of LFP-PEO cathode in this work. 

PSD of the LFP powder was analyzed by laser light diffraction. As shown in Figure 5.3a, the PSD 

exhibit a bimodal curve, giving D10 value of 0.27 µm, D50 value of 6.97 µm and D90 value of 19.1 

µm. About 30% of the powder are smaller than 1 µm, and almost half of the powder larger than 

10 µm. The morphology of the LFP powder was further investigated by SEM. The SEM image 

shows three different shapes of the LFP particles (Figure 5.3b). The first shape is LFP primary 

particles, corresponding to the first peak smaller than 1 µm in the PSD measurement. The second 

shape is the well-designed sphere-like LFP secondary particles, which have broad size distribution 

from 5 µm to 30 µm as observed in the SEM image. The last type is other non-sphere-like 

agglomerates ranging from submicrons to several microns. Such various morphology of the 

particles, especially huge difference in surface area, will strongly affect the interaction between 

LFP particles and PEO polymers during the cathode tape preparation. Smaller particles have larger 

specific surface area. Hence, more PEO is needed to cover the surface of the smaller LFP particles, 

while less PEO already binds large LFP spheres sufficiently.[232] From our own tape-casting 

experience, the particle size is correlated to the viscosity of the slurry. Normally, finer particles 

result in higher viscosity. On the other hand, although spherical LFP have higher tapped density 

than loose particles themselves,[233] large porous volumes between LFP spheres remain, and 
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filling them consumes a lot of PEO. For the case of the LFP particles with bimodal particle 

distribution, small LFP particles can fill the pores between large LFP spheres and lead to higher 

tapped density. 

 

 

Figure 5.3 a) PSD and b) BSE-SEM image of the received LFP powder. 

 

The influence of water on the phase purity of LFP was studied by XRD (Figure 5.4). In the as-

received LFP powder, a Li3PO4 as secondary phase is found, which is a side product during the 

synthesis. Exposing the LFP powder to water generated no additional impurities. However, there 

was actually a thin white layer on the top surface of the dried LFP powder. It might be some 

amorphous substances un-detectable by XRD. Zaghib et al. also reported this phenomenon in 

water-treated LFP, and they suggested that this white top layer could be LiOH and Li2CO3 due to 

slight delithiation of LFP in water.[38] Nevertheless, these are merely due to the prolonged 

contact with water. In fact, the water involved in the cathode fabrication is evaporated much 

faster because of the low thickness of cathode layers and the bottom heating system, so that the 

contact time of LFP with water can be shortened to one hour or less. Hence, this slight delithiation 

effect can be neglected in the processing of cathode fabrication. 
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Figure 5.4 XRD patterns of the as-received LFP powder and the water-treated LFP powder. 

 

5.2 Impact of Composition 

Cathodes with three different LFP-PEO ratios were prepared: The C1, C2 and C3 cathodes had a 

LFP-PEO volume ratio of 2:1, 1.5:1, and 1:1, respectively. The slurry for tape-casting shows a gel-

like fluid behavior and the dried cathode tape has a homogeneous distribution of the solid 

contents as shown in Figure 5.5a. The SEM images in Figure 5.5b show the microstructure of 

prepared LFP-PEO composite cathodes. The sphere-like LFP particles are distributed and 

embedded into the PEO polymer matrix. A higher volume ratio of PEO on the surface of the 

cathode tape is observed, which is beneficial for attaching the LLZO separator for the full cell 

fabrication. There are, however, many large cracks in the C1 cathode, whereas only a few minor 

cracks appear in C2 and C3 cathodes. This observation suggests that the amount of PEO in C1 is 

inadequate to bind LFP and carbon particles. In addition, the exfoliation is observed in C1 cathode, 

while both C2 and C3 cathodes are well coated on the Al foil. Hence, an LFP:PEO ratio of 1.5:1 or 

1:1 is essential to maintain sufficient interfacial contact in the LFP-PEO cathode. 
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Figure 5.5 a) Photographs of the slurry for LFP-PEO cathode (left) and the dried LFP-PEO cathode C3 with the punched 

holes having a diameter of 1 cm (right); b) BSE-SEM images of LFP-PEO cathodes with varying LFP:PEO ratio (from left 

to right: C1, C2 and C3). 

 

5.3 Electrochemical Performance of Li|garnet|LiFePO4 Solid-State Lithium 

Batteries 

The lamellar configuration of the SSLB employing the C3 cathode is exemplarily shown in 

Figure 5.6 as SEM cross-section including the Ni current collector, the Li metal anode, the LLZO 

separator, and the LFP-PEO composite cathode as well as the Al current collector. The total 

thickness of the cell is about 270 µm, and the volume shares of Li, LLZO, LFP-PEO and Al are 37%, 

39%, 17% and 7%, respectively. The Li foil is calendered by hand and the thickness is already 

reduced from the original 750 µm as purchased down to 100 µm. Since other commercial Li foils 

with the thickness of 50 µm are available, it is also possible to further lower the thickness of the 

anode here.[234] 

The thin LLZO separator is fabricated by water-based tape-casting, which has an ionic conductivity 

of 0.15 mS cm-1 at room temperature. Compared to the sliced LLZO pellets that usually have a 

thickness ranging from 300 to 600 µm, this 105-µm-thick LLZO sheet has successfully reduced the 

thickness by at least two-thirds, which is greatly beneficial for reducing the total volume and 
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weight of the SSLBs and therefore improving energy density on cell level.[235, 236] Even thinner 

LLZO separators could further increase the energy density, but might not stop the dendrite 

formation.[110, 111] 

The LFP-PEO composite cathode C3 demonstrated here has a thickness of 45 µm and a 

comparable LFP-loading with other reports in lab scale (2-3 mg cm-2).[134, 135, 180, 181] The 

cathode loading, however, has to be increased for commercial applications. Hence, a thick 

cathode C3t with an LFP-loading of 9-10 mg cm-2 is prepared as well. 

 

 

Figure 5.6 Cross-sectional BSE-SEM image of the Li|LLZO|LFP-PEO SSLB with the cathode C3. 

