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Abstract 
Lithium-oxygen (Li-O2) batteries have received significant attentions and research 

interests since the beginning of the twenty-first century due to their extremely high 

theoretical energy density. These batteries employ oxygen as the positive active 

substance, which can be obtained from air, resulting in a lighter and more affordable 

battery. Despite these advantages, lithium-oxygen batteries face several challenges, 

primarily due to the use of organic liquid electrolyte, which poses risks of volatilization, 

leakage, combustion, and explosive hazards. Additionally, the use of lithium metal 

anode generates lithium dendrites that can puncture the electrolyte layer, leading to 

short-circuit accidents. The cathode of lithium-oxygen batteries has an open-hole 

structure designed to absorb active material oxygen, which allows the seepage of carbon 

dioxide and water into the electrolyte, adversely impacting battery performance. To 

address these challenges, a viable approach is to replace the organic liquid electrolyte 

with an inorganic solid electrolyte. 

 

However, all-solid-state lithium-oxygen batteries are still in the early phases of 

development, and several key scientific and technical hurdles need to be tackled. One 

of the significant challenges is the lack of solid electrolytes that exhibit excellent 

performance. Additionally, the problem of interface contact between the solid 

electrolyte and the lithium anode must be resolved. The electrolyte and cathode also 

experience high interfacial impedance, resulting in poor capacity retention and short 

cycle life. 

 

This thesis has dedicated considerable efforts and endeavors to address the 

aforementioned challenges. The highlights of this study are presented below. 

 

1. Study of solid-state lithium-oxygen batteries based on oxide solid-state 

electrolytes Li1.5+xAl0.5Ge1.5sSixP3-xO12 and Li6.4La3Zr1.4Ta0.6O12. 
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Firstly, the synthesis and investigation of two different systems of solid-state 

electrolytes-Li1.5+xAl0.5Ge1.5sSixP3-xO12 and Li6.4La3Zr1.4Ta0.6O12 electrolytes are 

performed. These electrolytes were assembled with lithium metal anodes and carbon 

cathodes to construct solid-state (quasi-solid-state) lithium-oxygen cells. The Si-doped 

LAGP-Si glass-ceramic materials with high grain conductivity were prepared using 

inexpensive raw materials, and the effect of Si doping on the electrolyte properties of 

LAGP glass-ceramic solids was investigated. The solid-state and semi-solid-state 

lithium-oxygen batteries assembled with LAGP-Si demonstrated a certain cyclable 

capability at low current densities. High-performance garnet-type solid electrolyte 

LLZTO was successfully synthesized, and the solid-state lithium-oxygen battery 

assembled with it also showed a certain cycling capability. However, the polarization 

voltage was large, and the interfacial impedance between it and the electrode was high. 

Further research is needed to develop cost-effective cathode catalysts, prepare high-

performance solid-state electrolytes, and enhance the interface between solid-state 

electrolytes and electrode materials. This work sets the groundwork for the subsequent 

investigations along this topic. 

 

2. Study of bilayer NASICON/polymer hybrid electrolyte for stable solid-state 

lithium-oxygen batteries. 

The usage of lithium-oxygen batteries in practical applications is still hampered various 

factors i.e., the growth of lithium dendrites, the deployment of flammable and unstable 

organic liquid electrolytes, which could lead to safety hazards and poor cycling stability. 

To overcome these issues, a bilayer organic/inorganic hybrid solid-state electrolyte is 

proposed. The Si-doped NASICON-type electrolyte Li1.51Al0.5Ge1.5Si0.01P2.99O12 acts as 

an inorganic rigid backbone, ensuring high ionic conductivity and creating a barrier 

between active oxygen and lithium anode. The polymer buffer layer Poly(ethylene 

glycol) methyl ether methacrylate (PEGMEM) is used due to its compatibility with 

lithium. The hybrid electrolyte, obtained from the synergistic effect between LAGP-Si 

and PEGMEM, displays high ionic conductivity and stability against the lithium anode. 
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As a result, the polarization of the Li symmetric cell is significantly decreased by 

substituting pure LAGP-Si with a bilayer hybrid electrolyte. The solid-state lithium-

oxygen batteries using PEGMEM@LAGP-Si electrolyte have an enhanced initial 

discharge-charge capacity of 7.3 mA h cm-2 and improved cyclic performance for 39 

cycles, with a limited capacity of 0.4 mA h cm-2. 

 

3. Study of garnet-based integrated architecture for high-performance all-solid-

state lithium-oxygen batteries. 

In this part, an integrated architecture consisting of a garnet electrolyte 

(Li6.4La3Zr1.4Ta0.6O12, LLZTO) and a porous composite cathode is proposed to develop 

high-performance all-solid-state lithium-oxygen batteries. The exceptional internal 

structure of the battery effectively diminishes the interfacial impedance, offers a 

substantial number of active sites at the triple-phase boundaries, and enhances the 

electrochemical stability. Consequently, the resulting batteries display an excellent 

cyclic performance (86 cycles) and a superior full discharge capacity of 13.04 mA h 

cm-2. In addition, X-ray photoelectron spectroscopy (XPS), differential electrochemical 

mass spectrometry (DEMS), and theoretical calculations of density functional theory 

(DFT) authenticate the effectiveness of this design in improving the interfacial 

performance, electrochemical performance, and stability of the battery. These findings 

are anticipated to facilitate the practical implementation of all-solid-state lithium-

oxygen batteries and even other metal-oxygen (air) battery systems. Although the last 

work solved the contact problem between lithium anode and electrolyte, the present 

solid-state lithium-oxygen batteries still encounter a significant challenge due to the 

high impedance at the cathode/electrolyte interface. Moreover, the deficiency of triple-

phase boundaries comprising Li+, e-, and O2 substantially limits the active sites for the 

electrochemical reaction in the battery cathode. 

 

The findings presented herein make a significant contribution to the ongoing 

development of all-solid-state lithium-oxygen batteries. The current investigation 
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demonstrates the potential of utilizing all-solid-state lithium-oxygen (air) batteries as a 

highly promising energy storage solution for the future. Further research endeavors are 

warranted to concentrate on the refinement of the design and fabrication of the solid-

state battery, as well as to enhance the efficacy of interfacial modifications within this 

system. 

 

Keywords: lithium-oxygen batteries, solid-state electrolytes, NASICON, garnet, 

polymer buffer layer, integrated cathode 
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Chapter 1 Introduction 

 

Abstract 

This chapter provides an in-depth exploration of the development history and international 

research progress in the field of lithium batteries, specifically focusing on solid-state lithium 

batteries and lithium-air batteries. Additionally, it emphasizes the immense potential of solid-

state lithium-air batteries as a next-generation energy storage system, highlighting the need for 

extensive research in this area. A significant aspect of solid-state lithium-air battery 

development lies in the advancement of solid-state electrolytes. Therefore, this chapter 

systematically introduces different types of electrolytes, which serve as the core component for 

the development of solid-state lithium-air batteries. Furthermore, a comprehensive overview of 

the lithium-air battery system is presented, categorized according to the type of electrolyte 

employed. This overview encompasses the reaction mechanism, composition structure, and 

prevailing challenges associated with each type. Drawing upon these discussions, the chapter 

concludes by providing research directions and summarizing the main findings of this thesis. 

These findings serve as a guide for subsequent chapters and contribute to the overall 

understanding of solid-state lithium batteries and lithium-air batteries. 
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1.1 Research Background 

The invention of the internal combustion engine (ICE), laid the foundation of gasoline-

chugging economy. However, the use of mineral energy sources (coals, crude oil, and natural 

gas) has led to issues of resource depletion and environmental pollution. Oil alone accounts for 

34% of the world's primary energy structure and contributes to 40% of carbon dioxide (CO2) 

emissions, making it one of the main causes of global climate change [1]. The current global 

energy crisis and environmental problems are becoming increasingly critical. Hence, it is 

imperative to vigorously develop novel, environmentally friendly, and efficient energy 

utilization and storage systems [2]. As an essential aspect of the new energy field, energy 

storage devices with large capacity, high performance, long life, low cost, and environmentally 

friendly characteristics, can effectively address the regional, temporal, and other objective 

challenges of renewable energy. For a long time, the electrochemical energy storage strategy 

based on secondary batteries has provided significant convenience for the use of portable 

electronic power equipment. Secondary batteries have broad application prospects and have 

been widely recognized and supported by the international community as an energy storage and 

conversion scheme [3, 4]. 

 

The storage of energy in batteries is achieved through the redox reactions of chemical 

substances. To meet the requirements of energy storage, a range of solutions are required, 

including the use of lithium-ion batteries. In 1991, SONY successfully commercialized lithium-

ion batteries, which, due to their high energy density, have led the evolution of portable 
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electronics over the past two decades, surpassing other energy storage systems at the time. 

Lithium-ion batteries are now being used in electric vehicles (EVs) and have become a hot 

research topic in this field. However, for EVs to be widely accepted by consumers, it is 

necessary to exceed the current energy storage limits of lithium-ion batteries and adopt an 

energy storage system with a higher energy density, which is a consensus among researchers at 

this stage. Therefore, it is crucial to explore rechargeable battery systems with higher energy 

density than Li-ion batteries. The available options such as zinc-air batteries, lithium-sulfur (Li-

S) battery systems, are limited. Among them, the combination of a lithium metal negative 

electrode and an oxygen positive electrode has the highest theoretical energy density, resulting 

in the lithium-air (Li-air) or lithium-oxygen (Li-O2) battery. Figure 1-1 shows the recent 

development trend of energy storage systems, indicating that the Li-air battery system could be 

the ultimate objective for researchers in this field. 

 

The concept of using oxygen as a positive active substance in batteries is not entirely new. For 

instance, primary zinc-air batteries have been in use for decades. The exploration of Li-air 

batteries began in the 1970s, with Abraham's pioneering work in 1996 being a particular focus 

[5]. Today, the need for improved energy sources has sparked an increased interest in 

rechargeable Li-air batteries among researchers. However, any technology with great potential 

needs to overcome significant hurdles during the transition phase to practical use. For instance, 

during the early stages of development of the lithium-ion battery, many researchers were 

skeptical about its commercialization. Similarly, the study of early prototypes of the secondary 



4 

 

Li-air battery showed that the actual reaction process occurring in the battery was not the 

mechanism originally proposed by the researchers. The clear conclusion that can be drawn from 

this is that a fundamental understanding of the chemical and electrochemical processes that 

occur during battery operation is essential. This knowledge plays a crucial role in the 

commercialization of Li-air batteries. 

 

Figure 1-1 Development trend of energy storage system technology. 

 

The electrolyte plays a crucial role in Li-air batteries. Traditional lithium batteries use organic 

liquid electrolytes, which have several drawbacks such as the need for extensive packaging 

during industrial production, as well as posing potential safety hazards i.e., leakage, 

flammability, and explosion. Additionally, they fail to operate normally under extreme 

temperatures (less than 20 °C or greater than 100 °C) [6, 7]. To address these issues, researchers 

have suggested to construct a solid electrolyte instead of an organic electrolyte, as it offers 

greater research and practical value [8-10]. 
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1.2 Overview of Solid-State Batteries 

Solid-state batteries have a construction structure and operating principle similar to that of 

commercial lithium-ion batteries. As shown in Figure 1-2, a lithium-ion battery consists of 

positive electrode (PE), negative electrode (NE), separator, liquid electrolyte, and current 

collector [11]. During charging, lithium ions are removed from the positive electrode and 

migrate through the electrolyte and separator to the negative electrode, then electrons reach the 

negative electrode from the positive electrode through an external circuit. During discharging, 

the lithium ions embedded in the carbon negative electrode deintercalate and return to the 

positive electrode, and the electrons move in the opposite direction at the state of charging, 

driving the electronic devices through the external circuit. Replacing the separator and liquid 

electrolyte in a conventional lithium-ion battery with a solid electrolyte, including inorganic 

electrolytes, polymer electrolytes and inorganic-polymer composites (IPCs), is the way to 

fabricate solid-state batteries, as shown in Figure 1-3a and Figure 1-3b [12], respectively. The 

solid electrolyte with high stability can better match the use of high-capacity lithium metal 

anode, so the solid-state batteries mentioned later in this thesis are all using lithium metal as the 

negative electrode.  
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Figure 1-2 Schematic diagram of conventional lithium-ion batteries.[11] 

 

 

Figure 1-3 Structure of (a) a Li-ion battery cell and (b) a solid-state lithium metal battery 

cell.[12] 
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Solid-state batteries have the following technical advantages over conventional lithium-ion 

batteries 

 

Higher degree of safety. Conventional lithium-ion batteries use organic liquid electrolytes, 

which generally use flammable and volatile carbonates solvents (i.e., propylene carbonate PC, 

ethylene carbonate EC, methyl ethyl carbonate EMC, and dimethyl carbonate DMC) to dissolve 

the salt. The addition of these highly flammable chemicals in the conventional Li-battery will 

become disaster if thermal runway occurs, which leads to violent combustion. Replacing liquid 

electrolytes by solid electrolytes offers bigger safe advantage that could greatly cushion 

flammability and volatility of the battery [13]. 

 

Higher potential energy density. In conventional lithium-ion batteries, the practical 

application of lithium metal electrode with lower potential and higher capacity is hindered by 

the high reactivity of the electrolyte. Thanks to the higher stability and mechanical strength of 

solid electrolyte, it is expected to realize the application of metal negative electrode in solid-

state battery. Taking lithium-ion batteries as an example, keeping other components unchanged, 

replacing the separator and electrolyte with solid electrolyte together with replacing graphite 

with lithium metal negative electrode, the volumetric energy density of solid-state lithium 

batteries can be increased by 70%, and the mass density can be improved by 40% [14]. 

 

A wider range of electrode material options. Owing to the wider electrochemical window of 
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solid electrolytes and the use of lithium metal electrode, solid-state batteries are expected to be 

paired with a range of high-voltage oxide positive electrode as well as lithium-free, high-

capacity transition metal sulfides to further increase energy density [15-17]. 

 

More simplified battery structure design. Solid-state batteries do not use organic electrolyte 

and separator, which can simplify the packaging procedures and reduce the percentage of 

inactive materials deployed. It also allows for internal series connection of cells to obtain higher 

output voltage as a single cell [13]. 

 

Wider operating temperature range. Conventional liquid batteries typically operate at 

temperatures above 60 ℃, causing severe decomposition of the electrolyte. If the temperature 

continues to increase, reaching 100 ℃ or higher, the PE/PP separator within the closed cell will 

also decompose, which substantially limits the high-temperature performance of the battery. In 

contrast, solid-state batteries are capable of operating at temperatures up to 300 ℃ or higher, 

making them suitable for use in extreme environments [18]. 

 

However, it should be noted that the solid electrolyte, as the key material for solid-state batteries, 

still faces challenges such as improvement of ionic conductivity of the electrolyte itself, and the 

prominent issues on the solid electrolyte/electrode interface. 
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1.3 Solid-State Electrolytes 

As can be seen from the status of research on solid-state lithium batteries, the nature of the solid 

electrolyte directly determines the basic properties of solid-state lithium battery's safety, energy 

density, cycling stability, operating conditions, cost, and the core of all-solid-state lithium 

battery. The practicalization of all-solid-state lithium batteries could be achieved with the 

development of solid electrolyte materials with excellent comprehensive performance.  

 

1.3.1 Development of Solid-State Electrolytes 

The development history of solid electrolytes, also known as super-ionic conductors or fast 

ionic conductors, is summarized in Table 1-1. It can be traced back to as early as 1833, when 

Faraday firstly discovered the phenomenon of ion transport in Ag2S system [19]. Later in the 

20th century, with the successive discovery of lithium ion conductor Li3N [20] and sodium ion 

conductor β-Al2O3 (Na2O-11Al2O3) [21], scholars attempted to use solid electrolytes for the 

development of secondary batteries. In 1973, Fenton et al [22] reported the conduction 

phenomenon of alkali metal ions in poly(ethylene oxide) (PEO), since then, the study of solid 

electrolytes is no longer limited to inorganic materials. As solid electrolytes such as sodium fast 

ion conductor (NASICON) electrolytes [23, 24], lithium fast ion conductor (LISICON) 

electrolytes [25], sulfide electrolytes [26], NASICON-type lithium ion electrolytes [27], 

perovskite electrolytes [28], thiolithium fast ion conductor (thio-LISICON)-type electrolytes 

[29], and garnet-type electrolytes [30] have been reported, the preparation of solid electrolytes 

to obtain high ionic conductivity has become an optimal goal for researchers. Until 2011, Kanno 
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et al. [31] discovered a sulfide electrolyte Li10GeP2S12 with ionic conductivity up to 12 mS cm-

1, which even surpassed the conventional liquid electrolyte and brought research of solid 

electrolytes to whole new level. While pursue higher ionic conductivity continuingly [32], 

researchers have gradually started to focus on the solid electrolytes in solid-state battery 

applications, and this triggers the efforts of giving full play to the application value of solid 

electrolytes. 
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Table 1-1 Brief development history of solid-state electrolytes. 

Year of Report Compositions Features Ref. 

1833 Ag2S Ion transport in solids [19] 

1935 Li3N Lithium-ion conductor [20] 

1967 β-Al2O3 Sodium-ion conductor [21] 

1973 PEO-Alkali metal salts Ion transport in polymer [22] 

1976 Na1+xZr2SixP3-xO12 NASICON [23, 24] 

1978 Li14Zn(GeO4)4 LISICON [25] 

1984 Li3PS4 Sulfides [26] 

1989 Li1.3Al0.3Ti1.7(PO4)3 NASICON-type lithium-

ion conductor 

[27] 

1993 Li0.34La0.51TiO2.94 Perovskite [28] 

2001 Li3.25P0.75Ge0.25S4 thio-LISICON  [29] 

2003 Li5La3M2O12 Garnet [30] 

2011 Li10GeP2S12 Ultrahigh ion 

conductivity 

[31] 

2016 Li9.54Si1.74P1.44S11.7Cl0.3 Highest lithiu-ion 

conductivity at room 

temperature 

[32] 

 

After a long period of research and practice on all-solid-state lithium batteries, it is worthwhile 

to summarize the main performance indicators of solid electrolytes as follows. 

 

First, the ionic conductivity of the solid electrolyte directly determines the internal resistance 

of the solid-state lithium battery, which affects the cycling performance and capacity retention 
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of the battery. It is the most important performance index of solid electrolyte. To optimize the 

charge and discharge performance of solid-state lithium batteries, the ionic conductivity of solid 

electrolyte should reach 10-4 S cm-1 or even 10-3 S cm-1 or higher at room temperature. 

 

Second, the solid electrolyte needs to contain high chemical stability to ensure stable utilization 

of the lithium metal anode and to avoid the occurrence of side reactions in the cycle of all-solid-

state lithium batteries. Let alone the higher chemical stability also guarantees the safety of all-

solid-state lithium batteries.  

 

Moreover, solid state electrolytes require a wide electrochemical window for use with high 

voltage positive electrode materials, thereby increasing the energy density of all-solid-state 

lithium batteries. Further, the solid electrolyte needs to have a high ion migration number, that 

is, a low electronic conductance, to prevent self-discharge and internal short circuit, and 

improve the system stability of the battery. Finally, solid electrolytes need to have high 

mechanical strength to inhibit the growth of lithium dendrites while ensuring the structural 

integrity of all-solid-state lithium batteries. 

 

Understanding the ion transport mechanism of solid electrolytes is essential for designing solid 

electrolytes with high ionic conductivity. The ion transport behavior of solid electrolytes is 

generally based on the classical diffusion phenomena, where a single ion leaps directly from 

one lattice position to an adjacent position, as shown in Figure 1-4a, and can be divided into 
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vacancy conduction, interstitial conduction, and knock-off conduction, respectively. Among 

them, the ionic conductivity (σ) is closely related to the crystal structure of the solid electrolyte, 

the carrier concentration (n), the activation energy (Ea), and the carrier migration rate (μ), 

respectively. The interrelationship is shown in Equation (1-1) [33]. 

𝜎 = 𝑛𝑞𝜇 (1 − 1) 

where q is the charge carried by the carrier (C), μ is proportional to exp(Ea/kBT), kB is the 

Boltzmann constant (m2 kg s-2 K-1), and T is the ambient temperature (K). Lower activation 

energies and higher carrier concentrations (migratable ions or the presence of vacancies) are 

favorable to obtain high ionic conductivity. However, according to the classical single ion 

diffusion model, solid electrolytes with the same crystal structure should have similar migration 

potential barriers, which cannot explain some doped obtained solid electrolytes that exhibit 

significantly lower activation energies and substantially higher ionic conductivity after doping 

(e.g. doped LLZO and NASICON) [34]. Therefore, apart from the classical single ion leap 

model, another transport mechanism model has been proposed. 

 

Shi et al. [35] used density functional theory (DFT) calculations to show that Li+ in Li2CO3 

tends to undergo multi-ion concerted transport rather than direct leap through a single ion. And 

in β-Li3PS4 electrolytes, they also found that Li+ synergistic transport along the [010] crystal 

plane has the lowest migration potential barrier [36]. Subsequently, Mo et al. [34] investigated 

the ion transport behavior of a series of solid electrolytes (including Li7P3S11, β-Li3PS4, 

LISICON, and LLTO) via computational chemistry. As shown in Figure 1-4b, there is a 
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synergistic transport process when ions occupying high energy sites migrate to low energy sites, 

and strong Coulomb interactions between ions can facilitate the migration of ions from low 

energy sites to high energy sites, thus greatly reducing the migration potential barrier. Zhang et 

al. [37] also demonstrated this synergistic transport mechanism in NASICON structured sodium 

ion solid electrolytes. The synergistic transport mechanism suggests that if as many mobile ions 

as possible are introduced to the high energy sites inside the solid electrolyte, higher ionic 

conductivity can be obtained by greatly reducing the ion migration potential barrier. 

 

The ion transport mechanism in polymeric solid electrolytes is different. It generally relies on 

the motion of polymer chain segments in the amorphous region, which requires polymer chain 

segments to contain some polar groups such as -O-, =O, -S-, -N-, -P-, C=O, C≡N, etc. Their 

generally high dielectric constants can facilitate the dissociation of inorganic salts in the 

polymer matrix, which leads to effective free mobile ions [38]. As shown in Figure 1-4c, the 

coordination of freely moving alkali metal ions or ion clusters with polar groups generates new 

coordination sites through the local chain segment motion of the polymer, which leads to ion 

conduction within and between chains [39]. This transport mechanism suggests that polymeric 

solid electrolytes can only operate above the glass transition temperature Tg to achieve chain 

segment motion in the amorphous region, therefore, to obtain polymeric solid electrolytes with 

higher ionic conductivity, the glass transition temperature and crystallinity of polymeric solid 

electrolytes are preferably reduced. 
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Figure 1-4 Schematic illustration of (a) Single-ion direct hop mechanism, (b) Multi-ion 

concerted migration mechanism, (c) segment motion mechanism.[39] 

 

1.3.2 Classification of Solid-State Electrolytes 

Depending on the material composition and ion transport mechanism, solid electrolytes can be 

divided into two categories: polymeric solid electrolytes and inorganic solid electrolytes. 

According to the chemical composition, the main categories of inorganic solid electrolytes 

include oxide solid electrolytes, sulfide solid electrolytes, etc.  

 

1.3.2.1 Polymer solid electrolytes 

Polymer electrolytes are usually low modulus of elasticity and are therefore well suited for 

flexible batteries. The good safety performance, low mass density, and high shear modulus 

make it an important candidate in its application in lithium metal batteries. However, its low 
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room temperature ionic conductivity, low lithium-ion mobility number, poor oxidation 

resistance, and poor thermal stability need to be further investigated. The polymer solid 

electrolyte is composed of a polymer matrix with polar groups and an alkali metal salt 

complexed, which has good flexibility and film-forming processability. In 1973, Fenton et al. 

[22] firstly discovered that the complexation of polyethylene oxide (PEO) with alkali metal 

sodium salts could form a solid electrolyte with ionic conductivity. Then in 1978, Armand et al. 

[40] formally proposed that PEO solid electrolytes with ion-conducting properties are expected 

to be used in solid-state batteries, which opened the prelude to the research of polymer solid 

electrolytes. PEO solid electrolytes (Figure 1-5) have received extensive attention as the most 

representative polymer solid electrolyte system. However, PEO is a semi-crystalline polymer 

at room temperature, so its ionic conductivity at room temperature can only reach 10-8~10-6 S 

cm-1, which is far below the required value during practical applications. When it exceeds the 

crystalline melting temperature (~60 °C), the amorphous region increases greatly, and the 

conductivity can reach 10-4 S cm-1. Therefore, PEO-based polymer electrolytes tend to work 

only at temperatures above 60 °C [41, 42]. In addition to PEO-based polymer electrolytes, 

various types of polymer solid electrolytes are also being developed in great numbers, such as 

polyacrylonitrile (PAN) [43], polycarbonate (PC) [44], poly(vinylidene fluoride-co-

hexafluoropropylene) (PVDF-HFP) [45], polymethyl methacrylate (PMMA) [46], etc. At the 

same time, people have also begun to try to compound the polymer matrix with liquid 

components containing alkali metal salts to develop gel polymer solid electrolytes [47]. This 

type of polymer solid electrolytes often has superior ion transport property. 
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Figure 1-5 Different types of linear PEO. 

 

Polymer solid electrolytes have been developed and researched and have made significant 

breakthroughs in performance recently. The prototypes of electric cars and buses boarded with 

solid-state batteries based on PEO polymer electrolytes were successful launched by Bolloré 

(France) in 2011 [48]. However, the intrinsic poor conductivity at low temperature of those on-

board batteries renders the system to be functional over 80 °C. In addition, the poor mechanical 

strength of the polymer solid electrolyte and the high voltage instability pose great challenges 

for high safety standard and high energy density of solid-state batteries. In general, the 

advantages of polymer electrolytes such as good interfacial compatibility, good flexibility, easy 

processing, and low cost, tandem with its disadvantages i.e., low lithium-ion conductivity at 

room temperature, easy hydrolysis of lithium salts in presence of water, and narrow 

electrochemical window. 

 

1.3.2.2 Inorganic solid electrolytes 

Albeit the employment of polymer electrolytes reduces the chance of ignition, it does not 

guarantee zero chance for combustion. In contrast, the inorganic solid electrolyte is a single 

ionic conductor that mitigates the concentration polarization effect. The noncombustible 
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property due to mainly contain oxide and sulfide compounds in system effectively avoid safety 

issues such as spontaneous ignition [49]. Figure 1-6 illustrates the ionic conductivity of some 

common Li-ion inorganic solid electrolytes based on metal oxides, nitrides, sulfides, phosphates, 

and halides, respectively. 

 

Figure 1-6 Ion conductivity of several well-known inorganic solid-state electrolyte.[50] 

 

Oxide solid electrolytes. Oxide solid electrolytes usually synthesize precursor powder by 

primary calcination of raw materials, and then the precursor powder is synthesized by high 

temperature sintering to obtain a stiff and brittle electrolyte. It has better air stability, as the 
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synthesis process is generally carried out in presence of air, which is conducive to simplifying 

the material preparation process, battery manufacturing process, reducing the difficulty of 

encapsulation, and improving battery safety [51]. In addition, the high thermal stability of these 

electrolytes allows the battery to maintain safe operation and performance stability over a range 

of temperatures, reducing the need for accessory modules such as thermal management and 

power electronics in the battery module, thereby significantly reducing the quality, cost, and 

complexity of the battery pack. The crystal configuration of oxide solid electrolytes consists of 

a primary and a secondary atomic structure [52]. The primary atomic structure consists of a 

three-dimensional network of oxidized polyhedra. The secondary atomic structure is located 

within the pores of the three-dimensional network and consists of a permeable grid of occupied/ 

unoccupied sites. To move from one site to another, the cation needs to leap over the 

"bottleneck" of the oxidation polyhedra with an activation energy varying from 0.2 to 0.5 eV. 

Three of the most common oxide solid electrolytes are briefly described below, including 

perovskite, NASICON-type, and garnet-type electrolytes, respectively. 

