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Abstract 

  Recently, the shortage of fossil sources, in particular crude oil, as well as environmental pollution 

generated by their combustion, inevitably increased a huge demand for renewable energy sources 

and storage systems. As a core component of mobile devices and electric vehicles, secondary 

batteries are expected not only to be low cost and safe, but also to possess excellent electrochemical 

properties including: high energy/power density and long cyclic stability. Although, in the long 

term, novel batteries, e.g., lithium-sulfur and lithium-air, seem to be promising candidates due to 

their superior specific capacity, lithium-ion/metal batteries are, and will, still be considered the 

main energy storage device for the next decade. Currently, commercial lithium-ion batteries using 

liquid electrolytes (e.g., LP30 (1 M LiPF6 dissolved in EC/DMC 1:1 by volume) with high ionic 

conductivity (~10 mS cm-1) at room temperature, exhibit a moderate capacity (150 Ah kg-1 or 

250Wh kg-1). However, such capacity still cannot satisfy the request for long range of electric 

vehicles. Severe crash and overcharge can trigger exothermic reaction and short circuit 

accompanied by a serious explosion. Moreover, the toxicity and leakage problems of liquid 

electrolytes also limit their further possibility of development in the future.  

Given safety issues of the liquid electrolyte based batteries, interest in all solid state battery is 

rapidly increasing. The high mechanical strength of the solid electrolyte can suppress the dendrite 

penetration. Therefore, metallic lithium can be applied for the anode, which is favorable for high 

volumetric capacity. Building solid state batteries with focus of high performance of the solid 

electrolytes is significant. The ideal solid electrolyte is desired to display high ionic conductivity, 

high electrochemical and chemical stability as well as a wide electrochemical stability window. 

According to their main component (sulfur, oxygen and carbon), solid electrolytes are categorized 

into three types, the sulfide-, oxide- and polymer- electrolyte. Although showing high ionic 

conductivities, toxic sulfide-type solid electrolytes are highly reactive towards electrodes and 

moisture. Thus, electrode- and electrolyte degradation occurs, as well as resistive interphase 

formation. In contrast, oxide- and polymer solid electrolytes display remarkable electrochemical 

stability against electrodes and chemical stability on air. Thus, the research should be concentrate 

on oxide- and polymer solid electrolyte with acceptable ionic conductivity and compatible 

electrolyte/electrode interface. Therefore, this thesis focuses mainly on lithium metal batteries 

using solid electrolytes and lithium anode. It aims to discover not only the suitable combinations 
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between electrode and electrolyte, but also assembly methods for safe batteries. In this thesis, the 

experimental discussion contains three sections: Firstly, the garnet oxide /polyethylene oxide 

composite solid electrolyte. Secondly, Li+ salt integrated crosslinking polymer/garnet oxide 

composite solid electrolyte and lastly, Fe-stabilized garnet/polymer hybrid solid electrolyte. Given 

high ionic conductivity, moderate rate capability and high cycling stability, these solid electrolytes 

exhibit a promising potential for practical application with improved safety in contrast to 

conventional lithium-ion batteries.  
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Zusammenfassung 

In jüngster Vergangenheit ist die Nachfrage nach erneuerbaren Energiequellen enorm 

angestiegen. Grund dafür ist zum einen der Mangel an fossilen Brennstoffen, insbesondere Erdöl, 

zum anderen der voranschreitende Klimawandel, der Großteils durch die Verbrennung dieser 

fossilen Brennstoffe und durch die einhergehende Umweltverschmutzung verursacht wird. 

Folglich wird vermehrt im mobilen Anwendungsbereich, beispielsweise bei Elektrogeräten und -

fahrzeugen, auf Nachhaltigkeit gesetzt. Es wird von den dort verwendeten Sekundärbatterien 

erwartet, dass sie nicht nur kostengünstig sind, sondern auch hervorragende elektrochemische 

Eigenschaften aufweisen, wie eine hohe Energie bzw. Leistungsdichte und eine lange 

Zyklenstabilität. Aktuelle Forschungen an Lithium-Schwefel- und Lithium-Luft-Batterien weisen 

zwar eine herausragende spezifische Kapazität auf, diese sind allerdings noch nicht auf dem 

Entwicklungsstand für die großtechnische Produktion im industriellen Maßstab angelangt. „State 

of the art“ sind momentan Lithium-Ionen und Metall-Batterien, die womöglich noch die nächsten 

Jahrzehnte am häufigsten zum Einsatz kommen werden. Gegenwärtig weisen kommerzielle 

Lithiumionenbatterien, die flüssige Elektrolyte beinhalten (z. B. LP30: 1 M LiPF6, gelöst in 

EC/DMC 1:1 Volumenanteil), eine hohe Ionenleitfähigkeit (~10 mS cm-1) bei Raumtemperatur 

und eine mäßige Kapazität (150 Ah kg-1 oder 250Wh kg-1) auf. Dieser Kapazitätsbereich kann 

beispielsweise kaum die Anforderungen langer Reichweiten bei Elektrofahrzeugen erfüllen. 

Zudem kann eine starke Beschädigung, die etwa durch einen Autounfall verursacht wird, oder 

aufgrund einer Überladung der Batterie, zu exothermen Reaktionen führen und dadurch einen 

Kurzschluss verursachen. Dies kann im schlimmsten Fall zu schwerwiegende Explosion führen. 

Zudem sind die Fortschritte in diesem Gebiet wegen der Toxizität des Elektrolyts und der Gefahr, 

die durch das Auslaufen des Elektrolyts besteht, stark limitiert. 

Angesichts dieser Sicherheitsbedenken bei Batterien auf der Basis von Flüssigelektrolyten 

nimmt das Interesse an allen Festkörperbatterien rasch zu. Aufgrund der hohen mechanischen 

Festigkeit des Feststoffelektrolyts kann die Dendritenpenetration reduziert werden. Dadurch kann 

metallisches Lithium für die Anode verwendet werden, was für Festkörperbatterien mit hohen 

Kapazitäten von großer Bedeutung ist. Der ideale Festelektrolyt soll eine hohe Ionenleitfähigkeit, 

eine hohe elektrochemische und chemische Stabilität, sowie ein breites elektrochemisches Fenster 

aufweisen. Gemäß ihren Hauptbestandteilen (Schwefel, Sauerstoff und Kohlenstoff) werden 
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Feststoffelektrolyte in drei Kategorien unterteilt: Sulfid-, Oxid- und Polymer-Typ. Obwohl die 

toxischen Sulfid-Feststoffelektrolyten hohe Ionenleitfähigkeiten zeigen, reagieren diese leicht mit 

den Elektroden und sind nicht feuchtigkeitsbeständig. Dadurch degradieren Elektroden und 

Elektrolyt leicht, wodurch hochohmsche Zwischenphasen gebildet werden. Im Gegensatz dazu 

zeigen oxidische und polymere Feststoffelektrolyte eine bemerkenswerte elektrochemische 

Stabilität gegenüber Elektroden und weisen chemische Stabilität an Luft auf. Deshalb sollte sich 

die Batterieforschung hauptsächlich auf Oxid-Feststoffelektrolyten und Polymer-

Feststoffelektrolyten mit hoher ionischer Leitfähigkeit und kompatiblen Elektrolyt-Elektroden-

Zwischenphase konzentrieren. Dementsprechend fokussiert sich diese Arbeit auf Lithium-Metall-

Batterien mit Feststoffelektrolyten und Lithium-Anoden. Das Ziel ist es dabei, nicht nur die 

geeignete Zusammensetzung zwischen Elektrode und Elektrolyt zu untersuchen, sondern auch ein 

Montageverfahren für sichere Batterien zu entwickeln. Diese Thesis wird dabei in drei Abschnitte 

untergliedert: Der erste Teil behandelt Granatoxid/Polyethylenoxid-Verbundfeststoffelektrolyt. 

Der nächste befasst sich mit vernetztem Polymer/Granatoxid-Verbundfeststoffelektrolyt mit 

integriertem Li+ Salz und der dritte mit einem Eisen-stabilisierten Granat/Polymer-Hybrid-

Feststoffelektrolyt. Angesichts hoher Ionenleitfähigkeit, moderater Belastungsfähigkeit und hoher 

Zyklenstabilität zeigen diese Feststoffelektrolyte ein hohes Entwicklungspotential für praktische 

Anwendungen mit einer verbesserten Sicherheit gegenüber konventionellen Lithium-Ionen-

Batterien. 
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Chapter 1 Introduction 

Since the initial commercialization of Li ion batteries (LIBs, e.g., LiCoO2||carbon) by Sony 

Energytec Inc. in June 1991, the demand for LIBs has been sustainably increasing due to the 

flourishing market of laptops, cellphones, cameras and especially electric vehicles (EVs) [1–4]. 

For instance, because of some serious global problems caused by fuel vehicles, such as: global 

warming (CO2 emission), air pollution (NOx emission), resource exhaustion (oil consumption) and 

geological damage (landslide), automobile electrolysis has already become a common view [5]. 

On the other hand, as a result of the improvement in standard of living, tens of millions of cars are 

sold every year, making the automotive industry a fundamental economic sector. Considering the 

environmental issues and economic growth, vehicle electrification is an acceptable solution; which 

puts automakers under pressure [6,7]. Figure 1.1 displays a clear roadmap of the electrification of 

powertrains of German car manufacturers based on the glorious future of the EVs [8,9]. The sales 

of EVs were growing at a compound annual growth rate of ~50% from 2010 to 2016 [10]. As 

displayed in Figure 1.2, it is predictable that the EV sales will exceed fuel cars sales in 2040 with 

this steady increase. Some governments have proposed the deadline for the sale of fuel vehicles, 

e.g., Norway (2025), Holland (2025), India (2030), California (2030), Germany (2040), France 

(2040), China (2040), Great Britain (2040) and Japan (2050). These deadlines are not legally 

enforced, but they imply the basic developing attitude and industrial ambition. In fact, the giant 

auto and novel automakers start to hold the technical patents and markets. With the technical 

development: sunlight, wind, tides, geothermal heat, biomass and nuclear power can be exploited 

as renewable energies for EVs. To make the best use of these sustainable energies, high efficiency 

and low-cost energy storage systems are crucial and mandatory. Although great achievements were 

obtained in the past two decades, only ~1% of the energy consumed worldwide was stored [11]. In 

order to satisfy the energy storage and supply for the EVs, more attention should be paid to the 

research on rechargeable batteries.  

Nowadays, the LIBs (for BEV) and fuel cells (for PHEV) are the main energy storage devices 

in the EVs. As for fuel cells, they convert the chemical energy of hydrogen/methanol and oxygen 

directly into electrical energy through an electrochemical reaction, which exhibits high conversion 

efficiency (95%) and low CO2 emission. However, it should be associated with an external circuit 

and power electronic interfacing to provide a stable power output. The low nominal voltage, high 
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Figure 1.1. The trend in the electrification of powertrains for Germany automakers. Data from Prof. 

Friedrich, Horst: 2016 international conference on advanced automotive technology. 

 

 
Figure 1.2. The annual EV sales in the world from 2010 to 2017, and predicted sales from 2017 to 2030. 

Data from EV-volume and Bloomberg New Energy Finance. 

current ripple, large occupied volume, expensive catalyst and high working temperature have 

limited further application of fuel cells [12–14]. Long-term interdisciplinary research is required 

to achieve economical fuel cells. Therefore, the following review is mainly focused on historical 

and current achievements of LIBs, lithium metal batteries (LMBs), solid electrolytes (SEs) and 

related (all) solid state battery (SSBs). 

Figure 1.3 displays the roadmap of commercial batteries towards to LMBs. As the lightest metal, 

metallic lithium as anode has the highest specific capacity (3860 mAh g-1 or 2061 mAh cm-3) and 

lowest electrochemical potential (-3.04 V vs. standard hydrogen electrode (SHE)). In 1912, G.N. 
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Lewis began pioneering work with lithium batteries, and then the first disposable LMB became 

commercially available by the early 1970s. Attempts to apply rechargeable LMBs failed because 

of the inherent instability of lithium metal and its dendrite growth during charge/discharge 

processes. As a result, the research had to switch to LIBs in the 1980s, which later became 

commercial in 1991. Despite lower energy density (if compared with LMBs), LIBs display 

typically double capacity of the nickel-cadmium batteries. Additionally, LIBs equipped with safe 

precautions require low-cost maintenance due to their slight self-discharge, no lithium memory as 

well as tiny harm during post-decommission disposal. Since the 1990s the market scale of the LIBs 

grew from 2 GWh in 2000 to 134 GWh in 2017, while the price obviously dropped from 600 JPY 

Wh-1 in 2001 to 25 JPY Wh-1 in 2017. Although the novel batteries like lithium-air and lithium-

sulfur have been ceaselessly proposed, the LIBs are still considered to be the main commercial 

batteries for the next decade (see Figure 1.4) [9,15].  

Figure 1.3. The different types of batteries in terms of volumetric and gravimetric energy density, ref. [16], 

copyright (2001). 

As a core component for mobile devices, the LIBs should possess enough electrochemical 

properties including: high energy density, high power density and long cycling life. They should 

also be of low-cost and safe. Currently, liquid electrolytes (LEs) used in LIBs are normally prepared 

by Li salt dissolved in organic solvents, which are intrinsically volatile, toxic and flammable. The 

organic LEs undergo oxidative decomposition above 4.2 V, which blocks the application of high-

voltage cathodes. The separators and LEs account for 40 vol.% and 25 wt.% in the full battery, 

reducing the corresponding specific capacity. The application of LEs can cause short-circuit and 
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terrible explosion due to overheating, overcharging and lithium dendrite, and here some accidents 

involving the LIBs are listed in Figure 1.5. Battery safety directly influences customers’ lives and 

their possessions. Given safety concerns encountered with LEs, SEs were proposed to eliminate 

the safety issues because of their intrinsic solid character [17]. Although now it is difficult to 

achieve highly conductive SEs which are comparable to the LEs, the commercial application of 

SSBs has been widely envisioned (see Figure 1.4). In order to face the unsolved problems, LMBs 

using SEs are mainly discussed in this thesis to broaden effective strategies for the eventual 

commercialization of SSBs in the near future. 

Figure 1.4. The developing trend for the LIBs with respect to the employed anode, electrolyte, and cathode 

materials, ref. [15], copyright (2018). 

Figure 1.5 Recent reports about the explosion accidents of the LIBs.  
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Chapter 2 Fundamentals 

2.1 Basic structure of cells 

  In general, an EV battery pack is composed of tens of electrochemical modules via parallel 

connection to offer nominal voltage (~300 V). The modules consist of certain numbers of cells (1.5 

V for cylindrical cell or 6 V for pouch cell) via parallel connection, series connection or series-

parallel connection. As shown in Figure 2.1, a cylindrical cell is composed of cathode and anode 

separated by an electronic insulated separator that either is immersive in a Li+ conductive organic 

solution (i.e., in LIBs), or simply contacts with a Li+ superionic conductor (i.e., in LMBs) [18]. 

Two electrodes possess different electrochemical potentials producing a certain potential difference 

(𝐸⦵). When they are connected via an external circuit, a generated electron flow transfers from the 

anode (negative electrode) to cathode (positive electrode). Spontaneously, positively charged ions 

migrate in the same direction within the cell to keep charge balance. Different from primary 

batteries, Li+ ions can transfer back from the cathode to the anode when applying an external 

potential in secondary batteries, which can be reversibly charged and discharged hundreds of times 

until they run out of service life. 

Figure 2.1. Structural illustration of the LIB and the solid state LMB, ref. [18], copyright (2017). 

To better understand the content of this thesis, some terms related to batteries are listed below: 

o Cathode: the positive electrode of the cell which accepts electrons from the external circuit 

during charge process (see typical cathode materials in Figure 2.2);  

o Anode: the negative electrode of the cell which donates electrons to the external circuit 

during charge process (see typical anode materials in Figure 2.2); 
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Figure 2.2. Cathode/anode materials and corresponding electrochemical performances, ref. [23], 

copyright (2013). 

o Electrolyte: a mixture containing single or multiple lithium salt(s) dispersed in an organic 

solvent or ionic conductor, displaying enough ionic conductivity but extremely low 

electronic conductivity. For instance, Li+ ion can hop from one site to another through 

Schottky- or Frenkel defects in Li+ superionic conductors, or they can migrate along 

amorphous pathways in polymer electrolytes at high temperature (HT); 

o Specific capacity (𝐶, mAh g-1): the charges per unit of mass of an active material. It can be 

calculated through 𝐶 =  𝐼𝑡/𝑚 , where I is the current applied, t is the time of 

charge/discharge, m is the mass of active material, respectively. The theoretical specific 

capacity is given by 𝐶 =  𝑛𝐹/𝑀, where n is the number of electrons transferred during the 

redox reaction, F is the Faraday constant (96485.3 C mol-1), M is the molar weight of the 

active material, respectively; 

o C-rate: a 1C rate means that a cell discharges (or charges) to a theoretical capacity in 1 h; 

by the same token, nC rate requires the discharge (or charge) time of 1/n h, which is usually 

used to represent current density (A g-1) during charge/discharge; 

o Carrier mobility: it is used to characterize the ion migration rate from one site to another 

through ionic conductors in the presence of an electric field. There is an analogous quantity 

with respect to the holes of solid crystals, called hole mobility in SEs; 
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o Ionic conductivity (𝜎, S cm-1): a coefficient that can characterize the ionic conductive 

property of material. It is influenced by the charge carrier concentration 𝑛 and the ionic 

mobility µ according to  𝜎 =  𝑛𝑧𝑒µ, where z is the number of electrons delivered per 

charge carrier and e is the charge of electron. On the other hand, the ionic conductivity σ is 

expressed as the inverse of resistivity (ρ), i.e., 𝜎 =  1/𝜌 = 𝑙/𝑅𝐴, where 𝑙, 𝐴 and 𝑅 are 

the electrode thickness (cm), electrode surface area (cm2) and resistance (Ω), respectively; 

o Diffusion coefficient (𝐷, cm2 s-1): based on Nernst-Einstein relationship, the diffusion 

coefficient is expressed as 𝐷 =  µ𝑘𝑇/𝑒𝑧 =  𝑘𝑇𝜎/𝑛(𝑒𝑧)2, where µ is the ionic mobility, 

and 𝑘 is the Boltzmann constant (1.380648 × 10-23 J K-1, which is equal to the gas constant 

(R = 8.31446 J⋅mol-1⋅K-1) ÷ Avogadro constant (NA = 6.02 × 1023 mol-1) , and T is the absolute 

temperature (𝑇, K); 

o Coulombic (Faradaic) efficiency: the ratio of charge to discharge/charge durations. It is 

primarily less than 100 % due to the charge loss in irreversible side reactions; 

o Activation energy (𝐸𝑎, eV (J mol-1)): ions require minimum energy for ion to jump out of 

potential well and hop from one position to another. Two transport models are used to 

quantify the activation energy as stated below: 

o Arrhenius model is most suitable for the first behavior of ion migration withth fixed crystal 

lattices, as shown in Eq. 2.1 and 2.2, where 𝜎0  is the pre-exponential factor, 𝑘  is 

Boltzmann constant, 𝐸𝑎 is the activation energy, σ is overall conductivity at a given 

absolute temperature (𝑇, K), respectively; 

𝜎 = 𝜎0 exp(− 𝐸𝑎 𝑘𝑇⁄ )      (𝐸𝑞.  2.1) 

ln( 𝜎) = ln( 𝜎0) − 𝐸𝑎 𝑘𝑇⁄     (𝐸𝑞.  2.2) 

o Vogel–Tammann–Fulchermodel (VTF) model is preferable for ion migration in host 

materials with free volume, e.g., polymer electrolytes. In Eq. 2.3, 𝜎0 is a pre-exponential 

factor related to the number of charge carriers, 𝑇0  is an idealized temperature 

corresponding to zero configuration entropy, which is normally 50 K lower than the glass 

transition temperature (𝑇𝑔) of the polymer matrix, 𝐸𝑎 is the activation energy related to 

polymer segmental motion, 𝑘  is Boltzmann constant, and 𝑇  is the given absolute 

temperature (𝑇, K). A factor of 𝑇−1/2 is often included in the pre-exponential constant 𝜎0 

in the VTF equation for entirely reproducible trends [19]. One issue that needs to be 



8 

 

addressed is that when inorganic fillers and Li salts are mixed in the polymer matrix, the 

𝑇𝑔 can increase, because the impeded chain movement results in the coordination of Li+ by 

ether oxygen and filler geometrical constraint [20]. On the contrary, the temperature can 

determine polymer segmental motion according to the free-volume model. This VTF model 

can separate the effects of carrier concentration and segmental motion on ionic conductivity 

at given 𝑇. 