 

Figure 5.7a shows the charge/discharge curves of cathodes C1, C2, and C3 at a current density of 

10 µA cm-2. The C2 and C3 cathodes have high specific capacities of 155 mAh g-1 and 149 mAh g-1, 

respectively, whereas the C1 cathode has lower capacity with only 91 mAh g-1. The low capacity 

of C1 is speculated for lacking of sufficient Li+-conduction in the cathode due to the low PEO 

content and the cracks within the cathode that leads to the contact loss in some parts. This 

difference in PEO content also leads to the electrochemical performance varying greatly when 

the batteries are operated at higher current density. As shown in Figure 5.7b, the C1 cathode can 

hardly be charged or discharged at 50 µA cm-2, having a large polarization especially for the 
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discharge and a low specific capacity of 35 mAh g-1 in the 1st cycle, followed with a quick decline 

of the capacity upon further cycling (Figure 5.7c). In contrast, both C2 and C3 cathodes exhibit 

stable cycling behavior with high coulombic efficiency nearly 99% in 50 cycles. The C3 cathode, 

due to its highest PEO content, achieves higher capacity (0.42 mAh cm-2, i.e. 136 mAh g-1) than 

the C2 cathode (0.31 mAh cm-2, i.e. 112 mAh g-1). The average capacity decay for the cathodes C2 

and C3 are around 0.73% and 0.54% per cycle, respectively. 

 

 

Figure 5.7 The electrochemical performance of SSLBs with LFP-PEO cathodes C1, C2 and C3: Charge-discharge curves 

at a) 10 µA cm-2 and b) 50 µA cm-2; c) Long-term cycling performance at 50 µA cm-2. 

 

When the current density is increased to 100 µA cm-2, the charge/discharge curves show 

decreasing capacities upon cycling. A short circuit due to Li dendrite growth in the 16th cycle is 



5. LiFePO4 Cathodes for Solid-State Lithium Battery 
 

69 
 

observed (Figure 5.8a). The capacity decay in the first 4 cycles is small, and the cell provides a 

capacity around 0.33 mAh cm-2. From the 5th cycle on, a second plateau at much lower discharge 

voltage appears, giving rise to the increasing polarization and capacity fading. 

 

 

Figure 5.8 a) Charge-discharge curves of SSLBs with Li metal anode and LFP-PEO cathode C3 at the current density of 

100 µA cm-2; b) Charge-discharge curves of SSLBs with Li metal anode and LFP-PEO cathode C3t at current densities 

of 10, 20 and 50 µA cm-2; c) Long-term cycling performance at 50 µA cm-2 of SSLBs with In metal anode and LFP-PEO 

cathode C3 or C3t. 

 

Similar cycling behavior is observed in the SSLB containing the thick C3t cathode with high LFP-

loading. As shown in Figure 5.8b, the discharge curves show plateaus at 3.4 V vs. Li/Li+ when the 

SSLB is cycled at 10 and 20 µA cm-2. The areal capacity is 1.34 and 1.32 mAh cm-2 for 10 and 20 

µA cm-2, respectively, and the specific capacity reaches 131 mAh g-1, which is lower than the one 

of a thin cathode C3 at 10 µA cm-2. It seems that some parts of the LFP are inaccessible for Li+ in 
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the thick cathode (C3t), which is similar to the behavior of thick cathodes with ceramic 

electrolytes.[237] When the current density is increased to 50 µA cm-2, the battery suffers severe 

capacity degradation. In the 3rd cycle, the battery is charged as expected for LFP, while the 

discharge curve shows no plateau anymore but a gradual decrease, indicating that the resistance 

might increase dramatically during discharging. In the 4th cycle, the charging plateau is higher 

than that in the 3rd cycle and the voltage reaches 3.9 V much earlier. The corresponding discharge 

curve shows large polarization, resulting in a much lower discharge voltage and the reduction of 

capacity from 1.04 mAh cm-2 (i.e. 102 mAh g-1) to 0.64 mAh cm-2 (i.e. 63 mAh g-1). In the next 

charging process, a short circuit occurs due to Li dendrite penetration through the LLZO separator. 

With this respect, I hypothesize that this degradation might be related to the inhomogeneous 

plating/stripping behavior of Li metal anode. The voids at the LLZO/Li interface are expanded 

during discharging, giving rise to reduced contact area and thus enhanced polarization. When Li+ 

is again deposited onto the Li foil during charging, the limited contact area and the low Li self-

diffusion restrict the Li distribution so that the Li dendrites form along the LLZO grain boundaries 

from the contact points towards the cathode until the dendrites penetrate the entire separator 

and cause a short circuit.[238, 239] This failure occurs at a higher cycle counts in a low-capacity 

cell at high current densities, because the voids at the interface are not large after discharge and 

can be thus refilled more easily during charging. In the case of a high-capacity cell, such 

degradation at the interface is accelerated and intensified. 

In order to mitigate the negative effect of Li anode on the long-term performance of the thick 

cathode, an indium metal anode is employed. Indium forms an alloy with Lithium, in which the 

lithiation reaction and the charge transfer are relatively faster than in lithium.[224] To evaluate 

the capability of an indium metal anode, the thin C3 cathode is initially tested as a reference. As 

shown in Figure 5.8c, the coulombic efficiency in the 1st cycle is as low as 60% and slowly 

increases afterwards to 97% in the following four cycles. The charge capacity drops from 0.36 

mAh cm-2 for the 1st charge to 0.15 mAh cm-2 for the 5th cycle, while the discharge capacity drops 

from 0.21 mAh cm-2 for the 1st cycle to 0.15 mAh cm-2 for the 5th cycle. Such initial cycles with 

low efficiency and decreasing capacities were also observed in the Li-In|LLZO|LCO SSLBs in 

previous studies.[107, 168, 172, 240] Comparing this performance with the high reversibility of 
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the cell comprising Li metal anode (Figure 5.7c), I preliminarily conclude that there is an 

irreversible reaction in the formation of the Li-In alloy, which leads to the low efficiency and 

capacity decay in the initial cycles. The cell with the thick C3t cathode exhibits similar performance 

in the first 5 cycles: low efficiency and decreasing capacity. The difference is that the cell with C3t 

cathode continuously loses capacity afterwards and has an overall lower coulombic efficiency 

than C3 cathode. This dramatic capacity decay and low efficiency could be attributed to the 

cathode part. The possible cause could be the oxidative decomposition of PEO above 3.8 V vs. 