 

The general chemical formula of a perovskite solid electrolyte is ABO3 (A = Ca, Sr, La; B = Al, 

Ti, etc.,), which belongs to the cubic unit cell and the Pm/3m space group. A-type atoms are 

generally at the apex angle of the cubic unit cell, B-type atoms are in the center, and the 

remaining oxygen atoms are in the face-centered position. In this way, the type A atoms are at 

the 12-coordination center, and the type B atoms are at the 6-coordination center. Lithium ions 

are introduced by hetero-valent doping. The introduction of lithium ions not only increases the 
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lithium content of the compound, but also increases the vacancy concentration. Such doping 

leads to the ordering of lithium ions and vacancies at c-axis, which greatly increases the lithium-

ion conductivity in this direction. At room temperature, lithium ions can jump through the 

octahedral bottleneck formed by oxygen atoms in the AB plane and transition through adjacent 

vacancies. The octahedral bottleneck can be widened by using large-diameter rare earth 

elements and alkaline earth elements, thereby further improving lithium-ion conductivity. At 

present, among the discovered perovskite solid electrolytes, the highest lithium ion conductivity 

is Li0.34La0.56TiO3, whose body ion conductivity is about 10-3 S cm-1 with overall lithium ion 

conductivity of 7 x 10-5 S cm-1 [53]. The most significant problem with perovskite solid 

electrolytes is that tetravalent titanium reacts with lithium resulting in reduction. In addition, 

the long-term storage stability of perovskite solid electrolytes also needs to be improved. Zhao 

et al. [54-57] reported a novel Li-rich anti-perovskite with a general formula of Li3OX (X = Cl, 

Br). In this structure, lithium ions occupy the top corner of the octahedron and connect with the 

oxygen ions (B-site) at the center of the octahedron, while the halogen element (A-site) is in 

the center of the dodecahedron. The benefits of anti-perovskite solid electrolytes are lithium-

rich elements and light weight. More noticeably, the lithium-ion conductivity at room 

temperature of Li3OCl and Li3OCl0.5Br0.5 are as high as 0.85 x 10-3 S cm-1 and 1.94 x 10-3 S cm-

1, respectively. Further research found that Li2OHX with an inverse perovskite structure can 

also be used as a solid electrolyte, and it is also stable with lithium metal. Substituting fluoride 

anions for hydroxide ions results in compounds with the chemical formula Li2 (OH) 0.9F0.1Cl. 

The electrochemical window of this solid electrolyte is as high as 9 V. However, the first-



21 

 

principles calculations indicate that Li3OX may decompose, so the stability of anti-perovskite 

solid electrolytes and the improvement of ionic conductivity require further study.  

 

NASICON-type solid electrolyte was first proposed in 1976 by Goodenough and Hong et al. It 

is based on NaZr2(PO4)3 solid solution with partial replacement of P5+ by Si4+ to form a three-

dimensional (3D) sodium fast ionic conductor with the general formula Na1+xZr2SixP3-xO12 

(0≤x≤3), where Na3Zr2Si2PO12 exhibits a high ionic conductivity of 6.7 × 10-4 S cm-1 at room 

temperature and 0.2 S cm-1 at 300 °C when x = 2 [23, 24]. The NASICON solid electrolyte has 

a covalent skeleton structure consisting of interconnected polyhedra, where the ZrO6 octahedra 

and PO4/SiO4 tetrahedra are connected at common vertices to form a 3D skeleton. Na+ ions and 

vacancies are located at the skeleton gap sites and conduct along the three-dimensional channels 

formed by these gaps. As shown in Figure 1-7, NASICON electrolytes exist in both hexagonal 

phase (space group R-3c) and monoclinic phase (space group C2/c) structures [58]. It is 

commonly believed that Na1+xZr2SixP3-xO12 exhibits a monoclinic phase when 1.8 ≤ x ≤ 2.2, 

and the remaining components exhibit a hexagonal phase structure [23, 59, 60]. Also, the 

change in temperature causes a transition in the phase structure, and when the temperature is 

heated to 420-450 K, the monoclinic phase transforms into the hexagonal phase [61, 62]. 
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Figure 1-7 Crystal structure of NASICON-type electrolyte.[58] 

 

Zhang et al. [37] investigated the Na+ distribution in hexagonal and monoclinic phases based 

on molecular dynamics simulations and the maximum entropy method. As shown in Figure 1-8, 

Na1 (6b), Na2 (18e) and Na3 (36f) sites exist in the hexagonal phase, where Na+ ions mainly 

occupy two sites, Na1 (6b) and Na2 (18e), and less occupies the Na3 (36f) site. Based on the 

hexagonal phase, a slight distortion deformation is performed to obtain the monoclinic phase 

structure, at which time the Na2 (18e) site splits into Na2 (4e) site and Na3 (8f) site, and Na3 

(36f) splits into Na4 (8f) and Na5 (8f) site, respectively. Due to the presence of the high-energy 

site Na5, its migration to the low-energy Na site can offset part of the potential barrier of the 

migration from the low-energy Na site to the high-energy Na site based on the synergistic 

transport mechanism, thus reducing the ion transport activation energy. Therefore, the 

monoclinic phase tends to have higher ionic conductivity, and most of the current studies have 

been carried out based on the monoclinic phase of Na3Zr2Si2PO12 electrolyte. Because of the 
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appealing features of NASICON electrolytes, such as being insusceptible to the reaction of CO2 

and H2O in presence of air, higher air stability, wide electrochemical window, higher sodium 

ion mobility number, and excellent stability to sodium, it makes them a very promising solid 

electrolyte material [63].  

 

 

Figure 1-8 Na-ion probability density iso-surfaces (yellow) of (a) rhombohedra NASICON 

and (b) monoclinic NASICON from ab initio molecular dynamics (AIMD) simulations and 

maximum entropy method (MEM). Green region, light purple region and red circle represent 

ZrO6 octahedra, Si(P)O4 tetrahedra and high energy site (Na5 site), respectively.[37] 

 

Na+ in Na3Zr2Si2PO12 can be replaced by Li+ ions to obtain NASICON type lithium-ion solid 

electrolyte. However, since the Li+ radius (0.68 Å) is smaller than that of Na+ radius (0.97 Å), 

the direct introduction of Li+ into the high coordination position of Na+ will easily lead to the 

collapse of the framework structure, which is not conducive to Li transport. Therefore, the ionic 

conductivity of Li3Zr2Si2PO12 obtained directly by solid-phase ion exchange using high-
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temperature molten salt is three orders of magnitude lower than that of Na3Zr2Si2PO12. In this 

case, suitable ions can be used to replace the skeletal ions to construct a proper Li coordination 

environment and stabilize the framework structure of the precursor to improve the ionic 

conductivity [49]. In 1989, Aono et al. [27] prepared a NASICON-type lithium-ion solid 

electrolyte Li1.3Al0.3Ti1.7(PO4)3 (also known as LATP) with a high ionic conductivity of 7 × 10-

4 S cm-1 at room temperature and 0.09 S cm-1 at 300 °C by replacing Zr4+ with Ti4+ and doping 

it with an appropriate amount of Al3+. Subsequently in 1992, Aono et al. [64] used Ge4+ instead 

of Zr4+, also doped with an appropriate amount of Al3+, to obtain a NASICON-type lithium-ion 

solid electrolyte Li1.5Al0.5Ge1.5(PO4)3 (also known as LAGP) with a room temperature ionic 

conductivity of 2.4 × 10-4 S cm-1. NASICON-type lithium-ion solid electrolytes therefore 

include two main types, LATP and LAGP. However, the tendency for Ti4+ and Ge4+ to be 

reduced at low potentials has led to NASICON-type lithium-ion solid electrolytes being 

unstable to lithium metal, thus limits the application of these electrolytes. It has been reported 

that the use of solid electrolytes containing tetravalent germanium (Ge) is more stable, but there 

are still reports that tetravalent Ge will also react with lithium and be reduced to elemental and 

bivalent Ge. 

 

Since Thangadurai et al. [30] firstly reported the garnet-type solid electrolyte Li5La3M2O12 (M 

= Ta, Nb), it has received much attention due to its chemical stability for lithium metal electrode 

and its wide electrochemical window. In 2007, Murugan et al. [65] replaced M with Zr and 

increased the Li concentration to achieve a garnet-type electrolyte Li7La3Zr2O12 (also known as 
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LLZO) with a higher ionic conductivity of 3 × 10-4 S cm-1 at room temperature. As shown in 

Figure 1-9, LLZO electrolytes can be divided into two structures: the tetragonal phase (space 

group I41/acd) and the cubic phase (space group Ia-3d). Lithium exists in three different sites 

in the tetrahedral phase, with Li1 occupying position 8a in the tetrahedral gap, Li2 occupying 

position 16f in the ortho-octahedral gap and Li3 occupying position 32g in the partial-

octahedral gap, showing an ordered distribution of lithium ions [66]. In contrast, there are two 

different sites for lithium in the cubic phase, with Li1 occupying the 24d position in the 

tetrahedral gap and Li2 occupying the 96h position in the eccentric octahedral gap, where the 

lithium ions show a disordered distribution, making ion migration easier and thus exhibiting 

higher ionic conductivity [67]. Stabilization of the cubic phase at room temperature is therefore 

the key to the synthesis of LLZO-based electrolytes with high ionic conductivity. It is worth 

noting that garnet-type electrolytes tend to react with CO2 and H2O in the air and a layer of 

Li2CO3 impurities is generated on the surface, leading to a decrease in their affinity for the 

electrode [68]. 
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Figure 1-9 Crystallite structure of LLZO.[66, 67] 

 

Sulfide solid electrolytes. Sulfide solid electrolytes are derived from oxide solid electrolytes 

by replacing the oxygen ions in the oxide with sulfur ions of larger ionic radius, which can form 

a wider ion conducting pathway. In addition, the strong polarization of sulfur ions and the 

weaker binding ability of lithium ions give lithium ions a higher mobility, so sulfide solid 

electrolytes tend to exhibit higher ionic conductivity compared to oxide solid electrolytes [32, 

33]. Meanwhile, sulfide solid electrolytes have better mechanical ductility than oxide 

electrolytes. Dense interfaces can be easily achieved by cold pressing [69, 70], and thus are 

receiving increasing attention today. Sulfide solid electrolytes can be divided into two main 

types, binary sulfide and ternary sulfide, according to the type of synthetic raw materials [15]. 

Binary sulfides are mainly synthesized by M2S (M = Li, Na) and P2S5 as raw materials, and 

ternary sulfides are mainly synthesized by M2S (M = Li, Na), P2S5 and MS2 (M = Si, Ge, Sn) 

or MX (M = Li, Na; X = Cl, Br, I). Since sulfide electrolytes tend to contain P-S bonds with 
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weak bonding energy, the vast majority of sulfide solid electrolytes exhibits poor air stability 

and reactivity with H2O to form H2S gas [71]. The sulfide raw materials used are also less stable 

to humid air, so the sulfide solid electrolytes are generally synthesized and stored under dry 

atmosphere. Nowadays, in order to improve the air stability of sulfide solid electrolytes, P is 

partially or even completely replaced by other elements, and the air stability of the electrolytes 

obtained is greatly enhanced, such as Li3.06P0.98Zn0.02S3.98O0.02 [72] and Na3SbS4 [73].  

 

In 2011, Kanno et al. [31] synthesized the ternary sulfide solid electrolyte Li10GeP2S12 using 

Li2S, GeS2, and P2S5 under argon atmosphere, and its crystal structure is shown in Figure 1-10. 

The (Ge0.5P0.5)S4/PS4 tetrahedra, LiS4 tetrahedra and LiS6 octahedra form a 3D skeleton 

structure, and the LiS4 tetrahedra at positions 16h and 8f are connected co-sideways along the 

c-axis to form a one-dimensional zigzag lithium ion conduction path. Due to the isotropic 

transport of lithium ions, Li10GeP2S12 demonstrates an ultra-high room temperature ionic 

conductivity of 12 mS cm-1, which is the first time that the ionic conductivity of a solid 

electrolyte has surpassed that of a conventional liquid electrolyte, indicating a milestone. 

However, the introduction of Ge4+ leads to the instability of Li10GeP2S12 to lithium metal 

electrode. The first Li10GeP2S12-based battery assembled by Kanno et al., also used indium 

metal electrode with higher potential. Therefore, the improvement of the interfacial stability of 

Li10GeP2S12/Li is the key to realize Li10GeP2S12-based solid-state batteries.  
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Figure 1-10 Crystal structure of typical Li10GeP2S12.[31] 

1.3.2.3 Organic-inorganic hybrid electrolytes 

Inorganic solid electrolytes exhibit satisfactory ionic conductivity and mechanical properties, 

but their applications are impeded by large interfacial impedance and poor machinability. In 

contrast, polymer electrolytes have the advantage of flexible shape and low cost, but they have 

insufficient ionic conductivity at room temperature and poor mechanical strength. Therefore, 

the inorganic and polymeric electrolytes synergistically integrated to construct inorganic-

organic composite electrolytes to compromise ionic conductivity, mechanical strength, and 

interfacial stability, is a prosperous promising technological strategy for the overall 

enhancement of electrolyte performance [74]. On the one hand, polymers are used to improve 

mechanical flexibility and processability, contributing to a good physical contact between 

electrolyte and electrode, thus reducing the interfacial impedance. Alternatively, inorganic 
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materials can act as solid plasticizers to reduce polymer crystallinity and promote lithium salt 

dissociation, enhancing the conductivity of the polymer. Currently, inorganic-organic 

composite electrolytes are mostly mechanical blends of polymers (e.g., PEO, PVDF-HFP, PPC, 

etc.) and inorganic ion-conducting inert/active materials (e.g., SiO2, Li7La3Zr2O12, Li10GeP2S12, 

etc.). Hybrid electrolytes can be further subdivided into ‘ceramic in polymer’ and ‘polymer in 

ceramic’, depending on the ratio of their contents. They differ slightly in the mechanism of 

lithium-ion conduction. The former ion conduction path is mainly in the polymer bulk phase, 

and inorganic particles are used for polymer modification, the latter ion conduction path is 

mainly in the inorganic solid electrolyte bulk phase and organic/inorganic interfacial 

percolation, and the polymer is used for electrolyte molding [75, 76]. 

 

1.4 Lithium-Air (Oxygen) Batteries 

1.4.1 Development of Lithium-Air Batteries 

The concept of Li-air batteries was first introduced in the 1970s by Littauer and Tsai et al., [77] 

using an aqueous electrolyte. These batteries are primary batteries based on a lithium negative 

electrode/aqueous electrolyte/oxygen positive electrode structure. Electrochemical tests have 

shown that the discharge product of this battery is lithium superoxide and has an open circuit 

voltage of 2.9-3.0 V, exhibiting a very high theoretical energy density. However, as lithium 

metal is very active, the reaction in the aqueous electrolyte is relatively violent and 

accompanied by more side reactions, resulting in irreversible consumption and continuous 

corrosion of lithium metal resulting in a poor reversibility of the battery. Therefore, Li-air 
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batteries did not receive much attention from the scientific community at that time. In 1996, 

Abraham et al. [5] first designed a stable secondary rechargeable Li-air battery using a gel 

polymer electrolyte. The structure of this cell is lithium negative electrode/gel polymer 

electrolyte/carbon positive electrode. In this case, the PAN-based gel polymer electrolyte 

replaces the liquid electrolyte and separator and can be used both as a medium to isolate the 

positive and negative electrodes and as a medium for lithium-ion conduction. Through further 

studies, they detected the presence of lithium peroxide (Li2O2) during discharge using in situ 

Raman techniques and concluded that this is the final reaction product of the Li-air cell. When 

the surface current density was 0.1 mA cm-2, the specific capacity of the cell was 1400 mA h g-

1, but the cycle reversibility was not improved. In the following decade, despite some reports 

on Li-air batteries, a breakthrough in cycle stability and energy density was never achieved, and 

the research on Li-air batteries fell into a period of atrophy.  

 

In 2006, Bruce and his co-workers [78] reported a Li-air cell assembled using a carbon cathode 

loaded with a manganese dioxide catalyst, LiPF6 liquid electrolyte, glass fibers, and lithium 

metal (Figure 1-11). Using in situ mass spectrometry analysis, they found the presence of 

lithium peroxide inside the cell and showed that the formation and decomposition of lithium 

peroxide is reversible. At the same time, they confirmed that the capacity of these batteries was 

still retained after 50 charge/discharge cycles, breaking the bottleneck that previous Li-air 

batteries could not be cycled, and achieving a new breakthrough in cycling stability. Since then, 

the research on Li-air batteries enters into the phase of booming. 
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Figure 1-11 Schematic diagram of a typical Li-O2 batteries with gas evolution profile.[78] 

 

In recent years, research teams (Peter.G.Bruce's group and Yuhui Chen's group at the University 

of St. Andrews, UK; S.Gowda's team at IBM's Almaden Research Center, Nikolay 

Goncharenko's team at PolyPlus Batteries, and B.Kumar's team at the Energy Technologies and 

Materials Division of the University of Dayton Research Institute, USA. Fuminori Mitchell's 

team at Toyota Motor Battery Research, Osamu Yamamoto's team and Nobuyuki Imanishi's 

team at Mie University Department of Chemistry in Japan; Haoshen Zhou's group at Nanjing 

University, China; Xinbo Zhang's group at Changchun Institute of Applied Chemistry, Chinese 

Academy of Sciences, and Qiang Zhang's group at Tsinghua University, China.) around the 

world have also been working on high energy density Li-air battery development technologies. 

For example, With the continuous research work, researchers identified the electrolyte as one 

of the key factors affecting the performance of Li-air batteries. Scrosati et al., [79] reported that 

the electrolyte of TEGDME-LiCF3SO3 has not decayed in discharge capacity after 100 cycles 

at a capacity limit of 1 A h g-1.Kuboki et al., [80] reported that the hydrophobic ionic liquid 1-

methyl-3-octylimidazolium bis(trifluoromethylsulfonyl)imide can discharge a specific capacity 
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of 5360 mA h g-1. Hassoun et al., [81] reported that polyethylene-based polymer electrolytes 

for Li-air batteries can be charged at lower voltages. The development of new electrolytes has 

led to a significant development of lithium-oxygen batteries, which has greatly improved the 

cycle life and multiplicative performance of the batteries. Simultaneously, the advantages of Li-

air batteries are becoming increasingly evident as one of the most promising secondary batteries.  

 

1.4.2 Classification of Lithium-Air Batteries and Their Research 

Development 

According to the different electrolytes used, Li-air batteries can be divided into four main types: 

aprotic (non-aqueous liquid) Li-air battery, aqueous Li-air battery, hybrid Li-air battery and 

solid-state Li-air batteries, as shown in Figure 1-12 [82]. The reaction paths of different types 

of Li-air batteries are different. Since the research hotspots of Li-air batteries, or strictly 

speaking Li-O2 batteries, are focused on aprotic electrolyte systems, this chapter will analyze 

the current development status of Li-air batteries with organic electrolytes as an introduction, 

further extend to aqueous electrolyte and hybrid electrolyte systems, and finally elaborate on 

solid-state Li-air batteries, which are the key focus of this thesis. 
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Figure 1-12 Mechanisms of Li–air battery with different types of electrolytes.[82] 

 

1.4.2.1 Aprotic Lithium-Air Batteries 

The structure of lithium-air battery is similar to that of conventional lithium-ion battery, which 

consists of positive electrode, negative electrode, electrolyte and separator. Among them, 

lithium metal is used as the negative electrode, which has a relatively high electrochemical 

capacity. The positive electrode usually consists of a porous carbon material, a mixture of binder 

and catalyst coated on the collector fluid. The separator is immersed in an organic electrolyte 

that is located between negative and positive electrodes. The electrolyte is usually an organic 

electrolyte such as carbonate, ether, dimethyl sulfoxide, etc. Throughout the reaction of the 
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aprotic Li-air cell (as shown in Equations 1-2 to1-8), a reversible redox reaction occurs between 

oxygen and lithium metal. Oxygen reduction reaction (ORR) occurs during the discharge 

process. In this process, the lithium in the negative electrode loses electrons and becomes 

lithium ions which are released into the electrolyte. O2 enters the porous positive electrode and 

dissolves into the electrolyte for reduction to form dissolved oxygen, which reacts with Li+ ions 

in the electrolyte to form LiO2, and the final product is formed as Li2O2 after further 

transformation. The charging process corresponds to the oxygen evolution reaction (OER). In 

this process, Li2O2 is used as the starting material for the inverse reaction of the above reaction, 

resulting in the formation of Li and O2. From the above reaction mechanism, it is clear that, on 

the one hand, Li-air batteries store electrical energy through chemical energy by undergoing a 

multi-step complex reactions via a gas-liquid-solid phase transition [83-85]. On the other hand, 

the positive electrode material does not participate in the electrochemical reaction and is only 

a reserve site for the formation and decomposition of lithium peroxide, which is a similar to the 

mechanism of fuel cells [86, 87]. Figure 1-13 shows the schematic diagram of the working 

principle of Li-air batteries and the electron and ion migration during charging and discharging 

process. 

e- + O2 → O2
-                1-2 

Li+ + O2
- → LiO2             1-3 

Li + e- + LiO2 → Li2O2        1-4 

LiO2 + LiO2 → Li2O2 + O2     1-5 

Li2O2 → O2 + 2e-+ 2Li+      1-6 
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Li2O2 → LiO2 + e- + Li+      1-7 

2LiO2 → Li2O2 + O2         1-8 

 

 

Figure 1-13 Schematic diagram of the working principle of Li-air batteries. 

 

Organic electrolyte has better lithium salt solubility, stronger ionic conductivity, and its reaction 

with lithium metal forms a solid electrolyte interphase (SEI) at the electrode/electrolyte 

interface, which mitigates the corrosion of lithium metal to a certain extent. However, there are 

still some problems that cannot be ignored. For example, the electrolyte has poor 

chemical/electrochemical stability during cycling and is prone to side reactions, producing solid 

by-products that hinder oxygen transport and lithium-ion diffusion. Secondly, the electrolyte 

has limited oxygen-carrying capacity and has difficulty in dissolving the discharged product 

(lithium peroxide), which continuously accumulates on the porous air electrode, causing 

blockage of the positive electrode oxygen channel and reduction of the diffusivity rate, resulting 

in an increase in the overcharge potential and a decrease in the cycling performance of the 
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battery. In addition, the OER process generates very reactive lithium superoxide and oxygen 

radicals, which have strong oxidation ability. It will attack the liquid electrolyte to decompose 

and generate lithium carbonate, lithium carboxylate and other by-products, leading to rapid 

failure of lithium-oxygen batteries within a short cycle time [88]. Figure 1-14 illustrates the 

reaction principle of a typical aprotic Li-air battery during charging and discharging. 

 

Figure 1-14 A REDOX partition model for aprotic Li-air batteries.[88] 

 

1.4.2.2 Aqueous Lithium-Air Batteries 

The structure of aqueous Li-air battery consists of three major parts: lithium metal negative 

electrode, separator and aqueous electrolyte, and positive electrode. As from Equations 1-9 and 

1-10, during discharge, the lithium in the negative electrode loses electrons to become Li+ ions 

and then migrate to the positive electrode to form lithium hydroxide. The oxygen at the positive 

electrode undergoes reduction to form hydroxide ions. During the charging process, lithium 

hydroxide occurs as the starting material in the reverse direction of the above reactions [89, 90]. 

Li → Li+ + e-               1-9 
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O2 + 2 H2O + 4 e- → 4 OH-    1-10 

The discharge product of aqueous Li-air battery, lithium hydroxide, is soluble in aqueous 

electrolyte, which enables reversible formation/decomposition throughout the battery process, 

circumventing the risk of blocking the porous channel of the positive electrode and providing 

the possibility of Li-air battery cycling. However, due to the reactive nature of the lithium metal, 

it is highly susceptible to react with the electrolyte. Therefore, the battery cycling process is 

accompanied by self-discharge of lithium metal or even serious corrosion reaction (Li + H2O 

→ LiOH + 1/2 H2), resulting in low coulombic efficiency of the battery, which affects the 

practical application of Li-air batteries. In order to solve the above problems, an improved 

approach is to introduce a protective film that allows the passage of oxygen and inhibits the 

contact of gases such as CO2, nitrogen (N2), and water vapor with the lithium metal, but this 

approach is not ideal due to the limitations of materials and technology [77]. 

 

1.4.2.3 Hybrid Li-Air Batteries 

The hybrid Li-air battery uses organic electrolyte, inorganic solid electrolyte and aqueous 

electrolyte combination as the electrolyte layer, as shown in Figure 1-15 [91]. The organic 

electrolyte layer is in contact with the lithium sheet, which can form a SEI layer to protect the 

lithium negative electrode. The aqueous electrolyte can be in direct contact with air. Compared 

to organic electrolyte lithium-air batteries, hybrid Li-air batteries have a couple advantages. 

First, the use of inorganic solid electrolyte separating aprotic electrolyte and aqueous electrolyte 

can effectively avoid the erosion of lithium negative electrode by water vapor and CO2 in the 
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air, so that this type of Li-air battery can be charged and discharged directly in the atmosphere. 

Second, since the reaction product is lithium hydroxide (LiOH) soluble in aqueous electrolyte, 

the discharge product of the battery will not block the electrode, making the discharge of the 

battery sustainable. These advantages make the combined Li-air battery one of the promising 

future energy storage devices. The reaction mechanism of this type of cell is similar to that of 

a fuel cell. In the discharge phase, the negative electrode of lithium metal loses oxygen to 

lithium ions into the organic electrolyte, and the positive active material oxygen is reduced to 

hydroxide ions by gaining electrons in the aqueous electrolyte.  

 

Figure 1-15 Schematic illustration of hybrid electrolyte Li-air batteries.[91] 

 

On this basis, Zhou et al. [91-94] proposed and designed a liquid-flow Li-O2 battery, the 

structure is shown in Figure 1-16. Like the hybrid electrolyte system Li-air battery, this type of 
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Li-O2 battery also consists of a liquid organic electrolyte in contact with the lithium anode. The 

organic electrolyte is separated from the aqueous electrolyte by an inorganic electrolyte. The 

difference is that its aqueous cathode solution contains redox pairs and is pumped to make it 

flow. 

 

In summary, this hybrid Li-air battery can effectively protect the lithium negative electrode and 

avoid the discharge products from blocking the air to positive electrode. The most significant 

problem at present is that the inorganic solid electrolyte needs to be stable in an aqueous 

electrolyte, otherwise the by-products generated by its decomposition will deplete the lifespan 

of the battery. On the other hand, the lithium-ion conductivity of inorganic solid-state 

electrolytes is limited, and sulfur-based electrolytes with high lithium-ion conductivity are 

highly adsorptive, which cannot be used in hybrid Li-air batteries. Further development of 

solid-state electrolytes with high ionic conductivity and high stability plays a key role in 

improving the performance of this type of Li-air batteries. 
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Figure 1-16 Schematic illustration of a new type Li-redox Li-air (O2) battery.[93] 

 

1.4.2.4 Solid-State Li-Air Batteries 

Solid-state Li-air batteries can address the safety issues of leakage, volatilization, and 

flammability caused by aprotic Li-air battery and hybrid Li-air battery with organic liquid 

electrolytes. As shown in Figure 1-17, the solid-state Li-air battery is a new type of battery that 

replaces liquid electrolyte and separator with a safe and stable solid electrolyte, and its electrical 

and chemical energy is converted through cation deem bedding and charge exchange between 

positive and negative electrodes. Compared with organic liquid electrolyte, the solid electrolyte 

usually has better mechanical strength and higher stability, which can inhibit the growth of 

lithium dendrites, reduce the risk of oxygen shuttling to the lithium anode, and achieve higher 

power density and recyclability. Furthermore, solid-state Li-air batteries can operate at high 
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temperatures and have good thermal stability, which improves the applicability of the batteries.  

 

Figure 1-17 Schematic illustrations of a solid-state Li–O2 battery.[95] 

 

The world's research on solid-state lithium-air batteries started late. The first all-solid-state 

lithium-oxygen battery was prepared by Kumar et al. in 2010 [96]. As illustrated in Figure 1-18, 

they formed a solid-state separator with PEO/LiBETI polymer film and LAGP glass film, and 

prepared the positive electrode with carbon black, PTFE and LAGP powder, both of which were 

assembled with lithium metal sheets in a sandwich structure to form an all-solid-state Li-air 

battery. The battery can be discharged/charged at 0.1 and 0.0625 mA cm-2 at 75°C, respectively. 

The discharge and charge capacities are up to 4.87 mA h as well as 5.00 mA h, respectively. In 

addition, the battery can operate in cycles between 30-105°C with a discharge voltage of 2 V 

or more and maintain some reversibility. Based on this, S. Rodrigues et al., improved the air 

anode by using nitrogen-doped carbon powder as an anode catalyst to increase the discharge 
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voltage to 2.5 V [97].  

 

Figure 1-18 Schematic illustration of the Li-O2 cell reported by Kumar et al.[96] 

 

In 2021, Yu et al., [98] reported a highly stable flexible solid-state lithium-air battery in Nature 

(Figure 1-19), in which an ultrathin, high-ion conductivity lithium-ion exchange zeolite X (LiX) 

membrane (LiXZM) is used as the solid-state electrolyte. LiXZM has high ionic conductivity, 

low electronic conductivity, and excellent stability to air and lithium anodes. Meanwhile, 

carbon nanotubes (CNT) are used as the cathode in the integrated structure of the solid-state Li-

air battery, which facilitates the reduction of interfacial impedance. The inherent chemical 

stability of zeolites effectively suppresses the degradation of cell performance caused by lithium 

or air action of the electrolyte. In addition, the integrated SSLAB exhibits superior performance 

in ambient air compared to the conventional Li-air cells containing organic electrolytes. 
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Figure 1-19 Schematic of the integrated SSLAB with C-LiXZM and the conduction 

mechanism of Li ions in LiX.[98] 

 

However, further experimental results show that the solid/solid interfacial contact between the 

solid electrolyte and the electrode leads to a large interfacial impedance and low electrical 

conductivity. In addition, the internal structure of solid-state Li-air batteries are more 

complicated, and the mechanism is still unclear, which needs to be further investigated [99-

101]. 