𝜎 = 𝜎0𝑇−1/2 exp(− 𝐸𝑎 𝑘(𝑇 − 𝑇0⁄ )      (𝐸𝑞.  2.3)     

𝑙𝑜𝑔10(𝜎𝑇1/2) = 𝑙𝑜𝑔10 𝜎0 − 0.43(𝐸𝑎/(𝑘(𝑇 − 𝑇0))      (𝐸𝑞.  2.4) 

2.2 Thermodynamics and kinetics 

Gibbs free energy as the ''available energy'' in a redox system was proposed in the 1870’s by 

Josiah Willard Gibbs. Given that rechargeable batteries involve the reversible ion charge/discharge, 

the possibility of spontaneous reactions is calculated based on Gibbs free energy (𝐺, J) as stated in 

Eq. 2.8, which is the sum of its enthalpy (H, J), and entropy (S, J K-1) times the reaction temperature 

(T, K) of the system: 

𝐺 = 𝐻 − 𝑇𝑆        (𝐸𝑞.  2.8) 

  Spontaneous reactions are considered to be natural processes without any external action towards 

it, when the change of 𝐺 during reactions (𝛥𝐺) is negative. Otherwise, it is a nonspontaneous 

reaction, which needs supplies of extra energy. In a chemical reaction involving the changes in 

thermodynamic quantities, a variation of standard free energy is stated as follows (see Eq. 2.9): 

𝛥𝐺 = 𝛥𝐻 − 𝑇𝛥𝑆      (𝐸𝑞. 2.9) 

  In a rechargeable battery, the maximum energy (Emax) available for the spontaneous 

electrochemical reaction can be given as 𝛥𝐺 at RT and calculated by Nernst Equation (Eq. 2.10), 

where F is the Faraday constant, 𝐸𝑀𝐹
⊝

 is the standard potential difference, 𝐸𝑎𝑛𝑜𝑑𝑒
⊖  𝑎𝑛𝑑 𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒

⊖
 

are the standard potential at the anode and the cathode, respectively: 

𝐸𝑚𝑎𝑥 = 𝛥𝑟𝐺𝑚  = −𝑧𝐹𝐸𝑀𝐹
⊝ = −𝑧𝐹(𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒

⊖ −  𝐸𝑎𝑛𝑜𝑑𝑒
⊖ )       (𝐸𝑞. 2.10) 

𝛥𝐺𝑀𝐹
⊝ = −𝑧𝐹𝐸𝑀𝐹

⊖
    (𝐸𝑞. 2.11) 

when 𝐸𝑀𝐹
⊖

 is positive, the reaction is spontaneous. In fact, the 𝛥𝐺 under non-standard conditions 

can be described as 𝛥𝐺𝑀𝐹
⊝

 via 𝛥𝐺 = 𝛥𝐺𝑀𝐹
⊝ + 𝑅𝑇𝑙𝑛𝑄;  when redox reaction proceeds, cell 
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potential gradually decreases until the reaction reaches equilibrium, namely 𝛥𝐺 = 0 when the 

equilibrium constant 𝑄 = 𝐾𝑒𝑞 (𝑇 =  298 K): 

𝑙𝑜𝑔𝐾𝑒𝑞. = 𝑛𝐸𝑀𝐹
⊝

/0.0592V   (𝐸𝑞. 2.12) 

This conclusion fits Le Châtlier's Principle, when an equilibrium system changes, the system 

minimizes this change by shifting the equilibrium in the opposite direction. Herein when 

𝑙𝑜𝑔𝐾𝑒𝑞. > 0, 𝐸𝑀𝐹
⊝

> 0, it is a spontaneous reaction. In fact, the discharge (charge) voltage should 

be lower (higher) than the theoretical equilibrium voltage when the spontaneous currents go 

through the electrode. This is due to kinetic limitations of charge transfer including physical-, 

chemical- and electrochemical factors: the activation polarization of charge-transfer at 

electrode/electrolyte interface; the ohm polarization of the interface resistance of individual 

components; the concentration polarization of mass transport close to the interface. These 

limitations can strongly influence the ionic migration in bulk electrolyte and around the interfaces. 

To achieve high-performance rechargeable batteries, one must consider both thermodynamic and 

kinetic factors for ion transfer in full battery. 

2.3 Solid electrolytes for lithium metal batteries 

Figure 2.3. Ionic conductivity of various SEs as a function of temperature, ref. [21], copyright (2011). 
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In the last 200 years, the battery research was mainly focused on LE systems in terms of high 

ion conductivity. However, side reactions between electrode and organic LE can exacerbate solid 

electrolyte interphase (SEI) with growing resistance [22]. Furthermore, the uncontrolled growth of 

lithium dendrite using LEs can lead to short-circuit during charge/discharge, especially at low 

temperature and high C-rate. To finally solve this safety issue, SSBs using SEs are proposed due 

to the following advantages [23–25]: 

 high safety, SEs exhibit superior properties including high mechanical strength, no threat of 

dendrite penetration, non-flammable, non-corrosive, non-volatile and leakage-free; 

 high transport number, only Li+ ions are mobile in SEs (theoretically close to 1 in crystal 

SEs); 

 high energy density, a wide electrochemical window of the SEs allows the application of 

high-voltage cathodes and Li metal anode; a thin SE layer is enough to replace the traditional 

LE and separator, which account for nearly 40 vol.% and 25 wt.% of the battery; and stable 

SSBs can also reduce battery management devices; 

 high flexibility, especially for the polymer electrolyte; 

 high chemical stability, especially for the polymer- and oxide electrolytes. 

Therefore, replacing LEs with SEs can not only overcome the intrinsic problems of LEs, but also 

offer possibilities of new battery system development. Based on recent reports, crystal/glassy 

sulfide and crystal garnet oxide can provide high ionic conductivities (see Figure 2.3 and Table 

2.1). Nevertheless it is difficult to achieve the same order of magnitudes as LP30 (ionic 

conductivity of ~10-2 S cm-1 at RT), because of the poor interface contact in the SEs [25]. In general, 

the core issue of the SSB development lies in the low conductivity itself, and the secondary issue 

is the optimization of interface properties. 

Building SSBs with performance-oriented SEs is of great importance. To understand the 

background of the state-of-art SEs and their ion-transport mechanisms, a brief review will be 

presented here. In 1833, Michael Faraday found ionic conduction in the heated Ag2S and PbF2 [26]. 

Efforts to incorporate SEs, i.e., Na2O∙11Al2O3, Ag4KI and RbAgI4, into batteries can be traced to 

the 1960s [27,28]. In 1973, the discovery of ionic transport in a polymer material, e.g., polyethylene 

oxide (PEO), widened the material scope of SEs [29]. Currently, Bolloré in France, Sakti3 in the 

United States and Toyota in Japan hold many patents of the SSB technology, which represent the 
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three developing directions of the SEs: polymers, oxides and sulfides. In addition, Samsung in 

Korea focuses on the sulfide electrolyte system, and CATL in China is also developing polymer 

electrolyte system. Since the 1990s thin-film battery using Li3.3PO3.9N0.17 (LiPON) has been 

commercialized [28], methods like pulsed laser deposition, radio frequency magnetron sputtering 

and spark plasma sintering have been explored for the thin-film batteries. However, these high-

cost methods can only be applied in microelectronic devices, but not in large energy output [30–

32]. In contrast, the bulk-type SSBs with massive loading mass and high energy density are more 

appropriate for EV applications (see Figure 2.4). Therefore, bulk-type batteries using SEs are 

mainly discussed in this thesis.  

Figure 2.4. Schematic diagram of thin film battery (a) and bulk-type battery (b), refs. [27,33], copyright 

(2008/2015). 

2.3.1 Sulfide-type solid electrolytes 

  Among the SEs, sulfide-type SEs display relatively high conductivities of 10-4 ~ 10-2 S cm-1 at 

RT, e.g., Li10GeP2S12 displays higher conductivity than that of LP30, because the sulfur atoms 

possess large atomic radius and they are easy to be polarized [34]. For example, the conductivity 

of lithium phosphorus oxysulfide (LiPOS) is higher than that of LiPON [35]. Sulfide-type SEs are 

classified into four groups according to their chemical compositions, namely thiophosphates, halide 

thiophosphates, sulfide without phosphorus, and glassy sulfide electrolytes (see Figure 2.5). The 
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soft sulfide-type SEs are easily deformed, because their Young’s modulus is between the ceramics 

oxide and organic polymers, inducing their low grain-boundary resistance when applying high- 

pressure compressing [36]. Therefore, sulfide-type SEs are considered to be the competitive 

candidates to replace LEs, ultimately fabricating high-performance batteries [19]. 

Table 2.1. Comparison of various SEs for Li+ ion, ref. [25], copyright (2017). 

2.3.1.1 Glassy sulfide-type solid electrolytes 

  In 1981, B2S3-Li2S was firstly prepared via mechanical milling, and research into sulfide-type 

SEs started in 1986 with the Li2S–SiS2, and then glassy sulfide-type SEs (Li2S-B2S3-LiI, Li2S-P2S5-

LiI, Li2S-SiS2-LiI and Li2S-GeS2) were intensively studied [37,38]. Such sulfide-type SEs are 

isotropic ionic conductors, meaning no grain boundary resistance. Generally speaking, the ionic 

conductivity of glassy sulfide decreases with their crystallization, but the opposite trend was 

observed in the Li7P3S11, due to its highly conductive nanocrystalline phase. In addition, partial 

crystallization of glassy Li2S·P2S5 with heat-treatment at 200~300 °C can increase the conductivity 

to ~10-3 S cm-1 [39,40]. Glass-crystal SEs, xLi2S·(1-x)P2S5 with x = 0.7~0.8 has been extensively 
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considered an optimal structure for high conductivity, where Li+ prefers to migrate along zigzag 

routes in the open space between P2S7 ditetrahedra and slightly distorted PS4 tetrahedra in Li7P3S11 

[41]. Moreover, 75Li2S·25P2S5 displays a relatively higher moisture stability due to the PS4
3- ion. 

Figure 2.5. Reported ionic conductivities of SE materials at RT, including thiophosphates, halide 

thiophosphates, sulfides without phosphorus, and glassy sulfides, ref. [24], copyright (2017). 

2.3.1.2 Crystalline sulfide-type solid electrolytes 

In 2001, thio-LISICON (Li3.25Ge0.25P0.75S4) was first reported with extremely high ionic 

conductivity at RT [34]; then the next breakthrough was made on Li10GeP2S12 reported by Kamaya 

Noriaki et al. [21]. These two SEs are based on the concept of aliovalent substitution with the same 

chemical formula: Li4-xGe1-xPxS4, where x = 3/4 for thio-LISICON and x = 2/3 for LGPS. The 

aliovalent substitution can create vacancies or interstitials (ionic compensation), which serves as 

fast Li+ pathways [42]. First-principles study of the Li10GeP2S12 confirms that fast ionic conduction 

occurs in three dimensions (4×10-2 S cm-1 in the c-direction and 9×10-4 S cm-1 in the ab plane). In 

addition, body-centered cubic anion lattices in Li10GeP2S12 and Li7P3S11 are suitable for Li+ 

diffusion between interconnected tetrahedral sites [43,44]. Inspired by LGPS, abundant Si, Sn, Al 

and Zn were used to replace the expensive Ge and to enhance chemical moisture stability [45]. 

Moreover, crystalline halide thiophosphates (Li6PS5X, X = Cl, Br, I) exhibit high conductivities of 
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10-4~10-3 S cm-1 at 25 °C, and halogen doping can improve electrochemical stable window of 

sulfide SEs up to ~10 V vs. Li/Li+ [24,46,47]. 

2.3.1.3 Drawbacks of sulfide-type solid electrolytes 

Sulfide-type SEs have their own drawbacks, such as expensive raw materials (e.g. Ge and Li2S), 

poor thermal stability, high reactivity with moisture (generating toxic H2S gas) and lithium [31]. 

The electrochemical stability of electrolytes is important for long durability and high rate capability. 

Given the poor electrochemical stability, an artificial passivation layer is necessary for sulfide-type 

SEs. Therefore, some additives like Li2O, LiI, FeS, CaO and LixMO2 (M = Co, Ni, and Mn) were 

incorporated into Li2S·P2S5 to suppress the generation of H2S [48,49]. In the lab, high-cost Li alloy 

(e.g., Li-In and Li-Al) was used as a counter/reference electrode to restrain side reactions.  

The practical application of sulfide SEs was also limited by their narrow electrochemical 

window. Ge in LGPS can be reduced at a low potential of 0.6 V vs. Li/Li+ due to its narrow band 

gap [50]. Moreover, the SE decomposition and elemental migration can occur at the 

electrolyte/electrode interface, restricting the Li+ conduction [51]. The interface growth of Li7P3S11 

consisting of the Li2S and Li3P can obviously enlarge resistance during longtime cycling [52]. 

However, SEI layers formed with respect to Li7P3S11 and Li6PS5X (X = Cl, Br) are Li+ conductive 

but electron nonconductive, which can prevent further side reactions [53]. 

2.3.2 Oxide-type solid electrolytes 

  Lithium superionic conductor (LISICON)-structured Li4SiO4-Li3PO4, the sodium superionic 

conductor (NASICON)-structured Li1.3Al0.3Ti1.7PO4)3 (LATP), the garnet-structured Li7La3Zr2O12 

(LLZ), and the perovskite-structured Li3xLa2/3-2x□1/3-2xTiO3 (0<x<0.16) (LLT) are intensively 

studied as oxide-type electrolytes, displaying relatively low conductivities in the range of 10-6 ~10-

3 S cm-1 at RT. The Li+ migration mechanisms of oxide-type SEs are summarized in Figure 2.6, 

where Li+ ions have to overcome the local bottleneck which requires higher activation energy and 

favorable pathway in crystal lattice. Compared to sulfide-type SEs which must be handled in the 

glovebox, oxide-type SEs can be handled in the dry-air due to their higher stability, which makes 

it facile to prepare oxide-type SEs and to assemble SSBs. On the other hand, oxide-type SE 

powders need to be shaped into compressed pellets, for which high-temperature sintering is always 
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needed since that cold pressing is not enough to produce a close contact between the ceramic 

particles for favorable Li+ conduction. It is noteworthy that the intrinsically brittle and rigid pellets 

are still difficult to be integrated into full batteries. 

Figure 2.6. a) MD simulation of Li+ positions in Li3.5Si0.5P0.5O4 showing the cooperative interstitial 

mechanism: the migrating interstitial Li+ (green) displaces another Li+ (purple) toward a neighbour site, 

leading to further Li+ (blue) migration (PO4, red; SiO4, blue), ref. [54], copyright (2015). b) Schematic 

image of Li+ transport through the voids of LAGP based on space charge mechanism, ref. [55], copyright 

(2009). c) Schematic representation of scattering amplitude distribution in La2–O2 layer of La0.62Li0.16TiO3 

at RT, ref. [56], copyright (2006). d) Li sites and two predominant mechanisms of Li migration in garnet 

LLZ, ref. [57], copyright (2011). 

2.3.2.1 LISICON-type solid electrolytes 

  In 1978, the LISICON-type SE Li14Zn(GeO4)4 was reported with a conductivity of 0.13 S cm-1 

at 300 ℃ [58]. Then the same structure of Li4SiO4–γLi3PO4 with MO4-based tetrahedral (M = Si 

or P) units and Li–O polyhedra was considered a Li+ solid solvent. Whether there is a single solid-

solution phase or two distinct crystal phases in Li4SiO4–γLi3PO4 is still unclear [59]. High ionic 

conductivity is ascribed to numerous Li interstitials based on the cooperative interstitial mechanism 

(see Figure 2.6a) [54]. LISICON-type electrolytes can work at high temperature due to their high 
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thermal/chemical stability and near-zero vapor pressure [60]. However, the low ionic conductivity 

at RT (10-7 S cm-1) and poor stability with Li anode limit the further application [61]. 

2.3.2.2 NASICON-type solid electrolytes 

  In 1976, Goodenough et al. reported the NASICON-type Na1+xZr2P3-xSixO12 through partial 

substitution of P with Si in NaM2(PO4)3 structure (M = Ge, Ti or Zr) [62]. The typical NASICON 

framework consists of corner-sharing PO4 tetrahedra and MO6 octahedra. When Na+ located at 

interstitial sites were replaced by Li+, the NASICON structure turned into a Li+ conductor [58,63]. 

Due to the small ionic radius (0.53 Å), partial substitution of Ti with Al in LiTi2(PO4)3 and Ge in 

LiGe2(PO4)3 can produce Li1+xAlxTi2-x(PO4)3 (LATP) and Li1+xAlxGe2-x(PO4)3 (LAGP), 

respectively, both exhibiting higher conductivities than the original compounds at RT, e.g., 

6.21×10-4 S cm-1 for Li1.4Al0.4Ti1.6(PO4)3, while ~10-2 S cm-1 for Li1.5Al0.5Ge1.5(PO4)3 [64,65]. 

Because glass–ceramics SEs are heterogeneous polycrystals, space charge effect can occur at voids 

or gaps due to the large interface- and grain resistances, where local uncompensated charges can 

accumulate or deplete on a dielectric surface in a heterogeneous NASICON-type SE [66]. However, 

some undetermined controversy about the space-charge mechanism still exists. Analogous to the 

Li2O dielectric phase, AlPO4 can adsorb mobile Li+ ions and then desorb them at a specific 

temperature, thus improving ionic conductivity (see Figure 2.6b) [55]. However, Ti4+ in LATP is 

easy to be reduced by metallic Li, and high-cost Ge element in LAGP is also not economical [67]. 

2.3.2.3 Perovskite-type solid electrolytes 

  Perovskite-structure Li3xLa2/3-xTiO3 (LLT) was prepared with aliovalent substitution of Li+ and 

La3+. Such substitution results in more vacancies, allowing fast migration of Li+ based on the 

defect-type mechanism to achieve a high bulk ionic conductivity of ~10-3 S cm-1 at RT [64,68,69]. 

Perovskite-type SEs are composed of double subcells with La-rich (La ions and vacancies 

alternated along the c-axis) and La-deficient (only disordered vacancies along the c-axis) phases 

arranged alternately. As shown in Figure 2.6c, Li+ located on 2c, 2d and 4f sites of the La2–O2 layer 

can migrate along the 2c–4f–2c diffusion path (pink arrows) or 2c–2d–2c diffusion path (orange 

dashed arrows) [56]. Therefore, the ionic conductivity of perovskite-type SEs relies on the contents 

of Li, La and vacancies, since the cation size and bottleneck can directly determine the migration 

pathways. Additionally, optimal quenching process and sintering atmosphere can enhance 
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conductivity by decreasing the size of microdomains and interface resistance [61]. Similarly to 

LATP, Ti4+ in Li3xLa2/3-xTiO3 can be reduced into Ti3+ when directly contacting with metallic Li, 

generating an electron/ion conductive interphase and leading to short circuit. 

2.3.2.4 Garnet-type solid electrolytes 

  Since 2007, Ramaswamy et al. proposed the concept of garnet-type LLZ [70]. Excellent 

properties including high ionic conductivity, superior thermal and chemical stability are found in 

this Li stuffed SE, where the ‘stuffed’ means its relatively high Li content (7Li pfu) compared to 

other garnet materials (e. g., Li3La3M2O12 (M = Te, Nb) [71], Li5La3M2O12 (M = Nb, Ta) [57], 

Li5La3Sb2O12/Li6SrLa2Sb2O12 [72], Li6La2MTa2O12 (M = Sr, Ba) [73]). The increase of Li content 

in garnet structure from 3Li pfu to 7Li pfu can facilitate Li+ migration through low-energy 

pathways for high ionic conductivity [74,75]. 7.5Li pfu is the upper limit in the LixB2C3O12 garnet-

type SEs, and the optimal ionic conductivity is obtained at around 6.4Li pfu [75,76]. LLZ shows 

two crystalline phases: tetragonal (space group I41/acd) and cubic (space groups centric Ia3d̅ and 

acentric I4̅3d) [77–79]. Importantly, the cubic phase exhibits two orders of magnitude larger 

conductivity comparing to the tetragonal phase at RT, which was proved by both experiment results 

[70,80,81] and simulations [82,83]. This is because the cubic phase contains disordered tetrahedral 

and octahedral Li+ sites, and its high symmetry structure can increase vacancy content. In addition, 

self-diffusion of Li+ in LLZ solid phase is controlled by two factors: (1) the restriction imposed on 

occupied site-to-site interatomic separation; (2) the unstable residence of Li+ at the 24d site, which 

can induce neighbors Li reconfiguration to accommodate the initial movement (see Figure 2.6d) 

[82,83]. High mobility in octahedral sites is caused by static repulsion of the short Li–Li distance, 

rather than dynamic processes. Additionally, phase stability of the garnet-type SEs relies on an 

internal structural strain and Li+ content in the sublattice. They have a wide electrochemical 

stability windows (≥ 6 V vs. Li/Li+), and high stability against metallic Li [66,84]. It is also 

noteworthy that garnet-type SEs firstly react with H2O, and then possibly with CO2, which makes 

it better to handle the electrolytes in a superdry air to ensure the insulation from moisture.  

2.3.3 Polymer-based solid electrolytes 
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Figure 2.7. Schematic of the conduction mechanism in the PSEs: a) Li+ ion coordination, ref. [85], b) active 

polymers (e.g., PEO), ref. [86]. c) Li+ ion coordination, ref. [87]. d) inactive polymers (e.g., PVdF), ref. 

[88], copyright (2015). 

Polymer-based SEs (PSEs) are normally composed of Li salt(s) dissolved in polymer matrix. In 

1975, Wright et al. firstly found ion conduction in PEO-alkali metal salt complex [89]. Similarly 

to PEO, poly(acrylonitrile) (PAN), poly(vinyl chloride) (PVC), poly(vinylidene fluoride) (PVDF), 

poly(methylmethacrylate) (PMMA) and poly(vinylidene fluoride)-hexafluoropropylene (PVDF-

HFP) have been studied as PSE matrixes [90]. When considering the Li+ solvation, strong 

complexing coordination induced by oxygen atom is found in ether, carbonates, esters and ketones 

groups. Recent studies confirmed that Li+ prefers to coordinate with glycol ether, especially the 

one of suitable length showing a high ionic conductivity [91,92]. Due to the high donor number to 

trap Li+ ions, high dielectric constant and strong Li+ solvating ability, PEO is intensively studied 

as polymer electrolytes. The ionized salts are selected to bond polar groups of polymers, forming 

four to six coordination bonds with Li+ based on the Lewis-base theory. Therefore, mobile ions 

dissociate and hop along polymer segmental via the propelling dynamic motion in free volume 

space [85,93]. Additionally, ionic diffusion is much faster than the segmental relaxation, which 
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means that ionic conductivity is not associated with polymer segmental relaxation [94]. Although 

high conductivity found in some crystalline complex [86], most studies confirmed that ion transport 

occurs in the amorphous phase above Tg, because the crystalline regions can block ion migration 

[85]. The conduction mechanisms in the various PSEs are depicted in Figure 2.7. 

  In contrast to LEs and gel electrolytes, PSEs are stable below 80 °C. The major issue for PSEs 

is their low ionic conductivity (10-6 ~ 10-4 S cm-1 at elevated temperature), because PSEs cannot 

provide enough mobile Li+ and surface contact with the electrode. Direct casting PSEs on top of 

the electrode surface can increase the contact surface area, but it is difficult for the macromolecules 

to penetrate into the small pores of the electrodes. When the PSE films solidify during in situ 

casting via copolymerization or solvent-evaporation, the shrink force will separate electrode and 

current collector, resulting in a terrible interface contact. Therefore, how to improve sufficient 

contact is a challenge for SPE application. 