Li/Li+ on a carbon-containing composite electrode,[241] which blocks the ionic transport at the 

cathode/electrolyte interface.[242] Additionally, the corrosion of Al current collector due to LiTFSI 

could also be the reason.[243] but the impact of the Indium anode should not be excluded at this 

point as well, for instance the poor wettability of In at the garnet surface[244], which needs 

further investigation. Nevertheless, the high-capacity cell equipped with an indium metal anode 

shows improved cyclability without dendrite-induced short circuit comparing to the one with a Li 

anode. Instead of directly attaching a bulk Indium foil as electrode, an Indium coating might be 

more suitable for interfacial modification.[139] Various coatings and designed microstructures 

for the solid electrolyte/anode interfacial modification[245] are under consideration to optimize 

the cycle stability. Further investigations need to be carried out in this respect. 

Cell performances of several SSLBs consisting of ceramic separators and LFP cathodes in lab scale 

are summarized in Table 5.1. The presented environmentally friendly in water processed LFP-PEO 

composite cathodes reach the performance of conventionally processed ones, and shows the 

promising aspect of green processing. Moreover, the LLZO thin sheet developed by water-based 

tape-casting significantly reduces the separator thickness comparing to other ceramic pellets, and 

only the PEO-containing separators (e.g. LLZO-PEO hybrid membrane and neat PEO membrane) 

are thinner (50-70 µm). Although the Li0.34La0.56TiO3 (LLTO) thin sheet, which is also fabricated by 

tape-casting, has a low thickness (41 µm) itself, it needs additional PEO membranes on both 

cathode and anode sides to modify interfaces, giving rise to a much higher total thickness of 

separator layer and more interfaces that lead to higher resistance and thus reduced 

electrochemical performance.[180] Furthermore, a proper anode modification is necessary for 

ceramic separators, especially for LLZO, to enable high current densities.[133] 
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5.4 Summary 

The work in this chapter validates the sustainable and environmentally friendly fabrication of 

garnet-based SSLBs with LFP cathode. I demonstrated a water-based processing route for 

Li|LLZO|LFP-PEO SSLBs. Both the LFP-PEO composite cathode and the LLZO separator were 

fabricated in water, avoiding the harmful organic solvents commonly used in the conventional 

approach. The volume ratio of LFP:PEO is significant for the electrochemical performance as it 

controls the limiting Li+-conductivity. Only for sufficiently high Li+-conductivity achieved by high 

PEO loading, a good performance is observed even for 120-µm-thick cathodes. The prepared thin 

LFP-PEO composite cathode exhibits comparable performance as the ones prepared in organics, 

having a specific capacity of 136 mAh g-1 at the current density of 50 µA cm-2 in the first cycles. 

Moreover, the LLZO separator fabricated by water-based tape-casting significantly reduces the 

separator thickness so that an enhanced energy density is achieved on the cell level. However, 

high-rate operation and prolonging cycle life still remains challenging, especially for the thin LLZO 

separator. Hence, modifications on anode or application of other type anode material such as 

silicon (Si)[246] as well as an increased electrochemical stability of PEO is necessary to improve 

the long-term cycling stability and to prepare for commercialization of this ‘green’ battery type. 
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6 Water-Based Fabrication of LiCoO2-Garnet Composite Cathodes for 

Garnet-Supported Solid-State Lithium Battery 

This chapter is based with modification on the publication ‘Aqueous Processing of LiCoO2-

Li6.6La3Zr1.6Ta0.4O12 Composite Cathode for High-Capacity Solid-State Lithium Batteries’ by Ye et al. 

It was published during the thesis and reprinted (adapted) with permission from [248]. 

6.1 Tape-Casting and Sintering of LiCoO2-Garnet Composite Cathodes 

A bulk LCO/garnet composite cathode has been demonstrated by Laptev et al. and Ihrig et al. 

using a FAST/SPS process.[107, 171, 172] This advanced sintering technique is a solvent- and 

additive-free, energy-efficient process. In my work, such free-standing composite cathodes are to 

be fabricated by water-based tape-casting using biopolymer binder. The benefits of the tape-

casting over FAST/SPS is its easy scale-up and common use in industry. 

Park et al. pointed out that an Al3+/Co3+ interchange reaction occurring at the interface between 

LCO and Al-doped LLZO during the sintering at 700 °C.[169] Ihrig et al. also found that this 

Al3+/Co3+ exchange reaction can take place during the electrochemical cycling as well.[240] 

Although the amount of Al3+ is rather low in those garnet phases, the loss of these Al3+ could 

already lead to the garnet phase transition from the high-conductive cubic phase into the low-

conductive tetragonal phase at the interface towards LCO. In addition, other Co-containing 

amorphous layers could be formed between LCO and LLZO. Such undesired thin interlayers could 

block the Li+ transfer across the interfaces between LCO and LLZ:AlTa, giving rise to the 

degradation of the SSLB performance. Therefore, the Al-free Ta-substituted LLZO (LLZ:Ta) was 

prepared via conventional solid-state reaction and used in my work to fabricate the LCO/LLZ:Ta 

composite cathode.  

The chemical composition of the prepared LLZ:Ta powder was analyzed by means of ICP-OES and 

the result (Table 6.1) shows that the concentration of Al is below the detection limit, indicating 

that the Al-free LLZ:Ta powder was successfully obtained. It is noteworthy to mention here, that 

in this setup the Al uptake from the crucible was also mitigated, but not completely prevented. 

The XRD pattern in Figure 6.1 shows the cubic garnet phase as the main phase, while only a low 
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intensity peak corresponding to the tetragonal garnet phase is observed. The presence of the 

tetragonal phase in the starting powder is acceptable, as it will be converted to cubic phase after 

the aqueous processing and subsequent sintering due to the reversible LHX as described in 

Section 2.3.2. 

 

Table 6.1 Chemical composition and the normalized elemental content of the LLZ:Ta powder 

Element Weight Percentage [%] Standard Deviation Normalized Elemental Content 

Li 5.59 0.04 7.11 

Al < 0.001 - < 0.0003 

La 50.2 0.5 3.19 

Zr 16.62 0.18 1.61 

Ta 8.03 0.09 0.39 

 

 

Figure 6.1 XRD pattern of as-synthesized LLZ:Ta powder. 
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Figure 6.2 a) Digital photograph of a LCO-LLZ:Ta composite cathode green tape fabricated by aqueous tape-casting. 