 

1.4.3 Positive Electrode for Lithium-Air Batteries 

Based on the reaction principle of Li-air batteries, the air electrode material does not participate 

in the electrochemical reaction but is only a reserve site for the discharge product. The air 

positive electrode of a Li-air battery has four main functions. First, it can provide oxygen 
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diffusive channels so that oxygen can reach the electrode/electrolyte interface smoothly. Second, 

the air positive electrode provides the site for the discharge reaction of the battery and holds the 

resulting discharge product, usually lithium peroxide. Third, it can play a catalytic role in the 

charging/discharging process of Li-air batteries, providing the active sites of the reaction. 

Finally, the use of different air electrodes can influence the morphology of the reaction products. 

 

The type and structure of the air electrode have an important impact on the specific capacity, 

energy density and cycling life of Li-air batteries, so its selection must consider various factors. 

Li-air battery positive electrode materials need to meet some basic properties as follows: 1) 

Good electronic conductivity and ionic conductivity. 2) With suitable porosity. It can ensure 

rapid oxygen diffusion. The experiments indicate that the pore size of 2-50 nm is beneficial to 

the performance of Li-air batteries. 3) With large specific surface area (SSA) and porosity, it 

can accommodate products from solid reaction. 4) The electrochemical and chemical properties 

are stable enough not to react with the reaction gas or electrolyte and not to participate in side 

reactions. 5) With a low manufacturing cost.[102-104]  

 

Carbon materials are widely used as catalyst carriers, conductors and electrode materials in fuel 

cells, lithium-ion batteries and electrochemical supercapacitors because of their excellent 

electrical conductivity and large SSA [105]. Recently, porous carbon materials have been 

widely studied as air electrode materials because they have the merits of high electrical 

conductivity, large specific surface area, low density and suitable porosity as required above. 
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And they can catalyze oxygen reduction during the discharge of lithium-air batteries due to the 

presence of defective sites. The current research on porous electrodes is mainly made of carbon 

materials synthesized in the laboratory. For example, carbon materials such as CNTs, graphene, 

Super P, Ketjen Black, Vulcan XC-72, Denka Black CNT, hollow carbon fiber and graphene 

have been widely used and investigated [106-111]. Among them, the hollow carbon fibers are 

grown directly on the porous ceramic substrate without binder, which facilitates the observation 

of the morphology of the recruitment surface products. Straight-walled carbon nanotubes have 

a highly ordered structure, which can be easily used to observe the morphology of the discharge 

products and to observe the growth and decomposition processes of the discharge products in 

situ. Graphene-based materials have a particularly large SSA, a special pore structure, high 

electrical conductivity and certain catalytic activity, which can greatly improve the specific 

capacity of Li-air batteries [112]. Mizuno et al. [113] prepared stacked carbon nanotubes 

(CSCNT) with different surface properties for organic electrolyte lithium-air battery cathodes 

and observed how the discharge products were deposited on the cathode at high magnification. 

It is concluded that the active edge of the carbon surface was essential to control the morphology 

of the cathode deposits and improve the battery performance. In a nutshell, the study of the 

above new materials shows that the capacity, rate performance, cycling performance and 

discharge product morphology of Li-air batteries are closely related to the type and structure of 

the air electrode active materials.  

 

Yet, a study using isotope tracing combined with differential electrochemical mass 
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spectrometry has shown that carbon materials are unstable at high potentials (>3.5 V vs. Li/Li+) 

[114] and are subject to oxidative decomposition to CO2. It is also shown that carbon materials 

rich in defects are more susceptible to nucleophilic attack by the discharge intermediate 

superoxide groups than carbon materials with fewer defects, which can cause corrosion of 

carbon-based air electrode materials [115]. Moreover, the presence of by-product CO2 further 

generates the Li2CO3, which is difficult to decompose [114]. This will significantly reduce the 

discharge capacity and increase the cell polarization. During the battery cycling, with the 

continuous accumulation of Li2O2, the active sites on the air electrode surface are occupied or 

even completely blocked, and their storage or reaction area is greatly reduced, leading to the 

early failure of battery discharge and capacity decay. Therefore, stable non-carbon materials 

such as porous gold [116], TiC [117], TiO2, Co3O4 [118] etc. were used as air electrode materials 

for Li-air batteries, which also exhibited good cycling stability. To solve the above problems, 

carbon materials are usually modified using doping and introduction of functional groups to 

enhance the catalytic ability of cathode materials. For example, Liu et al. [101] proposed a 

solid-state Li-air battery with single-walled carbon nanotubes, ruthenium oxide (RuO2) 

nanoparticles and NASICON-type LAGP particles as the negative electrode. The results 

showed that RuO2 has high catalytic activity during OER and ORR process, and the Li-air 

battery with RuO2 as catalyst has very small charge/discharge overvoltage and long-term 

cycling stability.  

 

In addition to the study of improving the corrosion resistance of carbon-based air electrode 
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materials, the accumulation of discharge products Li2O2 between the pores of air cathodes [119] 

is also an important and critical topic for the study of air electrodes. The discharge product 

Li2O2 is deposited on the air electrode skeleton. The poor deposition morphology of Li2O2 and 

the accumulation of Li2O2 caused by the low decomposition during the charging process can 

cause the blockage of pores in the air electrode. Moreover, due to the insulating property of 

Li2O2, the electrons involved in the redox reaction cannot be transferred smoothly, leading to 

the termination of the redox reaction, and eventually causing the battery failure, as shown in 

Figure 1-20. 

  

Figure 1-20 Schematic illustration of the mechanism in Li-air batteries failed caused by Li2O2 

accumulate in air-electrode pores.[120] 

 

From the reaction kinetics point of view, the kinetic of generation and decomposition of the 

discharge product Li2O2 on the air electrode is slow [121], and the enhancement of battery rate 
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performance is greatly constrained. For example, it cannot meet the demand for fast charging 

of electric vehicles (EVs). Therefore, suitable catalysts are generally loaded on the air electrode 

or catalytic units are added to the liquid electrolyte to promote the kinetics of the process.  

 

1.4.4 Catalyst for Lithium-Air Batteries 

As mentioned earlier, the Li-air cell discharge process is an oxygen reduction reaction (ORR) 

of O2 on the air electrode, i.e., the reduction of O2 to the discharge product Li2O2. The charging 

process, on the other hand, is in Oxygen Evolution Reaction (OER) on the air electrode, i.e., 

the discharge product Li2O2 is oxidized and hence releasing O2. In the absence of catalyst, the 

kinetic of discharge/charge reactions is slow and the reaction potential is high. At the same time, 

the insulating Li2O2 also leads to blocked electron transport and increased cell polarization, 

which affects the rate performance of the cell, accelerates the decomposition of electrolyte and 

air electrode material, and eventually leads to cell failure. Therefore, Li-air batteries need 

catalysts to promote ORR and OER to facilitate the reaction kinetics on the one hand. On the 

other hand, it can improve the discharge platform, lower the charging platform, and reduce the 

battery polarization. At present, researchers have borrowed the catalysts widely used in fuel cell 

and Zn-air batteries and applied them to Li-air batteries. The ORR and OER kinetics of Li-air 

cells have been improved by using such catalysts. Currently, the catalysts used in Li-air batteries 

can be generally classified into two types according to the form in which they are present: solid-

phase catalysts and liquid-phase catalysts, respectively. These two types of catalysts are 

described below. 



49 

 

 

Solid-phase catalysts. The solid-phase catalyst is loaded in solid form on the air electrode of 

Li-air batteries. Currently, the widely studied solid-phase catalysts include noble metals such 

as Pt, Pd, Au and Ru, as well as several alloys and oxides of these noble metals. Transition 

metal oxides such as MnOx, and Co3O4 are also among the choices of solid-phase catalysts for 

Li-air cells [107, 116, 118, 122-125]. Noble metal catalysts are the first type of catalysts studied 

in Li-air batteries. Li-air batteries using these catalysts not only have better electrochemical 

performance, but also increase the specific capacity of discharge. In addition, precious metal 

catalysts have a modulating effect on the morphology of the discharge products. In the Li-air 

cell with Pd, Au and Ru as catalysts, the growth pattern of Li2O2 on the electrode surface is 

different from the growth pattern on the electrode surface with Pt as catalyst or without catalyst. 

With Pd, Au and Ru as catalysts, Li2O2 is grown vertically on the electrode surface in the form 

of nanosheet arrays, while Li2O2 generated with Pt catalyst and without catalyst is covered on 

the electrode surface in the form of thin film-like epitaxy. The advantage of the former growth 

method is that the Li2O2 grown in vertical arrays can provide more contact area and increase 

the contact opportunities with the electrolyte, thus shortening the transport paths of Li+ and O2 

and improving the pore utilization on the electrode surface. On the contrary, the latter form of 

film growth not only fail to improve the transport of Li+ and O2-, but also the electron transport 

involved in redox reaction would be restricted when the Li2O2 deposition exceeds a certain 

amount due to the insulating nature of Li2O2. In addition, it has also been shown that using AuPt 

alloy as a catalyst has the good ORR catalytic performance of Au catalyst and the strong OER 
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performance of Pt catalyst. This means that the use of AuPt alloy catalysts can simultaneously 

increase the discharge plateau, decrease the charging plateau, and reduce the cell overpotential. 

However, since the high cost of noble metal catalysts, the transitional metal oxide catalysts with 

good catalytic performance are also used in Li-air batteries. The most typical transitional metal 

oxide catalyst is the Mn oxide catalyst. A study comparing the catalytic performance of MnOx 

with different morphologies shows that α-MnO2 nanowires have the best catalytic performance. 

Scott et al., [126] assembled Li-air cells with a discharge capacity of 4750 mA h g-1 using Super 

P as the carrier and MnO2 as the catalyst. In addition, Co3O4 has also become a hot research 

topic because it has been shown to have both ORR and OER catalytic functions. Liu et al. [127] 

obtained a high specific capacity and cycle-stable Li-air cell by in situ loading of Co3O4 on 

foam Ni using evaporative ammonia-induced method. The maximum discharge potential of the 

cell was 2.95 V and the minimum charge point was 3.45 V, which is a perfect example of the 

combination of ORR and OER catalytic functions of Co3O4 compared with the conventional 

carbon-based cathode material. During long-term studies, researchers have also found that 

sulfides, nitrides, carbides, and nitrogen oxides of transition metals also have better catalytic 

properties in Li-air cells [128, 129]. In addition, heteroatom (N, O, S) [130, 131] doped carbon 

materials have higher ORR catalytic activity and relatively lower cost compared to undoped 

carbon materials, especially nitrogen hetero-carbon materials have also become a class of 

choice for catalysts. At the same time, the use of nitrogen-doped carbon materials could also 

mitigate the corrosion of carbon-based electrode materials. Non-noble metals such as CuFe 

alloys have also been studied due to their price advantage, and studies have shown that CuFe 
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alloys [132] can lower the battery discharge plateau and increase the battery energy density, 

especially in the case of high-rate discharge. However, both the ORR and OER processes 

require the participation of electrons, regardless of the discharge process or the charging process. 

And the above solid-phase catalysts are non-homogeneous catalysts with severe charge transfer 

resistance. As shown in Figure 1-21, the Li2O2/catalyst interface is a solid-solid contact 

interface with high contact impedance. Coupled with the slow kinetic process and the inherent 

insulating property of Li2O2, there is also a voltage hysteresis problem. In particular, with the 

use of noble metal catalysts, the resistance to electron transfer is increased by the vertical 

growth of Li2O2 flakes. Therefore, alleviating the electron transfer hindrance is a goal for the 

development of new catalysts. In addition, the extent of the role of non-homogeneous catalysts 

in the whole catalytic process and the deeper mechanism need to be further investigated.  

 

Figure 1-21 Schematic illustration of the reactive site in solid-solid-gas triple-phase 

boundaries. 
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Liquid-phase catalysts. Liquid-phase catalyst is a homogeneous catalyst, which can solve the 

problem of charge transport obstruction in solid-phase catalyst to a certain extent. In fact, the 

research on Li-air battery catalysts started from liquid-phase catalysts. Inspired by the fields of 

dye-sensitized solar cells (DSSC) and bioenzyme catalysis, researchers have introduced soluble 

redox mediators (RMs) in the electrolyte of Li-air cells or on the air electrode [133-135]. The 

introduction of RMs in Li-air cells, during the discharge process, the RMs with redox ability 

can catalyze both the adsorbed O2 on the electrode surface and the dissolved O2 in the 

electrolyte, enhancing the transport of Li+, O2 and electrons, relieving the accumulation of 

discharge products on the electrode surface, promoting the depth of discharge, and finally 

increasing the discharge capacity of the battery. During the charging process, RMs transfer 

electrons to eliminate the increase in polarization caused by the high solid-solid contact 

impedance (as shown in Figure 1-22) [136], allowing the charging potential to be maintained, 

avoiding decomposition of the electrolyte and the cathode material, and improving the charging 

performance. 
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Figure 1-22 Charging decomposition on Li2O2 (a) only using Co3O4 (b) using Co3O4 and 

LiI.[136] 

 

The basic catalytic principles that facilitate the OER process are shown in reaction Equations 

(1-11) and (1-12): 

𝑅𝑀𝑠𝑅 − 𝑒− → 𝑅𝑀𝑠𝑂 (1 − 11) 

𝑅𝑀𝑠𝑂 + 𝐿𝑖2𝑂2 → 𝑅𝑀𝑠𝑅 + 𝐿𝑖+ + 𝑂2 (1 − 12) 

The basic catalytic principles that facilitate the ORR process are shown in reaction equations 

(1-13) and (1-14):  

𝑅𝑀𝑠𝑂 + 𝑒− → 𝑅𝑀𝑠𝑅 (1 − 13) 

𝑅𝑀𝑠𝑅 + 𝑂2 → 𝑅𝑀𝑠𝑜 + 𝑂2
− (1 − 14) 
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Although RMs have significant effects in promoting ORR and OER processes, reducing cell 

polarization, and inhibiting the occurrence of side reactions, the liquid-phase catalysts reported 

so far for use in Li-air cells suffer from electrophoretic losses, which become a barrier to the 

practical use of liquid-phase catalysts. 

 

1.5 Challenges for Lithium-Air (Oxygen) Batteries 

1.5.1 Challenges of Conventional Liquid Li-Air Batteries 

Despite the relatively high voltage and ultra-high theoretical energy density of Li-air batteries, 

there are still many challenges and problems, such as low Coulombic efficiency, poor rate 

performance, low cycle life and poor safety characteristics limiting their practical applications 

[137]. The challenges for conventional liquid Li-air batteries are mainly caused by the following 

aspects: 

 

(1) Lithium metal electrode. Li-air batteries use lithium metal as the negative electrode, but 

they have safety issues and instability, making it difficult to meet the reversibility and long-

term cyclability required by the battery. This is due to the fact that the lithium metal negative 

electrode reacts easily with organic electrolyte components (solvents, anions, additives, etc.) 

and generates a solid-solid phase or solid-liquid phase interface (SEI). Ideally, the desired SEI 

is an electrically insulating and ion-conductive passivation layer that effectively separates the 

lithium metal electrode from the electrolyte solution and prevents further decomposition of the 
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electrolyte [138]. In fact, however, the SEI formed on lithium metal is far from ideal. The 

lithium metal electrode of an organic electrolyte lithium-air cell is irreversible, but constantly 

reacts with the electrolyte and consumes the cell's liquid electrolyte. During the continuous 

cycle of charging and discharging, large volume changes will occur, resulting in repeated 

rupture and generation of SEI, forming irregular lithium dendrites. SEI or lithium dendrite can 

even pierce the battery separator and cause the positive and negative electrodes to be connected, 

resulting in a short circuit and endangering the safety of the battery [139]. In addition, Li-air 

batteries are a relatively open system, although the current research testing conditions are in 

high purity oxygen or oxygen-nitrogen gas mixture. However, in order to truly move towards 

the path of practicality, it is inevitable that using real air in Li-air batteries. It is necessary to 

consider the gases such as H2O and CO2 in the air react with the lithium metal anode and affect 

the battery cycle performance [140]. 

 

(2) Stability of liquid electrolyte. The ideal electrolyte for organic electrolyte Li-air batteries 

should have a high chemical and electrochemical stability, low or no volatility, high oxygen 

solubility, and inertness to superoxide radicals, to ensure the long-term operation of the battery. 

The viscosity and conductivity of the liquid electrolyte also have an important influence on the 

electrochemical performance of the battery [141]. However, existing electrolytes are not yet 

able to fully meet these requirements. On the one hand, intermediates such as superoxide 

radicals are generated when the battery is discharged, and these intermediates have ultra-high 

activity and strong nucleophilic ability, which constantly attack the electrolyte, electrolyte 
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solvent and lithium salt, promoting electrolyte decomposition and serious battery side reactions 

[95]. On the other hand, due to the high voltage during charging, the positive electrode material 

or the loaded catalyst has a certain catalytic activity and reacts with the electrolyte, which also 

promotes the electrolyte decomposition. In addition, the low oxygen solubility of the organic 

electrolyte and the low solubility of the by-products generated, such as discharge products and 

electrolyte decomposition by-products, lead to the constant deposition of these products on the 

electrode surface, clogging the air electrode and causing passivation [142]. Meanwhile, the 

currently commonly used liquid electrolytes are volatile and will volatilize and deplete with 

cycling, limiting the stability and long cycling of the battery. Therefore, finding or developing 

a stable electrolyte system is the most pressing scientific challenge for current Li-air battery 

[143]. 

 

(3) Air positive electrode passivation. The air porous positive electrode of Li-air batteries can 

provide reactive active sites for the growth and storage of discharge products during the 

charging and discharging process [143]. However, due to the relatively low solubility of the 

solid insulating discharge product Li2O2 in organic electrolyte and its poor conductivity and 

reversibility, it will continuously deposit in the pores of the air positive electrode, thus blocking 

the electrode. Hence, the air positive electrode cannot effectively transfer lithium ions and 

electrons, leading to electrode passivation, discharge termination, reduction of Coulombic 

efficiency as well as capacity, and decay of cycling performance, which seriously affects the 

electrochemical performance of the battery [144]. On the other hand, the existing air positive 
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electrode materials are not chemically stable enough. During the charging process, the 

intermediate products, discharge products, and electrolyte components will react with the air 

electrode at high potentials and decompose the air electrode material to form a series of 

byproducts, which affects the battery cycle performance [145]. 

 

1.5.2 Challenges for Solid-State Li-Air Batteries 

In the past ten years, research on solid-state lithium-air batteries has made significant progresses, 

but there are still considerable gaps between all-solid-state lithium-air batteries and practical 

application standards. Various factors, such as lithium-ion conductivity, energy efficiency, cycle 

life, and interfacial stability need rigorous investigation, which pose several fundamental 

scientific questions to be answered. 

 

First, the mechanism of ion transport and leapfrogging in the inorganic solid electrolyte bulk 

phase, which is the key factor of the solid-state lithium-air battery, is not clear. The low lithium-

ion conductivity leads to a high overall impedance of all-solid-state Li-O2 batteries. The 

impedance of a solid electrolyte is generally an order of magnitude greater than that of an 

organic electrolyte lithium-air cell of the same size, resulting in low energy utilization of the 

cell. Therefore, the design and preparation of solid electrolytes with high ionic conductivity and 

performance tuning are needed to understand the synthesis and preparation of solid electrolytes 

suitable for lithium-air batteries. One method is to improve existing solid-state electrolytes by 

element doping, and the other is to prepare organic-inorganic composite solid-state electrolytes. 
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In addition, a systematic study of the lithium-ion migration mechanism in solid electrolytes is 

needed to lay the foundation for understanding the mechanism of electrochemical reactions in 

the air electrode of solid-state lithium-air batteries. Finding solid-state electrolytes that combine 

high ionic conductivity, negligible electronic conductivity, stability to lithium in air, and a wide 

electrochemical window is the key to address this issue.  

 

Second, like aprotic lithium-air batteries, the voltage difference between charging and 

discharging process of solid-state lithium-air batteries is too large and the energy utilization is 

low. In the absence of an effective catalyst, the discharge potential of solid-state lithium-air 

batteries is around 2.6 V and the charging potential is up to 4.5 V or more, resulting in low 

energy efficiency of the batteries for practical use. Taking a cue from aprotic lithium-air 

batteries, efficient catalysts can generally be sought to reduce the decomposition potential of 

lithium peroxide. And the use of soluble oxidation-reduction catalysts to prepare quasi-solid-

state lithium-air batteries is also a good approach.  

 

Furthermore, the mechanism of charge transfer and substance migration at the multiphase 

interface of active substance/electrolyte in solid-state lithium batteries is still unknown. The 

current generally accepted working mechanism of Li-O2 batteries is as follows. During the 

discharge process, the lithium metal at the negative electrode oxidizes to lithium ions through 

the solid electrolyte, while oxygen undergoes a reduction reaction at the air-positive interface 

to chemically combine with lithium ions to produce lithium peroxide. These understandings are 
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deduced from the liquid electrolyte lithium-air battery, which seems rough and not detailed 

enough. The introduction of solid electrolyte eliminates the interference of electrolyte 

decomposition side reactions and organic solvent volatilization, and has excellent thermal 

stability, which can better establish and simplify the electrochemical reaction model. It is 

conducive to the development of catalytic and electrochemical theoretical research related to 

lithium-oxygen reaction. In particular, there is a lack of systematic researches on the charge 

transfer and lithium-ion migration mechanism during the electrochemical reaction at the 

gas/solid interface, the principle of redox reaction during the oxygen electrocatalysis at the air 

cathode surface, the lithium ion transport mechanism, and oxygen adsorption mechanism in the 

composite air electrode.  

 

Moreover, there are still many problems with the negative electrode of solid-state lithium-air 

batteries. Compared with conventional aprotic lithium-air batteries, the introduction of solid 

electrolytes in solid-state lithium-air batteries inhibits the growth of lithium dendrites and short-

circuiting of the battery. In addition, the use of solid electrolyte separator fundamentally avoids 

the issues of electrochemical decomposition of liquid electrolyte and better protects the lithium 

metal electrode from corrosion by N2, O2 and moisture in the air. However, the problems of low 

utilization of lithium metal electrode and low Coulombic efficiency still exist. One of the 

solutions is to use alloy negative electrodes to alleviate these two problems, but the adverse 

volume expansion from alloy negative electrode needs to be further mitigated.  
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Finally, there is a lack of in-depth study on the solid/solid interface in terms of lithium-ion 

migration impedance. The internal resistance of the battery affects its output energy, power, and 

storage efficiency. However, the ionic conductivity of the solid electrolyte at room temperature 

is approximately an order of magnitude lower than that of the organic liquid electrolyte. This 

inherent disadvantage makes it challenging to increase the operating current of an all-solid-state 

lithium-air battery. Moreover, the fluidity of the organic electrolyte enables it to effectively wet 

the positive and negative electrodes, while the solid/solid interface between the solid electrolyte 

and the electrodes has a high impedance. To improve the contact between the solid electrolyte 

and the electrodes, a polymer electrolyte buffer layer is generally introduced between them. 

Alternatively, the electrolyte surface can be processed by making it porous or coating it with a 

thin film. Furthermore, designing and preparing ultra-thin solid-state lithium-air batteries can 

significantly reduce the internal resistance of the battery, and thus improve its performance. 

 

1.6 Thesis Scope 

Solid-state lithium-oxygen battery has attracted wide attention due to its ultrahigh theoretical 

specific energy density, but the actual energy density and cycling stability of lithium-oxygen 

batteries are not yet up to the theoretical value, or even far from it. This is mainly due to the 

slow and unsustainable ORR and OER reactions of Li-O2 batteries [146, 147]. After decades of 

unremitting efforts, a series of solid electrolytes with various structures have been developed to 

enhance the stability of lithium-oxygen batteries and their electrochemical performance, in 

terms of charge and discharge capacity, power efficiency and energy density, and battery cycle 
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life. However, the technological development of Li-O2 or Li-air batteries is still in the 

exploration stage, and there are a series of challenges that need to be solved [148-150]. For 

example, the mechanism of ion transport and jumping in the inorganic solid electrolyte are not 

clear. Second, the voltage difference between the charging and discharging processes of solid-

state Li-O2 batteries is too large. The energy utilization of the cell is low, and its cycle life is 

poor. In addition, the coulomb efficiency of the lithium metal anode and the utilization rate are 

low. Third, the migration impedance of lithium ions at the solid/solid interface is large and not 

well studied. The first problem is rooted in the electrolyte itself, and this thesis will investigate 

from the current popular solid-state electrolyte to propose a solid-state electrolyte suitable for 

lithium-oxygen batteries. The second issue is mainly due to the high decomposition point of 

lithium-oxygen batteries during the re-charging process of discharge products, which requires 

the design of efficient catalysts or adjustment of the battery structure to reduce the charging 

potential and improve the battery energy utilization and service life. The last issue concerns 

with the electrolyte-electrode interfacial contact and the ion transport capacity at the interface. 

which requires interfacial modification and structural engineering. 

 

This thesis aims to create stable, high-conductivity electrolytes for solid or quasi-solid lithium-

oxygen batteries. The electrolytes' electrochemical properties will be improved via synthesis 

method variation, elemental doping, and organic-inorganic composites. Additionally, the thesis 

will investigate electrode structural modification and electrolyte/electrode interfacial 

engineering. Chapter 2 outlines the experimental chemistries, instruments, material and 
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electrochemical characterization methods, and test principles. Subsequent chapters will depict 

the specific material synthesis and methodology of cell structure design. This thesis will cover 

the following topics:  

 

(1) Chapter 3 explores two types of solid electrolytes, LAGP and LLZTO, for use in lithium-

oxygen batteries. The electrolytes were made in the lab using different methods and their 

properties were studied. The performance of electrolytes from the same class can differ 

depending on how they were made. The electrolytes were then used to make semi-solid or all-

solid batteries, and their performance was tested under mild conditions. However, the presented 

battery performance was not sufficient for practical use. Although the electrodes made of 

commercial lithium metal and carbon material were systematically investigated, the areas such 

as modification the electrolyte, engineering the battery interface and cathode materials 

optimization still require additional efforts. 

 

(2) Chapter 4 builds on the findings from Chapter 3 by selecting the Si-doped LAGP oxide 

and applying poly(ethylene glycol) methyl ether methacrylate (PEGMEM) electrolyte, to make 

quasi-solid-state lithium-oxygen batteries. A bilayer organic/inorganic hybrid solid-state 

electrolyte, called PEGMEM@LAGP-Si, is developed to improve safety and enhance battery 

performance. The LAGP-Si serves as an inorganic backbone to ensure high ionic conductivity 

and provide a barrier between oxygen and the lithium anode. PEGMEM acts as a buffer layer 

between the anode and electrolyte, reducing side reactions. The hybrid electrolyte shows high 
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ionic conductivity and stability against the anode, with better performance than pure LAGP-Si. 

This work provides a promising double-layered hybrid solid electrolyte for high-performance 

solid-state lithium-oxygen batteries. 

 

(3) Chapter 4 results showed a quasi-solid-state battery, but it falls short of being truly safe and 

reliable. While the previous work solved the contact issue between the lithium metal anode and 

electrolyte, poor contact between the cathode and electrolyte still causes high interfacial 

impedance. Additionally, the battery cathode's electrochemical reactive sites are limited due to 

the deficiency of triple-phase boundaries for Li+, e-, and O2. In Chapter 5, an integrated 

architecture using a garnet electrolyte Li6.4La3Zr1.4Ta0.6O12 and a composite cathode is proposed 

for high-performance all-solid-state Li-O2 batteries. The garnet electrolyte's chemical and 

electrochemical stability, combined with the unique integrated structure's reduced interfacial 

resistance, allows for exceptional electrochemical performance. This battery boasts a superior 

large first discharge capacity, long cycling capability, and good interfacial contact. This study's 

outstanding results could pave the way for practical applications in all-solid-state Li-O2 

batteries and other metal-oxygen energy storage systems with large capacity and long cycle life. 