  To improve conductivity, some inorganic fillers are incorporated into PEO, forming a sort of 

amorphous matrix of Li salts, called composite solid electrolyte (CSE), which serves not only as a 

support for matrix to improve mechanical properties, but also restricts the recrystallization of 

polymer chains [95–98]. Different from dead Li+ fillers like SiO2 [99], TiO2 [100] and Al2O3 [101], 

active Li+ fillers, i.e., LLZ [102,103], LLT [68] and LATP [104], also involve conduction process 

and induce additional conductivity [105]. The synergistic effect of active fillers and polymer 

electrolytes can maximize their mechanical strengths and wettability to solve the inherent problems 

[106]. Recently, CSEs have been tremendously researched, and the optimal engineering of CSEs 

is attractive to high-performance SSBs.  

2.4 Limitations of the solid electrolytes 

  As mentioned above, all the SEs have their advantages and disadvantages (as summarized in 

Figure 2.8). For commercial application in the future, SEs should possess the following 

comprehensive properties [42]:  

 High ionic conductivity at RT with low polarization effects; 

 Low interfacial resistance with negligible electronic conductivity; 

 Wide electrochemical window above 5.0 V with high electrochemical stability; 

 Low thermal expansion coefficients and high chemical stability with electrodes, especially 

Li anode;  
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 Sufficient polarizable carriers and hosts;  

 Low cost, facile synthesis, and environmentally-friendly assembly. 

Figure 2.8. Performance of different solid electrolyte materials. Radar plots of the performance properties 

of oxide-type SEs (a), sulfide-type SEs (b), hydride-type SEs (c), halide-type SEs (d), thin-film electrolytes 

(e) and PSEs (f). ASR, area-specific resistance, ref. [25], copyright (2017). 

  Currently, CSE has been commercialized in the bulk-type battery. i.e., Bolloré Group in France, 

and SSBs just started to be commercialized, and some patience is still advised. Because CSEs are 

heterogeneous mixtures of solid phases, a modification by homogeneous or heterogeneous doping 

can improve their ionic conductivity [108]. The homogeneous doping involves uniform dissolution 

of a certain amount of aliovalent dopant in the bulk of the ionic conductor in order to increase the 

concentration of mobile Li+, according to bulk defect equilibrium; the heterogeneous doping 

involves mixing the second phase with limited solid solubility and the formation of defect 

concentration in the proximity of interfaces [109]. The deviations from the local electrical 

neutrality (space charges) are a consequence of point defect equilibrium at interfaces. Apart from 

the improvement of the electrical properties, the development of conductivity and ionic 

transference number can also be improved. The calculation of the conductivity of a two-phase 

mixture, e.g., an ionic conductor/matrix composite, requires the simplification of the distribution 
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topology, because there is a complex superposition of various transport pathways through both 

bulk and interfaces. 

Figure 2.9. Schematic diagram of four type resistances: bulk resistance (a), surface resistance (b), interface 

resistance (c) and grain boundary resistance (d), ref. [61], copyright (2016). 

In the space charge mechanism, ions can be trapped at the interface of ceramic SE, the counter 

ions are then accumulated in the adjacent space charge regions. Driving force is the chemical 

affinity of the second phase to the trapped ion, and the space charge layer is a natural extension of 

volume defect thermodynamics [107]. In the complementary percolation mechanism, two 

thresholds of filler exist in the CSE [108][109]: below the first threshold the space charge regions 

are isolated in the matrix and do not contribute to ionic conductivity enhancement effectively. The 

conductivity increases drastically with further increase in filler content, here it is the first threshold. 

After enlarging volume fractions of fillers, conduction paths are disrupted by the second phase, 

where the second threshold is achieved. 

Interfaces play an important role in ionic transportation of polyphase electrolytes. Interfaces can 

work as either transport pathways or barriers, given their modified core structure. As we know, the 

low ionic conductivity is the major obstacle for commercial applications of SEs. It originates from 

their poor wettability and high interface resistance with electrodes. In Figure 2.9, four types of 

resistances can be observed: bulk resistance, surface resistance, interface resistance and grain 

boundary resistance [65]. In detail, the bulk resistance is not a limiting factor of ion migration. 
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When exposed to air or moisture, side-reactions occur on the surface of sulfide-type and oxide-

type SEs [110]. The electrochemical reduction of Ti4+ to Ti3+ in LATP and LLT also occurs during 

contact with metallic lithium [111]. These side-reactions account for the formation of resistive 

surface and the increase of surface resistance. The interface resistance between SEs and electrodes 

is ascribed to the poor wettability and varied thermal expansion during longtime cycling, especially 

for crystalline materials [112]. It is notable that surface inhomogeneity can disturb the current 

distribution and accelerate the growth of Li dendrite [113]. Grain boundaries can greatly block ion 

migration especially in oxide-type SEs, resulting in a large grain boundary resistance, while the 

softer sulfide-type SEs display relatively higher ionic conductivity due to their deformability [23]. 

2.5 Content of the thesis 

  Despite massive efforts devoted to improving the SEs, some issues like low ionic conductivity 

still block their commercialization [61,94]. Therefore, further attempts to find the optimal SEs and 

battery configurations were performed and discussed in the thesis. 

  In the first part, garnet fillers are incorporated into PEO matrix as a sort of amorphous solvent. 

The synergistic effect associated with garnet and polymer electrolytes can maximize the 

mechanical strengths and wettability. An empirical equation is proposed to simulate the 

relationship between volume fraction and weight fraction, and 6.71 vol.% (37.50 wt.%) LLZ 

dispersed in PEO-LiClO4 matrix shows a great improvement in ionic conductivity (~1.56×10-4 S 

cm-1 at 45 °C), thermal stability (≥ 355 °C) and cycling reversibility (≥ 950 h). The results indicate 

that Li+ migration pathways rely on the LLZ fraction and amorphous phase in the CSE. A 

passivation layer formed between solid electrolyte and electrodes can reduce interface resistance 

and contribute to reversible Li storage and dendrite-free cycling. The CSE was also assembled with 

NCM cathode and Li anode for the SSB, delivering an intermediate capacity of ~120 mAh g-1 at 

C/25 and at 45 °C. 

In the second part, given the strong lithium solvation and coordination between Li+ and ether 

oxygen, PEO was widely utilized as the matrix of the CSEs; but ionic transfer is limited in the 

semicrystalline domains. Thus, a crosslinked glycol was constructed by Bisphenol A and glyme 

block polymer to substitute PEO matrix with improved amorphous content and free volume, which 

can provide sufficient Li+ pathways through the polymer, working as Li+ carriers and separators. 
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The crosslinked matrix has excellent contact and affinity with electrodes, exhibiting high chemical 

stability, high ionic conductivity, and superior electrochemical performance. 

In the third part, the cubic LLZ phase has high free energy due to short Li–Li distances, which 

can destabilize the cubic phase at RT. In order to achieve a stable cubic phase, a series of Fe2O3 

doped LLZs are prepared via solid-state reaction. The results confirm that Fe3+ doping can decrease 

the sintering temperature for the cubic phase and repress Li loss. The particle size of LLZ grains 

can suddenly grow above 1030 ℃. 0.16 Fe per formula unit (pfu) doping is the most suitable to 

stabilize the cubic phase during high-temperature (HT) sintering and to obtain high total ionic 

conductivity (1.99×10-5 S cm-1 at 45 °C). In combination with a soft PSE, the assembled SSBs 

demonstrated a sufficient wettability and a moderate specific capacity.  
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Chapter 3 Experimental method 

3.1 scanning electron microscope 

The scanning electron microscope (SEM) machine normally consists of three components: a 

vacuum system, an electron beam system, and an imaging system, as depicted in Figure 3.1. An 

SEM produces images by scanning the sample surface with a focused beam of electrons in a raster 

scan pattern. Then the primary electrons interact with specimen atoms, producing the secondary 

electrons ejected from the K-shell (< 50 eV) of the atoms close to the sample surface, with 

reflected/back-scattered electrons, characteristic X-rays and cathodoluminescence. Because the 

secondary electrons contain information about the sample's surface topography and composition, 

the beam's position combined with the detected signal is mostly used to produce a high-resolution 

image (less than 1 nm in size).  

Figure 3.1. Schematic setup of an SEM. Scanning Electron Microscope Mechanism. Open access under 

Aleia Kim, http:|aleiakim.com/. 

  When the electron beam hits the sample and transfers part of its energy to the atoms of the sample. 

This energy can be used by the electrons of the atoms to “jump” to an energy shell with higher 

energy or be knocked-off from the atom. The released characteristic X-rays has energy which is 

characteristic of the energy difference between these two shells. It depends on the atomic unique 

number, therefore X-rays are a “fingerprint” of each element and can be used to identify the type 

https://en.wikipedia.org/wiki/Nanometre
http://aleiakim.com/
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of elements in a sample. In this thesis, the morphology of samples was investigated by a Zeiss 

Supra 55 SEM and a Zeiss Merlin SEM. To determine the elemental distribution of samples, 

energy-dispersive X-ray spectroscopy (EDX) were taken with a Bruker XFlash (60 mm2) detector. 

3.2 X-ray powder diffraction 

  X-ray powder diffraction (XRD) is a rapid analytical technique for phase identification of a 

crystalline material with information about unit cell structure. The monochromatic X-rays are 

generated by a cathode ray tube, filtered to produce monochromatic radiation, collimated to 

concentrate, and directed toward the crystal, producing scattered beams loaded a detector, these 

beams make a diffraction pattern of spot rings; the strengths and angles of these beams are recorded, 

satisfying Bragg's Law (𝑛𝜆 = 2𝑑 𝑠𝑖𝑛 𝜃 , see Figure 3.2). This law relates the wavelength of 

electromagnetic radiation to the diffraction angle and lattice spacing in a crystalline sample. These 

detected diffracted X-rays are processed and calculated. By scanning the sample through a range 

of 2θ angles, all possible diffraction directions of the lattice should be attained due to the random 

orientation of the powder sample. Conversion of the diffraction peaks to 𝑑 -spacings allows 

identification of the crystal due to its unique d-spacing. 

Figure 3.2. Geometry for the interference of a wave scattered from two atoms. 

There are two major X-ray sources in this thesis. One is in-house X-ray powder diffractometer, 

which bombards a metal target (Mo Kα1 radiation (λ=0.70932 Å) or Co Kα radiation (λ=1.78896 

Å)) with high-energy electrons to generate X-rays; the other one is the usage of the synchrotron 

radiation X-ray (Petra III, DESY in Hamburg).  

3.3 Pair distribution function 
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  Bragg law can theoretically and experimentally reveal their microscopic arrangement in crystal 

materials. However, one prerequisite for Bragg law is the periodicity of the structure. When the 

particles are nanosized (only over a few nanometers) or amorphous, Bragg law is not available, 

and this can be explained by Scherrer equation (𝜏 = 𝐾𝜆/(𝛽𝑐𝑜𝑠𝜃), τ is the mean size of the ordered 

crystalline domains, K is a dimensionless shape factor, λ is the X-ray wavelength, β is the line 

broadening at half the maximum intensity (FWHM), θ is the Bragg angle). In contrast, the pair 

distribution function (PDF) is a powerful method that yields structural information at the nanoscale 

to determine all the atomic positions at the short, medium or long-range order of materials. The 

method can be applied to crystalline and amorphous solid material as well as to liquids. In the PDF 

analysis, XRD data is analyzed by the reduced structure factor, F(Q) = Q[S(Q)-1], and is converted 

by Fourier transform of the scattering intensity to a reduced pair distribution function according to 

Eq. 3.1 through a PDFgetx2 software [114]: 

             𝐺(𝑟) = 4𝜋𝑟[𝜌(𝑟) −  𝜌0] =
2

𝜋
∫ 𝑄[𝑆(𝑄) − 1]sin (𝑄𝑟)𝑑𝑄

∞

0
    (Eq. 3.1)  

where ρ(r) is the atomic pair density, ρ0 is the average atomic number density, r is the interatomic 

distance, S(Q) is the total scattering function and Q is the momentum transfer vector [115].  

Figure 3.3. The principle of the PDF: inter-atomic distances ri cause maxima in the PDF G(r). The area 

below the peaks corresponds to the number of neighbors, scaled by the scattering power of the respective 

atoms (sources: Bruker AXS GmbH). 

  Instrument dependent parameters, i.e., Qdamp and Qbroad, were determined by fitting the ex-situ 

PDF data of LaB6 standard. The PDF data were optimized to span a wide Q-range (~24 Å), as 
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required for quantitative analysis with high real-space resolution. Total X-ray scattering diffraction 

(T-XRD) data of the samples were collected at the beamline P02.2 PETRA III (DESY, Hamburg). 

A two-dimensional image of the T-XRD was subjected to geometrically corrected integration and 

reduced to one dimensional XRD patterns. In order to discuss detail local structure, PDF fitting 

analysis was performed via PDFgui software to get Gcalc (r) and to match the Gtrunc (r) [116]. 

3.3 Fourier-transform infrared spectroscopy 

  Fourier-transform infrared spectroscopy (FTIR) is an analytical technique used to identify 

functional groups via an infrared spectrum of absorption or emission from the sample. An infrared 

spectrum is commonly obtained by passing infrared radiation through the sample and determining 

what fraction of the incident radiation is absorbe with a particular energy. Different functional 

groups in a molecule can bend, stretch or wag at certain frequencies, the molecule will absorb the 

infrared radiation only if the frequency of the incident radiation matches the specific frequency of 

the functional group. Therefore, absorption bands in IR spectra enable to determine the present 

functional groups. In this work, a Bruker Tensor 27 Fourier transform infrared spectroscopy (FT-

IR) spectrometer was used to collect data from 4000 ~ 400 cm-1.  

3.4 Cyclic voltammetry 

Figure 3.4. (a) The electrode potential ramps linearly vs. time in cyclical states, (b) a typical cyclic 

voltammogram. 

  Cyclic voltammetry (CV) is a type of potentiodynamic electrochemical scan. It is generally used 

to investigate the electrochemical redox reaction of an electrode. The potential of the working 

electrode is measured against a reference electrode which maintains a constant potential, and the 

applied potential produces an excitation signal (oxidation or reduction current peaks). The cathodic 

current (ipc) can be estimated when the cathodic potential scan (epc) goes towards negative direction, 

where the reduction occurs (m + e- → m-). Figure 3.4 shows a typical reduction occurring from A 

to B where the potential scans positively, and a reverse oxidation from B to C where the potential 



28 

 

scans negatively. The slope of the excitation signal gives the scan rate. Linear sweep voltammetry 

is similar to the cyclic voltammetry technique, but the scanning on the electrode is not inverted 

afterward. It is often used to test the electrochemical stability windows of the electrodes. 

3.5 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is an experimental method of characterizing 

electrochemical systems excited by a small amplitude ac sinusoidal signal of potential over a range 

of frequencies (106~10-2 Hz). Since the amplitude of the excitation signal is small enough for the 

system in the (quasi-)equilibrium state, EIS method can effectively evaluate the capacitive behavior, 

charge transfer, and ion diffusion. The EIS data are normally expressed graphically in Bode plot 

or Nyquist plot (Figure 3.5), and actual EIS response can be modeled as a network of passive 

electrical circuit elements, namely equivalent circuit. Each element, i.e., Warburg impedance, 

constant phase element, resistor, and capacitor in the equivalent circuit should correspond to some 

specific electrochemical activity. 

  For example, resistance is often a significant factor in a cell, which depends on the ionic 

concentration, ion species, working temperature, and surface geometry. The total conductivity 𝜎𝑡 

was calculated based on the equation 𝜎𝑡 = 𝑙/𝐴 • 𝑅𝑡, where 𝑙, 𝐴 and 𝑅𝑡 are the average thickness 

(cm), surface area (cm2) and total resistance (Ω) of the electrode, respectively. 

Figure 3.5. EIS response of ac frequency in an electrochemists Bode and Nyquist diagram. 

3.6 Galvanostatic cycling 
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  The galvanostatic cycling technique is widely applied for energy storage characterization. In the 

galvanostatic mode, a controlled current density (A g-1) is applied between the working electrode 

and the counter electrode, and the generating potential between the working electrode and reference 

electrode is monitored. In a two-electrode system, the potential is measured across the full cell, 

which responds to contribution from the electrode/electrolyte interface and the electrode itself. 

Therefore, the electrochemical capacity behavior of the whole cell is under investigation. 

  In this thesis, all cells were built in an argon-filled glovebox (MB200, Mbraun GmbH) and aged 

for 2 h prior to measuring cells kept in a climate chamber (M53, Binder GmbH). All the 

electrochemical tests were performed utilizing a multichannel potentiostat system (VMP3, Bio-

Logic).  

3.7 Nuclear magnetic resonance 

  For nuclear magnetic resonance (NMR) measurements a sample is placed in a magnetic field 

while the nuclei of the sample absorb and re-emit electromagnetic radiation. This energy is at a 

specific resonance frequency which depends on the strength of the magnetic field and the magnetic 

properties of the atoms. All isotopes that contain an odd number of protons and/or neutrons have 

an intrinsic magnetic moment and angular momentum, while all nuclides with even numbers have 

total spin of zero. The most generally studied nuclei are 1H, 6Li and 13C with high-field NMR 

spectroscopy. 

  The relaxation describes signals deteriorate with time, that gradually becomes weaker and 

broader, suggesting that the NMR signal arises from the over-population of an excited state. In 

other words, relaxation describes how quickly spins "forget" the direction in which they are 

oriented. A set of basic pulsed field gradient (PFG)-NMR sequences are provided for active nuclei, 

along with their corresponding echo attenuations, the nuclear magnetic moment will align along 

the direction of this field. The usual way to conduct the diffusion experiment is to fix the durations 

and to vary the applied magnetic field gradients, so that the reduction of the NMR echo signal will 

be constant due to transverse and longitudinal relaxation processes. In this thesis, PFG-NMR 

spectra were measured on a Bruker Avance 300 MHz spectrometer equipped with a Diff 50 probe, 

which produces pulsed-field gradients up to 3000 G cm-1.  
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Chapter 4 Garnet-polymer composite solid electrolyte 

4.1 Introduction 

  Safety is a major concern for commercial batteries, because dendrite penetration, severe crash, 

and overcharge may trigger exothermic reactions which can cause fire or explosion. To improve 

the safety properties, solid electrolytes (SEs) and solid state batteries (SSBs) were proposed to 

replace the polymer separators/liquid electrolytes [117–120]. Moreover, SEs enable high-voltage 

cathodes, metallic lithium anode and series-packing, which enhance overall energy density 

[16,121]. With the number of studies growing rapidly, researchers have realized that the major 

challenge of SSBs is low ionic conductivity due to high interface resistance at room temperature 

(RT) [25,122]. In general, SEs fall into three categories according to the backbone elements: oxide, 

sulfide and polymer. Compared to highly reactive sulfide-based electrolytes, Li-rich garnet oxide 

Li7La3Zr2O12 (LLZ) is remarkably stable in contrast with a Li anode. Further garnet type 

electrolytes possess high bulk conductivity (~10-4 S cm-1 at RT), low cost (e.g., no Ge), wide 

potential window (> 5 V vs. Li/Li+) and superior thermal stability [123–126]. However, 

intrinsically brittle garnet pellets are difficult to integrate into full batteries [30,122,127,128]. 

Due to its high donor number to trap Li+ ions, high dielectric constant and strong Li+ solvating 

ability, PEO is also intensively studied to be used in polymer electrolytes, but polymer electrolytes 

are associated with some problems such as: low conductivities (10-6 ~10-8 S cm-1 at RT), low ionic 

transfer number (0.2 ~ 0.5), unwanted chemical reaction with electrodes, and poor mechanical 

strength that cannot impede dendrite penetration [129–131]. To solve these issues, active fillers 

were incorporated into the PEO matrix, and different from the inert fillers (i.e., TiO2, SiO2 and 

Al2O3), active fillers (i.e., super ion conductors) can not only improve mechanical stability, but 

also offer extra Li sources [95–98]. The interaction of PEO with the filler can also improve 

mechanical strength and wettability of Li anode [106]. Thus, the optimal engineering of composite 

solid electrolytes (CSEs) is an effective strategy that may lead to high-performance SSBs, but it 

lacks the study on the optimal thresholds based on percolation mechanism.  

  Herein, in order to find the correlations between ion migration and the composite phase in the 

CSEs, rigid-flexible CSEs with varying LLZ contents (0 ~ 64.24vol.%/93.75 wt.%) were prepared 

via the gel-casting method. X-ray powder diffraction (XRD), scanning electron microscopy (SEM), 



31 

 

cyclic voltammetry (CV) and lithium striping/plating cycling were used to characterize the CSE 

films. The motion of charge carriers in the amorphous phase was examined through 

electrochemical impedance spectroscopy (EIS) and pulsed-field gradient-nuclear magnetic 

resonance (PFG-NMR). A LiNi1/3Co1/3Mn1/3O2|CSE|Li full cell was assembled to evaluate cycling 

performance and resistance evaluation, and the information gained in this study is useful for further 

structural modification of lithium-metal batteries.  

4.2 Experimental section  

4.2.1 Preparation of the LLZ/PEO CSE film 

Figure 4.1. Preparation schematic of the CSE film via the gel-casting process. 

  Figure 4.1 depicts a typical gel-casting preparation, commercial LLZ powder (particle size: 

743±194 nm, NEI Corporation, phase purity shown in Figure 4.S1), PEO powder (Mw = 5×106, 

Sigma-Aldrich) and LiClO4 (purity ≥ 99.9 wt.%, Aldrich, (EO)/Li+ = 8 in molar) were stepwise 

added in Dimethylcarbonate (DMC, gel chromatography purity ≥ 99.0%, Merck KGaA) and stirred 

at 1200 rpm for 12 h at 80 ℃. After degassing, the gel was cast into a watch glass (ϕ70 mm). After 

evaporating the solvent, the films were dissolved in DMC again to repeat the casting process. The 

as-obtained CSE films were labeled LPx, x refers to LLZ content (wt.%) in the CSEs. For 

comparison, a pure PEO film without any additive was also prepared in the same process. 