The tape has punched holes with a diameter of 1 cm in the right part. b) XRD pattern of the LCO-LLZ:Ta composite 

cathode green tape. Reference patterns ICSD29225, ICSD182312, and ICSD246816 are used for LCO, cubic LLZO, and 

tetragonal LLZO, respectively. 

 

The slurry recipe for tape-casting described in Chapter 4 was taken for the tape-casting of LCO-

LLZ:Ta composite cathode tapes, since the solid loading and the ratio of methylcellulose binder 

and the PEG-glycerol plasticizers have been optimized. For the case of LCO-garnet composite 

cathode, half of the LLZ:AlTa in the recipe was replaced by LCO and the other half by LLZ:Ta. The 

high volume ratio of LLZ:Ta in the cathode is chosen here to ensure the Li+ percolation in the 

composite cathode.[168] The resulted green tape had a homogeneous distribution of these two 

solids, and was flat, flexible and easy to use for subsequent processing, e.g. shaping and 

lamination (Figure 6.2a). As shown in Figure 6.2b, both cubic garnet phase and rhombohedral 
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LCO phase were present as main phases in the XRD pattern of the green tape. The amount of 

tetragonal LLZO phase was significantly reduced, because it has been partially converted to H-

stabilized cubic phase due to the LHX. The exchanged Li+ was presented in the form of Li2CO3 in 

the tape as a result of its reaction with CO2 in air. The Li2CO3 serves as Li source in the following 

sintering step to recover the Li content in protonated garnet phase. 

 

 

Figure 6.3 a) XRD patterns of LCO-LLZ:Ta composite cathode tapes sintered at 1050 °C with various dwell time in 

open air or in a closed crucible filled with Li2O-rich atmosphere (Li atm). The vertical dash lines indicate the main 

reflections of cubic LLZ:Ta (black), LCO (pink), Li2ZrO3 (red) and LaCoO3 (orange). b) Digital photograph of LCO-LLZ:Ta 

composite cathode tapes sintered at 1050 °C for 6 h in open air or in a closed crucible filled with Li2O-rich atmosphere. 

The former one shows yellowish color, indicating the occurring of decomposition, while the latter one keeps the 

black color like the green tapes. 
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The co-sintering step of the tape-cast mixed cathode is essential for good electrochemical 

performance. In practice, the LCO-LLZO mixture is considered thermally stable up to 1085 °C due 

to the slow kinetics of the decomposition at 700 °C.[249] However, when the aqueous LCO-LLZ:Ta 

tapes were sintered in an open crucible at 1050 °C, there was decomposition occurring, resulting 

the formation of Li2ZrO3 and LaCoO3, as seen in the XRD patterns (Figure 6.3a). When the dwell 

time extends to 6 h, the garnet phase was completely consumed. This indicates that the 

protonated LLZO has much lower thermal stability compared with the LLZO with desired 

stoichiometry. The possible reaction between LCO and protonated LLZO can be described as 

following: 

2 Li7-xHxLa3Zr2O12 + 6 LiCoO2 → 4 Li2ZrO3 + 6 LaCoO3 + (3-x) Li2O + x H2O         (Equation 6.1) 

The LaCoO3 is a common decomposition product, which was also reported by Ren et al.[166] and 

Vardar et al.[250] Besides, other main decomposition product Vardar et al. observed, when 

annealing the LCO-LLZO half cell at 500 °C after thin-film deposition, is La2Zr2O7, as expressed by 

the reaction: [250] 

Li7La3Zr2O12 + LiCoO2 → La2Zr2O7 + LaCoO3 + 4 Li2O                  (Equation 6.2) 

However, Ren et al. did not observe the presence of La2Zr2O7 after sintering LCO-LLZO composite 

cathode at 900 °C. [166] Huang et al. suggested that La2Zr2O7 could react with Li2O to recover 

LLZO according to the following equation:[251, 252] 

3 La2Zr2O7 + 9 Li2O → 2 Li7La3Zr2O12 + 2 Li2ZrO3                    (Equation 6.3) 

This might help explain the observed Li2ZrO3 phase in my experiment instead of La2Zr2O7. The 

decomposition in my case might still occur according to Equation 6.2 at lower temperature as 

well, but the product La2Zr2O7 was converted to LLZO after the reaction with Li2O at higher 

temperature (~900 °C ) according to Equation 6.3. This recovery step can be accomplished fast, 

as there was no La2Zr2O7 phase observed in the samples sintered even in a quite short time (e.g. 

30 min). 

Other reports suggest La2CoO4 as major decomposition product,[253, 254] which is not the case 

in my sintered samples. The presence of either LaCoO3 or La2CoO4 that are poor Li-conducting 
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compounds will block the Li+ transfer across the interface of LCO and LLZO, and thus impede the 

ionic conduction inside the composite cathode and consequently impair the electrochemical 

performance of the cell. Hence, this side reaction has to be suppressed. 

The Li2O on the right side of either Equation 6.1 or Equation 6.2 hints that a Li2O atmosphere can 

be created in a closed crucible to suppress these decomposition reactions. Even though some 

parts of LLZ:Ta decompose to La2Zr2O7, the high Li2O-pressure in the closed crucible can still help 

recovering the LLZ:Ta according to Equation 6.3. Therefore, a certain amount of LiOH powder was 

intentionally added in the crucible, which can release Li2O at 924°C (given by the chemical supplier 

Alfa Aesar). As a result, there were less decomposition products in the samples sintered in the 

Li2O-rich atmosphere (Figure 6.3a). LCO and LLZ:Ta retain the main phases. Within the garnet 

LLZ:Ta phase, only cubic phase is observed. This confirms the possibility to convert the tetragonal 

phase in the starting powder in to cubic phase by the reversible LHX. The photo in Figure 6.3b 

shows the color change from black to yellowish of the sample sintered in open air, while the 

sample sintered in Li2O atmosphere remains the black color, indicating no secondary phases 

formed due to decomposition.  