 

In summary, this thesis starts with the design and preparation of solid-state electrolytes which 

are applicable to lithium-oxygen batteries, and then proceeds to modify their electrochemical 

properties. Following this, the interfacial engineering inside the cell, the synergistic effect of 

multiple electrolytes and the structural properties of the battery cathode are investigated 
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successively. The experimental results demonstrate that the solid-state lithium-oxygen battery 

is a very promising energy storage system for practical applications, which contribute to hedge 

global energy transition on broader perspective. 
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Chapter 2 Methodology and Techniques 

 

Abstract 

This chapter provides a comprehensive description of the chemicals, experimental apparatus, 

and research methods utilized throughout this thesis. The research methods can be categorized 

into two primary classifications: material characterization and electrochemical testing. These 

methodological divisions serve as the foundation for the subsequent chapters, as they form the 

basis for the research approaches employed in this study.  
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2.1 Experimental Reagents and Apparatus 

The chemical reagents and materials used in this thesis are shown below. 

Table 2-1 Main experimental chemical reagents and raw materials 

Chemicals Molecular 

formula/abbre

viation 

Specification Manufacturers 

Lithium carbonate Li2CO3 99.9% Aladdin 

Zirconia ZrO2 99.99% Aladdin 

Magnesium oxide MgO 99.9% Aladdin 

Silicon dioxide SiO2 99.99% Aladdin 

Ammonium dihydrogen 

phosphate 

NH4H2PO4 99% Aladdin 

Anhydrous ethanol C2H6O ≥99.5% Aladdin 

N-methyl-2-pyrrolidone NMP AR Aladdin 

Aluminum hydroxide Al(OH)3 99.9% Aladdin 

Phosphoric acid H3PO4 99.99% Aladdin 

Tantalum oxide Ta2O5 99.99% Aladdin 

Oleic acid \ 99.9% Aladdin 

Isopropyl alcohol C3H8O 99.99% Aladdin 

Lithium metal Li \ China Energy 
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Lithium Co., Ltd. 

Germanium dioxide Ge2O2 99.999% Sinopharm 

Chemical Reagent 

Co., Ltd 

 

Table 2-2 Experimental apparatus 

Apparatus Model Manufacturers 

Electronic balance ME204E METTLER TOLEDO 

Vacuum drying oven DZF-6050 Shanghai Huitai Equipment 

Manufacturing Co., Ltd. 

Blast drying oven DHG-9070A Shanghai Huitai Equipment 

Manufacturing Co., Ltd. 

Planetary ball mill QM-3SP04 Nanda Instruments 

High and low temperature 

test chamber 

SU-641 ESPEC 

Inert gas system - glove box MBC200 MBRAUN 

Multi-channel 

electrochemical workstation 

1470E+1260 Solartron 

Pellet presses 769YP-15A RIKEN 

Isostatic presses WUP-21M RIKEN 



68 

 

LAND Battery Test System CT2001A Wuhan Lanbo 

Muffle furnace KSL-1700X+KSL-1100X HF-Kejing 

Oxygen gas circuit system N/A Wuxi Xhlt Technology Co., 

Ltd. 

Small ion sputterer JS-1600 Beijing Hetong 

Tube furnace OTF-1500 HF-Kejing 

Differential electrochemical 

Mass spectrometer 

Probe Type Shanghai Linglu 
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2.2 Materials Characterization Methods 

X-ray diffraction analysis (XRD) 

In this research, the XRD pattern is analyzed to confirm the phase composition and crystal 

structure of the prepared solid electrolytes and other related materials. When the atomic spacing 

(d) and the wavelength of the incident X-rays (λ) satisfy the Bragg equation (2dsinθ = nλ), X-

rays are diffracted in certain directions (diffraction angle θ.) By determining the orientation and 

intensity of the diffraction lines in space, it is possible to analyze the material phase, determine 

the crystallinity and measure the cell parameters. In 1912, German physicist M. von Laue made 

an important scientific foresight: crystals can be used as space diffraction gratings for X-rays, 

i.e., when a beam of X-rays passes through a crystal, diffraction will occur, and the 

superposition of diffraction waves results in the intensity of the rays strengthening in some 

directions and weakening in others, thus opening up the boulevard of X-ray diffraction science. 

X-rays are essentially the same electromagnetic wave as visible light, with a wavelength of 

0.01-100Å, between ultraviolet and γ-rays, also known as Röntgen rays. They are highly 

penetrating and can ionize irradiated materials, as well as fluorescence, heat, and interference, 

reflection, and refraction. Scientists have used these principles of X-rays to develop a wide 

variety of inspection equipment for use in various industries in the medical and industrial fields, 

and particularly in the fields of materials science and failure analysis.  

 

When X-rays interact with a substance, they are generally divided into three parts in terms of 

energy conversion: one part is scattered, one part is absorbed, and one part continues to 
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propagate in the original direction through the substance. Diffraction occurs when the scattered 

X-rays are of the same wavelength as the incident X-rays, i.e., when the difference in optical 

range produced by the crystal plane spacing is equal to an integer multiple of the wavelength. 

By comparing the diffraction pattern specific to each crystal substance with the standard 

diffraction pattern and using the principle of three strong peaks, the phase present in the sample 

can be identified. X-rays are produced by an accelerated electron stream of 30-60 kV in an X-

ray tube (at a vacuum of 10-4 Pa), which impinges on a metal (e.g., pure Cu or Mo) target surface. 

The commonly used rays are Cu-Kα rays, including both Kα1 and Kα2 rays (intensity ratio of 

2:1), with a wavelength of 71.073 pm.  

 

Diffraction must occur to satisfy the Bragg equation: 2dsinθ = nλ (Where d is crystal plane 

spacing; θ is Bragg angle; λ is wavelength of X-rays; n is number of reflection levels). When 

X-rays irradiate the sample, the scattered X-rays from each atom in the crystal interfere and 

will produce strong X-rays diffraction lines in a specific direction. When X-rays irradiate the 

sample from different angles, diffraction will occur at different crystal faces, and the detector 

will accept the number of diffracted photons reflected from that crystal face, thus obtaining a 

spectrogram of the angle-intensity relationship. The Bragg equation reflects the relationship 

between the direction of diffraction lines and the crystal structure. For a particular crystal, only 

the angle of the incident rays satisfying the Bragg equation can produce interference 

enhancement and exhibit diffraction fringes. This is the fundamental meaning of XRD spectra. 

In this thesis, the material was characterized using a Bruker D8 Advance X-ray diffractometer 
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with a Cu-Kα radiation source, a wavelength of 0.15418 nm, an operating voltage of 40 kV and 

a current of 40 mA. Considering that the discharge product volume of solid-state Li-O2 batteries 

is small, and the product form is different from that generated in the organic electrolyte system, 

the solid-state battery discharge products in this thesis cannot be detected by XRD.  

 

Scanning electron microscope (SEM) 

Scanning Electron Microscope (SEM) is an electron microscope developed after transmission 

electron microscope (TEM). 1952, British engineer Charles Oatley built the first scanning 

electron microscope (SEM). The imaging principle of SEM is different from that of optical 

microscope and transmission electron microscope. It uses electron beam as the illumination 

source and shines the finely focused electron beam onto the specimen in a raster-like scanning 

manner, and then collects and processes the electrons through the secondary electrons and 

backscattered electrons generated by the interaction between the electrons and the specimen to 

obtain a microscopic morphological magnification. SEM plays an essential role in fracture 

failure analysis, material microstructure morphology observation and composition analysis. 

 

In this thesis, material sample was characterized by a field emission scanning electron 

microscopy (FESEM, Hitachi S4800) to observe the grain size and morphology in the 

microstructure, and to study the distribution of elements in the structure. The sample 

composition was analyzed by energy dispersive spectrometer (EDS). This electron microscope 

also provides qualitative and quantitative analysis of the composition of the sample surface 
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micro-regions, as well as information on the distribution and content of elements (element 

mapping). 

 

Transmission electron microscope (TEM) 

The microstructure of the sample was analyzed by high resolution transmission electron 

microscope (HRTEM). The accelerated and focused electron beam is projected onto a very thin 

sample, and the electrons collide with the atoms in the sample and change direction, resulting 

in stereo angular scattering and high magnification, high resolution, and different light and dark 

images. The size of the scattering angle is related to the density and thickness of the sample in 

the test area, so it can show the structural information inside the sample. In the HRTEM test, 

the crystal plane spacing of the crystal sample can be derived from the bright and dark stripes 

in the high-resolution transmission image, and by measuring the spacing of the stripes, the 

crystal plane corresponding to the stripes can be determined, and the comparison with the 

standard crystal plane spacing can further obtain information about the internal structure 

composition of the crystal. Therefore, the HRTEM test can be used to analyze the orientation 

and composition of the crystalline material of the sample. The HRTEM instrument used in the 

study to observe the microstructure of the sample was a Tecnai F20 transmission electron 

microscope from FEI company, U.S. 

 

X-ray photoelectron spectroscopy (XPS) 

Multifuncrtional X-ray Photoelectron Spectroscope (XPS) is an electron spectrometer for 



73 

 

chemical analysis based on the photoelectric effect. XPS is one of the most important techniques 

for surface analysis, not only for detecting the chemical composition of the sample surface, but 

also for determining the chemical state of individual elements. X-rays excite valence electrons 

or inner electrons from atoms and molecules on the surface of the sample, which possess 

different binding energies through different orbital energy levels of the electrons and combine 

with the photoelectron emission formula to obtain the photoelectron spectrum. The instrument 

used in this thesis is AXIS ULTRA DLD multifunctional X-ray photoelectron spectrometer 

from Shimadzu, Japan. XPS photoelectron spectroscopy allows us to analyze the composition 

and chemical state of the products on the electrode surface in the discharged or charged state, 

and to analyze the elemental composition qualitatively, semi-quantitatively, and in the valence 

state.  

 

Brunauer-Emmett-Teller area method (BET) 

The BET method measures the adsorption of a sample at different partial pressures of nitrogen 

in multiple layers. The results are plotted by the BET equation and linearly fitted to obtain the 

slope and intercept of the line to calculate the true specific surface area (SSA) of the sample. In 

this thesis, nitrogen adsorption using BET area method (Micromeritics ASAP 2010, USA) was 

used to obtain information on the specific surface area, pore volume, and pore size distribution 

of the material. 

 

Thermogravimetric analysis (TGA) 
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Thermogravimetric Analysis (TG or TGA) is a thermal analysis technique that measures the 

mass of a sample to be measured versus temperature at a programmed controlled temperature 

to study the thermal stability and components of a material. TGA is a more commonly used 

assay in both R&D and quality control. Thermogravimetric analysis is often used in conjunction 

with other analytical methods in practical materials analysis to perform comprehensive thermal 

analysis and to analyze materials comprehensively and accurately. In this thesis, the instrument 

of STA 449F3 from NETZSCH Germany was used to conduct TGA.  

 

2.3 Electrochemical Measurements and Analysis 

Discharge-charge testing of battery 

The charge and discharge performance of the battery is the most important manifestation of the 

functionality of the entire battery system. The work on electrode materials, electrolyte materials, 

interface modification, etc. should be assembled into a battery for charge/discharge cycles in 

order to make an objective evaluation of the research results. In this thesis, constant current 

(CC) is used to characterize the capacity, rate performance, and cyclic performance of all-solid-

state batteries. 

 

Electrochemical impedance spectroscopy (EIS) 

EIS test was used to study the grain impedance, grain boundary impedance, Warburg impedance 

and different frequency capacitance of the solid electrolyte prepared at different temperatures, 

and to analyze the lithium ion conductivity and Arrhenius of the solid electrolyte Curves and 
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other information; study the change of the AC impedance spectrum of the solid electrolyte 

before and after the coating before and after the cycle, in order to analyze the change of the 

coating composition on the surface stability of the solid electrolyte and other information; 

Information of different stages in the chemical reaction process, this judgment infers the 

reversible generation and decomposition of discharge products.  

 

The principle of electrochemical impedance testing is to apply a small amplitude sinusoidal AC 

disturbance signal to the system under test. After the system is stabilized, the 

impedance/conductance of the system is measured to calculate it, and finally the electrode state 

information such as impedance and electrode process kinetic parameters can be output. AC 

impedance testing requires that the system under test must be stable before and after the 

perturbation (stability); the response signal must correspond one-to-one with the perturbation 

signal (causality); and the perturbation voltage is approximately linear with the response current 

(linearity). In this study, the total impedance, solid electrolyte conductivity, and 

electrolyte/electrode interfacial stability of solid-state cells were determined using EIS with a 

test perturbation voltage of 10 mV and a frequency range of 1 MHz - 0.01 Hz. 

 

For quasi-reversible electrode systems where ohmic polarization, electrochemical polarization, 

and concentration differential polarization are all present, different curves appear at the high, 

middle, and low frequencies of the impedance spectrum complex plane diagram (Nyquist plot), 

owing to the differences in the intra-phase and interfacial bilayer charge transfer relaxation 
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processes in the electrolyte and the speed of the semi-infinite diffusion relaxation process in the 

electrode. When multiple interfaces are present (e.g., positive and negative SEI films), multiple 

interface capacitive arcs or their superimposed arcs are generated.  

 

For an all-solid-state cell similar to Li/LiPON/LiCoO2, the impedance spectrum is roughly 

shown in Figure 2-1a. RΩ is the ohmic impedance brought about by wiring problems and poor 

contact. R and Q are impedance and capacitive resistance, respectively, caused by the solid 

electrolyte LiPON bulk, LiCoO2/LiPON interface, Li/LiPON interface, and electron transfer of 

electrochemical reaction. Zw is the semi-infinite diffusion Warburg impedance of Li+ in the 

electrode. Combined with the Bode mode diagram (Figure 2-1b), the region corresponding to 

the Nyquist plot at different frequencies can be determined [151]. The high frequency region (I) 

is mainly controlled by the Li+ movement in LiPON, which reacts with the ionic conductivity 

of the solid electrolyte; the medium frequency region (II) is mainly controlled by the Li+ 

transportation in LiPON, the cathode interface phase, and the charge transfer caused by the 

cathode reaction; the low frequency region (III) is dominated by the diffusion of Li+ in the 

electrode. However, since Li+ does not diffuse in the lithium metal anode without concentration 

gradient, therefore, the low frequency region responds to the diffusion of Li+ in the positive and 

negative SEI and LiCoO2 electrode phases. 
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Figure 2-1 (a) Nyquist plots, equivalent circuit, and (b) Bode plots of Li/LiPON/LiCoO2 

ASSLiB at 4.2 V. (c) Nyquist plots and (d) equivalent circuit of Au/LAGP/Au.[151, 152] 

 

For a two-blocking electrode system like Au/LAGP/Au, the impedance spectrum is 

approximately as shown in Figure 2-1c. Where Rb is the grain impedance (bulk), Rgb is the grain 

boundary impedance, Rb+Rgb is the total impedance (Rtotal), and Rct is the leap impedance at the 

interface between the electrode and the sample (which occurs when the interface contact is 

poor). C is their capacitance, and Zw is the semi-infinite diffusion Warburg impedance of Li+ in 

the electrode. At room temperature, only Rgb arcs and Zw ramps are usually measured at room 

temperature because the Li+ within the LAGP grains moves too fast, requiring ultra-high 
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frequency AC (e.g., above 10 MHz) to measure the capacitive arcs of the complete Rb. The 

conductivity (σ) of the electrolyte can be calculated by Equation 2.1:  

𝜎 =
𝐿

𝑅𝑆
(2 − 1) 

Where L is the electrolyte thickness (cm), R is the impedance (Ω), and S is the electrode area 

(cm2). The conductivity of the inorganic solid electrolyte or polymer electrolyte at different 

temperatures is measured and substituted into the Arrhenius Equation (2.2) to find the activation 

energy Ea used to determine the ion transport capacity of the solid electrolyte. 

𝜎𝑡 =
𝐴

𝑇
exp (−

𝐸𝑎

𝑅𝑇
) (2 − 2) 

 

where Ea is the migration activation energy of the ion (kJ mol-1), A is preexponential factor (-), 

T is the test temperature (K), and R is the molar gas constant (8.314 J K-1 mol-1). 

 

Cyclic voltammetry (CV) 

Cyclic voltammetry is a test method that monitors the relationship between the response current 

and the potential by controlling the working electrode potential in a certain direction and at a 

certain rate, linearly reciprocating over time within a certain potential range. It is not 

fundamentally different from linear sweep voltammetry (LSV), except that the latter no longer 

reciprocates potential changes. A scan in the CV in the negative direction of the potential results 

in a reduction peak, corresponding to the reduction reaction. Scanning in the positive direction 

of the potential results in an oxidation peak, corresponding to the oxidation reaction (i.e., LSV). 

In this thesis, a two-electrode system is assembled with the blocking electrode as the working 
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electrode and the lithium metal as the counter electrode to measure the electrochemical window 

of the solid electrolyte using CV or LSV. In addition, for batteries, the redox peaks of CV curves 

can be used to infer the location of their electrode charging and discharging plateaus, or 

calculate the battery cycle reversibility, the diffusion rate of lithium ions in the working 

electrode. The blocking electrode of the LAGP and LLZO electrolyte is thin gold obtained by 

sputtering, and the blocking electrode of the polymer electrolyte is polished stainless steel; the 

LSV scan range is 2.5-6 V, and the CV scan range is -0.5-2.5 V with a scan rate of 5 mV s-1. 

 

Differential electrochemical mass spectrometry (DEMS) 

For lithium batteries, since the electrode materials and the electrolyte would undergo side 

reactions during the continuous electrochemical cycle, and the side reactions are often 

accompanied by gas generation, the qualitative and quantitative analysis of the gas 

reduction/evolution during the battery operation is significant for deep understanding 

electrolysis reaction mechanism. The active substance directly involved in the reaction within 

Li-O2 batteries is oxygen, so the corresponding side reactions that may occur must also pass a 

gas detection system. Differential electrochemical mass spectrometry (DEMS) is an 

electrochemical field research technology that can qualitatively and quantitatively analyze the 

gas generated / consumed during the operation of the battery. By combining the electrochemical 

reaction device with the mass spectrometer, the volatile products of the electrochemical 

interface reaction enter the mass spectrometer through the membrane interface, and the mass 

signal detects the changes of the signals of various mass ions with time, thereby performing 
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qualitative or quantitative analysis. It is of great significance for studying battery reaction 

mechanism, SEI film formation, irreversible capacity, cycle life, overpotential, electrolyte and 

electrode stability, and the safety of the battery system. The new DEMS system needs to be 

equipped with a dual-channel carrier gas system and equipped with a low-temperature cooling 

system, which is used for long-term battery multiple-cycle testing of solid-state lithium batteries 

and for the detection of battery oxygen consumption during lithium-oxygen battery discharge. 

Thus, the molar amount of oxygen consumed is quantitatively calculated, the number of 

electron transfers is calculated, and the reaction mechanism is speculated. 

 

Direct current-induced polarization (DCP) 

In this thesis, a DC polarization test was used to determine the ion mobility number of solid 

electrolyte samples. The conductivity measured by EIS testing is strictly a mixed conductivity, 

the sum of ionic and electronic conductivities. To accurately measure ionic conductivity, the 

ionic mobility number needs to be measured to assess the ionic conductivity as a percentage of 

the total conductivity. The ion transportation number ti is calculated as follows: 

𝑡𝑖 =
𝜎𝑖

𝜎𝑖+𝜎𝑒
  (2.3) 

Where 𝜎𝑖 is ion conductivity (S cm-1), 𝜎𝑒 is electronic conductivity (S cm-1), and the sum of 

the two is the total conductivity measured by the EIS. When the ion transportation number is 

close to 1, it indicates that the material under test is a pure ionic conductor [153]. 

 

Density functional theories (DFT) 
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Density Functional Theory (DFT) is a quantum mechanical theory that provides a practical 

framework for understanding and predicting the properties of atoms, molecules, and condensed 

matter systems. Unlike traditional quantum mechanical methods that rely on wavefunctions, 

DFT focuses on the electron density as the central quantity to describe the system. It treats the 

interacting many-body problem of electrons within an approximation, where the total energy of 

the system is expressed as a functional of the electron density. By solving the Kohn-Sham 

equations derived from this energy functional, DFT allows for the determination of various 

properties, including electronic structure, energies, forces, and response properties. DFT has 

become a powerful tool in materials science, chemistry, and solid-state physics due to its ability 

to handle large systems and complex interactions. However, it's important to note that the 

accuracy of DFT results depends on the choice of exchange-correlation functional, and 

additional approximations may be necessary for certain systems or phenomena. Overall, DFT 

has revolutionized computational materials science and has significantly contributed to our 

understanding of diverse physical and chemical phenomena at the atomic and molecular level. 

DFT can be regarded as an approximate method within the framework of first-principles, 

aiming to improve computational efficiency by simplifying the treatment of many-body 

problems and introducing density functionals. However, this approximation may result in a loss 

of accuracy. Therefore, it is important to choose appropriate methods for calculations and 

analysis based on research requirements and system complexity. 

 

In this thesis, DFT was employed to rigorously compute the Gibbs free energy and adsorption 
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energy. To calculate the Gibbs free energy, DFT is used to determine the total energy of various 

system configurations, utilizing appropriate functionals and basis sets. The contribution of 

entropy is estimated by computing the vibrational frequencies and considering the force 

constant matrix obtained from DFT calculations. By combining the energy and entropy 

contributions according to statistical mechanics, the Gibbs free energy for each configuration 

is evaluated. The comparison of Gibbs free energies allows for the identification of the most 

stable system configuration. In the case of adsorption energy, DFT is used to calculate the total 

energy of the adsorbate molecule on the surface without adsorption. Subsequently, the total 

energy of the adsorbed state is computed, taking into account both the adsorbate-surface 

interaction energy and the adsorbate's internal energy. The adsorption energy is obtained by 

subtracting the total energy of the non-adsorbed state from the total energy of the adsorbed state. 

It is crucial to select appropriate functionals and basis sets for accurate energy calculations and 

to consider the contribution of zero-point vibrational energy. Additionally, the periodicity of the 

surface and the use of periodic boundary conditions should be considered in adsorption energy 

calculations. While DFT provides valuable insights, it is advisable to incorporate experimental 

data and employ complementary computational methods to validate and refine the obtained 

results.  
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Chapter 3 Preparation and Characterization of 

NASICON-type and Garnet-type Electrolytes 

and Their Applications in Li-O2 Batteries 

 

Abstract 

The selection, synthesis and modification of solid-state electrolytes are key to the study of solid-

state lithium-air batteries. To begin with, the synthesis and analysis of two distinct systems of 

solid-state electrolytes: Li1.5+xAl0.5Ge1.5Si0.5P3-xO12 and Li6.4La3Zr1.4Ta0.6O12 electrolytes were 

conducted. These electrolytes were utilized in the construction of solid-state (or quasi-solid-

state) lithium-oxygen cells, alongside lithium metal anodes and carbon cathodes. Si-doped 

LAGP-Si glass-ceramic materials with excellent grain conductivity were prepared, using low-

cost raw materials, and impact of Si doping on the electrolyte properties of LAGP glass-ceramic 

solids was then investigated. The solid-state and semi-solid-state lithium-oxygen batteries 

assembled with LAGP-Si exhibited certain cycling capabilities when operated at low current 

densities. Furthermore, a high-performance garnet-type solid electrolyte called LLZTO was 

successfully synthesized, and the solid-state lithium-oxygen battery assembled with LLZTO 

also demonstrated a certain cycling capability. However, it exhibited a large polarization voltage 

and high interfacial impedance between the electrolyte and the electrode. Further research is 

necessary to develop cost-effective cathode catalysts, prepare high-performance solid-state 

electrolytes, and enhance the interface between solid-state electrolytes and electrode materials. 

This study lays the foundation for subsequent investigations in this field. 
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3.1 Introduction 

As discussed in Chapter 1, in recent years, the trajectory of transition from traditional fossil 

energy to clean renewable energy is gradually slowing down due to the lack of efficient and 

reliable energy storage systems. Lithium-oxygen (air) batteries are a promising new energy 

storage system with the highest theoretical specific energy density available [5, 149, 154]. The 

battery's negative electrode uses lithium metal, which has the advantage of being the lightest in 

weight, high specific capacity, and lowest potential. On the other hand, the positive electrode 

of the battery contains oxygen as the active material, which can be obtained from air and not 

consume the volume and mass of the battery itself. Exactly this, lithium-oxygen batteries have 

a specific energy density comparable to that provided by petroleum internal combustion engines 

and are expected to serve as energy storage systems for electric vehicles (EVs) in the 

foreseeable future. With abovementioned benefits, the territory of lithium-oxygen batteries has 

expanded dramatically during the last decades or so. Nevertheless, road of the practical 

application of lithium-oxygen batteries is not smooth, intrinsic drawbacks of using liquid 

organic electrolytes makes the bumpy journey towards its complete replacement. The protonic 

inert organic electrolytes commonly used in lithium-oxygen batteries have many safety hazards, 

including volatility, leakage, flammability, low oxygen solubility and migration rate, poor 

electrochemical stability, and many other problems [155]. These problems can be solved by 

using inorganic solid electrolytes instead of organic electrolytes, like lithium-ion batteries. In 

addition, the inorganic solid electrolyte can prevent the negative electrode of lithium metal from 

being eroded by H2O, O2, N2, CO2 and other components in the air, which greatly improves the 
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long-term cycle stability of lithium-oxygen batteries. Meanwhile, the inorganic solid electrolyte 

has excellent mechanical strength, which can effectively block lithium dendrites and prevent 

lithium dendrites from puncturing the electrolyte separator and causing short circuit accidents. 

However, the research on solid-state lithium-oxygen batteries, or all-solid-state lithium-oxygen 

batteries, is still in a preliminary stage. 

 

The structure and components of a solid-state lithium-oxygen battery are shown in Figure 3-1. 

The choice of materials for each part of the battery depends on the desired operating 

temperature range, energy density and cycle life of the battery. In an electrochemical cell, the 

positive and negative electrodes are separated by an electrolyte membrane. When discharged, 

the negative electrode of the lithium-containing metal in a lithium-oxygen cell undergoes an 

oxidation reaction, in which the lithium loses electrons and is converted into lithium ions. The 

lithium ions generated by the reaction are transported inside the cell through the membrane to 

the positive electrode. Electrons then travel through the external circuit to the positive electrode, 

where they participate in the oxygen reduction reaction. Subsequently, the oxygen in the 

reduced state reacts with lithium ions to obtain the discharge product. Therefore, the cathode 

must have the ability to transport lithium ions and electrons, catalyze the redox reaction, and 

provide storage space for the discharge products to grow nucleated. Therefore, to develop solid-

state lithium-oxygen batteries, the problems and challenges posed by anodes, electrolytes and 

cathodes in materials science and engineering need to be successfully addressed. 
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Figure 3-1 Schematic illustration of the structure of a typical solid-state lithium-oxygen 

battery. 

 

First, for the negative electrode of lithium-oxygen batteries, materials such as lithium metal, 

lithium alloy (Al-Li, Cu-Li), embedded lithium graphite (LixC6), tin alloy (Sn-Li) and alloy 

germanium (Ge-Li) are usually used. For the anode design, the key properties required are an 

efficient electrode reaction (oxidation reaction), high conductivity (ionic and electronic 

conductivity), and a large potential difference compared to the positive electrode. Lithium metal 

has the highest specific capacity, but it is unable to maintain chemical and morphological 

stability in most liquid electrolytes. Moreover, the current understanding of the stability of 

lithium metal protected by solid electrolytes is still very limited. How to solve the stability of 

lithium metal has become the primary concern of the lithium battery community. Reversible 

energy storage requires reversible dissolution (discharge) and deposition (charge) of lithium on 

the anode surface with high Coulomb efficiency. It is believed that the introduction of solid-
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state electrolytes can significantly suppress both chemical and morphological instability of 

lithium metal anodes. In addition, the specific capacity and energy density of alloy and lithium-

embedded graphite materials are slightly lower, which can be compensated by the optimization 

of oxygen cathode and battery structure design. Therefore, when studying solid-state lithium-

oxygen batteries, the capacities of the positive and negative electrodes should also be matched 

during design optimization. In this chapter, efforts will be devoted to solid-state lithium-oxygen 

batteries using lithium metal as the anode. 

 

Second, the solid electrolyte is also one of the critical aspects of solid-state lithium-oxygen 

battery design. In a battery, the electrolyte is the only medium for positive and negative 

electrodes with ionic conduction and electronic insulation, and varieties such as polymers, glass, 

ceramics, and composite materials could be candidates. Compared with solid inorganic 

electrolyte materials, polymers have the advantages of low density, superior flexibility, good 

interfacial contact, manufacturability, and adaptability to volume deformation [156, 157]. 