4.2.2 Preparation of the LiNi1/3Co1/3Mn1/3O2 cathode 

  LiNi1/3Co1/3Mn1/3O2 (NCM) was prepared by a hydroxide co-precipitation method described by 

Hua et al. [132]. Firstly, a solution containing Ni, Co, Mn ions at a molar ratio of 1:1:1 was pumped 

into a reactor, and 4 M NaOH and 10 M NH3·H2O solutions were synchronously added to the 

reactor remaining at a stable pH value of around 11.5. The co-precipitation reaction was controlled 

at 52 ℃ under nitrogen atmosphere. The collected precipitate was washed and dried at 110 ℃ for 

12 h. The resultant powder was mixed with Li2CO3 and calcined at 850 ℃ for 12 h to obtain the 
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NCM material (phase purity shown in Figure 4.S2). Afterwards, homogeneous cathode slurry was 

prepared by mixing NCM powder, polyvinylidene difluoride (R6020/1001, Solvay), carbon black 

(Super-C65, Timcal Ltd.) and LLZ at a weight ratio of 8: 1: 0.8: 0.2. The slurry was coated on Al 

foil using a laboratory coater (Erichsen GmbH), following drying at 80 ℃ and cutting into ϕ12 mm 

disks. 

4.2.3 Electrochemical evaluation of the CSE film 

  A CSE film (ϕ12 mm) sandwiched between two stainless steel cylinders (SSs) was assembled 

into Swagelok® cells. The EIS tests were carried out for ionic conductivity over a frequency range 

of 10-1~106 Hz in sinus amplitude of 10 mV at the cooling- and heating process 

(55 °C→5 °C→55 °C). The impedance spectra were fitted using ZsimpWin software (Ametek. 

Inc.), and the total conductivity 𝜎𝑡 was calculated based on the equation 𝜎𝑡 = 𝑙/(𝐴 ∙ 𝑅𝑡), where 

𝑙, 𝐴 and 𝑅𝑡  are the average thickness (cm), electrode area (cm2) and total resistance (Ω) of the CSE 

film, respectively. Linear sweep voltammetry from 2.0 V vs. Li/Li+ was performed at a scan rate 

of 1 mV s-1 in Swagelok® cells (glassy carbon|CSE|Li) to determine the electrochemical stable 

window. Galvanostatic stripping/plating using Li symmetrical cells was also performed at current 

densities of 10 µA cm-2 for 10 h, 20 µA cm-2 for 5 h, 50 µA cm-2 for 2 h and 10 µA cm-2 for 5 h to 

investigate Li+ solubility in the CSE film. The cathode foil (ϕ12 mm), CSE film (ϕ16 mm) and Li 

foil (ϕ12 mm, Alfa Aesar) were assembled into a CR2032 cell under the pressure of 9.5 MPa, 

labeled PLPx, x refers to LLZ content (wt.%). All cells were built in an argon-filled glovebox 

(MB200, Mbraun GmbH) and aged in an oven at 80 ℃ to ensure cell parts were closely packed. 

Prior to measuring the cells kept in a climate chamber (M53, Binder GmbH) at the setting 

temperature for 30 min. Except for EIS measurement, the electrochemical tests were performed at 

45 °C utilizing a multichannel potentiostat (VMP3, Bio-Logic) at 2.5~4.3 V (vs. Li/Li+). For 

comparison of assembling method, as-prepared hybrid gel as stated in Section 4.2.1 was directly 

coated on the NCM foil and then assembled into a full cell, labeled CLPx. 

4.2.4 General characterization  

  X-ray diffraction (XRD) was carried out using an STOE STADI P X-ray powder diffractometer 

equipped with a Mythen1K detector, and Cu Kα1 radiation (λ=1.54056 Å) or Co Kα radiation 

(λ=1.78896 Å) to characterize the crystalline structure. In order to determine the distribution of 

garnet fillers embedded in the PEO matrix, CSE films were in advance polished for 9 h by a triple 
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ion-beam cutter system (EM TIC-3X, Leica-Microsystems) using argon as working gas to obtain 

a smooth cross section. The morphology of as-polished samples was investigated by a scanning 

electron microscope (SEM, Supra 55, Zeiss GmbH). To determine the elemental distribution in the 

CLP electrode, energy-dispersive X-ray spectroscopy (EDX) data was taken with a Bruker XFlash 

(60 mm2) detector combined with a Zeiss Merlin SEM. Thermogravimetry (TG) and differential 

scanning calorimetry (DSC) data were collected through an STA 449C Netzsch analyzer from 35 ℃ 

to 800 ℃ at a heating rate of 5 ℃ min-1 under argon flow (42 mL min-1). Raman measurement was 

performed with a Raman spectrometer (LabRam Evolution HR, HORIBA Jobin Yvon) using 632 

nm laser excitation with a power of 10 mW. 

PFG-NMR spectra were measured on a Bruker Avance 300 MHz spectrometer equipped with a 

Diff 50 probe, which produces pulsed-field gradients up to 3000 G cm-1. A stimulated-echo pulse 

sequence in combination with bipolar gradients was used to observe the echo damping as a function 

of gradient strength. The duration of the π/2 and π pulses varied from 27 ℃ to 57 ℃. Recycle delays 

in the range of 1~2.5 s were chosen on the basis of the T1 measurement results. All delay times 

during each PFG-NMR experiment were kept constant, whereas the gradient amplitude was varied 

to cause the signal decay, then the influence of relaxation on the echo decay was eliminated. The 

optimal values for the gradient duration 𝛿 and the diffusion time 𝛥 were determined to be 3~3.5 

and 100~150 ms, respectively. In total 16 points were acquired to form each diffusion decay, and 

each point was sampled with 64 scans.  

4.3 Results and discussion 

4.3.1 The relation of wt.% vs. vol.% 

Since Li+ ions prefer to go through the amorphous PEO phase, rather than crystalline phase alone 

[133,134], thus enough LLZ fillers dispersed in the PEO matrix can form sufficient long-range Li+ 

pathways via percolation effect. Generally speaking, the amount of LLZ fillers is dosed 

gravimetrically and expressed as mass ratio when discussing filler contents. This is because the 

mass ratio is easy to calculate by respective raw components. However, it lacks of direct correlation 

between certain properties of the CSEs and mass ratio of fillers. Weakly bonded Li+ ions creep 

along flexible polymer chains in the amorphous phase during cycling [135,136]. Therefore, ionic 

conductivities of physical blended CSEs should correlate with volume ratio of fillers [137]. In order 

to find the relationship between mass ratio (wt.%, 𝑅(𝑚.𝐿𝐿𝑍) ) and volume ratio (vol.%, 𝑅(𝑣.𝐿𝐿𝑍) ), 
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typical cross-sectional overviews of CSE films (LP6.25, LP37.5 and LP68.75) were shown in 

Figure 4.2, where the polymer phase appears dark, whereas the white areas correspond to the 

embedded LLZ fillers. The higher the LLZ content, the wider the distributtion of the filler, with 

neither voids nor gaps being observed around the fillers. 

Figure 4.2. SEM and corresponding high brightness of images of the CSE films: LP6.25 (a), LP37.50 (b) 

and LP68.75 (c), the insert images are the digital pictures. 

  In this study, a theoretical equation (𝐸𝑞
.𝑡ℎ

) based on the measured densities [138,139] (𝜌(𝑃𝐸𝑂)= 

1.29 g cm-3
 and 𝜌

(𝐿𝐿𝑍)
 = 5.43 g cm-3) was proposed: 

𝑅(𝑣.𝐿𝐿𝑍) =
𝑅(𝑚.𝐿𝐿𝑍) 𝜌

(𝐿𝐿𝑍)
⁄

𝑅(𝑚.𝐿𝐿𝑍) 𝜌
(𝐿𝐿𝑍)

⁄ + (1 − 𝑅
(𝑚.𝐿𝐿𝑍)

𝜌
(𝑃𝐸𝑂)

)⁄
=  

0.22𝑅(𝑚.𝐿𝐿𝑍)

0.93 − 0.71𝑅(𝑚.𝐿𝐿𝑍)

              𝐸𝑞
.𝑡ℎ

  

  Based on the analysis of the SEM images (see Figure 4.S3) via ImageJ software, area ratios of 

the fillers are ~0.84%, ~6.71% and ~20.81% for the LP6.25, LP37.50 and LP68.75, respectively. 

Analogous to liquid mixation, inorganic fillers blending polymer matrix gives a reduced total 

volume compared to the mathematical sum of each volume. In theory, a single CSE film can be 

divided into infinite cross-sectional layers. Area ratio in each infinitely thin layer can be simplified 

to be equal to the volume ratio of the LLZ (𝑅(𝑣.𝐿𝐿𝑍)) because the filler size is far smaller than the 

total thickness of the CSE film. Combined with negative inverse proportional function 𝐸𝑞
.𝑡ℎ

 and 

ImageJ analysis, an empirical equation (𝐸𝑞
.𝑒𝑚

) is proposed to describe the actual relationship 

between 𝑅(𝑚.𝐿𝐿𝑍) and 𝑅(𝑣.𝐿𝐿𝑍). Figure 4.3 depicts function equation curves of Eq.th and Eq.em, here 

one can observe that the 𝑅(𝑚.𝐿𝐿𝑍) from Eq.th is much closer to the 𝑅(𝑣.𝐿𝐿𝑍) from Eq.em. The blue pots 

(area ratios of the LLZ fillers) obtained from analysis of crosssectional images agree well with the 

q.th curve, which confirms a good fitting result, and it is surprising that the majority of 𝑅(𝑣.𝐿𝐿𝑍) 

constitutes less than 26.50 vol.% (corresponding to 81.25 wt.%). 

𝑅(𝑣.𝐿𝐿𝑍) =
0.22𝑅(𝑚.𝐿𝐿𝑍)

1.83 − 1.62𝑅(𝑚.𝐿𝐿𝑍)

           𝐸𝑞
.𝑒𝑚
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Figure 4.3. The relationship between mass ratio (wt.%, 𝑅(𝑚.𝐿𝐿𝑍) ) and volume ratio (vol.%, 𝑅(𝑣.𝐿𝐿𝑍) ), 

expressed by the theorical equation (𝐸𝑞.𝑡ℎ) and the empirical equation (𝐸𝑞.𝑒𝑚). 

4.3.2 Ionic migration 

Figure 4.4. (a) Conductivities of the CSEs at varying LLZ mass ratios (wt.%,) and testing temperatures. 

Each data point is an average of at least three battery cells with very small deviations to ensure 

reproducibility; (b) Ionic conductivity of the LP37.50 as a function of LLZ contents at 45 ℃ and related 
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reports: Zhang et al. LLZTa content range of 5~25 vol.%, optimal value = 12.7 vol.% [119]; Choi et al. 

LLZ content range of 42.5~82.5 wt.%, optimal value = 52.5 wt.% [95]; Buvana et al. LLBaTa content range 

of 5~30 wt.%, optimal value = 20 wt.% [140]; Yang et al. LLZ content range of 0~15 wt.%, optimal value 

= 5 wt.% [141]; Zhang et al. LLZTa content range of 0~40 wt.%, optimal value = 10 wt.% [103]; (c) 

Activation energy of the CSE films at varying LLZ contents (vol.%). 

  Ion conductivity is the most fundamental quality of electrolyte materials, and EIS is a powerful 

technique of its evaluation. Based on data analysis and previous reports, three equivalent circuits 

are proposed for data fitting (see Figure 4.S4) [106,133–135,142]. Ionic conductivities as a function 

of 𝑅(𝑣.𝐿𝐿𝑍) obtained from 𝐸𝑞
.𝑒𝑚

 and 𝑅(𝑚.𝐿𝐿𝑍) are depicted in Figure 4.4a. At the same LLZ content, 

ion transfer can be thermally activated by elevated temperature, and transient mobility can be 

enhanced by enlarging free volume of the polymer matrix. Thus, higher ionic conductivity can be 

achieved at elevated temperature. At same temperature the high conductivity is achieved at the 

medium mass ratio of LLZ fillers. In Figure 4.4b, ionic conductivities of the CSEs is mostly higher 

than during the inverse heating process from 55 ℃ to 5 ℃, except the LLZ contents of 6.71~8.5 

2vol.% (or 37.5~43.75 wt.%, marked by black rectangle, see). This is associated with the 

recrystallization process of polymer matrix over a wide time scale, which is also related to the 

thermal history and the free volume of the matrix [141,143]. Similarly to previous reports on 

polymer electrolyte, the PL0.00 delivers a low ionic conductivity of 5.87×10-6 S cm-1 [80,144]. For 

reference, reported optimal filler contents (mostly expressed as weight percentage) for conductivity 

are summarized in Figure 4.4b, suggesting that the proper LLZ contents are mainly located at ~10 

wt.% and ~50 wt.%, and the maximum conductivity of the CSE films is achieved at the LP37.50 

(6.71 vol.%) in this study. The result indicates that the proper combination of the polymer matrix 

and garnet fillers synergistically enhances the total conductivities, but massive LLZ fillers lead to 

a dramatic drop in the conductivity. 

Not only available energy for ion migration, but also the temperature is crucial to determine 

segmental motion and ionic conductivity, the energy barrier of Li+ diffusion below Tg (~60 ℃) 

normally follows Arrhenius law : 𝜎 = 𝜎0 exp(− 𝐸𝑎 𝑅𝑇⁄ )  rather than Vogel-Fulcher-Tammann 

(VFT) law, where σ is ionic conductivity (S cm-1), σ0 is pre-exponential constant related to charge 

carriers, R is gas constant (8.31446 J⋅mol-1⋅K-1) and T is testing temperature (K) [145,146]. Figure 

S4.5 depicts the ionic conductivities (ln𝜎) of the CSE films as functions of temperature (1000/T) 

and LLZ content (vol.%). In the cooling process, the calculated 𝐸𝑎decreases from 0.71 eV (LP0.00) 

to 0.62 eV (LP6.25), then further incorporation of LLZ leads to lower 𝐸𝑎values (i.e., 0.56 eV for 
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LP37.50 and 0.48 eV for LP68.75), as shown in Figure 4.4c. This indicates that Li+ ions overcome 

migration barrier easily, with moderate content LLZ added. 

  Herein, the LLZ filler with moderate content can effectively enhance the conductivity. Based on 

𝜎 =  ∑ 𝑛𝑖𝑧𝑖 𝑢𝑖, where 𝑛𝑖 is number of free charged species, 𝑧𝑖 is number of ion charges (𝑧 = 𝑞/𝑒, q 

is electric charge, and e is elementary charge (1.6021766208(98)×10-19 C)), and 𝑢𝑖 is ion mobility 

(𝑢 = 𝑒𝑧/(6𝜋𝜂𝑟),e is elementary charge, z is number of ion charge, η is the viscosity, and r is ion 

radius), the ionic conducticivity is directly proportional to the concentration of charged species and 

their mobility. In this study, ionic conducticivity depends on the active Li+ concentration, Li+ 

mobility and Li+ transport pathway. In order to determine the reasons behind these factors, some 

experiments with in-depth discussion were employed in this study: 

4.3.2.1 Li+ concentration 

Figure 4.5. XRD patterns (Co Kα) of the pure PEO and CSE films with varying LLZ contents. 

  Among Li salts, LiClO4 has good conductivity and electrochemical stability in the PEO-based 

electrolyte, and Li+ ions prefer to dissolve in the amorphous phase based on Li+ complexing 

coordination [147], so that amorphous content in the CSE can determine active Li+ concentration. 

Therefore, amorphous phase evolution of the CSEs with varied LLZ contents was detected by XRD 

measurement at RT. In Figure 4.5, the pure PEO film displays four peaks, which is ascribed to the 

partial reorganization of polymer chains into crystal grains during the casting process. With more 
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LLZ fillers added, PEO peak intensity located at 2θ = 22.1°~27.5° gradually decreases, and 

characteristic peaks of the LLZ fall to appear in the XRD pattern. In detail, the low content LLZ 

fillers (≤ 6.71 vol.%/37.50 wt.%) can serve as nucleators to facilitate heterogeneous nucleation and 

form small crystal grains. In the moderate LLZ contents (8.52 ~ 16.64 vol.%/43.75 ~ 62.50 wt.%), 

the added fillers can limit reorganization of polymer chain and produce maximum amorphous 

region, evidenced by the disappearance of the PEO peaks and decrease in melting enthalpy, which 

is confirmed by DSC analysis (see Figure S4.6). The XRD patterns of CSEs with high LLZ contents 

(≥ 20.86 vol.%/68.75 wt.%) mainly display typical LLZ peaks (i.e., at 2θ = 19.2°, 22.3°, 29.7° and 

31.8°), and large LLZ particles can block Li+ transport channels within the polymer. Therefore, 

whne blending with the moderate LLZ fillers, polymer chains can rearrange themselves 

disorderedly and solidify radially around fillers with high amorphous status, indicating a high 

dissolubility for Li+. It is well known that fillers can reduce the crystallinity of PEO. Furthermore, 

the fillers containing Li can be an additional Li+ source participating in conduction, and the 

decomposed LLZ can enlarge Li+ concentration, which can improve the ionic conductivity 

compared to the inert organic filler like Al2O3 (see Figure S4.7) [140,148–150]. However, the 

excessive LLZ fillers are diluted and separated by PEO result in much lower ionic conductivity, 

because massive LLZ fillers confine the motion of the Li salts owing to the high interface 

resistance. 

4.3.2.2 Li+ mobility 

PFG-NMR diffusion experiments provide reliable information on the long-range transport of the 

Li+ ions (the distance of ions path at RT is ca. 0.5 mm). In this work, we measured diffusion-caused 

damping of the signal intensity as a function of temperature in the range of 300~340 K with a step 

of 10 K (see Figure 4.6). The decays obeyed single Gaussian behavior at each temperature and a 

single diffusion coefficient (D) was obtained with the Stejskal-Tanner equation. With the increase 

of the LLZ fraction to 28.86 vol.% (68.75 wt.%), the 7Li relaxation times increased in the CSE, 

which suggests a slowdown of Li+ motion. Figure 4.7 depicts the changes of the Li+ diffusion 

coefficient as a function of 1000/T showed non-Arrhenius nature at 330 K the slope altered. The 

LP6.25 and LP37.50 display high Li+ diffusion coefficients, compared to that of the LP68.75. This 

fact indicates the enhancement of the polymer dynamics which facilitates movements of the Li+ in 

the matrix. The operating temperature of the battery is close to the room temperature, thus we only 

considered an initial slope to define activation energy of the conductive dynamics. Figure 4.7 
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displays experimental diffusion data along with fitting according to the Arrhenius law: 𝐷 =  𝐷0 ∙

exp (−𝐸𝑎/(𝑘𝑏𝑇). As it can be seen from the figure, 6.25% and 37.5% samples perform equally at 

the given temperature range, resulting in the low 𝐸𝑎 , whereas 68.75% possesses much slower 

mobility with higher energy barrier.  

Figure 4.6. PFG-NMR result: Echo damping vs. gradient strengths of the LP6.25 (a), LP37.5 (b) and 

LP68.75 (c), and corresponding schematic illustration of Li+ coordination and migration in the CSEs (d~f). 

  To summarize the variation of Li+ diffusion, Figure 4.6d~f depicts the schematic illustrations of 

Li+ coordination and migration in the CSEs. In the low LLZ contents (≤ 2.69 vol.%/18.75 wt.%), 

the CSEs behave like a polymer electrolyte modified by LLZ; and mobile Li+ ions from LiClO4 or 

decomposed LLZ are transiently coordinated to four ether-oxygen as Lewis bases, and Li+ transport 

occurs when initial coordination link breaks and the new one forms [135,136]. However, some 

mobile Li+ are blocked by crystalline grains (see Figure 4.6d) [88]. In the moderate LLZ contents 

(3.84~16.64 vol.%/25.00~62.50 wt.%), amorphous PEO phase reaches the maximum status, 

evidenced by disappearance of reflection peaks, where mobile Li+ are easily dissolved in the CSE 

to enrich charge carriers, and the long-range Li+ pathways can form along polymer chains, leading 

to a high ionic conductivity (see Figure 4.6e) [119,134]. When LLZ content is above 20.86 vol.% 

or 68.75 wt.%, their slower mobility is due to the excessive LLZ fillers blocking Li+ transport 

channels within the polymer, Li+ ions can go through the interior LLZ, but large interface resistance 

between LLZ fillers can hinder Li+ transfer (see Figure 4.6f) [106,135].  
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Figure 4.7. temperature-dependent Li diffusion coefficient (DLi) of the CSEs and corresponding calculated 

activation energy. 

4.3.2.3 Li+ pathway 

Figure 4.8. Schematic illustration of Li+ pathways within the CSE: LLZ−PEO (Li salt))−ionic liquid based 

on reports and this work. 

Direct tracing of the Li+ footprint in the SE is still a challenge. M. Keller et al. [133] studied the 

EIS results of the LLZ/P(EO)15LiTFSI on the cooling process, and believed that Li+ cannot transfer 

through the grain boundary resistance between LLZ and PEO as well as among LLZ particles (see 

Figure 4.8A). Thus, Li+ prefers to go through PEO matrix, otherwise Li+ ions are most likely 

trapped at the LLZ surface in a form of LiOH and Li2CO3. Y. Hu’s group developed the high-

resolution NMR method using 6Li→7Li isotope replacement strategy to determine the Li+ 

migration trace. NMR results show that Li+ prefers to go through LLZ percolation network (≥ 

50wt.%) with as few PEO phases as possible (see Figure 4.8B) [106]. When using LLZ electro-

spun fiber (~5wt.%), Li+ prefers to go along LLZ/PEO interphase (see Figure 4.8C) [141]. 

Therefore, the preferable Li pathway in the CSE depends on the filler content and morphology, and 

this can further correlate to the change of amorphous fraction. 
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In this case, the CSEs with the small size of the LLZ particles contribute to the formation of 

continuous amorphous polymer phase. Additionally, the particle interface itself is a disordered 

region, where the migration energy is generally low, leading to enhanced ionic transport within the 

interface (grain boundary diffusion). In the complementary percolation model, two critical filler 

fractions can be found in the ionic conductor/matrix composites [107]. At the first critical LLZ 

fraction (it depends on the polymer molecular, Li salts and garnet topography), the system will 

change from polymer electrolyte to CSE; and the concentration of active Li ions rises with 

increasing LLZ content. The second critical LLZ fraction is reached when the fillers disrupt the 

conduction paths of the second phase. Based on the previous results on increasing LLZ amount to 

a critical point (around 6.71 vol.%/37.50 wt.%), it is the amorphous LLZ/PEO interphase rather 

than LLZ particles that form a percolated network (see Figure 4.8D). The highest ionic conductivity 

achieved at the LP37.50 can be attributed to three factors: 1) the active LLZ fillers enrich mobile 

Li+; 2) the enlarged amorphous phase improves carrier solubility and mobility; 3) long-range 

pathways form along LLZ/PEO interphase based on percolation effect.  