The compaction of the green tapes is a key step to obtain dense cathode after sintering and thus 

good electrochemical performance. The green tapes were densified by means of warm pressing 

at 80 °C by an applied mechanical pressure of 250 MPa and 500 MPa, respectively. The SEM 

images in Figure 6.4 show the microstructures of the fracture cross-section of the sintered 

composite cathodes that were warm-pressed with 250 MPa and 500 MPa prior to sintering. The 

tapes pressed by 250 MPa exhibit porous microstructures after sintering (Figure 6.4a-b). Although 

both LLZ:Ta and LCO formed their individual percolation networks for ions and electrons, the 

contact between these two components were insufficient, which could lead to impaired charge 

transfer in this cathode or rapid fracturing during cycling. In contrast, the tapes compacted at 500 

MPa are denser after sintering (Figure 6.4c-d), giving more contact areas between LCO and LLZ:Ta 

and thus more percolation paths for Li+ and electrons to reach the cathode active materials, which 

is important to the battery performance. 
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Figure 6.4 Cross-sectional BSE-SEM images of sintered LCO-LLZ:Ta composite cathodes that were compacted at 80 °C 

under a, b) 250 MPa and c, d) 500 MPa prior to the sintering. The sintering was performed at 1050 °C for 6 h. In these 

images, the dark and bright phases represent LCO and LLZ:Ta, respectively. 

 

The composite cathode compacted at 500 MPa and subsequently sintered at 1050 °C for 6 h was 

analyzed by EDS for its elemental distribution. As shown in Figure 6.5, Al was found in the sample. 

The mapping of Al is overlapped with the mapping of Co, and indicates the Al3+ diffusion in LCO. 

Since no Al was in the initial LLZ:Ta phase, the only possible Al-source was the alumina sintering 

substrate. The areas of the alumina substrate under the cathodes were found dark brownish, 

indicating the significant Al3+/Co3+ exchange. This Al3+-diffusion is not limited to the surface, but 

through the entire cathode, which is consistent with the observation by Park et al. in the co-

sintered LCO and Al-doped LLZO.[169] Beside the Al3+-diffusion, also a minor cross-diffusion of Co 

into LLZO and Zr/La into LCO was observed. Such minor cross-diffusion might take place in my 

composite cathode as well, as dots of Co appeared in the LLZ:Ta regions and dots of Zr/La in LCO 

regions. As no coherent layers were formed, it is estimated that the cross-diffusion of these 
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elements is not significantly impacting the electrochemical properties. Moreover, the BSE-SEM 

image showed clear phase boundaries between LCO and LLZ:Ta, and no secondary phase at the 

interfaces, indicating that the Co-diffusion from LCO into LLZ:Ta and the Zr/La-diffusion from 

LLZ:Ta into LCO were below the detection limit. On the other hand, spots of Al were also found in 

LLZ:Ta phase but with less density. Unlike extracting Al from Al-doped LLZO that leads to low-

conducting tetragonal garnet phase, the uptake of Al in the LLZ:Ta in my composite cathode might 

help to stabilize the high-conductive cubic garnet phase. Therefore, an improved electrochemical 

performance of this LCO-LLZ:Ta composite cathode can be expected. The LCO-LLZ:Ta cathode that 

was compacted under 500 MPa and sintered at 1050 °C for 6 h in the Li-rich atmosphere was 

further investigated in the full cell later. 

 

 

Figure 6.5 EDS measurement on the polished cross-section of LCO-LLZ:Ta composite cathode that was compacted at 

80 °C under 500 MPa and subsequently sintered at 1050 °C for 6 h. a) BSE-SEM image of the detected area. b-f) EDS 

mapping of the elements Co, Al, Ta, La, and Zr. g) the overall spectrum of the detected area. A Au layer was sputtered 

onto the sample to provide sufficient electronic conductivity and explains the Au signal seen in g). 
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6.2 Preparation and Electrochemical Stability of Modified Solid Polymer 

Membranes 

The LCO-LLZ:Ta composite cathode is prepared at a sintering temperature of 1050 °C, while the 

LLZ:AlTa separator requires a sintering temperature of 1175 °C to obtain high relative density 

(> 90%) (see Section 4.2). This large difference in processing temperature hinders the fabrication 

of cathodic half cells in one step, i.e. laminate the cathode tapes and separator tapes together for 

co-sintering. Therefore, these two ceramic components have to be prepared separately. When 

these two ceramic components are brought to contact, the rigid interface without chemical 

bonding raises large resistances for ionic transportation, and the cells composed of them will have 

low to no electrochemical performance. Therefore, the interface between the cathode and the 

separator needs modification. To establish a good contact at the interface, an interlayer 

consisting of the Li+-conductive SPE was employed. The flexibility of the SPE helps enlarging the 

contact area, thus providing sufficient pathways for ionic transport across the interface between 

the two ceramic components.[255] 

PEO is a popular SPE material in solid-state batteries.[256] Although its room-temperature 

conductivity is far below the required level, a slight increase of the operation temperature to 50-

60 °C ensures a good performance of the SSLBs equipped with PEO-based SPE. The main drawback 

of PEO is its narrow electrochemical stability window, leading to the incompatibility with 4V-

cathode materials such as LCO and NMC.[241] Yang et al. found that the oxidative limit of PEO 

comes from the terminal –OH group of the polymer chains, which starts oxidation at 4.05 V vs. 

Li/Li+, while the breakdown of the main chains occurs only over 4.3 V vs. Li/Li+.[187] This suggests 

that the modification on the terminal –OH group can prevent the undesired oxidation below 4.3 

V vs. Li/Li+, thus adapting the PEO for 4V-cathode materials. 

Lin et al. developed a strategy to modify the PEO chains by in-situ synthesis of SiO2 

nanoparticles.[191] TEOS is a typical Si-precursor for the sol-gel synthesis of SiO2 

nanoparticles.[257] As shown in Figure 6.6a, TEOS can undergo hydrolysis and condensation 

reactions in aqueous solution to form the SiOx networks. The reaction rate of hydrolysis and 

condensation and the resulting morphology of the SiOx networks can be controlled by adjusting 
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the pH value of the solution.[257] In the case of a pH 10.5-11, as in this work, the SiOx networks 

tend to assemble nanospheres.[191] At the surface of these SiOx nanospheres locate free -OH 

groups, which can adsorb PEO chains, preferably with the terminal -OH groups of the PEO chains, 

via hydrogen bonding.[192, 258] Upon drying, the dehydration could take place between the 

surficial –OH groups of SiOx nanoparticles and the terminal –OH groups of PEO chains, giving rise 

to the Si-O-C bonds, so that PEO chains are connected to SiOx nanospheres. In this way, the 

terminal –OH groups of PEO chains can be removed, and the oxidation stability of PEO can be 

improved. 