However, their ionic conductivity is relatively low, and they demonstrate high electron 

conductivity. Soft polymer chains facilitate close interfacial contact between electrolytes and 

electrodes, making them beneficial for manufacturing processes [158, 159]. In recent years, a 

series of polymer electrolytes such as poly(ethylene oxide), poly(vinylidene difluoride), and 

poly(acrylonitrile) have been widely and systematically studied in battery energy storage 

systems [160-162]. Compared to lithium-ion batteries, Li-air batteries have distinct differences 

due to their use of an open-air system and the formation of unique discharge/charge products, 
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such as Li2O2, LiO2, LiOH, Li2CO3, and O2. These differences make it challenging to use 

polymer electrolytes in Li-air batteries, and overcoming these challenges requires extensive 

research efforts that primarily focus on enhancing the stability, ionic conductivity, interfacial 

chemistry, and functionalization of polymer electrolytes [163]. In addition, polymer-ceramic 

composite electrolytes have some additional advantages, such as exhibiting some mechanical 

strength and high electrical conductivity, and thus have received considerable attention during 

the last decade [164]. The doping of ceramic components with ion-conducting polymers results 

in the formation of a bilayer space charge. The thermal energy of ions and electrons increases 

with the temperature and the bilayer spreads. At lower temperatures, especially in the operating 

temperature range of conventional batteries, the space charge will affect the ionic transport 

properties. Its mediating effect on ionic transport may increase the ionic conductivity. 

Considering the stability, the difficulty of preparation, and the nature of the reactive material 

such as oxygen in air, this chapter will focus on inorganic solid electrolytes and establish the 

foundation for the subsequent chapters.  

 

The commonly used inorganic solid electrolytes are divided into two main categories: those 

containing oxygen and those are not. Most of the oxygen-free solid electrolytes, such as sulfur-

based thio-LISICON, LiN, LiI, etc., tend to absorb moisture or react with air. In contrast, 

inorganic oxide solid electrolytes are more stable in air and mainly include perovskite-type, 

anti-perovskite-type, garnet-type, LISICON-type, and NASICON-type. Among them, garnet-

like electrolytes and NASICON electrolytes stand out considering their ionic conductivity. 
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Garnet-type solid electrolytes were firstly discovered in 2003 by Weppner et al. [30]. Their 

research showed that Li5LaM2O12 (M = Nb, Ta) possessed a room temperature ionic 

conductivity of ~10-6 S cm-1. By replacing some of the M atoms with Ca, Sr, Ba, and other 

elements, the Li+ ion conductivity could be increased by almost ten folds [165]. In 2007, the 

Li7La3Zr2O12 (LLZO) was discovered, with a room temperature ionic conductivity of up to 

7.74x10-3 S cm-1 and an activation energy of 0.32 eV [65]. Garnet-based solid-state electrolytes 

have a significant advantage as they are stable to lithium metal. However, these electrolytes 

face two major challenges: first, they have poor contact with the lithium metal anode, resulting 

in high interfacial impedance [166]. Second, they are less stable in air and readily react with 

H2O and CO2, leading to the formation of an inert film on the electrolyte surface [167]. 

 

In contrast, LATP has the highest room temperature lithium ion conductivity, up to 3x10-3 S cm-

1, among the NASICON-type solid-state electrolytes studied so far [168]. Furthermore, 

NASICON-type electrolytes are highly stable in air, and their electrochemical window is wide. 

However, NASICON-type solid-state electrolytes containing tetravalent titanium are easily 

reduced by lithium, while electrolytes containing tetravalent germanium elements, such as 

LAGP, are more stable to lithium. 

 

This chapter aimed to synthesize and evaluate the electrochemical properties and 

characterization of two oxide solid electrolytes, namely LAGP-Si (NASICON), and LLZTO 

(garnet). These electrolytes were subjected to modifications such as elemental doping, and 
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synthesis conditions alteration. The characterization methods used to verify the morphological 

and electrochemical properties of these electrolytes include XRD, SEM, CV, EIS, DC, and other 

techniques. To assess the feasibility and electrochemical performance of the electrolytes in the 

lithium-oxygen battery system, all electrolyte pellets were sandwiched between the lithium 

metal anode and carbon cathode, resulting in the assembly of a solid-state lithium-oxygen 

battery. A small quantity of liquid electrolyte was introduced at the cathode to explore the 

difference in impedance between the solid-solid and solid-liquid interfaces within the battery. 

Given that the primary purpose of this chapter is to investigate the potential of certain solid 

electrolytes in lithium-oxygen batteries, all cells were evaluated for charging and discharging 

in a pure oxygen environment to minimize the influence of air, carbon dioxide, and water. The 

experimental results indicated that all three electrolytes show some promises in lithium-oxygen 

batteries, albeit the battery's performance was still a kind of far from practical application. The 

following work on this thesis will focus on optimizing the electrolytes, battery structures, and 

electrodes to develop high-performance all-solid-state lithium-oxygen batteries. 

 

3.2 Experimental Methods 

3.2.1 Preparation of NASICON-type Electrolytes 

The NASICON type glass-ceramic solid electrolyte materials (LAGP and LAGP-Si) prepared 

in this study were fabricated by melt quenching and controlled crystallization method. The 

preparation process is shown in Figure 3-2. Firstly, the required raw materials are accurately 

weighed according to the chemical formula ratio, well mixed by ball milling and dried. The 



91 

 

resulting mixture was heat treated at 700 ℃ for 2 h to remove volatile gases. After ball milling 

and crushing, the glass melt was placed in a platinum crucible and melted with 1400 ℃ to 

obtain a glass melt and quenched and cooled to shape. After the resulting glass is crushed 

uniformly again, the glass powder was pressed into shape with a mold and crystallized by 

heating at 800 to 1000 ℃ according to the experimental requirements to obtain the final 

NASICON type structural glass-ceramic solid electrolyte sample. 

 

Figure 3-2 The synthesis process of NASICON type structure glass-ceramics solid electrolyte. 

 

3.2.2 Preparation of Garnet-type Electrolytes 

Firstly, the precursor buried powder of garnet-type solid electrolytes was synthesized by the 

conventional solid-phase method. The raw materials Li2CO3, La2O3, ZrO2, and Ta2O5 were 
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mixed by ball milling at 400 rpm for 6 h using isopropanol as solvent by stoichiometric ratio. 

Of which Li2CO3 was in excess of 15% (molar basis) to compensate for the loss of lithium 

elements during the heat treatment. The obtained slurry was dried in a blast oven at 70 ℃, 

passed through a forty-mesh sieve, and then placed in a Al2O3 or MgO crucible and sintered at 

900 ℃ for 12 h. The buried powder was then collected, ground and passed through a forty-

mesh sieve and stored in a desiccator until use. Li6.4La3Zr1.4Ta0.6O12 (LLZTO) was chosen as a 

representative material for LLZTO with cubic phase in this chapter because of its high Li ion 

conductivity and feasibility of preparation. 

 

The preparation of LLZTO powder was similar to the buried powder described above, except 

that the excess Li was controlled at 5%. After calcination at 900℃ for 12 h, the powder was 

passed through a forty-mesh sieve and stored in a desiccator for future use. 40 g of LLZTO 

powder was placed in an agate ball mill jar with an inner diameter of 10 cm and a height of 14 

cm. Isopropyl alcohol was used as the solvent and 120 g zirconia balls were used as ball mill 

media. The ball mill was operated at 400 rpm for 4 h to further reduce the particle size and 

improve the powder activity. The resulting slurry was dried at 70 ℃ and passed through a 200-

mesh sieve. The obtained powder was then pressed into thin pellets and compacted by cold 

isostatic pressing at 200 MPa. The pellets were sintered at 700 ℃ in an oxygen atmosphere to 

remove any adhesive. After that, the pellets were coated with the same mother powder to 

prevent possible lithium loss and heated in the crucible from room temperature to 1100 ℃, 

1150 ℃, and 1200 ℃, respectively, and held at this temperature for 15 h. 
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3.2.3 Preparation of Oxygen Cathode 

In this chapter, porous oxygen cathodes were prepared by mixing commercial carbon black 

Ketjen Black (KB, 80 wt%) with polyvinylidene fluoride binder (PVDF, 20 wt%). The mixture 

was coated and pressed onto Toray carbon paper, blast dried at 80 °C for 10 h, and then 

transferred to a vacuum oven for drying at 110 °C for 12 h before being cut to the appropriate 

size. The PVDF solution was obtained from PVDF powder and NMP in the ratio of 5:95 by 

mass, and then stirred magnetically for 12 h. 

 

3.2.4 Assembly of Lithium-Oxygen Batteries 

The stainless-steel plate, Li anode, solid-state electrolyte, carbon cathode, and nickel foam are 

sequentially encapsulated in the cell mold in Figure 3-3 and Figure 3-4. Notably, a trace amount 

of liquid organic electrolyte (1 M LiTFSI in TEGDME) was added dropwise to wet the cathode 

sheet in this work. The assembled lithium-oxygen battery was tested on the LAND system for 

electrochemical performance. 
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Figure 3-3 Photographic view of the experimental setup of battery mold. 

 

 

Figure 3-4 Schematic drawing of the internal structure of the lithium-oxygen battery mold. 

 

3.2.5 Characterization and Electrochemical Analysis 

The material characterization methods and electrochemical test methods used in this chapter 

are in accordance with those mentioned in Chapter 2.2. 

 

3.3 Results and Discussion 
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3.3.1 Characterization of Solid Electrolytes 

NASICION-type electrolyte LAGP-Si 

In the NASICON-type structured solid electrolyte materials, it is known that the substitution of 

P5+ by heterovalent ions can lead to higher ionic conductivity at room temperature. In this 

chapter, the ionic conductivity of solid electrolytes of the LAGP system is improved by 

replacing some of the P5+ with Si4+, which has a lower valence and larger diameter, using a 

heterovalent ion substitution method. NH4H2PO4 was chosen for the experiments because of its 

low cost, easy handling and production, and ease of scale-up. The LAGP glass-ceramic 

materials were prepared according to the preparation procedure in Chapter 3.2.1, based on 

which Li1.5+xAl0.5Ge1.5SixP3-xO12 (LAGP-Si) samples with different Si doping levels were 

prepared by replacing part of P5+ with Si4+, where x = 0.005, 0.01, 0.02, 0.05 and 0.1. The 

corresponding samples were labeled as Si0.005, Si0.01, Si0.02, Si0.05, and Si0.1, respectively. 

 

First of all, it is necessary to examine the solid before and after Si doping grains and grain 

boundaries of electrolyte samples before and after Si doping. The effect of Si on the phase 

composition of the sample grains was firstly analyzed in the experiments. The samples of 

Si0.005, Si0.01, Si0.02, Si0.05 and Si0.1 were heated uniformly at 850 °C for 6 h. The phase 

composition of the samples was investigated by XRD. The XRD patterns of each sample are 

shown in Figure 3-5. It can be seen that the main crystallite phase of all samples corresponds 

to the NASICON-type structure, and the diffraction peaks of the samples with different Si 

doping amounts are in the same position, indicating that Si doping does not affect the main 
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crystalline phase of the samples. The XRD patterns of Si-doped samples show that at low Si 

doping levels, the XRD patterns do not exhibit diffraction spurious peaks, which is consistent 

with the patterns of LAGP samples (PDF#41-0034). However, when the Si doping amount was 

increased, the XRD pattern showed the presence of SiO2 diffraction peaks, indicating that 

higher Si doping amounts lead to the generation of heterogeneous phases. When the doping 

amount is too high, Si4+ will not be completely retained in the cell of the main crystalline phase 

of NASICON-type structure, and the excess part will exist as SiO2 heterophase. In addition, 

XRD results showed that Si4+ could enter the main crystalline phase lattice and elemental 

substitution occurred in the crystalline phase. 

 

Figure 3-5 XRD patterns of glass-ceramics samples with different silica contents. 

 

HRTEM tests were performed on the sample Si0.01 to investigate the grain microstructure 

composition by lattice striations. The result is shown in Figure 3-6. The crystal structure can be 
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clearly observed as the coexistence of crystalline and amorphous phases. The measurement of 

the crystal plane spacing in the crystal phase region in the figure is 0.421 nm, which corresponds 

to the (104) plane in LiGe2(PO4)3 (JCPDS No. 01-080-1924), indicating the existence of the 

key crystal phase in NASICON type structure, which agrees with the XRD results. Since the 

crystalline spacing on the (104) face of the main crystalline phase of the Si0.01 sample is 0.421 

nm, while the crystalline spacing on the (104) face of the standard card of LiGe2(PO4)3 is 0.417 

nm, which leads to the spacing discrepancy. The ionic substitution in the sample is presumed 

to occur in conjunction with the chemical composition of the sample. From the literature and 

the ionic radius data, it can be seen that Al3+ ion can be substituted by some of the Ge4+ in the 

main crystalline phase of the sample. However, the radii of Ge4+ and Al3+ at the center of the 

oxygen octahedron are 0.053 nm and 0.054 nm, respectively, which are not significantly 

different from each other and do not affect the crystal plane spacing. The radii of P5+ and Si4+ 

at the center of the oxygen tetrahedra are 0.017 nm and 0.026 nm, respectively, and the 

difference between the two values is large. By HRTEM, it was proved that the substitution of 

Si4+ for P5+ occurred in the main lattice phase of the sample grains after Si doping, and the 

expected Si doping was achieved. 
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Figure 3-6 HRTEM image of Si0.01 glass-ceramics sample. 

 

To investigate the influence of Si doping on the microscopic morphology of the samples, SEM 

tests were conducted on cross-sections of Si-doped electrolyte pellet samples that were heat 

treated at 850 °C for 6 h. The results are presented in Figure 3-7, which clearly demonstrates 

the relationship between the microscopic morphology of the glass-ceramics and Si doping. 

Compared to the LAGP samples shown in Figure 3-7a, the grain contour of the Si-doped 

samples is more distinct, and the grain size is more uniform, indicating a higher degree of 

crystallization after Si doping. As the Si doping amount increases to x = 0.02, the grain size 

becomes more uniform and tends to increase, while the inter-grain holes gradually decrease, 

suggesting that an appropriate amount of Si doping can improve the grain boundaries of the 

sample. 
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Figure 3-7 Cross-sectional SEM images of glass-ceramics samples with different silica 

contents: (a) LAGP; (b) Si0.005; (c) Si0.01; (d) Si0.02; (e) Si0.05; (f) Si0.1. 

As seen in Figure 3-7e and f, the Si0.05 and Si0.1 samples exhibit an increase in the number of 

grains but a significant decrease in size and an increase in the number of intergranular pores 

compared to the other samples. According to literatures, a high Si content in glass increases the 

fluidity of glass, hinders the growth of grains, leads to the generation of inter-grain pores, and 

decreases densities [169]. Therefore, the surplus Si doping results in more holes at the grain 
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boundaries of the samples. 

 

Among all the samples, the Si0.01 sample tends to be well developed with a regular shape and 

uniform size, and no obvious pores were observed at the grain boundaries. Moreover, the 

presence of amorphous phases in the Si0.01 samples is also beneficial for reducing holes at 

grain boundaries, as shown in Figure 3-6 [170]. The reduction of pores at the grain boundaries 

is crucial for the application of solid-state lithium batteries, as it can effectively prevent the 

growth of lithium dendrites and avoid short circuits and other safety problems. 

 

Garnet-type electrolyte LLZTO 

The solid-phase reaction method is a traditional sintering technique for ceramic powders, which 

offers the advantages of simple experiments and high-volume production. However, it also 

suffers from material inhomogeneity caused by uneven diffusion during high-temperature 

sintering. In this chapter, the solid-phase sintering method is used to prepare Ta-doped cubic-

phase LLZTO solid electrolyte materials with high electrical conductivity. To avoid material 

inhomogeneity and ensure the stability of LLZTO material properties, segmented solid-phase 

sintering is employed in this section. The XRD patterns of the prepared LLZTO powders and 

the ceramics sintered at different temperatures are shown in Figure 3-8. The tetragonal and 

cubic LLZO standard peaks were calculated from the cell parameters given in Refs. [66, 67] 

using Jade software. 
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Figure 3-8 XRD patterns of LLZTO ceramic pellets sintered at different temperatures. 

 

The morphology of the material was characterized using SEM. Figure 3-9a shows the SEM 

image of LLZTO particles sintered at 1200 °C without high-energy ball milling. The size of 

LLZTO particles sintered by the solid-phase method varies from a few hundred nanometers to 

a few microns. Figure 3-9b exhibits the SEM of LLZTO particles after high-energy ball milling. 

The size of LLZTO particles becomes homogeneous, ranging from 800 nm to 1 μm. Figure 

3-9c shows the selected diffraction pattern of LLZTO particles, indicating that the material after 

ball milling is LLZTO polycrystalline. In addition, Figure 3-9d presents the TEM scan of LLZO 

nanoparticles, which agrees with the XRD and SEM results, further verifying that LLZTO 

particles can be obtained by high-energy ball milling. 
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Figure 3-9 (a) SEM image of the LLZTO prepared by solid state method. (b) SEM image of 

the LLZTO after ball-milling. (c) SAED pattern of LLZTO. (d) TEM image of the LLZTO. 

 

3.3.2 Electrochemical Properties of Solid Electrolytes 

NASICION-type electrolyte LAGP-Si  

From the previous analysis, the Si doping produces changes in the grain and grain boundary 

related properties of LAGP solid electrolyte samples, which will also influence the electrical 

properties of LAGP solid electrolyte samples. The results of the EIS spectra of the samples at 

room temperature are shown in Figure 3-10, and the variation pattern of the sample conductivity 

with temperature is shown in Figure 3-11. In EIS spectra, the semicircles and straight lines 
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correspond to different electrochemical processes and resistance components. Semicircles 

typically represent the charge transfer processes at the electrochemical interface. The radius and 

shape of the semicircle provide information about the rate of charge transfer reactions and the 

charge transfer impedance at the interface. A larger semicircle diameter indicates a slower 

charge transfer process, while a smaller semicircle represents a faster charge transfer rate. 

Straight lines generally indicate diffusion-controlled electrochemical processes or the influence 

of electrolyte conductivity. The slope and intercept of the straight line can provide information 

about the diffusion process, such as the diffusion coefficient of species in the solution or the 

conductivity of the electrolyte. A steeper slope indicates a higher diffusion rate or conductivity. 

It is important to note that the characteristics and interpretations of semicircles and straight lines 

in EIS spectra may vary depending on the specific experimental system and conditions. 

Therefore, accurate interpretation and analysis of EIS results for a particular research subject 

require consideration of other experimental data and theoretical models. In EIS mapping, the 

grain boundary impedance usually corresponds to a semicircle. The grain boundary impedance 

(Rgb) is caused by charge transfer and ion diffusion at the grain boundary surface. The grain 

boundary impedance often appears as a semicircle, and the radius and shape of the semicircle 

provide information about the rate of charge transfer reactions and the charge transfer 

impedance at the grain boundary. The size and shape of the semicircle can be used to evaluate 

the electrochemical properties and impedance characteristics of the grain boundary. The 

straight-line segment typically corresponds to the impedance of electrolyte conductivity or 

diffusion-controlled electrochemical processes (Rb). The slope and intercept of the straight-line 



104 

 

segment provide information about the electrolyte conductivity or diffusion processes. A 

steeper slope indicates higher diffusion rate or conductivity, while a smaller slope indicates 

lower diffusion rate or conductivity. The position and trend of the straight-line segment can be 

analyzed to understand the influence and contribution of the electrolyte in electrochemical 

processes. As can be seen from Figure 3-10, the Rb and Rgb values tend to decrease and then 

increase with the increase of Si doping. Among all the samples, the Rb values of the samples 

with different Si doping amounts differed greatly, and the Rb value of the Si0.01 sample was 

significantly lower than that of the other samples. It shows that Si doping can affect the ion 

transport properties within the grains of the sample, and the change in the size of the lithium-

ion transport channel produced by the appropriate amount of Si doping is beneficial to the 

lithium-ion transport. This is consistent with the results of HRTEM analysis. Therefore, among 

all samples, Si0.01 sample is more suitable for lithium-ion transport within the grains. 

Compared to the other samples, Si0.005, Si0.01 and Si0.02 samples have smaller Rgb values, 

indicating that the sample grain boundaries are suitable for lithium-ion transport in this Si 

doping interval. The analysis of the SEM results shows that the Si0.005, Si0.01 and Si0.02 

samples have a dense structure and fewer holes at the grain boundaries, so the Rgb values are 

low. As shown in Figure 3-11, the log(σt T) vs. 1000/T relationship curve is linear in the test 

temperature range and agrees well with the Arrhenius equation. 
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Figure 3-10 Room temperature complex impedance plots of glass-ceramics samples with 

different silica contents: (a) LAGP; (b) Si0.005; (c) Si0.01; (d) Si0.02; (e) Si0.05; (f) Si0.1. 

 

 

Figure 3-11 Arrhenius plots of glass-ceramics samples with different silica contents. 
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The results of the room temperature conductivity, activation energy, and relative density of the 

samples are shown in Table 3-1. From the table, it can be seen that the grain conductivity, grain 

boundary conductivity, and total conductivity of the samples show a trend of increasing and 

then decreasing with increasing Si doping. Among all the samples, the Si0.01 sample has the 

highest grain conductivity and boundary conductivity, resulting in the highest total conductivity 

of 3.7 × 10-4 S cm-1. These conductivity results indicate that the optimal Si doping is x = 0.01. 

The relative density values show a positive correlation with conductivity, tending to increase 

and then decrease with increasing Si doping. The Si0.01 sample has the highest relative density 

of 97.9%. The activation energy results indicate that the activation energy of the sample 

decreases and then increases with an increase of Si doping, corresponding to the change in 

conductivity and verifying the calculation of conductivity. The Si0.01 sample has the lowest 

activation energy of 0.34 eV. 

 

Table 3-1 Bulk conductivities, grain-boundary conductivities, total conductivities, activation 

energies and relative densities of glass-ceramics samples with different silica contents. 

Sample Rb (S cm-1) Rgb (S cm-1) Rt (S cm-1) Activation Energy 

(eV) 

Relatively Density 

(%) 

LAGP 2.23×10-4 1.38×10-3 1.98×10-4 0.38 90.8 

Si0.005 3.47×10-4 1.65×10-3 2.87×10-4 0.36 96.6 
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Si0.01 4.54×10-4 2.23×10-3 3.74×10-4 0.34 97.9 

Si0.02 3.98×10-4 1.62×10-3 3.32×10-4 0.35 97.6 

Si0.05 2.04×10-4 1.15×10-3 1.78×10-4 0.37 95.5 

Si0.1 1.88×10-4 4.89×10-3 1.25×10-4 0.37 93.2 

 

After EIS testing, it was demonstrated that the ionic conductivity of the solid electrolyte could 

be improved with the appropriate amount of Si doping. Among all the samples, the Si0.01 

sample had the highest room temperature ionic conductivity. However, the application of solid 

electrolytes in solid-state lithium batteries requires not only high room temperature ionic 

conductivity but also good electrochemical stability to avoid side reactions during the charging 

/discharging process. Since the Si0.01 sample exhibited good ion transport capability, its 

electrical properties were investigated in-depth to explore its feasibility for application in solid-

state lithium batteries. 

 

Cyclic voltammetry was used to test the electrochemical window of the samples to study their 

electrochemical stability. The DC polarization method was used to test the ion migration 

number of the samples and to study the proportion of migrating carriers accounted for by 

lithium ions. Cyclic voltammetry was performed on the Si0.01 sample with a scan rate of 0.5 

mV/S and a scan range of -0.5 V to 6 V. The cyclic voltammetry results are shown in Figure 

3-12. Two redox peaks were observed at -0.5 V and 0.5 V for the Si0.01 sample, and no other 
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redox peaks were observed in the test voltage range, indicating that the Si0.01 solid electrolyte 

material can maintain electrochemical stability within the testing voltage range and has an 

electrochemical window above 6 V. 

 

Figure 3-12 The CV curve of Si-0.01 glass-ceramics sample. 

 

In lithium-ion batteries, the solid electrolyte functions as the lithium-ion conductor and must 

act as an electron insulator to prevent short circuits caused by electron currents at both poles of 

the battery. To determine the total conductivity of the electrolyte, which is the sum of the 

electronic and ionic conductivities, EIS impedance testing is performed. The electronic 

conductivity of the Si0.01 sample was evaluated using DC polarization, and the results of this 

evaluation are presented in Figure 3-13. In the DC polarization curve of the Si0.01 sample, the 

ionic current gradually decays until it disappears, and then the current gradually flattens out, 

leaving only the electron current. The calculation shows that the ionic mobility number is close 
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to 1, indicating that the fabricated Si0.01 sample is a pure ionic conductor. These tests 

demonstrate that LAGP-Si glass-ceramic materials, including the Si0.01 sample, have 

promising prospects to be used in high-energy density solid-state lithium batteries. 

 

Figure 3-13 The DC polarization curve of Si0.01 glass-ceramics sample. 

 

Garnet-type electrolyte LLZTO 

The ionic conductivity test of LLZTO is similar to the process of LAGP-Si. The LLZTO 

precursor powder was poured into a cold pressing mold after ball milling, and the pressure was 

set at 4 MPa. After holding the pressure, the mold was demolded to obtain LLZTO billets. The 

LLZTO billet was then placed into a magnesium oxide crucible, and the upper and lower 

surfaces as well as the surrounding area were covered using the LLZTO mother powder. The 
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electrolyte pellets were tested under different conditions. After sintering at 1150 ℃, the 

relatively density of the LLZTO pellet is 89.2%, and after sintering at 1200 ℃, the relatively 

density was 92.7%. The ionic conductivity of the electrolyte was tested after grinding, polishing, 

and gold spraying. 

 

The ionic conductivity of the LLZTO solid electrolyte sheets obtained by sintering at different 

temperature conditions was tested separately on an electrochemical workstation. The EIS test 

results are shown in Figure 3-14. Using the ionic conductivity calculation equation, the ionic 

conductivity of LLZTO electrolytes sintered at different temperatures was derived and the 

results are shown in Table 3-2. Comparing the results, it was found that the sintering 

temperature affects the density and ionic conductivity of the electrolyte material. In addition, 

the prepared LLZTO powder and the formed electrolyte sheets were kept in a sealed 

environment because LLZTO tends to produce Li2CO3 material with low ionic conductivity in 

air. 
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Figure 3-14 Room temperature EIS test of bulk LLZTO sintered at different temperatures. 

 

Table 3-2 The bulk ionic conductivity of LLZTO sintered at various temperatures. 

Sintering 

Temperature (℃) 
1100 1150 1200 

Room temperature 

bulk conductivity (S 

cm-1) 

2.10×10-4 2.72×10-4 3.32×10-4 

 

The LLZTO's electrochemical window and electronic conductivity underwent the same testing 

method as LAGP-Si. The cyclic voltammetry results of LLZTO, displayed in Figure 3-15, show 

two redox peaks at -0.5 V and 0.3 V. Within the test voltage range, no other redox peaks were 

observed, implying that the solid electrolyte material LLZTO maintains electrochemical 

stability and possesses an electrochemical window greater than 6 V. 
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Figure 3-15 The CV curve of LLZTO (1200 ℃) electrolyte sample. 

 

Using DC polarization, the electronic conductivity of the LLZTO sample was evaluated, and 

Figure 3-16 shows the outcomes. The calculation of the ion mobility number demonstrated that 

LLZTO is a pure ionic conductor, similar to LAGP-Si studied above. 

 

Figure 3-16 The DC polarization curve of LLZTO (1200 ℃) electrolyte sample. 
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3.3.3 Electrochemical Performance Testing of Lithium-Oxygen 

Batteries 

NASICION-type electrolyte LAGP-Si  

To verify the performance of Si-doped LAGP electrolyte in batteries, this chapter compares the 

first-cycle discharge-charge performance of pure LAGP-assembled and LAGP-Si-assembled 

solid-state lithium-oxygen batteries. The sample with a Si doping of 0.01 was selected to 

assemble the LAGP-Si-based cell because it has the highest lithium-ion conductivity. All the 

batteries were tested at room temperature in pure oxygen atmosphere. As shown in Figure 3-17, 

at the current density of 0.1 mA cm-2, the initial discharge capacity of the battery with LAGP-

Si is about 6.09 mA h cm-2, while that of the LAGP-based battery is 3.52 mA h cm-2. 

Additionally, Si doping effectively reduces the charging potential and overvoltage, and the 

battery charging plateau is below 4 V. This indicates that the Si-doped LAGP electrolyte has 

better ion transport capability. Therefore, the following tests in this chapter primarily focus on 

the solid-state lithium-oxygen battery containing a LAGP-Si electrolyte, lithium metal anode, 

and a KB carbon-oxygen cathode. 
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Figure 3-17 The first discharge-charge curves of solid-state lithium-oxygen batteries with 

LAGP and LAGP-Si electrolytes. The cutoff voltage range is between 2 V and 4.5 V. 