4.3.3 Electrochemical performance 

Figure 4.9. (a) Linear sweep voltammetry curves of the CSE films at 45 ℃ measured in glassy-carbon|LP|Li 

cells; (b, c) Galvanostatic stripping/plating profiles of the CSEs in Li symmetrical cells at 45 ℃. 
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Figure 4.10. (a) Galvanostatic stripping/plating profiles using the LP37.50 at j = 10 µA cm-2 at 45 ℃; (b) 

selected overpotential profiles during this cycling; (c) schematic illustration of the passivation layer 

formation during Li+ stripping process. 

In this study, the electrochemical stability window of the CSE films was determined by linear 

sweep voltammetry using a Swagelok® cell (glassy carbon|LPx|Li). As shown in Figure 4.9a, the 

LP6.25 displays a severe current fluctuation from ~3.81 V, which is associated with the 

decomposition of the Li salt and polymer matrix [131,151]. By contrast, the current fluctuation of 

the LP37.50 and LP68.75 commence at ~4.67 V and ~4.88 V, respectively. Therefore, the addition 

of LLZ fillers can enlarge the electrochemical stability windows of the CSE film for high potential. 

To analyze the interface stability between Li anode and CSEs, Galvanostatic cycling was employed 

in Li symmetrical cells to monitor Li+ stripping/plating process. As shown in Figure 4.9b and c, 

the LP37.50 displays the lowest potential (~100 mV) at the current density of 10 µA cm-2 for 10 h 

interval, and the same applies to the higher current densities (10, 50 and 10 µA cm-2). Based on 

𝑈 =  𝐼𝑅, the lower overpotential 𝑈 indicates the lower resisitance R of the LP37.50. The smallest 

IR drops are also observed in the profiles of the LP37.50. Thus, effective wetting of Li foil with 
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the polymer matrix is beneficial to ion transfer, in contrast to the large overpotential of the LP68.75, 

implying its higher interface resistance [152].  

To investigate cycling reversibility of the LP37.50, longtime Li+ stripping/plating at 10 µA cm-

2 for 2 h interval was carried out using Li symmetrical cell over 450th cycles at 45 ℃ (see Figure 

4.10a). The generated potential gradually increases to 270th cycles and then decreases. As 

illustrated in Figure 4.10b and c, A thin SEI layer is formed at the interface (2 h), involving 

reactions of polymer matrix and Li foil after initial cycle, and they can provide a sufficient 

connection and facilitate the Li+ transfer. Then the growing SEI layer becomes thicker with 

enlarging overpotential and resistance, blocking Li+ ions in and out of the Lithium anode (136 h). 

Then surface of the Li foil becomes rougher due to the lithium redeposition (400 h) [153]. They 

can invade soft SEI layer and reduce SEI thickness and overpotential. Finally, the SEI layer 

becomes much thicker. But the overpotential can obviously decrease after heating treatment at 65 

℃ due to a local structural reorganization between PEO matrix and Li foil, but it works only once. 

Therefore, close contact between garnet fillers and polymer matrix can enable long cycling (≥ 900 

h) without dendrite penetration in the lithium metal batteries. Therefore, the proper integration of 

LLZ fillers helps to increase the wettability, and a uniform distribution of current (charge carrier) 

contributes to dendrite-free lithium deposition [154,155]. 

Figure 4.11. (a) XRD patterns (Cu Kα1) and digital pictures of components; (b) SEM of the interface of 

PLP37.50/NCM; EDX element mapping for Zr/La (c) and Ni/Co/Mn (d); 

  Given the ionic conductivity and cycling stability as stated above, the NCM|LP37.50|Li full cell 

was assembled by compressing route or coating route (see Figure S4.8a and b). Figure S4.8c and 

d displays cross-sectional regions of these two assembly methods, indicating a close contact in the 

PLP37.50 electrode (compressing route), while a huge crack exists in the CLP37.5 electrode due 
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to that the evaporation of sol solvent induces an intense contraction of the bulk polymer. Thus, 

compressing route was applied in further research. Figure 4.11a displays the XRD pattern of the 

LP37.50 with merged peaks attributed to either LLZ or PEO, and diffraction peaks of the PEO, 

LLZ and NCM are observed in the PLP37.50. Figure 4.11b-d displays SEM images of the selected 

EDX region of interest, which exhibits layered element distribution. Indeed, the Zr/La mapping 

enabled us to locate the CSE film, similar to Ni/Co/Mn mapping for the NCM cathode. The EDX 

mapping also confirmed that the PLP37.50 assembled by pressing route had a close contact with 

the CSE film. 

Figure 4.12. (a) Rate performance at 45 °C; (b) cycling performance of the PLP37.50, and (c) 

corresponding Nyquist plots recorded every 10 cycles at 45 °C. 

In Figure 4.12a, compares the rate capability of samples at different current rates, the capacity 

values decrease with rising current rates due to the sluggish Li+ diffusion kinetics in the CSE. The 

PLP37.50-based cell exhibited a moderate rate performance (140, 130, 117, 45 and 2 mAh g-1 at 

C/50, C/25, C/10 and 1C, respectively). This indicates that the CSE in this work cannot be qualified 

for the request of fast charge. Figure 4.12b shows the discharge capacities the PLP37.50 increase 

from 100 to 124 mAh g-1 within initial 20 cycles, which is attributed to the formation of the SEI 

layer and deeper activation of the cathode [156]. Then the capacities gradually decrease to 97 mAh 

g-1 after 70 cycles. The corresponding Nyquist plots display enlarging semicircles after the 30th 

cycle (see Figure 4.12c), where two reactions basically occur across the entire frequency range: the 

interface resistance (intermediate frequency semicircle) and the bulk resistance (high-frequency 

semicircle) [157], and the interface resistance decreases more obviously at 30th cycle, due to the 

close combination and formed passivation layer. Following the previous result, a long-distance Li+ 

conductive pathway created by modifying distribution of the medium content of the LLZ fillers 

will allow fast transport of Li+ between the anode and cathode during charge and discharge cycles. 
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Combining TG analysis (Figure S4.6) and stress tensile test (Figure S4.9), the CSE at low and 

medium content of fillers can exhibit an acceptable electrochemical performance for SSBs with 

superior thermal and mechanical stability. 

4.4 Conclusions 

  In this work, the influence of variations in LLZ content on ionic conductivities and Li+ migration 

routes was detailed discussed. An empirical equation about relationship between mass ratio and 

volume ratio of LLZ fillers was firstly proposed. Here 6.71 vol.% (37.50 wt.%) LLZ fillers were 

found to be enough to enlarge amorphous phase of the PEO matrix, improving carrier solubility 

and mobility. Different from the percolation of the garnet fillers, long-range diffusion routes were 

formed along the amorphous LLZ/PEO interphase, where the mobile Li+ ions prefer to go through. 

The flexible and self-supporting LP37.50 exhibits high upper potential limitation reaching up to 

4.7 V, moderate ionic conductivity (~1.56×10-4 S cm-1 at 45 °C), high thermal stability 

(decomposition temperature ≥ 355 °C) and acceptable mechanical properties. Wetting of the CSE 

and Li anode via thin SEI layer reduces the Li+ transfer resistance, and a stable cycling over 900 h 

with Li electrodes suggests a uniform Li+ flux across the interface; the as-prepared PLP37.50 can 

deliver an average capacity of ~110 mAh g-1 at C/25. Therefore, the integration of the advantages 

of the garnet and polymer electrolyte can lead to the practical application of CSEs in SSBs. 

  



46 

 

4.5 Supporting information 

Figure S4.1. XRD (Mo Ka1) Rietveld refinement of the commercial LLZ. 

Figure S4.2. XRD (Mo Ka1) Rietveld refinement of the as-prepared NCM. 
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Figure S4.3. The selected cross-sectional images of the LP6.25, LP37.50, and LP68.75 used to analyze 

surface area ratio using ImageJ software. 

 

Figure S4.4. Equivalent circuit used for EIS data fitting for the CSEs with different LLZ contents: (a) low 

LLZ content (LP0.00~LP18.75); (b) moderate LLZ content (LP25.00~LP62.50); (c) high low LLZ content 

(LP68.75~LP93.75);  where Rb, Cb, Cin, Rgb, Q, and Wab represent the bulk resistance, bulk capacitance, 

double layer capacitance at the interfaces, interface resistance at the LLZ/PEO or among LLZ particles, 

constant phase element and Warburg element (solid state diffusion of Li+ into the cathode), respectively. 
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Figure S4.5. Temperature dependence of the ionic conductivities of the CSE films at varying LLZ content. 

Note: for the sake of readability ln(𝜎) vs. 1000/T is shown. The activation energies in the text are calculated 

from the slope of ln(𝜎) vs. 1/T. , 

Figure S4.6. TG (a) and corresponding DSC (b) curves of the CSE films under argon flow; Digital pictures 

of the LP37.50 film: (c) high flexibility and (d) nonflammable property. 

TG analysis: Figure S4.6a displays a severe endothermic reaction at an onset temperature of ∼75 °C for 

the LP0.00, then Tm gradually shifts to lower onset temperatures to ~70 ℃ (LP37.50) and ~55 ℃ (LP68.75). 

The decrease in melting enthalpy (crystalline fraction) is also evidenced by the smaller and smaller enclosed 

area, because garnet fillers and Li salts can interrupt ordered structure the PEO chains, increasing 

amorphicity and Li+ transferability of the CSEs [158]. Moreover, onset temperatures for the exothermic 

reactions gradually increase from 311 °C (LP0.00) to 345 °C (LP37.50), confirming the enhanced thermal 

stability induced by garnet fillers. 

Enlarging upper limitation of working temperature of CSEs can significantly enhance battery safety. In 

Figure S4.6b, TG result confirms a major mass loss of the LP0.00 at an onset temperature of ∼325 ℃ due 



49 

 

to dehydration and decomposition of the polymer, and this process is ongoing up to 420 ℃. Residual masses 

of the LP0.00 and LP6.25 above 500 °C are ~11.79 and 19.33 wt.%, respectively, and such serious vanishing 

may lead to the short-circuit at overtemperature. In contrast, the decomposition of the LP37.50 film starts 

at 355 °C after more LLZ added, indicating that garnet fillers confinement in the polymer matrix enhances 

thermal stability. The second mass loss occurs at 640 ~ 700 ℃ due to the lithium loss of the LLZ [159]. The 

LP37.50 and LP68.75 still remain ~43.58 wt.% and ~69.15 wt.% of the total mass at 800 °C, respectively. 

Once catching fire, the residual LLZ fillers can serve as physical barriers to insulate electrodes and avoid 

short circuit. The melting point (Tm) is a crucial parameter to reflect the segmental mobility and the 

crystalline fraction of polymers, and lowering Tm can help to realize fast charge at RT.  

Figure S4.6c displays the freestanding and flexible LP37.50 film, further optimization may lead to the 

practical usage of the CSEs available in varied geometries of SSBs. Due to the adhesion effect between the 

polymer matrix and garnet fillers, the excellent elasticity can avoid the penetration of Li dendrite 

[103,104,133]. In Figure S4.6d, the LP37.50 was firstly oxidized into dark residual in a direct burning test, 

and then completely burned away without any flame combustion, while the white garnet fillers still remain 

there providing an ultimate protection in case of catching fires, even a steel holder turns red after 110 s of 

flame exposure. Thus, these achieved thermal stability and mechanical properties are beneficial to battery 

safety [160–162]. 

Figure S4.7. Comparison of ionic conductivity of the CSE based on LLZ and Al2O3 fillers at cooling(-de) 

and heating (-in) process. 
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The influence of assembly routes 

Figure S4.8. Schematic assembly of the full SSBs: (a) PLP37.5: CSE films pressed on NCM cathode on Al 

foil; (b) CLP: polymer gel coated on NCM cathode on Al foil. The insert graphs display the actual interface 

in different assembly steps; SEM cross-sectional images: (c) a close contact between PLP37.5 electrode 

and Al foil irrespective of a slight slit (red square) due to the compressed recovery during the pressing 

process, (d) a huge crack band (blue square) exists in the CLP37.5 electrode due to that the evaporation of 

sol solvent induces an intense contraction of the bulk polymer. 

Figure S4.9. The stress-strain curves of PEO, LP6.25 and LP37.50 CSE films, which was investigated by a 

dynamic mechanic tester (GABO Qualimeter, Eplexor 150N). Initially, the elongation at break increases 

with the added LLZ fillers (6.25 wt.%), possessing the highest tensile strength of 9.1 MPa. However, the 

tensile strength (6.4 MPa) and elongation at break (~114%) of the LP37.50 are obviously decreased as high 

as the pure PEO film, and the LP68.75 cannot be a self-supporting film.  
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Chapter 5 Crosslinked polyglycol-garnet composite solid electrolyte 

5.1 Introduction 

In the previous chapter, we discussed the influence of variations in LLZ content on ionic 

conductivities and Li+ migration routes. However, it has been shown that linear polyethylene 

oxide (PEO) exhibits low ionic conductivity at RT. Notably, the pure PEO is a semi-crystalline 

material below 60 ℃ due to its regular units in long-range. Segmental mobility is limited by 

these crystal domains, resulting in low conductivities (10-8 ~10-6 S cm-1 at RT) and low ionic 

transfer number (~0.3) [129]. At high temperature (≥ 50 ℃), the melt PEO matrix will lose its 

dimensional stability, impeding migration of Li+ ions through favorably placed paths and 

leading to short-circuits. One way to solve the issues is to use a crosslinked polymers to 

improve structural disorder and stability [163–166].  

As a shared concern, SEs cannot fully infiltrate the electrode interior like LEs, resulting in 

low ionic conductivity and serious cycling fade. Tailoring interfacial contact is the major target 

in the research of solid state batteries (SSBs) [70,122,127,128]. In contrast, organic polymer 

electrolytes are soft enough to contact electrode materials. When considering Li+ solvation, 

strong coordination induced by oxygen atom is found in ether, carbonates, esters and ketones 

groups, and recent studies confirmed that Li+ prefers to coordinate with glycol ethers, 

especially ones of suitable lengths showing high ionic conductivity [91,92]. Polymer 

electrolytes also possess low mechanical strength, and their thermal stability and flammability 

are also controlled by the organic nature. However, mobile Li+ ions prefer to travel through the 

amorphous segmental chain in the CSEs. The dilemma is that a more flexible polymer can 

transport ions better, but fails in terms of rigidity. Therefore, inorganic fillers like active Li+ 

garnet fillers were therefore incorporated into polymer matrix [95–98]. For the sake of 

conductivity and safety as discussed above, the segmental flexibility and bulk stability of 

polymer matrix should be simultaneously considered. In order to combine of advantages of the 

garnet filler and crosslinked glycol for efficient Li+ dissolvability at the microscale and enough 

mechanical strength at the macroscale. In this work, a crosslinked polyglycol is prepared on 

the basis of polymerization of terminal active groups with incorporated garnet fillers, 
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maintaining the bulk structural stability and interconnected ionic pathways at high temperature. 

A high ionic conductivity as well as superior electrochemical performance are expected due to 

this unique structures and close contact between the electrolyte and electrode. 

5.2 Experimental 

5.2.1 Preparation of composite solid electrolyte film 

  Commercial Bisphenol A diglycidyl ether (BADGE, 50 mg, liquid chromatography purity 

≥ 95%, Mw = 340.41 g, Sigma-Aldrich), polyethylene oxide (PEO, 30 mg, Mw ≈ 5×106, Sigma-

Aldrich), Li7La3Zr2O12 (LLZ, 25 mg, NEI Corporation), and lithium bis 

(trifluoromethylsulfonyl) imide (LiTFSI, (EO)/Li+ = 8 in molar, ion chromatography purity ≥ 

98.0 %, Alfa-Aesar) were stepwise added into O,O’-Bis (2-aminopropyl)polypropylene glycol-

block-polyethylene glycol-block-polypropylene glycol (Jeffamine® ED600, 245 mg, Mr ≈ 600, 

Aldrich) with stirring at 1200 rpm. After degassing the polymer sol, it was solidified into quasi-

solid-state gel via the polymerization of terminal active groups at 90 ℃ curing for 12 h, as 

depicted in Figure 5.1a. The casting ether-abundant film was freestanding and high-tensile, 

abbreviated as BPL. As references, the films consisting of PEO + LiTFSI and PEO + LiTFSI 

+ LLZ dissolved in Dimethylcarbonate (DMC, gel chromatography purity ≥ 99.0%, Merck 

KGaA) were also prepared via the gel-casting process, abbreviated as PLi and PL, respectively 

(see detail components in Table 5.S1). The BPL without LLZ fillers is too sticky to be free-

standing film, thus will not discussed here. 

5.2.2 General characterization 

  X-ray diffraction (XRD) was carried out using an STOE STADI P X-ray powder 

diffractometer equipped with a Mythen1K detector and a Co Kα radiation (λ=1.78896 Å) to 

characterize the crystalline structure of the CSEs. The surface morphology of films was 

investigated with a Merlin scanning electron microscopy (SEM, Zeiss GmbH). 

Thermogravimetry (TG) data was collected through an STA 449C Netzsch analyzer from 35 ℃ 

to 800 ℃ at a heating rate of 5 ℃ min-1 under argon flow (42 mL min-1). A Bruker Tensor 27 

Fourier transform infrared spectroscopy (FT-IR) spectrometer was used to collect data from 

4000 ~ 400 cm-1 in ATR transmittance mode to examine the polymerization reaction.  
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  Pulsed-field gradient-nuclear magnetic resonance (PFG-NMR) spectra were measured on a 

Bruker Avance 300 MHz spectrometer equipped with a Diff 50 probe, which produces pulsed-

field gradients reaching up to 3000 G cm-1. The 7Li NMR spectra were measured at 116.6 MHz. 

A stimulated-echo pulse sequence in combination with bipolar gradients was used to observe 

the echo damping as a function of gradient strength. The duration of the π/2 and π pulses varied 

from 27 ℃ to 70 ℃. Recycle delays in the range of 1 to 2.5 s were chosen on the basis of the 

T1 measurement results. All delay times during each PFG-NMR experiment were kept 

constant, whereas the gradient amplitude was varied to cause the signal decay, then the 

influence of relaxation on the echo decay is eliminated. The optimal values for the gradient 

duration 𝛿 and the diffusion time (𝛥𝑡) were found to be around 3 and 160 ms, respectively. 

In total 16 points were acquired to form each diffusion decay, and each point was sampled with 

64 scans. 

5.2.3 Electrochemical evaluation 

  Electrochemical impedance spectroscopy (EIS) tests were carried out over a frequency range 

of 106~10-2 Hz with a sinus amplitude of 10 mV during cooling and heating 

(85 °C→5 °C→85 °C). The CSE film (ϕ12 mm) was sandwiched by stainless steel cylinders 

(SS) and assembled into a Swagelok® cell. Prior to measuring, the cells were kept in the climate 

chamber (M53, Binder GmbH) at the setting temperature for 30 min. The obtained impedance 

spectra were fitted using ZsimpWin software (Ametek. Inc.). The total conductivity 𝜎𝑡 was 

calculated based on the equation 𝜎𝑡 = 𝑙/𝐴 ∙ 𝑅, where 𝑙, 𝐴 and 𝑅 represent the thickness (cm, 

which is the average of five measurements by Sylvac thicknessmeter), electrode area (cm2) and 

total resistance (Ω) of the CSE film, respectively. Tests for Electrochemical stability window 

were performed in a coin cell (SS|CSE|Li) through linear sweep voltammetry over a potential 

range of 2.0~9.0 V (vs. Li/Li+) at a scanning rate of 1 mV s-1 at 45 °C. Cyclic voltammetry 

(CV) was applied for a symmetrical cell (Li|CSE|Li) at a potential range of -1.0~1.0 (vs. Li/Li+) 

at a scanning rate of 1 mV s-1 to determine Li+ solubility. Galvanostatic cycling using Li 

symmetrical cells was also performed at a current density of 10 µA cm-2 for 2 h. 

5.2.4 Battery tests 

  LiNi1/3Co1/3Mn1/3O2 (NCM) was prepared with a hydroxide co-precipitation method 

described by Hua et al. [132]. A typical cathode slurry was fabricated by mixing NCM powder, 
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hybrid binder (2.5 wt.% solvend (PEO:SBR = 51.6wt.%:48.4wt.%) in aqueous solution), 

carbon black (Super-C65, Timcal Ltd.) and LLZ at a weight ratio of 8: 1: 0.9: 0.1. The uniform 

slurry was coated on Al foil using a laboratory coater with doctor-blade and then dried at 80 ℃ 

for 12 h. CR2032 cells were assembled in an argon-filled glovebox (MB200, Mbraun GmbH) 

consisting of the NCM cathode foil (ϕ12 mm), CSE film (ϕ16 mm) and Li foil (ϕ12 mm, Alfa 

Aesar), then compressed under 15 MPa and aged at 80 ℃ to ensure the components were 

closely packed. Electrochemical tests were performed utilizing a multichannel potentiostat 

(VMP3, Bio-Logic). A voltage range of galvanostatic charge/discharge was set to be 2.5~4.3 

V (vs. Li/Li+). 