 

 

Figure 6.6 a) Scheme of the synthesis mechanism of the Si-PEO membrane. b) Digital photograph of the freestanding 

Si-PEO membranes (diameter: 12 mm). c) Electrochemical stability of the Si-PEO membrane determined by LSV 

comparing to the unmodified PEO membrane. 
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Figure 6.6b shows the freestanding Si-PEO membranes prepared according to Lin et al. [191] in 

this study. These membranes exhibit improved mechanical strength in comparison with 

unmodified PEO membranes perhaps due to the hydrogen bonding interaction between SiOx 

nanospheres and PEO chains[192]. The oxidation stability of the Si-PEO membranes were tested 

by means of LSV under the increasing potential with a constant rate of 0.1 mV s-1 (Figure 6.6c). 

The Si-PEO membrane was sandwiched between a gold WE and a Li metal CE/RE. The anodic 

response of Si-PEO occurred after 4.3 V vs. Li/Li+, which exactly corresponds to the oxidation of 

the ether oxygen in the PEO main chains. In comparison, the unmodified PEO membrane 

measured in the same testing set-up had an anodic response as early as 3.8-3.9 V vs. Li/Li+, which 

can be attributed to the oxidation of the terminal –OH group on the PEO chains. This means that 

the modification on the terminal of the PEO was successful, and the upper limit of the 

electrochemical stability window of the PEO-based SPE has been enlarged to 4.3 V vs. Li/Li+, which 

is suitable for the application in the SSLB with the prepared LCO-LLZ:Ta composite cathode. The 

ionic conductivity of the prepared Si-PEO was, however, not measurable, because the thickness 

of the Si-PEO membrane cannot be determined accurately during the measurement due to the 

pressure loading (10 N) in the Swagelok test cell. Nevertheless, according to Lin et al. and Wang 

et al., the SiOx nanospheres can reduce the crystallinity of the PEO segments and thus increase 

the ionic conductivity to about 1 mS cm-1 at 60 °C.[191, 192]  

 

6.3 Electrochemical Performance of Li|garnet|LiCoO2 Solid-State Lithium 

Batteries 

The garnet-supported LCO-based SSLB was assembled layer by layer. The freestanding garnet thin 

sheet LLZ-Ar fabricated by water-based tape-casting described in Chapter 4 was employed as the 

separator in the SSLB. After coating a thin Au layer on one side of the garnet separator, a metallic 

indium foil was brought onto it to act as anode. The purpose of using indium is to avoid lithium 

dendrite formation, especially for a high-capacity battery as discussed in Section 5.3. Afterwards, 

the prepared Si-PEO membrane was attached onto the other side of the garnet separator, 

followed by placing the sintered LCO-LLZ:Ta composited cathode on the top. Due to the strong 
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hydrogen bonding, the Si-PEO interlayer exhibited good adhesive ability so that the cathode and 

the separator were bonded tightly.  

The electrochemical performance of the SSLB was evaluated by galvanostatic cycling at 60 °C. The 

slightly increased temperature was required to obtain a good ionic conductivity of the Si-PEO 

interlayer. A formation cycle was conducted with a constant current density of 50 µA cm-2 

between 3.6 and 2.8 V vs. Li-In/Li+, i.e. 4.2 and 3.4 V vs. Li/Li+ (red curves in Figure 6.7a). The 

coulombic efficiency of the formation cycle was 61.6%, which could be attributed to the 

irreversible reaction involved in the Li-In alloy formation, as discussed in Section 5.3.  

 

 

Figure 6.7 Electrochemical performance of the Li-In|LLZ-Ar|Si-PEO|LCO-LLZ:Ta SSLB tested under the current density 

of 50 µA cm-2 at 60 °C: a) charge/discharge curves (the formation cycle is drawn in red); b) cycling performance (the 

formation cycle is labelled as Cycle 0).  

 

The cell was further cycled with a CC-CV process for charging and a CC process for discharging 

between 3.6 and 2.4 V vs. Li-In/Li+, i.e. 4.2 and 3.0 V vs. Li/Li+ (blue curves in Figure 6.7a). The CV 

process allows to charge more active materials and provide a higher capacity. The cell was 

charged to 3.6 V vs. Li-In/Li+ with a constant current density of 50 µA cm-2, and the voltage was 

held until the current density dropped to 5 µA cm-2. The theoretical areal capacity of the LCO-

LLZ:Ta composite cathode was calculated by its mass after sintering, since the LCO and LLZ:Ta has 

a weight ratio of 1:1 in this cathode. A typical LCO-loading in the prepared cathode was about 

25.5 mg cm-2, corresponding to 3.49 mAh cm-2 (The theoretical specific capacity of 137 mAh g-1, 
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corresponding to half of the Li removed from LiCoO2). The first charge reached a high areal 

capacity of 3.37 mAh cm-2, indicating a high utilization of the LCO up to 96%. The first discharge 

at 50 µA cm-2 delivered also high capacity over 3 mAh cm-2, and the 2nd discharge reached the 

highest capacity of 3.12 mAh cm-2, equal to 122 mAh g-1 and 89% LCO-utilization. The cell showed 

degradation in the following cycles, and the capacity dropped to 1.68 mAh cm-2 at the 11th 

discharge (Figure 6.7b). The average capacity decay was 5.1% per cycle. The coulombic 

efficiencies of all 11 cycles were over 90%, and most of them were around 94%. The ageing 

mechanism behind this degradation is still not clear, and thus needs further investigation.  