 

Figure 3-18 shows the room temperature discharge-charge curves of a solid-state lithium-

oxygen battery at different currents. The battery was discharged/charged at currents of 0.05, 0.1, 

and 0.2 mA cm-2, with capacities of up to 7.11/7.59, 6.08/6.14, and 2.50/2.62 mA h cm-2. The 

corresponding discharge plateaus are 2.60, 2.57, and 2.45 V. As the current increases, the 

discharge plateau decreases and the charging and discharging time of the battery decreases, thus 

the generation of side reactions can be avoided. The similarity in charging platforms of batteries 

can be attributed to the fact that the charging process in all the batteries requires the breakdown 

of side reaction products. When the capacity is limited to 0.25 mA h cm-2, the battery can cycle 

steadily for more than 23 cycles, demonstrating good cycling performance (Figure 3-19). 

However, the cells assembled in this section are wetted with organic liquid electrolyte on the 

positive side to reduce the interfacial impedance, so they cannot be called all-solid-state lithium-
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oxygen batteries. 

 

Figure 3-18 Initial discharge-charge curves of the solid-state lithium-oxygen batteries under a 

current of 0.05, 0.1 and 0.2 mA cm-2, respectively. 

 

 

Figure 3-19 Cycling performance of the batteries using LAGP-Si (Si0.01) at 0.1 mA cm-2 and 

limited capacity of 0.25 mA h cm-2
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Garnet-type electrolyte LLZTO 

Similar to the LAGP-Si-based solid-state lithium-oxygen battery, a solid-state battery was 

prepared using LLZTO, a lithium metal anode, and a KB carbon-containing cathode for charge 

and discharge testing under pure oxygen. This chapter focuses on the assembly of lithium-

oxygen cells using LLZTO obtained by sintering at 1200 °C, as the electrolyte exhibits the 

highest ionic conductivity at this temperature. 

 

The initial charge/discharge curves of the solid-state lithium-oxygen battery with LLZTO at 

different current densities are shown in Figure 3-20. These batteries have a discharge plateau 

around 2.65 V, while the charging process has an insignificant two-step plateau. The first of the 

two plateaus correspond to the decomposition of lithium peroxide, while the second can be 

attributed to the decomposition of the by-product Li2CO3. Li2CO3 will accumulate on the 

surface of the positive electrode, and the charging process can only partially decompose it. The 

residual Li2CO3 leads to a decrease in conductivity within the positive electrode, which in turn 

causes a reduction in subsequent cycling capacity. Compared with the capacity of the LAGP-

Si-based cell in Figure 3-18, the first-discharge-charge capacity of LLZTO is not comparable 

to that of LAGP-Si, so it needs further modification work before it can be applied into practical 

application. 
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Figure 3-20 Initial discharge-charge curves of the solid-state lithium-oxygen batteries under a 

current of 0.05, 0.1 and 0.2 mA cm-2, respectively. 

 

The cycling performance of the LLZTO-based solid-state lithium-oxygen battery was tested at 

room temperature in pure oxygen, and the results are shown in Figure 3-21. The capacity-

limited cycling approach mitigates severe degradation of battery performance under full charge 

and discharge, which is a measure of battery cycling performance. Under the limited capacity 

of 0.25 mA cm-2 at 0.1 mA cm-2 capacity, the LLZTO-based solid-state lithium-oxygen battery 

can be stably cycled for 12 times without any depletion in its capacity. However, as the cycle 

number increases, the charging overpotential also increases, indicating the accumulations of the 

main product-Li2O2 and the difficult-to-decompose by-product-Li2CO3 on the positive 

electrode. Therefore, finding effective catalysts that can promote the decomposition of Li2CO3 

is one of the ways to improve the battery's performance. 
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Figure 3-21 Cycling performance of the batteries using LLZTO at 0.1 mA cm-2 and limited 

capacity of 0.25 mA h cm-2
. 

 

3.4 Conclusion 
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successfully prepared by the melt-quenching-controlled crystallization method using 

inexpensive raw materials, and the effect of Si doping on the electrolyte properties of LAGP 

glass-ceramic solids, and the mechanism were systematically investigated. The solid-state and 

semi-solid-state lithium-oxygen batteries assembled with LAGP-Si have a certain cycling 

capability at low current densities, demonstrating their application potential. 

 

(2) High-performance garnet-type solid electrolyte LLZTO was successfully synthesized by 

solid-phase synthesis method. The experimental results demonstrate that both sintering 

temperature and crucible type influence the physical properties and electrochemical 

performance of LLZTO. The solid-state lithium-oxygen battery assembled with it has a certain 

cycling capability, but the polarization voltage is large and the interfacial impedance between 

it and the electrode are high. 

 

In summary, a series of oxide solid-state electrolytes were successfully prepared in this chapter, 

which were utilized to construct solid-state (or quasi-solid-state) lithium-oxygen cells. The 

electrochemical performance of these cells was assessed, and the feasibility and potential of 

solid-state lithium-oxygen batteries were demonstrated. Nonetheless, the advancement of all-

solid-state lithium-oxygen batteries necessitate further research on developing cost-effective 

cathode catalysts, preparing high-performance solid-state electrolytes, and enhancing the 

interface between solid-state electrolytes and electrode materials. This chapter sets the tunes for 

the subsequent investigations presented in Chapter 4 and Chapter 5.  
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Chapter 4 Bilayer NASICON/Polymer Hybrid 

Electrolyte for Stable Solid-State Li-O2 Batteries 

 

Adapted and rewritten from the published article: 

Z. Gu, X. Xin, J. Yang, D.C. Guo, S.J. Yang, J.H. Wu, Y. Sun and X.Y. Yao, Bilayer 

NASICON/Polymer Hybrid Electrolyte for Stable Solid-State Li-O2 Batteries. ACS Applied 

Energy Materials, 2022. 5(7): p. 9149-9157. 

 

Abstract 

The practical application of lithium-oxygen (Li-O2) batteries is limited by the formation of 

lithium dendrites and the use of flammable and unstable organic liquid electrolytes, which 

would cause safety issues and poor cycling stability. Herein, we present a bilayer 

organic/inorganic hybrid solid-state electrolyte to improve the safety and enhance the 

electrochemical performance of Li-O2 batteries. Si-doped NASICON-type electrolyte 

Li1.51Al0.5Ge1.5Si0.01P2.99O12 (LAGP-Si) serves as an inorganic rigid backbone to guarantee high 

ionic conductivity and provide a barrier between active oxygen and lithium anode. 

Poly(ethylene glycol) methyl ether methacrylate (PEGMEM) is chosen as a polymer buffer 

layer due to its compatibility with lithium. Benefiting from the synergistic effect between 

LAGP-Si and PEGMEM, the obtained hybrid electrolyte exhibits high ionic conductivity and 

good stability against lithium anode. Consequently, the polarization of the Li symmetric cell is 

dramatically reduced by replacing pure LAGP-Si with a bilayer hybrid electrolyte. The solid-

state Li-O2 batteries employing PEGMEM@LAGP-Si electrolyte deliver a greater initial 

discharge-charge capacity of 7.3 mAh cm-2 and enhanced cyclic performance for 39 cycles with 

a restricted capacity of 0.4 mAh cm-2. The present work delivers a promising category of hybrid 

solid electrolytes for high-performance solid-state Li-O2 batteries. 
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4.1 Introduction 

With the increasing global demand for electrical energy storage devices, lithium-oxygen (Li-

O2) batteries have garnered considerable interest due to their extraordinarily high theoretical 

energy density (3600 Wh kg-1) and high specific capacity density (1675 mA h g-1) [1, 5, 95, 171, 

172]. However, the development of Li-O2 batteries is largely hindered by the poor cycling 

stability and safety issues, which are caused by the growth of lithium dendrite and the use of 

flammable organic liquid electrolytes (LEs) [173-176]. Organic liquid electrolytes are volatile, 

flammable, explosive, and unstable at high voltage, which may greatly decrease the safety and 

cyclic performance in the actual application of the battery. Moreover, the undesired growth of 

lithium dendrite would pierce the separator and cause a short circuit, ultimately leading to 

battery overheating and explosion. Besides, the Li-O2 battery is a semi-open system where the 

liquid solvent may leak during battery operation, resulting in further battery deterioration and 

combustion. Substituting solid electrolytes for organic liquid electrolytes is considered a 

realistic and promising approach in resolving the aforementioned concerns. Solid electrolytes 

could eliminate evaporation and leakage of volatile liquid electrolytes, mitigate side reactions 

or decomposition processes in batteries and shield lithium from oxygen and moisture, hence 

extending the cycling life. On the other hand, the solid electrolytes may serve as a physical 

barrier, preventing short circuits induced by lithium dendrites and assuring safe operation. 

 

Generally, solid-state electrolytes for Li-O2 batteries can be divided into solid polymer 

electrolytes and solid inorganic electrolytes [82]. Although solid polymer electrolytes provide 
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machinability and flexibility benefits for portable electronics, their poor ionic conductivity at 

ambient temperature necessitates operation at raised temperatures [177-180], which would 

exacerbate the side reactions between the polymer and the Li-O2 battery's discharge products 

[181-183]. Diverse solid inorganic electrolytes have been extensively investigated for solid-

state Li-O2 batteries, such as perovskite-type, anti-perovskite-type, garnet-type, sodium 

superionic conductor (NASICON-type) and so on [168, 184-186]. These solid electrolytes are 

desirable due to their high shear modulus, good thermal/chemical stability, and high lithium-

ion transference number, which enable them to inhibit Li dendrites, avoid short circuits and 

enhance discharge-charge performance [181, 187-191]. Among these solid inorganic 

electrolytes, NASICON-type electrolyte Li1.5Al0.5Ge1.5(PO4)3 (LAGP) is considered as the most 

promising candidate for Li-O2 batteries owing to its high ionic conductivity, wide 

electrochemical window, good mechanical strength, and especially the excellent chemical 

stability towards oxygen radicals in Li-O2 cells [24, 95, 192-196]. However, the large interfacial 

resistance caused by insufficient solid-solid phase contact between electrolytes and electrodes 

is a tough issue for solid inorganic electrolytes - based Li-O2 batteries [197-199]. The solid 

electrolyte and the electrode material could not be wettable, which makes them exhibit rigid 

contact and high interface resistance, inevitably leading to slow electrochemical dynamics and 

unexpected battery polarization [200-204]. Furthermore, the great challenge of LAGP solid 

electrolytes is that Ge4+ could be reduced when in direct contact with Li metal, probably leading 

to the formation of mixed ion-conducting interface and the deterioration of solid electrolytes 

[194, 195, 205, 206]. Thus, it is critical to attain both high ionic conductivity and excellent 
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interfacial contact between electrodes and electrolytes while employing NASICON-type solid 

inorganic electrolytes in Li-O2 batteries [207, 208]. Inserting a Li+ conductive interlayer made 

of a solid polymer electrolyte between the Li anode and LAGP could be a feasible solution to 

the aforementioned issues in Li-O2 batteries [209-214]. Solid polymer electrolyte poly(ethylene 

glycol) methyl ether methacrylate (PEGMEM) can be synthesized by a simple solvent-free UV-

cured method [215]. This polymer electrolyte exhibits a wide electrochemical window, 

excellent compatibility with metallic lithium, and good thermal stability. It is anticipated that 

PEGMEM polymer could be chosen as a buffer layer coating on the surface of LAGP to reduce 

the interfacial resistance and side reactions between the Li electrode and electrolyte. 

 

In this work, a bilayer hybrid solid electrolyte consisting of an oxide solid inorganic electrolytes 

backbone and an organic SPE buffer layer is developed for high-performance Li-O2 batteries. 

Poly(ethylene glycol) methyl ether methacrylate (PEGMEM) precursor was in situ UV-cured 

on the surface of solid inorganic electrolytes Li1.5+xAl0.5Ge1.5SixP3-xO12 (LAGP-Si) pellet under 

UV light to produce an SPE interlayer, forming a bilayer hybrid electrolyte 

(PEGMEM@LAGP-Si). Herein, Si4+ with lower valence and larger diameter was used to 

replace part of P5+ in the pristine LAGP glass-ceramics to improve the lithium ionic conductivity. 

The introduction of PEGMEM was aimed to provide the improved interfacial contact and 

eliminate the side reactions between LAGP-Si and the Li anode. This hybrid electrolyte enables 

the enhanced the Li symmetric cell cycling stability, exhibiting narrower polarization voltage 

after near 1000 hours than pure LAGP-Si. Furthermore, solid-state Li-O2 batteries employing 
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PEGMEM@LAGP-Si electrolytes deliver a high discharge-charge capacity of 7.3 mA h cm-2 

and advanced cycling stability of 39 cycles with a limited capacity of 0.4 mA h cm-2 at a current 

density of 0.1 mA cm-2. Given the advantages of a bilayer oxide-polymer structure, this strategy 

might pave the way for the development of solid-state Li-O2 batteries with improved cycle life 

and stability.  

 

4.2 Experimental 

4.2.1 Preparation of LAGP-Si Glass-Ceramics 

The NASICON-type solid electrolytes LAGP-Si were prepared by a melt-quench method in 

ambient air. Based on the stoichiometric amounts of Li1.51Al0.5Ge1.5Si0.01P2.99O12, a mixture of 

Li carbonate Li2CO3 (99.99%, Aladdin), aluminum hydroxide Al(OH)3 (99.9%, Aladdin), 

germanium oxide GeO2 (99.999%, Aladdin), ammonium dihydrogen phosphate NH4H2PO4 

(99%, Aladdin) and silicon dioxide (SiO2) (99.9%, Aladdin) were first ball-milled for 4h at 400 

rpm and then annealed at 700 ℃ for 2h to remove volatile gases. After that, the calcination 

products were ground again and heated up to 1400 ℃ to achieve homogeneous glass melt, 

which was subsequently quenched to obtain LAGP-Si glass. The obtained LAGP-Si glass 

powders were pressed in a mold with a diameter of 13 mm and further isostatic pressed at 200 

MPa. These densified pellets were then annealed at 850 ℃ for 6 hours to achieve LAGP glass-

ceramic samples. 
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4.2.2 Preparation of PEGMEM@LAGP-Si Electrolytes 

To prepare the solid polymer buffer layer, poly(ethylene glycol) methyl ether methacrylate (Mw 

~ 950, sigma-Aldrich) and lithium bistrifluoromethanesulfonimide salt (LiTFSI, sigma-Aldrich, 

99.95%) were initially mixed based on the molar ratio of EO/Li+=18:1 at ambient temperature 

in Ar glove box. After physical stirring, the Li salt would dissolve in a creamy mixture and a 

homogenous transparent solution was obtained. Then 0.1 wt.% of the 2, 2-dimethoxy-2-

phenylacetophenone (DMPA, Sigma-Aldrich, 99%) was added to the solution as a 

photoinitiator and stirred for 12 hours until DMPA was completely dissolved. The polymer 

precursor solution was then laid flat on one side of the LAGP-Si pellet and exposed to the UV 

beam for 2 hours to conduct polymerization, achieving bilayer oxide-polymer electrolyte. 

 

4.2.3 Sample Characterization 

The surface and cross-sectional morphology and element distribution of the sample were 

characterized using a field emission scanning electron microscope (FESEM, Hitachi, S4800) 

together with an energy-dispersion spectrometer (EDS). The detailed crystallography of the 

sample was analyzed by transmission electron microscopy (TEM, FEI Tecnai G2 F20) and 

high-resolution transmission electron microscopy (HRTEM). The crystal structure of the 

synthesized electrolytes was studied by X-ray diffraction (XRD, D8 Advance Davinci, Bruker) 

using Cu Kα radiation of λ=1.5418 Å in a 2θ range of 10°-80°. Thermogravimetric studies (TGA) 

were carried out in an N2 environment (Pyris Diamond). Fourier transform infrared 

spectroscopy (FT-IR, Nicolet 6700 spectrometer) was used to identify the chemical bonds in 
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the region of 2000-500 cm-1 at ambient temperature. The electrochemical impedance 

spectroscopy (EIS), direct current polarization (DC), and cyclic voltammetry (CV) were tested 

by Solartron 1470E multichannel potentiostat electrochemical workstation. The ionic 

conductivity was tested by EIS in the frequency ranging from 1 MHz to 0.1 Hz. The polished 

pellet samples were sputtered with gold on both sides as blocking electrodes for EIS test. The 

ionic conductivity (σ𝑡) is determined by the following equation: σ𝑡 = 𝐿/(𝑅 · 𝑆), where L (cm), 

R (Ω) and S (cm2) represent the thickness of the electrolyte, the total resistance value of the 

electrolyte, and the effective contacting area of blocking electrodes, respectively. The ionic 

conductivities of LAGP-Si pellet samples were measured from -20 to 120 ℃ and the activation 

energy was calculated according to the equation: 𝜎 =A/T exp(-Ea/RT), where A is the pre-

exponential factor (-); T is the test temperature (K); R is the molar gas constant (8.314 J K-1 

mol-1); and Ea is the activation energy (kJ mol-1) for Li+ ion migration. The electrochemical 

window of the electrolyte was determined by CV of Li/electrolyte/Au at a scan rate of 0.5 mV 

s-1 at room temperature from -0.5 to 6 V (vs. Li/Li+). Electronic conductivity (𝜎e) was measured 

by DC polarization experiment. The sample of PEGMEM@LAGP-Si was inserted into two Au 

electrodes, and then apply a DC voltage. Then the lithium-ion transference number (𝑡𝐿𝑖+) was 

calculated based on the equation: 𝑡𝐿𝑖+ = (σ𝑡 − σ𝑒)/σ𝑡. 

 

4.2.4 Assembly and Testing of Solid-State Li-O2 Cells 

To prepare the porous oxygen cathode, Ketjen Black (KB, EC600JD, Lion) carbon powder (90 

wt %) was mixed with polyvinylidene fluoride (PVDF) (10 wt %) binder in 1-methyl-2 
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pyrrolidone (NMP) solvent to make a paste. The slurry was then cast onto carbon paper, which 

was dried in a vacuum at 110 °C for 12 hours before the test cell was assembled, and the areal 

loading of KB materials was about 0.6 mg cm-2. All Li-O2 batteries were assembled in a 

glovebox in an argon atmosphere with water and oxygen contents of less than 0.1 ppm. The Li-

O2 battery was fabricated by inserting a PEGMEM@LAGP electrolyte between a KB cathode 

and a Li metal anode, and 20 μL of nonaqueous liquid electrolyte composed of 1 M LiTFSI and 

0.05 M redox mediator (RM) Li bromide (LiBr) in tetraethylene glycol dimethyl ether 

(TEGDME) was added to infiltrate the cathode. Thus, a Li/PEGMEM@LAGP-Si/KB cell was 

obtained. After the solid-state Li-O2 battery is installed in the cell, it was sealed up for 1 h and 

then pass a continuous flow of high purity O2 through the cell for about 2 h. 

 

The electrochemical performance of Li-O2 cells was tested under a continuous oxygen supply 

system. Specific capacities and current densities were calculated according to the area of the 

cathode. Discharge and charge profiles of the assembled KB/PEGMEM@LAGP-Si/Li and 

KB/LAGP-Si/Li cells were tested under the voltage ranging from 2 to 4.5 V on a LAND-

CT2001A testing system (Wuhan Jinnuo Elec-tronics, Ltd.) at room temperature. The 

differential electrochemical mass spectrometry (DEMS, QMG250M1, Pfeiffer) was employed 

to detect the volatile products in battery charging. The electrochemical flow cell was specially 

manufactured using the same components (anode, electrolyte, and cathode) mentioned above. 

Gas evolution during charging was continuously measured in flowing argon gas at a constant 

rate of 3 ml min-1. 
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4.3 Results and Discussion 

The schematic illustration for the synthesis of PEGMEM@LAGP-Si is illustrated in Figure 

4-1a. Firstly, Li1.5Al0.5Ge1.5P3O12 and Li1.51Al0.5Ge1.5Si0.01P2.99O12 glass-ceramic pellets were 

synthesized by a conventional melt-quench method in ambient air. As the pristine LAGP-based 

electrolytes would react with Li anode through direct contact, a polymer precursor 

poly(ethylene glycol) methyl ether methacrylate (PEGMEM) was subsequently coated on the 

one side of a LAGP-Si pellet and then UV-cured to generate a solid polymer electrolyte buffer 

layer. Such a buffer layer could alleviate Li dendrite and mitigate the reactivity between 

electrolyte and electrode, as shown in Figure 4-1b. 

 

Figure 4-1 (a) Schematic illustration of preparing LAGP-Si electrolytes with a PEGMEM 

buffer layer. (b) Detailed schematic illustration of the Li-O2 batteries before and after the 

modification with PEGMEM. 
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The structure and morphology of the as-prepared LAGP/LAGP-Si and PEGMEM@LAGP-Si 

were characterized by SEM and XRD. As shown in Figure 4-2a, both LAGP and LAGP-Si 

exhibit typical NASICON-type phase structure (PDF#41–0034), and no impurity phase were 

detected, which indicates that the Si doping would not affect the crystal structure of LAGP. 

Here, the Li1.51Al0.5Ge1.5Si0.01P2.99O12 (LAGP-Si) refers to the one with the optimal doping 

content. To further verify the Si doping effect, the cross-sectional morphologies of the LAGP 

and LAGP-Si pellets were investigated as shown in Figure 4-2b-d. The SEM-EDS mapping of 

LAGP-Si (Figure 4-2c) verified that all elements are uniformly distributed throughout the 

LAGP electrolyte, indicating the Si4+ has been successfully incorporated into the LAGP. In 

addition, LAGP-Si particles (Figure 4-2b) show more uniform size, clearer grain boundary and 

fewer cracks between different grains, resulting in better contact between grains and enhanced 

densification when compared to pure LAGP (Figure 4-2d). The size distribution of LAGP-Si 

sample (Figure 4-3) is corresponding to its SEM morphology. The compact structure within 

LAGP-Si can not only facilitate lithium-ion transport, but also inhibit the growth of lithium 

dendrites along the grain boundary. Moreover, as a consequence of the presence of higher 

lithium concentrations in solid phase, doping of Si could benefit the movement of lithium ions 

among lattice sites in NASICON structure, thereby increasing the ionic conductivity [216]. To 

check the crystalline state of LAGP-Si, the LAGP-Si electrolyte pellet was pulverized and 

investigated through TEM as shown in Figure 4-4, showing distinct lattice fringes and 

amorphous phases coexist. Interplanar spacing of the main phase in LAGP-Si is 0.417 nm, 

corresponding to the interplanar spacing of crystal plane (104) in standard LiGe2(PO4)3. Figure 



130 

 

4-4c and d show diffused diffraction rings of LAGP-Si sample, verifying the existence of 

amorphous phases in LAGP-Si. Figure 4-2e shows the top-view SEM image of the 

PEGMEM@LAGP-Si. It can be seen that after coating on the LAGP-Si surface, a 

homogeneous organic buffer layer is formed on the LAGP-Si surface and shows similar 

morphology with that of the pure PEGMEM (Figure 4-5). In addition, the smooth and elastic 

character (the optical photograph of the pure PEGMEM is shown in Figure 4-6) are favorable 

for adequate contact with the electrode, thus ensuring lower interfacial impedance. The FT-IR 

spectra of solid polymer PEGMEM and PEGMEM precursors are shown in Figure 4-7. The 

C=C double bond peaks at roughly 1600-1650 cm-1 in monomer vanished, indicating that the 

PEGMEM monomer had completely cured into a solid polymer buffer layer [217]. Besides, 

thermogravimetric analysis (TGA) is performed to determine the thermal stability of the solid 

polymer PEGMEM in a nitrogen environment at temperatures ranging from 15 to 600 °C. As 

demonstrated in Figure 4-8, the PEGMEM is rather stable below 341 °C, while the 

decomposition of polymer or Li salts occurs at higher temperatures, suggesting its good thermal 

stability [218, 219]. Finally, the cross-sectional image (Figure 4-2f) of the PEGMEM@LAGP-

Si indicates the thickness of the PEGMEM layer is about 25 μm, and it bonds tightly on the 

LAGP-Si, which can facilitate the lithium ions transport across the interface. 
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Figure 4-2 (a) XRD patterns of pure LAGP, LAGP-Si, PEGMEM@LAGP-Si, PEGMEM, and 

KB cathode. (b) Cross-sectional SEM image of LAGP-Si glass-ceramic pellet. (c) SEM and 

EDX images of LAGP-Si glass-ceramic pellet (d) Cross-sectional SEM image of pure LAGP. 

(e) Top-view SEM image of PEGMEM@LAGP-Si. (f) Cross sectional SEM image of the 

PEGMEM@LAGP-Si electrolyte. 

 

Figure 4-3 The size distribution of LAGP-Si sample. 
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Figure 4-4 (a) TEM image of LAGP-Si glass-ceramic sample. (b) HRTEM image of LAGP-Si 

glass-ceramic sample. (c) and (d) corresponding SAED patterns of LAGP-Si glass-ceramic 

sample. 
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Figure 4-5 Top-view SEM image of pure PEGMEM layer. 

 

 

Figure 4-6 The optical picture of pure PEGMEM polymer electrolyte. 
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Figure 4-7 The FT-IR spectra of PEGMEM precursor and UV-cured PEGMEM. 

 

 

Figure 4-8 TGA curve of solid polymer PEGMEM. 

 

The Nyquist plots of LAGP-Si and PEGMEM@LAGP-Si are measured as shown in Figure 

4-11a, and the calculated ionic conductivities are 3.7× 10−4 S cm-1 and 3.0 × 10−4 S cm-1 at room 

temperature, respectively. The experimental data collected in Chapter 3 (Table 3-1) shows that 
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x = 0.01 for Li1.5+xAl0.5Ge1.5SixP3-xO12 is the most appropriate Si-doping amount for the 

optimum conductivity in this work. After being coated with a polymer buffer layer, the bulk 

conductivity of the PEGMEM@LAGP-Si electrolyte at room temperature was 3.0 × 10−4 S cm-

1, which is comparable to that of the pure LAGP-Si. The temperature dependences of ionic 

conductivity for LAGP-Si and PEGMEM@LAGP-Si were measured every 20 ℃ from -20 to 

100 ℃ as illustrated in Figure 4-11b. Both samples show good linear fitting results, obeying 

the Arrhenius relationship. The corresponding activation energy (Ea) is 0.371eV and o.374eV 

for LAGP-Si and PEGMEM@LAGP-Si, respectively. These results suggest that the 

introduction of PEGMEM would not substantially increase bulk resistance and activation 

energy of the LAGP-Si electrolyte. Nyquist plots of PEGMEM@LAGP-Si (Figure 4-9) and 

pure LAGP-Si electrolytes (Figure 4-10) at different temperatures are provided in supporting 

information. 

 

Figure 4-9 The Nyquist plots of LAGP-Si at different temperatures. 
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Figure 4-10 The Nyquist plots of PEGMEM@LAGP-Si at different temperatures. 

 

Cyclic voltammetry (CV) was used to assess the electrochemical window of 

PEGMEM@LAGP-Si utilizing a Li/PEGMEM@LAGP-Si/Au battery in the voltage range of 

-0.5 V to 6 V at a scan rate of 0.5 mV s-1. As shown in Figure 4-11c, there are two reversible 

peaks at around -0.5 V and 0.5 V, which are attributable to reversible Li plating and stripping. 

Up to 6 V, no obvious oxidation peak is found, showing that PEGMEM@LAGP-Si has 

exceptional electrochemical stability. The electronic conductivities of the PEGMEM@LAGP-

Si are probed through direct current (DC) polarization measurement as shown in Figure 4-11d. 

The electronic conductivity is calculated to be 1.6 × 10-8 S cm-1 at ambient temperature, and 

the calculated Li ion transference number 𝑡𝐿𝑖+ of PEGMEM@LAGP-Si is 0.99, which is close 

to 1 and higher than that of pure PEGMEM (0.252) [215]. This result reveals that the bilayer 
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PEGMEM@LAGP-Si could be regarded as a pure ionic conductor like conventional 

NASICON-type electrolytes by inhibiting the mobility of anions in polymer PEGMEM and 

only Li+ ions participate in charge transfer. 

 

The long-term compatibility and stability with lithium metal were investigated by constructing 

Li//Li symmetric battery. Figure 4-11e shows the voltage profiles cycling at a current density 

of 0.1 mA cm-2 and areal capacity of 0.05 mA h cm-2. The Li/LAGP-Si/Li symmetric battery 

exhibited a large initial polarization voltage, and then the polarization voltage gradually 

increased in the following cycles, suggesting the continuously increased internal resistance 

during the stripping/plating process. In contrast, the Li/PEGMEM/LAGP-Si/PEGMEM/Li 

symmetric battery demonstrated lower polarization voltage and stable cyclic performance. The 

polarization voltage exhibits almost no change during 1000 hours cycling, indicating that the 

interfacial reaction between the LAGP-Si and lithium metal was greatly inhibited. In addition, 

EIS of the Li//Li symmetric cell with PEGMEM@LAGP-Si shows lower interfacial and total 

resistances than the cell with pure LAGP-Si after 100 hours of cycling, as shown in Figure 4-12. 