5.3 Results and discussion 

5.3.1 Crosslinking preparation 

Figure 5.1a depicts conceptual illustration for synthesizing a crosslinked polymer matrix, 

where the terminal active groups (epoxy–amine) from ED600 and BADGE can react with each 

other to build an ether-abundant gel at a mild temperature (90 °C) (see Figure 5.1b). In this 

study, the BPL film is composed of LiTFSI embedded in the ED600-BADGE crosslinked 

matrix. The larger anions (TFSI-) can easily dissociate in the PEO matrix and set off the free 

Li+ ions; owing to the presence of a strong electron withdrawing group (SO2CF3), high 

flexibility and excellent chemical stability [147]. To achieve enough mechanical strength, 

25mg LLZ fillers (see Figure 5.1c) and macromolecular PEO is added into the BPL. The 

incorporated LLZ is a typical garnet SE, which has high thermal stability, electrochemical 

stability, and high ionic conductivity. SEM image of the LLZ fillers displays irregularities in 

shape and a narrow size distribution (average size = 743 ± 194 nm). Based on Rietveld 

refinement, the LLZ fillers consist mainly of the cubic phase (space group: 90.3% Ia3̅d, see 

Figure S5.1). Figure 5.1d shows a rough surface of the PEO matrix with embedded LLZ fillers, 

and the obvious segregation of fillers from the matrix. In comparison (Figure 5.1e), the fillers 

are homogeneously dispersed throughout the BPL film. No voids are detected between the 

ceramic phase and the polymer phase. Indeed, the smooth interface and uniform structure can 

induce homogeneous current flow and avoid the polarization [163]. 
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Figure 5.1 (a) Conceptual illustration of the cross-linking polymerization of O,O-Bis(2-

aminopropyl)polypropylene glycol-block-polyethylene glycol-block-polypropylene glycol (ED600) and 

bisphenol-A diglycidyl ether (BADGE), and photographs of the precursor sol, crosslinked gel and 

casting film; SEM images: Li7La3Zr2O12 (LLZ) fillers (c) the PL film (d) and the BPL film (e). 

In Figure 5.2a, FTIR spectra are shown to examine the crosslinked between terminal amine 

groups from ED600 and terminal epoxy groups from BADGE after 90 °C curing. In these CSEs, 

the peaks located at 1095 and 1461 cm-1 correspond to the –C–O–C– stretching and –CH2 

bending from the –(CH2CH2O)n– backbone. The peaks at 738 and 790 cm-1 in the PL are 

ascribed to the symmetric bending and stretching modes of –CF3 and C–S groups of the (TFSI)- 

anion, respectively [164]. The absent stretching vibration- and bending mode of HO– at ~2875 

cm-1 in the LLZ verifies no proton-ion exchange (substitution of Li by H) proceeded during 

storage [167]. The peak at 1510 cm-1 is ascribed to the –C=C– stretching of the benzene rings 

from bisphenol-A. It is notable that the 1582 cm-1 peak corresponding to –C–N– symmetric 

stretching appears in the BPL film, which confirms the crosslinked groups in the BPL. The N 

atoms from terminal amine groups with strong electronegativity can attract Li+ ions to migrate 

into the amorphous region, which may improve ionic conductivity. In Figure 5.2b, the peak 

intensities at 21.1°~28.4° for the PL and BPL obviously decrease compared to the PEO and the 
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PLi films, indicating a dramatic drop in crystalline phase. The incorporation of LiTFSI can 

activate the CSEs and improve its ionic conductivity [168], but no corresponding peak is 

observed in the PLi pattern, confirming the complete dissolution of Li salt in the polymer 

matrix [169]. ED600 mainly consists of polyphenylene oxide (PPO) segments that interrupt 

the ordered segmental array, and garnet fillers also reduce the crystallinity of the BPL film as 

discussed in Chapter 4. Thus, Li+ ions can easily creep along the polymer chains in the 

amorphous region based on Li+ dissolution and coordination process [147].  

Figure 5.2. FTIR spectra (a) and XRD patterns (b) of the raw components and the CSE films. 

In Figure 5.3, the TG curves show that the PLi, the PL and the BPL films exhibit the major 

decomposition at ~350 ℃ due to dehydration and decomposition of the polymer matrix, and 

the residual mass remains stable after 400 ℃. In particular, garnet fillers increase the onset 

decomposition temperature up to 348 ℃ for the PL film, compared to that of the PLi at 329 ℃. 

In contrast, the BPL displays the lowest onset temperature of 298 ℃, and it is consistent with 

our expectation. The inserted DSC curves display the smallest enclosed endothermic area of 

the BPL at melting point, confirming the lowest crystallinity in the BPL, which agrees with the 

XRD result. This implies that the crosslinked matrix and garnet fillers disturb the ordered 

structure of the glycol chains [158]. The main target of this study was to increase the segmental 

flexibility and ionic mobility. To achieve this, it is inevitable to decrease the rigid structure. 

Although the decomposition temperature decreased to about ~300 ℃, which is still enough for 

normal battery application. Figure 5.3b shows a direct burning test of the BPL without any 

combustion; the polymer matrix was oxidized into dark residual and then completely burned 
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away after 113 s of flame exposure, while garnet fillers still remained there providing the 

ultimate protection in case of short circuit. These results confirm the nonflammable nature and 

high thermal stability of the BPL. 

Figure 5.3 (a) TG and inserted DSC curves of the CSE films under argon flow (42 mL min-1) at a heating 

rate of 5 ℃ min-1; (b) a direct burning test on the BPL film over 113 s. 

5.3.2 Ionic conductivity 

Ion conductivity is the fundamental property of electrolyte materials, and EIS is a powerful 

technique to analyze the kinetic behavior of ion motion by modeling equivalent circuit. 

Selected Nyquist plots of the PL and BPL achieved at heating process are shown in Figure 

5.4a&b. All CSE films sandwiched by stainless steel electrodes (Figure 5.4c) show semicircles 

in the high-frequency region below 45 ℃, which corresponds to electrolyte bulk resistance (Rb) 

and electrode/electrolyte interface resistance (Rin), respectively [158]. There are only oblique 

lines above 45 ℃ in the Nyquist plots due to Warburg diffusion (Wa) in the CSEs (see Figure 

5.4d). Based on previous reports [106,133,135], an equivalent circuit Re-(Rb/CPE)-(Cin/Rin)-

Wa (see Figure 5.4f) was proposed for data fitting, where Re, Rb, CPE, Cin, Rin, and Wa represent 

the contact resistance, bulk resistance, constant phase element, double layer capacitance at the 

interfaces, interface resistance and Warburg element, respectively. An overview of total ionic 

conductivities as a function of testing temperature is depicted in Figure 5.4e and Table S5.2. 

The ionic conductivities of the CSEs increases as the temperature goes up, because the transient 

mobility of the polymer chains can be enhanced by enlarging free volume, and therefore ion 

transfer is thermally activated by higher temperature. In detail, the BPL exhibits higher ionic 

conductivity than the PL below 55 ℃. This confirms that crosslinked polymer chains and garnet 

fillers dispersed in the glycol matrix lead to low amount of crystalline phase and high 
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conductivity. On the other hand, Y. Hu’s group confirmed that decomposed LLZ can provide 

extra mobile Li+ ions, finally forming a long-range pathway for Li+ transfer [135,141]. At the 

same testing temperature, the CSE films display higher conductivities at cooling process than 

that at heating process. This is due to the thermal history and slow recrystallization kinetics of 

polymer materials below melting point [80,133,144]. At higher temperature (≥65 ℃) the PL 

film will more easily melt and lose its dimensional stability, disturbing Li+ migration through 

favorable localized pathways, as reported by Porcarelli et al. [163]. Compared to that of the 

PL, the BPL film possesses higher ionic conductivity over the whole temperature. 

Figure 5.4. Nyquist plots of the PL (a) and BPL (b) at heating processes; illustration of the measured 

blocking electrode (c) and its equivalent circuit (d); conductivities of the PL and BPL films at the 

cooling- and heating processes (e). Arrhenius fitting curve of the PL (f) and BPL (g) films. Note: for the 

sake of readability ln𝜎 vs. 1000/T is shown here, the activation energies in this study are calculated 

from the slope of ln𝜎 vs. 1/T. 

 

Figure 5.4f&g depicts ionic conductivities (ln𝜎) of the CSE films as a function of 

temperature (1000/T), and the temperature dependence of the conductivities is well-described 

by the Arrhenius law, and there are two types of activation energies above and below the 

melting temperature. It is noteworthy that activation energy for charge transfer depends on 

local relaxation and segmental motion of the polymer chains. In general, below 55 ℃ Li+ ions 

can only hop in the solid solvent of the CSE decoupled with segmental movement [130]. In 

contrast,the activation energies are obviously reduced above 55 ℃ because of low resistivity 
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of the melten polymer, and Li+ ions can go fast through the CSE coupled with chain motion. 

At cooling process, the calculated 𝐸𝑎 of the PL below 55 ℃ (0.88±0.02 eV) is larger than that 

(0.69±0.01 eV) of the BPL, and this applies the same to 𝐸𝑎 at heating process. The lower the 

activation energy is, the easier the Li+ ions overcome the barrier. As discussed above, the results 

can be attributed to three factors: 1) the flexible polymer backbone improves amorphous phase 

and Li+ mobility; 2) the crosslinked matrix can stabilize favorable localized pathways; 3) long-

range diffusion pathways can form along the crosslinked chains. 

Figure 5.5. PFG-NMR results: echo damping vs. gradient strengths of the PL (a) and BPL (b); the 

calculated diffusion coefficient DLi (c). 

To study long-range dynamic diffusion and ionic mobility, PFG-NMR test was performed 

on time scale of 150 or 175 ms, to record diffusion-caused damping of the signal intensity as a 

function of temperature in the range of 27~70 ℃ with a step of 5 ℃. In Figure 5.5a and b, 1024 

scans were applied to record 16 gradients per temperature for each diffusion decay, and a 

standard Stejskal-Tanner equation was utilized to process diffusion curve obeyed single 

Gaussian behavior at each temperature and determine diffusion coefficient (DLi). An echo 

damping is clearly observed when increasing gradient strength. The echo dampings fall to 

overlap above 60 ℃, suggesting fast Li+ diffusion can achieved at melten status in the CSEs. 

Figure 5.5c and Table S5.2 displays temperature-dependent DLi of the PL and BPL films 

calculated from the dc conductivity using the Nernst-Einstein relation [41]. The BPL film 

exhibits higher DLi over the whole temperature range, ascribed to the large amorphous content 

and high free volume in the crosslinked matrix, resulting in easier Li+ migration in the CSE 

[130]. The diffusion coefficient results agree well with the trend of ionic conductivities (see 

Figure 5.4). 

5.3.3 Electrochemical performance 
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  To determine the electrochemical stability window, a Swagelok® cell consisting of CSE film 

sandwiched between SS cylinder (working electrode) and Li foil (counter/reference electrode) 

was assembled for linear sweep voltammetry test at 45 ℃. As displayed in Figure 5.6a, the PLi 

displays an obvious current fluctuation from ~3.81 V due to the decomposition of the PEO and 

LiTFSI [131,151]. In contrast, the current fluctuations of the PL commence at ~4.97 V. The 

results confirm that LLZ fillers can stabilize the polymer matrix and Li salt at high voltage 

[160]. However, the terminal functional groups of the BPL may involve electrochemical 

reaction, leading to reduced electrochemical stability window to ~4.51 V. 

Figure 5.6. (a) Linear sweep voltammetry curves of the CSE films at 45 ℃ measured in SS|CSE|Li cell; 

CV curves: the PLi (b), the PL (c) and the BPL (d) in Li symmetrical cells over -1.0 V~1.0 V. 

  In general, Li+ ions prefer to coordinate to four or six ether-oxygens as Lewis base, and Li+ 

transport occurs when initial coordination breaks and the new one forms. Similar to PEO 

structure, the flexible backbone of the ED600 is rich in ether oxygen (poly(phenylene oxide)) 

and can easily complex Li+ ions [166,170]. To determine Li+ stripping from Li metal and 

dissolving in CSEs, CV tests were performed using Li symmetrical cells at the potential range 

of -1.0~1.0 V vs. Li/Li+ at 45 ℃. An ideal SE can be considered ionic cable, and the current vs. 

potential profile should be an oblique line in the CV curve. In fact, it is difficult for the CSE to 
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behave like a pure ionic resistor because of the hysteresis of current response during the CV 

test, even for LP30 electrolyte (see Figure S5.2). In Figure 5.6b, the symmetrical CV curves of 

the PLi actually display capacitor behavior, and no current peak is observed because Li+ ions 

are mainly stored at the CSE/Li interface by forming electric double layer [155]. In Figure 5.6c 

and d, cathodic peaks of the PL and BLP films are ~0.38 V and ~0.22 V, respectively, which 

indicates the amorphous polymer matrix can enhance Li+ solubility. Based on the same scan 

rate 𝑣 =  𝑢/𝑡 =  𝑖/𝐶, the increase in current (𝑖) accounts for high capacity (𝐶) and more Li+ 

dissolution in the CSEs. It is notable that the PL displays serious current fluctuations because 

of the inhomogeneous distribution of fillers and insufficient connection with Li anode. 

Therefore, the PL film suffers the polarization problem arising from uneven plating/stripping, 

which often leads to hazardous dendrite formation [163]. In contrast, CV curves of the BPL 

exhibit highly uniform and overlapping current.  

To dynamically investigate interfacial stability and cycling reversibility of the CSE films, 

longtime galvanostatic Li+ stripping/plating at current density j = 10 µA cm-2 was carried out 

using Li symmetrical cell for 2 h interval at 45 ℃. It can be seen that the overpotential is ~0.034 

V and ~0.025 V for the PL and BPL within the initial 50 cycles, respectively. In detail, severe 

turbulent potentials are occasionally observed in the PL (see Figure 5.7a), which is due to the 

polarization current, and the interfacial impedance slightly increases with following cycles (see 

Figure 5.7c). In contrast, the BPL film displays the overall stable currents during the cycling 

test over 500th cycles (≥ 1000 h). Hence, the soft and interlinking polymer matrix can contact 

Li foil well according to local topography, whereas the rigid PL film cannot achieve close 

interfacial contact with the electrodes [120]. 

Figure 5.7b confirms the stable interfacial impedance of the PL as cycling goes on. However, 

Figure 5.7d shows high resistance induced by the insufficient contact, then the formed SEI 

layer can facilitate Li+ transfer through the BPL film, slightly reducing the resistance at 32nd 

cycle (see Figure 5.7e), whereas the growing SEI layer can block Li+ ions in and out of the 

CSEs after 50th cycle. Within 500th cycles (≥ 1000 h), there is no destabilization of 

overpotential in the BPL film, indicating dendrite-free lithium deposition during long cycling 

[154,155]. Therefore, the amorphous matrix helps to dissolve Li+ ions for homogeneous current 

flow, and local flexibility of the BPL film can facilitate the wetting of the CSE by the Li foil 
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and inhibit the growth of lithium dendrite, but chemical stability of the BPL with Li electrode 

should be further improved. 

Figure 5.7. Galvanostatic stripping/plating profiles and Nyquist plots recording every 50 cycles at 

current density j = 10 µA cm-2 using the PL (a, b) and BPL (c, d) films; and selected overpotential 

profiles of galvanostatic cycling using the BPL film (e). 

5.3.4 Battery performance 

  Given that ionic diffusion in the solid cathode is often the rate-limiting factor for battery 

capacity performance [171], 2.00 wt.% LLZ and PEO/SBR binder were applied in the cathode 

slurry. The LMBs were assembled by integrating a CSE film between Li anode and NCM 

cathode. Figure 5.8 displays SEM images of the selected EDX region of interest, which exhibits 

layered element distribution. Indeed, similarly to Ni mapping for the NCM cathode, La/Zr 

mapping enables to locate the CSE film, therefore one can observe a close contact between the 

BPL film and electrodes in this full cell. Since BPL film can charge below 4.5 V, the potential 

range for the galvanostatic cycling tests at 45 °C was set to be 2.5~4.3 V vs. Li/Li+. As depicted 

in Figure 5.9a and b, the rate capacities of the NCM|CSE|Li cells decrease with increasing 

current densities from C/25 to 1C, which is ascribed to sluggish Li+ diffusion kinetics [172]. 

The PL-based cell exhibits a lower rate performance (85, 25, 11, 2 and 91 mAh g-1 at C/25, 
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C/10, C/5, C/1, and C/5, respectively), compared to that using BPL film. The latter displays 

capacities as high as 135, 109, 101, 48 and 126 mAh g-1 at C/15, C/10, C/5, 1C and 5C, 

respectively (see Figure 5.9c). Notably, initial activation process and long responding time can 

allow enough Li+ to enter electrodes for high specific capacities at high C-rates. 

Figure 5.8. Cross-sectional SEM images of the NCM|BPL|Li (a); EDX element mapping for Ni (b), Al 

(c), La (d) and Zr (e). 

Figure 5.9. The 5th charge/discharge curves of the NCM|PL|Li (a) cell and NCM|BPL|Li cell (b) cycled 

at C/25, C/10, C/5; C/1 and reverse C/25, and the corresponding rate performance (c); long cycling 

performance (specific capacity and Coulombic efficiency) of the PL (blue) and BPL (red) based cells 

(d). Photographs of the pouch cell that can light up LED string lights after truncation (e). 

In Figure 5.9d, capacities of the PL-based cell cycled at C/25 gradually decrease from ~105 

mAh g-1 at the 1st cycle to ~60 mAh g-1 at 70th cycle. By contrast, the BPL film exhibit higher 

capacities (~145 mAh g-1 at the initial cycle and ~120 mAh g-1 at the 70th cycle). Importantly, 

the BPL-based cell displays higher Coulombic efficiency (~97%) than that of PL-based one 
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(~94%). This should be attributed to the improved interfacial compatibility and wettability 

between the BPL and the electrodes, because mobile Li+ ions from electrodes cannot go through 

the PL completely due to the interfacial integrity and low migration rate [120,156]. As 

displayed in Figure 5.9e, a flexible pouch cell successfully lights up LED string lights. When 

manually truncated with a ceramic knife, the pouch cell still works without any degradation. 

Compared to recent reports (see Table 5.1), the BPL-based cell in this study exhibits an 

moderate electrochemical capacity. The electrochemical results confirm a promising 

application of the BPL film for electronics. 

Table 5.1. Composition and electrochemical performance of the CSE film. 

 

Ref. Year Solid Electrolyte Polymerization Conductivity Cathode||Anode Capacity 

[173] 2016 

TiO2 gel, [EMI][TFSI], 

Tetrabutyl Titanate with 

LiTFSI 

esterification 

hydrolysis/condensa

tion 

2.8 mS/cm LiFePO4||Li 
150 mAh/g for 300 

cycles at 2C 

[120] 2017 

silyl-polyether, LiTFSI, 

TEGDME, 

di-n-butyltin bis(2,4-

pentanedionate 

polymerization 
0.36 mS/cm at 

25 °C 
LiFePO4||Li 152 mA h/g at 0.1C 

[165] 2016 
PEO and branched acrylate; 

LiClO4, LiBOB and LiTFSI 

UV photo- 

polymerization 

0.22 mS/cm 

 
LiFePO4||Li 66 mAh/g at 0.5 and 5 C 

[163] 2016 PEO, TEGDME, 1M LiTFSI 
UV-induced 

polymerization 

0.1 mS/cm at 

25 °C 
Li||TiO2 

141 mAh/g at 0.1 mA/cm 

at 20 °C 

[174] 2016 
TPGDA monomer and AIBN 

in LiPF6-EC/EMC/DMC 

polymerization 

Li salt injecting 
1.74 mS/cm 

SiO2 coated 

LiFePO4||Li 

159.3 mAh/g and 

retention of 100.2% after 

200 cycles at 0.2C 

[175] 2018 
PEGDA-1000, PEGDE LiTFSI 

and BPO 

one-pot 

polymerization 

0.053 mS/cm at 

30 °C 
LiFePO4||Li 

162 mAh/g at 0.2 C and 

55 °C 

[152] 2017 LATP, PEO and BPEG crosslinked 
2.5 mS/cm at 

60 °C 
LiFePO4||Li 

158.2 and 94.2 mAh/g at 

60 °C and 0.1C and 2C 

[176] 2016 
MMT, LiTFSI, PVDF and 

PVA 
casting method 0.43 mS/cm LiFePO4||Li 

123 mAh/g after 100 

cycles at 0.1C 

[177] 2014 
PMA, PEG, LiClO4, 3wt % 

SiO2 
sonication mixing 0.26 mS/cm 

C35H20O10 

cathode||Li 

418 mAh/g, 94.7% 

capacity retention after 

50 cycles at 0.2C 

[178] 2016 
PEC with 80 wt.% LiFSI and 

3D polyimide matrix 
gel-casting 

~10−5 S/cm at 

30 °C 
LiFePO4||Li 

~125 mAh/g at 30 °C 

and C/20 

[179] 2016 PEO, BPEG, Al2O3 and LiTFSI gel-casting 
0.071 mS/cm at 

45 °C 
LiFePO4||Li 

132.9 and 165.1 mAh/g 

at 0.2C at 30 and 45 °C 

[180] 2017 
0.2M LiTFSI, 0.8M 

Pyr14TFSI, BaTiO3 
ball-milling 

1.3 mS/cm at 

30 °C 

LiFePO4||Li 

LiCoO2||Li 

160 and 131 mAh/g for 

LiFePO4 and LiCoO2 at 

0.1C and 80 °C 

[181] 2016 
bisphenol A ethoxylate, BDM, 

DPG, LiTFSI and AIBN 

in-situ free radical 

polymerization 

0.14 mS/cm at 

20 °C 

PEDOT:PSS-based 

LiFePO4 ||Li 

120 mAh/g at 0.1C and 

RT 
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5.4 Conclusions 

In this work, we designed a facile and large-scalable strategy to produce polyglycol chains, 

which are crosslinked by bisphenol-A segments as an amorphous matrix for Li ions. Ionic 

conductivity values above 45 ℃ exceeding 5.3×10-4 S cm-1 are obtained, as well as wide 

electrochemical stability window (> 4.51 V vs. Li/Li+), high ionic diffusion coefficient 

(16.6×10-13 m2 s-1) and long cycling stability (> 500 cycles or 1000 h) that can satisfy the 

multiple requirements of SSBs. Wetting the electrodes by the flexible BPL film can reduce the 

interface resistance and distortion of Li+ flux at the interface; the crosslinked matrix can remain 

the favorable Li+ pathway at elevated temperature; garnet LLZ serves as fillers to break the 

ordered segmental chain improving the amorphous region. Therefore, the as-assembled 

NCM|BPL|Li cell displays moderate capacities (125 mAh g-1) with high Coulumbic efficiency 

(> 97%). Remarkably, the fabricated pouch cells demonstrate high electrochemical safety 

under the truncation. Therefore, the BPL solid electrolyte can facilitate more advanced and 

safer SSB designs.  