As discussed in Section 6.1, a degraded LCO-LLZO interface due to the thermal-treatment induced 

Al/Co cross-diffusion could be excluded in this composite cathode. This degradation mechanism 

proposed by Park et al. describes that the extraction of Al from LLZO leads to the disordering of 

cubic LLZO to tetragonal.[169] In my composite cathode, the LLZ:Ta itself has no Al, and the Al3+-

diffusion into LCO solely comes from the alumina substrate during sintering. Meanwhile no 

tetragonal LLZ:Ta phase was detected in the sintered cathode. In addition, the SSLB with this 

blocking interface had a specific capacity of only 35 mAh g-1 (entry 3 in Table 6.2),[169] while the 

SSLB demonstrated here exhibited a much higher specific capacity (122 mAh g-1). Even when 

Li3BO3 or Li2.3C0.7B0.3O3 was used as sintering additives to prevent the formation of such highly 

resistive interface, the maximum specific capacity reached was merely around 100 mAh g-1 due 

to the poor ionic conductivity of these additives (entries 1-8 in Table 6.2).[169, 170, 259-262] 

Alternative to prevent Al/Co cross-diffusion is to avoid the Al substitution in the garnet LLZ:Ta. As 

a result, the thermal-induced transformation of cubic LLZ:Ta into tetragonal phase is prevented, 

and high-conductive interfaces are obtained. Therefore, the use of Al-free LLZ:Ta demonstrated 

in this work enables the sintering without interfacial modification, and achieves the specific 

capacity as high as a thin-film SSLB[263] (129 mAh g-1, entry 11 in Table 6.2) while having more 

than 100-times higher LCO loading. 

Among bulk-type SSLBs (for instance > 1 mAh cm-2), the cell made by Tsai et al. via co-sintering 

LCO-LLZ:Ta also exhibited similar high specific capacity of 117 mAh g-1 (entry 13 in Table 6.2).[168] 

A capacity decay of 2.3% per cycle based on first 10 cycles was observed in their cells. They found 
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the formation of the micro-cracks due to the volume change of LCO during cycling, which they 

related to the degradation.[264]  

Another degradation mechanism is proposed by Ihrig et al. recently, that an electrochemically 

driven Al/Co cross-diffusion during cycling causes the formation of an amorphous secondary 

phase at the interface between LCO and LLZ:AlTa.[240] The as-sintered composite cathode 

fabricated by FAST/SPS did not show any Al/Co cross-diffusion, but Al was found in LCO after the 

electrochemical cycling. The capacity decay per cycle in the initial 5 cycles was 8.1%, 9.4% and 

13.5% for the cathode with areal capacities of 0.9, 1.2 and 3.8 mAh cm-2, respectively (entries 14 

and 15 in Table 6.2).[107, 240] Similarly, the cathode prepared by Rosen et al. using the same 

materials via conventional sintering also showed an average capacity decay of 10.8% per cycle in 

the initial 5 cycles with the areal capacity of 3 mAh cm-2 (entry 16 in Table 6.2),[265] which could 

have the same degradation mechanism. In contrary, the LCO-LLZ:Ta cathode developed in this 

work had an improved cycling stability with a lower capacity decay of 5.1% per cycle when the 

high capacity over 3 mAh cm-2 was achieved. Since no Al can be extracted from the LLZ:Ta phase 

in the cathode, this electrochemically driven degradation could be excluded. As there is in fact Al 

(diffused from alumina substrate) existing in the LCO phase of the cathode, the impact of Al on 

the battery performance requires further investigation. With this regard, additional experiments 

by sintering on different substrates can be done for a comparison to evaluate the effect of Al-

doping in LCO for the LCO/garnet-type cathodes.[266] 

Other degradation contribution could relate to the anode. As shown in Section 5.3, the coulombic 

efficiency of the LFP-based SSLBs with indium anode was 96-98%, while the one of SSLBs with Li 

anode was 99%. This means the irreversible reaction during the Li-In alloying brings 1-3% capacity 

loss. Moreover, the metallic indium has poor wettability at the surface of garnets, giving rise to 

large resistance.[244]  

The degradation could also relate to the decomposition of the Si-PEO interlayer. Although the LSV 

measurement shows the improved stability of this solid polymer membrane, it might still form 

certain cathode-electrolyte interfaces due to the continuous decomposition of the polymer and 

the lithium salt at the high voltage (> 4 V vs. Li/Li+),[267] which needs further investigation. The 

impedance of this polymer interlayer is hard to precisely distinguish from the impedance of the 
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cathode side by a simple EIS technique.[172] With this regard, advanced characterization 

methods and test set-ups are necessary to investigate the influence of Li-In alloying process on 

the electrochemical performance of the garnet-based SSLBs.[224, 268-270] 

 

Table 6.2 List of LCO cathodes for SSLBs with garnet separators and their test conditions 

Entry Cathode Composition 

LCO Loading 

[mg cm-2] 

Operation 

Temperature 

[°C] 

Current 

Density 

[µA cm-2] 

Areal 

Capacity 

[mAh cm-2] 

Specific 

Capacity 

[mAh g-1] Cycles Ref. 

1 LCO-Li3BO3 2.35 25 10 0.2 85 5 [259] 

2 LCO-Li3BO3-LLZO - r.t. 1 µA g-1 - 78 1 [260] 

3 LCO - 50 C/5 - 35 10 [169] 

4 LCO-Li3BO3 - 50 C/5 - 67.2 10 [169] 

5 LCO-Li3BO3-LLZ:Ta - 100 100 1.4 - 50 [271] 

6 LCO-Li3BO3-In2(1-x)Sn2xO3 2.96 r.t. 5 0.056 13.9 6 [261] 

7 LCO-Li3BO3-In2(1-x)Sn2xO3 1.9 r.t. 5 0.19 101.3 5 [262] 

8 LCO-Li2CO3-LLZO-Li2.3C0.7B0.3O3 1 100 

25 

5.75 

5.75 

0.106 

0.094 

106 

94 

40 

100 

[170] 

9 LCO - - 2 0.015 - 3 [272] 

10 LCO 1.52 r.t. 1 - - 20 [273] 

11 LCO 0.203 25 3.5 0.035 129 100 [263] 

12 LCO with Nb coating 0.12 r.t. 1-10 0.01 80 25 [254] 

13 LCO-LLZ:Ta 12.6 50 50 1.6 117 100 [168] 

14 LCO-LLZ:AlTa 16 80 50 1.2 75 5 [107] 

15 LCO-LLZ:AlTa - 

- 

80 

80 

50 

50 

0.9 

3.8 

- 

- 

60 

5 

[240] 

16 LCO-LLZ:AlTa - 80 25 2.8 - 20 [265] 

17 LCO-LLZ:AlTa 2 60 25 0.27 100 6 [274] 

18 LCO-LLZ:BiTa 4.38 60 12 0.54 124 3 [275] 

19 LCO-LLZ:AlTa 6 60 50 0.63 105 100 [264] 

20 LCO-LLZ:Ta 25.5 60 50 3.12 122 11 This 

work 

 