The PEGMEM@LAGP-Si solid electrolyte clearly outperforms the LAGP-Si electrolyte in 

terms of interfacial stability against Li anode. Clearly, PEGMEM@LAGP-Si can be regarded 

as an excellent choice for solid-state Li-O2 batteries because of its strong ionic conductivity, 

wide electrochemical window, low electronic conductivity, and high Li-ion transference number. 
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Figure 4-11 (a) The Nyquist plots of LAGP-Si and PEGMEM@LAGP-Si at room 

temperature. (b) Arrhenius plots of LAGP-Si and PEGMEM@LAGP-Si. (c) CV curve and (d) 

DC polarization curve of PEGMEM@LAGP-Si electrolyte. (e) Galvanostatic cycling of 

Li/LAGP-Si/Li and Li/PEGMEM/LAGP-Si/PEGMEM/Li symmetric batteries at a current 

density of 0.1 mA cm-2 at room temperature in the oxygen atmosphere. 
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Figure 4-12 The impedance spectra of the Li symmetric battery with PEGMEM@LAGP-Si 

and pure LAGP-Si after 100 hours of cycling. 

 

The electrochemical performances of the solid-sate Li-O2 batteries employing LAGP-Si and 

PEGMEM@LAGP-Si electrolytes were investigated with a KB cathode and a Li anode. The 

schematic of the battery structure and the discharge/charge mechanism are illustrated in Figure 

4-13a. The PEGMEM@LAGP-Si electrolyte was sandwiched between KB carbon cathode and 

Li anode. Here, nickel foam is adopted as a cathode host to accommodate the discharge products 

and prevent carbon paper from being crushed by the spring. Figure 4-13b presents the first 

galvanostatic discharge/charge profiles of solid-state batteries of Li-O2 with LAGP-Si and 

PEGMEM@LAGP-Si at a current density of 0.05 mA cm-2 between 2.0 V and 4.5 V. The solid-

state Li-O2 battery with PEGMEM@LAGP-Si delivers a higher discharge specific capacity of 

7.3 mA h cm-2 than the battery with pure LAGP-Si (3.3 mA h cm-2). In addition, the morphology 
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of the discharge product is investigated by SEM as shown in Figure 4-14, which shows a typical 

toroidal shape, indicating the generation of Li2O2. 

 

To further analyze the cyclic performance of the solid-state Li-O2 batteries, the cells were 

discharged and charged ranging from 2.0 to 4.5 V under a current density of 0.1 mA cm-2, with 

a limited capacity of 0.4 mA h cm-2, and the corresponding gravimetric capacity is 666 mA h g-

1. Figure 4-13c demonstrates that the discharge curve of the PEGMEM@LAGP-Si assembled 

cell has a plateau of around 2.7 V. The charge curve climbed from 3.0 to 3.9 V and then 

gradually increased to around 4.3 V. This cell also exhibits a stable cyclic performance of 39 

cycles, which outperforms the LAGP-Si assembled cell with only 12 stable cycles (Figure 4-13d) 

and pure PEGMEM-based cell with 10 stable cycles (Figure 4-15). Besides, the discharge 

plateau of Li-O2 batteries using pure PEGMEM polymer is below the theoretical value of 2.7V 

and the voltage curve is fluctuating. Visually, Figure 4-13e shows the relationship between the 

charging capacity and the number of cycles for both batteries under the limiting capacity and 

the restricted voltage range conditions. Moreover, Figure 4-13f exhibits the median voltage of 

charging and discharging varies with the cycling number for both batteries. It could be clearly 

seen that the cell equipped with PEGMEM@LAGP-Si has a smaller overcharge potential and 

a more stable voltage variation during discharge-charge cycles, corresponding to the previous 

results of discharge-charge curves. The surface morphology of lithium anode after 

electrochemical cycling are also investigated by SEM imagines (Figure 4-16). After 10 cycles, 

the lithium surface with bilayer PEGMEM@LAGP electrolyte exhibits a relative flat surface 
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though some cracks were observed, (Figure 4-16b), while the lithium with LAGP-Si electrolyte 

exhibits a pulverization and rough surface (Figure 4-16c). Figure 4-17 shows that 

PEGMEM@LAGP-Si could stably cycle at a higher current density of 0.2 mA cm-2 with a 

restricted capacity of 0.4 mA h cm-2 for 10 cycles, which demonstrates the potential of Li-O2 

batteries assembled with this electrolyte also at high current densities. In the nutshell, 

PEGMEM@LAGP-Si has excellent interfacial contact, strong ionic conductivity, and superior 

electrochemical stability, which makes it an ideal electrolyte for solid-state Li-O2 batteries. 

 

Figure 4-13 Battery performances of the solid-state Li-O2 batteries. (a) Schematic diagram of 
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the solid-state Li-O2 cell. (b) The first discharge profile of the Li−O2 cell with LAGP-Si and 

PEGMEM@LAGP-Si measured within 2.0 to 4.5 V. Discharge-charge curves of the 

(c)PEGMEM@LAGP-Si-based battery and (d) LAGP-Si based battery under a capacity 

limitation of 0.4 mA h cm-2 at a current density of 0.1 mA cm-2. (e) Charge capacity variation 

against cycling number. (f) Median voltages of the discharge-charge curves against cycling 

number. 

 

 

Figure 4-14 SEM image of the KB cathode after discharging. 
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Figure 4-15 Discharge-charge curves of the pure PEGMEM-based battery under a capacity 

limitation of 0.4 mA h cm-2 at a current density of 0.1 mA cm-2. 

 

 

Figure 4-16 The SEM images of (a) pristine Li foil, (b) Li foil applied in PEGMEM@LAGP-

Si-based Li-O2 battery after 10 cycles and (c) Li foil applied in LAGP-Si-based Li-O2 battery 

after 10 cycles. 
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Figure 4-17 Discharge-charge curves of the PEGMEM@LAGP-Si-based battery under a 

capacity limitation of 0.4 mA h cm-2 at a current density of 0.2 mA cm-2. 

 

To further analyze the electrochemical reaction mechanism occurring on the cathode, in situ 

differential electrochemical mass spectrometry (DEMS) was conducted to evaluate the gas 

evolution during the charging process. The gas evolution by DEMS analysis in Figure 4-18b 

corresponds well to the three-stage charging process depicted in Figure 4-18a. During the initial 

stage of charging with very low overpotential, the Li2O2 on the surface undergoes spontaneous 

delithiation to Li2-xO2. In the second stage, Li2O2 decomposes to produce oxygen with 

increasing voltage. During the final stage, the voltage continues to rise with the production of 

CO2, which may be related to the decomposition of Li2CO3 [123, 220]. Significantly, more O2 

was created after 0.05 mA h cm-2 than the initial stage, which might be attributed to the partially 

degradation of Li2O2 to LiO2-like species during the early stage of the charging process [221, 

222]. Compared to the DEMS results of conventional liquid Li-O2 batteries, this solid-state Li-
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O2 batteries present less side products such as CO2, CO, and organic gases during the charge 

process, which means less side reactions occurring by the use of this solid bilayer electrolyte 

[123]. At roughly 4.6 V, the O2 evolution rapidly decreased, indicating that the Li2O2 had been 

dissolved completely and the battery was fully recharged. The integral calculation of the curve 

in Figure 4-18b gives the amount of gas generated during the charging process. Also, the 

number of electrons transferred during the charging process can be calculated from the charging 

capacity. Consequently, the conversion ratio of e-/O2 is calculated to be 2.14, which is a little 

higher than 2, indicating that the Li2O2/O2 conversion is inferred to be the predominant reaction 

during the charging. These results demonstrate that the reaction mechanism during charging of 

solid-state Li-O2 batteries using PEGMEM@LAGP-Si electrolyte could be considered 

basically consistent to the theoretical reaction: 𝐿𝑖2𝑂2 → 2𝐿𝑖+ + 𝑂2 + 2𝑒−. 

 

Figure 4-18 (a) The charge curve of the Li/PEGMEM@LAGP-Si/KB battery at a current 
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density of 0.2 mA cm-2 with a limited capacity of 0.4 mA h cm-2 at room temperature. (b) Gas 

evolution measured by DEMS upon charging process in the Li/PEGMEM@LAGP-Si/KB 

battery. 

4.4 Conclusion 

In this chapter, a bilayer hybrid solid electrolyte by combining Si doped LAGP with PEGMEM 

buffer layer is fabricated for high-performance solid-state Li-O2 batteries. The solid inorganic 

electrolyte LAGP-Si was synthesized by a melt-quench method and the solid polymer buffer 

layer PEGMEM was in situ UV-cured on the one side of the LAGP-Si pellet towards the Li 

anode. The doping of Si4+ in glass-ceramic LAGP effectively improved the lithium-ion 

conductivity of NASICON-type electrolytes. The introduction of polymer PEGMEM buffer 

layer successfully enhanced the interfacial contact and reduced the side reactions between 

electrolyte and Li metal, leading to improved cycling stability of the Li//Li symmetric battery 

for 1000 h. The solid-state Li-O2 battery employing PEGMEM@LAGP-Si delivered a larger 

capacity of 7.3 mA h cm-2 for the initial discharging process. Moreover, this battery exhibited 

a longer cycling performance of 39 cycles with a limited capacity of 0.4 mA h cm-2, while the 

Li-O2 battery employing pure LAGP-Si only shows 12 cycles. In addition, the mechanism of 

electrochemical reactions in the charging process of batteries was confirmed by DEMS, 

corresponding to the reaction Li2O2 ⇄ 2Li+ + O2 +2e-. This work reveals that the application of 

a high-performance oxide solid inorganic electrolyte with a suitable solid polymer for 

interfacial modification is an efficient approach for next-generation stable solid-state Li-O2 

batteries.  
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Chapter 5 Garnet-Based Integrated 

Architecture for High-Performance All-Solid-

State Lithium-Oxygen Batteries 

 

Adapted and rewritten from the published article: 

Z. Gu, X. Xin, Z. Xu, J. He, J. Wu, Y. Sun and X. Yao, Garnet Electrolyte‐Based Integrated 

Architecture for High‐Performance All‐Solid‐State Lithium‐Oxygen Batteries. Advanced 

Functional Materials, 2023. DOI: 10.1002/adfm.202301583. 

 

Abstract 

All-solid-state lithium-oxygen (Li-O2) battery is considered to be a promising next-generation 

energy storage system to address the issues related to low specific capacity, unsafety and 

unstable electrochemistry that exist in conventional liquid Li-O2 batteries. However, current 

solid-state Li-O2 batteries still encounter the challenge of high impedance at the 

electrode/electrolyte interface. In addition, the deficiency of triple-phase boundaries (Li+, e- and 

O2) limits the active sites for electrochemical reaction in the battery cathode. Herein, we 

develop an integrated architecture based on garnet electrolyte Li6.4La3Zr1.4Ta0.6O12 (LLZTO) 

and porous composite cathode for high-performance all-solid-state Li-O2 batteries. The unique 

internal structure effectively reduces the interfacial impedance of the battery, provides a large 

number of active sites at triple-phase boundaries and increases the electrochemical stability. As 

a result, the obtained batteries can deliver a superior high full discharge capacity of 13.04 mA 

h cm-2 and an excellent cyclic performance (86 cycles). In addition, X-ray photoelectron 

spectroscopy, differential electrochemical mass spectrometry and theoretical calculations 

further demonstrate the effectiveness of this design in enhancing the interfacial performance, 

electrochemical performance, and stability of the battery. This work is thus expected to facilitate 

practical applications for truly all-solid-state Li-O2 batteries, and even for other systems of 

metal-oxygen (air) batteries. 
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5.1 Introduction 

In the work of Chapter 4, a polymer and NASICON based bilayer electrolyte was successfully 

prepared for use in a quasi-solid-state lithium-oxygen battery. However, the use of conventional 

organic liquid electrolytes in aprotic Li-O2 batteries and quasi-solid-state batteries greatly 

restricts the safety and electrochemical stability. First, one of the key challenges is the high 

overpotential during the charging process will induce side reactions and ultimately lead to low 

round-trip efficiency and poor cycling stability. Furthermore, the intermediate products such as 

O2
- and LiO2 formed during the discharge would attack the organic electrolyte, leading to the 

further deterioration of the electrochemical performance [223-225]. Second, the generated 

byproducts including insoluble and insulating carbonates would cover the surface of the main 

discharging product Li2O2, resulting in reduced electron conduction and elevated overpotential. 

Third, lithium dendrites would grow and potentially puncture the electrolyte separator during 

the battery cycling process, leading to short-circuiting, and thereby causing combustion or 

explosion [173-176, 226]. To alleviate the above problems, researchers proposed the completely 

substitution of the liquid organic electrolytes by the solid electrolytes [149, 227]. Solid 

electrolytes are nonflammable, thermally stable, and chemically stable, which could avoid the 

loss and decomposition of liquid electrolytes in an open system [95]. Simultaneously, they are 

capable of preventing the lithium electrode from corrosion by blocking moisture or O2 in the 

open systems and their high mechanical strength could mitigate short-circuit accidents aroused 

by lithium dendrites [82, 228]. 

 



149 

 

The common solid electrolytes are mainly categorized into polymers, sulfides, and oxides [9]. 

Among all solid electrolyte types, oxide electrolytes are regarded as the most suitable 

electrolytes for Li-O2 batteries, attributed to their high chemical and electrochemical stability 

in an oxygen atmosphere [30, 95, 99, 152, 165, 168, 183, 194, 229, 230]. Especially, garnet 

electrolytes contain both comparably high ionic conductivity and stability to the lithium, 

thereby receiving the most attention. Li7La3Zr2O12 (LLZO) ceramic is a widely investigated 

high-performance garnet-type electrolyte that applies to solid-state Li-O2 batteries [231-233]. 

However, the rigid LLZO electrolyte has poor interfacial contact with both the cathode and 

anode, leading to a large interfacial impedance in Li-O2 batteries [234-237]. For the 

electrolyte/anode interface, an interlayer prepared from lithiophilic materials is usually inserted 

to mitigate the interfacial resistance [238, 239]. In last chapter, a polymer buffer layer consisting 

of lithiophilic poly(ethylene glycol) methyl ether methacrylate (PEGMEM) was sandwiched at 

the electrolyte-anode interface, which effectively enhance the anode interface stability and 

interfacial compact [240]. However, for the cathode, the situation is more complicated. Due to 

the large size of the solid electrolyte particles, it is difficult to guarantee adequate contact 

between the solid electrolyte and the conductive agent. The insufficient solid-solid contact 

between the electrolyte and conductive agent in the cathode restricts ion transport and electronic 

conduction. Different from other solid-state battery systems, Li-O2 batteries cannot utilize the 

method of applying internal stack pressure in the battery to promote the electrolyte/electrode 

interface contact due to the requirement for the diffusion of active gaseous substances [241, 

242]. Therefore, in many studies, a small amount of liquid organic electrolyte was usually added 
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to the cathode to facilitate interfacial contact and promote ion transport, but this cannot 

completely avoid the aforementioned negative effects induced by the liquid electrolyte [243-

245]. As a result, continuous efforts are needed to design more advanced air electrodes and 

battery structures to improve the electrochemical performance of Li-O2 batteries. 

 

In solid-state Li-O2 batteries, multiple factors determine battery performance. First, the cathode 

layer and electrolyte layer must be in close contact to ensure low interfacial impedance. Second, 

inside the cathode, the electrolyte and the conductive agent require sufficient contact to ensure 

rapid ion and electron transport. Third, the flowing air and electronic/ionic conductors must be 

interfaced (sufficient porosity is required) to supply oxygen diffusion and accommodate more 

discharge products [187, 242, 246-248]. Therefore, a large number of triple-phase boundaries 

(accommodating O2, Li+ and electrons) are expected to be constructed to serve as active sites 

for electrochemical reactions in Li-O2 batteries [241]. There have also been numerous attempts 

to achieve a truly all-solid-state Li-O2 battery. Yu et al. reported an integrated zeolite-based 

solid-state Li-air battery by chemical vapor deposition (CVD) and seed-assisted growth method. 

The ingenious design ensures rapid transport of electrons/ions, as well as oxygen supply [98]. 

More importantly, the integrated structure reduced the interfacial resistance greatly compared 

with that of the non-integrated batteries. However, the preparation method of composite cathode 

with integrated electrolyte/cathode structure still needs to be simplified for large-scale practical 

applications. 
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In this work, a facile and scalable strategy to prepare an integrated cathode for an all-solid-state 

Li-O2 battery is presented. The schematic illustration of the integrated all-solid-state Li-O2 

battery is shown in Figure 5-1. To promote the rapid migration of the lithium ions, electrons 

and oxygen, LLZTO electrolyte and single-walled carbon nanotubes were mixed 

homogeneously by high-energy ball milling. Then the composite cathode was deposited on the 

electrolyte pellet by liquid phase method combined with low-temperature annealing. After low-

temperature annealing, an integrated cathode/electrolyte interface is successfully obtained, 

resulting in low interfacial impedance. In addition, the interior of the composite cathode is rich 

in porous structure, which can provide enough space for the growth of discharge products and 

the diffusion of flowing oxygen. To improve the anode interface stability and contact, the 

lithiophilic poly(ethylene glycol) methyl ether methacrylate (PEGMEM) was sandwiched as 

the buffer layer. Thanks to the unique structure, the integrated all-solid-state Li-O2 battery 

exhibit enhanced electrochemical properties. It delivers excellent first discharge capacity and 

outstanding cyclic performance. In addition, compared with Li-O2 batteries containing a non-

integrated cathode and LLZTO-free cathode, the all-solid-state batteries exhibit reduced 

interfacial resistance and more stable electrochemical reactions. XPS analysis, DEMS testing 

and DFT calculations are further exploited to verify the effectiveness of this structural 

engineering strategy. 
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Figure 5-1 Schematic illustration of the integrated all-solid-state Li-O2 batteries. 

 

5.2 Experimental 

5.2.1 Synthesis of LLZTO Ceramic Electrolytes 

LLZTO with nominal compositions of Li6.4La3Zr1.4Ta0.6O12 were prepared by the conventional 

solid-phase method. The stoichiometric amount of precursor, including Li2CO3 (99.9%, 

Aladdin, 15 wt.% excess was added to compensate for the loss of lithium during sintering at 

high temperature), La2O3 (99.99%, Aladdin, pre-sintered at 900 ℃ for 12 h), ZrO2 (99.99%, 

Aladdin) and Ta2O5 (Aladdin 99.99%) was mixed and ball-milled at 400 rpm utilizing Zirconia 

balls in isopropanol for 6 h. After the evaporation of solvents, the powders were annealed at 

900℃ for 12 h in the tube furnace under a pure oxygen environment and then cooled down to 

room temperature. The one-third of obtained powders were collected and stored as mother 

powder. The rest of the powders was ball-milled again for another 6 h using zirconia balls in 

isopropanol. After drying in an air blower oven, the powders were ground with adhesive and 

cold-pressed into pellets under isostatic pressure of 200 MPa). Then the pellets were sintered at 
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700 ℃ in the atmosphere of pure oxygen to remove the adhesive. The as-obtained pellets were 

covered with the mother powder prepared before to reduce possible lithium loss and annealed 

in a magnesium oxide crucible at 1200 ℃ for 15 h, respectively. 

 

5.2.2 Preparation of Cathode and Buffer Layer 

To prepare the composite oxygen cathode CNT@LLZTO, 20 wt% of single-walled carbon 

nanotubes (SWCNTs, Aladdin) was firstly mixed with 80 wt% of LLZTO mother powder 

particles described above and then ball-milled under 400 rpm for 2 h. The obtained mixed 

particles were dispersed into the binder containing 3 wt% of polyvinylidene fluoride (PVDF) 

in 1-methyl-2 pyrrolidone (NMP) solvent to make a slurry. The slurry was homogeneously cast 

onto one side of the polished LLZTO pellet and then was dried in a vacuum oven at 110 °C for 

12 h. After that, the LLZTO pellet with CNT@LLZTO cathode was low temperature annealed 

at 400 ℃ for 15 min. The areal loading of cathode material was approximately 0.6 mg cm-2. 

For comparison, the non-integrated carbon paper-based cathode (CP-CNT@LLZTO) was 

prepared by coating the CNT@LLZTO cathode on a carbon paper and infiltrated in a liquid 

electrolyte composed of 1 M LiTFSI in tetraethylene glycol dimethyl ether (TEGDME). In 

addition, the LLZTO-free SWCNT cathode was also in situ coated on the LLZTO electrolyte 

pellet as a comparison sample. 

 

The poly(ethylene glycol) methyl ether methacrylate (Mw ~ 480, Sigma-Aldrich) and lithium 

bistrifluoromethanesulfonimide salt (LiTFSI, sigma-Aldrich, 99.95%) were initially mixed 
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based on the molar ratio of EO/Li+=18:1 at ambient temperature in an argon glovebox to prepare 

the solid polymer precursor. After physical stirring, the Li salt would dissolve in the polymer 

precursor and a homogenous transparent solution was obtained. Then 0.1 wt.% of the 

dibenzoyl peroxide (BPO, Aladdin, 99%) was added to the solution as an initiator and 

stirred for 6 h until BPO was completely dissolved. The polymer precursor solution was then 

laid flat on the other side of the LLZTO pellet and placed in an oven under 70 ℃ for 12 h to 

realize in situ polymerization by heat curing, eventually achieving bilayer garnet-polymer 

electrolyte with an integrated cathode. 

 

5.2.3 Material Characterization 

The as-prepared LLZTO-based electrolytes were characterized by X-ray diffraction (XRD, D8 

Advance DaVinci, Bruker) with Cu Kα radiation of λ = 1.5418 Å at room temperature in 2θ 

range from 10 to 80° with a step of 0.025° to confirm the phase formation. The morphology 

and elemental distribution of the sintered electrolyte pellets were characterized by scanning 

electron microscope (SEM, FEI Quanta FEG 250). The detailed crystallography and 

morphology of samples were analyzed by transmission electron microscopy (TEM, FEI Tecnai 

G2 F20) and high-resolution transmission electron microscopy (HRTEM). The differential 

electrochemical mass spectrometry (DEMS, QMG250M1, Pfeiffer) was employed to detect the 

gas evolution rate in battery charging. The amount of gas generated and the number of charges 

transferred during the charging process can be calculated by the computational fit. X-ray 

photoelectron spectroscopy (XPS, Axis UltraDLD, Kratos) was performed to investigate the 
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elemental composition of discharge products on the cathode. 

 

5.2.4 Electrochemical Measurement 

The electrochemical performance of electrolytes was tested on Solartron 1470E multichannel 

potentiostat electrochemical workstation. The ionic conductivity was tested by electrochemical 

impedance spectroscopy (EIS) in a frequency ranging from 1 MHz to 10 Hz. The polished 

LLZTO pellet with PEGMEM layer was sputtered with gold on both sides as blocking 

electrodes for the EIS test from -10 to 80 ℃. The ionic conductivity (σ𝑡) is determined by the 

following equation of σ𝑡 = 𝐿/(𝑅 · 𝑆), where L (cm), R (Ω) and S (cm2) represent the thickness 

of the electrolyte, the total resistance value of the electrolyte, and the effective contacting area 

of blocking electrodes, respectively. the activation energy was calculated according to the 

equation of 𝜎 =A/T exp(-Ea/RT), where A is the pre-exponential factor (-); T is the test 

temperature (K); R is the molar gas constant (8.314 J K-1 mol-1); and Ea is the activation energy 

for Li-ion migration (kJ mol-1). The electrochemical window of the electrolyte was determined 

by the CV of Li/electrolyte/Au at a scan rate of 5 mV s-1 from -0.5 to 6 V (vs. Li/Li+). Electronic 

conductivity (𝜎e) was measured by a direct current (DC) polarization experiment. The lithium-

ion transference number (𝑡𝐿𝑖+ ) was then calculated based on the equation of 𝑡𝐿𝑖+ = (σ𝑡 −

σ𝑒)/σ𝑡. 

 

All batteries were assembled in a glovebox in an argon atmosphere with water and oxygen 

contents of less than 0.1 ppm. The all-solid-state Li-O2 battery was fabricated by inserting an 
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integrated electrolyte pellet coated with a CNT@LLZTO cathode and PEMEM buffer layer 

between a nickel foam current collector and a lithium metal anode. After the battery was 

assembled in a cell mold, it was sealed up for 1 hour and then pass a continuous flow of high-

purity O2 through the cell for 2 h. The electrochemical performance of all Li-O2 cells was tested 

under a continuous oxygen supply system. Specific capacities and current densities were 

calculated according to the area of the cathode. Discharge and charge profiles of all the 

assembled LLZTO-based Li-O2 batteries were tested in the voltage range of 2-4.5 V under room 

temperature in a pure oxygen atmosphere on a LAND-CT2001A testing system (Wuhan Jinnuo 

Electronics, Ltd.). 

 

5.2.5 Computational Details 

Density functional theory (DFT) calculations were conducted using the projector augmented 

wave method implemented in the Vienna Ab-initio Simulation Package (VASP) [249]to 

investigate the variation in free energy during the Li-O2 reaction on the surfaces of LLZTO and 

SWCNT. The Perdew-Burke-Ernzerhof (PBE) parameterized generalized gradient 

approximation (GGA) functional [250] was employed to describe the exchange-correlation 

potential. PBE is a popular exchange-correlation functional widely used in DFT calculations. It 

was developed by Perdew, Burke, and Ernzerhof to improve the accuracy of earlier functionals 

by incorporating a more refined description of the electronic density gradient. This functional 

has been extensively applied in various research fields, including materials science, chemistry, 

and physics, due to its ability to provide reasonably accurate results while maintaining 
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computational efficiency. However, it's important to note that the choice of exchange-

correlation functional should be carefully considered depending on the specific system and 

phenomena of interest, as no single functional is universally accurate for all cases. The 

geometry structures were fully relaxed until the energy and Hellmann-Feynman force on each 

atom converged to values below 10-5 eV atom-1 and 0.01 eV Å-1, respectively. An energy cutoff 

of 600 eV was applied. For the LLZTO and SWCNT surfaces, a 3 x 3 and 5 x 5 supercell, 

respectively, were employed, and an 18 Å vacuum region along the z-direction was included to 

eliminate interactions between periodic cells. To account for the long-range interactions, the 

density functional theory with dispersion correction version 3 (DFT-D3) method was employed 

to supplement the description provided by the PBE generalized function [251]. DFT-D3 is a 

method that incorporates dispersion interactions into DFT calculations. It improves the 

accuracy of predictions for non-covalent interactions by accounting for van der Waals forces. 

DFT-D3 is widely used in chemistry, materials science, and biology to study systems with 

significant dispersion interactions. It helps provide more reliable results for large molecular 

systems and weakly bonded molecules. 

 

5.3 Results and Discussion 

Figure 5-2 schematically illustrates the fabrication process of the integrated all-solid-state Li-

O2 battery. Firstly, LLZTO electrolyte powders were synthesized by a conventional solid-state 

method under an oxygen atmosphere, and the corresponding ceramic pellet was obtained by 

cold pressing and subsequent annealing. To realize the intimate contact between the LLZTO 
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and SWCNT, LLZTO powder is pre-grinded and then mixed with SWCNT by high-energy ball 

milling to obtain the homogeneous CNT@LLZTO composite cathode. Afterward, the cathode 

was cast on one side of the electrolyte pellet by a liquid method using NMP as solvent. After 

solvent removal and low-temperature annealing, an integrated electrolyte-cathode architecture 

was successfully achieved. Finally, a solid PEGMEM polymer buffer layer was in situ 

polymerized on the other side of the LLZTO pellet to improve anode interface contact. 

 

Figure 5-2 Schematic illustration of preparing integrated structure composed of LLZTO 

electrolyte with CNT@LLZTO cathode and PEGMEM buffer layer. 

 

The surface and interior structure of the integrated Li-O2 battery was investigated by SEM and 

TEM. Figure 5-3a and b illustrate the surface and cross-sectional image of the LLZTO pellet. 

It can be seen in Figure 5-3a that the surface of the LLZTO pellet is flat and smooth, which is 

beneficial to construct a tight electrolyte/electrode interface. The cross-sectional image (Figure 

5-3b) exhibits that the electrolyte particles are packed tightly in the interior of the electrolyte 

and almost no cracks were observed. The compact structure is not only conducive to the 
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transport of lithium ions but also can resist the diffusion of oxygen and water from cathode to 

anode. The component and crystallinity of the electrolyte were further verified by examining 

the pulverized pellet. As shown in Figure 5-4, the XRD pattern of the electrolyte shows a typical 

cubic garnet structure (PDF#80-0457) and all the peaks indexed well, no impurity was detected. 

Moreover, the high-resolution TEM and selected area electron diffraction (Figure 5-5) further 

demonstrated the LLZTO is a pure phase and well crystallized composite. 