[93] 2017 
PDEC, PTEC substituting with 

triethylene glycol 
gel-casting 

0.011mS/cm at 

25°C 

LiFePO4||Li 

LiFe0.2Mn0.8PO4||Li 

40 mAh/g at 0.1C and 

25 °C/170 mAh/g at 

0.02C and 25 °C 

[169] 2017 
TPU, PEO, LiTFSI 

TPU/PEO = 1:3 
casting 

0.53 mS/cm at 

60 °C 
LiFePO4||Li 

112 and 127 mAh/g at 

1C under 60 and 80 °C 

[182] 2015 
PVA-CN in PAN membrane, 

LITFSI and LiPF6 

in situ 

polymerization 

0.3 mS/cm at 

RT 
LiFePO4||Li N/A 

[168] 2018 PVDF-HFP, LLZ tape casting process 
0.11 mS/cm  

at 25 °C 
LiFePO4||Li 

110 mAh/g after 180 

cycles at 0.5C 

this 

work 
2018 

ED600, BADGE, LLZ, 

LiTFSI, PEO 

crosslinked 

polymerization 

0.53 mS/cm  

at 45 ℃ 
NCM||Li 

125 mAh/g after 70 

cycles at 45 °C 
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5.5 Supporting information 

Table S5.1 Detailed amounts of each component in the CSE film 

sample polymer matrix Li salt garnet filler preparation 

PLi PEO (350 mg) LiTFSI (50 mg) - gel-casting 

PL PEO (325 mg) LiTFSI (50 mg) LLZ (25 mg) gel-casting 

BPL 
BADGE (50 mg)+ED600  

(245 mg) + PEO (30 mg) 
LiTFSI (50 mg) LLZ (25 mg) polymerization 

 

Table S5.2 Ionic conductivity of the PL and BPL films calculated by the equation 𝜎𝑡 = 𝑙/𝐴 ∙ 𝑅𝑡 

Temperature 

(℃) 

PL (mS/cm) BPL (mS/cm) 

cooling process heating process heating process cooling process 

5 0.0132 0.0132 0.0024 0.0024 

15 0.0480 0.0313 0.0073 0.0123 

25 0.1100 0.0945 0.0295 0.0393 

35 0.2402 0.2115 0.0935 0.1195 

45 0.5318 0.4852 0.2637 0.3307 

55 2.9499 1.0102 0.5531 2.6028 

65 3.8814 4.3380 2.6028 3.8814 

75 4.8095 6.1455 5.0282 4.9164 

85 5.1451 8.8496 8.8496 5.9794 

 

Figure S5.1 XRD Rietveld refinement of the commercial LLZ. 
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Figure S5.3. CV curves of the LP30 LE in Li symmetrical cell over -1.0 V~1.0 V. 

 

Table S5.3 Diffusion coefficients (DLi) of the PL and BPL calculated from the dc conductivity using the 

Nernst-Einstein relation. 

Sample ℃ 1000/K Δ ms δ ms D ×10-13 m2 s-1 Derror ×10-13 m2 s-1 

PL 

30 3.30 150 3.00 2.4 0.06 

35 3.25 150 3.00 3.4 0.09 

40 3.19 150 3.00 5.1 0.14 

45 3.14 150 3.00 8.1 0.21 

50 3.09 150 3.00 13.1 0.33 

55 3.05 150 3.00 20.7 0.52 

60 3.00 150 3.00 39.3 0.99 

65 2.96 150 3.00 69.5 1.75 

70 2.92 150 3.00 81.7 2.03 

BPL 

27 3.33 175 3.21 2.5 0.33 

32 3.28 175 3.21 3.7 0.20 

37 3.23 175 3.21 6.4 0.35 

42 3.17 175 3.21 10.2 0.43 

47 3.13 175 3.21 16.6 0.80 

52 3.07 175 3.21 27.2 0.60 

57 3.03 175 3.21 49.0 1.70 

62 2.99 175 3.21 71.2 0.60 

67 2.94 175 3.21 86.0 0.90 
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Chapter 6 Fe stabilized Li7La3Zr2O12 solid electrolytes  

6.1 Introduction 

  In general, SEs generally fall into three categories (sulfide-, oxide- and polymer SE) 

according to their frame atoms: sulfur, oxygen and carbon. In detail, polymer SEs suffer from 

low ionic conductivity and flammable nature; sulfide SEs are highly reactive with Li anode 

and moisture. Among oxide SEs garnet LLZ displays remarkable electrochemical stability 

against Li anode and chemical stability against moisture [122,126]. Two main structures exist 

in the LLZ: tetragonal phase (space group: no. 142 I41/acd) and cubic phase (space groups: 

centric no.230 Ia3̅d and acentric no.220 I4̅3d) [77–79]. Compared to tetragonal phase, cubic 

garnet LLZ displays two orders of magnitude larger conductivity (~10-4 S cm-1 at room 

temperature, RT), which has been proved by simulation analysis [82,83] and experiment results 

[70,80,81]. 

However, short Li–Li distances in the Li-rich cubic LLZ can destabilize the cubic phase at 

RT. The introduction of doping cations can lessen Li+ density and create disordered Li-sites as 

well as vacancies. For example, Li+ (24d) sites can be substituted by Al3+, then followed by 

96h sites and 48e sites, according to the site preference energy [183]. ∼0.6 per formula unit 

(pfu) Li substituted by doping cations is greatly beneficial to conductivity, where the ratio of 

96h/24d Li sites reach to 3:1 [74,184,185]. Therefore, trivalent or higher dopants were applied 

to stabilize cubic phase, e.g., Al3+ [186], Ga3+ [187], Fe3+ [188], Ce3+ [189], Sc3+ [190], Y3+ 

[191], Bi3+ [192], Ge4+ [193], Ti4+ [194], Ru4+ [195], Ta5+ [128], Sb5+ [196], Nb5+ [197], Mo6+ 

[198] and W6+ [199]. Recently, Ga-stabilized LLZ (Ga pfu ≥ 0.15) displayed a superior 

electrochemical performance compared to Al-stabilized sample, because Ga3+ prefers to 

occupy tetrahedral (12a) sites, improving the Li+ random distribution over the available sites 

[79,200–202]. Since the Fe3+dopants can receive the same doping results as the Ga3+ [203,204], 

low-cost Fe3+ dopants are of particular interest to be used to improve Li+ migration. In addition, 

it is important to investigate the influence of sintering temperature on the solid electrolyte, 

because sintering process is a necessary step to convert ceramic powders into pellets that can 

be integrated into solid state batteries (SSBs). Densification of the pellet needs a high sintering 

temperature (above 1000 °C), while too high temperatures can cause a serious Li loss from the 
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sub-lattice together with impurity formation (e.g., La2Zr2O7 and La2O3) [75,126,205]. The 

proper sintering temperature is crucial to achieve phase pure LLZ.  

Up to now, none of the ceramic electrolytes has been widely applied due to their huge 

interfacial resistance [44]. An unpolished LLZ surface easily induces the growth of lithium 

dendrite along the cracks, due to an unbalanced current distribution, but a surface that is too 

flat will reduce the contact area with electrodes [206,207]. To solve this dilemma, polymer 

electrolytes (e.g., polyethylene oxide–LiTFSI [208], poly(ethylene glycol) methyl ether 

acrylatetetra(ethylene glycol) diacrylate–LiTFSI [155], poly(ethylene oxide)–LLZ–Celgard 

film–poly(ethylene glycol) methyl ether acrylate–LiTFSI [209], poly(vinylidenefluoride–

hexafluoropropylene−LP30 [210]) were introduced as a buffer layer to wet electrodes. Such 

hybrid solid electrolytes (HSEs) containing LLZ pellet and polymer electrolyte film can 

effectively improve wettability and suppress dendrite issues. 

In this work, Fe doped Li7-3xFexLa3Zr2O12 (x = 0, 0.12, 0.16, 0.20 and 0.24) were prepared 

via solid-state reaction. Analysis of results of Raman spectroscopy, X-ray diffraction (XRD), 

pair distribution function (PDF) and scanning electron microscopy (SEM) confirm that Fe3+ 

doped LLZ can lead to a stable cubic phase with disordered Li+ arrangement; high-temperature 

X-ray diffraction (HT-XRD) proves that Fe doping can suppress Li loss during sintering 

process, and the ionic conductivity of the LLZ pellets is also obtained by the analysis of 

electrochemical impedance spectroscopy (EIS). In order to enlarge contact interface, an 

ultrathin polymer buffer is attached rigid LLZ pellet to accomplish dendrite-suppression.  

6.2 Experimental methods 

6.2.1 Synthesis of Fe doping LLZ   

Commercial LLZ powder (NEI Corporation) and Fe2O3 nanopowder (purity ≥ 99.99 wt.%, 

Aldrich) were used without further purification. A series of Li7-3xFexLa3Zr2O12 garnet samples 

with varying Fe3+ fractions (x = 0.00, 0.12, 0.16, 0.20 and 0.24 pfu, labeled LLZ, LLZFe0.12, 

LLZFe0.16, LLZFe0.20 and LLZFe0.24) were synthesized by solid-state reaction. The mixed 

materials in the stoichiometric fractions were sintered at 930 ℃ for 6 h using MgO crucible (ϕ 

32 mm, Alfa Aesar) in a muffle furnace (P330, Nabertherm GmbH), then the powders were 

regrounded and pressed into a die (ϕ 15 mm) under the pressure of 435 MPa, and the second-

step sintering was performed for 10 h with covering mother powder. 
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Bisphenol A diglycidyl ether (BADGE, 50 mg, liquid chromatography purity ≥ 95%, Sigma-

Aldrich), lithium bis (trifluoromethylsulfonyl), imide (LiTFSI, 50 mg, ion chromatography 

purity ≥ 98.0 %, Alfa Aesar), and LLZ powder (15 mg) were stepwise added into O,O’-Bis (2-

aminopropyl)polypropyleneglycol-block-polyethylene glycol-block-polypropylene glycol 

(Jeffamine® ED600, 245 mg, Mr = 600, Aldrich), and stirred with 200 rpm at 90 ℃ curing (see 

Figure S6.1). After degassing, the polymer sol was cast on the LLZ pellet surface in a quasi-

solid-state, and the as-prepared HSE was stored in an argon-filled glovebox (MB200, Mbraun 

GmbH) before usage. 

6.2.2 Crystal characterization  

XRD was carried out using an STOE STADI P X-ray powder diffractometer equipped with 

a Mythen1K detector and a Mo Kα1 radiation (λ=0.7093 Å), Rietveld refinement was conducted 

to determine the phase purity of the garnet powders (LLZ and LLZFex) after the first-step 

sintering. Data for PDF analysis were collected at the beamline P02.1 PETRA III (DESY, 

Hamburg), and a Perkin Elmer XRD1621 detector was used in conjunction with hard X-rays 

(~60 keV, λ=0.2072 Å). In detail, the intensity function I(Q) was calculated from the raw X-

ray data using PDFgetX2 software and was corrected for the sample and instrument effects like 

Compton scattering, Laue diffuse scattering, self-absorption, X-ray polarization, and weighting 

after background subtraction. The reduced structure-function Q[S(Q)-1] was calculated based 

on corrected intensity function and then Fourier transformed to the pair distribution function 

G(r). 

To demonstrate the crystal revolution during the sintering process, in situ HT-XRD 

experiments for the pristine LLZ and LLZFe powders were performed at the beamline P02.1 

PETRA III (DESY, Hamburg), as shown in Figure S6.2. All samples were sealed in quartz 

capillaries (ϕ 5 mm) under argon atmosphere. The heating device can realize a rapid change in 

temperature, and an XRD pattern was taken for 2 min (including dark image) after reaching 

and holding the setting temperature for more than 1 min. For comparison, ex situ HT-XRD 

measurements using STOE STADI powder diffractometer (Cu Kα1 λ=1.5406 Å) was also 

applied to compare the phase stability of reground powder from the pellet and covered powder 

during the re-sintering process. 

6.2.3 General characterization  
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Raman spectroscopy (Jobin Yvon LabRAM HR800) was conducted at 532 nm over the range 

of 80~900 cm-1 with a laser power of 25mW, 1800 lines per mm holographic grating and 100× 

magnification. The morphology of samples was investigated by a scan electron microscope 

(SEM, Merlin, Zeiss GmbH). To determine elemental distribution, energy-dispersive X-ray 

spectroscopy (EDS) data were collected with a Bruker XFlash (60 mm2) EDX detector. 50 nm-

thick -gold layer was sputtered on both sides of the pellet to build the blocking cell for EIS test, 

which was measured over a frequency range of 106 ~ 10-1 Hz and a temperature range of 25 ~ 

65 °C with test cells inside a climate chamber. The obtained Nyquist plots were fitted by 

equivalent circuits using ZSimpWin (Ametek. Inc.), and Li+ conductivity was calculated based 

on the equation 𝜎𝑡 = 𝑙/𝐴 ∙ 𝑅𝑡, where 𝑙, 𝐴 and 𝑅𝑡 are the thickness (cm), electrode surface area 

(cm2) and total resistance (Ω) of the pellets, respectively. 

6.2.4 Battery tests  

LiNi1/3Co1/3Mn1/3O2 (NCM) cathode was prepared with a hydroxide co-precipitation method 

described by Hua et al. [132]. A typical cathode slurry was fabricated by mixing NCM powder, 

2.0 wt.% PEO/SBR (51.6:48.4 in weight ratio) aqueous solution, carbon black (Super-C65, 

Timcal Ltd.) and LLZ at a weight ratio of 8: 1: 0.9: 0.1. The uniform slurry was coated on Al 

foil using a laboratory coater with doctor-blade and then dried at 80 ℃ for 12 h. A Swagelok® 

cell was assembled by layered stacking of Li|hybrid solid electrolyte|LiNi1/3Co1/3Mn1/3O2 

(Li|HSE|NCM) under pressure of 5 MPa in the glovebox (MB200, Mbraun GmbH), here the 

HSE was used to enlarge contact interface by attaching polymer electrolyte (PSE) buffer on 

rigid LLZ pellet, and this PSE was fabricated as stated in Section 5.2.1 (see Figure S6.1). A 

potential range of galvanostatic charge/discharge was set to be 2.5~4.3 V (vs. Li/Li+). All 

assembled cells were aged at 80 ℃ to ensure the components closely packed. All the 

electrochemical tests were performed utilizing a Bio-Logic VMP3 multichannel potentiostat.  

6.3 Results and discussion  

6.3.1 Initial sintering analysis  

Figure 6.1a depicts digital pictures of the raw LLZ and as-prepared LLZFe powders after 

the initial sintering at 930 ℃, from which one can observe the white powder gradually turns to 

deep yellow, indicating that Fe2O3 was integrated into the LLZ powder after calcination. Herein, 
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Raman measurement was performed to elucidate the structural change after doping (see Figure 

6.1b). The band intensities at ~412 cm-1 and ~704 cm-1 increase as more Fe was added due to 

the Eg/T2g mode and A1g mode of Fe2O3, respectively. Due to the overlapping features of the 

Raman spectra, it is impossible to obtain a quantitative fitting result for the polycrystalline 

sample [211]. The band at ~654 cm-1 of the LLZ and LLZFe0.12 represents the stretching of 

the ZrO6 octahedral, while this band of the LLZFe0.16 shifts to ~641 cm-1 due to the dynamic 

disorder of mobile Li+ [212,213]. The characteristic bands at ~96 and ~111 cm-1 for the 

tetragonal phase are associated with degenerated Raman modes [212]. Due to the Li+ 

arrangement in tetragonal phase with low symmetry, tetragonal phase prefers to display more 

spectral bands in low-wave number region compared to cubic phase. In Figure 6.1c, the bands 

at 106, 119, 252 and 359 cm-1 are related to the vibration of the La-O and Li-O in cubic phase. 

Therefore, the raw LLZ and LLZFe0.12 display hybrid phases (cubic- and tetragonal phase), 

whereas rest LLZFex (x ≥ 0.16) powders show only the cubic phase. 

Figure 6.1 Digital pictures (a) and Raman spectra (b, c) of the LLZ and LLZFe powders after the initial 

sintering. 
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Figure 6.2. (a) XRD patterns (Mo λ=0.7093 Å) of the raw LLZ and LLZFe powders. Pattern 

contributions from impurity phases are marked with pink square (tetragonal phase), black square 

(La2Zr2O7), black circle (FeLaO3) and pink circle (Li2ZrO3); (b) phase content of the raw LLZ and 

LLZFe samples determined by Rietveld analysis. 

XRD test was also performed to analyze the phase content in the doped LLZFe powders after 

the initial sintering (space group: Ia3̅d, see Figure 6.2a). Combined with Raman results, 5.71% 

tetragonal phase and 1.60% La2Zr2O7 are present in the raw LLZ. As shown in Figure S6.3 and 

Table S6.1, the content of tetragonal phase gradually decreases in the LLZFe0.12 (~5.30%) 

and the LLZFe0.16 (~0.57%). Notably, the tetragonal phase and La2Zr2O7 almost disappear 

when doped Fe is more than of 0.16 pfu. Meanwhile, new peaks corresponding to impurities 

(FeLaO3 and Li2ZrO3) can be identified, i.e., the new peak at ~14.7° corresponding to FeLaO3 

is due to the excessive Fe doping. 3.62% FeLaO3 present in the LLZFe0.20 indicates that the 

maximum Fe3+ solubility in the LLZ is below 0.20 pfu. Among them, the LLZFe0.16 exhibits 

the minor impurity, only 0.57% tetragonal phase and 2.33% La2Zr2O7. Furthermore, the lattice 

parameter (cubic a) is ~13.01 Å for the non-doping LLZ, which is in agreement with previous 

results [192,214]. Then a decreases with more Fe dopant added, because the ionic radius of 

Fe3+ (78 pm) is shorter than that of Li+ (90 pm) [203,215]. When dopant content is above 0.16 

pfu Fe3+, a tiny variation is observed in a value of around 12.70 Å. In fact, some impurities are 

inevitable to coexist in the garnet sample, because excessive Li source and serious Li loss can 

lead to stoichiometric change during the preparation process, and some impurities segregate at 

grain boundary during sintering and storage process [188,216,217]. The comprehensive 

understanding of the existence of impurities is necessary. For example, La2Zr2O7 can be used 
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as a sintering agent to lessen interface impedance, while the FeLaO3 is poorly conductive [218]. 

Therefore, 0.16 pfu Fe3+ is suitable to stabilize the cubic phase for the initial sintering process. 

The diffuse scattering which lies between and beneath the Bragg reflections yields 

information of the short range and local deviations. It has weaker intensities compared to Bragg 

reflections and dominates at higher scattering angles in the XRD reflections. As one 

dimensional function, reduced PDF G(r) can distinguish two atoms separated by the real-space 

(r) distance, not like X-ray diffraction in reciprocal space. Hence, the real-space local structural 

information obtained from the corresponding PDF data provides insight into the crystal 

structure. Based on the low 2θ XRD pattern (see Figure S6.4 and Figure 6.3a, b), Rietveld 

refined structures give the similar Li+ distribution for LLZ and LLZFe0.16, where cubic a are 

13.0005 Å for LLZ and 12.9754 Å for LLZFe0.16. As shown in Figure S6.5, three types of 

ordered Li sites (tetrahedral 8a, octahedral 16f and octahedral 32g) are fully occupied in the 

tetragonal phase (I41/acd). In an average structure of cubic phase (Ia3̅d), Zr atoms are located at 

the center of an octahedral site with six coordinated oxygen atoms around, and La atoms are 

situated at the center of a dodecahedral site with eight coordinated oxygen atoms around. 

Owing to the existence of Li vacancies induced by Fe doping, Li ions can migrate/hop in the 

garnet vacancy network, 7/9 Li+ ions and 2/9 vacancies are located at tetrahedral 24d sites and 

octahedral 48g/96h sites, which are face-shared with each other forming a three-dimensional 

Li+ pathway in the interstitial space or vacancy of the garnet framework [219,220]. Li+ motion 

in the cubic phase is governed by the restriction imposed in the occupied site-to-site separation, 

and along only 24d-96h/96h-24d, the unstable 24d Li sites can trigger ion motion and 

reconfiguration of Li neighbors. In detail, the electrostatic repulsion of Li-Li and Li-Fe dopant 

pairs can redistribute Li+ ions between tetrahedral and octahedral sites. Around the Fe ions, the 

strong repulsion blocks four nearest octahedral sites for Li+ occupation, and vacancies are 

trapped as dead sites beside the dopants, and the rest octahedral sites are far away from the 

doping Fe as active sites, which enables fast Li+ motion along the two neighboring tetrahedral 

sites in the cubic garnet [79,83,204]. 
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Figure 6.3 Change in Li+ arrangement for the raw LLZ and LLZFe0.16: XRD Rietveld refinement gives 

the reported crystal structure (a, b), and PDF G(r) analysis gives the crystal structure model (c, d), and 

corresponding Li and Fe atoms distribution in the unit cell. Rw is the XRD/PDF fit residual. 

In contrast, the local structure of cubic a in PDF fitting are 13.0281 Å (LLZ) and 12.9458 Å 

(LLZFe0.16), and the sharp and well-resolved peaks in PDF suggest a high symmetry and a 

well-defined local structure, as shown in Figure 6.3c and d. The peak at ~1.9994 Å is ascribed 

to Li-O vector for LLZ, while there are three vectors for LLZFe0.16 (~1.8399/2.0837/2.2861 

Å). The diversity of Li-O distance is due to the local distortion around Li+. Doped Fe located 

in tetrahedral sites can promote random distribution of Li+ over the available sites improving 

the conductivity [221]. Therefore, the difference between the average structure and the local 

structure of the Li+ arrangement was evident based on Rietveld refinement and PDF fitting (see 

Figure 6.3b and d).  

6.3.2 Re-sintering analysis  
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Figure 6.4. In situ HT-XRD patterns of LLZ (a) and LLZFe0.16 (b) at a temperature range of 25 °C → 

900 °C →25 °C. 