6.4 Summary 

In this chapter, a LCO-LLZ:Ta composited cathode was successfully fabricated by water-based 

tape-casting. An aqueous slurry formulation originally developed for garnet-based separators was 

adopted here to prepare the LCO-LLZ:Ta cathode tapes. The pre-densification pressure and 

sintering atmosphere were studied, and the optimized processing condition was first to densify 



6. LiCoO2/Garnet Composite Cathodes for Solid-State Lithium Battery 
 

89 
 

the tape at 500 MPa, and then to sinter it in a Li2O-rich atmosphere at 1050 °C for 6 h. The 

obtained cathode had no secondary phase produced by side reactions, and showed high relative 

density. To enable the use of this cathode in a garnet-supported SSLB, the ceramic separator and 

the ceramic cathode were bonded by a modified solid polymer membrane Si-PEO, which was 

prepared from TEOS and PEO in aqueous solution. The Si-PEO membrane exhibited enhanced 

electrochemical stability over 4 V vs. Li/Li+, and was thus compatible with the prepared cathode 

for the application in SSLBs. The assembled SSLB delivered a high areal capacity of 3.12 mAh cm-

2, corresponding to a specific capacity of 122 mAh g-1, at the current density of 50 µA cm-2. Due 

to the use of Al-free LLZ:Ta in the starting powder, any degradation related to either thermally 

induced or electrochemically driven Al/Co cross-diffusion was prevented. Hence, this SSLB 

exhibited better cycling stability (lower capacity decay) comparing to other bulk-type SSLBs with 

LCO-LLZ:AlTa cathodes. The coulombic efficiency with around 94% of this SSLB can be attributed 

to other degradation mechanisms, such as micro-cracks formation, the irreversible reaction in Li-

In alloying, and the decomposition of the Si-PEO membrane. 
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7 Conclusion and Outlook 

7.1 Conclusion 

This doctoral thesis demonstrated a sustainable fabrication route of garnet solid electrolyte 

separators and SSLBs thereof.  

A water-based tape-casting process using environmental friendly binders to fabricate thin free-

standing garnet solid electrolyte separators was successfully developed for the first time. After 

optimizing the slurry composition and sintering conditions, the obtained garnet solid electrolyte 

shows a promising total ionic conductivity of 0.15 mS cm-1 at room temperature and is 

(electro-)chemically stable against lithium metal. The garnet-based separator was employed in 

SSLBs with a separator-supported configuration. 

The interaction of garnets with water involved in this developed process was investigated by XRD 

and TG-MS. It is shown that the occurring Li+/H+-exchange reaction is completely reversible in this 

process and thus enables the formation of stoichiometric Ta- and Al-substituted LLZO with cubic 

phase. 

The cell concept of SSLBs with the separator-supported configuration using the aqueous tape-

cast garnet solid electrolyte was validated. The LFP/PEO composite cathode was also fabricated 

by water-based processing, avoiding the harmful organic solvents commonly used in the 

conventional production. The LFP:PEO volume ratio is crucial for the electrochemical 

performance of batteries. With sufficiently high PEO-loading, high-capacity composite cathodes 

show high Coulombic efficiency (> 99%) and high specific capacity (136 mAh g-1). The 

electrochemical performance of the “sustainable” cathodes is as high as of conventional cathodes. 

On the full cell level, the performance even exceeds its conventional counterpart as thinner 

LLZ:AlTa separators are realized and the energy density is increased. 

The water-based tape-casting process is successfully transferred for LCO/LLZ:Ta cathode 

manufacturing. The LCO/LLZ:Ta composite cathode is dense and phase pure after sintering. 

Although a half cell process requires further optimization, the composite cathode can be 

assembled into the full cell by attaching it to the separator with a SiOx-stabilized PEO membrane. 
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This membrane has enhanced electrochemical stability over 4 V vs. Li/Li+ as required for cathodes 

like LCO. The Li-In|garnet|Si-PEO|LCO/LLZ:Ta full cell is functional and provides one of the highest 

areal capacities observed for SSLBs (3.12 mAh cm-2) and is only exceeded by commercial liquid-

based cells. While their cycle stability is increased compared to other LCO/LLZO-based SSLBs, even 

higher cycle stabilities are essential.  

 

7.2 Outlook 

The focus of this work was to develop a water-based tape-casting process and enable the 

sustainable fabrication of garnet-based SSLBs. For this different SSLB set-ups were presented and 

their functionality were shown. The focus of upcoming work is now to analyze the obtained SSLBs, 

to understand the cycling degradation mechanisms in detail, and to find the solutions or measures 

that can improve the cycling stability. 

First of all, high-rate operation and prolonging cycle life still remains challenging, especially for 

the thin garnet separator. Further modification of garnet/Li-interface to achieve a higher 

applicable current density and better long-term cycling performance of the green batteries is 

required. Alternative anode materials such as indium and silicon are interesting to be investigated.  

Secondly, the Li-In alloy anode seems promising, but the irreversible reaction involved in the 

alloying process, especially for the initial cycles, prevents the stable cycling. In addition, its 

interfacial resistance at garnet surface also needs improvement. With this regard, future work 

can be focused on how to pre-lithiate the indium metal, and how to design and construct an 

interlayer between Li-In and garnet to reduce the interfacial resistance. 

Thirdly, the degradation mechanism is not yet clarified for the SSLB Li-In|garnet|Si-

PEO|LCO/LLZ:Ta. Post-mortem analysis should be conducted to figure out the failure causes, 

which will also help improving the battery design and fabrication in future. 

Last but not least, the utilization of water should not be limited in the fabrication stage as 

demonstrated in this work, but also other stages in the value chain of garnet-based batteries. At 

the beginning, garnet powder in nano- to submicron-sizes can be synthesized by aqueous sol-gel 
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process. Once strategies to prevent the Li+/H+ exchange are developed, garnet-based separators 

can thus be employed in aqueous Li-air batteries as future high-energy density storage systems. 

At the end of the battery life, the spontaneous Li+/H+ exchange could be used in future recycling 

strategies, as it could easily leach the Li from garnet materials in batteries properly designed and 

prepared for recycling. In this way, a sustainable life cycle for future batteries, from materials 

preparation over cell design and manufacturing all the way to end-of-life and recycling, can help 

to shape a greener future. 
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