 

Figure 5-3c shows the top-view SEM image of the CNT@LLZTO composite cathode and the 

corresponding elemental mapping. LLZTO particles have uniformly adhered to the periphery 

of SWCNTs, and unlike the dense LLZTO pellet, the cathode shows a loose and porous 

morphology. In addition, the cross-sectional image of the composite cathode in Figure 5-3d 

further verified the loose and porous structure in the internal of the CNT@LLZTO composite 

cathode. This porous structure is beneficial for oxygen diffusion, which is superior to that in 

conventional Li-O2 batteries because the O2 diffusion in the liquid electrolyte is thought to be 

the rate-determining step. The corresponding elemental mapping of the cross-sectional images 

illustrated in Figure 5-3g-j further confirms the homogeneous distribution of the electrolyte and 

conductive carbon in two separate layers. More importantly, the composite cathode and 

electrolyte pellet contact closely, which should be attributed to the annealing process after 

solvent removal. The high-resolution SEM image of CNT@LLZTO in Figure 5-6 further 

verifies that loose SWCNT is dispersed in the cathode with partially affixed LLZTO particles. 

The homogenous mixing and sufficient contact of the solid electrolyte and conductive carbon 
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nanotubes in a porous cathode could facilitate the conduction of ions, transportation of electrons 

and diffusion of oxygen molecules which are necessary for the electrochemical reaction 

occurring in Li-O2 batteries. Besides, this integrated structure of cathode and electrolyte would 

also facilitate the migration of lithium ions between cathode and electrolyte layer, thereby 

reducing interface impedance effectively. Figure 5-3e demonstrates the flat in situ thermally 

cured polymer buffer layer PEGMEM on the LLZTO. The PEGMEM layer enables sufficient 

coverage of the LLZTO electrolyte surface (Figure 5-3f), which can optimize the wettability 

between rigid solid electrolyte and lithium and hence reduce the interfacial resistance. 

 

Figure 5-3 (a) Top-view and (b) cross-sectional image of LLZTO electrolyte pellet. (c) Top-

view image of CNT@LLZTO cathode coated on the LLZTO pellet. (d) Cross-sectional image 

of the integrated structure composed of LLZTO electrolyte and CNT@LLZTO cathode, as 
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well as (g-j) corresponding elemental mapping images. (e) Top-view image of PEGMEM 

buffer layer. (f) Cross-sectional image of PEGMEM@LLZTO bilayer electrolyte. 

 

 

Figure 5-4 XRD pattern of LLZTO electrolyte. 

 

 

Figure 5-5 (a) TEM image, (b) HRTEM image and (c) SAED pattern of LLZTO particles. 
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Figure 5-6 High-resolution cross-sectional SEM image of CNT@LLZTO cathode with 

corresponding elemental mapping results. 

 

The ion conductivities of the PEGMEM@LLZTO bilayer electrolyte at different temperatures 

were obtained by electrochemical impedance spectroscopy. Figure 5-7a shows the impedance 

spectrum of PEGMEM@LLZTO electrolyte at room temperature with the corresponding ion 

conductivity of 3.16 × 10-4 S cm-1. According to the Arrhenius equation and the temperature 

dependences of ionic conductivity from -10 to 80 ℃ (Figure 5-8) the activation energy of 

PEGMEM@LLZTO electrolytes is calculated to be 0.382 eV, demonstrating good linear fit 

results as shown in Figure 5-7b. The electrochemical window of PEGMEM@LLZTO was 

investigated by the cyclic voltammetry method over a voltage of -0.5 to 6 V as shown in Figure 

5-7c. Two reversible peaks appear at around -0.5 and 0.5 V, corresponding to the reversible 

lithium plating and stripping. Besides, no obvious oxidation peak was observed until the 
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scanning reaches 6 V, indicating the excellent electrochemical stability of PEGMEM@LLZTO. 

Figure 5-7d exhibits the direct current polarization curve of the PEGMEM@LLZTO electrolyte. 

The calculated electronic conductivity is as low as 2.5 × 10-8 S cm-1 and its corresponding 

lithium-ion transference number is approaching 0.99. This result reveals that the bilayer 

PEGMEM@LLZTO could be considered a pure ionic conductor for Li+. Moreover, Li 

symmetric cells were assembled to verify the lithium stability. As shown in Figure 5-7e, 

Li/PEGMEM@LLZTO/Li battery demonstrates a much smaller polarization voltage, as well 

as a longer cycling stability (400 h at 0.1 mA cm-2 under 0.05 mA h cm-2) than that of the 

Li/LLZTO/Li battery. Furthermore, the critical current density (CCD) was also compared, 

which evaluates the maximum current density before the voltage drop occurs by short circuits. 

As shown in Figure 5-9a, the PEGMEM@LLZTO battery maintains a low polarization even at 

high current density, delivering a remarkably high CCD value of 0.5 mA cm-2. However, even 

under low current density, the polarization of the pristine LLZTO-based battery is high and 

short circuits occur quickly, which recorded the CCD value of 0.2 mA cm-2 (Figure 5-9b). This 

result illustrates the PEGMEM buffer layer could maintain cell stability even under high current 

densities. 
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Figure 5-7 (a) Nyquist plots of PEGMEM@LLZTO bilayer electrolyte at room temperature. 

(b) Arrhenius plots of PEGMEM@LLZTO. (c) CV curve and (d) DC polarization curve of 

PEGMEM@LLZTO under room temperature. (e) Galvanostatic cycling of Li/LLZTO/Li and 

Li/ PEGMEM/LLZTO/PEGMEM/Li symmetric batteries at a current density of 0.1 mA cm-2 

with a fixed capacity of 0.05 mA h cm-2 at room temperature in the oxygen atmosphere. 
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Figure 5-8 Nyquist plots of PEGMEM@LLZTO bilayer electrolyte at different temperatures. 

 

 

Figure 5-9 Galvanostatic cycling of Li/PEGMEM/LLZTO/PEGMEM/Li symmetric battery 

and Li/LLZTO/Li battery at step-increased current densities. 

 

The electrochemical performance of corresponding all-solid-state Li-O2 batteries was 

investigated comprehensively under room temperature in presence of high purity oxygen. As a 
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comparison, quasi-solid-state batteries assembled by coating composite cathode on the carbon 

paper and infiltrated by the liquid electrolyte of 1 M LiTFSI in TEGDME (denoted as CP-

CNT@LLZTO), and solid-state batteries assembled by LLZTO-free cathode (denoted as 

integrated pure CNT) were also studied under the same test conditions. Figure 5-10a shows the 

initial full discharge/charge curves of solid-state Li-O2 batteries with different cathodes. The 

battery employing the integrated CNT@LLZTO shows a superior initial discharging capacity 

of 13.04 mA h cm-2 at a current density of 0.1 mA cm-2, which outperforms the currently 

reported solid-state Li-O2 or Li-air batteries (The detailed comparison is shown in Table 5-1)[98, 

99, 173, 241, 242, 246, 247, 252-256]. By contrast, solid-state batteries with integrated pure 

CNT cathode, and quasi-solid-state batteries with non-integrated CP-CNT@LLZTO cathode 

exhibit much lower initial discharge capacities of 5.6 and 4.4 mA h cm-2, respectively. Batteries 

utilizing integrated CNT@LLZTO cathode also exhibit a more stable voltage plateau and a 

smaller overpotential than others. To confirm the ability of the integrated architecture in 

reducing the interface resistance, electrochemical impedance spectra (EIS) tests of Li-O2 

batteries with different cathodes were conducted after the initial full discharge/charge cycle. 

Figure 5-10b reveals that the cell with CNT@LLZTO has the lowest impedance, demonstrating 

the enhanced interfacial properties of the integrated electrolyte/cathode structure. 

 

The cyclic performance of Li-O2 batteries at different fixed capacities was also investigated 

carefully. Figure 5-10c-f, Figure 5-11 and Figure 5-12 exhibit the discharge/charge profiles and 

corresponding terminal voltages for different cathodes. It can be observed that the batteries 
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employing integrated CNT@LLZTO display excellent cyclic performance of 68 stable cycles 

at 0.1 mA cm-2 with a limited capacity of 0.5 mA h cm-2. By contrast, batteries assembled with 

non-integrated CP-CNT@LLZTO (Figure 5-12) only achieve 29-cycle cycling capability under 

the same testing conditions. Moreover, at a reduced fixed capacity of 0.25 mA h cm-2 at 0.1 mA 

cm-2, the Li-O2 battery employing integrated CNT@LLZTO cathodes delivers an impressive 

cycling life of 86 cycles with stable terminated voltage, as shown in Figure 5-10e and 4f. In 

addition, the all-solid-state battery employing CNT@LLZTO cathode can also stably cycle for 

31 cycles at a higher current rate of 0.2 mA cm-2 with a limited capacity of 1 mA h cm-2 as 

shown in Figure 5-13, demonstrating good reversibility and practical potentials. 

 

The large capacity and enhanced cyclic performance of the battery are primarily attributed to 

the comparably high conductivity of the bilayer electrolyte and the superior cathode interface 

performance induced by the integrated structure. Overall, the integrated structure of the all-

solid-state cell promotes ion/electron transport at the triple-phase boundaries, diffusion of 

oxygen, and ion transport between the positive electrode and the electrolyte, greatly reducing 

the interfacial impedance. In addition, the interfacial reaction between Li2O2 and electrolyte 

may be suppressed due to the absence of organic electrolyte addition. 
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Figure 5-10 (a) Initial discharge/charge profiles of Li-O2 batteries with different cathodes at 

0.1 mA cm-2 under room temperature. (b) Nyquist plots of batteries with different cathodes 

after the initial cycle. (c) Discharge/charge curves of the battery employing CNT@LLZTO at 

0.1 mA cm-2 with a fixed capacity of 0.5 mA h cm-2. (d) Cycling performance with 

corresponding terminated voltages at 0.1 mA cm-2 and 0.5 mA h cm-2
. (e) Discharge/charge 

curves of the battery employing CNT@LLZTO at 0.1 mA cm-2 with a fixed capacity of 0.25 

mA h cm-2 and (f) corresponding cycling performance with terminated voltages. 
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Figure 5-11 Discharge/charge curves of Li-O2 batteries employing integrated pure CNT 

cathode at 0.1 mA cm-2. 

 

 

Figure 5-12 Discharge/charge curves of Li-O2 batteries employing non-integrated CP-

CNT@LLZTO cathode at 0.1 mA cm-2. 
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Figure 5-13 Discharge/charge curves of Li-O2 batteries employing integrated CNT@LLZTO 

cathode at 0.2 mA cm-2. 

 

Table 5-1 Recent report on solid-state lithium-oxygen or lithium-air batteries. 

Materials Areal 

current 

density 

[mA 

cm-2]  

Areal 

specific 

capacity 

[mA h 

cm-2] 

Current 

density 

[mA g-

1] 

Specific 

capacity 

[mA h g-

1] 

Cycling 

performance 

First 

discharge 

capacity 

[mA h cm-

2] 

First 

discharge 

capacity 

[mA h g-

1] 

Ref. 

LAGP with CNTs 0.01 0.05 200 1000 2 7.85 @ 

0.0005 

mA cm-2 

7850 @ 

10 mA g-1 

[173] 

Ethylene glycol 

dimethyl 

ether (glyme) 

0.2 – – 220 40 – 1480 @ 

0. 1 mA 

cm-2 

[252] 

LAGP/SWCNT 0.07 0.175 400 1000 10 0.49 @ 

0.035 mA 

cm-2 

2800 @ 

200 mA 

g-1 

[99] 
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LLZTO with polymer 

cathode 

0.02 0.1, @ 

80oC 

200 316 50 6.43 @ 

0.02 mA 

cm-2, 

80oC 

6430 @ 

200 mA 

g-1, 80oC 

[246] 

SWCNT/RuO2 – – 400 1000 10 – 4587 @ 

200 mA 

g-1 

[253] 

Germanium protected 

LAGP 

– – 200 1000 30 – – [254] 

Ultrafine LAGP 0.2 0.5 400 1000 27 – – [247] 

Carbon coated porous 

LAGP with dense 

LAGP 

0.01 0.08 – – 6 0.48 @ 

0.005 mA 

cm-2 

 [242] 

Adjustable-porosity 

plastic crystal 

electrolyte 

0.02 0.05 200 500 130 0.59 @ 

0.02 mA 

cm-2 

5963 @ 

200 mA 

g-1 

[241] 

Ultra-dry polymer 

electrolytes P(VDF-

HFP) 

0.4 1 400 1000 60 2.8 @ 0.4 

mA cm-2 

2800 @ 

400 mA 

g-1 

[255] 

Zeolite-based thin 

membrane 

0.05  0.1 500 1000 149 1.202 @ 

0.05 mA 

cm-2 

12020 @ 

500 mA 

g-1 

[98] 

LiIL-MOF 0.03 0.15 @ 

60oC 

100 500 110 0.945 @ 

0.03 mA 

cm-2 60oC 

3150 @ 

100 mA 

g-1, 60oC 

[256] 

PEGMEM@LLZTO, 

CNT@LLZTO 

0.1 0.5 – – 68 13.04 @ 

0.1 mA 

cm-2 

– This 

work 

PEGMEM@LLZTO, 

CNT@LLZTO 

0.1 0.25 – – 86 – – This 

work 
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To deeply identify discharge products in all-solid-state Li-O2 batteries, X-ray photoelectron 

spectroscopy (XPS) was performed on the cathode surface after the full discharging process. 

The spectra of Li 1s and O 1s in integrated CNT@LLZTO cathode are shown in Figure 5-14a 

and b, respectively. The peak at a binding energy of around 56.3 eV in the Li 1s spectrum 

corresponds to Li2-xO2, while the peak at a binding energy of approximately 54.6 eV is attributed 

to the generation of Li2O2 [221, 257]. The larger peak area of Li2O2 reveals that it is the main 

discharge product rather than Li2-xO2 in this all-solid-state Li-O2 battery. Moreover, the 

morphology of the discharge product of the battery employing CNT@LLZTO observed by 

SEM is shown in Figure 5-15, which presents a toroid-like shape, by the expected major 

discharge product Li2O2. The corresponding binding energy of Li2O2 in the O 1s spectrum is 

about 531.5 eV. As a comparison, the Li 1s spectrum of non-integrated CP-CNT@LLZTO 

cathode in Figure 5-14c shows an increased peak area of Li2-xO2 and by-product Li2CO3, 

possibly as a result of side reactions caused by the decomposition of the liquid organic 

electrolyte. The O 1s spectrum of the CP-CNT@LLZTO cathode can also corroborate this 

interpretation, as the peak of -OH or C-O is present with a decreased peak area of Li2O2 (Figure 

5-14d). 
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Figure 5-14 High resolution (a) Li 1s XPS spectra and (b) O1 s XPS spectra of integrated 

CNT@LLZTO cathode after full discharging at 0.1 mA cm-2. High resolution (c) Li 1s XPS 

spectra and (d) O1 s XPS spectra of non-integrated CP-CNT@LLZTO cathode after full 

discharging at 0.1 mA cm-2. 
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Figure 5-15 SEM image of SWCNT@LLZTO cathode in all-solid-state Li-O2 batteries after 

full discharge.at 0.1 mA cm-2 under room temperature in dry oxygen. 

 

To further analyze the reaction mechanism of Li-O2 batteries, in situ differential electrochemical 

mass spectrometry (DEMS) test was undertaken to detect the gas evolution. Based on the 

chemical reaction of Li2O2 ⇄ 2Li+ + O2 +2e-, the theoretical molar ratio of charge transfer to 

oxygen should be 2:1. The gas evolution curves of O2 and CO2 during the galvanostatic 

charging process with a cut-off capacity of 0.5 mA h cm-2 at 0.2 mA cm-2 and corresponding 

voltage profiles of the batteries employing integrated CNT@LLZTO cathode are illustrated in 

Figure 5-16a. During the initial charging process, the theoretical final discharge product of 

Li2O2 on the cathode surface would experience spontaneous delithiation to Li2−xO2. Afterward, 

Li2O2 decomposes completely and generates more oxygen, as the voltage grows to a stable 

charging plateau. Electron transfer was calculated from the parameters of the charging process 

while the amount of oxygen evolution was obtained by integrating the gas evolution rate over 
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the charging period. The result reveals that the calculated molar ratio of charge to oxygen is 

close to 2, indicating the Li2O2/O2 conversion is the predominant reaction during the charging 

process. As a comparison, under the same test conditions, the Li-O2 battery based on a non-

integrated CP-CNT@LLZTO cathode tested by DEMS exhibits different results in Figure 

5-16b. A greater amount of CO2 is produced during the charging process, probably due to side 

reactions caused by the addition of liquid organic electrolyte added on the carbon paper or the 

decomposition of the by-product Li2CO3. These results, combined with the XPS spectra and 

SEM images of the cathode after discharging, fully illustrate that the reaction mechanism of the 

CNT@LLZTO-based integrated all-solid-state Li-O2 battery is dominated by the reversible 

chemical reaction of Li2O2 ⇌ 2Li+ + O2 +2e-. 
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Figure 5-16 Gas evolution rate tested by in situ DEMS during the charging process at 0.2 mA 

cm-2
 with a limited capacity of 0.5 mA h cm-2 in Li-O2 batteries assembled with (a) integrated 

CNT@LLZTO cathode and (b) non-integrated CP-CNT@LLZTO cathode. 

 

DFT calculations were performed to confirm the positive effects of integrated 

CNT@LLZTO cathode on discharge/charge processes and to understand ORR/OER 

mechanism during battery operation. The Gibbs free energy of each pre-assumed reaction 

procedure during ORR/OER processes for CNT@LLZTO cathode and pure CNT cathode are 
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depicted in Figure 5-17a and b, and the specific reaction paths during ORR (discharging) 

process are shown below, where the * represents different active species on the cathode 

surface[258, 259]: 

𝑂2 + 𝐿𝑖+ + 𝑒− → 𝐿𝑖𝑂2
∗ (5 − 1)  

𝐿𝑖𝑂2
∗ + 𝐿𝑖+ + 𝑒− → 𝐿𝑖2𝑂2

∗ (5 − 2)  

𝐿𝑖2𝑂2 + 𝑂2 + 2𝐿𝑖+ + 2𝑒− → (𝐿𝑖2𝑂2)2
∗ (5 − 3)  

In this free energy diagram, U, UDC, UEQ and UC represent the free energy paths at zero potential, 

highest discharge potential, equilibrium voltage, and lowest charge potential, respectively. 

Theoretically, the overpotential of total reaction in Li-O2 batteries could be calculated according 

to UC – UDC[260-262]. It can be obtained that the Li-O2 battery with CNT@LLZTO composite 

cathode exhibits a lower calculated overpotential (1.73 V) than the battery with pure CNT 

cathode (6.91 V), which is compatible with the superior electrochemical activity in OER/ORR 

process delivered by the CNT@LLZTO composite cathode. Moreover, the optimized structure 

and adsorption energy (Eads) of Li2O2 on the surface of pure CNT and LLZTO cathode is shown 

in Figure 5-18. The DFT calculation results show that Li2O2 has stronger adsorption energy of 

-11.8914 eV on the LLZTO cathode surface than on the pure CNT surface (-0.4965 eV), 

indicating that Li2O2 adsorbs more stably and tightly on the surface of the composite cathode 

containing LLZTO, which is conducive to the promotion of electrochemical performance. The 

exposed active sites show that the binding strength between Li2O2 and the composite cathode 

is strong enough to allow for successful discharge product deposition. 
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Figure 5-17 Calculated Gibbs free energy diagrams for the ORR/OER processes in Li-O2 

batteries employing (a) CNT@LLZTO cathode and (b) pure CNT cathode. 

 

 

Figure 5-18 The optimized structure and adsorption energy (Eads) of Li2O2 on the surface of 

pure CNT and CNT@LLZTO cathode. 

 

5.4 Conclusion 

In summary, an integrated electrolyte/cathode structure for all-solid-state Li-O2 batteries was 

successfully designed and prepared. A homogeneous composite cathode was obtained with the 
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aid of high-energy ball milling. Thanks to the mild liquid method and subsequent low-

temperature annealing, not only the integration of cathode and electrolyte were realized, but 

also the porous structure inside the cathode was also guaranteed. Therefore, this uniquely 

integrated structure provides a large number of triple-phase boundaries that can accommodate 

lithium ions, electrons and oxygen, as well as greatly reducing the cathode-electrolyte 

interfacial impedance inside the battery. More importantly, since no liquid electrolyte is 

deployed in wet the cathode, the side reaction at the interface is greatly suppressed, thus 

realizing the real sense of an all-solid-state battery. The obtained all-solid-state Li-O2 batteries 

deliver a superior large first discharging capacity of 13.04 mA h cm-2 and long cyclic 

performances of 86 cycles. It is expected that the present study may provide a simple and 

feasible strategy for the enhancement of air electrodes and the development of next-generation 

all-solid-state Li-O2 batteries. 
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Chapter 6 Conclusion and Perspectives  
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6.1 Summary of the Research 

Solid-state lithium-oxygen batteries are a novel battery technology that is currently in the 

research and development phase. They use solid-state electrolytes instead of traditional liquid 

electrolytes, which can improve the safety, stability, and energy density of the battery. 

Additionally, lithium-oxygen batteries have a high theoretical energy density, reaching up to 

approximately 3600 Wh kg-1, which is the highest energy density among all known battery 

technologies. However, the research and development of solid-state lithium-oxygen batteries 

still faces some challenges. For example, the conductivity and ion transport properties of solid-

state electrolytes need to be further improved. Additionally, issues such as the lithium metal 

negative electrode during charging and discharging, positive electrode material contact issues, 

manufacturing processes, and costs need to be addressed. 

 

The research findings of this thesis provide many valuable references for the design and 

preparation of all-solid-state lithium-oxygen batteries, which paves the way for their practical 

applications in the near future. The main outcomes summarized below: 

(1) The practical application of lithium-oxygen batteries is limited by the formation of lithium 

dendrites and the use of flammable and unstable organic liquid electrolytes, which would cause 

safety issues and poor cycling stability. In Chapter 3, two types of solid-state electrolytes, 

LAGP-Si and LLZTO have proven to be suitable for the assembly of solid or quasi-solid 

lithium-oxygen batteries. The characterization and electrochemical properties of these 

electrolytes were systematically carried out. The performance of electrolytes obtained by 
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different synthesis methods varies. In general, oxide ceramic electrolytes including both LAGP 

and LLZTO exhibit high ionic conductivity and good stability. However, these electrolyte-

assembled batteries deliver poor cycling performance and the low initial full charge/discharge 

capacity, which are not comparable to that of lithium-oxygen batteries assembled with 

conventional liquid or gel electrolytes. Therefore, in the subsequent chapters, related works 

targeting the modification of the electrolyte itself and the improvement of the cell structure are 

presented. The synergistic effect of different electrolytes in lithium-oxygen batteries is also 

explored. 

 

(2) In Chapter 4, a bilayer organic/inorganic hybrid solid-state electrolyte is proposed to 

improve the safety and enhance the electrochemical performance of lithium-oxygen batteries. 

The Si-doped NASICON-type electrolyte Li1.51Al0.5Ge1.5Si0.01P2.99O12, which was synthesized 

based on the LAGP electrolyte studied in Chapter 3, serves as an inorganic rigid backbone to 

guarantee high ionic conductivity, and provide a barrier between active oxygen and lithium 

anode. PEGMEM was chosen as a polymer buffer layer due to its compatibility with lithium. 

Benefiting from the synergistic effect between LAGP-Si and PEGMEM, the obtained hybrid 

electrolyte exhibits high ionic conductivity and good stability against lithium anode. 

Consequently, the polarization of the Li symmetric cell is dramatically reduced by replacing 

pure LAGP-Si with a bilayer hybrid electrolyte. The solid-state lithium batteries employing 

PEGMEM@LAGP-Si electrolyte deliver a greater initial discharge-charge capacity of 7.3 mA 

h cm-2 and enhanced cyclic performance for 39 cycles with a restricted capacity of 0.4 mA h 
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cm-2. This work optimizes the electrolyte-anode structure inside the lithium-oxygen battery by 

innovatively laminating oxide ceramics and polymer films to create a double-layer electrolyte. 

In addition, the effect of elemental doping on the performance of electrolytes is studied and 

demonstrated in this chapter. As a result, it delivers a promising property of hybrid solid 

electrolytes for high-performance solid-state lithium-oxygen batteries.  

 

(3) Despite demonstrating the feasibility of several solid electrolytes, however, current solid-

state lithium-oxygen batteries still encounter the challenge of high impedance at the 

electrode/electrolyte interface. In addition, the deficiency of triple-phase boundaries (Li+, e- and 

O2) limits the active sites for electrochemical reaction in the battery cathode. Chapter 5 shifts 

the focus to improving the cathode structure to reduce the overall impedance of the cell. In this 

work, an integrated architecture based on garnet electrolyte Li6.4La3Zr1.4Ta0.6O12 (LLZTO) and 

porous composite cathode is designed for high-performance all-solid-state Li-O2 batteries. The 

PEGMEM buffer layer used in Chapter 4 was added between the lithium metal anode and 

LLZTO in this work, again greatly reducing the overall impedance and interfacial stability of 

the cell. The unique internal structure effectively reduces the interfacial impedance of the 

battery, provides a large number of active sites at triple-phase boundaries and increases the 

electrochemical stability. As a result, the obtained batteries can deliver a superior high full 

discharge capacity of 13.04 mA h cm-2 and an excellent cyclic performance (86 cycles). In 

addition, X-ray photoelectron spectroscopy, differential electrochemical mass spectrometry and 

theoretical calculations further demonstrate the effectiveness of this design in enhancing the 
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interfacial performance, electrochemical performance, and stability of the battery. This work is 

thus expected to facilitate practical applications for truly all-solid-state Li-O2 batteries, and even 

offers potential alternative trials for other systems of metal-oxygen (air) batteries.  

 

6.2 Outlook for Future Work 

The results reported in this thesis revealed successful ways for enhancing the (electro)-chemical 

of solid electrolytes and modifying battery structure for rechargeable solid-state lithium-oxygen 

batteries and indicate new research directions. High-performance all-solid-state lithium-oxygen 

batteries have also been shown to be feasible. High conductivity and stability of inorganic oxide 

electrolyte can be well adapted to the energy storage system of lithium-oxygen battery. Their 

performances can be effectively improved by changing the synthesis conditions, elemental 

doping, and other means. Polymeric solid electrolytes with flexibility and good interfacial 

wettability can be used as a buffer layer between the lithium anode and electrolyte, not only to 

promote interfacial contact and reduce interfacial impedance, but also to protect the solid 

electrolyte surface. The electrochemical performance and stability of lithium-oxygen batteries 

can also be improved using composite cathodes and the unique integrated structure of cathodes 

and electrolytes. Given some technical thorny problems persist in this investigated topic, the 

following perspectives are worthwhile for the future works:  

 

(1) The design of high-performance solid-state electrolytes is a top priority. A solid-state 

electrolyte with both high ionic conductivity and high stability will enable the application of 
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all-solid-state lithium-oxygen (air) batteries. At present, the research of solid-state electrolytes 

is still not sufficient, and knowledge gaps of deployment of solid-state electrolytes in lithium-

oxygen battery system need to be narrowed. 

 

(2) The design of porous integrated cathodes and efficient catalysts suitable for all-solid-state 

lithium-oxygen batteries is also paramount. The interconnected porous 3D network structure 

not only facilitates the transport of diffusive gas, but also provides a support and storage sites 

for the discharge point products. The development of inert non-carbonaceous electrodes is also 

one of the ways to enhance the stability of solid-state lithium-oxygen batteries. Efficient 

cathode catalysts, whether solid particles or liquid-phase redox pairs, can be applied in solid-

state battery applications to reduce their cyclic overpotential and improve their energy 

conversion efficiency. In addition, the development of catalysts that promote Li2CO3, a 

common by-product in lithium-air batteries, is also pivotal to improve battery performance. 

 

(3) There is still potential for the development of interface engineering between the electrolyte 

and electrode. Solid electrolytes can be designed with porous materials so as to increase the 

contact area with the electrode material. In addition, different materials can be developed as a 

buffer layer between electrode and electrolyte to promote contact, reduce resistance, and protect 

the electrolyte from air corrosion. High temperature batteries may be able to solve the problem 

of slower reaction kinetics at the interface. 
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(4) More theoretical calculations can surely facilitate the understanding of the reaction 

mechanism of solid-state lithium-oxygen batteries. Since the final form of solid-state lithium-

oxygen battery is a solid-state lithium-air battery, its operation in atmospheric environment 

must consider of the effects of multiple gaseous compositions and humidity. Relevant studies 

can be conducted on how different atmospheric conditions affect the composition, morphology, 

and reaction mechanism of the reaction products in solid-state lithium-air batteries. 

 

In summary, it is worthy of belief and attention that all-solid-state lithium-oxygen batteries and 

even metal-air batteries will become a rosy prosperous realm in the foreseeable future, which 

will facilitate mankind to further explore the efficient, safe, and green energy storage systems.  
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