Sintering is the basic process of compacting garnet powder into the ceramic pellet, which 

plays a crucial role in determining the bulk crystallinity, grain boundary, and porosity of pellets 

[222–225]. In situ X-ray characterization could help to provide direct insights into structural 

changes. In this study, the phase stability of the raw LLZ and LLZFe0.16 during the sintering 

was investigated by in situ HT-XRD. As displayed in Figure 6.4a, the major phase change of 

the pristine LLZ occurs up to 750 °C, where La2Zr2O7 is formed due to a serious Li 

volatilization from the lattice. In contrast, the LLZFe0.16 exhibits a reversible phase 

transformation (see Figure 6.4b). The diffraction peaks shift to lower angles with the stepwise 

heating, and reverse to original positions once the stepwise cooling was completed. This is 

explained by the linear thermal expansion of the cubic unit cell at high temperature [159]. 

Although tiny La2Zr2O7 coexists in the LLZFe0.16 above 750 °C, it clearly shows a stable 

cubic phase up to 900 °C, indicating that Fe3+ doping can repress Li loss compared to the Fe-

free garnet sample. The Fe doping induces amorphous Li2O-Fe2O3 phase in the grain boundary, 

acting as a sintering agent and blocking Li loss during the sintering process [76,184]. The 

intensity of the cubic peaks above 750 °C drops due to the atom dynamic disorder. It is 

noteworthy that previous works report that the sintering temperature for cubic LLZ is above 

1100 °C [203,226–229]. The difference stands from the fact that a tiny amount of the garnet 

specimen easily leads to an earlier evaporation of Li source. In the experiment, the fresh pellet 

should be covered with mother powder to repress Li loss [205,230,231]. Ex situ XRD patterns 

of the LLZFe0.16 powder from reground pellets and corresponding cover powders are 
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displayed in Figure S6.6, which confirms that the La2Zr2O7 appears at 930℃ and 1130 ℃ for 

the LLZFe0.16- powder and pellet, respectively. This proves that covering mother powder is 

effective in repressing Li loss from the pellet.  

Figure 6.5. SEM images of the LLZFe0.16 powder (a, b) and its pellets re-sintered at 730℃ (c, d); 830 ℃ 

(e, f); 930 ℃ (g, h); 1030 ℃ (i, j) and 1130 ℃ (k, l). 

Figure 6.5 depicts SEM surface images of the LLZFe0.16 pellets sintered at varying 

temperatures, from which it can be seen that particles’ size increases as the temperature goes 

up, and a broader size distribution of the particles is observed at a higher re-sintering 

temperature. As shown in Figure 6.6a, average sizes of garnet particles are calculated from the 

analysis with Zeiss SmartTiff software: raw powder (a&b, 743±194 nm) and the pellet re-

sintered at 730 ℃ (c&d, 941±306 nm), 830 ℃ (e&f, 1033±352 nm), 930 ℃ (g&h, 1267 

nm±497), 1030 ℃ (i&j, 2823±1172 nm) and 1130 ℃ (k&l, 3839±1549 nm). This behavior can 

be explained by Ostwald ripening, where small particles tend to dissolve and deposit again on 

the surface of larger particles. Some buffer layer attached to the large particles is observed in 
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Figure 6.5f, h and i, suggests an unfinished ripening process. As shown in Figure 6.5i-l, garnet 

powders in the pellets tend to stack more closely, and a remarkable grain growth occurs above 

1030 ℃, which is beneficial to low grain boundary resistance and high ionic conductivity. EDX 

mapping for the elemental localization was performed on the LLZFe0.16 pellet (see Figure 

6.6b-e), confirming that La, Zr and Fe are homogeneously dispersed on the pellet. It is noted 

that pellet’s diameter shrinks slightly from φ15.0 mm toφ13.1 mm. Considering Li loss and 

phase purity, 1030 ℃ is chosen as the re-sintering temperature for Fe stabilizing LLZ pellet. 

Unlike other superionic conductors that are sensitive to air and moisture, the garnet oxide is 

stable for processing in dry air, and they has sufficient mechanical strength for handling 

scalable fabrication [232].  

Figure 6.6. The average sizes of garnet particles in the LLZFe0.16 pellet at varying re-sintering 

temperature; SEM images of the LLZFe0.16 pellet re-sintered at 1030 ℃ (a) and its EDX mapping for 

La (b), Zr (c) and Fe (d). 

6.3.3 Ionic conductivity 

In order to investigate the doping influence on the ionic conductivity, EIS test was 

employed at 45 ℃ for LLZ and LLZFe0.16 pellets after re-sintered at 1030 °C. As shown in 

Figure 6.7a and b. All Nyquist plots display high-frequency semicircles followed by sloping 

lines toward low frequencies in the complex impedance plane, and the semicircle decreases as 

temperature goes on due to the temperature-dependent resistance [203]. It is notable that the 

gold sputtering layer can improve the connection between the LLZFe pellet and the collector 

(see Figure 6.7c). According to impedance spectroscopy, an equivalent circuit of 

Re(RbCPE1)(RgCPE2)Wa was established in accordance with Li+ motion in the SE, where R is 

the resistance, CPE is the constant phase element, and the subscript e, b and g refer to the 
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external circuit, bulk- and grain-boundary contribution (see Figure 6.7d). The semicircle can 

be ascribed to the action of bulk resistance (Li+ ions go through crystal lattice or twin crystal) 

and grain boundary resistance (Li+ ions transfer across the grain boundary), which were 

resolved through the fitting analysis of Nyquist plot [96,140]. Figure 6.7e and Table S6.2 prove 

that grain boundary resistance is one order of magnitude larger than bulk resistance, and Fe-

doped LLZ has a higher conductivity than the undoped LLZ. Wagner et al. calculated the high 

bulk ionic conductivity of Fe-doped LLZ (1.38×10-3 S cm-1 at RT) [203], but the grain 

boundary resistance was a major problem to overcome and should be addressed. In this study, 

the LLZFe0.16 exhibits the total ionic conductivities of 1.76×10-5 S cm-1 at RT and 1.99×10-5 

S cm-1 at 45 ℃, respectively. 

Figure 6.7. Nyquist plot and fitting curves of the raw LLZ (a) and LLZFe0.16 (b) pellets; (c) diagram 

for AC impedance measurements, garnet pellet sputtered with gold layer; (d) the equivalent circuit used 

to fit EIS data; temperature-dependent total ionic conductivity (e), and total conductivities for 

Arrhenius plots of the LLZ and LLZFe0.16 pellets (f). 

The behavior of Li+ diffusion in garnet structure can be normally characterized by an 

Arrhenius relation due to the energy barrier of Li+ hoping in the lattice [145]. The activation 

energy Ea was calculated based on the following equation from 25 °C to 90 °C: 

                             𝐸𝑎 = −𝑅[(𝜕𝑙𝑛𝛿 𝜕(1 𝑇⁄ )⁄ )]  
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where δ is total ionic conductivity (S⋅cm-1), R is gas constant (8.31446 J⋅mol-1⋅K-1) and T is the 

testing temperature (K). In detail, Ea was determined from the slope of 𝑙𝑛(𝛿) vs. 1000/𝑇 

plot. The Arrhenius graph in Figure 6.7f shows that the activation energy is ∼0.53 and ∼0.38 

eV for the LLZ and LLZFe0.16, which are comparable to the reported value (0.45 eV) [233]. 

The high ionic conductivity and low activation energy of the LLZFe0.16 pellets are ascribed 

to phase content and doping effect. Table 1 summarizes the reported doping result in garnet 

SE. Most reports have proved that trivalent cations prefer to occupy 12a or 24d Li+ sites, and 

higher valence can even replace Zr4+ sites. The x = 0.16 is close to optimal Li content 

(0.10~0.25) in LixA3B2O12 garnet required to achieved the high Li+ conductivity.  

Table 1 Effects of metallic doping on ionic conductivity and re-sintering temperature in the literature. 

Dopant Substituted sites Formula (optimum doping value) Ionic conductivity Reinterring T  Ref. 

Al3+ 24d >96h >48g >16a ≫ 24c Li+ Li7-3xAl3+xLa3Zr2O12 DFT analysis - [183] 

Al3+ 24d Li+ Li7-3xAlxLa3Zr2O12 (x=0.25) - 1050 °C [234] 

Al3+ 24d Li+/ La3+/Zr4+ Li7-3x+zAlx+y+zLa3-yZr2-zO12 10-5~10-4 Scm-1 at RT - [235] 

Al3+ Zr4+ Li7La3Zr2-0.75xAlxO12 (x=0.15) 3.4×10-4 Scm-1  at RT 1150 °C [236] 

Al3+/Ga3+ 24d&96h Li+ Li7-3(x+y)GaxAlyLa3Zr2O12 10-3~10-4 Scm-1 at RT 1050 °C [237] 

Ga3+ 24d Li+ Li5.5La3Zr2Ga0.5O12 1 × 10-4 Scm-1 at RT 1000 °C [238] 

Ga3+ Li+ Li7-3xGaxLa3Zr2O12 (x=0.20) 4.0×10-4 Scm-1  at RT 600 °C [187] 

Ga3+ Li+ Li7-3xGaxLa3Zr2O12 (x=0.15) 1.6×10-3 Scm-1 at RT - [200] 

Ga3+ 96h Li+ Li7-3xGaxLa3Zr2O12 4.1×10-4 S·cm-1 at RT 1050 °C [239] 

Ga3+ 24d Li+ Li7-3xGaxLa3Zr2O12 - 850 °C [79] 

Ga3+/Sc3+ 24d Li+/Zr4+ Li7-3x+yGaxLa3Zr2-yScyO12 (x = 0.15, y=0.10) 1.84×10-3 Scm-1 at RT 1200°C [240] 

Fe3+ 24d Li+ Li7-3xFexLa3Zr2O12 (x=0.16) - 1050 °C [188] 

Bi3+ Li+/Zr4+ Li7-xLa3Zr2-xBixO12 (x=0.20) 2.6×10-5 Scm-1 1100°C [241] 

Ga3+ 12a Li+ Li7-3xGaxLa3Zr2O12 - 850 °C [79] 

Al3+/Ga3+ 24d Li+ Li6.4Al0.2-xGaxLa3Zr2O12 (x=0.15) 1.2×10-3 Scm-1 1230 °C [214] 

Fe3+ 12a Li+ Li7-3xFexLa3Zr2O12 1.38×10-3 Scm-1 at RT 1230 °C [203] 

Ti4+ Zr4+ Li7La3Zr2-xTixO12 (x = 0.3) 4.2×10-3 Scm-1 at 30 °C 1180 °C [194] 

Ba2+/Ta5+ La3+/Zr4+ Li6.5La3-xBaxZr1.5-xTa0.5+xO12  (x=0.10) 8.34×10-4 Scm-1 RT 1100°C [205] 

Ta5+ Li+/Zr4+ Li7-xLa3Zr2-xTaxO12 (x=0.6) 1.0×10-3 Scm-1 at RT 1140 °C [184] 

Sb5+ Li+/Zr4 Li6.925La3Zr1.925Sb0.075O12 3.40×10-4 Scm-1 1160 ℃ [196] 

Nb5+ Li+/Zr4+ Li7-xLa3(Zr2-xNbx)O12 (x=0.25) 8×10-4 Scm-1 at RT 1200 ℃ [197] 

W6+ Li+/Zr4+ Li7-2xLa3Zr2-xWxO12  (x=0.2) 8.7×10-5 Scm-1 1050 °C [242] 

Mo6+ 16a Li+/Zr4+ Li7-2xLa3Zr2-xMoxO12 (x = 0.25) 3.4×10-4 Scm-1 at RT 700 °C [198] 

Fe3+ 12a Li+ Li7-3xFexLa3Zr2O12 (x = 0.16) 1.76×10-5 Scm-1 at RT 1030 °C this work 

6.3.4 Battery performance 
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Figure 6.8. Voltage profiles of the lithium striping/plating process in the Li symmetric cells using LLZ 

pellet (a), LLZ pellet+PSE film (b) and HSE (c); and selected overpotential profiles of Li symmetric 

cell using LLZ pellet+PSE film cycling (d). 

Considering its high ionic conductivity, high shear modulus and high stability with Li metal, 

the LLZFe0.16 pellet was used for further electrochemical characterization. However, the 

drawbacks of high brittleness, high mass density, poor surface contact and dendrite growth 

along the garnet cracks [155,208]. To avoid the issues stated above and enhance wettability, 

one effective strategy is to integrate both polymer and inorganic SE into a hybrid solid 

electrolyte (HSE) [220]. To compare the cycling stability of the garnet pellet and HSE, Li 

symmetric cells were constructed and charge/discharge cycled at 45 °C. Figure 6.8a shows the 

cycling performance of the cell using a single pellet at a current density of 1.0 μA cm-2. The 

cell voltage firstly drops due to the initial activation, then the voltage gradually increases until 

open-circuit occurs after the 128th cycle, evidenced by the sudden voltage rise. In contrast, 

HSE-based Li symmetric cell displays a stable lithium plating /stripping more than 1000 h 

under the same conditions, suggesting a superior long-term reversibility without dendrite 

growth (see Figure 6.8c). To study the overpotential disturbance and interactive effect between 

PSE and LLZ, LLZ|PSE-based Li symmetric cell was assembled. The voltage profiles of LLZ 

with PSE film attached exhibit stable potential curves (downside, see Figure 6.8b and d–h), 

whereas the other side (upside) is a messy one. Thus, the close interface offers sufficient 

channels for Li ions to move from lithium foil to electrolyte, and this efficient strategy can 

significantly reduce the interface issues and suppressing uneven Li deposition during cycling. 
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Thus, the HSE film can exhibit superior cycling stability against electrode and repress the 

growth of lithium dendrite. 

Figure 6.9. Schematic representation of lithium dendrite along the cracks in the garnet pellet (a) and 

stable interface in the HSE (b); (c) SEM image of the polymer electrolyte film and its digital graph; (d) 

the digital graph of the HSE; (e) CV curve of Li|HSE|SS cell at a potential range of -0.5~5 V at a scan 

rate of 0.1 mV s-1; (f) galvanostatic charge/discharge profiles of the Li|HSE|NCM cell; (g) cycling 

performance and Coulombic efficiency at 2.5~4.3 V (vs. Li/Li+) and at 45 °C. 

Therefore, the superior cycling ability due to uniform current distribution through the 

interface, as illustrated in Figure 6.9a vs. b. In Figure 6.9c, the SEM image of the polymer 

electrolyte clearly shows the uniform surface. The interlinked polymer attached to LLZ pellet 

provides an amorphous buffer layer for dissolution and migration of mobile Li+ (see Figure 

6.9d). A 2032 coin cell consisting of Li|HSE|SS was used to examine the electrochemical 

stability windows of the HSE. The anodic scans of the CV curves in Figure 6.9e display 

reproducible current peaks at ~0.5 V, except the 1st scan due to the formation of SEI layer [151]. 

There is no severe anodic current fluctuation below 5.0 V, which indicates that the HSE is 

electrochemically stable above 5.0 V. In contrast, the electrochemical stability window of PEO 

based electrolyte is less than ~3.5 V due to the decomposition of the PEO and Li salt [131,151]. 
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Because the existence of garnet pellet reduces the magnitude of the electric field across the 

HSE, higher electrochemical stability windows can be achieved here [155]. In Figure 6.9f, the 

assembled full battery shows a low 1st charge capacity ~20 mAh g-1 at C/25, compared to the 

1st discharge capacity of ~73 mAh g-1. This is due to Li consumption and storage in the interface. 

Afterwards, charge capacity gradually increases and Coulombic efficiency drops below 100% 

after the 8th cycle (Figure 6.9g). Then highly reproducible capacity was obtained in following 

cycles, verifying that the HSE can serve as an acceptable electrolyte in the LMBs. 

Figure 6.10. Impedance analysis of the Li|HSE|NCM cell during the cycling process: Nyquist plots 

recorded every ten cycles (a-f); equivalent circuits for different status cells (g-h) and the fitting results 

of resistances (i). 

To investigate dynamic resistance, Nyquist plots were recorded in every ten cycles during 

long cycling (Figure 6.9f). The plots in Figure 6.10a show three semicircles in the fresh 

electrode assuming that at least three basic reactions occur across the entire frequency range. 

Based on Liu et al. work [210], an equivalent circuit ((Rb+gC1)(RctC2)(RdiffCPE1)(RinterCPE2)Wa) 

(Figure 6.10g) was proposed for the fresh cell, containing the bulk and grain boundary 

impedances (Rb+g) of the garnet pellet in the high frequency region, the interfacial charge 

transfer resistance (Rct) in medium frequency region, the diffusion impedance (Rdiff) and 

interface contact impedance (Rinter) at low frequency region. In contrast, the rest Nyquist plots 
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display only two semicircles after electrochemical activation (Figure 6.10b-f), which can 

differentiate the contribution of Rb+g, Rct and Rdiff, and the corresponding equivalent circuit was 

((Rb+gC1)(RctC2)(RdiffCPE1)Wa) (see Figure 6.10h). In Figure 6.10i, the fitting result confirms 

that the total resistance gradually increases at subsequent cycles, mainly due to an increase in 

the Rb+g and the Rct. As cycled, the resistance from growing SEI layer will slow down the Li+ 

transfer.  

6.4 Conclusions 

In this study, Fe3+ doping is applied to stabilize the cubic phase LLZ, and the effects of doping 

and sintering temperature on the phase purity and ionic conductivity were studied. Raman 

spectra, Rietveld refinement, and PDF analysis determined that the LLZFe0.16 powder sintered 

at 930 °C is cubic phase (∼96%) with more disordered Li+ sites. The HT-XRD analysis 

confirms that Fe3+ doping can enhance the structural stability during the high-temperature 

sintering. Based on EIS analysis, the increase in ionic conductivity is associated with the Fe3+ 

amount and the disordered Li content in the garnet structure. The LLZFe0.16 pellet shows a 

high total ionic conductivity (1.99×10-5 Scm-1 at 45 °C) with low porosity. Importantly, the 

HSE film shows a high stability against metallic Li due to the strong wettability of the PSE. 

The constructed solid-state LMBs exhibited good capacity retention (65 mAh g-1 after 50th 

cycle), because a PSE layer was attached to the LLZ disk and enhanced the mechanical 

resilience of the structure. In addition, if compared to the conventional liquid electrolyte, the 

HSE can not only reduce the safety concerns regarding the flammability of organic solvent, but 

it can also realize a facile fabrication of other types of HSEs as well.  
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6.5 Supporting Information 

Figure S6.1 Conceptual illustration of the solvent-free ring-opening polymerization of O,O-Bis(2-

aminopropyl)polypropylene glycol-block-polyethylene glycol-block-polypropylene glycol (ED600), 

bisphenol-A diglycidyl ether (BADGE) and lithium bis(trifluoromethylsulfonyl)imide (LiTFSI). 

Photographs of the homogeneous precursor sol and crosslinked BPL gel. 
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Figure S6.2. Device overview of the in situ HT-XRD at the beamline P02.2 PETRA III in DESY. 

 

Figure S6.3. Rietveld refinement of the raw LLZ and LLZFe samples, black dot marks show observed 

X-ray diffraction intensities and a red solid line represents calculated intensities, blue vertical marks 

indicate positions of allowed Bragg reflections, the green curve at the bottom is a difference between 

the observed and calculated intensities in the same scale: a-LLZ, b-LLZFe0.12, c-LLZFe0.16, d-

LLZFe0.20, and e-LLZFe0.12. 
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Table S1 Crystal parameter of raw LLZ and LLZFe samples, and the phase content determined by 

Rietveld refinement. 

sample 

lattice 

parameter  

(α Å) 

cubic phase 

(%) 

(Ia3̅d) 

tetragonal phase 

(%) 

(I41/acd) 

La2Zr2O7 

(%) 

(Fd3̅m) 

FeLaO3 

(%) 

(Pnma) 

Li2ZrO3 

(%) 

(C12/c1) 

χ2 

LLZ 12.9976(2) 92.69(0.82) 5.71(0.38) 1.60(0.14) - - 7.68 

LLZFe0.12 12.9690(1) 92.63(0.45) 5.30(0.14) 2.06(0.08) - - 2.56 

LLZFe0.16 12.9694(1) 96.33(0.38) 0.57(0.08) 2.33(0.08) 0.77(0.00) - 9.55 

LLZFe0.20 12.9713(1) 95.45(0.61)  0.18(0.05) 3.62(0.02) 0.75(0.27) 4.44 

LLZFe0.24 12.9733(1) 92.81(0.45) - - 5.27(0.13) 1.92(0.19) 3.86 

 

 

Figure S6.4 ex-situ X-ray total scattering of the raw LLZ and LLZFe0.16 powders. 
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Figure S6.5 Li sites and loop arrangement in the LLZ crystals: tetragonal- and cubic phase. 

 

Figure S6.6. XRD patterns (Cu Kα1) of the ground powder from the LLZFe0.16 pellet (a) and 

corresponding cover powder (b) at varying temperatures. 
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Table S6.2 Fitting result of the resistance of the LLZ and LLZFe0.16 pellets measured at varying 

temperature. 

Sintering temperature 25 ℃ 35 ℃ 45 ℃ 55 ℃ 65 ℃ 

Sample LLZ LLZFe0.16 LLZ LLZFe0.16 LLZ LLZFe0.16 LLZ LLZFe0.16 LLZ LLZFe0.16 

Bulk resistance 

 (Ω·cm2) 
1483 1198 1659 1198 1552 1017 1495 794 976 498 

Interface resistance 

(Ω·cm2) 
17850 3832 14970 3715 12960 3427 11350 3019 

1039

0 
3026 

Total resistance 

 (Ω·cm2) 
19333 5030 16629 4913 14512 4444 12845 3813 

1136

6 
3524 

χ2 
1.69E-

2 
8.89E-3 1.08E-2 6.85E-3 8.91E-3 1.01E-3 

7.99E

-3 
2.05E-3 

7.55E

-3 
6.90E-3 

Ion conductivity  

(Scm-1) 

4.58E-

6 
1.76E-5 5.32E-6 1.80E-5 6.10E-6 1.99E-5 

6.89E

-6 
2.32E-5 

7.79E

-6 
2.51E-5 
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